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September 11 

8:45 9:00 registration 

9:00 9:15 Word of Welcome by Prof. Franco Fummi, head of Computer Science Department, Univ. Verona 

Session 1 : segmentation and registration - D. Stoyanov - L. De Mattos 

9:15 9:30 C. Barbalata and L.S. Mattos. Laryngeal Tumor Classification in Endoscopic Video 

9:30 9:45 R. Melo, J. Barreto, G. Falcao. Camera calibration and real-time image distortion correction in medical endoscopy using exchangeable optics 

9:45 10:00 M. Ourak, Br. Tamadazte, N. Andreff, C. Pieralli, O. Gaiffe and B. Wacogne. Towards registration of multimodal images of vocal folds based on 
mutual information 

10:00 10:15 M. Allan, S. Ourselin, S. Thompson, D. Hawkes, J. Kelly and D. Stoyanov. Detection and Localization of Instruments in Minimally Invasive Surgery 

10:15 10:30 A. Schoob, F. Podszus, D. Kundrat, L. A. Kahrs and T. Ortmaier. Stereoscopic Surface Reconstruction in Minimally Invasive Surgery using Efficient 
Non-Parametric Image Transforms 

10:30 10:50 Coffee break 

Session 2: modelling - E. De Momi - S. Giannarou 

10:50 11:05 M. Visentini-Scarzanella and D. Stoyanov. Stereo and Shape-from-Shading Cue Fusion for Dense 3D Reconstruction in Endoscopic Surgery 

11:05 11:20 R. Mariën, M. Smoljkic, R. Geenens, M. Roeffaers, J. Vander Sloten, N. Famaey. Mechanical characterization of arterial tissue: Simultaneous 
confocal imaging and tensile testing 

11:20 11:35 P. T. Tran, A. Devreker, G. Smoljkic, H. De Praetere, P. Herijgers, E. Vander Poorten and J. Vander Sloten. Patient-Specific Design of Multi-
Component Steerable Catheters 

11:35 11:50 C. Shi, S. Giannarou, S. Lee and G-Z Yang. Intravascular Modeling and Navigation for Transcatheter Aortic Valve Implantation  

11:50 12:05 G. Smoljkic, C. Gruijthuijsen, E. Vander Poorten and J. Vander Sloten. Towards Intra-operative Use of Catheter Simulation 

12:05 14:05 Lunch 

Session 3: active guidance & assistance - M. Capiluppi - B. Rosa 

14:05 14:55 keynote Prof G-Z.Yang: Emerging Platforms for Surgical Robots 

14:55 15:10 V. Strbac, J. Vander Sloten and N. Famaey. Towards Real-time FE for surgical applications 

15:10 15:25 B. Rosa, J. Szewczyk and G. Morel. Precise navigation on soft tissues with an endomicroscopy probe 

15:25 15:40 D. Dall'Alba, B. Maris and P. Fiorini. Needle Mounted Navigation System for Free Hand Percutaneous Procedures  

15:40 15:55 A. Gijbels, E. Vander Poorten, P. Stalmans and D. Reynaerts. Application of a Robotic Comanipulation and Teleoperation System for Retinal 
Cannulations 

15:55 16:10 D. De Lorenzo, S. Calò, A. Ciullo, M. D. Comparetti, M. Kunze, E. De Momi and G. Ferrigno. Redundancy management of a LWR4+ for safe, collision 
free, robotic surgical applications, using environmental sensors 

16:10 16:30 Coffee break 

Session 4: Interfaces & Haptic Feedback - T. Haidegger - E. Vander Poorten 

16:30 16:45 C. Belvedere, S. Tamarri and A. Leardini. Cutting Edge Technology in Computer Assisted Surgery for Total Knee Replacement. State-of-the-art of 
techniques and relevant results. 

16:45 17:00 D.E. Barkana, D.G. Duru, A.D. Duru, A. Açık and M.Ozkan. Development and Evaluation of an Interface for Pre-Operative Planning of Cryoablation 
of a Kidney Tumor 

17:00 17:15 G. Barresi, N. Deshpande, L. Mattos, L. Guastini, G. Peretti and D. Caldwell. Usability and Performance: Comparative Evaluation of Surgeon 
Interfaces in Laser Phonomicrosurgery 

17:15 17:30 M. Li, M. Ridzuan, P. Dasgupta and K. Althoefer. Pseudo-Haptic Feedback for Tissue Stiffness Simulation 

17:30 17:45 J. Konstantinova, M. Li, P. Dasgupta, K. Althoefer and T. Nanayakkara. Palpation Strategies for Artificial Soft Tissue Examination 

17:45 18:00 S.P. Diez, E. Vander Poorten, B. Willaert and D. Reynaerts. Spatially distributed stiffness rendering system for handsfree palpation 
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September 12 

8:45 9:00 Registration 

9:00 9:05 Word of Welcome  

Session 5 - teleoperation and training - B. Herman - S. Speidel 

9:05 9:20 F. Despinoy, J. Leon-Torres, M. Vitrani and B. Herman. Toward remote teleoperation with eye and hand: a first experimental study 

9:20 9:35 S.Jordán, Á. Takács, I. Rudas and T. Haidegger. Modelling and Control Framework for Robotic Telesurgery  

9:35 9:50 M. De Piccoli, F. Visentin, D. Zerbato and P. Fiorini. 3D vessel modeling for diagnosis and training 

9:50 10:05 K. Baeck, P. Lopes, G. Biglino, C. Capelli and P. Verschueren. State of the art in 3D printing of compliant cardiovascular models: HeartPrint - 
Material characterization of HeartPrint models and comparison with arterial tissue properties 

10:05 10:20 S. Suwelack, S. Röhl, S. Bodenstedt, D. Katic, H. Kenngot, B. Müller-Stich, A. Wekerle, M. Wagner, J. Wünscher, R. Dillmann and S. Speidel. 
Biomechanical simulations, soft tissue phantoms and open data - validating and benchmarking systems for computer assisted minimally invasive 
surgery 

10:20 10:40 coffee break 

Session 6: novel robotic hardware (1) – M. Capiluppi - M. Sette 

10:40 10:55 D. Zerbato, L. Vezzaro, L. Grespan, L. Gasperotti and P. Fiorini. Accurate and Low Cost Training System for Robotic Surgery 

10:55 11:10 A. van Poelgeest, D. Kaltenbacher, T. Cuntz, C. Spindler, A. Sanagoo, J. Schaechtele and A. Rothfuss. Systems for handheld surgical robotics and 
man-machine OR teams 

11:10 11:25 S. Tognarelli, P. Miloro, A. Verbeni, M. Mura, A. Cafarelli, G. Ciuti, P. Dario and A. Menciassi. Low invasive therapy under robotic guidance in the 
vascular district: a case study 

11:25 11:40 M. Zenati. Medrobotics’ FLEX Robotic System 

11:40 11:55 A. Jiang, T. Nanayakkara, P. Dasgupta and K. Althoefer. Stiffness-controllable octopus-like robot arm for minimally invasive surgery 

11:55 13:55 lunch 

Session 7: novel robotic hardware (2) - K. Althoefer - G. Ferrigno 

13:55 14:00 intro 

14:00 14:50 keynote speech : Anne Bajart 'EU-funded research programme in robotics: achievements and perspectives' 

14:50 15:05 T. Ranzani, M. Cianchetti, G. Gerboni, I. De Falco, G. Petroni and A. Menciassi. A modular soft manipulator with variable stiffness 

15:05 15:20 G. Lucarini, A. Tozzi, C. Bruni, A. Vallesi, E. Gaggini, G. Ciuti and A. Menciassi. Electromagnetic design for capsule endoscope navigation: a 
preliminary study 

15:20 15:35 A. Sanchez, C. Liu, N. Zemiti, P. Poignet and E. Dombre. Control of meso-robots for endoluminal surgery 

15:35 15:50 I.S.M. Khalil, V. Magdanz, S. Sanchez, O.G. Schmidt, L. Abelmann, and S.Misra. Magnetic Control of Potential Microrobotic Drug Delivery Systems 

15:50 16:05 V. Meiser and D. Seatovic. System integration: A comparison of the SCATh and the CASCADE system architecture 

16:05 16:25 coffee break 

Session 8: visionary works and systems - S. Misra – A. Menciassi 

16:25 16:40 S. Weber, P. Brett, M. Caversaccio, D. Proops, B. Bell, X. Du, N. Gerber, T. Williamson, C. Coulson and A. Reid. Minimally invasive, robot assisted 
cochlear implantation 

16:40 16:55 L.S. Mattos and N. Andreff. The µRALP Project: New Technologies and Systems for Robot-Assisted Laser Phonomicrosurgery 

16:55 17:10 H. Wurdemann, E. Secco, T. Nanayakkara, K. Althoefer, K. Lis, L. Mucha, K. Rohr and Z. Nawrat. Mapping Tactile Information of a Soft Manipulator 
to a Haptic Sleeve in RMIS 

17:10 18:00 round table 

CONFERENCE DINNER AT GARDIA LAKE IN LA LOGGIA RAMBALDI – BUS DEPARTS AT 18.30 FROM ACCADEMIA. 
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September 13 

8:45 9:00 Registration 

9:00 9:05 Word of Welcome  
session 9: roadmapping - M. Zenati - E. Vander Poorten 

9:05 9:20 J. Vander Sloten - Image-based Engineering in Surgery 

9:20 9:35 M. Zenati and J. Maron. Communication and Teamwork Failure as a Barrier to Robotic Surgical Safety 

9:35 9:50 B. Davies.  The ACROBOT technology: a model for robotic surgery?  

9:50 10:05 G. Ferrigno. ACTIVE: Active Constraints Technologies for Ill defined and Volatile Environments. 

10:05 10:25 coffee break 
session 10: cogntive surgical robotics - Y. Kassahun - A. Van Poelgeest 

10:25 10:40 J. Maron and M. Zenati. Framework for Managing Cognitive Load in a Data-Rich Robotic Operating Room 

10:40 10:55 
E. De Momi, R. Perrone, L. Schreiter, J. Raczkowsky, F. Boriero, M. Capiluppi and P. Fiorini. EuRoSurge Workflow: From ontology to surgical task 
execution 

10:55 11:10 Y. Kassahun, B. Yu and E. Vander Poorten. Learning Catheter-Aorta Interaction Model Using Joint Probability Densities 

11:10 11:25 L. Fichera, D. Pardo and L. Mattos. Artificial Cognitive Supervision during Robot-Assisted Laser Surgery 

11:25 11:40 
M. Bonfe, N. Preda, C. Secchi, F. Ferraguti, R. Muradore, L. Repele, G. Lorenzi, L. Gasperotti and P. Fiorini. Automated Surgical Task Execution: 
the Next Step in Robotic Surgery 

11:40 13:40 lunch 
session 11: roadmapping & Multi-Annual Research agenda - P. Fiorini - J. Vander Sloten 

13:40 14:30 
keynote speech: Christophe Leroux 'Opportunities in the European Robotics Public Private Partnership (PPP) and the Topic Group on 
Healthcare robotics' 

14:30 15:30 round table 

15:30 15:50 coffee break 

15:50 16:50 round table 

16:50 16:55 closure of workshop 
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Program Chair 

E. Vander Poorten, Marta Capiluppi, P. Fiorini 

 

Organising Commitee 

 

Kaspar Althoefer (KCL) Stamatia Giannarou (ICL) Sarthak Misra (Univ. of Twente) E. Vander Poorten (KU Leuven) 

Gianni Borghesan (KU Leuven) Enrique Gomez (Univ. Madrid) Philippe Poignet (LIRRM) Marie-Aude Vitrani (ISIR, Paris) 

Marta Capiluppi (Univ. Verona) Tamas Haidegger (Obuda Univ) Joerg Raczkowsky (KIT) Jos Vander Sloten (KU Leuven) 

Leonardo Mattos (IIT) Yohannes Kassahun (UBremen) Dominiek Reynaerts (KU Leuven) Auguste van Poelgeest (IPA) 

Elena De Momi (POLIMI) Rainer Konietschke (DLR) Mauro Sette (Medyria) Guang-Zhong Yang (ICL) 

Giancarlo Ferrigno (POLIMI) Arianna Menciasi (SSSA, Pisa) Jan Stallkamp (IPA) Nabil Zemiti (LIRRM) 

Paolo Fiorini (Univ. Verona) Guillaume Morel (ISIR, Paris) Danail Stoyanov (UCL) 
 

Roberto Foroni (Univ. Verona) George Mylonas (ICL) Stefano Stramigioli (Univ. of Twente) 
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http://www.medizintechnik-fraunhofer.de/
http://www.nearlab.polimi.it/index.php/peopleall?view=member&task=show&id=3
http://www.robotic.dlr.de/Rainer.Konietschke
http://www.m7surgery.com/
http://ubimon.doc.ic.ac.uk/gzy/m365.html
http://www.nearlab.polimi.it/index.php?option=com_jresearch&view=member&task=show&id=6&Itemid=68
http://www.sssup.it/arianna.menciassi
http://archiv.biotechnologietage-2012.de/dr-jan-stallkamp-fraunhofer-produktionstechnik-und-automatisierung-ipa.html
http://www.lirmm.fr/~zemiti/
http://profs.sci.univr.it/~fiorini/
http://www.isir.upmc.fr/?op=view_profil&lang=en&id=23
http://www0.cs.ucl.ac.uk/staff/Dan.Stoyanov/
http://www.dsnm.univr.it/?ent=persona&id=4614&lang=fr
http://www3.imperial.ac.uk/people/george.mylonas
http://www.ce.utwente.nl/smi/UT-Stefano-Personal-Site/Welcome.html
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Emerging Platforms for Surgical Robotics - 
Prof. G.Z.-Yang 

  

Abstract 
The Hamlyn Centre (http://www.imperial.ac.uk/robotics) directed by Prof Yang has been established for developing safe, 

effective and accessible imaging, sensing and robotics technologies that can reshape the future of healthcare for both 

developing and developed countries. Focusing on technological innovation but with a strong emphasis on clinical translation 

and direct patient benefit with a global impact, the centre is at the forefront of research in imaging, sensing and robotics for 

addressing global health challenges associated with demographic, environment, social and economic changes. The Centre plays 

an active role in international collaboration and outreach activities, as well as in the training of surgeons and engineers in 

robotic technologies, thereby facilitating a fully integrated clinical approach. It has extensive research, engineering laboratory 

spaces at the South Kensington campus of Imperial, large pre-clinical facilities at Northwick Park with state-of-the art imaging 

and surgical equipment for in vivo validation, and comprehensive clinical laboratories at the Surgical Innovation Centre at 

Imperial College St Mary’s Hospital. 

In addition to its core research activities, the Centre offers comprehensive PhD and MRes programmes for researchers with a 

strong technical or clinical background. These programmes are designed to develop cutting edge, disruptive technologies and 

blue-sky ideas; yet will be appropriate and accessible to both developing and developed countries for addressing different 

needs of the healthcare challenges with a common ground for technological innovations. Through its endowment fund and 

close working relationship with industry, government and non-government organisations, the Centre also offers Advanced 

Fellowships, International Fellowships, Faculty Exchange Programmes, and Research Secondment for specific research projects 

and technical areas. 

Biography 
Professor Guang-Zhong Yang (FREng, FIEEE, FIET, FAIMBE) is director and co-founder of the Hamlyn Centre for Robotic Surgery, 

Deputy Chairman of the Institute of Global Health Innovation, Imperial College London, UK. Professor Yang also holds a number 

of key academic positions at Imperial – he is Director and Founder of the Royal Society/Wolfson Medical Image Computing 

Laboratory, co-founder of the Wolfson Surgical Technology Laboratory, Chairman of the Centre for Pervasive Sensing. He is a 

Fellow of the Royal Academy of Engineering, fellow of IEEE, IET, AIMBE and a recipient of the Royal Society Research Merit 

Award and listed in The Times Eureka ‘Top 100’ in British Science. 

Professor Yang’s main research interests are in medical imaging, sensing and robotics. In imaging, he is credited for a number of 

novel MR phase contrast velocity imaging and computational modelling techniques that have transformed in vivo blood flow 

quantification and visualisation. These include the development of locally focused imaging combined with real-time navigator 

echoes for resolving respiratory motion for high-resolution coronary-angiography, as well as MR dynamic flow pressure 

mapping for which he received the ISMRM I. I Rabi Award. He pioneered the concept of perceptual docking for robotic control, 

which represents a paradigm shift of learning and knowledge acquisition of motor and perceptual/cognitive behaviour for 

robotics, as well as the field of Body Sensor Network (BSN) for providing personalized wireless monitoring platforms that are 

pervasive, intelligent, and context-aware.   
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EU-funded Research Programme in Robotics 
– Achievements and Perspectives –  
Dr. A. Bajart 

  

Abstract 
The EU has been funding research in cognitive systems and robotics for more than 10 years, with the goal to make robots and 

cognitive systems more intuitive, robust, autonomous and acting in a real-world environments. This talk will present the main 

achievements of the programme and give some perspective on the current situation of robotics research in Europe, as well as 

future opportunities and challenges in particular in the context of H2020. 

 

 

Biography 
Anne Bajart has a PhD in Electronical Engineering. She is Research Programme Officer at the European Commission. Before 

working for the EC, she worked as lecturer, researcher and project manager at the University of Liège (BE), at the Ecole 

Polytechnique de Lausanne (CH) and at Philips Leuven (BE). She has expertise a.o. in systems control, digital signal processing, 

power electronics and speech recognition. Her main areas of interest today are robots, Human-Robot and Human-Computer 

Interaction, benchmarking and performance evaluation of systems, intelligent control of complex systems, dissemination of 

science, impact assessment and social acceptance of technology. 
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Opportunities in the European Robotics 
Public Private Partnership (PPP) and the 
Topic Group on Healthcare Robotics 

  

Abstract 
The of the presentation is to explain the interest the Topic Group on Healthcare Robotics being elaborated at the moment. The 

expose, will present the context of creation of this topic group, its connection with the euRobotics aisbl and the Robotics PPP. 

We will present and debate of the objectives, and of the organization foreseen. The presentation will be an introduction to an 

open discussion in a round table which will be an opportunity to organize the community. 

 

Biography 
Dr. Christophe LEROUX (PhD) is research correspondant for applications ICT and Health at CEA LIST. He obtained a PhD in 1990, 

in artificial intelligence. He has expertise in research in algorithms for robotics (supervision, computer vision and intuitive MMI) 

for hazardous environment and assistive robotics. Since 2003 he works at combining cognitive engineering and embedded 

cognition to provide automatic and intuitive mobile manipulation functions to assist severely handicapped people. He 

conducted several robotics experiments with quadriplegic and elderly people, caregivers, physicians in institutions. Member of 

the of EUROP ETP board and then of euRobotics AISBL Board of Directors up to 2013, he is involved in the elaboration of the 

robotics PPP since its beginning. He is member of the scientific board of IFR. In France he is member of the scientific committee 

of the APPROCHE association and of CENROB (robotics for handicapped people). He was involved in the FET Flagship Robocom 

responsible for the Technology Transfer mechanisms and links with the industry. He is also involved since 2010 in the study of 

ELS issues in robotics and participated to the elaboration of the green paper on legal issues in robotics in the euRobotics CA. He 

organizes now the Topic Group on Healthcare Robotics for the euRobotics aisbl and the robotics PPP. 
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Laryngeal Tumor Classification in Endoscopic Video

Corina Barbalata1 and Leonardo S. Mattos2

1VIBOT Erasmus Mundus: Univ. Burgundy, Univ. Girona, Heriot-Watt Univ.
2Department of Advanced Robotics, Istituto Italiano di Tecnologia, Genova, Italy

Email: corina.barbalata@gmail.com, leonardo.mattos@iit.it

I. INTRODUCTION
Laryngeal carcinoma is one of the most common

type of head and neck cancers. Early diagnosis of any
carcinoma is the most important factor involved in
treatment planning and improves the quality of life
of the patient. Moreover, abnormalities that start as
benign lesions may develop to malignant tumors in
10% of the cases [6]. The standard diagnosis method
is biopsy together with pathological analysis, but this
does not represent a risk free procedure. Furthermore,
the time needed to obtain the results of the pathological
analysis vary from a few days to a few weeks.

Recently, the analysis of endoscopic videos has
shown the development of abnormality in the larynx
is closely related to an increase in the number of the
micro-blood vessels around it. This is an interesting
information that can lead to the development of optical
biopsy systems. Progress in that direction has started
with the development of imaging systems that enhance
the visualization of blood vessel, such as the Narrow-
Band Imaging (NBI) system patented by Olympus.
NBI is based on differences in the penetration depth of
different light wavelengths in tissue. Blue light, centred
around 415 nm, passes through the mucosa and en-
hances the superficial blood vessels, while the narrow-
band green light, centred around 540 nm, penetrates
deeper into the tissue, enhancing the subephitelial
vessels. The NBI technology is being increasingly
used to locate and characterize lesions in the larynx.
However, until present time physicians still do not
have access to a statistical measurement system able
differentiate between malignant and benign tumors.

The goal of this research is to develop an automatic
system to help medical specialists diagnose lesions
in the larynx. Similarly to the approach followed
by doctors, our method is based on determining the
approximate location of the lesion and performing a
detailed analysis of the micro-blood vessels network
within that region. This finally leads to the classifica-
tion of the lesion as benign or malignant.

II. MATERIALS AND METHODS
In order to create a computer-aided-diagnosis sys-

tem, an important step is to remove the specular
reflections. In endoscopic imaging, due to the high-
illumination, wet and very smooth environment, spec-

ular reflections are very common and can be disturbing
for the physician. Furthermore, in the task of automatic
segmentation and classification of lesions, reflections
can cause difficulties. Therefore, removal of specular
reflections is the first required step for further image
processing.

Specular reflection removal algorithms can be di-
vided according to the number of images used. The
first group is based on multiple images, obtained
in different conditions (different polarization angles,
changing light source direction, etc.). Using any of
the techniques in this group is challenging due to
the fact that it may not be always possible to meet
the required conditions in practice [9]. The second
category removes the reflections based on one single
image, the method used in this research belonging to
this group.

In endoscopic images, specular reflections appear as
bright regions in various parts of the image. The size
of specular regions do not respect any pattern or size,
making the segmentation task very challenging. Large
specular regions can also overlap possible malignant
tissue. Consequently, we have decided to compute the
area of each detected specular region and if it is too
large, the area is considered an abnormality and is not
removed.

Based on the previous researches [1], [7], [8], in this
project an efficient algorithm for reduction of specular
reflections using a single image as input has been
implemented. The first step is to determine the specular
reflection regions based on adaptive thresholding in
the HSV color space. The dimension of detected
ROI is computed and additional pixels are added to
specularities. The last step is to fill the remained ROI
by propagation of information from the surrounding
non-specular areas.

As stated in [5] the specular reflection have intense
brightness and low saturation values, information that
can be used in finding the region of interest. Conse-
quently, the HSV color space offers advantages when
specular reflections have to be removed. In this case,
a region of interest can be defined applying thresholds
on the saturation and value channels of the image. An
adaptive threshold scheme [5] is used here to obtain
accurate results. Based on experiments performed with
endoscopic videos of the larynx, thresholds were cho-



sen as stated in Equation 1 and Equation 2.

V = 0.7 · Vmax (1)

S = 0.35 · Smax (2)

In our algorithm, the results obtained with this
thresholding scheme are improve based on image gra-
dient information. Reflection regions are small bright
spots, so they can be interpreted as high gradient
regions in their neighborhood. An experimental thresh-
old was chosen to segment the specular reflection
based on the magnitude of the gradient of the gray
images. In our case this value was set to 130.

After the regions of reflection were detected, the
next step is to reconstruct the affected area. A filling
scheme was used for that task considering texture
preservation as a key feature to minimize disruption
on the results of subsequent image processing. In
this research, since specular reflections were assumed
to be small, the color behind each reflection was
considered constant and similar to the neighboring
pixels. The result of this approach presents smooth
regions substituting small reflection areas, as can be
seen in Figure 1.

(a) Original image (b) Reconstruction

Fig. 1: Specular reflection removal and reconstruction.

Moreover, another important problem is solved with
the help of this algorithm: removal of additional infor-
mation provided by the endoscope equipment. After
applying the algorithm proposed previously, both text
and specular reflections are removed, due to the sim-
ilar characteristic, being characterized as bright white
areas. Results are presented in the figure 2, where the
residual information and the specular reflections are
removed, but the lesion is maintained, although it is
characterized by a white bright region. As mentioned
previous our algorithm is able to differentiate this
lesions from specular reflections due to their large
areas.

(a) Original image (b) Reconstruction

Fig. 2: Residual information removal and reconstruction.

After the specular reflections have been eliminated,
the design of an automatic system for lesion classifica-
tion was realized. Analyzing the characteristics of the
micro-vascular patterns, abnormality growths can be
identified and classified from an early stage. In order to
obtain the classification, there is the need of detecting
the region of interest and extracting the blood vessels,
which represents the main focus of this research.

The presence of abnormality such as tumors, polyps,
polypoid lesions results in appearance of rough surface
in endoscopic image [4]. Detecting the region of in-
terest is not a straightforward task, the main challenge
represents the irregular shape of the tumour or in
some cases the non-existence of a tumour. In the case
of healthy vocal cords it is a very difficult task to
determine which region should be closely analyzed.
On the other hand, when abnormalities are present,
the extraction of region of interest may assist the
physician by suggesting an approximate location of
the tumor. The region of interest is detected in most
of the cases based on the outer boundaries that describe
the lesions. Results from this processing step can be
seen in Figure 3. Limitations are encountered when no
clear boundaries are present and the characteristics of
the abnormality are similar with the surrounding tissue,
further research being needed to solve this challenging
situations.

Fig. 3: Region of interest detection.

The next step of the processing algorithm consists
in extracting image features from the marked region
of interest. Blood vessels vary in shape, length and
diameter, so the design of this stage is also challenging.
The most important operation performed in this case
is edge detection. In this research a number algorithms
were merged together in order to detect and segment
both very small and large blood vessels. From the
problems encountered, the hardest was distinguishing
between small vessels and noise. Both present many
similarities, tending to produce false positives. Never-
theless, our final algorithm is able distinguish between
the two situations, as can be seen in Figure 4. Its
final implementation uses Matched Filter based on
the First-Order Derivative of Gaussian (MFFODG), as
presented in [10]. Moreover, the output of the filter is
subsequently thresholded and validated using a Gabor
filter and the morphological Black-Top-Hat operation.
This combination of algorithms proved to be effective
in generating blood vessels maps of the appropriate
quality for further processing.

Once segmented, the blood vessels map is used to



Fig. 4: Micro-blood vessel segmentation.

classify the observed lesion. This is done by quantita-
tive measurements of the blood vessels characteristics,
including width and tortuosity, which have been shown
correlated to lesion development, i.e., the presence
of dilated or highly tortuous blood vessels are signs
of lesion development. Here, these measurements are
used to classify lesions based on confidence levels,
which are computed according to the method proposed
in [2]. If the confidence level is over 0.5, the lesions
can be considered as malignant. Otherwise, the lesion
is considered benign.

III. RESULTS

A collection of narrow-band endoscopic videos of
the larynx was provided by the San Martino Hospital
of Genoa, including videos acquired from different
patients with a wide range of tumors. These videos
were used to create a database of 50 images of lesions
of vocal cords with both benign and malignant tumors,
which were extracted randomly without following any
criteria for selecting good frames. Consequently, the
dataset contained images far from ideal for processing,
some showing only small and distant lesions, some
others not perfectly in focus, and others presenting rel-
atively low contrast and motion artefacts. The videos
were acquired using rigid endoscopes, the Olympus
OTV-S7ProH-HD-10E camera, and the Olympus Vis-
era Elite CLV-S190 video system.

Based on the described database, each part of the
developed tumor segmentation and classification sys-
tem was evaluated. The tumor localization system
demonstrated an overall success rate of 78%, and the
feature extraction system achieved 87% specificity and
78% accuracy. Finally, the overall accuracy of the
tumor classification system was 84.3%.

IV. CONCLUSION

This research proposes a new system for the local-
ization, segmentation and classification of lesions in
the larynx based on endoscopic narrow-band imaging
video. The developed algorithm starts by detecting
the approximate location of the lesion in the vocal

cords, which is followed by the segmentation of the
blood vessels present in that region. The algorithm
continues with the measurement of geometric features
of the blood vessels map, based on which an statistical
analysis provides the probability of malignancy. To our
best knowledge, this is the first system developed for
the segmentation and analysis of the blood vessels in
the vocal cords.

Considering the experimental results, we can con-
clude the proposed method is capable of recognizing
malignant tumors in the vocal cords with high ac-
curacy. Nevertheless further research is still needed,
specially to improve the sensitivity of the blood ves-
sel extraction algorithm. Further development is also
needed to create a system useful for medical spe-
cialists. Nonetheless, the system developed consists
in a promising novel method for cancer detection
and classification, representing an innovation in the
medical imaging field.
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Abstract—Minimally invasive surgery (MIS) is highly be-
neficial for the patient but it is very difficult to execute by
the doctor that have to undergo a long training till acquiring
the required skills and hand-eye coordination. Computer-aided
surgery (CAS) can play a major role in MIS by enabling more
surgeons to practice the technique while decreasing errors of
clinical consequence. Such systems will use as input the intra-
operative endoscopic video stream, which means that the camera
must be calibrated at all times in order to take full advantage of
the received data. We argue that, although camera calibration is a
mature topic, the problem is far from being solved in the context
of surgical applications. We propose a solution that we believe will
be important to transfer the existing research in image based CAS
from the Labs to the Operating Rooms. In addition we present a
system for distortion correction in endoscopic images that han-
dles the high resolution/framerates of current equipment. The
correction requires the accurate calibration of the optical system
which is handled by our automatic calibration technique from
a single image and our adaptive projection model to cope with
the lens rotation during operation. Our first clinical trial showed
significant improvements in the execution of surgical tasks in
knee arthroscopy.

I. BACKGROUND

In minimally invasive surgery (MIS) the doctor executes
the procedure guided by the images acquired by an endoscopic
camera. Typically the endoscopic camera consists in auto-
clavable exchangeable optics that are mounted on a charge-
coupled device (CCD) camera head just before the procedure
starts. These optics can be forward-viewing, when they look
up-front, or oblique-viewing if the tubular lens has a cut of
30◦, 70◦ or 90◦ to enable a periscope-like view. The viewing
direction of the oblique-viewing lenses can be changed without
moving the camera head by simply rotating the endoscope
around its symmetry axis [1]–[3]. This rotation is typically
inferred by observing the position of a triangular mark on the
periphery of the circular region. Oblique-viewing endoscopes
are specially useful in inspecting narrow cavities, such as the
articulations (arthroscopy) or the sinus (rhinoscopy), where the
space to maneuver the probe is very limited.

Although being highly beneficial for the patient in terms
of recovery time and risk of infection, the stats show that
MIS is used only in 25% of the procedures eligible for this
technique. The reason for this low penetration is the fact that
MIS procedures are much more difficult to execute than the
equivalent open surgery counterparts. The access to the organs

is very limited and surgeons must use intra-operative video as
only guidance. This poses severe problems in terms of hand-
eye coordination and some surgeons are simply unable to make
the visual-spatial leap needed to master this technique [4].

In this context, the use of systems for computer aided
surgery (CAS) can make a significant difference in the ad-
option and clinical outcomes of MIS. We envision that such
systems will receive as input the intra-operative endoscopic
video, eventually register the image data with pre-operative
models of targeted organs, and use the information for assisting
the doctor during the procedures. Such assistance can take
multiple forms, ranging from providing a better visualization
of the observed cavities to granting that the surgery is executed
according to a pre-plan, and passing by helping the doctor to
navigate inside the human-body.

II. ENDOSCOPIC CAMERA CALIBRATION AND REAL-TIME
CORRECTION OF RADIAL DISTORTION

Image-based CAS requires the endoscopic camera to be
properly calibrated. The camera intrinsic calibration enables
to map each image pixel into a light-ray direction, being a ne-
cessary condition for inferring 3D information from the video
stream. Most of the actual works in image-based CAS focus
in higher-level problems, such as segmentation, reconstruction
and registration, and disregard the camera calibration which is
assumed to be known.

Although camera calibration is a well studied topic [5], the
problem of calibrating an endoscopic camera with exchange-
able lenses and keeping the parametrization accurate during
the entire procedure is far from being trivial. The reasons are
threefold: (i) the calibration must be carried in the OR because
the lenses are exchangeable, (ii) since the calibration must be
carried by a medical non-expert user the procedure must be fast
and robust, meaning that standard lab procedures that require
acquiring tenth of images of a grid and clicking points are not
suitable, and (iii) in the case of oblique-viewing endoscopes
the lens rotate with respect to the camera head changing the
camera parameters during operation.

We present a method for endoscopic camera calibration
that overcomes the above mentioned difficulties of usability
and constant updating during the procedure. It is important
to refer that providing an effective solution for the camera
calibration problem in the context of surgery is fundamental



Figure 1. RDFixer distortion correction in a chessboard pattern and a knee
model. Left - Original image. Right - Corrected image using RDFixer. It can
be noticed, in red, the differences when the distortion is corrected.

for image-based CAS to become a reality in the future. Our
solution aims at enabling this key step to be performed in the
OR, a subject that has been overlooked up until now.

As a first application for the calibration, we present a
system for the improvement of the visualization during en-
doscopy through the correction of image distortion in real-
time. In many situations endoscopic video suffers from severe
radial distortion (RD), an optical aberration due to limitations
in optical construction technology. Optics cannot eliminate this
pernicious effect when the lens are small and have a wide field
of view (FOV). The problem is that RD severely hinders depth
perception. We therefore propose a software-based system that
combines calibration information with an hybrid GPU+CPU
architecture for removing the distortion in real-time.

III. SYSTEM OVERVIEW

The system used for distortion correction, dubbed RDFixer,
consists in an add-on device that is installed in between
the camera control unit and the display, that captures the
endoscopic video, updates the projection model according
to the lens rotation and corrects the RD in real time. The
procedure starts with the acquisition of one calibration image,
similar to the one presented in the top row of Fig. 1. The
calibration processes is completely automatic and after a few
seconds the systems is ready for distortion correction. The
bottom row of Fig. 1 shows the distortion correction result in
the knee model, with some of the differences in the anatomical
structures outlined in red.

The camera calibration is conducted using the single image
calibration (SIC) algorithm proposed in [6]. Let X be the
vector of homogeneous coordinates of a 3D point represented
in a world reference frame. Point X is projected into point x
in the endoscopic image such that

x ∼ K0 Γξ(PX) . (1)

(a) Test image (1280× 960)
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Figure 2. Experimental validation of the model for updating the camera
calibration. The red curve in the graphic of (b) shows the RMS value of the
re-projection error for different angular displacements α of the lens probe. The
two other curves refer to the error of fitting a line to a set of collinear points
(the yellow circles in (a)) after correcting the image distortion and without
taking into account the lens rotation.

P denotes the standard 3 × 4 projection matrix [7], Γξ is a
nonlinear projective function that accounts for the image radial
distortion, and K0 is the matrix of intrinsic parameters with the
following structure

K0 ∼

a f s f cx

0 a−1 f cy
0 0 1

 (2)

where f , a, and s, stand respectively for the focal length, aspect
ratio, and skew, and c = (cx, cy)

T are the non-homogeneous
coordinates of the image principal point. The calibration
consists in determining this projection model parameters and
this is accomplished using a single image of a checkerboard
pattern.

Since the endoscopic lens may rotate relatively to the
camera head, assuming unitary aspect ration and zero skew,
we decompose the intrinsics matrix into:

K0 ∼

f 0 cx
0 f cy
0 0 1

 , (3)

then it can be factorized as

K0 ∼ Kh Kc ∼

fh 0 cx
0 fh cy
0 0 1

fc 0 0

0 fc 0

0 0 1

 , (4)

with fc being the focal length of the endoscopic lens, and fh
being the focal length of the camera head that converts metric
units into pixels.

The intrinsic matrix of the compound optical system
formed by the camera head and the rotated endoscope becomes

K ∼ Kh Rα,q′ Kc , (5)

with Rα,q′ being a plane rotation by α and around the point
q′, where the optical axis intersects the image plane.

During operation, this rotation is tracked in the endoscopic
image by searching for the triangular mark as it moves and the
projection model is updated accordingly. Fig. 2(a) shows the
change in the re-projection error while rotating the lens as well
as the result of fitting a line to a set of points after distortion
correction using the adaptive projection model presented [8].



Figure 3. Performance evaluation by the supervisor using the Global Rating
Score [10]. The performance is evaluated in a scale from 1 to 5, with 5
representing the greatest performance for each indicator. The values are the
mean score for all subjects in each visualization.

Given the initial calibration, we track the triangular mark,
update the projection model and correct the distortion using the
approach proposed in [9]. The heterogeneous system presented
in [9] uses both CPU and GPU to process the 1080p@60Hz
video stream in real tme. This requires efficient memory access
patterns on the GPU to cope with such high data throughput
without delaying the stream.

IV. FIRST CLINICAL TRIAL IN THE IMPACT OF RD
CORRECTION IN SURGICAL PERFORMANCE

We evaluated the performance impact of correcting the RD
in a common surgical procedure - the loose bodies removal
during the arthroscopy of the knee. Loose bodies are another
name for free floating pieces of debris in the knee joint. They
are tissues that have torn away from their original location
and move around the joint causing pain, swelling, and locking.
The procedure consists in removing the loose bodies using a
3.4mm soft tissue grasper, which requires a considerable skill
in hand-eye manipulation.

The trial involved a group of 12 training interns, which
were supervised by an experienced orthopaedic surgeon, and
aimed to validate the improvements in visualization and depth
perception. Each subject was individually called to a separate
room and asked to remove the same free body using the
original and corrected visualization. The visualization mode
sequencing was properly balanced across subjects to maintain
the statistical reliability of the results. The procedure was
conducted without the trainee knowing the purpose of the
test, or the type of visualization used for each trial. After
each successful removal the supervisor scored the clinical
performance of the subject according to an adaptation of
the Global Rating Scale presented in [10], and the trainee
also filled a subjective questionnaire about the visualization
experience. Figures 3 and 4 show the results of the trial, where
an improvement of over 30% can be observed in the procedure
quality (Fig. 3).

The results of this trial supported our assumption that
removing the RD provides a better visualization experience
that is clearly noticed by the clinician, and that influences the
surgical performance.

Figure 4. Subject survey results. The count above each column represents
the number of ”Yes” answers among all subjects when prompted about the
subjective impressions depicted.

V. CONCLUSIONS

This paper describes an effective solution for camera
calibration in the OR, which is crucial to enable future image-
guided CAS applications. We use the calibration in a first
CAS application where the camera model is used to correct
the lens distortion via software. Our first trial shows that this
visualization application has a significant impact in the surgical
outcome.
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Abstract— This paper deals with mutual information-based
registration of multimodal images for laser phonomicrosurgery
of the vocal folds. The images to be registered are white light
images (white light camera) versus fluorescence images. This
work is carried out within the framework of the European
project µRALP which involves the use of microrobotic system
for endoluminal laser phonosurgery. The designed system in-
cludes two fiber bundles connected to a high speed camera and
one fiber bundle used for fluorescence image. Using the mutual
information based registration method, it will be possible to
represent the visible information in the fluorescence image and
use it in the other image.

I. INTRODUCTION

A phonosurgery system uses a stereo-microscope and a
semi-automatic system to control the laser source positioned
at 400 mm outside the patient (see Fig. 1). This technique
relies completely on the skills of surgeons who must operate
through a microscope, control the laser directly by hand, and
deals with the associated poor ergonomics of the operating
setup [1], [2]. The µRALP project will enable to overcome
such limitations by developing a more intuitive system
(inserted through the mouth into the laryngo-pharyngeal
cavity) that allows to position the laser close to the vocal
chords (ie. 20 mm). Mainly, the proposed system includes a
piezoelectric actuated mirror (two degrees of freedom), two
fiber bundles for high frequency imaging, one fiber bundle
for fluorescence image, and a Helium-Neon (HeNe) laser
(see Fig. 2).

The developed system will work as follows: the surgeon
defines a trajectory around the tumor to incise, in the
fluorescence image. Thereby, the objective of µRALP system
is to control automatically the displacement of the laser beam

Fig. 1. Current laser phonosurgery setup.

along the pre-defined trajectory. In order to ensure a better
accuracy during automatic resection, it is required to close
the control loop over an exteroceptive sensor (high speed
camera in our case). Namely, this so-called visual servoing
(vision-based robot control) is robust to robot calibration
errors and to robot environment variations [3].

In general, visual servoing requires defining a reference
features (points, lines, image, 3D pose, etc.) that allows
the system to evolve from its current position to its target
position. In our case, the reference can be defined (by the
surgeon) in the fluorescence image frame Rf and the system
will move in the high speed white light image frame Rs.
Thus, it is necessary to compute the transformation (T̂ , ρ̂) be-
tween both frames (ie. Rf and Rs). The mutual information-
based method seems very appropriate for the computation
of this transformation, especially when the images are of
different modalities.

In the literature, the mutual information-based registration
has been widely discussed. Zitova et al. [4] has classified
the registration techniques for medical applications into
two main categories: area-based and feature-based methods.
Generally, a registration technique follows mainly these four
steps: features detection, features matching, transformation
estimation, and image resampling.

This paper focuses in the adaptation of the mutual infor-
mation technique in the case of fluorescence images vs. high
speed white light images. Thereby, it contains some basic
definitions about the mutual information, the context of use,

Fig. 2. New laser phonosurgery system proposed by the µRALP project.



some primary results and the future investigations of this
work.

II. MUTUAL INFORMATION

The mutual information is inspired by the information
theory domain. It is based on the measure of information,
commonly called entropy, in a message. In the case of image
processing, this allows to measure the similarity between two
images I1 and I2.

A. Entropy

In information theory domain, the entropy was first in-
troduced by Hartley [5]. There, he used it to measure the
uncertainty of a signal s between a transmitter and a receiver.
The first Hartley entropy function, is given by:

H0(X) = logb |X| (1)

where X is a vector containing random values xi.
Move over, the mean information quantity associated to

each source value is the expectation of the own information
of each event X = xi. According to Shannon, adding a
weight to the output of the Hartley entropy allows to rewrite
the equation (1) as:

H =
∑
i

pilog2(
1

pi
) = −

∑
i

pilog2(pi) (2)

where pi is the associated probability of each event xi.
Applied to the images, the measure of the entropy allows

us to compute the degree of similarity information between
two images (higher is the similarity between images, lower
is the entropy).

B. Joint histogram

To estimate the joint probability distribution of the gray
values between two images, it is possible to use the notion
of joint histogram. This joint histogram is a 3D map (N2 in
N), whose 2D inputs are the grayscale value of each pixel
of I1(i, j) and of the corresponding pixel in I2(i, j) and the
output is the amount of such couple (I1(i, j), I2(i, j)) (see
Fig. 3 and algorithm 1).

Thereby, the joint histogram allows illustrating the simi-
larity between two images. In practice, lower the similarity
between images, more the joint histogram is uniform (its
graph is a plane). Conversely, if two images are perfectly
similar, the joint histogram is represented by a diagonal line.
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Fig. 3. Representation of the joint histogram.

Algorithm 1 Joint histogram algorithm
Require: I1, I2 two images

1: init : binSize← 255;
2: init : h(binSize, binSize);
3: u← height(I1);
4: v ← width(I1);
5: for i from 0 to u do
6: for j from 0 to v do
7: h(I1(i, j), I2(i, j)) = h(I1(i, j), I2(i, j)) + 1;
8: end for
9: end for

10: return h

Fig. 4. Key steps of the proposed mutual information based registration.

C. Mutual information

Based on the entropy and the joint histogram principles,
the mutual information can be defined following the three
methods described in [6], [7].
However, for our work, we use the method using the marginal
and joint entropy based on the value of the normalized joint
histogram, given by (3).

MI(I1, I2) = H(I1) +H(I2)−H(I1, I2) (3)

where H(I1) and H(I2) are the marginal entropy of I1 and
I2, respectively, and H(I1, I2) is joint entropy computed
from the joint histogram.

Let us assume the rigid transformation T̂ εSE(3) between
the images I1 and I2. Thereby, the transformation can be
estimated by maximizing the mutual information (MI)i.

T̂ = arg max
t∈SE(3)

MI[I1, t(I2)] (4)

where t is a possible rigid transformation. If we add a zoom
factor, then we need to multiply the transformation matrix
with the scaling factor:

zoom =

ρ 0 0
0 ρ 0
0 0 1

 (5)

where ρ is the scale value. Hence, the equation (4) can evolve
using the zoom parameter as:

(T̂ , ρ̂) = argmax
t,ρ

MI[I1, ρ(t(I2))] (6)



III. OPTIMIZATION

Once the basics of the mutual information are addressed,
it is necessary to establish an effective optimization method
able to compute the maximum (respectively the minimum)
of the joint information between both images. In this work,
we opted to use a non-gradient-based optimization technique
commonly known as the simplex method [8]. This choice is
justified by the fact that the simplex is better fitted to an
optimization problem with limited variables number [9].
The different steps of the presented mutual information based
images registration are shown in Fig. 4.

IV. FIRST RESULTS

The experimental validation is performed with the objec-
tive to determine the estimated transformation (T̂ , ρ̂) applied
to image I2 to be confounded with the image I1. This
transformation is here decomposed in translations (tx and
ty), rotation θz and zoom ρ.

The validation tests were carried out using different im-
ages, between monomodal images acquired in various con-
ditions (point of view, lighting illumination, adding objects
onto the scene and scale changing), and between fluores-
cence images vs. white light image of vocal chords (images
obtained from [11]). This paper show only the results using
fluorescence vs. white light images. In this experiment, we
added a fictive incision mark on the fluorescence image
where the tumor is visible. To display the difference between
image I1 and the transformed image ρ(t(I2)), we combine
them as their checkerboard masked sum (Fig. 5). Thus a
quality criterion of the registration is the continuity of the
combined image a long the check-board lines.

I1 I2 I1 I2

Fig. 5. Illustration of the construction of the result image (⊕ operator to
combine the two images I1 and I2).

By analyzing the Fig. 6, it can be noticed the continuity
of the combination of I1 in I2 as shown in Fig. 6(b).

(a)

Fig. 6. Illustration of the registration results between I1 and I2. Column
(a) represents the test images (ie. fluorescence image vs. white light image),
and column (b) represents the obtained combined image with a zoom in to
show the details.

Otherwise, the obtained values of the different parameters
of (T̂ , ρ̂) for the test shown in Fig. 6 are: tx = -13.92 pixels,
ty = -1.31 pixels, θz = -0.0141◦, and ρ = 0.158 pixels. This
result is obtained in 110 seconds for a 170×150 image size
using a 2.5 GHz PC.

V. CONCLUSION

This paper presented the initial results using the proposed
mutual information registration method. The considered im-
ages are multimodal (ie. fluorescence image vs. white light
image), and such image pairs will be used to detect the
cancerous tumor in the vocal chords. The mutual information
based registration method gives promising results and shows
interesting robustness with respect to different kind and
quality of the images.

The next step is to develop a new metric for visual
servoing using the proposed technique. A new control law,
which does not require any matching nor tracking step
(direct visual servoing), based on mutual information will
be designed. This is to ensure that the surgeon can plan a
trajectory (ie. incision) on the fluorescence image and the
endoluminal laser phonosurgery microrobot system will be
able to follow this reference in the high speed white light
images.
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Max Allan∗, Sébastien Ourselin†, Steve Thompson†, David J. Hawkes†, John Kelly‡, Danail Stoyanov∗

∗Centre for Medical Image Computing and Dept. of Computer Science, UCL

†Centre for Medical Image Computing and Dept. of Medical Physics and Bioengineering, UCL

‡Division of Surgery and Interventional Science, UCL Medical School
{maximilian.allan.11,s.ourselin,s.thompson,j.d.kelly,danail.stoyanov}@ucl.ac.uk

Abstract—Integration of vision techniques for detection and
localization of instruments in Minimally Invasive Surgery (MIS)
can provide assistance to surgeons through motion control and
guidance aids. In this study, we propose a framework for detect-
ing and localizing the tool pose in 3D in the coordinate system
of the observing camera. Using Random Forest classifiers to
probabilistically label pixels in laparoscopic images as instrument
or tissue, we recover the pose in 3D through a region based level-
set segmentation technique. We demonstrate the effectiveness of
the proposed system by comparison to ground truth tracking
data obtained through an optical tracking system. This work is
a continuation of the work in [1].

I. INTRODUCTION

Minimally Invasive Surgery (MIS) has greatly improved
surgical outcomes compared to open surgery by reducing the
trauma of the procedure by accessing the surgical site through
small keyhole ports [2]. However difficulties arising from
the removal of direct access to the underlying anatomy has
complicated surgery. Precise control of the instruments and
tissue is more difficult to achieve with minimally invasive
instruments and perceptive information such as force feedback
and field of view is reduced. Robotic and computer assisted
surgery have improved the surgeon’s ability to navigate and
operate [3], [4] through the introduction of HD stereoscopic
video cameras and motion control systems that reduce hand
tremors and remove the motion inversion of controlling a
pivoting instrument.

As MIS is introduced to more complex procedures, the
benefits of integrating preoperative information and navigation
assistance become more prominent. Real-time knowledge of
the instrument position and orientation with respect to both
the surgical camera and the underlying anatomy becomes in-
creasingly important as a means of introducing these systems.
Computer vision techniques have demonstrated themselves
to be effective methods of obtaining this information with
minimal modification to existing surgical workflows.

There have been numerous proposals in the literature to
adapt computer vision techniques to the minimally invasive
environment. Several methods have attempted to integrate low
level image features as part of point-based pose estimation
methods [5], [6] and have achieved successful results on

surgical images. Template tracking has also been attempted
[7], [8]. However, one of the major shortcomings of this type
of technique is that small scale features are vulnerable to
occlusions so often found in surgical environments due to
tissue, blood and smoke.

An alternative approach which makes use of region statistics
when localizing pose presents a solution to this problem. [9]
suggested an approach that involves aligning a model with a
class probability map and achieve robust results. However, the
method suffers from a non-differentiable cost function which
leads to slow and unpredictable optimizations. Approaches
which make use of level-set based region alignments have been
successful in the computer vision literature [10], [11] and it
is the approach of [12] which we follow most closely. The
motivation behind following these methods is that the level
set function can be smoothly differentiated with respect to the
pose parameters of the target object leading to minimization
techniques that simultaneously find the optimal 3D pose.

In this work we propose a 3 stage method of localizing med-
ical instruments in 3D given a simple shape and appearance
model. We perform detection with a random forest classifier
after extensive experimentation to select suitable features, a
2D initialization with a shape analysis approach and 3D pose
refinement with a level-set based segmentation.

II. METHOD

A. Detection

Random Forests (RF) [13] were chosen as the method of
discriminating the regions of the image which correspond
to the instrument and the tissue. They provide an accurate,
fast and potentially parallelizable method which can be easily
extended to handle multi-class training data, a useful feature
when classifying multiple distinct tool or tissue types.

1) Feature selection: The complexity of light reflectance in
the scene leads to some visual ambiguities between the instru-
ment and areas of the tissue surface which makes classification
challenging. As such, feature selection for the random forest
becomes extremely important to ensure that the classification
is accurate enough to enable good pose estimation.



(a) Hue (b) Saturation (c) Opponent 2 (d) Opponent 3

Fig. 1: Visualisations of the discriminative power of the chosen colourspaces.

We tested several different features across distinct regions
of MIS images: lightly colored tool shafts, darkly colored tool
shafts, instrument tips and tissue. We performed our tests on
several color features: RGB, HSV, CIE XYZ, Opponent 2 and
Opponent 3, further details on these color spaces are reported
in [14], [15].

2) Forest Implementation: We made use of the Random
Forest implementation of the OpenCV library 1 and limit our
forest size to 50 trees of no more than 10 levels to increase
speed of both training and classification.

B. Instrument Pose Detection

1) Parametrization: We choose the standard parametriza-
tion of the instrument using the Euler angles (θ, ψ, φ) and a
translation t in the camera coordinate system. As we have so
far only modelled the instrument shaft as a featureless cylinder
(without considering articulation of the instrument head) we
are unable to detect the axial rotation parameter φ leaving our
model with 5 recoverable degrees of freedom.

2) 2D Initialization: As our 3D pose estimation technique
relies on a gradient descent based method to refine the pose,
it is important to obtain a good initial estimate to avoid
local minima and to reduce the time taken to converge. We
achieve this by selecting the largest connected regions of the
classification map and then finding their principal axes using
the moment of inertia tensor. Then by assuming that the con-
nected region can be approximated by a 2D cylinder, we can
estimate its width and height (in pixels) from the eigenvalues
of the tensor as r =

√
2I2/m and l =

√
12I1/m− 3r2. The

estimate of width can be used to estimate the depth of the
instrument given that we know the width of the instrument
in metric units a priori. From this initialization we obtain an
estimate of t as well as the rotational parameter θ.

3) 3D Refinement: To estimate the additional rotational
degree of freedom ψ as well as refine the estimates of θ and
t we employ the 3D pose estimation technique of [12]. Given
an estimate of image pose and a known 3D model of the
target object, a segmentation can be defined through the outer
contour of the its projection onto the image plane. The quality

1www.opencv.willowgarage.com

of the segmentation can be defined using an image functional:

E(g(p)) = −
∑
p∈Ω

(
log
(
He(g(p))Pf + (1−He(g(p))Pb

))
(1)

where Pf |b refers to the confidence of a pixel belonging to
the instrument class and the tissue class respectively and is
computed by the random forest as the fraction of trees which
voted for each class. g(p) represents the level set function and,
as usual, is represented by a signed distance function (negative
values for the exterior, positive for the interior). H(.) is a
smoothed Heaviside function which filters the distance values
into interior/exterior regions with the smoothing allowing for
uncertainty in the location of the contour. To find the minimum
of Eq. 1 from the set of possible projections of the target
object we search the space of its pose parameters with gradient
descent.

III. RESULTS

The results were collected by a C++ implementation of
the algorithm without any parallelization or optimization of
the code and as such is not real-time. Random Forest mean
classification time is 3.47 seconds for an SD image and pose
estimation takes 1-20 seconds, with the large variation due to
differences in accuracy of the starting estimate.

A. Features for Classification
We performed several experiments to determine the most

discriminative visual features to use for classification. We used
the general statistical technique for measuring the distance
between histograms of the Bhattacharyya distance [16] and
also an internal estimator provided by all decision tree methods
known as variable importance [17]. To ensure we considered a
range of tissue types and instrument appearances we perform
tests on 97 manually labelled images from 6 different surgical
procedures.

Our investigations showed that the most discriminative
colour spaces appear to be the hue, saturation and the opponent
2 and 3 colour spaces.

B. Laboratory experiments
Validation of the pose estimation was achieved with an

experiment where data was acquired from an NDI Optotrak
Certus2 optical tracking system. We manufactured rigid bod-

2http://www.ndigital.com/lifesciences/certus-motioncapturesystem.php
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Fig. 2: The error plots for the Optotrak calibrated pose. As can be seen the errors are quite low, particularly in x and y. The
z error occasionally moves far from the true estimate (which in turn distorts the x and y estimates). The positional estimates
have been median filtered to smooth out some of the errors.

ies with embedded optical markers and attached one to the
proximal end of a Viking Systems 3DHD laparoscope and
one to the proximal end of an Ethicon monopolar dissector.
The experimental setup can be seen in Figure 3. Camera
and hand eye calibration between the camera and Optotrak
coordinate systems were obtained using toolboxes available
online to allow comparison of measurements made by our
method using the camera and those from the Optotrak 3

4. Camera calibration reprojection error was 0.2 pixels and
additionally, the instrument was calibrated to measure the
offset between the tool’s tip and the attached rigid body with
a calibration error of 0.17mm ± 0.18mm.

Experiments were performed by translating and rotating the
instrument between the camera and an ex vivo lamb liver tissue
sample while the Optotrak system recorded the instrument
pose in the camera coordinate system for each frame. An
instrument appearance model was learned from images of the
tool in front of a homogeneous background and a background
appearance model was learned from separate images of the
liver.

By computing the 3D pose of the instrument at each frame
and comparing to data from the Optotrak system we show
motion plots of the tip position and error plots in Figure 2. To
compensate for calibration error, which results in a constant
offset, we show the motion after the coordinate systems have
been matched for the first frame. The plots visibly show that
our method correctly localises to the ground truth pose in the
majority of frames. The mean and standard deviation of the
error for the instrument are 0.171mm and 0.182mm whereas
for the camera they are 0.981mm and 0.002mm respectively.
These are promising results considering we are estimating 3D
information from a monocular image and this explains the
larger error visible in the z axis. Occasional errors are also
visible as spikes in our measurements, particularly around
frames 280 and frame 350. These occur when the instrument is
moved out of the view of the camera and the pose localisation
system incorrectly recognises part of the shadow in the image

3http://www0.cs.ucl.ac.uk/staff/Dan.Stoyanov/calib/
4http://www.vision.ee.ethz.ch/software/calibration toolbox//calibration toolbox.php

as an instrument. These errors could easily be removed by
incorporating a simple tracking framework such as Kalman
filtering.

(a) (b)

Fig. 3: (a) shows the laboratory experimental setup with the
laparoscope complete with optical tracking markers. (b) shows
a frame from the laparoscope showing the instrument in front
of a lamb’s liver. The marker indicates the point on the
instrument which is tracked by our system.

IV. CONCLUSION

In this study we have proposed a method for detecting
and localizing instruments in surgical images. Experimentation
with optically calibrated data shows that our method is robust
and generally accurate with some inaccuracy in the depth
estimation. As typical surgical systems are equipped with
stereo cameras our future work will include integrating stereo
constraints to improve accuracy. We further hope to make use
of temporal tracking estimates to reduce the error from noisy
estimates and additionally we plan to integrate extensive GPU
parallelization to achieve real time performance of our work,
as has been reported in the literature.
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Stereoscopic Surface Reconstruction in Minimally Invasive Surgery
using Efficient Non-Parametric Image Transforms
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Abstract— Intra-operative instrumentation and navigation in
minimally invasive surgery is challenging due to soft tissue
deformations. Therefore, surgeons make use of stereo endoscopy
and adjunct depth perception in order to handle tissue more
safely. Moreover, the surgeon can be assisted with visualized in-
formation computed from three-dimensionally estimated surgi-
cal site. In this study, a review of state-of-the-art methods deal-
ing with surface reconstruction in minimally invasive surgery
is presented. In addition, two real-time solutions based on non-
parametric image transforms are proposed. A local method
using an efficient census transform is compared to model-based
tracking of disparity. The algorithms are evaluated on online
available image sequences of a deforming heart phantom with
known depth. Both approaches show promising results with
respect to accuracy and real-time capability. Particularly, the
model-based method is able to compute very dense depth maps
if the observed surface is smooth.

I. INTRODUCTION

Stereoscopic vision has become a key component in min-
imally invasive surgery providing three-dimensional visual
feedback. The adjunct depth perception of the scene is ben-
eficial when manipulating tissue with surgical instruments
such as forceps or scalpels. Moreover, a dual imaging system
can be utilized to reconstruct the surgical site in order to
facilitate intra-operative guidance or augmented reality based
on additional intra- and pre-operative data.
Due to soft tissue characteristics, current research espe-
cially addresses tissue motion tracking [1]–[4] as well as
registration of pre- to intra-operative data [5]–[7]. These
approaches mostly incorporate stereo-based depth estimation.
For this purpose, correspondences between the left and right
camera image have to be determined. This can be achieved
by cost computation based on state-of-the-art methods [8].
In detail, depth of an object point projected to the image
planes is computed based on intensity information obtained
from the pixel’s neighborhood. Common similarity measures
for comparing left and right image are sum of squared
differences (SSD) and normalized cross-correlation (NCC).
An early NCC based method models depth as a Gaussian
distribution in order to detect and remove instruments from
the endoscopic view [9]. Aside from observing instruments,
the pose of the endoscope with respect to the target can
be determined by applying NCC based feature matching
on mono camera images [10]. Using a stereo fiberscope
instead, NCC based correspondence search can be combined
with simultaneous localization and mapping (SLAM) for
estimating the tissue’s surface as well as the endoscope’s

All authors are with the Institute of Mechatronic Systems, Leibniz Uni-
versität Hannover, Germany. andreas.schoob@imes.uni-hannover.de

pose and motion [11]. A three-dimensional representation of
the surgical site can also be computed with a NCC multiple
resolution approach applied on images of a stereo camera
capsule. Designed for augmented reality in laparoscopy, such
a device is deployed inside the patient’s abdominal cavity
providing an increased field-of-view and depth-of-field [12].
Due to specular highlights on glossy tissue or lighting
variations, obtaining an accurate and dense depth map with
local similarity measures often leads to non-reliable results.
Therefore, one can enhance local metrics by smoothness
terms and a dynamic programming framework in order
globally estimate depth [5]. In a more recent approach, dis-
criminative matching in especially texture-less tissue regions
is achieved by applying adaptive support windows [13].
Further on, depth information obtained at salient features
can be propagated into a spatial neighborhood resulting in a
semi-dense and smooth depth map of the surgical site [14].
In this particular case, once detected features additionally
allow to temporally observe motion of the tissue. Aside
from that, one can take both spatial and temporal disparity
information into account. Combined with a hybrid CPU-
GPU implementation, a powerful real-time reconstruction
framework targeting on registration of pre-operative models
can be implemented [15].
In contrast to methods combining locally applied similarity
measures with spatial or temporal constraints, more global
optimization is achieved with model-based methods. In min-
imally invasive surgery, the surface of the observed soft
tissue is generally continuous and smooth. Following this
assumption, tissue depth and deformation can be modeled
by applying hierarchical free-form registration with piece-
wise bilinear maps [16]. Especially for cardiac surface
deformation, disparity can be described by B-splines and
tracked by a first order optimization based on a SSD error
function [17]. Even a set of tracked features is sufficient
to observe cardiac motion [18]. Despite using features,
region-based tracking with elastic deformation modeling and
an efficient minimization scheme also guarantees real-time
cardiac motion estimation [4]. However, model-based three-
dimensional tracking is computationally complex and limited
due to depth discontinuities arising at borders of instruments
in the surgical field of view.
In general, stereo-based tissue depth estimation is prone
to specular highlights, texture-less surface, instrument oc-
clusions, bleeding or fume during laser interventions. If
those methods fail, literature provides alternative solutions
applicable for intra-operative vision-based navigation. For a
comprehensive overview, we recommend [19,20].



Disadvantageously, most of above mentioned methods are
evaluated on different image data complicating comparison.
In order to provide a structured evaluation framework, a
medical data set containing ground truth has been established
[6,14]. Unfortunately, only few further methods are verified
on this data [15,21]. In addition, literature review has shown
that, apart from common similarity measures (i.e. NCC),
especially non-parametric metrics based on the efficient rank
or census transform are hardly used within image-guided
minimally invasive surgery.
In this study, accurate and real-time capable techniques for
dense surface reconstruction of surgical scenes are presented.
Contrary to the commonly used NCC, a solution comprising
a locally applied, more simple and efficient census transform
is briefly presented in Sec. II. Providing more dense and
smooth depth information, a model-based implementation
using thin plate splines (TPS) and fast optimization applied
on rank transformed images is introduced subsequently. In
Sec. III, both methods are evaluated with respect to accuracy
as well as real-time capability using the aforementioned
online available image sequences [6,14]. Sec. IV summarizes
this contribution.

II. MATERIALS AND METHODS

In Sec. II-A both rank and census transform are in-
troduced. Subsequently, Sec. II-B and II-C describe our
proposed methods for stereoscopic surface reconstruction
based on those non-parametric image transforms. To sim-
plify implementation, calibrated and rectified images are
used. Thus, disparity computation is reduced to an one-
dimensional search problem.

A. Rank and census transform

In contrast to estimating disparity relying on absolute
intensities, the rank and census transform of an image I
show improved robustness to radiometric differences, light-
ing changes and noise [22]. For both transforms, the image
intensities I(N (p)) within a local M × N neighborhood
N (p) are compared to the center pixel’s p = (x, y)

T

intensity I(p). The rank transform of image I is defined
by

IR(p) =

N/2∑
j=−N/2

M/2∑
i=−M/2

ξ
(
I(p), I(p + (i, j)

T
)
)
. (1)

Subsequently, the census transform is given by

IC(p) =

N/2⊗
j=−N/2

M/2⊗
i=−M/2

ξ
(
I(p), I(p + (i, j)

T
)
)

(2)

with
⊗

denoting concatenation to a bit string. The function
ξ for comparing the two intensities is denoted as

ξ(I1, I2) =

{
0, if I1 ≤ I2
1, else. (3)

B. Local census-based disparity computation

For computational efficiency, a sparse census transform
is applied resulting in a shortened bit string. Hereby, only
every second column and row of the neighborhood N (p)
are considered. Hamming distance H is used as similarity
measure between a pixel p` = (x`, y`) in the left image
IC,` and a pixel pr = (xr, yr)

T
= p` − (d, 0)

T in the right
image IC,r (4). Disparity is denoted as d.

H(p`, d) =

M×N−1∑
i=1

IC,`(p`, i)⊕ IC,r(p` − (d, 0)
T
, i) (4)

Index i defines the appropriate bit in string IC(p) whereas
⊕ denotes XOR operation. Smoothness and unambiguous
matching are achieved in a cost aggregation by summing
up the Hamming distances H(p`, d) within a certain pixel
neighborhood. Additionally, our disparity computation com-
prises a consistency check, a sub-pixel refinement, a removal
of disparity speckles and a winner-takes-all (WTA) strategy.
Further smoothing is done by bilateral filtering.

C. Model-based disparity computation

An elastic model-based computation is able to provide a
dense and reliable disparity map if the observed surface is
smooth [17]. Furthermore, such an approach facilitates real-
time three-dimensional tissue motion tracking [4]. However,
accuracy strongly depends on the number of parameters
describing the elastic deformation.
In this study, disparity is estimated by a thin plate spline
(TPS) based tracking following the ideas introduced in Lau
et al. and Richa et al. [17,4]. Our algorithm uses rank
transformed images and an extended inverse compositional
parametrization.
Assuming a rank transformed image region IR described
by n pixels p`,i = (x`,i, y`,i)

T in the left and n pixels
pr,i = (xr,i, yr,i)

T in the right image with i ∈ {1, ..., n},
mapping between both pixel sets can be formulated by an
elastic transformation (5) [23]. Since images are rectified,
corresponding points will have the same y-coordinate with
yr,i = y`,i. As a result, disparity is simply defined by
di = x`,i − xr,i. One-dimensional mapping for xr,i is then
denoted as

xr,i(p`,i) =
[
a1 a2 a3

] x`,iy`,i
1

+
α∑
j=1

wj · u(
∥∥c`,j − p`,i

∥∥) (5)

with TPS basis function u(r) = r2 log r2 and parameter
vector t = (w1, ..., wα, a1, a2, a3)

T [23]. So-called control
points c`,j = (x̂`,j , ŷ`,j)

T with j ∈ {1, ..., α} are initially
set in the left image. According to current depth of the
scene, control points cr,j = (x̂r,j , ŷr,j)

T in the right image
need to be estimated . Once correspondence between c` and
cr is known, a mapping for any pixel pT

r,i = m(p`,i, cr)
can be formulated with a linear system [4,23]. In general,
temporal disparity changes between consecutive frames are
described by deviation ∆cr with respect to prior control point
configuration cr. For real-time estimation of cr + ∆cr, an



inverse compositional parametrization is implemented [24].
In detail, a virtual warping of image IR,`(m(p`,i, c`+∆c`))
describes disparity changes by shifting ∆c` with respect to
c`. Since compositional frameworks cannot be applied to
TPS directly, cr = f(c`,∆c`) is subsequently estimated in
a closed-form solution [25]. Thus, our optimization aims on
finding ∆c` instead. As a result, the alignment error to be
minimized can be formulated with (6). Before, a sparse rank
transform is applied to both left and right image in order to
increase robustness to lighting variations without introducing
further parameters.

min
∆c`

ε =

n∑
i=1

[
IR,`(m(p`,i, c` + ∆c`))− IR,r(m(p`,i, cr))

]2 (6)

For rectified images, one has just to consider the x-
components of ∆c` = (∆x̂`,∆ŷ`) where ∆x̂` describes
a column vector of stacked x̂`,j . Performing first order
Taylor expansion on (6), this least-squares problem can be
iteratively solved by computing ∆x̂` as follows

∆x̂` = (J(IR,`,p`, c`))
+

IR,r(m(p`,1, cr))− IR,`(p`,1)
...

IR,r(m(p`,n, cr))− IR,`(p`,n)

 (7)

with pseudoinverse J+ of the Jacobian matrix J . Corre-
sponding to pixel p`,i, the i-th row of J is defined by

J i(IR,`,p`,i, c`) =

[
∂IR,`(m(p`,i, c`)

∂x̂`,1
. . .

∂IR,`(m(p`,i, c`)

∂x̂`,α

]
. (8)

Compared to conventional gradient based optimization, Ja-
cobian J and its pseudoinverse J+ has to be computed just
once between consecutive frames. As a result, computation
time is significantly reduced.

D. Image processing and sequences

The proposed methods are implemented in C++ using
NVIDIA CUDA and OpenCV [26]. For highly parallel
computing a NVIDIA GTX TITAN is deployed accessing
both global and shared GPU memory. Quantitative evaluation
is conducted on two online available image sequences of a
deforming silicon heart phantom with an image resolution of
320×288 pixels (see Fig. 1) [6,14,27]. Obtained by CT scans
and registered to camera frame, there are 20 ground truth
depth maps each used for multiple images of a sequence.
In the following, the implemented algorithms will be denoted
as local (see Sec. II-B) and TPS method (see Sec. II-C). The
local method computes depth for the whole scene. Due to
reduced overlapping of the left and right camera image, the
TPS algorithm cannot be initialized considering the entire
region. Here, 200× 200 pixels are computed. However, the
size of image region being reconstructed strongly depends on
the surgical task. During robot-assisted actions, e.g. incisions
by surgical tools, depth computation of a target region might
be sufficient whereas registration to pre-operative images
often requires the whole 3D scene.

III. RESULTS

A. Image sequences with known ground truth

In our experiments, mean disparity and depth errors as
well as their standard deviations are determined with respect
to ground truth. The results are shown in Fig. 1 and listed in
Table I which also contains the percentage of matched points
and computation time per frame. Since the heart phantom’s
surface is smooth, the TPS method outperforms the local
one with respect to accuracy and density of reconstruction.
Due to more global optimization, image noise is intrinsically

TABLE I
COMPUTATIONAL RESULTS OF THE PROPOSED METHODS

Heart 1 Heart 2

local TPS local TPS

Disp. err. [px] 1.86± 0.94 1.38± 0.72 0.96± 0.27 0.69± 0.26

Depth err. [mm] 1.87± 0.80 1.74± 0.70 1.68± 0.47 1.52± 0.52

Matched [%] 67.6± 9.40 54.4± 0.50 67.5± 12.3 57.2± 0.83

Time [ms] 25.6± 0.98 34.0± 5.77 25.6± 0.91 29.7± 6.56

compensated and depth in sparsely textured surface can be
estimated by the help of a discriminative neighborhood.
Once initialized, tracking of disparity is even robust in
dynamically changing tissue surface. Nevertheless, if the
scene is sufficiently illuminated, the local method is able
to compute dense disparity information in real-time, too.
Compared to methods from literature, our errors are within
same order of magnitude. For instance, Stoyanov et al.
estimate disparity with an error of 0.89± 1.13 px for Heart
1 and 1.22 ± 1.71 px for Heart 2 [14]. Röhl et al. report a
depth error of 1.45mm for Heart 1 and 1.64mm for Heart
2 [15].

B. In vivo image sequence

A qualitative experiment is conducted on an online avail-
able in vivo porcine sequence [20]. Fig. 2 show that if
the number of control points is increased to 4 × 4, the
error between TPS and local depth estimation is significantly
reduced.

Fig. 2. Qualitative validation on in vivo porcine procedure [20]; recon-
structed depth with local method (natural color) and TPS method (green
color) with a) selected frame, b) 2 × 2, c) 3 × 2, d) 3 × 3 and e) 4 × 4
control points with f) improved depth estimation compared to b), c) and d)



Fig. 1. Results of disparity and depth computation; top: Heart 1 sequence; bottom: Heart 2 sequence; a) frame of left camera b) ground truth disparity
map; c) computed disparity with local method; d) reconstructed depth with local method; e) left image with 5 × 5 control points of TPS method; f)
corresponding control points in the right image; g) reconstructed depth with TPS method

IV. CONCLUSION AND OUTLOOK

In this study, surface reconstruction of surgical scenes
based on non-parametric image transforms is evaluated.
The proposed methods are fast and provide dense surface
estimation. If the observed surface is sufficiently smooth,
our model-based algorithm is highly accurate. Although it
uses non-deterministic optimization, real-time capability is
achieved by an inverse compositional framework. However,
the choice between these two methods strongly depends on
the surgical task and tissue properties. Future work will
deal with incorporation in an intra-operative system for laser
phonomicrosurgery.
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Stereo and Shape-from-Shading Cue Fusion for
Dense 3D Reconstruction in Endoscopic Surgery

Marco Visentini-Scarzanella, Member, IEEE, and Danail Stoyanov, Member, IEEE

Abstract—Dense 3D reconstruction of the surgical site is im-
portant for providing image-guidance, augmented reality and, in
robotic surgery, active constraints. The challenge with endoscopic
images is that soft-tissue surfaces do not always have salient
characteristics and computational techniques fail to achieve
unique correspondence. In this paper, we propose a novel method
for handling homogenous regions by fusing visual cues using a
combination of Shape-from-Shading (SFS) and stereo. A sparse
reconstruction of the underlying structure is performed with a
feature-based algorithm and used to initialise and guide two
independent SFS modules, which infer monocular dense relative
depth. The two reconstructions are then registered with nearest
neighbour 3D matching, which is directly translated into a dense
2D disparity estimate. Our only assumption is consistency of the
two reconstructions and this is sufficient for the overall scheme
to be effective. We validate the approach quantitatively with
benchmark phantom data and comparison against the state-of-
the-art endoscopic reconstruction algorithms.

I. INTRODUCTION

RECONSTRUCTING dense 3D information from intra-
operative endoscopic videos is a fundamental building

block for computer-assisted endoscopic interventions including
image-guided navigation and dynamic active constraints [1],
[2]. Active techniques such as structured light, time-of-flight
and photometric methods can recover depth information with-
out complex computational algorithms but they require signifi-
cant adaptation to instrumentation which is a barrier to clinical
translation. Vision-based techniques are currently an attractive
approach for recovering the in vivo tissue morphology since
they rely only on image information that is inherently used
by the surgeon during procedures. The challenge of vision
approaches is that surgical scenes are non-rigid, dynamic,
have complex reflectance and surgical instruments create large
discontinuities and occlusions.

Different visual cues can be used for reconstructing 3D ge-
ometry in endoscopic images [1], [3]. Stereoscopic approaches
have received particular attention recently [4], [5] because
stereo-laparoscopes are part of robotic surgery systems and are
also now available for conventional laparoscopic instruments.
One advantage of computational stereo is that tissue deforma-
tion due to breathing, peristalsis or the cardiac cycle can be
dealt with on a per frame basis. This overcomes some of the
difficulties in non-rigid Structure-from-Motion techniques that
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cessing Group, Imperial College London, London, UK, e-mail: (see
http://www.commsp.ee.ic.ac.uk/ marcovs/contacts/).
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Computing, University College London, UK, e-mail: (see
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solve a complex and computationally intensive reconstruction
problem [6]. While local propagation based computational
stereo techniques have been shown to yield promising results
for recovering 3D and motion [4], [3] such methods rely
on salient tissue textures and produce results dependent on
aggregation or correlation window sizes. Shape-from-Shading
(SFS) on the other hand does not require textured surfaces
but relies on homogeneous intensity variation to infer dense
depth and the surface normals [7], [8], [9], [6], [10]. Recent
applications of SFS to endoscopic data have attempted to use
specularities to register the reconstructed surface in metric
space [7], recovering the surface albedo through pre-operative
calibration procedures [9], and methods to model the light
source and estimate non-Lambertian BRDF parameters [10],
[6] have been presented. Nevertheless, the numerical sensitivity
of SFS makes it unsuitable for systems relying exclusively on
it for reconstruction [10]. Attempts to combine the comple-
mentary attributes of stereo and SFS in endoscopy have been
reported [11], [12] but were limited to local SFS assuming
orthographic projection and suffered from cumulative errors
because of the gradient propagation strategy. However, fusing
visual cues is critical for building robust algorithms that can
perform reliably like the human visual system even in difficult
surgical images.

In this paper, we propose a novel method for combining
stereo and SFS reconstruction to robustly recover dense 3D
surface information from endoscopic videos. We exploit stereo
vision by accurately reconstructing salient areas with strong
texture and use this information to provide an initial estimate of
the tissue albedo. Then each independent monocular channel is
recovered via SFS reconstructions and aligned within the same
frame of reference, providing estimates for textureless areas
not recovered from stereo. Given the assumption that SFS is
consistent between the two channels, which is strengthened
further the common stereo initialisation of the two reconstruc-
tions, the two dense SFS reconstructions are registered together
and their voxels matched in 3D. We validate our method
quantitatively with phantom data and measure performance
against image noise comparing it to state-of-the-art dense
stereo reconstruction algorithms.

II. METHOD

The proposed method is schematically presented in Figure 2.
Given a stereo image pair (IL, IR) from a calibrated laparo-
scope (CL, CR) images are fed into a sparse reconstruction
algorithm (1) [4]. Each image is then processed indepen-
dently by a SFS module together [7] with the sparse depth
information (2). The sparse stereo reconstruction initialises
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Fig. 1: From left to right: frame from the ‘f5’ and ‘f7’ datasets, ground truth disparity, disparities from the TV-L1 [13] algorithm,
initial stereo reconstruction [4], SFS reconstruction initialised with stereo data, SFS reconstruction initialised with 5% of ground
truth data.

depth and local albedo information for propagation by the SFS
module to the remaining pixels. The two SFS reconstructions
are then projected in 3D space and registered together for
matching (3) with the ICP algorithm. As long as the SFS
reconstructions are consistent between the two views, they
should align perfectly after registration. This allows voxel
matching from the two reconstructions via nearest neighbour
search and immediately translates to matching between pixels
through calibrated projection. A final step can be performed
to optimise pixel matches with sub-pixel accuracy and these
can be triangulated for the final 3D reconstruction.

III. RESULTS

We evaluate our approach quantitatively on phantom data
from the Hamlyn dataset (http://hamlyn.doc.ic.ac.uk/vision/).
This consists of two stereo videos with ground truth from
aligned dynamic CT data. We test the performance of the al-
gorithm in two different scenarios: by initialising the SFS with
different proportions of ground truth data and by initialising the
SFS with the sparse stereo reconstruction instead. We further
compare our approach with the dense stereo TV-L1 algorithm
[13].

Fig. 2: Workflow for the proposed algorithm. (1) An input
stereo image pair (IL, IR) is used to obtain an initial sparse
stereo reconstruction. (2) The obtained depth map is then used
with each image for a guided Shape-from-Shading dense depth
estimate. (3) The two depth maps are then registered together
for dense disparity map estimation.
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Fig. 3: Average pixel disparity error for the proposed method
with different proportions of ground truth (GT) or stereo seeds
and state-of-the-art dense stereo [13].

As shown in Figure 3, the ground truth initialisation allows
the SFS algorithm to perform well even with very low pro-
portions of initialised elements. The average disparity error
was found to be below 2 pixels whenever more than 1% of
the total image pixel count is supplied as seeds. The disparity
error was measured exclusively on the reconstructed pixels.
When the algorithm is initialised by very sparse stereo data,
the performance degrades, since even with relatively accurate
3D information the surface normals estimated from stereo
data for the albedo calculations are significantly different
from the ground truth data. This can be handled by outlier
rejection schemes and our current work does not incorporate
this and wrong initial stereo matches can be propagated to
the dense depth map. Nevertheless, our results show the
capabilities of the proposed algorithm even in the presence
of such initialization errors compared to the state-of-the-art.
Indeed, global variational methods such as [13] suffer from
the general lack of texture typical of endoscopic data, and the
smoothness constraints imposed by such schemes confers the
final disparity map a characteristically blotchy appearance. A
visual representation of the dense disparities for the phantom
and on in vivo data is shown in Figure 1.
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IV. CONCLUSION

Robust reconstruction algorithms that can perform reliably,
like the human visual system, in difficult surgical scenes are
important for surgical vision and visual cue fusion is a critical
element in realising robustness. Here we have proposed a
method for 3D tissue surface reconstruction in endoscopic
surgery using a novel combination of stereo and SFS. We have
reported validation results on benchmark phantom data and
compared our method against the state-of-the-art in endoscopic
scene 3D reconstruction. In our future work we will focus on
in vivo experimentation and on building discontinuity models
into the framework so that instruments and occlusions do not
perturb our reconstruction results.
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Abstract—To avoid damage as a consequence of a surgical
procedure, it is important to define loading thresholds that can
safely be applied to soft tissues. The goal of this research is
to determine the mechanical properties of cardiovascular tissue,
more specifically the sensitivity of the tissue to damage. To be able
to quantify this sensitivity to damage, an experimental setup was
designed. This setup can stretch a piece of cardiovascular tissue
stepwise. After each elongation of the tissue a microscopic image
can be taken with a confocal microscope. These images can then
be analyzed in order to determine the strain of the tissue, the
orientation of the fibers and the damage to the tissue. To study
the elasticity of the tissue, the stress-strain curve was calculated
for one of the tissue samples. The orientation of the fibers was
compared at different depths in the sample. To determine the
damage of the tissue, the number of microruptures in the tissue
were analyzed. These first results are promising and serve as a
proof of concept of the experimental setup.

I. INTRODUCTION

Accurate mechanical characterization of cardiovascular tis-
sue at micro-level is necessary for numerous applications.
One of these applications is robotic surgery, where there is
currently still a lack of haptic feedback, with tissue overload
as a consequent risk. By means of an online finite element
simulation with a realistic material model, extra information
about damage to the tissue can be handed to the surgeon, based
on forces measured during the surgical procedure. Another
application for this model is the prediction of the behavior of
aneurysms, to avoid rupture [1].

To obtain realistic results from this model, it is important
that the material parameters of the model are known. Several
testing devices exist to acquire the material parameters for the
different constituents of the aorta.

Commonly material parameters are obtained by performing
mechanical experiments using a uniaxial or biaxial test bench
or a pressure-diameter test setup. However, this method pro-
vides only information about the passive tissue response. The
active behavior of the smooth muscle cells is examined with a
myograph. The histology of the tissue can be examined with
a microscope [1]. To determine the parameters that take the
damage of the tissue into account however, not many methods
are available.

To obtain more information concerning these damage pa-
rameters and to examine the stress-strain relationship of the
aortic tissue, an experimental setup was designed. With this
setup it is possible to look at cardiovascular tissue on a
microscopic level. These microscopic images can be analyzed
to determine some of the damage parameters.

II. MATERIALS AND METHODS

A. Tissue preparation

Rat aortic tissue is used since its dimensions are similar to
those of human arteries often encountered during surgery. The
rats used in the experiments were all male and weighed 500 g.
After excising the aortic tissue, a segment of the aorta was cut
open. The surface of each sample is approximately 5 mm by 5
mm. All samples are stained with propidium iodide (excitation
536 nm; emission 617 nm) and Hoechst33342 (excitation 346
nm; emission 460 nm) [3]. Propidium iodide (PI) will color
only the dead cells, the Hoechst staining the living cells.
The staining protocol starts with rinsing the sample twice in
fresh phosphate buffered saline (PBS). Afterwards, the tissue
is placed in a PI solution for 30 minutes. The PI is diluted
with PBS (1/100). The sample is then rinsed again in PBS,
before it is placed in a Hoechst solution for one minute. The
Hoechst is diluted with PBS (1/500). Finally the tissue is
rinsed once more with PBS. The samples are preserved in
PBS at a temperature of 4◦C.

Prior to staining the samples were punctured with a needle
to provide some reference points. To determine the optimal
diameter of this needle, 3 needles with different diameters
(1.1 mm, 0.45 mm and 0.15 mm) were used to puncture three
different tissue samples. The needle with diameter 0.45 mm
gave the best result: clearly defined regions of dead cells that
are easily recognized. These reference points can be used to
calculate the strain of the tissue, when strain mapping based on
image correlation fails. They can also be used to keep track of
the orientation of the tissue, e.g. by placing two points along
the axial axis.

B. Testing device

A testing device, consisting of a uniaxial tensile test bench
and a microscope, was built. The goal of this device is to
enable stretching of the tissue in small steps, while simu-
lateneously allowing a confocal microscope to take an image
after each elongation step. During the experiments, a load cell
continuously records the forces on the tissue. This setup can
be seen in figure 1.

The two linear actuators ensure that the tissue can be
stretched symmetrically up to 200% for a tissue sample of
size 5 mm by 5 mm. The chosen actuators are the microslide
series from Newmark Systems Inc, with steppermotor. Only
one load cell is necessary due to the symmetric application



Fig. 1. (Left) Uniaxial tensile device: table with adjustable height (gray),
stage of microscope (black), actuators (white), load cell (orange), clamps
(green) and perfusion chamber (blue). The total length of the tensile test
bench is 215mm.; (right) Snapshot of a mounted sample.

of force. The ‘Model 31 mid-range precision load cell’ from
Honeywell is used. This load cell can measure forces up to
23 N, using four strain gauges in a full Wheatstone bridge.
The tissue can be fixed to the tensile test bench with the aid
of two clamps, see figure reffig:testsetup, which in turn are
connected to the device through magnets. The clamps have
several hooks (diameter: 0.9 mm) attached to them, used to
mount the sample. The aortic tissue can be placed inside a
heated perfusion chamber (the ‘Heating Insert M’ from Pecon)
to keep it viable. The system is placed under an Olympus
Fluoview1200 IX81- ZDC confocal microscope.

C. Imaging protocol

The wavelengths of the lasers of the microscope used during
the experiments, are 405 nm and 552 nm. The beamsplitter
splits the beam of light into two beams, one with frequencies
above 490 nm, one with frequencies below 490 nm. Since the
experiments are dynamic, the pinhole is completely opened.
The image is magnified 10 times.

D. Data analysis

Three analyses are executed on the microscopic images. The
stress-strain relationship is examined, as well as the orientation
of the fibers and the damage to the tissue.

Stress-strain analysis: The one-dimensional second Piola-
Kirchoff stress S11 and the lagragrian strain Elag are calcu-
lated.

S11 =
FL0

A0L
(1)

Elag =
1

2
(U2 − I) (2)

with F being the force, L0 the initial length of the tissue,
L the current length of the tissue, A0 the initial surface size
of the tissue, I the identity tensor and U the right Green-
Lagrange strain tensor. More information about these tensors
can be found in [1].

The lagrangian strain is calculated based on digital image
correlation with Vic-2D, a software from Correlated Solutions.
The program tries to find a certain gray value pattern in
consecutive images. Based on the correlation between two
images, the software calculates the displacement vector for
all points and consequently the strain in the images [4].

Orientation of the fibers: In the images, elastin and
collagen fibers can be recognized. Since both contribute to
the mechanical properties of the tissue, it is important to
study them. The orientation of the fibers is studied with

the program ImageJ, more specifically with OrientationJ. The
hessian matrix is calculated for each point in the image. The

Fig. 2. Segment (1.3 mm by 1.3 mm) of a specimen (5 mm by 5 mm)
stained with PI and Hoechst. The depth of the image is 125-150 micron. The
tissue is stretched under the confocal microscope: a) unstretched, b) 1.3 mm
stretched and c) 2.6 mm stretched.



Fig. 3. Strain and displacement, calculated with Vic-2D for the image taken
at a motor displacement of 1.3mm. The depth of the image is 125-150 micron.

Fig. 4. (Top) Force as a function of motor displacement (Bottom)Stress-strain
curve for a depth of 125-150 micron.

eigenvalues of this matrix correspond to the curvature values,
the eigenvectors to the principal directions [5].

Damage to the tissue: The damage can be determined in
two ways. A first possibility is to look at the evolution of the
number of dead cells. A second possibility is to look at the
evolution of the number of micro-ruptures in the tissue.

III. RESULTS

The analyses described above have been performed on data
from one tissue sample. The results in this section are therefore
not statistically relevant, but serve as a proof of concept.
Microscopic images of this sample in the unstretched condition
and in two stretched conditions can be seen in figure 2.

A. Stress-Strain

Lagrangian strain From the microscopic images the strain
can be calculated with Vic-2D. The strain in the principal
direction is depicted in figure 3 with a colormap. Only the
top half of the microscopic image is depicted, since only at
the top half of the image enough dead cells were visible to
calculate the correlation between consecutive images. The
small vestors in this figure depict the displacement compared
to the unstretched condition. The strain calculated by Vic-2D
is on average 0.129 mm smaller than the displacement of the
motors. This is due to the fact that the sample ruptures around
the hooks of the clamps. To determine where the center of
the tissue is in the image, one can look at the orientation of
the displacement vectors on figure 3. The y-axis (the axial
axis) can be found in the region where the displacement
vectors move apart. One part of the displacement vectors
moves towards the left side, the other part towards the right
side. The displacement vectors don’t move horizontally, but a
slightly upwards. This is due to the poisson effect. The x-axis
(the transversal axis) lies at the top of the image where the
the displacement vectors run horizontally.

Second Piola-Kirchoff stress Using the force data recorded
during the experiments, the second Piola-Kirchoff stress can
be calculated. The measured force has a large variability
(see top figure 4), this can be explained by the fact that the
experiments were performed pseudo-statically. It took about
60 seconds to take an image after displacement of the motors.
During this time the tissue had time to relax.

Stress-strain curve The stress-strain curve can be seen in
figure 4.

B. Fiber orientation

In the microscopic images (figure 2), it can clearly be
seen that the fibers start to align during stretching. The fibers
visible on the images are elastin and collagen fibers. They
are autofluorescent and their emission spectra are in the same
region as that of the Hoechst staining (elastin: 405 nm;
collagen: 390 nm) [6]. Therefore they are visible in the green
spectrum.

The orientation can be calculated with OrientationJ. Since
it is interesting to compare the orientation of the fibers at
different depths, this analysis was executed for three slices,
25 micron between each slice (figure 5).

The measured fiber angles of these slices are similar, there-
fore it is probable that the fibers from the three different depths
belong to the same fiber family. In literature, the angles of the
fibers with reference to the axial axis are located between −5◦

and −5◦ [8]. As can be seen on the figure, the values obtained
with OrientationJ are in line with these results.

C. Damage to the tissue

The damage to the tissue can be quantified by looking at
the evolution of the number of dead cells and the number of



Fig. 5. Comparison of the orientation of the fibers: slice 4 (depth: 75-100
micron), slice 6 (depth: 125-150 micron) and slice 8 (depth: 175-200 micron).

Fig. 6. Black dots appearing in images: possible micro-ruptures.

micro-ruptures.

Evolution of micro-ruptures It is possible to see more and
more black dots appearing in the images, as the tissue gets
stretched further, see figure 6. It is hypothesized that these
dots are micro-ruptures. The decrease in the force around the
time these dots appear, seems to support this theory. Further

Fig. 7. Damage to the tissue: evolution in the number of micro-ruptures

testing is necessary to confirm this.
Assuming that these black dots are indeed micro-ruptures,

the evolution in the number of micro-ruptures can be seen
in figure 7. The drop in the curve can be explained by
several smaller micro-ruptures combining into some larger
micro-ruptures.

Evolution of dead cells To be able to see more dead cells
appearing as the tissue gets stretched and thus damaged more,
the staining protocol needs to be adapted as described in
[2]. The PI is than diluted in Hank’s Balanced Salt Solution
(HBSS) with a concentration of 1.5 M. The staining happens
inside the perfusion chamber and is added 30 minutes prior
to the start of the experiments. The tissue is not rinsed after
applying the staining.

This protocol was not yet applied in the executed experi-
ments.

D. Determination of damage-parameters
With the information from the images and the recorded

forces, several parameters of the material model can be de-
rived. The material model requires for example information
about the angle of the collagen fibers. The results from the
analysis in OrientationJ can directly be implemented here.
Information about the damage parameters can also be accessed
with the testing device. For example, one of the parameters
that needs to be defined, is a dimensionless variable that brings
the damage to the fibers into account. This parameter can be
determined by looking at the occurrence of micro-ruptures.
Another damage parameter is a dimensionless variable that
brings the damage to the extracellular matrix into account. To
fill this parameter in, more tests need to be performed with
PI staining, continuously surrounding the tissue, as described
above. That way the ratio of the number of dead cells and the
total number of cells can be used to derive this dimensionless
parameter.

IV. CONCLUSION
The designed setup was able to capture the deformation

in the aortic tissue on a micro-level during stretching. This
setup is of great assistance in determining realistic material
parameters for cardiovascular tissue.

REFERENCES

[1] N. Famaey, Soft tissue damage prevention in surgery: an experimental
and computational framework with application to arterial clamping,
Ph.D. dissertation, Dept. Biom. Eng., KULeuven, 2012.

[2] R.T.A. Megens, Two-Photon Microscopy of Vital Murine Elastic and
Muscular Arteries, Journal of Vascular Research 2007, 44:87-98, DOI:
10.1159 / 000098259.

[3] Dojindo, Cell Staining, URL: www.dojindo.com.
[4] B. Pan, Two-dimensional digital image correlation for in-plane displace-

ment and strain measurement: a review, IOP publishing: measurement
scienceand technology, 2009, doi:10.1088/0957-0233/20/6/062001.

[5] F. Daniels, Quantification of Collagen Orientation in 3D Engineered
Tissue, Master thesis, Eindhoven university of technology, 2006.

[6] F.W.D. Rost, Fluorescence microscopy. 2, Cambridge University Press,
1995, ISBN 0 521 42277 9.

[7] MK. OConnell et al., The three-dimensional micro- and nanostructure of
the aortic medial lamellar unit measured using 3d confocal and electron
microscopy imaging, Matrix Biol 27(3):171181, 2008



Patient-Specific Design of
Multi-Component Steerable Catheters

Phuong Toan Tran∗, Alain Devreker∗, Gabrijel Smoljkic∗, Herbert De Praetere†, Paul Herijgers†,
Emmanuel Vander Poorten∗, Jos Vander Sloten∗
∗Department of Mechanical Engineering, KU Leuven,

†Experimental Cardiac Surgery, University Hospital Leuven, Leuven, Belgium

Abstract—Catheter-based diagnostic and therapeutic inter-
ventions are gaining in popularity due to the limited invasive
nature of the approach. This evolution persists despite limited
visualisation and manoeuvrability of the catheter within the
vasculature. 2D X-ray angiographic and fluoroscopic imaging
methods expose patients to increased levels of radiation [1] and
require injection of contrast agent prone to allergic reactions [2].
To overcome the absence of depth information, notable efforts
are being conducted to fuse real-time 2D fluoroscopic images
with pre-operatively reconstructed 3D models [3]. When defor-
mations of the cardiovascular system occur due to physiological
phenomema, the intervention, or due to the introduction of fairly
stiff instruments, it becomes difficult to rely on pre-operative
data. To overcome the abovementioned issues, CASCADE, a
recent EU-funded FP7 project, investigates the development of
self-aware robotic catheters. These steerable catheters embark
several sensors to intra-operatively capture and reconstruct the
vasculature from within the vessel. The development of such
catheters is challenging, as the additional sensors should not
interfere with the catheter’s main diagnostic or therapeutic
purpose. For trans-catheter aortic valve implantation (TAVI), the
catheter should still be able to safely reach the implantation site to
implant the replacement valve. Furthermore, since patients and
implants differ, solutions should be patient-specific. This abstract
presents a method to design patient-specific multi-component
steerable catheters. Results suggest that for TAVI a pair of
adequately-placed short 2-DoF actuators can substantially limit
the interaction with the vasculature. Where the current approach
is geometric, it should be expanded to better account for the
dynamics of and the interaction with the cardiovascular system.

I. INTRODUCTION

For the last decades, minimally invasive interventional
techniques have been increasingly adopted all over the world.
With smaller incisions and reduced tissue dissection, these
procedures allow not only faster recovery and better patient
satisfaction, but also treatment of patients that would be
considered inoperable with classical surgery. However, due to
the reduced field of view and restrained access to the patient’s
anatomy, minimally invasive approaches require alternative
imaging systems and increased dexterity to appropriately con-
trol the instruments. In general, long learning curves are
associated to these procedures. In particular, this is true for
catheter-based endovascular procedures where conventional
catheters provide very limited manoeuvrability and where
fluoroscopic and echographic images give few insights about
the location of the catheter within a dynamic and deformable
vascular environment. Recent steerable catheter technology
allows overcoming some of these limitations. Through internal

actuation, these catheters can adapt the shape of their distal
extremity [4]. However, also here safe operation relies on
accurate visualization and registration of catheter pose relative
to the environment. Research conducted within the CASCADE
project departs from traditional fluoroscopic and echographic
imaging and focuses on the integration of embedded sensors
into steerable catheters, providing them with real time proprio-
ceptive and exteroceptive senses. One of the challenges is to
incorporate actuators and sensors while not interfering with
the original diagnostic or therapeutic purpose.

In this paper, we present a method for designing multi-
component steerable catheters for TAVI. TAVI treats stenosis
of an aortic valve by implanting a stent-mounted bioprosthetic
valve delivered on-site by a catheter. The latter is inserted
through a vascular access site (e.g. the femoral artery) and
guided up to the stenotic native valve where the implant is
released [5]. The proposed approach allows patient-specific
selection of a catheter configuration based on a geometric ana-
lysis of the interactions between the catheter distal extremity
and the vascular environment.

In the remainder of this paper, section II describes the ves-
sel and catheter models, as well as the developed optimization
program. Section III presents the results of our simulations. Fi-
nally, section IV concludes this report by discussing directions
for future developments.

II. METHODS AND MATERIALS

A. Catheter Specifications

An envisioned catheter for efficient and safe TAVI inte-
grates at its distal extremity a force sensor monitoring the
interactions between the catheter distal tip and the vessel wall,
a flow sensor for localisation of vessel branches, an intravascu-
lar ultrasound (IVUS) probe imaging successive aorta cross-
sections during the procedure, and electromagnetic position
sensors for registering the catheter position. Although several
mechanisms for catheter steering have been developed in the
past [4], the present work focuses on hydraulic McKibben
actuators [6] with constant curvature deflection. Without loss of
generality modules with 2 degrees of freedom (DoFs) to adjust
the bending radius and the bending direction are considered.
Table I presents typical dimensions used for the components
of the envisioned catheter. McKibben actuators are enclosed
by rigid spacers that serve as a base to attach the actuators to
the catheter. Note that given their small dimensions, flow and
position sensors are not modeled here.



TABLE I. DIMENSIONS AND MODELS OF CATHETER COMPONENTS

Rigid cylinder
Component Diameter[mm] Length[mm]

Force sensor (EndoSense TactiCath) 2.5 20
IVUS (Volcano Visions PV 8.2F) 2.5 15

Position sensor (NDI Aurora 5DoF) 0.9 12
Valve (Edwards SAPIEN) 6 25

McKibben spacer 5 5

Section of torus
Component Diameter[mm] Length[mm]

McKibben actuator 5 10 - 90

Rectangular plate
Component Dimensions[mm]

Flow sensor (M7 Devices) 1.6×1×0.5

The particular nature of TAVI and cardiovascular proce-
dures in general constrains already the number of possible
catheter configurations. To minimize surgical risks during
TAVI, the catheter distal tip should ideally not intrude more
than 50mm into the heart chamber when deploying the valve
implant (in this first approach, this constraint is relaxed to
75mm). In addition, when using a force sensor, this must
be placed at the very tip of the catheter, while the IVUS
probe should be as close as possible to the tip. Given these
constraints, possible configurations, starting from the catheter
tip are:

Force sensor - IVUS - Valve - n McKibben (1)
Force sensor - IVUS - m McKibben - Valve - p McKibben (2)

with m+ p = n, the number of 2-DoF McKibben modules.

B. Optimization Goal and Principle

The objective is now to determine the number, the length
and the order of occurence of the McKibben actuators, so
that minimal contact between the catheter and the vessel wall
can be achieved while the former is being advanced along
the vessel up to the heart chamber. All possible combinations
of lengths according configurations (1), (2) and within the
ranges of Table I are investigated. It is hypothesized that if
at least theoretically (in the absence of gravity) the catheter
can adopt a shape maximally coinciding with the center line,
such configuration possesses excellent properties to also in
reality limit the contact with the vasculature. In search for an
ideal configuration we therefore solve for each configuration
and for each place along the center line the actuation angles
needed to maximally align both. At any point on this trajectory,
if collisions between the catheter and the vessel wall occur,
the penetration depth is evaluated. In combination with other
design constraints, such as length and actuator bending radius,
the penetration depth is used to compute an overall quality
score for each configuration.

C. Aorta Model

A triangular surface mesh of the vessel wall is recon-
structed using a CT scan provided by the Department of Radi-
ology of the University Hospital. The center line is generated
by taking the center of circles that approximate successive
aorta cross-sections along the entire aorta. The resulting center
line is resampled to obtain the desired resolution (Fig.1).
Generation of the aorta mesh and center line is performed
using Mimics (Materialise - Leuven, Belgium) and pyFormex
[7].

Fig. 1. Aorta mesh and center line (red) reconstructed from a CT scan.
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Fig. 2. Center line for catheter with 2 McKibben actuators. Part i of
the catheter has a length Li and is associated with a local reference frame
(ui,vi,ni). Each actuator (here 1 and 3) possesses 2 DoFs: Ri and ηi.

D. Catheter Model

Two different representations of the catheter are used in
the simulation. The catheter center line is used to simulate the
catheter motion inside the aorta. A catheter mesh is used to
detect and evaluate penetrations with the aorta.

1) Catheter Center Line: The catheter center line is mo-
deled as a succession of line segments and circular arcs re-
presenting the different rigid components (sensors, McKibben
spacer, valve) and the McKibben actuators respectively. This
leads to a set of piece-wise parametrized vectorial equations of
lines and circular arcs. Fig.2 shows the center line of a catheter
with 2 McKibben actuators. Unit vectors ui are defined such
that each part of the center line is tangent to the previous one.
Vectors ui and vi are orthogonal and form a plane in which the
catheter part i lays. Together with ni = ui × vi, they define
a local reference frame on each part at ai. Each McKibben
actuator has 2 DoFs: the bending radius Ri and the bending
direction modeled by the angle ηi between vi−1 and vi. The
angle ηi is the angle of rotation about vector ui.

2) Catheter Mesh: The catheter mesh is used to detect and
evaluate collisions between the catheter and the vessel wall.
Meshes of components described in Table I are obtained by
folding a plane of triangular elements and closing the resulting
surface with appropriate disks. Individual components are then
automatically assembled using local frames defined at the
extremities of each component. Parametric generation of such
meshes is realized with pyFormex (Fig.3).

E. Catheter Motion

1) Optimization Program: Given one catheter configuration
with narcs McKibben actuators, let pi (i = 0, . . . , n − 1)
be n points of the catheter center line C1, starting from the
catheter proximal tip. qj (j = 0, . . . ,m − 1) are m points of
the aorta center line C2, starting from the abdominal aorta



Fig. 3. Catheter mesh with force sensor (green), IVUS probe (red), valve
implant (blue), McKibben spacers (magenta) and McKibben actuators (cyan).

to the heart valve. The proximal tip p0 of the catheter is
fixed to a point qj ∈ C2. The objective is then to find the
transformation parameters to apply to C1 to maximally fit C1

to C2. By finding these parameters for every point qj of the
aorta center line and applying these parameters to C1, catheter
motion along the aorta center line is simulated.

In total 3+2narcs DoFs are to be solved by this optimiza-
tion problem, namely: 3 rotations about point qj described
by unit quaternion z = (z0 ; z1 ; z2 ; z3) and transformation
matrix T (z); the change of the narcs radii Rk and narcs
axial rotations ηk about the catheter center line. Let C ′1 be
the catheter center line after applying these transformations.
By defining the distance between point a and curve C with
points bj as:

dmin (a, C) = min
j
‖a− bj‖, (3)

a function F that must be minimized can be defined as the
bidirectional point to curve mean squared distance:

F (z,Rk, ηk) =
1

2

[
1

n

n−1∑
i=0

dmin

(
T (z)pi(Rk, ηk), C2,r

)2

+
1

t

j+t−1∑
l=j

dmin

(
ql, C

′
1(z,Rk, ηk)

)2
] (4)

The aorta center line C2 is restrained to the portion of interest
C2,r containing t points from qj to qj+t−1. The minimization
of (4) is subject to the following constraints and boundaries:

‖z‖ = 1 (5)
T (z)u0 · (qj+1 − qj) ≥ 0 (6)
− 1 ≤ zi ≤ 1 for i = 0, . . . , 3 (7)
Rmin ≤ Rk (k = 2l + 1 for l = 0, . . . , narcs − 1) (8)
− π < ηk ≤ π (k = 2l + 1 for l = 0, . . . , narcs − 1) (9)

Equation (6) constrains the first segment of C ′1 to the local
direction of C2 at qj . Rmin in (8) is defined as Rmin=Lk+∆

2π
where Lk is the arc length and ∆=20mm.

2) Optimization Algorithm: The optimization program that
minimizes objective function (4) under constraints (5-6) and
within boundaries (7-9) is numerically solved within pyFormex
with the sequential least squares programming (SLSQP) solver
of the SciPy library [8], [9]. The initial guess required for such
numerical solver is based either on a geometric analysis of the
aorta center line shape or on the results of previous optimiza-
tion steps. The set of initial parameters that allows achieving
the minimal objective function value after optimization is used
to determine the optimal parameter set.

TABLE II. CHARACTERISTICS OF MESHES AND CENTER LINES

Aorta Catheter
Mesh CenterLine Mesh CenterLine

Resolution[mm] 0.97 3.97 1.09 2.15
Vertices 99556 113 1353-4396 37-125

Faces 199100 - 2916-9252 -
Length[mm] - 445 - 80-260

F. Catheter Penetration Depth

For each point qj on the aorta center line C2, the catheter
mesh is generated according to the result of the optimization
program described in section II-E. Potential collisions with the
aorta are detected and evaluated using ray tracing algorithms
based on the Jordan curve theorem [10], [11] and Kd-tree
nearest neighbors [12]. For our purpose of comparing different
catheter configurations in a vessel with relatively limited
tortuosity, the penetration depth dp,j of the catheter inside the
aorta wall for position qj can be defined as

dp,j =

nout,j−1∑
h=0

min
g

∥∥mcath,h −maorta,g

∥∥2
(10)

with mcath,h (h = 0, . . . , nout,j − 1) the location of the
nout,j vertices of the catheter mesh that lie outside the aorta
for the simulated step qj and with maorta,g the locations of
the vertices of the aorta mesh.

G. Characterization of Catheter Configurations

By defining dcip =
√∑

j dp,j and θci = maxk
Lk

Rk,min
, each

configuration ci is characterized by a score

Sci = α
dcip

maxci dcip
+ β

θci

maxci θci
(11)

The lower the score, the better the configuration is. The
α-term relates to the amount of collisions that the catheter
produces when following the aorta center line. The β-term
accounts for the design constraints of the actuators. Shorter
length Lk of actuators k allows easier local position control.
On the other hand it is harder to manufacture actuators k that
can generate a very small bending radius Rk,min.

III. RESULTS

Fig.4 compares the scores obtained for each catheter con-
figuration. For this evaluation, α and β were set to α = 0.7
and β = 0.3, putting thus a relative high weight β on ease of
manufacturing. A maximum of 2 McKibben actuators is con-
sidered. Their respective length varies from 10 to 90mm with
a 10mm step. Following the catheter specifications described
in section II-A, 110 different configurations are compared.
Characteristics of meshes and center lines generated during
the simulations are presented in Table II. The resolution is the
mean distance between adjacent vertices. The vessel center
line is restricted from the abdominal aorta to the aortic valve.
Simulations are performed on a PC with 2 Intel Xeon CPU E5-
2620 @ 2.00GHz and 32GB RAM. The total computation time
was about 110 hours (thus about 1 hour per configuration). We
expect that there are still substantial opportunities to further
speed up the current implementation. Collisions between



m
vi

f-1
0

m
vi

f-2
0

m
vi

f-3
0

m
vi

f-4
0

m
vi

f-5
0

m
vi

f-6
0

m
vi

f-7
0

m
vi

f-8
0

m
vi

f-9
0

vm
if-

10
vm

if-
20

m
m

vi
f-1

0-
10

m
m

vi
f-1

0-
20

m
m

vi
f-1

0-
30

m
m

vi
f-1

0-
40

m
m

vi
f-1

0-
50

m
m

vi
f-1

0-
60

m
m

vi
f-1

0-
70

m
m

vi
f-1

0-
80

m
m

vi
f-1

0-
90

m
m

vi
f-2

0-
10

m
m

vi
f-2

0-
20

m
m

vi
f-2

0-
30

m
m

vi
f-2

0-
40

m
m

vi
f-2

0-
50

m
m

vi
f-2

0-
60

m
m

vi
f-2

0-
70

m
m

vi
f-2

0-
80

m
m

vi
f-2

0-
90

m
m

vi
f-3

0-
10

m
m

vi
f-3

0-
20

m
m

vi
f-3

0-
30

m
m

vi
f-3

0-
40

m
m

vi
f-3

0-
50

m
m

vi
f-3

0-
60

m
m

vi
f-3

0-
70

m
m

vi
f-3

0-
80

m
m

vi
f-3

0-
90

m
m

vi
f-4

0-
10

m
m

vi
f-4

0-
20

m
m

vi
f-4

0-
30

m
m

vi
f-4

0-
40

m
m

vi
f-4

0-
50

m
m

vi
f-4

0-
60

m
m

vi
f-4

0-
70

m
m

vi
f-4

0-
80

m
m

vi
f-4

0-
90

m
m

vi
f-5

0-
10

m
m

vi
f-5

0-
20

m
m

vi
f-5

0-
30

m
m

vi
f-5

0-
40

m
m

vi
f-5

0-
50

m
m

vi
f-5

0-
60

m
m

vi
f-5

0-
70

m
m

vi
f-5

0-
80

m
m

vi
f-5

0-
90

m
m

vi
f-6

0-
10

m
m

vi
f-6

0-
20

m
m

vi
f-6

0-
30

m
m

vi
f-6

0-
40

m
m

vi
f-6

0-
50

m
m

vi
f-6

0-
60

m
m

vi
f-6

0-
70

m
m

vi
f-6

0-
80

m
m

vi
f-6

0-
90

m
m

vi
f-7

0-
10

m
m

vi
f-7

0-
20

m
m

vi
f-7

0-
30

m
m

vi
f-7

0-
40

m
m

vi
f-7

0-
50

m
m

vi
f-7

0-
60

m
m

vi
f-7

0-
70

m
m

vi
f-7

0-
80

m
m

vi
f-7

0-
90

m
m

vi
f-8

0-
10

m
m

vi
f-8

0-
20

m
m

vi
f-8

0-
30

m
m

vi
f-8

0-
40

m
m

vi
f-8

0-
50

m
m

vi
f-8

0-
60

m
m

vi
f-8

0-
70

m
m

vi
f-8

0-
80

m
m

vi
f-8

0-
90

m
m

vi
f-9

0-
10

m
m

vi
f-9

0-
20

m
m

vi
f-9

0-
30

m
m

vi
f-9

0-
40

m
m

vi
f-9

0-
50

m
m

vi
f-9

0-
60

m
m

vi
f-9

0-
70

m
m

vi
f-9

0-
80

m
m

vi
f-9

0-
90

m
vm

if-
10

-1
0

m
vm

if-
10

-2
0

m
vm

if-
20

-1
0

m
vm

if-
20

-2
0

m
vm

if-
30

-1
0

m
vm

if-
30

-2
0

m
vm

if-
40

-1
0

m
vm

if-
40

-2
0

m
vm

if-
50

-1
0

m
vm

if-
50

-2
0

m
vm

if-
60

-1
0

m
vm

if-
60

-2
0

m
vm

if-
70

-1
0

m
vm

if-
70

-2
0

m
vm

if-
80

-1
0

m
vm

if-
80

-2
0

m
vm

if-
90

-1
0

m
vm

if-
90

-2
00.0

0.2

0.4

0.6

0.8

Sc
or

e 
[-]

Score of catheter configurations
α-term
β-term

Fig. 4. Score of each catheter configuration. Each configuration is identified by an acronym stating which components are in the catheter (m: actuator, v: valve,
i: IVUS sensor, f: force sensor), the relative order (from proximal part to distal tip), and the actuator length (from proximal part to distal tip) in mm.

catheter and vasculature occur when the actuator length limits
the catheter manoeuvrability. This occurs when there is no
actuator between valve and sensors. Such an actuator would
allow better controllability since rigid parts of the catheter are
shorter and can be steered more efficiently to avoid contact.
The required bending angle generally increases with actuator
length, since longer actuators have to bend more to follow the
aorta center line, especially in the region of the aortic arch.
These results thus suggest that an optimal catheter configura-
tion for TAVI should include short actuators adequately located
to deal with the rigid parts of the catheter.

IV. CONCLUSION

This paper describes a first approach to design multi-
component steerable catheters comprising 2-DoF actuators
with constant curvature deflection. Current simulation results
favor adequately placed short actuators. However, the results
are based on a pure geometric analysis, assuming that the
catheter’s proximal part always lays on the aorta center line.
A simulation incorporating the mechanical properties of the
catheter, such as described in [13], and more efficient and
precise collision detection would allow better estimates of the
contact and interactions with the vessel. Although illustrated
for TAVI, the presented method can be applied to other
procedures that would benefit from multi-component catheters.
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Abstract—This paper proposes a new vasculature modeling 

scheme based on the data fusion from intravascular ultrasound 

(IVUS) and electromagnetic (EM) tracking for Transcatheter 

Aortic Valve Implantation (TAVI). The system is suitable for 

obtaining inner cross section images of blood vessels, as well as 

capturing the corresponding pose of the probe from an 

electromagnetic sensor. Three-dimensional (3D) modeling of 

blood vessels is provided to facilitate intra-operative surgical 

guidance for the alignment of the artificial and native valves. A 

hybrid probe consisting of an IVUS sensor and an EM sensor 

has been integrated to capture data from both sensors 

simultaneously. An image processing method based on the 

gradient vector flow (GVF) snake method has been proposed, 

followed by the use of kinematic transformations to convert the 

image coordinates into 3D coordinates to reconstruct the 

anatomical model. The method could reduce the time of valve 

alignment, improve the precision for positioning, minimize the 

use of contrast agent and assess the status of deployed valve 

after surgery.   

I. INTRODUCTION 

Aortic valve stenosis is characterized by the narrowing and 

obstruction of the valve between the left ventricle of the heart 

and the ascending aorta, leading to cardiac decompensation, 

chest pain and even sudden death. The standard procedure for 

surgical Aortic Valve Replacement (AVR) requires making a 

large incision by opening the chest, cutting off the ascending 

aorta from the heart, and using a cardiopulmonary bypass. 

This leads to significant trauma, long postoperative recovery 

time and a high mortality rate. Moreover, around 30% to 60% 

of patients cannot undergo this therapy, due to advanced age, 

left ventricular dysfunction, or the presence of multiple 

coexisting conditions [1]. 

To overcome these problems, the new technology of TAVI 

has been proposed to offer an alternative to minimize the 

trauma induced in traditional approaches [2]. The 

implantation procedure involves accessing a femoral artery 

and performing balloon valvuloplasty, followed by advancing 

a compressed bioprosthetic valve and then deployed by 

inflating the balloon on a catheter when reaching the native 

aortic valve. This new technology carries a significantly 

reduced mortality rate, with a mortality figure of 30.7% 

compared to 50.7% for the conventional standard treatment in 
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one year [2].  

For TAVI, however, there are also several challenges 

associated with this new technology. For instance, the width 

of the native valve and its annulus is small. High or low valve 

placement relative to the native valve annulus will destroy the 

artificial valve or obstruct the coronary artery, leading to 

disastrous complications. Therefore, visualization and 

localization of the native valve annulus, and precise 

alignment and placement of the artificial valve on the correct 

location relative to this annulus is a crucial and 

time-consuming step. During the TAVI procedure, contrast 

enhanced C-arm fluoroscopy is usually used to provide 

intraoperative guidance. However, such technology can only 

provide 2D information for visualization of the complex 

aortic root, adding difficulties and consuming a considerable 

amount of time to locate and align the valve annulus. In 

addition, the contrast enhanced technique requires a 

significant amount of contrast agent, which can lead to 

adverse reactions due to its nephrotoxicity, especially to 

patients with kidney impairments [3]. Therefore, a more 

efficient technique for 3D vascular visualization and 

reduction in the use of contrast agent is desirable.  

In recent years, intravascular ultrasound catheter imaging 

technology has been employed to obtain two-dimensional 

cross-section images of the blood vessels, providing 

anatomical information of the lumen morphology [4, 5]. This 

enables disease diagnosis with much less contrast agent 

compared to 3D angiography. It also permits the assessment 

of the interventions and evaluation of treatments after surgery. 

Vascular modeling technology based on IVUS has shown 

significant advantages for characterization of vascular 

diseases such as atherosclerosis [4]. It can also provide 

planning and navigation information for stent and stent graft 

deployment, as well as valve implantation.  

Thus far, there is significant research in the use of IVUS for 

intra-operative guidance. For example, Sanz-Requena et al 

captured IVUS images by pulling back an IVUS catheter with 

constant speed of 0.5 mm/s and built a 3D reconstruction of 

artery models [6]. This method, however, is based on the 

assumption that the captured cross sections are parallel to 

each other. Therefore, it can be applied only to vessels with 

relatively small curvatures. Other groups have worked on the 

data fusion of IVUS and angiography [7-9], and estimated the 

pose of the IVUS probe tip in angiography images to obtain 

the approximate location of the IVUS images. However, the 

estimation of the pose of the IVUS probe remains difficult.  

To overcome these limitations, we propose a new method 
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based on information fusion from both IVUS and 

electromagnetic motion capture sensors (MMCS). The 

purpose of this work is to provide 3D visualization of blood 

vessels based on the fusion of anatomical information 

obtained from IVUS with corresponding pose from an 

electromagnetic sensor. Such a method can be applied to the 

characterization of valve stenosis and surgical navigation, as 

well as the localization of the annulus for easy alignment and 

placement during valve implantation.  

The proposed system has been validated on phantom data 

captured within a silicone model of the aorta. The 3D model 

of the phantom was reconstructed with this hybrid probe to 

evaluate the effectiveness of the proposed method. 

II. MATERIALS AND METHODS 

A. Hardware Configuration of Experimental Setup 

The hardware configuration of the proposed system is 

shown in Fig.1. The hybrid probe consists of an IVUS sensor 

and an electromagnetic sensor. The IVUS imaging probe of 

Volcano Catheter Visions PV 8.2 with a working frequency 

of 10MHz and a detection range of 60mm, was connected 

with the Volcano s5™ system (Volcano Corporation, CA, 

USA) to obtain the inner cross sections of the blood vessels. 

A mini electromagnetic sensor with 6 degrees of freedom 

(DOFs) was connected with the Aurora Electromagnetic 

Tracking System (NDI Corporation, CA) to collect the 

corresponding pose information.  

 
A DVI2PCIe frame grabber was connected with the IVUS 

Imaging System to record video data of the cross sections of 

blood vessels at 20 frames per second (fps). The 

corresponding pose information was recorded at the same 

frequency simultaneously.   

A silicone-based, transparent, anthropomorphic phantom 

(Elastrat Sarl, Geneva, Switzerland) representing an 

ascending aorta was applied for this study, shown in the right 

top in Fig.1. Such a membrane model is suitable for 

evaluating the proposed method. This silicone model was 

immersed into a water tank and no flow was circulated inside 

it during imaging with the hybrid probe.  

B. Image Processing for Extracting Coordinate of Contour   

A sample video frame with a resolution of 1280 x 1024 

pixels captured from the IVUS imaging system is shown in 

Fig.2. The IVUS probe appears as a hollow and circular shape 

in the center of the region of interest (ROI) ROI1. The ROI of 

ROI2 shows the cross section of the blood vessel. The scale in 

the 2D images is presented by the distance between the blue 

markers, and is equal to 5mm in our experiment.   

 
According to the properties of the captured images, a new 

image processing method has been implemented. The main 

steps of this process can be listed as follows.  

Step 1: Obtain an IVUS video frame and the corresponding 

pose of the hybrid probe from the two sensors 

Step 2 : Determine the center of the IVUS probe:  

Select the ROI1, convert it into grey scale, apply a median 

filter, then perform Hough Circle transform in ROI1 to 

calculate the IVUS probe center location OI  and the radius r1 

for the circular black area in the center and estimate the radius 

r2 of the white points (noise) surrounding r1  

Step 3: Pre-processing for Canny algorithm:  

Select ROI2, convert it into grey scale, remove the image 

part of IVUS probe and the surrounding noise by drawing a 

black solid circle centered in OI with radius r2 and then apply 

the an average filter to remove the scale markers and the 

remaining noise  

Step 4: Apply the Canny edge detection algorithm to obtain 

the rough contour of the cross section captured from the blood 

vessel model, and remove the scale makers and noise inside 

the inner cross section according to their length information  

Step 5: Create a circle centered in OI with radius r3 , equal 

or larger than r2 as an initial contour, and apply the Gradient 

Vector Flow (GVF) snake [10] to obtain a continuous and 

smooth contour  

Step 6: Calculate the kinematics to convert the image 

coordinates of the contour into 3D coordinates 

Step 7: Create a point cloud from the anatomical and pose 

information, mesh and render it into a 3D model.  

 
Fig.2:  A video frame captured from blood vessel cross section  

 
Fig. 1: The hardware configuration for the whole system. The hybrid 

probe consisting of two sensors is shown on the top left.  



  

C. Kinematics for Converting Image Coordinate into 3D 

Global Coordinate 

Then, we need to calculate the pose for each contour and 

convert the contour points into 3D coordinates. Fig.3 shows 

the relationship of the coordinate systems among the Aurora 

emitter, the electromagnetic sensor and the IVUS emitter. 

The kinematic transformation can be expressed as:  

        
    

    
                                (1)  

  
     

                 (2) 

where,   
 stands for the transformation between the 

electromagnetic tracker and the Aurora coordinate system. 

There are seven parameters                      acquired 

from the electromagnetic sensor. The first three parameters 

represent the position, and the others are used to express the 

orientation using quaternion conventions. The quaternion 

information is converted into a transformation matrix to 

obtain   
 

 . After the assembly of the hybrid probe, these 

two sensors share the same orientation.   
 

 expresses the 

transformation matrix between the electromagnetic sensor 

system and the IVUS emitter coordinate system, and it can be 

measured directly.  

 
To transform these coordinates from pixels to millimeters, 

the following equation is used: 

        
                                 (3) 

where, x and y stand for the coordinates of the contour 

relative to the image center in pixels. k expresses the real 

distance in millimeters that every image pixel stands for, and 

can be obtained from the image processing for the scale 

marks on the raw image. In our experiment, it is equal to 

0.077 mm/pixel. 
I
PC represents the pixel coordinates 

expressed in millimeters, and uses the homogeneous 

coordinate format for convenience for the kinematic 

transform.  

After obtaining these parameters, we can calculate 
O
TI   and 

multiply it with 
I
PC in (3) to calculate the 3D physical 

coordinates according to equations (1)-(2).  
O
PI expresses the 

coordinate of a pixel on the contour measured in millimeters 

in the global coordinate system.  

III. RESULTS 

A. Image Processing for Extracting and Locating 

Coordinate for Contour  

The results of Step 2 to Step 5 of the image processing are 

shown in Fig.4. The radius r2 was calculated as 70 pixels. A 

circle with a larger radius was used as the initial contour in 

Step 5, and the contour result shown in blue was obtained 

after applying the GVF snake. This algorithm runs at about 

0.2 fps on an Intel(R) Core(TM) i5-2520M @2.5 GHz with 4 

GB RAM.  

 

B. Data Fusion for 3D Modeling  

 
The integrated probe was used to scan inside the 

descending aorta to collect data. After applying Step 6 and 

Step 7 in the image processing method, the 3D structure of the 

blood vessel can be reconstructed. The preliminary modeling 

for part of descending aorta is shown in Fig.5. A complete 

scan inside both of ascending and ascending aorta will be 

conducted in the near future.   

IV. DISCUSSION  

In this work, we have proposed a system to obtain the inner 

cross sections of blood vessels and capture the corresponding 

catheter pose for locating these cross sections. The 3D 

reconstruction of the blood vessel can provide both 

morphological information and relative position information 

 
Fig. 5:  3D modeling for part of descending aorta based on sensor 
fusion method  

 
Fig. 4:  Image processing for IVUS images  

 
Fig.3: Kinematic relationship among Aurora emitter, Electromagnetic 

sensor coordinate and IVUS emitter coordinate systems 



  

between the blood vessel and the catheter tip. This can assist 

the surgeons to manipulate and advance the deployed devices 

within the blood vessel. During the alignment and valve 

placement in TAVI, the 3D reconstruction of the vessels can 

support precise localization and easy observation of the valve 

stenosis and annulus. Therefore, the hybrid probe can be used 

as a visualization aid to improve the efficiency in the 

implantation of artificial valves. After image registration, the 

virtual environment can be used to provide morphological 

information and navigate the operations of surgical tools, 

facilitate the implantation in the following steps. This method 

can support the use of non-contrast enhanced imaging and 

prevent reinjection of contrast media, reducing the use of 

contrast media.  

The proposed image processing method is simple and fully 

automatic, advancing previous works which require the 

manual selection of the initial contour to converge to the real 

contour. Besides, when the IVUS probe is near to or comes in 

contact with the inner cross section, parts of the contour will 

converge on the IVUS probe image, leading to incorrect 

contour estimations. Our method has been proven to solve 

this problem.  

This integrated sensor can be also deployed as an 

assessment tool to evaluate the status of the deployed valve 

after surgery. Misalignment of the implanted valve will cause 

valve migration, an important complication after the TAVI 

procedure. This would result in moderate and severe aortic 

regurgitation, which is one of the most important predictors 

of mortality and can cause serious consequences [11]. This 

technology can provide essential information for surgeons to 

take precautions in advance. It can also be applied to 

abdominal aortic aneurysms and thoracic aortic aneurysms. 

The proposed visualization framework can provide 3D 

modeling of the blood vessels and facilitate the location of 

branches to improve the efficiency in the installation of stent 

graft on the secondary branches of blood vessel for these two 

diseases.  

The disadvantage of this system is that the IVUS probe and 

electromagnetic sensor are assembled in series with around 

10 mm distance between them. When the catheter is 

confronted with large forces, the coordinate relationship 

between the two sensors will be affected by deformation. This 

issue could be tackled by estimating the deformation using 

force feedback from sensors installed in the affected area. If 

the surgeon can insert the integrated sensor with a relatively 

slow velocity away from the vasculature walls, such obstacle 

and deflection can be neglected.  

In the future, additional electromagnetic sensors will be 

attached along the IVUS probe to estimate its shape [12] and 

realize Simultaneous Catheter and Environment Mapping 

(SCEM), which can provide both catheter localization and 

vessel geometry reconstruction. This would provide 3D 

visualization imaging of the artificial valve with respect to the 

stenosed valve for precise alignment.  

V. CONCLUSION  

A practical solution for 3D intravascular modeling of the 

aorta has been proposed based on the sensor fusion between 

images from an IVUS imaging probe and pose information 

from an electromagnetic sensor. An effective image 

processing pipeline was proposed to realize fully automatic 

processing of IVUS images. Experiments were carried out in 

an in-vitro environment to evaluate the effectiveness of 

proposed method. It should be noted that the current 

implementation of the IVUS image processing algorithm is 

not yet real-time because of the computational complexity of 

the GVF snake method. Our future work will focus on the 

improvement of the hardware platform, the IVUS image 

processing algorithm and the 3D surface modeling to enable 

real-time processing, as well as the evaluation of the 

modeling accuracy.  
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Towards Intraoperative Use of Surgical Simulators:
Evaluation of Catheter Insertion Models

G. Smoljkic, C. Gruijthuijsen, J. Vander Sloten and E. Vander Poorten

Abstract—Accurate and precise control of a catheter’s position
inside the vasculature remains a difficult and important task.
Current manual approaches rely very much on the surgeon’s
expertise as visual information is extremely limited. The in-
traoperative use of fluoroscopy for real-time visualization of
the catheter and the vasculature leads to safety issues, both
for the patient and for the surgeon. By introducing robotically
steered catheters these disadvantages can be at least partially
alleviated. Also, robotics could improve the repeatability and
accuracy of the catheter motion inside the vasculature. Due to
the complexity of the catheter-vessel interaction current robotic
steering relies completely on the surgeon’s skills and experience.
Based on the own experience and fluorscopic imaging surgeons
form themselves mental maps of the catheter-vessel system.
Within these maps the robot’s joints are commanded one at a
time. In order to introduce more sophisticated and coordinated
steering capability the intraoperative use of a catheter insertion
model originating from surgical training has been evaluated.
The validation of the insertion model on a simplified test-
bed showed a good predictive capability. The final objective is
to use such approach for real-time guidance or even robotic
catheter control. Speeding up the algorithm for intra-operative
use remains therefore a major challenge.

Index Terms—mechanical modeling, surgical simulation,
catheter control, navigation assistance

I. INTRODUCTION

IN recent years minimally invasive cardiovascular proce-
dures have gained dramatically in popularity. Faster pa-

tient recovery, reduced surgical costs and the possibility of
using only local anesthesia are amongst the major advan-
tages compared to open heart surgery. In minimal invasive
procedures long, thin and flexible instruments or catheters
are introduced and advanced into the endovascular system to
perform diagnostic or therapeutic tasks. The limited visibility
upon and maneuverability of the catheter in combination with
the complex and fragile nature of the vasculature has raised
the interest in robotic assisted catheterization. More advanced
catheters featuring more degrees of freedom (DOFs) than
conventional catheters can be controlled robotically hence
allowing in principle more precise, repeatable and efficient
catheter motion. This potential is at present far from realised
as surgeons can only control one DOF at a time. Efficient
operation of these devices requires thus still considerable
insight and expertise. The knowledge that would be needed
to allow coordinated multi-DOF control e.g. needed to closely
follow an optimal trajectory inside the vasculature is still
lacking. A first requirement is here the presence of realistic
models of both the catheter and the vessel wall, formulated in
such a way that they allow easy and fast computation of the
catheter robot’s kinematics.

In the literature a number of interesting algorithms to simu-
late catheter motion have been proposed. Cotin et al. use Finite
Element Method (FEM) to model the catheter as a series of
connected 3D beam elements[6]. The positions of these beams
are geometrically constrained by the vessel model. To take
into account the geometric nonlinearities arising from large
catheter deformations, the authors propose an incremental
FEM approach. This however results in a cumulative error on
the catheter shape. Luboz and Wang use mass-spring models
for the catheter [9], [11]. Such approaches encounter problems
in preserving the constant catheter length as this turns the
equations numerically stiff. The catheter can also be modeled
as a set of discrete Elastic Kirchhoff Rods [8], [10], but
no experimental validation was performed of these models.
Finally in [7] the authors designed a method for catheter
simulation searching the minimum energy state of a catheter
that is represented as a set of rigid links interconnected with
springs. Because of the extensive validation of this algorithm
and the need for an accurate simulation, this last algorithm
is selected and adjusted for catheter position control. In the
remainder of the paper, the adjusted simulation model is
described in subsection II-A. The model has been imple-
mented. Experimental validation and results are discussed in
subsection II-B. Finally, in section III the paper is concluded
and directions for further work are discussed.

II. MINIMUM ENERGY MODEL

While the catheter is inserted into the vasculature, it flexes
and bends passively adapting its shape to the geometry of the
vasculature. The shape and tip position are largely dependent
on the forces that act on the catheter, but also on its motion
history. Konings et al. derived a semi-analytic simulation
that can accurately predict the motion of a catheter inside
the vasculature [1], [2], [3], [4], [7]. Starting from a known
geometrical and material model of the vessel, the algorithm
calculates the catheter shape after a forced motion of the
catheter such that the total potential energy of the combined
catheter and vessel wall is minimal. The simulation algorithm
has been designed for training purposes. This abstract extends
its applicability to steering of active catheters.

A. The relaxation algorithm

Under the assumption of high axial and torsional stiffness,
a catheter can be represented as a series of i rigid links of
constant length λi connected by spherical joints (Fig.1.a).
An angular spring is attached at each joint as illustrated in
Figure 1.b. The original catheter model of Konings, restricted
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Fig. 1. (a) representation of a catheter as a series of rigid links of length λi

at positions xi (b) angular springs with stiffness ci connect the joints.

to the modeling of straight guidewires, was later extended to
also include intrinsic curvature and rotation about the catheter
axis. The fixed intrinsic curvature angle used to characterize
pre-shaped guidewires, is made adaptable here in order to
replicate the behavior of active catheters with a proximal
DOF and e.g. a locally bending of the catheter tip. After
this adaptation an input-output map between the displacements
of the actuating cables, embedded in the catheter, and the
tip motion is derived. Similarly a change in rotation of the
catheter about its longitudinal axis at the proximal side, is
achieved by adjusting the internal rotation angle as proposed
in [4]. The original approach to represent rotation fails to
correctly determine the direction of the intrinsic curvature after
deformation of the catheter in interaction with the vasculature.
This is due to the fact that the local rotation angle at the active
side of catheter is always described w.r.t. to the fixed reference
frame placed at the insertion point. To solve this issue, the
approach is adapted by attaching a frame to every joint, based
on a discrete version of the theory of Bishop frames [5]. The
intrinsic curvature at each joint is then expressed easily with
respect to these frames. The relaxation algorithm is an iterative
minimization algorithm estimating the catheter shape based
on the assumption that the equilibrium state corresponds to a
minimal energy state of the combined catheter-vessel system.
The total energy is thus composed of the vessel energy and the
energy of the deformed catheter. The final shape estimate is
found after executing an adequate number of relaxation steps.
In each relaxation step, all bending angles θi are calculated
consecutively, starting from the tip of the catheter (i = 0)
and propagating to the proximal end of the catheter and
the insertion point. Additional relaxations can be imposed to
further refine the shape estimates and obtain more accuracte
predictions. The new implementation is evaluated next.

B. Model validation

In order to evaluate the accuracy of the catheter-vessel sim-
ulation approach an in-vitro experimental test-bed was made
from a segmented MR-scan of a human aorta. The projection
of the model on a 2D-plane was made and a centerline
extracted. A 20mm thick aorta-model was constructed along
this centerline. The contour of the aorta was cut out from a
3mm thick polycarbonate plate and embedded in a sandwich

structure. An Ethernet GigE Prosilica GC650C with 6mm lens
and resolution of 659× 493 pixels was placed above the test-
bed to compute the ground truth. The camera was placed on a
customized mount 720mm above the aorta phantom. Figure 2
shows a raw image obtained from the camera and the results
of the segmentation and comparison with the insertion model.
The camera images have been segmented and the shape of the

Fig. 2. Raw image of the setup with the test catheter inserted in the 2D aorta
mock-up (Left). Overlay of the simulated catheter (blue) over the real catheter
(red) for an insertion length of 700mm (Right).

catheter has been obtained after the insertion of 700mm into
the phantom. The resulting catheter shape obtained from the
camera was compared to the position and shape predicted by
the insertion model. Two measures have been used to quantify
the similarity: the Hausdorff distance dh and the Root Mean
Square (RMS) of the deviation between both shapes dRMS .
The results show a RMS deviation stays below 2.5mm whereas
the Hausdorff distance is 4.4mm. These findings correspond
to the results obtained by the Konings group.

III. CONCLUSION

In this paper a catheter insertion model proposed by Konings
has been evaluated. The simulation model iteratively searches
for a quasi-static equilibrium state of a catheter and vascula-
ture after a set of forced actions of the catheter robot. The
model was expanded to simulate catheter insertion, retraction,
rotation and distal bending of the catheter tip. In validation
experiments the catheter shape obtained by the insertion model
was compared to the measured catheter shape. A good fidelity
of the model was obtained. In future work the model will
be applied for actual catheter position control. Further effort
needs to be paid to speed up computations though as current
computations are far from real-time.
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Abstract—As the Finite Element(FE) method is becoming more
pervasive in scientific and engineering endeavours the application
space of the method increases as well. This work provides
indication that real-time surgical application is also possible.
The challenge is reducing the solution times of this, generally
computationally expensive method, such that FE on patient
organs under the influence of surgical instruments can provide
valuable information to the interventionalist during surgery.

We present an implementation of a Total Lagrangian Explicit
Dynamic Finite Element algorithm implemented on General
Purpose Graphics Processing Units(GPGPUs) that suggests the
fulfillment of this constraint. The usability of the method is
demonstrated by conducting a broad assay on ranging model
sizes and GPGPUs and comparing to an industry-proven FE
code Abaqus.

I. INTRODUCTION

Modern surgical theaters today are capable of providing
electromagnetic or optical position tracking systems that can
be used to locate the position of instruments under the control
of the surgeon. Likewise, current imaging techniques are
capable of producing highly detailed geometries of patient
specific anatomy. By combining these data with an appropriate
material model of the organ or organs under consideration
all boundary condition requirements for FE in surgery are
met. Providing near-instantaneous response on the state of the
tissue under mechanical load (pressing, pulling, cutting...) is
instrumental in ensuring patient safety, thus creating the need
for a real-time FE system.

Successful real-time implementations of nonlinear finite
elements have been sparse in publications, mostly likely due
to the limited computational power of hardware and the high
arithmetic intensity of conventional FE algorithms. The Total
Lagrangian Explicit Dynamic(TLED) [1] tackles this problem
in part by using the total lagrangian spatial discretization
scheme. It ensures that shape function derivatives do not need
to be recomputed every time step, thus additionally reducing
the number of operations. By using explicit time integration
(the central difference method), the nonlinearities are handled
in a simple way, provided a small enough time step is chosen.
Another benefit of explicit integration is that per-element
computations can be done somewhat independently, adding
individual contributions gradually to form the global force
matrix. This feature along with the per-node fully independent
computations lends itself well to parallelization. The explicit
nature of the solution also facilitates the tracking of one or
mode variables throughout the solution, e.g. the accumulation
of damage [2].

Nvidia CUDA [3] technology enables us to use the mas-
sively parallel architecture of modern GPUs to conduct
general-purpose floating-point computations in an accessible
and simplified way. By distributing the computations over the
cores of the card, most calculations of the same time step can
be done at the same time, providing significant speed-up to
the algorithm.
In section II, we present details on the algorithm and im-
plementation, hardware and the boundary conditions of the
simulation, followed by results (III) and the conclusions (IV)
on the topic.

II. MATERIALS AND METHODS

A. Mechanical model

For the purposes of validating the accuracy of the proposed
method we solve a uniaxial compression problem on a cube
of uniform size and increasing element density. The material
employed is a hyperelastic Neo-Hookean material(ref. eq.1, 2),
often used as an estimate of the behavior of most soft tissues.

Ψ =
µ

2
(I1 − 3) +

κ

2
(J − 1)2, (1)

where µ and κ are material constants - shear and bulk modulus,
respectively. I1 is the first invariant of the right Cauchy-Green
deformation tensor C. The second Piola-Kirchoff stress tensor
S can be derived from the SEDF as:

S = 2
∂Ψ

∂C
= µJ− 2

3 (I− tr(C)

3
C−1) + κJ(J − 1)C−1. (2)

The elements used in the simulations are under-integrated
hexahedra, which offer good results for a relatively low
number of computing operations. No hourglassing preventive
algorithms have been implemented. A smooth loading curve
up to 20% strain was used to minimize inertial effects and
enabling us to study the phenomena under quasi-static condi-
tions.

The simple boundary conditions in our simulations prescribe
no displacements in the axial direction (Z) for the bottom
nodes and enforces displacements along the same axis for the
top nodes, all other degrees of freedom are non-constrained.

The critical time step was computed by using linear theory
[4] and proving sufficient to maintain the convergence.
Each model has identical material properties and was loaded
in a time span of 5 seconds. The critical time step c size was
determined by using the following formula.

Le =
Ve
Ae

; c = sqrt
λ+ 2µ

ρ
; ∆t =

Le

c
(3)



Fig. 1. Initial and deformed geometry and a reference point on a 10x10x10
model

Where Le is the characteristic length, computed using the
smallest element area in the model Ae and it’s volume Ve, ρ
is the mass density of the element. The 5 second loading time
is therefore distributed along around 6000 to more than 50000
steps in different models.

B. Total Lagrangian Explicit Dynamic algorithm

The system to be solved is:

Mü + cdMu̇ + P(u) = R, (4)

where M is the diagonalized mass matrix, cd is the damping
coefficient, u are the nodal displacements, P are the internal
forces and R are the external forces. [1], [5], [6], [4], for
example, provide additional detail on the topic. A pseudo-
code of the solution of the system in equation 4 is provided
below.

Pre-computation phase:

1) Shape function derivatives in global coordinates from
isoparamatric coordinates and positions, using the Jaco-
bian matrix:

0Je =
∂(x, y, z)

∂(ξ, η, ζ)
= ∇NIsope (5)

∇NGlo,e = 0J−1
e ∇NIso (6)

2) Construct strain-displacement matrix: Be

3) Compute element volumes and diagonalized mass matrix
M = MeI

4) Central difference method coefficients:

a = − 2(∆t2)

2t∆tMe
; b =

1 + (2− q∆t)
2 + q∆t

; (7)

c = −2− q∆t
2 + q∆t

; q =
2(1− Cr

2)

∆t(1 + Cr)
(8)

Iteration phase:

4) Deformation gradient:
tFe = I +∇Ntue (9)

5) Cauchy-Green strain tensor, Jacobian determinant:

tCe = tFT
e
tFe ,

tJe = det(tFe) (10)

6) Second Piola-Kirchoff stress:

tSe = 2
∂tΨe

∂tCe
(11)

7) Force contribution:

tPe = 8det(0Je)B
T
e
tSe (12)

8) Summation of elemental contributions into the global
force vector:

tP =
∑

tPe (13)

9) New displacements:

tu = atP + btu + c t−∆tu (14)

10) Displacement loading for next step:

t+∆tuBC = t+∆tdBC (15)

In the above notation the left superscript denotes the time
step, the right subscript denotes element scope. Cr is the
convergence rate of the central difference scheme, and set
close to 1, as relaxation effects were not considered and a
small enough time step was used.

In light of increasing the speed of the algorithm, pre-
computing all possible values is essential. Due to the spatial
discretization scheme chosen, the shape function derivatives
do not change accross the time steps, therefore we compute
them here. The central difference method coefficients are also
pre-computed as they too do not change throughout.

Single point Gaussian integration is used to obtain el-
ement nodal forces from element stress in step 7, which
was in turn computed from the right Cauchy-Green tensor
and deformation gradient in steps 4-6. Depending on the
material model used, the stress computation in step 7 can
vary. In our implementation, the Neo-Hookean material with
and without damage are used, according to equation 2. After
the computation of the global force vector in step 8, the
nodal displacements are calculated using the central difference
scheme. Finally, new displacement boundary conditions are
assigned to the boundary nodes, to prepare for the next step.
For a more detailed discussion on TLED, the reader is referred
to [1].

C. Hardware and implementation

The pseudocode described in section II-B is implemented
using Nvidia Compute Unified Device Architecture (CUDA).
The GPGPU cards used for this purpose are an Nvidia Tesla
C2075, K20c and GTX680 capable of running thousands of
threads concurrently. For a detailed overview of CUDA, the
reader is referred to [3].

The two most important factors in speeding up a program
by using a GPGPU is replacing loops with parallel functions
(kernels) and the pre-computation of all possible values for
later use in the algorithm. Albeit, the former can be used
only if iterations are independent from one another. For this



Parameter Value
µ 1006.7e-6 MPa
κ 50e-3 MPa
λ 49.3e-3 MPa

TABLE I
MATERIAL PARAMETERS

reason we can parallelize over elements and nodes and not over
time steps. The most suitable portions of code to implement
in parallel are: obtaining the global force matrix (steps 4-
8) using element-level granularity, updating of displacements
(step 9) and loading for the next step (10), both using node-
level granularity.

The granularity of parallelization in the computation of
force contributions in the global force matrix assembly is
one element, meaning that each thread run by the hardware
computes the values of force for one element. The interconnec-
tivity of elements mandates storage problems when summing
force contributions on a node from surrounding elements in
a parallel setting. A reduction scheme has been implemented
for this reason that avoids the serialization of storage writes.

In the second kernel, we obtain per-node displacements
using coefficients computed in the pre-computation phase.
Using the central difference method we compute future dis-
placements of nodes based on the global force matrix and the
pre-computed coefficients in step 3. Here, the granularity is
one node.

The last kernel executes the loading of the nodes under
boundary conditions. Much like the previous kernel, it is
executed per-node and it is a pleasingly parallel task due to
no communication requirements between nodes.

An Abaqus finite element simulation code was used to
validate the newly implemented code. Identical boundary con-
ditions and smooth loading curve were used in both solution
regimes, as well as the material parameters (I). The Abaqus
jobs were run on a system with an Intel i7-3740QM processor
and 4GB of RAM.

III. RESULTS

The results obtained through simulation in Abaqus/Explicit
are regarded as benchmark. The accuracy of the newly im-
plemented algorithm was evaluated by comparing the dis-
placement vector in the XY plane of one top node at the
corner. For all simulations the deviation from Abaqus solutions
never exceeds 0.3%. The initial configuration and the loaded,
converged configuration are symmetric with respect to all
orthogonal planes and vertical edges remain vertical.

The results in Figure 2 show a speed up factor of TLED
versus Abaqus on a per-time step basis. The total solution
times speed up are proportional to these values and range from
1 second to 1h22m40s for Abaqus and from 0.2s to 50s for
the parallel solver on the fastest K20c device.

IV. CONCLUSION

We have presented an integral part of a computer inte-
grated system for monitoring of any mechanical stress-related

Fig. 2. Speed up factors versus Abaqus as a function of model element
density

variable in patient tissues in an intraoperative setting. The
nonlinear Finite Element algorithm employed was described
in detail and results on a single loading scenario of a cube
using a range of element densities and execution GPGPUs
was presented.

The results show significant speedups and good accuracy
in comparison to stable and reliable solutions. This work,
therefore, encourages the prospect of the described technology
soon becoming implemented in the modern surgical theater.
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Abstract—Probe-based Confocal Laser Endomicroscopy
(pCLE) is a recent image modality that could allow to perform
optical biopsies, without taking a tissue sample. This is of
particular interest in laparoscopy, to diagnose and grade cancer
in the abdominal cavity.

Among the different problems that arise when trying to take
optical biopsies inside the abdominal cavity, the control of the
probe motion is of upmost importance. Indeed, it is not only
necessary to stabilize the images on the organs, but also to move
the probe along the tissue surface to reconstruct large field of
view images needed by pathologists. This can be done using a
mosaicking algorithm.

This paper presents a visual servo control scheme for control-
ling the probe navigation on the tissue. Its robustness is challenged
in an ex vivo setup using a high-accuracy industrial robot. The
achieved precision is good enough to allow for reconstructing
large field of images with controlled shape and size, and high
resolution.

I. INTRODUCTION

In oncology, biopsy is a standard procedure that aims at
determining the cancer nature and development stage of a
suspected tissue. It consists in taking a tissue sample out
of the patient in order to analyze it under a microscope.
Anatomopathologists usually analyze the cells themselves but
also their relative organization from a larger picture to make
their diagnosis. Prior to this, they need to prepare the tissue for
microscope examination. Usually, the tissue is frozen or fixed
using paraffin and cut in thin slices of a few microns, then
stained using special markers that highlight cellular structures
(for instance, hematoxylin-eosin staining which is used un
clinical routine).

In digestive surgery, extemporaneous biopsies can be car-
ried out, i.e. biopsies made during the operating time. In that
case, the surgeon takes the tissue sample, sends it to the
anatomopathologist, and waits for his/her answer that will
orient the following of the procedure. For instance, in the
event of a tumor resection, the surgeon must be sure that the
resection margins are free of tumour cells. The time that the
pathologist spends preparating the tissue is then just a waiting
time during which the patient is under global anesthesia.
Moreover, taking a tissue sample is invasive, which limits the
number of biopsies that can be done on a same organ. This
is particularly problematic for staging laparoscopies, in which
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Project PERSEE (number I0911038W) and by French state funds managed
by the ANR within the Investissements d’Avenir programme (Labex CAMI)
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the surgeon explores the abdominal cavity and needs to take
several biopsies in order to find metastases and properly grade
the cancer development stage [1], [2].

To circumvent those limitations, it has been proposed to
take ”optical biopsies”, i.e. without taking a tissue sample.
The surgeon then needs to bring an image modality, here a
microscope, in situ in order to take images that can directly
be transmitted to the surgeon. Different image modalities can
be used, for instance OCT [3] and confocal endomicroscopy
(pCLE) [4], [5]. In this paper, we focus on confocal en-
domicroscopy. This image modality works with fluorescence
imaging, which is interesting because functional imaging can
be realized by using the proper fluorescent agent. This image
modality is currently used in clinical practice during endo-
luminal examinations, for instance for diagnosis of Barrett’s
esophagus [6], [7]. It tipycally has a resolution of one micron,
and a field of view of 200x240 microns. The images are
acquired at a 12 Hz rate.

Several problems arise when trying to use pCLE in en-
doscopic examinations. First, contrarily to endoluminal ex-
aminations, the flexible probe is not in a tube. Therefore,
organ motions must be taken into account. In the abdominal
cavity, organs move in a range of a few centimeters each
second due mainly to breathing and persitaltis. This particular
problem has been the subject of many research, and solved
either using passive [8] or force-controlled [9] stabilization.
Second, the field of view in the pCLE images is usually too
narrow for the pathologist to analyze the cellular structures
properly. It has been reported previously that pathologists need
a 1 − 3 mm2 field of view, whereas a single image is only
0.04 mm2. The same problem had already been reported in
endoluminal examinations, and mosaicking algorithms have
been developped in order to enhance the field of view [10],
[11]. The principle is to move the probe along the tissue –
while staying in contact, which is needed for acquiring images
– and to register images together in order to reconstruct a large
field of view image. Moving the probe inside a laparoscopic
instrument can be done using specific microactuators [8], [12],
but it has been shown in [13] that even with a very precise
control of the probe motion, tissue deformations prevent from
making high quality mosaics.

In this paper, we present a visual servoing approach that
allows to control the probe trajectory on the tissue with
microscopic precision.



II. ENDOMICROSCOPY-BASED VISUAL SERVOING

This section presents the visual servoing scheme that is
used for controlling the probe motion. First, a quick look at
the mosaicking algorithm from [10] helps to understand image
metrics and scan requirements, then the visual servoing control
loop is presented.

A. Notations

In the following, V refers to speeds whereas X refers to
positions. They both are vectors. Subscripts r, p, a and 0 refer
to the robot holding the probe, the probe, the anatomical tissue
and a fixed base, respectively. For instance, Vp/a denotes the
relative velocity between the probe and the anatomical tissue.

B. Mosaicking algorithm

The mosaicking algoithm used in this work was published
in [10]. The main part of the problem is reconstructing the
trajectory that has been followed in the images. This is done
in two steps (see fig. 1).

First, successive images are registered together (real-time
mosaicking, fig. 1a) using normalized cross-correlation [14].
This computation is made in one pass with a Fourier transform,
so it has a fixed computational budget and is suited for real-
time. This allows to compute an estimation V̂p/a of Vp/a, and
therefore to estimate Xp/a by simply integrating it (eq. 1).

Figure 1. General principle of the mosaicking algorithm. a: real-time
mosaicking; b: registration of spatially but not temporally closed images; c:
optimized mosaicking.

X̂p/a(t) = X̂p/a(0) +

∫ t

0

V̂p/a(τ)dτ (1)

The problem of registering successive images together to
sum the registration results, as in eq. 1, is that the total error
at the end of the trajectory is the sum of each registration
error. It can be seen in fig. 1a that cellular structures are
not properly aligned due to this cumulative error. The second
part of the mosaicking algorithm is meant to eliminate this
drift. By analyzing the real-time mosaicking trajectory, one
can find images that are spatially close but not temporally
close. Registering those images together (fig. 1b) and then per-
forming an optimization scheme (fig. 1c) leads to an enhanced
mosaic. This is particularly important, because mosaic images
reconstruction leads to blurred and duplicate structures in the
images if cumulative errors are not taken into account.

C. Scanning requirements

Figure 2. Scanning requirements in terms of overlapping

Scanning a tissue in order to make a mosaic needs spe-
cific requirements (see fig. 2). First, sucessive images should
overlap of approximately 80% to obtain good results with
open-loop mosaicking. This leads to a scanning speed on the
tissue of approximately 0.3 mm/s or less. 0.3 mm/s is preferred
because a lower speed means a larger scanning time.

Second, overlap between scan lines (global overlap) must
be sufficient to compute mosaics (50-100 microns overlap
between scanning lines). To make a 3 mm2 mosaic, a raster
scan trajectory of 15 straight parallel lines of 1500 microns
length is proposed. It has been shown in [15] that drift in the
real-time mosaicking is low enough to allow for computing
optimized mosaics if such a trajectory can be followed with
approximately 50 microns precision.

D. Position-based visual servoing (PBVS)

It has been shown in [13] that tissue deformations play
an important role when scanning at the contact of the tissue.
Therefore, we propose here to use the measurements of the
real-time mosaicking algorithm to control the probe motion.

The setup that we have here is a robot r controlling the
movements of a probe p relatively to a fixed base 0 in order to
follow a trajectory on a tissue a. In other words, we want to
compute the required speed Vr/0 so that the estimated image
position Xp/a follows a given scanning trajectory Xd. Usually,
in visual servoing, a simple proportional controller ensures an
exponential convergence of the error towards zero. Here, since
the image velocity is not null, a feedforward term should be
added. However, we have here additional disturbances with
the tissue deformations. Exponential convergence of the error
cannot be obtained with a simple proportional gain since probe
motions don’t necessary make the image move. Therefore,
an additional integral gain is added. The resulting control
loop then writes, with KP and KI being repsectively the
proportional and integral gains:

Vr/0 =
dXd

dt
+KP

(
Xd(t)− X̂p/a(t)

)
+

KI

∫ t

0

(
Xd(τ)− X̂p/a(τ)

)
dτ

(2)



III. EXPERIMENTAL SETUP AND RESULTS

A. Experimental setup

The experimental setup is presented on fig. 3. The confocal
imaging system is a Cellvizio with a UHD probe (Mauna Kea
Technologies, France). The probe is fixed at the end effector of
a TX40 robot (Stubli, Faverges, France), through a prototype
probe holder. The robot has 6 Degrees of Freedom (DoF) and
exhibits a 20 µm repeatability at its end effector. The tissue
samples are put on a rough surface that is fixed with respect to
the robot base and parallel to the horizontal plane. Considering
the small size of the scanned areas (a few square millimeters),
the scanned tissues are considered as planar in this study.
Therefore, the robot movements are generated at a constant
height z0 . Meanwhile, the probe orientation is kept constant,
which finally results in a 2 DoF planar positioning problem.
The cartesian position of the optical head is controlled by the
on-board controller of the TX40 robot which is interfaced for
allowing real-time update. Tissues are stained with Acriflavine
for fluorescence.

Figure 3. Experimental setup with a TX40 robot

B. Ex vivo experiments on soft tissues

Figure 4. Data recorded during the performing of 8-shape trajectories. a:
on a piece of paper glued to a rigid surface. b: on a piece of beef liver with
open-loop control. c: on a piece of beef liver with closed-loop control.

1) Simple trajectory: On figure 4 can be seen the results
of several scans with an 8-shape trajectory formed of two
circles of 1 mm each. The results on paper (fig. 4a) clearly

indicate that the robot control is very precise, according to its
own measurements. A marginal error of 140 microns occurs
at the farthest point of the trajectory, indicating a possible
deformation of the probe holder or a robot modeling error.
Most importantly, drift due to real-time mosaicking between
first and last image is less than 10 microns, which has been
observed in repeated experiments.

As expected, results on soft tissue (fig. 4b) show a very
large shift relatively to the reference trajectory. The mean
distance error between the image trajectory and the reference
trajectory is more than 300 µm, and the final error is 150 µm.
This shows that the tissue deformation has a direct and non
negligible impact on the trajectory effectively followed by the
probe relative to the tissue.

Finally, applying visual servoing allows to follow the refer-
ence trajectory with high accuracy (fig. 4c). The error between
the first and the last image is 15 µm and the mean tracking
position error is 30 µm. This improvement with respect to
the open-loop results from fig. 4a and fig. 4b shows that the
tissue and probe holder deformations are rejected by the visual
control algorithm.

2) Large field of view mosaics: The next experiment is a
mosaic obtained by servoing the image to follow the 3 mm2

raster scan desired trajectory described previously. The two
mosaics (real-time and optimized) are presented in fig. 5. The
performance of the visual servo control allows to make sure
that each line will overlap with the next one, thus making the
computation of an optimized mosaic possible. This results in
an optimized mosaic that has very low drift : the gain can be
observed on fig. 5 when zooming to particular regions. The
general shape of the optimized mosaic does not change with
respect to the real-time mosaic, but blurred regions disappear.
This gain in resolution is expected to make the analysis of the
images by a pathologist easier.

IV. CONCLUSION

This paper presents a visual servo control scheme for
navigating precisely on a soft tissue, for large field of view
mosaicking purposes. A particular problem that has to be taken
into account is the tissue deformation phenomenon, which is
evidenced in the paper and acts as a disturbance to be rejected
by the controller.

A simple PI closed loop control and a feedforward action
is sufficient for rejecting unmodelled tissue deformations. The
precision of the tracking allows for computing large mosaics
with proper overlapping. Resulting mosaics are of good quality
thanks to subsequent optimization of the images positions in
the mosaic.

Future research will direct towards integrating the tissue
model that has been proposed and validated in [13] in order to
enhance the tracking performances of this visual servo control
scheme. Integration in minimally invasive instruments for in
vivo evaluation is also considered.
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Needle Mounted Navigation System for Free Hand Percutaneous
Procedures

Diego Dall’Alba, Bogdan Maris et Paolo Fiorini

Abstract— In this work we have designed and developed
a new navigation system for interventional radiology, imple-
mented in a light and compact device. The system attached to
the needle is composed by a small screen that gives hints about
the position and the orientation, a controller that commands
the screen and interfaces with the computer, and a marker
that communicates with a tracking system. By using a real
time software the user is guided to move the needle along the
desired position and orientation. To the best of our knowledges,
this is the first system to have the navigation display integrated
directly on the tool. The in-vitro tests we have performed, show
how such a system yields a higher precision in the execution of
the task and a reduction of the time required to complete the
procedure.

I. I NTRODUCTION

Clinical practice is increasingly replacing traditional open
surgical procedures with minimally invasive techniques. This
development results in a transition from direct visual feed-
back to image-based feedback. Image-guided percutaneous
procedures are used for both diagnosis and treatment. The
most known diagnostic procedure is biopsy, which is used
to collect samples of tissues presumed to be malignant.
Therapeutic procedures include tumor ablation based on
different technologies such as radiofrequency ablation (RFA),
cryoablation (CA) or tumor embolization. These procedures
require precise insertion of an elongate instrument, usually
referred as ablation probe or simply needle, into the target
region. The success of the ablation is constrained by the
precise positioning of the needle. Needle based procedures
could be subdivided in 3 main steps: localization of the entry
point on the patient’s skin, orientation toward the target point
of the needle and needle insertion. As reported in [1], one
of the most underestimated challenges of surgical guidance
is the intraoperative display. Different navigation systems
have been proposed in literature, based on different tracking
technologies or image modalities (see [2], [3] and [4]).
All these works prove that the introduction of a navigation
system during the procedure improve the performance in the
needle insertion task. Anyway, no work addresses the specific
problem of providing the navigation information to the user
in an intuitive and ergonomic way. The positioning of the
needle is still a key issue and most of the time the per-
cutaneous procedure is human based, therefore we propose
an integrated navigation system that provides information
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Diego Dall’Alba, Bogdan Maris, and Paolo Fiorini are
with the Department of Computer Science, University
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Fig. 1. A standard 18 gauge biopsy needle equipped with the compact
navigation system.

Fig. 2. State machine diagram. The threshold error depends on the current
state and on the accuracy of the positioning (ǫ1, ǫ2, ǫ3) and orientation (ǫ) to
be reached(e.g.ǫ1 < 1mm, ǫ2 < 3mm, ǫ3 < 4mm). The on-line value of
the target distance is given by the parametersd1, d2, d3 for the positioning
and θ for the orientation and is continuously updated on the display by a
suitable graphical representation.

directly on the tool. The system helps the user to execute
the procedure with high accuracy and precision.

II. M ATERIALS AND METHODS

The position and the orientation of the needle are tracked
with a passive optical tracking system from NaturalPoint
(Corvallis, OR, US) composed by 12 USB infrared (IR)
cameras. The precision of the tracking system is less than
one millimeter. The proposed navigation system (Fig. 1)
is designed to be attached to any type of needle (the first
prototype is designed for biopsy needles). This characteristic
requires the precise identification of the needle geometry
(calibration phase) together with a method to map the
navigation information on the display attached to the tool
(navigation phase). The purpose of the calibration phase is



Fig. 3. State machine display a) positioning state. b)orientation state. c)
insertion step. d) calibration step.

to identify the rigid transformation that links needle reference
system with tracker measurements. This transformation will
be used to display the correct information on the screen.
The navigation process is modeled as a state machine (see
Fig. 2) and to pass from one state to another a threshold is
defined depending on the accuracy we want to reach. The
first step of the navigation is the positioning of the needle
to the entry point. It is advantageous to perform the aligning
step after finding the entry point, because the instrument
can be pivoted around the contact point between its tip
portion and the surface without losing the entry point, which
has already been located. When the accurate orientation is
found the insertion will take place. For each step of the
needle insertion and calibration, different representations are
displayed on the screen, as shown in Fig. 3. For more details
about the design of the compact navigation system and the
calibration method please refer to [5]. The performances of
the developed device were tested in-vitro. A polypropylene
phantom with a thickness of 2 cm has been chosen for
this experiment since it allows the needle to keep the same
orientation after insertion. To localize a target point inside
the phantom it was used the tip of a second calibrated needle.
Five entry positions on the surface of the phantom were fixed.
Each of the entry point together with the target point defines
an orientation. For each of the 5 entry points positions, the
needle insertion was repeated 5 times, for a total of 25
insertions for each user.

III. R ESULTS

In the experimental setup no. 1 the needle insertion was
performed with the use of a PC monitor placed in front
of the user on the same table of the phantom. The 3D
information about the tool and the points (entry and target)
are represented on the monitor, as in a standard image guided
procedure. The experimental setup no. 2 was performed as
the setup no. 1 but with the use of the new system that
integrates the display applied on the needle. An important
measure was the deviation from the desired orientation, once
the target point was reached. Since the planning phase defines
the safe orientation, we have computed the angle between the
planned orientation and the final orientation. The positioning

error was measured as the Euclidean distance between the
needle tip position and the entry or the target point position,
while the orientation error is measured as the dot product
between the normalized vector represented by the entry point
and target point and the vector representing the orientation
of the needle given by the calibration transformation. Six
subjects without previous experience have tested the system
after the oral explanation of the task. We have compared
the results in terms of accuracy in entry and target points
localization. In Table I we report the accuracy and precision
results of the experiment. We report the entry point localiza-
tion error (ELE), the target point localization error (TLE)and
angular orientation error (AOE). The results of experimental
setup 2 show that the mean and STD of the error is lower
than in setup 1 for all the errors considered. The use of the
proposed system reduces the error (both in the position and
in the orientation) and also reduces the influence of the users
experience in needle insertion execution. In fact the standard
deviation of the data is lower and more stable than in the case
without display on the needle. The needle insertion time with
the display mounted on the needle is about 40% lower than
without the display.

Setup 1 with PC monitor
ELE TLE AOE
[mm] [mm] [degree]

User Mean STD Mean STD Mean STD
U1 5.114 1.453 4.50 2.542 5.839 1.667

U2 4.006 2.187 5.464 1.410 5.758 1.146

U3 5.081 2.321 4.506 2.187 6.259 2.869

U4 4.136 3.194 5.614 2.739 5.727 2.778

U5 5.147 1.492 4.497 1.665 5.420 1.726

U6 3.876 4.261 5.315 1.765 5.790 1.955

All 4.56 2.485 4.983 2.051 5.799 2.007

Setup 2 with PC monitor and display on the needle
User Mean STD Mean STD Mean STD
U1 2.79 1.091 3.637 1.121 1.734 1.309

U2 2.703 1.114 3.079 1.677 2.456 1.856

U3 2.697 1.462 2.467 1.578 2.902 1.068

U4 2.727 1.257 3.916 1.988 1.833 1.576

U5 2.916 1.725 2.991 2.091 2.52 1.848

U6 2.627 2.111 3.043 1.26 4.036 0.918

All 2.746 1.46 3.196 1.619 2.58 1.429

TABLE I

COMPARISON OFERRORVALUES IN THE TWO EXPERIMENTAL SETUPS.

IV. D ISCUSSION

This work proposed a new system for an accurate needle
placement. We have designed, tested and evaluated the
system in an in-vitro experiment. The experiments we have
done validate the utility of the tool that can be used in a more
complex procedure. The main advantages of the navigation
system we have presented are:

• gives the information directly on the tool.
• there is no need for the user to move the eyes from the

interventional area.
• improves the accuracy and the precision to reach the

desired position and orientation.
• reduces the procedure’s time.



In the future works the electronic components will be
miniaturized, and also the display should have a higher
resolution and a higher refresh rate. The rigid body design
will provide more protection to the electronic components.
The needle device is being redesigned to take into account
cleaning and sterilization requirement imposed by the oper-
ation room environment.
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I. VITREORETINAL SURGERY

During vitreoretinal surgery, the surgeon performs procedures
at the retina which acquire extreme precision. For some
diseases, the most appropriate treatment is even too difficult
to be performed manually and alternative but less effective
treatments need to be applied. One of those diseases is called
Retinal Vein Occlusion (RVO). Retinal Vein Occlusion is an
eye condition which affects an estimated 16.4 million adults
worldwide [1]. The disease occurs when a clot is formed in a
retinal vein. This causes the patient to slowly lose his/her sight.
Fig. 1 shows a healthy retina on the left and a retina suffering
from RVO on the right. Today, there is no proven effective

Fig. 1. Retinal Vein Occlusion (RVO): when a retinal vein gets blocked,
the circulation of blood through the affected vein is reduced or stopped. The
blockage causes the walls of the vein to leak blood and excess fluid into the
retina. When the fluid collects in the macula (the area of the retina responsible
for central vision), vision becomes blurry.
Left: healthy retina. Right: retina with RVO.

treatment available for this disease [2]. A promising treatment
is retinal vein cannulation. During this procedure the surgeon
inserts a needle through the sclera and injects a small dose
of t-PA, a clot-dissolving agent, directly into the blocked vein
[3]. Fig. 2 conceptually demonstrates this procedure. Several
research groups report successful cannulations in animal and
human models. However, due to safety issues, the procedure is
not performed clinically today. The needle needs to be inserted
in a vein with a diameter smaller than 500 µm and kept
there for several minutes for the fluid to be fully injected [4].
Unintended movements make it extremely difficult to insert
and maintain the needle into the vein. They can cause serious
damage to the retina during this procedure. Two relevant types
of unintended movements can be distinguished. Firstly, the
human suffers from physiological tremor. Hand vibrations with
an rms amplitude of 182 µm during vitreoretinal procedures

Fig. 2. Retinal Vein Cannulation: a hollow needle is inserted through the
sclera and used to inject a clot-dissolving agent directly into the affected vein
to remove the blockage causing RVO.

have been reported [5]. Secondly, the eye tends to rotate
during the procedure due to the lateral forces applied by the
instrument on the incision point. These rotations cause the
retina to move which makes the surgeon to aim at a dynamic
target.

II. ROBOT-ASSISTED RETINAL CANNULATIONS

Abovementioned problems can be overcome by attaching the
instrument to a surgical manipulator that assists the surgeon
during the procedure. The manipulator can hold the eye
stationary during the procedure by virtue of a Remote Center
of Motion (RCM) incorporated in the manipulator. An RCM
is a geometric point at a fixed location about which the
instrument can pivot and translate through without a physical
joint being present at this location [6]. When this RCM is made
to coincide with the incision point in the sclera, the degrees of
freedom (DOFs) of the instrument will be restricted to three
rotations Θ, Φ and Ψ around the RCM and a translation R
through the RCM as shown in Fig. 3. In this way, the eye and
thus the retina are stabilized such that aiming at the blocked
vein becomes easier.

Several surgical manipulators for vitreoretinal surgery have
been reported [7]–[12]. Most of those, using a mechanism to
implement the RCM, fail to keep the end-effector compact
enough due to the kinematics of these mechanisms. This is
problematic because of the very confined workspace typically
for vitreoretinal surgery. The operating scene is populated by
the patient, the surgeon and the microscope that the surgeon
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Fig. 3. Vitreoretinal surgeons only need 4 DOFs to manoeuvre the instrument
in the eye: three rotations Θ, Φ and Ψ around the incision point and a
translation R through the incision point. The remaining DOFs, which cause
unintended eye rotations, can be blocked by aligning the RCM of the surgical
manipulator with the incision point.

uses to navigate the instruments inside the patient’s eye. To
overcome these space limitations, an innovative RCM mecha-
nism is incorporated in the surgical manipulator allowing a
compact construction of the manipulators end-effector (see
Fig. 4).

Fig. 4. The surgical manipulator relies on a novel RCM mechanism which
implements the translational DOF of the instrument at the base of the
mechanism instead of implementing it at the end-effector. In this way the
end-effector is held very compact which is particularly interesting for retinal
surgery where the instrument needs to be manoeuvred in a highly confined
space.

The surgeon can choose to co-operatively move the instrument
by gripping and manipulating the instrument directly (coma-
nipulation strategy) or to control the movements of the surgical
manipulator indirectly using a joystick (teleoperation strategy).
For this purpose, the surgical manipulator is actuated in all
its DOFs. When using the comanipulation strategy, virtual
damping is implemented in the surgical manipulator to filter
out the unintended hand vibrations. This damping also slows

down the intended movements facilitating a slow and precise
approach of the vein. When using the teleoperation strategy,
motion scaling is used to scale down the hand vibrations and
to slow down the intended hand movements. For this purpose
a 4 DOF haptic joystick was developed (see Fig. 5). The DOFs
of this joystick correspond to those shown on Fig. 3. Because
of the haptic property of the joystick, scaled force feedback
of the interaction forces between the instrument and the retina
is possible. In this way, the surgeon is able to feel forces
which are normally to small for humans to perceive. This
feature will be implemented in the near future using a force
sensor integrated in the surgical instrument. Currently, we are
testing both the comanipulation and the teleoperation system
to determine which technique is the most appropriate one for
robotic vitreoretinal surgery.

Fig. 5. The kinematical design of the joystick is such that its DOFs correspond
to those used during vitreoretinal surgery. The movements of the joystick
handle are mapped on the movements of the needle rather than on the
movements of the instrument handle. In this way motion inversion between
the movements of the surgeon and the instrument, which is typical for this
kind of surgery, is eliminated.
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Fig. 1 ROS and OROCOS system software components and architecture.  
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Abstract— In surgical robotics, workspace sharing between 
robots and humans asks for safety-oriented control of the 
physical interaction. In this paper, a ROS – OROCOS system 
architecture for collision avoidance is presented for safe human-
robot coexistence inside the operating room. A Microsoft Kinect 
sensor allows to track the user hand and to exploit the 
redundancy of the Kuka LWR4+ 7DoF manipulator moving the 
robot links far from a possible collision.  
Results show that the reaction time of the robot is about 80ms, 
when the user hand enters the collision risk region. A calibration 
between the Kinect and the robot workspace allows not to track 
the robot links with the Kinect sensor, reducing possible human-
robot tracking occlusions.  
 

Keywords—human-robot interaction; robotic surgery; 
redundancy; collision avoidance.  

I.  INTRODUCTION 
In neurosurgery, several procedures can be performed with 

the help of robotic assistance. The robotic support can act 
directly on the surgeon tasks or in tool holding or for teaching 
[1][2]. In all these scenarios, the surgeon and the robot share 
the same workspace and safe human-robot interaction 
strategies must be considered. Collision detection and collision 
avoidance are needed inside an operating room where robots 
and clinicians work close together. In literature, collision 
detection and collision avoidance strategies have already been 
analyzed. Proprioceptive robot sensors are used for collision 
detection [3]. When the impact occurs, torque sensors detect 
the real torque on each joint; if the difference between this 
torque and the commanded torque is bigger than a threshold, 
the robot stops its movement.  

In [4], the pose of the robot is computed in real time with a 
Kinect sensor. The pose of the operator’s hand and the entire 
structure of the robot are extracted using a depth space 
approach. A repulsive vector is computed when there is a risk 
of collision between the robot and the operator. For real-time 

computation of this repulsive vector, Reflexxes Motion 
Libraries [5] are used. Both hand position and robot position 
are extracted using a depth camera. This approach could lead to 
risky situations in case the operator body overlaps the robot 
structure, compromising robot and skeleton detection.  

The work here presented fits inside the Active EU project 
[6]. One of the purpose is to combine the ability of 
neurosurgeons with robotic instrument precision and 
repeatability and to exploit the 7th degree of freedom 
(redundancy) of a KUKA LWR4+ to improve robot 
maneuverability and avoid collision with operating room (OR) 
operators. If the robot is autonomously driven without any 
environmental information, it can accidentally hit the OR staff 
and/or the patient, leading to unsafe situations. Therefore, a 
high level controller to assure safe movements of the robot, 
avoiding any collision with the surgeon can be mandatory. 

We introduce a preliminary system for collision avoidance, 
based on ROS and OROCOS platforms [7][8], which exploits 
the kinematic redundancy [9][10] of the Kuka LWR4+ and a This work was partially funded by the ACTIVE FP7-ICT-2009-6-270460 

European Project. 



 
Fig. 2 Transformations involved in the calibration setup between the 
Kinect sensor and the LWR. T, A, B, X, Y are the transformations used 
during calibration procedure, {M} are the reference frames (RFs) of the 
markers,{R} are the RFs of the robot. 

 
Fig. 3 Collision avoidance algorithm parameters. The null space parameter 
[10] (NS param) is the angle spanned by the triangle plane built as the 
virtual connection of the shoulder, the elbow and wrist of the robot. ves is 
vector  from elbow to the shoulder,  vew is the vector from elbow to wrist, 
vt is the tangent vector to the circumference virtually spanned by the robot 
elbow, while keeping fixed the wrist pose. dhe is the distance vector 
between the user hand and the elbow. 

Microsoft Kinect sensor, calibrated inside the operational space 
of the robot. 

II. MATERIALS AND METHODS 
The complete system is composed of a Microsoft Kinect sensor 
(Microsoft Corp., Redmond, WA, USA) and a KUKA Light-
Weight-Robot 4+ (LWR) (Kuka Robotics, Augsburg, 
Germany). The system architecture is based on ROS and 
OROCOS platforms which communicate between them via 
ROS-transport (Fig. 1). OROCOS components are in charge of 
real-time communication with the LWR and of forward and 
inverse kinematic computation, while ROS modules are in 
charge of managing the information coming from the Kinect 
camera, using the OpenNI libraries [11] and the Point Cloud 
libraries [12]. We used the ROS openni_tracker 
component to gather the  3D Cartesian positions of the human 
body segments. In particular, the 3D position of an operator 
hand. 

A. Kinect-robot calibration 
As a first step, the calibration between the robot operational 
space and the Kinect camera space was performed. The goal 
of the calibration procedure was to compute the 
transformation (𝑻𝑘𝑅𝑏) from the Kinect reference frame (RF), 
{K}, to the robot base RF, {Rb} (Fig. 2). We glued paper 
colored (blue, green, red) 3 cm diameter circles on two rigid 
cardboards. Each cardboard was then attached onto the base 
and the end-effector (EE) of the robot. The three circles were 
used to build the two reference frames, {Mb} and {Mee} and to 
compute the homogeneous transformations 𝑻𝐾𝑀𝑏 and 𝑻𝐾𝑀𝑒𝑒 . 
With 𝑻𝐾𝑀𝑏 and 𝑻𝐾𝑀𝑒𝑒  known, we computed the A 
transformation between {Mb} and  {Mee} as: 

 𝐀 = 𝐓KMb
−1  ∙ 𝐓KMee (1) 

B is known via the forward kinematics while X and Y were 
determined using an hand-eye calibration procedure [13]. For 

the hand-eye procedure, the robot was moved in 14 different 
poses, exploring large part of the entire robot workspace. Once 
Y was known, it was possible to compute the calibration 
matrix between the robot base RF {RB} and Kinect RF{K} 
(𝑻𝑘𝑅𝑏) as: 

 𝐓kRb =  𝐓KMb ∙    𝐘  (2) 

B. Collision avoidance algorithm 
The collision avoidance strategy is aimed at exploiting the 
kinematic redundancy of the robot in order to keep the links of 
the robot far from the obstacle, while maintaining the same 
position of the EE. 
As an exemplary scenario, we considered the robot with a 
fixed pose of its EE on the body of a patient (during a surgery) 
and the surgeon moving his hand close to the robot. The final 
goal was to update the value of the null space parameter (NS 
param in Fig. 3) [10] according to a high level control law. 
The control law is based on the concept of “safe distance”. We 
defined a spherical region of surveillance with a radius, Dsafe = 
35 cm around the elbow of the robot (Fig. 3). As soon as the 
hand of the operator enters in the virtual safety sphere, it is 
identified as an obstacle and the robot changes its 
configuration. The control law algorithm is detailed in Fig. 4. 
As a first step, the cartesian pose of the elbow, 𝒙𝑒𝑙𝑏𝑜𝑤𝑅𝑏  , is 
given in {Rb}, via the Fast Research Interface (FRI) [14]. The 
hand position, 𝒙ℎ𝑎𝑛𝑑𝐾 , is acquired by the Kinect sensor with 
respect to {K} RF. Then, using the calibration matrix 𝑻𝐾𝑅𝑏 , the 
elbow position vector  𝒙𝑒𝑙𝑏𝑜𝑤𝑅𝑏 (Fig.1), is transformed into the 
{K} RF: 

 xelbowK =  TKRb ∙  xelbowRb   (3) 



 

Fig. 4 Collision avoidance scheme. 
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Thus, the distance dhe between the hand and the robot elbow is 
computed. If dhe is less than Dsafe the robot moves away 
changing its NS parameter, otherwise it keeps the current 
position. 
The current joint positions are the inputs for the forward 
kinematics component which computes the current NS 
parameter (NS current) and a tangent vector (vt) (Fig. 3). The 
latter is the vector constructed as the cross product between 
the elbow-shoulder vector (ves) and the elbow-wrist vector 
(vew) (Fig. 3): 

 𝐯t = 𝐯es × 𝐯ew   (4) 

vt is the tangent vector to the circle drawn by the movement of 
the elbow keeping the wrist and the shoulder fixed in position. 
vt and the current NS param are published as ROS topics to the 
component in charge of updating the NS param value (NS 
new). The NS param value is updated starting from the NS 
current, with the following update rule: 

 𝑁𝑆 𝑛𝑒𝑤 =  𝑁𝑆 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ∓  𝑘 �𝐷𝑠𝑎𝑓𝑒
𝑑ℎ𝑒

�   (5) 

with k being the proportional gain set to 0.05. The rule 
increases or descreases the NS current depending on the sign 
and the value of the cosine of the angle, θ, between dhe and vt 
(Fig. 3). 
We defined three regions for the possible cos(θ) values: 

     𝑐̅ <  𝑐𝑜𝑠(𝜃)  <  1            (Region 1),  
− 𝑐̅  <  𝑐𝑜𝑠(𝜃)  <  𝑐̅           (Region 2), 
  −1 <  𝑐𝑜𝑠(𝜃)  < − 𝑐̅        (Region 3).  

The complete NS param update rule is given by the following 
pseudo code: 
 

If (dhe,  < Dsafe) 
 If  (𝑐̅ <  𝑐𝑜𝑠(𝜃)  <  1) 
         𝑁𝑆 𝑛𝑒𝑤 =  𝑁𝑆 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 −  𝑘 �𝐷𝑠𝑎𝑓𝑒

𝑑ℎ𝑒
�; 

 If  (−1 <  𝑐𝑜𝑠(𝜃)  < − 𝑐̅ ) 

       𝑁𝑆 𝑛𝑒𝑤 =  𝑁𝑆 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 +  𝑘 �𝐷𝑠𝑎𝑓𝑒
𝑑ℎ𝑒

�; 
Else  
Continue previous task 

End 
 

Region 2 is needed in order to avoid instability, due to the 
continuous change of the NS param from a positive value to a 
negative value due to the noise on dhe. 
Once the new NS param is known, the ROS component 
publish the new value (NS new) to the OROCOS component 
in charge of the interpolation (NS interpolator), according to 
the update rate of the FRI component (500 Hz). Then, the 
inverse kinematics component computes the new joint 
positions. 

C. Experimental setup 
 

a) Kinect hand tracking error 
An operator freely moved both the hands in 3D space, 
handling a rigid cable of 50cm length at 1.2m distance from 
the Kinect sensors. Hand coordinates were acquired for 45s at 
30Hz. The distance (dH-H) between the two hands was 
computed, expecting dH-H  to be equal to the length of the 
cable. 
 
b) Kinect hand tracking error after calibration 
An operator freely moved one hand in 3D space handling the 
LWR EE in order to overlap the hand position origin, 𝒙ℎ𝑎𝑛𝑑𝐾 , 
with the {Ree} RF origin; For this task, the robot was set to 
gravity compensation modality [14]. Hand positions were 
recorded for 120s with respect to {K} RF, while the EE 
position, 𝒙𝐸𝐸

𝑅𝑏 , were acquired via forward kinematics and then 
transformed in the {K} RF via the calibration matrix  𝑇𝐾𝑅𝑏. 
Then, the error distance between the hand position 𝑥ℎ𝑎𝑛𝑑𝐾 , and 
the EE origin 𝑥𝑒𝑒𝐾  was computed in {K} operational space: 

c) Collision avoidance evaluation 
The entire system was tested asking the operator to freely 
approach the robot elbow with his hand. The robot was 
approached 5 times from the left side and 5 from the right 
side, inside the safety zone. The trials were repeated at seven 
different update frequencies of the ROS component (10, 20, 
30, 50, 100, 250, 500 Hz). The maximum allowed angular 
speed of the elbow was 1.4rad/s and the maximum Cartesian 
velocity was 0.2m/s, for safety reasons. We evaluated the time 
delay, Td, as the time interval which starts as soon as the 
distance dhe is smaller than Dsafe  and ends when the robot 
starts to move (i.e. when NS param starts to change, Fig. 5). 

I. RESULTS 
The Kinect hand tracking error showed accuracies which 
depends on hand velocities. The maximum median error was 
about 8 mm with interquartile range up to 8 cm.  
Hand tracking error after calibration showed a median error of 
about 22 cm (16 cm and 30 cm, 25th and 75th percentile 
respectively). 



 
Fig. 5 Example of collision avoidance trial. The hand-elbow distance dhe, 
the safe threshold Dsafe , the value of the NS param and the cos(θ) are 
shown . In A, there is a smooth change of the sign of the cos(θ) , when the 
user moved the hand on the other side of the robot. 

Td

A

 
Fig. 6 Time delay Td with respect to the ROS components update rate. 
Above 100Hz, the delay reaches a plateau of about 0.08s as median value.  

Fig. 5 shows the results of a collision avoidance trial. As soon 
as the distance dhe goes below Dsafe  the robot start to move, 
changing the NS param (after Td delay).  
The time delay Td (Fig. 6) quickly decreases with the ROS 
update rate, reaching a plateau below 0.1 ms at 100 Hz 
(80ms), without considerable improvement for higher 
frequencies.  

II. DISCUSSION AND CONCLUSION 
In this work, we showed a collision avoidance strategy able 

to change configuration of a Kuka LWR4+ robot, keeping 
fixed the pose of its EE. The calibration between the robot 
operational space and the Kinect sensor space allows not to 
track the robot skeleton with the Kinect sensor, avoid possible 
human – robot occlusions, since the robot link positions are 
always known from the robot kinematics. 
Results showed that the time delay, Td, between the detection 
of the possible collision and the actual motion of the robot 
links was below 0.1s for high update rates of the ROS 
modules. Given this time delay, it is possible to compute the 
minimum hand cartesian velocity to hit the robot as 
vh=Dsafe/Td = 3.5 m/s. We could not find references of speed of 
motions inside the OR, however, if this hand velocity can 
happen inside the OR, higher values of Dsafe should be 
considered, since lower value of Td. are not reachable in this 
architecture. Once the robot starts to move, the maximum 
speed of the user hand should be kept below the maximum 
allowed velocity of the elbow, se to 0.2 m/s. It should be noted 
that in the time delay, Td, we neglected the delay due to the 
Kinect sensor computation of the hand position. This delay 

will be further evaluated tracking both the hand and the robot 
with an accurate external optical localization system. The 
collision avoidance method is not affected by the high Kinect 
tracking error (about 20cm), unless a specific safety distance 
is chosen to be considerably higher than the tracking accuracy. 

The work is a preliminary study on the possibility to use 
such a system in the real OR, extending the algorithm to 
multi-body distance computation from all the joints of the 
robot. This will require increased computational costs that will 
be evaluated in further tests.  
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Abstract — After the initial exploitation of robotic assistance, 

computer assisted surgery in total knee replacement has 
proposed recently a number of surgical navigation systems and 
patient-specific instrumentations. These have contributed to 
achieve more accurate alignments than those obtained with 
conventional procedures. The present work wants to report on 
current intra- and post-operative measurements and analyses 
with these two technologies, aimed also at investigating the 
tracking of additional structures, as well as accuracy and efficacy 
of the surgical results. In a first study, a novel procedure to trace 
patello-femoral joint kinematics during navigated knee 
replacement is described, together with the initial very 
encouraging results in initial surgical case. From these 
measurements, an original procedure is proposed also to describe 
slackening and tightening of patellar tendon fibers. In a second, 
two patient-specific instrumentation procedures are evaluated by 
comparing the alignments planned preoperatively and achieved 
perioperatively, by using traditional and original techniques 
based on medical imaging. Both techniques demonstrated to be 
feasible, reliable, safe, and accurate enough for the purposes. 

Keywords — Human knee joint; patello-femoral joint; 
osteoarthritis - rheumatoid arthritis; joint replacement; knee 
prostheses; patient-specific instrumentation; surgical navigation; 
gait analysis; three-dimensional video-fluoroscopy 

I.  INTRODUCTION 

Computer assisted surgery has investigated a number of 
different technologies after the initial exploitation of robotic 
assistance [1]. This is particularly true in total knee 
replacement (TKR), likely because of the huge number of 
operations, suitable traditional operative techniques, and the 
interest of vendors and surgeons. Surgical navigation systems 
(SNS) has been largely utilized since the late nineties to track 
the tibio-femoral joint (TFJ) together with corresponding bone 
cutting guides, for the three-dimensional (3D) alignment of the 
knee prosthesis components to the bones and of the whole 
lower limb to be targeted and assessed carefully according to 
anatomical reference frames defined at the beginning of the 
operation [2,3]. More recently, a so-called patient-specific 
instrumentation (PSI) has been proposed, with the aim of 
positioning prosthetic components according to the patient 
lower-limb and single bone alignments [1]. Computer models 
of the distal femur and proximal tibia are defined from scan 
acquisitions using computer tomography (CT) or magnetic 

resonance imaging (MRI) [1]. Based on these models, pre-
surgical planning is then arranged by the TKR vendor and 
offered to the examination and adjustment of the surgeon via 
web-based interfaces. Corresponding patient- matched cutting 
guides are then manufactured and delivered to the hospital for 
guiding unequivocally bone resections during the operation. 
The final objective is to eliminate the standard huge 
instrumentation sets [1], which have to be taken sterilized in 
the operating theatre, for the surgeons to use simply the patient-
matched guides and the corresponding TKR implant. 

Both these computer-assisted technologies apparently have 
resulted in more accurate alignments than those after 
conventional implantation. However, surgical navigation still 
needs to exploit the tracking of the patella [4,5], known to be 
fundamental for the final patient outcome, much affected by a 
good restoration of the extensor apparatus (extensor muscles, 
patello-femoral joint – PFJ, patellar tendon). PSI has not 
demonstrated yet its final accuracy and efficacy in terms of 
restoration of physiological joint function [6]. The present 
work wants to contribute to these issues by reporting on current 
intra- and post-operative measurements and analyses in TKR 
patients operated with these technologies. 

II. Knee Extensor Mechanism: In-vivo measures 

A. PFJ tracking 

1) Rationale - TKR also alters normal PFJ kinematics 
within the extensor mechanism resulting frequently in PFJ 
disorders and TKR failure [4]. Patellar tracking in case of 
resurfacing is further affected by patellar bone preparation and 
relevant component positioning. The traditional technique 
used to perform patellar resurfacing, even using SNS, is based 
only on visual inspection of its articular aspect for clamping 
the cutting jig and on a simple caliper to check for the 
thickness before and after bone cut, and, thus, without any 
computer assistance [4]. Although the inclusion in in-vivo 
navigated TKR of a procedure for supporting also patellar 
resurfacing via patient-specific bone morphology seems 
fundamental, this have been completely disregarded so far [7]. 
A novel procedure for measuring the effects of every surgical 
action on PFJ kinematics during navigated TKR using an 
extension of current SNS will be reported together with 



relevant software and surgical instrumentation, and relevant 
results of the first applications in-vivo in patients.  

2) Materials and Methods – Sixteen  patients affected by 
primary gonarthrosis were implanted with a TKR prosthesis 
(10 and 6 patients, respectively, with NRG® and Triathlon®, 
Stryker®-Orthopaedics, Mahwah, NJ-USA) with patellar 
resurfacing. All TKR were performed by means of two SNS 
(Stryker®-Leibinger, Freiburg, Germany; 0.5°/0.5mm 
accuracy) with the standard femoral/tibial trackers, the pointer, 
and an original  specially-designed patellar tracker [7]. The 
novel procedure for patellar tracking was approved by the 
local ethical committee; the patients gave informed consent 
prior the surgery. This procedure implies the use of a second 
system, i.e. the patellar SNS (PSNS), with dedicated software 
for supporting patellar resurfacing and relative data 
processing/storing (Fig. 1), in addition to the traditional knee 
SNS (KSNS) [7]. TFJ anatomical survey and kinematics were 
assessed according reccomandations [4,7] and data are shared 
between the two. The procedures for standard navigation were 
performed to calculate preoperative joint deformities and TFJ 
kinematics. The anatomical survey was performed also with 
PSNS, with relevant patellar anatomical reference frame 
definition and PFJ kinematics assessment (Fig. 2). After 
standard procedures for femoral and tibial component 
implantation, the procedure for patellar resection was 
performed with the support of the PSNS to plan a most proper 
level and orientation of the patellar cut and location of the 
patellar component. For all this, TFJ and PFJ kinematics were 
assessed, and possible adjustments in component positioning 
performed, until both kinematics were satisfactory. 

Fig. 1. Operating theatre during navigated TKR with PFJ tracking. 

3) Findings - The novel procedure was performed 
successfully in all cases without complications, resulting in 
about 30 min longer than standard TKA. The final lower limb 
misalignment was within 0.5°, resurfaced patella was 0.4±1.2 
mm thinner than the native, and patellar cut was 0.4°±4.1° 
laterally tilted. Final PFJ kinematics after patellar resurfacing 
was taken the reference normality. This showed a mean range 
of flexion, tilt and medio-lateral shift of 66.9°±8.5° (mean of 
minimum ÷ maximum values, 15.6°÷82.5°), 8.0°±3.1° (-
5.3°÷2.8°), and 5.3±2.0 mm (-5.5÷0.2 mm), respectively. 
Significant correlations were found between the 
internal/external rotation of the implanted femoral component 
and the range of PFJ tilt (p=0.05; R2=0.41). The goodness of 

patellar implantation parameters were confirmed also by 
successive X-ray inspections. Discrepancies in thickness up to 
5 mm were observed between SNS- and calliper-based, i.e. not 
computer assisted, measurements. 

Fig. 2. Real-time PFJ rotations on the SNS monitor during surgery. 

B. Patellar Tendon tracking 

1) Rationale – The mobility and the stability of the human 
knee are controlled not only by a synergic interaction between 
TFJ and PFJ surfaces, but also between these and a number of 
important knee soft tissues [5]. Among these, the patellar 
tendon (PT) plays an important role in transmitting tensile 
forces within the extensor apparatus [5]. A thorough anatomy-
based mapping of PT attachments is essential for a reliable 
assessment of fibres location and deformation during knee 
motion, to understand its contribution to knee function, and to 
restore physiological knee kinematics after TKR. Past 
methodologies did not allow the acquisition of accurate, natural 
and continuous movements over a large flexion range in the 
assessment of PT biomechanics. The inaccessibility of 
important anatomical landmarks prevented 3D PT mapping, 
robust anatomical reference definitions, and, ultimately, the 
identification of reliable patterns for PT fibre deformations and 
orientations [5]. Among possible measuring devices, current 
SNS enable direct digitization of bony landmarks and surfaces 
[4] together with the relevant attachment areas for PT [5]. A 
novel procedure for thorough description of lengthening and 
orientation patterns via careful anatomy-based PT fibre 
mapping will be reported below together with relevant results 
of the first applications in-vivo in patients. 

2) Materials and Methods - Six patients affected by 
primary gonarthrosis were implanted with TKR prosthesis with 
patellar resurfacing using a Stryker®-Leibinger SNS. Similarly 
to what reported in the previous section, before TKR the 
standard trackers were pinned onto the femur and the tibia [4], 
and an additional novel tracker cluster was rigidly fixed onto 
patellar anterior aspect [7].  A pointer was used for system 
control and landmark digitization. Anatomical and articular 
definitions were according to recommendations [4]. Series of 3 
trials of manually driven knee flexion-extension cycles in a 0°-
140° arc were recorded with the intact and replaced knee. For 
PT fibre recruitment analysis, points on the proximal 
attachment on the patella were digitized together with distal 
attachment on the tibia. Point strips were also collected along 
the medial, central and lateral PT fibres. The centroids of the 
proximal/distal attachments and the strips extremities were 
assumed as fibre origins and insertions. Corresponding 
distances were calculated over flexion and reported as % of the 



corresponding maximum length at the intact knee (Lmax). 
Location of the most isometric fibres (ISO) was also 
investigated. Fibre orientation was calculated in tibial frontal 
and sagittal planes with respect to the proximo-distal axis, 
anterior and lateral inclination being positive. 

Pre TKR Post TKR 
  

At full ext. At full flex. At full ext. At full flex. 

Lat 78.1 ± 10.8 99.4 ± 0.4 89.0 ± 5.5 99.7 ± 2.7 

Med 78.7 ± 7.4 99.4 ± 0.2 91.5 ± 4.2 100.9 ± 3.8 
Elongation  

(%Lmax) 
Cent 78 ± 9.5 99.5 ± 0.2 90.3 ± 3.6 100.5 ± 2.8 

Lat -14.1 ± 17.8 -6.1 ± 6.8 -8.6 ± 6.3 -1.8 ± 4.3 

Med -7.5 ± 7.9 -2.0 ± 4.3 -3.0 ± 6.4 1.9 ± 6.2 
Frontal 

Inclination 
(°) 

Cent -10.7 ± 11.8 -4.0 ± 3.5 -5.6 ± 2.5 0.1 ± 3.2 

Lat 20.0 ± 9.3 -4.9 ± 6.3 20.5 ± 8.8 -2.2 ± 5.6 

Med 21.5 ± 5.7 -8.6 ± 7 17.7 ± 5.1 -7.1 ± 10.5 
Sagittal 

Inclination 
(°) 

Cent 20.9 ± 7 -6.8 ± 6.2 19.2 ± 6.6 -4.7 ± 7.9 

3) Findings - Repeatable patterns of TFJ, PFJ and PT 
kinematics were observed versus flexion within each knee, 
standard deviation over trials being smaller than 1.0 mm and 
1.0°, both at the intact and replaced knees. The corresponding 
values over specimens were larger due to the different status of 
the diseased knees, these being about 7 mm and 9°. At the 
natural knees, PT lengthening occurred with different extents 
mainly in the initial 30°-40° of flexion for all fibres. This was 
observed also after TKR, although at near full extension all 
fibres were about 15% tighter than by in the intact knee (see 
Table). Fibres in the intact knee inclined laterally and 
posteriorly of about 11° and 30°, respectively; after TKA, an 
extra lateral inclination of 4° was observed. ISO had no 
anatomical consistency. PT kinematics was always correlated 
to TFJ flexion. After TKR, frontal orientation was correlated to 
medio-lateral PFJ shift, but this was not observed at the intact 
knees, likely due to the eroded status of the native patella. 

III.  PATIENT-SPECIFIC INSTRUMENTATION (PSI) TESTS 

Recent improvements in the biomechanical understanding 
of mobility and stability of the knee joint, prosthetic design and 
surgical technique have contributed to the success of TKR [1]. 
There is still debate about the maximum admitted 
misalignment for the lower limb mechanical axis, although 
alignment errors larger than 3° would result in a more rapid 
implant wear and mobilization [6]. In the last decade, SNS has 
been exploited to improve prosthesis component positioning. 
Recent studies have revealed that these systems are able to 
reduce outliers in prosthetic component alignments and result 
in a better mechanical axis when compared to conventional 
instrumentations [6]. Nevertheless, the majority of surgeons 
continue to prefer the conventional technique because of the 
lack of long-term functional results. The most recent advance 
in TKR is Patient-Specific Instrumentation (PSI, Fig. 3), which 
claims to achieve better positioning of prosthetic components 
while avoiding complex instrumentation in the operating 
theatre [1]. These technologies offer original patient-matched 
cutting blocks that are expected to generate more accurate bone 

cuts and better alignments of the prosthesis components. 
Particularly, these cutting blocks are derived from lower-limb 
computer tomography (CT) or magnetic resonance imaging 
(MRI). Computer-aided design (CAD) models of the distal 
femur and proximal tibia are reconstructed from the image 
scanning techniques [1] (Fig. 4). Relevant cutting blocks are, 
then, designed and manufactured based on surgeon’s 
recommendations with only one fitting position on the patient 
native anatomy. To date, only a few studies have reported early 
relevant results, whereas the actual effectiveness has yet to be 
demonstrated [6]. 

Here below two different PSI systems for TKR are assessed 
and compared, particularly the accuracy with which of two 
procedures result in positions and alignments of the 
components consistent with the corresponding in the 
preoperative plan. For this purpose two evaluating techniques 
were used, and two studies were conducted accordingly: A. 
intra- and post-operative measures by using respectively SNS 
and measurements on radiographs, and B. post-operative bi-
planar video-fluoroscopy for final 3D poses. 

Fig. 3. MyKnee® (left) and VISIONAIRE® (right) PSI: fixation on bones. 

A. Intra- and post-operative accuracy assessment using SNS 
and radiographs 

1) Purpose - The aim of the first study is to assess and 
compare the accuracy of two different PSI systems for TKR 
both intra-operatively for bone preparation and post-
operatively for final component alignment, with the main 
hypothesis being that a good accuracy can be achieved by these 
two PSI systems in all three anatomical planes.  

2) Materials and Methods - Fifty patients affected by 
primary gonarthrosis were recruited for unilateral TKR using 
PSI systems and signed relevant informed consent. Two 
different patient groups consisting of twenty-five subjects each 
were created. Each group was associated to a different PSI 
system and TKA prosthesis design. Particularly, in Group A, 
these were MyKnee® and GMK®, both by Medacta®-
International, Castel S. Pietro, CH; in Group B, these were 
VISIONAIRE® and Journey®, both by Smith&Nephew®, 
London, UK (Fig. 3). PSI systems in Group A and Group B 
were derived from a CT-based and an MRI/X-Ray-based 
system technique, respectively (Fig. 4). At both the femur and 
the tibia, alignments on the three anatomical planes and 
resection thickness at the cutting blocks and at the resulting 
bone cuts were recorded intra-operatively by a SNS [3]. 
Corresponding alignments of the prosthetic components and 



mechanical axis were also measured post-operatively on 
radiographs [3]. All measurements were compared with those 
of the corresponding pre-operative planning. Discrepancies 
larger than 3° were considered as outliers. 

Fig. 4.  MyKnee® (left) and VISIONAIRE® (right) PSI: model creation. 

3) Findings - In both groups, the mean absolute differences 
between pre-operatively planned alignments and corresponding 
intra- and post-operatively measurements, ranged between 1.2° 
and 2.9° in all three anatomical planes. In both groups, both at 
the femur and the tibia, the plane with the smallest percentage 
of outliers was the coronal. The comparison between two 
groups was statistically significant (p<0.05) in the femoral 
sagittal plane, where group B showed smaller alignment 
discrepancies at the cutting blocks. Generally, both PSI 
systems showed good alignments in the coronal plane. Slight 
better performances were observed in the MRI-based system. 

B. Post-operative accuracy assessment using 3D video-
fluoroscopy 

1) Purpose - The aim of the second evaluating technique is 
to assess and compare the accuracy of the two different PSI 
systems described in the previous for TKR also post-
operatively for final component alignment using accurate 3D 
video-fluoroscopy. 

2) Materials and Methods – Patients groups are the same of 
the previous point. For each patient, starting from two quasi-
orthogonal fluoroscopic images, i.e. the coronal and the sagittal 
view of the replaced knee, and by a standard shape-matching 
technique in each of these images, the position and orientation 
of the femur and tibial two metal components and of the two 
prepared bones were estimated [8]. Component-to-bone 
relative positions and orientations were then obtained in 3D. 
Assuming the corresponding values at the preoperative plan 
equal to zero, small discrepancies were indication of highly 
accurate overall instrumentation. A repeatability test was 
performed to assess the reliability of this evaluation technique. 

3) Findings - The repeatability test revealed that the present 
technique was reliable enough. The range over all patients for 
the position and orientation discrepancies was from zero to 
respectively 5.9 mm, i.e. femoral component in proximal-distal 

direction, and 4.2°, i.e. the femoral component in flexion. The 
comparison revealed also larger (p<0.05) antero-posterior and 
medio-lateral positions at the tibia in group A than in B. 
Generally, good match in three-dimensional position and 
orientation was found between the final implantation and the 
corresponding preoperative plans, with mean discrepancies 
smaller than 3.1 mm and 1.9°, respectively. 

IV.  CONCLUDING REMARKS 

Surgical navigation systems and patient-specific 
instrumentations are augmenting the available technologies for 
advanced computer-assisted TRK [7]. In addition to fully 
controlled operations via surgical robots, hospitals and 
surgeons have now the options of navigated surgery via optical 
cameras and trackers, or of patient-specific cutting-blocks 
obtained from careful 3D computer based planning starting 
from medical imaging. All these three procedures can provide a 
valuable support to surgeons for achieving a successful TKR, 
with good fixation of the components, and mobility and 
stability at the replaced knee joint. These results however 
should be assessed at follow-ups, by means of the available 
gait analysis and 3D video-fluoroscopy [8]. The relevant 
evident advantages shall be opposed with costs of the 
instrumentation, time and arrangement of the procedures, and 
the learning curve. Definitely, the integration in these 
technologies of current biomechanical models for the knee 
joint, particularly those able to assess mobility and stability in 
terms of the mutual contribution of articulating surfaces and 
ligaments, can provide in the future further support for a best 
possible knee joint replacement. 
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Abstract—Surgical interfaces are used for the interpretation 

and quantification of the patient information, and for the 

presentation of an integrated workflow where all available data 

are combined to enable optimal treatments. Human factors 

research provides a systematic approach to design user interfaces 

with safety, accuracy, satisfaction and comfort. One of the human 

factors research called user-centered design approach is used to 

develop a surgical interface for pre-operative planning of 

cryoablation of a kidney tumor. Two experiments of a simulated 

cryoablation of a tumor task have been performed with surgeons 

to evaluate the proposed surgical interface using subjective 

(questionnaires) and objective (eye tracking) methods to obtain 

the best surgical interface configuration. 

Keywords—surgical interface; human factor analysis; user-

centered approach; eye tracking; mental workload; situation 

awareness 

I.  INTRODUCTION  

Minimally invasive surgical procedures have been 

evolved for reducing hospitalization time and surgical 

complexities. In a conventional minimally invasive surgery 

however, a surgeon operates on deeply located lesions 

without actually seeing or touching. Thus, an easy to use 

surgical interface (SI), which benefits maximally from the 

surgeons’ skills while providing all necessary information 

that can be perceived and processed by the surgeon during 

the intervention in the operation theatre, is needed. Surgical 

interfaces are designed to improve surgical treatments in all 

the stages of a clinical workflow, which ranges from 

preoperative diagnosis and planning of the surgical 

interventions up to postoperative evaluation. In this work, SI 

is used for the interpretation and quantification of the patient 

information, and for the presentation of an integrated 

workflow where all available data are combined to enable 

optimal treatments. Recently, several SIs that consist of 

functions for identification of liver segments and planning of 

liver surgery have been developed.  

CAScination is a well-known commercial system that 

integrates stereotactic technology in complex liver 

interventions and surgery [1].  A preoperative surgical 

simulator has been designed to allow surgeons to plan the 

surgical interventions for liver surgery in PAtient Specific 

Simulation and PreOperative Realistic Training 

(PASSPORT) project [2]. LiverAnalyzer™ (MeVis Medical 

Solutions AG, Germany) and Synapse Vincent™ 

(FUJIFILM Co., Japan) surgical interfaces have functions 

that can segment the liver, vessels, biliary system, and 

tumors, volumetry of the remnant and/or graft, evaluate 

vascular territories, and plan the surgery. Note that not only 

inclusion of functions for liver surgery, but also 

incorporating these functions systematically into interface 

design by considering the surgeon’s requirements is an 

essential issue. Thus, recently, a user-centered virtual liver 

surgery planning system for liver surgery called Dr. Liver, 

has been developed, that considers human factors research, 

usability and time efficiency issues [3].  

Human factors research describes how much and what 

kind of information a person can use effectively, and how 

information should be organized and presented to make it 

usable [4]. Human factors research has previously been used 

to provide design solutions for the disciplines of medicine, 

psychology and ergonomics in which human-machine 

interactions affect performance and usability [5]. The human 

factors research focus on the physical and sensory 

characteristics through displayed symbols, audibility and 

perceptual and cognitive abilities (human perception, 

sustained attention) through arrangement of displays, alarms, 

information presentation, information processing during the 

design of interfaces. Therefore, the human factors activities 

should be incorporated into surgical interface during the 

design process from an early stage. Various traditional, 

sociotechnological systems, user-centered design, computer-

supported design and ecological interface design approaches 

in human factors research have been developed to design 

interfaces [5]. In this work, we use user-centered design 

(UCD) approach to develop a surgical interface for pre-

operative planning of cryoablation of a kidney tumor.  

SI has been developed considering the four phases of 

user-centered design approach, which are analysis, design, 

implementation and deployment. Possible configurations of 

the SI, which comprise various combinations of menu-based 

command controls, visual display of multi-modal medical 
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images, 2D and 3D models of the surgical environment, 

graphical or tabulated information, visual alerts, etc., has 

been developed. We conduct two experiments of a simulated 

cryoablation of a tumor task with surgeons to evaluate the 

proposed SI. Surgeons are asked to find the tumor on the left 

kidney (target point) that is displayed on SI, and to determine 

a suitable entry point to start the ablation. Subjective 

(questionnaires) and objective (eye tracking) methods have 

been used to obtain the best surgical interface configuration. 

II. MATERIALS AND METHODS 

In this section, initially development of SI considering the 

UCD approach has been given. Then experimental set-up, 

procedure, participants, and data collection and analysis 

details are provided.  

A. Development of SI Using User-Centered Design (UCD) 

Approach 

UCD approach consists of four main phases, i) analysis -  

determine SI modules and define the important usability and 

functionality factors, ii) design – begin to develop SI 

prototypes, iii) implementation – construct a heuristic 

evaluation, whereby usability experts work together with the 

SI developers and surgeons to analyze the various dimensions 

of the prototype SIs, and previously-used products with 

similar functionality of SI, and iv) deployment – use surveys 

or other evaluation techniques to get surgeons’ feedback 

about SI for modifications (Fig. 1).   

 

Fig. 1. User-Centered Approach during Design of SI 

SI modules that satisfy the surgeons’ need and important 

usability and functionality factors to design SI modules have 

been determined in the analysis phase of the UCD approach. 

SI consists of Medical Image Module, 3D View Module, 

Phantom Model Module, Robot CAD Model Module, 

Visualization Module, Entry-Target Selection Module, Run-

Time (Real-Time) Module, and Needle Force Tracking 

Module. The response time, ease of use, and efficiency have 

found to be the most important factors among the usability and 

functionality factors [6]. Thus SI modules are designed 

considering these usability and functionality factors.  

Medical Image Module, 3D View Module, Phantom 

Model Module, Robot CAD Model Module, Visualization 

Module, Entry-Target Selection Module, Run-Time (Real-

Time) Module, and Needle Force Tracking Module have been 

developed in the design phase of UCD approach (Fig. 2).  

 
Fig. 2. Surgical Interface Modules 

SI modules, menu and screen layout are reviewed with the 

surgeons, and experts in the implementation phase of the UCD 

approach.  The button size, color, font size and information 

that are displayed on SI, which form the infrastructure of SI 

modules, have been decided considering the response time, 

ease of use, and efficiency factors. SI has been developed 

using Microsoft Visual Studio 2010 Development 

Environment to improve response time and efficiency. The 

visualization toolkit (VTK), which is an open source and 

freely available software, is used for 3D image processing and 

visualization to increase ease of use and efficiency.  

Subjective and objective methods are used to evaluate the 

developed SI in deployment phase of UCD approach. An eye 

tracking system, which provides quantitative data, can help to 

understand visual and display-based information processing, 

and the factors that may impact upon the usability of 

interfaces. It could be possible to trace the surgeons’ attention 

and automate assessments for example, based on “how much 

certain areas of an interface have been watched by the 

surgeons”, with an eye tracking system.  It is possible to learn 

where surgeons target on SI using eye tracking system, which 

will help us to remove the unnecessary information on SI, and 

obtain the optimum SI configuration.  

B. Experimental Set-Up 

Participants are seated on a non-adjustable chair while 

viewing a 22” LCD monitor set at 1680 x 1050 resolution 

from a distance of 70 cm (Fig. 3). Thus, the screen covered 

approximately 37.5° of the visual field horizontally. 

Participants are seated in front of a remote eye tracker and the 



computer screen with their head resting on the chin-rest to 

ensure the accuracy of the data recording. The remote eye 

tracker Sensomotoric Instruments (SMI) 500 have been used 

to sample the participants’ eye gaze at 500 Hz. SMI’s control 

and analysis software BeGaze has been used to extract the 

fixation counts and fixation time.  

 
Fig. 3. Surgeon Performing Experiments on SMI 500 Eye Tracking System 

C. Procedure 

Participants are asked to find the tumor on the left kidney 

(target point), that has been displayed on SI, and to determine 

a suitable entry point to start the ablation. The eye position 

and pupil size of the participants have been saved to a log file 

with the eye tracker device during the task execution. Two 

experiments have been conducted.  In the first experiment, the 

aim is to evaluate the SI to determine the necessary 

modifications on it. Participants are required to perform the 

cryoablation task with the developed SI. In the second 

experiment, the SI has been modified in terms of visual 

display, button size, color etc considering the first experiment 

results. Participants are required to perform the cryoablation 

task with the modified SI. The visual information acquisition 

and time to complete the task have been used to evaluate the 

configuration of SI in two experiments.   

D. Participants 

3 surgeons (all male) (Participant A (PA), Participant B 

(PB) and Participant C (PC)) from Urology Department of 

Faculty of Medicine, Istanbul University have attended the 

first experiment. 3 radiologists (two female and one male) 

(Participant D (PD), Participant E (PE) and Participant F (PF)) 

from Radiology Department of Faculty of Medicine, Istanbul 

University have attended the second experiment. All the 

participants are right-handed, and have normal vision. All 

urologists have experience with laparoscopic surgery, and 

radiologists have experience in kidney biopsy process.  

E. Data Collection and Analysis 

 We have used eye tracking data to decide whether all or 

some of the information displayed on the SI has been relevant 

for the participants performing the cryoablation task. The 

Behavioral and Gaze Analysis (SMI BeGaze™) analysis 

software has been used to visualize, extract and analyze the 

eye tracking parameters [7]. Areas of interest (AOI) on the SI 

have been defined before the task execution started. Dwell 

time, fixation counts and average fixation duration concerning 

each AOI have been measured. The dynamic attention maps 

summarize the information about the most time-spent areas of 

the SI. Additionally, the fixation patterns and statistical 

parameters have been visualized by altering the color of the 

grid of AOIs (Gridded AOI) overlaid on the SI screen 

considering the amount of fixations. It is possible to compare 

the varying stimuli such as CTs, cursor movement through 

various slices independent of its content using Gridded AOI. 

Fixation counts and durations have also been used to quantify 

aspects of gaze behavior that reflect efficient use of the SI. We 

have also used subjective evaluation techniques, National 

Aeronautics and Space Administration Task Load Index 

(NASA-TLX) to measure the mental workload, and Short 

Post-Assessment Situational Awareness (SPASA) to measure 

situation awareness (SA) of the surgeons during the use of SI.  

III. RESULTS 

The participant specific fixation counts and the results of 

the statistical analysis were presented in Fig. 4. The circles 

showed the amount of fixations in each CT image AOI 

separately for each participant. The gray dashed line showed 

the uniform distribution. The green dots represented the 

fixation counts, which are significantly (p < 10
-3

) larger than 

what would be expected by chance. For each significant data-

point, the black error bars provided 95% bootstrap confidence 

intervals (CIs) of the null-hypothesis distribution of maximum 

fixations in a AOI. Thus, the green dots would be expected to 

fall into these intervals, if all AOIs had received similar 

amount of fixations. The CI images shifted along the y-axis 

since the number of fixations was different for each CI image 

computation. The data clearly showed that participants focus 

on 2 or 3 AOIs, and neglected the rest. Importantly, 

participants' selected AOIs differed to some degree. Three of 

the images used by PA were in the upper row, the only 

looked-at CT image in the bottom-row receiving 7 fixations 

only. Both PB and PC spent time looking at two CT images 

shown in the lower row; but the favorite CT image of PB was 

yet another CT image in the lower part. These results 

conclusively showed that the presentation of 8 CT images was 

redundant for the participants. As a result of the first 

experiment, SI has been revised and the number of CT images 

displayed for entry and target point selection for kidney 

cryoablation was reduced to two. 

 
Fig. 4. Participant Specific Fixation Counts for First Experiment 

When SI had been revised, time required to complete the 

task by the participants had been decreased (Table I). In the 

first experiments, the three participants (PA, PB, and PC) had 



completed the task in 100, 72, and 159 seconds, respectively. 

When the SI had been modified, the participants (PD, PE, PF) 

needed only 62, 38 and 32 seconds, respectively, to complete 

the task.   

TABLE I.  TOTAL TIME EACH PARTICIPANT SPENT DURING TASK 

EXECUTION 

 
Total Time (s) 

Relative time on 

CT images (%) 

Median Fixation 

Duration (ms) 

PA 100 61 168 

PB 72 55 172.5 

PC 159 59 169 

PD 62 28 144 

PE 38 73 262 

PF 32 79 302 

The amount and duration of fixations on displayed CT 

images displayed had shown differences between the first and 

second experiments. In the first experiment, the participants 

had spent 61%, 55%, and 59% of their total viewing time 

fixating the CT images. The fixations of two participants 

covered 73% (PE) and 79% (PF) of viewing time, indicating a 

relative increase in visual information acquisition after SI had 

been modified. Surprisingly, this statistic was a modest 28% 

for the PD because PD had used the sliders for changing the 

zoom level and the contrast of CT images frequently. A closer 

inspection of the fixation properties revealed that whereas PD 

made frequent use of both axial and coronal CT images (63 

and 28 fixations, respectively), the other two participants (PE 

and PF) rarely visited the coronal CT images (one and four 

fixations on the coronal image respectively). Moreover, for PE 

and PF of the second experiment, the fixation durations were 

relatively longer, which suggested, that they received more 

continuous information upon the initiation of a fixation. 

Permutation tests revealed that the fixation durations of PE 

and PF were longer than the durations observed for the 

participants of the first experiment (ps < 0.05). The fixation 

durations of the PD were not significantly different than the 

fixation durations measured during the first experiment (all ps 

> 0.2). Thus, the decrease in the number of CT images 

presented on the SI led to shorter task execution times, and for 

two of the three subjects (PE and PF), the fixation data 

suggested that they benefited only from the axial CT image 

with relatively long lasting fixations.  

Overall mental workload and situation awareness of 

participants had been evaluated when second experiment was 

completed. The overall workload was 3, 3.93 and 3 for PD, PE 

and PF, respectively. Overall mental workload of surgeons 

related with SI was low as it was aimed. Furthermore, overall 

SA scores of surgeons were 3.89, 3.7 and 3.78 for PD, PE and 

PF, respectively, which were considerably high.  

IV. DISCUSSION AND CONCLUSIONS 

This preliminary study highlights design of a SI for pre-

operative planning of cryoablation of a kidney tumor using a 

user-centered approach (UCD), and evaluation of SI using 

subjective (questionnaires) and objective (eye tracking) 

methods to obtain the optimum SI configuration.  

Possible configurations of the SI, which comprise 

various combinations of menu-based command controls, 

visual display of multi-modal medical images, 2D and 3D 

models of the surgical environment, graphical or tabulated 

information, visual alerts, etc., have been developed.  

An eye tracking technology has been used to find an 

optimum SI configuration. Two experiments of a simulated 

cryoablation of a kidney tumor task with surgeons have been 

conducted to evaluate the proposed SI. Sequence, entry time, 

dwell time, revisits, average fixation, first fixation and fixation 

count parameters have been extracted from recorded eye 

movements through SMI BeGaze for scientific and statistical 

analysis. Specifically, by analyzing the distribution of fixation 

locations, we have revealed that the presence of 8 CT images 

in the first version of the SI has been redundant for the 

surgeon. The task execution time for the same task has 

decreased, and the participants have spent their time mostly on 

the AOI when the number for CT images on SI has been 

reduced. Furthermore, overall mental workload of surgeons 

related with SI has been found low, and situation awareness 

scores have found to be considerably high. 

In the future, we plan to continue revision of the developed 

SI, include the real-time cryoablation protocol (intra-operative 

planning), and plan to collect eye tracking data in more 

difficult surgery-like tasks such as cryoneedle control.  

ACKNOWLEDGMENT 

We gratefully acknowledge the help of Prof. Fethi Calisir, 

who is in the Industrial Engineering Department of Istanbul 

Technical University, during the design, implementation and 

analysis of the questionnaires to investigate the importance of 

usability and functionality factors and to determine the mental 

workload and situation awareness. We acknowledge the help 

of Gokcer Eskikurt during data collection from the eye 

tracking system and analysis of the collected data.  

REFERENCES 

[1] M. Peterhans, A. Vom Berg, B. Dagon, D. Inderbitzin, C. Baur, D. 
Candinas, S. Weber, “A navigation system for open liver surgery: 
design, workflow and first clinical applications”, The Inter. J. of Medical 
Robotics and Computer Assisted Surgery, vol. 7, pp. 7-16, 2011. 

[2] J. B. Fasquel, J. Waechter, S. Nicolau, V. Agnus, L. Soler, J.A. 
Marescaux, “XML based component oriented architecture for image 
guided surgery: illustration for the video based tracking of a surgical 
tool”, In Proc. of the 11th Inter. Conf. on Medical Image Computing and 
Computer Assisted Intervention: September 2008; New York. 

[3] X. Yang, W. Lee, Y. Choi, H. You, “Development of A User-Centered 
Virtual Liver Surgery Planning System”, In Proc. of the Human Factors 
and Ergonomics Society Annual Meeting,  56, pp. 1772-776, 2012. 

[4] R. L. Klatzky, N. Kober, A. Mavor, “Safe, comfortable, attractive, and 
easy to use: improving the usability of home medical devices”, 
Committee on Human Factors National Research Council (U.S.). 
Academic Press 1996, Washington, D.C.  

[5] Handbook of human factors and ergonomics: Edited by Salvendy G: 
Wiley; 2006. 

[6] D. Erol Barkana M. Ozkan., F. Calisir, D. Goksel Duru, A. D. Duru, 
“Development of a Surgical Interface for Cryoablation of Kidney 
Tumors”, In Proc. of International Work-Conference on Bioinformatics 
and Biomedical Engineering: pp. 601-611, 2013.  

[7] Experiment Center BeGaze Manual V3.0: Manual. SensoMotoric 
Instruments GmbH; June 2011.  

http://pro.sagepub.com/search?author1=Wonsup+Lee&sortspec=date&submit=Submit
http://pro.sagepub.com/search?author1=Younggeun+Choi&sortspec=date&submit=Submit
http://pro.sagepub.com/search?author1=Heecheon+You&sortspec=date&submit=Submit


Usability and Performance: Comparative Evaluation
of Surgeon Interfaces in Laser Phonomicrosurgery

Giacinto Barresi1, Nikhil Deshpande1, Leonardo S. Mattos1,
Luca Guastini2, Giorgio Peretti2, and Darwin G. Caldwell1

1Department of Advanced Robotics, Istituto Italiano di Tecnologia, Genova, Italy
2Department of Otorhinolaryngology, Università degli Studi di Genova, Italy

Email: {giacinto.barresi, nikhil.deshpande, leonardo.demattos, darwin.caldwell}@iit.it,
luca@guastini.eu, g.peretti@tin.it

Index Terms—Surgeon performance, ergonomic evaluation,
unified rating, usability, SUS.

I. INTRODUCTION

State-of-the-art Laser Phonomicrosurgery (LP) is a set of
complex otolaryngological surgical techniques used in the
treatment of laryngeal abnormalities, including cysts and tu-
mors. The complexity of this surgical procedure influences its
own outcome because of its peculiar issues: (i) the surgical
site access can be difficult, (ii) the setting can cause surgeon
discomfort, (iii) the outcome quality is totally dependent on the
skills of the surgeon and is prone to errors, (iv) the operation
methods require extensive training, and (v) the equipment
characteristics themselves affect all the previous aspects [8].
The importance of the role of robot-assisted surgical systems
is increasing in the operating room [7]. They provide sig-
nificant advantages in effectiveness, efficiency and safety of
surgery through, for instance, increased task precision, reduced
tremor in gestures, and timely execution of repetitive tasks.
Nevertheless, such recent advances still require an ergonomic
approach for a user-centered design and evaluation of surgeon-
machine interfaces [12]. The cognitive limits of human beings
can become critical factors in excessive mental workload (the
amount of cognitive resources used to accomplish a task) [10]
and in human error [11]. Thus, human factor-oriented approach
is required in user interface design and evaluation to increase
both safety (for the surgeon and the patient) and performance
of the system. It permits the analysis of the issues of user inter-
face design in terms of human-machine interaction constructs
like usability (a complex set of behavioural concepts, like
execution time, user satisfaction and ease of learning, [1]) and
the objective performance of the user (according to quantitative
data automated collection, [4]). Such constructs are considered
in this paper for the comparison of 2 user interfaces for LP, in
the context of the European project - µRALP. At the Istituto
Italiano di Tecnologia (IIT), this research has already resulted
in new and improved computer-assisted LP systems. Mattos
et al. [8] presented a novel surgeon interface, the Virtual
Scalpel system, which replaces the traditional manual micro-
manipulator interface [6] with a motorized micromanipulator,

controlled through a graphics stylus and a touch-screen tablet
with live video of the surgical area. The immediate advantage
offered by the new interface is that both the aiming and the
activation of the laser are controlled by the graphics stylus.
The analysis of this novel solution indicated that this system
offers greater precision along with better ergonomics over
the traditional laser micromanipulator [3], [8], [9]. Through a
series of field trials involving a sample of potential users, the
new Virtual Scalpel laser control interface [8] was compared
with the AcuBlade [6], the traditional, state-of-the-art laser
control interface with the manual micromanipulator for LP.
This study defines the perceived usability of each interface
and the performance of the users in surgery-like tasks. The
subjective evaluation of the usability of the interface has
been measured by means of questionnaires, and the objective
evaluation of the performance of the interface by means of an
imaging-based feature extraction method [4].

II. EVALUATION METHODOLOGY

The experiments were designed to evaluate the effects on
usability perception and user performance in two conditions
of laser control in LP: (i) the AcuBlade condition (traditional
user interface, consisting of microscope for visualization, a
micromanipulator for laser aiming, a foot-pedal for surgi-
cal laser activation), and (ii) the Virtual Scalpel condition
(novel user interface, consisting of a touch-screen laptop for
visualization, and a stylus pen for both laser-aiming and
activation). The trials were performed at the San Martino
Hospital (Genova, Italy), involving a sample of potential end
users of the surgical devices. The dependent variables were the
scores of the System Usability Scale questionnaire (SUS) [2]
and the objective values of performance which were processed
through the imaging based metrics algorithm developed in
Deshpande et al. [4].

Two dedicated rooms in the otolaryngology division were
used for the trials, with complete control of the environmental
and social context in order to avoid any disturbance and any
effect of latent variables. The bigger room was used for the
trials, and it contained a condition-specific chair for the subject
(surgical intervention chair for the AcuBlade condition; an



office chair for the Virtual Scalpel condition), a table to support
the experiment materials (plaster targets in both conditions,
touch-screen laptop in Virtual Scalpel condition), the laser
system column, the video column, a camera for video data
recording (its orientation permitting the capture of relevant
data on the subject’s movements and posture). The smaller
room consisted of a table and a chair, and it was used to
collect the informed consent form and the questionnaires from
the subjects.

24 medical students (undergraduate and graduate) with
surgery training and experience as assistants in operation room
were chosen as subjects for the trials. The subjects were
divided into two groups, one per condition, AcuBlade group
vs. Virtual Scalpel group, and each subject performed the trials
in only one condition. The groups were composed in order to
balance the study level (undergraduate and graduate) and the
gender of the subjects.

The experimental task consisted of sets of trajectory follow-
ing exercises wherein the subject performed maneuvers with
the laser to follow preset random black traces on red plaster
blocks. The traces were shaped as straight lines, C-curves,
and S-curves, representative of real surgical actions. They
were stamped on small plaster blocks, with each target block
having 12 shapes, featuring one of five different randomized
sequences of shapes and shape orientations. The subjects
performed the trials in two sessions of two plaster blocks each,
with a break of 10 minutes between the two, at least.

Before each experimental session, demographic and subject
background data were collected by means of a information
form. After the trials, the subject filled out an Italian version
of the SUS questionnaire in order to collect information about
his/her perception of the tool’s usability. A question regarding
the subjective evaluation of the time spent performing the tasks
was also included.

The metrics introduced in [4] permitted to assess the quanti-
tative performance of the subjects. Here, the metrics obtained
from the image processing of the trials provided a quantitative
basis for the assessment of the two conditions, comparing the
trial times and the data of the laser-traced shapes against that
of the desired shape along different dimensions (e.g. area,
perimeter, orientation).

III. DATA ANALYSIS AND DISCUSSION

A t-test analysis was used in order to find the differ-
ences between the scores of the two groups from the SUS
questionnaire and from the objective performance scores [4].
These analyses verify whether the users perceive a statistically
significant difference in the level of usability for each interface
(AcuBlade vs Virtual Scalpel) and if there is a statistically
significant difference of quantitative performance between the
two conditions.

The t-test analysis demonstrated the different level of usabil-
ity of each interface, with a significant difference: the global
score of subjective usability of Virtual Scalpel is higher than
the score for Acublade. Further explorative analysis highlights
the differences on 5 specific sub-scales of the SUS between

the two interfaces. The users of the Virtual Scalpel system
feel more confident than the users of AcuBlade during the
tasks. The Virtual Scalpel interface is easier to use and easier
to learn than the AcuBlade interface. The users of Virtual
Scalpel would require to learn less processes than the users of
AcuBlade as well. The sub-scale analysis clearly points to the
ease-of-use and comfort of the Virtual Scalpel interface, over
the AcuBlade interface.

In the objective performance assessment, the unified rating
is used, a weighted sum of the individual metrics. This takes
into account the natural performance variation in any human-
operated equipment. Each individual laser-traced shaped con-
tributes to the performance assessment analysis. Using equal
weighting for each metric, the ideal value for the unified rating
in this case is 60.

The two conditions again show a statistically significant
difference on the unified rating for quantitative performance.
The Virtual Scalpel condition permits a significantly better
performance than the AcuBlade condition. Three individual
metrics show a significant difference in performance between
the two conditions: Perimeter Ratio (under the Virtual Scalpel
condition, the laser-traced shapes conform to the length and
thickness of the desired shapes, significantly better than in the
AcuBlade condition), Orientation Measure (under the Virtual
Scalpel condition, the laser-traced shapes are better aligned
with the desired shapes than in the AcuBlade condition),
Path Following Error (the Virtual Scalpel condition permits
easier trajectory following with the laser than the AcuBlade
condition).

The comparisons of SUS scores and of unified ratings
between the two conditions is represented in Table I.

A t-test was also performed to understand the existence
of significant differences between the perceived and actual
times for trial completion effect in the two conditions. This
result allows to infer the level of mental workload required
in each condition [5]. The actual time spent in trials for

Figure 1. Experimental setup, video snapshot from a trial, and details of the
precision targets stamped on a plaster block.



Table I
COMPARISON OF AVERAGE VALUES OF THE METRICS AND UNIFIED

RATING SCORES

AcuBlade Virtual Scalpel

condition condition

Means Means t p

SUS Global Score 65.56 83.06 4.83 0.009
Unified Rating 51.37 55.96 4.26 4e-4

The SUS Global scores (subjective assessment of usability) and the Unified
Rating (objective assessment of performance) for the two conditions.
‘100’ and ‘60’ are the respective maximum values.

Virtual Scalpel is significantly greater than the actual time
in AcuBlade, while the estimated time taken for the trials
with it is significantly lesser. Therefore, the Virtual Scalpel
condition seems to induce less mental workload than the
AcuBlade condition. This is advantageous for the acceptance
and usability of the Virtual Scalpel condition since it is
perceived as a low mental workload interface.

IV. CONCLUSIONS AND FUTURE WORK

In this paper, an integrative ergonomic evaluation of surgeon
interfaces in LP was used to compare subjective usability and
objective performance of a traditional system (AcuBlade) and
a novel system (Virtual Scalpel). The results from the trials
can be summarized as follows. (i) The usability of the Virtual
Scalpel interface is demonstrated through the global usability
value and the 5 different sub-scales of the SUS scale (e.g. the
system is “easy to use” and “easy to learn”). (ii) The objective
evaluation points to the clear advantage of the Virtual Scalpel
interface over the AcuBlade interface. (iii) Both the interfaces
show the same actual time for task performance, but the Virtual
Scalpel interface is perceived to take significantly less time
than the AcuBlade interface, implying that the Virtual Scalpel
interface requires a much lower mental workload on part of the
user. The t-test analysis showed the significant superiority of
Virtual Scalpel in terms of the efficiency and safety aspects of
its performance. (iv) Summing up, the subjective and objective
evaluations classify the Virtual Scalpel interface as having
superior usability and performance capability as a surgeon
interface for more effective, efficient and safer laser micro-
surgeries. In the extension of this research, further studies

are planned to better understand the relationships between
subjective usability and objective performance in this specific
interactive context.
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Abstract—This paper introduces a low-cost simulation 

technique for soft tissue stiffness and hard inclusions. Although 

without expensive haptic interfaces users receive only visual 

feedback (pseudo-haptics) when maneuvering an indenter avatar 

over the surface of a virtual soft tissue by means of an input 

device – a pressure-sensitive touchpad or tablet, the alterations to 

the indenter avatar behavior induced by the method creates the 

experience of actual interaction with a hard inclusion in the 

user’s mind. The proposed method is experimentally evaluated 

for hard inclusions identification. It proves that this pseudo-

haptic feedback method can be used to express haptic 

information in palpation. 

Keywords—haptic feedback; palpation; pseudo-haptic 

feedback; tumor identification 

I.  INTRODUCTION  

Tissue stiffness distribution within an organ can be 
perceived through the application of appropriate forces to an 
organ and the observation of the resulting indentation. 
Simulating the function of haptic sensations resulting from 
palpations is beneficial for tissue abnormality identification in 
medical training. 3D haptic devices are commonly used for 
palpation simulation [1]. One drawback for those devices is 
that the costs are relatively high. Pseudo-haptic feedback 
creates an illusion of haptic feedback by visual display [2]. 
Haptic devices are not needed when pseudo-haptic feedback is 
applied. In our previous work, the pseudo-haptic feedback 
technique is applied to simulate soft tissue stiffness using a 
computer mouse [3]. Lateral reacting force of sliding behavior 
and normal reacting force of indenting behavior are simulated 
separately. In this paper, a pressure-sensitive touchpad is used 
as a motion input device that lateral force and normal force are 
simulated simultaneously. 

II. METHODOLOGY 

The relationship between the input device movement and 
the movement of the slave indenter avatar is introduced. The 
avatar display ratio is the relationship between the indenter 
avatar displacement distance (d) and the input device 
displacement distance (D) (R=d/D). Therefore, the movement 
speed of the indenter avatar can be reduced by changing the 
avatar display ratio when it is approaching a hard inclusion. 
The user can experience a corresponding resistance when the 
speed of indenter avatar is slower. If the user moves the input 

device towards a relative hard area on a certain distance (D), 
the indenter avatar display ratio will be modified to be smaller 
than the original ratio (Rm<Ro, Rm is the modified ratio and Ro 
is the original ratio), thus the modified avatar displacement 
distance dm will be smaller than the original indenter avatar 
displacement distance do (dm=Rm·D, do=Ro·D), and a resistance 
to motion will be experienced compared with when the original 
indenter avatar display ratio is applied. Thus, virtual forces 
(VF) are perceived through visual perception along the 
movement direction. Rather than applied to the user’s finger, 
virtual forces are directly exerted on the indenter avatar. In 
order to achieve position correspondence, the indenter avatar 
will move faster when moving away from the hard area until 
the position correspondence is reached. The frame diagram of 
the pseudo-haptic soft tissue stiffness simulation using a 
pressure-sensitive touchpad motion input device is shown in 
Fig. 1.  

 

Fig. 1. The block scheme of the pseudo-haptic soft tissue stiffness 

simulation using a pressure-sensitive touchpad motion input device. 

In this pseudo-haptic soft tissue stiffness simulation, 
deformation of the virtual soft tissue during indentation is 
displayed in real time using a geometrical deformable soft 
tissue model, which was established based on predefined finite 
element modeling considering the influence of the indenter 
diameter. The detail of this model is presented in [4]. If a node 
of the mesh is pressed by the indenter, the normal vertex of this 
node is redefined according to the depth of the indenter. At the 
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same time, the normal vertices of other nodes nearby on the 
mesh are affected by the indentation and are adapted according 
to the geometrical model to display the tissue displacement. If 
the indentation depth increases, the number of the affected 
nodes increases.  

The stiffness distributions used in the simulation came from 
two soft silicone blocks with hard nodules embedded. The 
stiffness distribution of the two silicone blocks were obtained 
using a force-sensitive rolling probe, which can be attached to a 
rigid tool to scan the surface of a soft tissue to obtain its force 
distribution by concurrently measuring the tool-soft tissue 
interaction dynamics as it rolls over the surface of the soft 
tissue. The force distribution matrix can show the stiffness 
distribution of the soft tissue at a given indentation depth [5]. If 
the indentation depth is zero, the coordinates recorded would 
be the contour of the soft tissue. The stiffness distribution used 
in the pseudo-haptic soft tissue stiffness simulation comes from 
a silicone block. This silicone block was 120×120×25 mm

3
 

with three spherical nodules embedded inside.  

In order to validate the pseudo-haptic soft tissue stiffness 
simulation using a force-sensitive haptic surface, a user study 
was conducted. Twenty participants (all have engineering 
background, one subject is a surgeon, others had no palpation 
experience), participated in the empirical study. First, 
participants were also asked to do a practice run with known 
tumor locations. Then, participants were asked to manipulate 
the input device to palpate the virtual soft tissue and observe 
the change of the ratio between the indenter avatar 
displacement distance and the input device displacement 
distance. When they found hard inclusions, they recorded the 
positions of them. Time consumed was also recorded.  

III. RESULTS AND DISCUSSION 

The smallest tumor C has a low detection rate which is 
15%. The detection rate of nodule B is the highest (75%), 
followed by nodule A (65%); it is interesting to note that 
nodule B has a higher detection rate despite being smaller than 
nodule A. It implies that this method is more suitable for 
detecting middle sized nodules. Three participants (15%) 
detected all nodules while the same rate of participants detected 
no nodules at all. Eleven participants (55%) detected more than 
two tumors correctly. The detection rates for the three nodules 
are 65%, 75% and 15%. Total nodule identification (51.7%, 
SD= 31%) indicates that there is a high inter-individual 
variability of the performance. The average time is 248.9s. 

 

Fig. 2. Nodule identification results of pseudo-haptic feedback using 

touchpad as input device 

This pseudo-haptic palpation simulation method produces 
visual and haptic information which are not spatially coincide 
with each other. During manipulation of a system by hands, 
haptic feedback is presented at user’s hands. To improve the 
effectiveness of tissue stiffness and abnormality localisation, 
haptic and visual information should be presented at the same 
active point of interaction using direct touch interaction. Thus, 
to improve the performance at the next step, we propose to 
utilize direct touch which let user feel as though their finger is 
immersed in the screen to manipulate virtual tissue by using 
pressure-sensitive tablet. In contrast with available pseudo-
haptic developments for palpation, this research is aimed to 
produce pseudo-haptic feedback with spatially coincide visual-
haptic information, compact, mobile, wireless, and easy to 
manipulate for more effective interaction. 

IV. CONCLUSION 

This paper presented a novel method to apply pseudo-
haptic feedback in soft tissue stiffness simulation for palpation 
by using an inexpensive 2D haptic surface. This method was 
evaluated for tumor localization. Analyzing the evaluation 
tests, we saw that participants were able to notice the stiffness 
differences among different areas. It proves that the pressure-
sensitive touchpad can be used to express tissue stiffness haptic 
information during palpation simulation. In the future, a 
pressure-sensitive tablet will be used for a better immersive 
illusion through direct touch. 
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Abstract—This paper presents studies developed to understand 

the need of the specific behavioral strategies during artificial 

tactile examination of soft tissues for robot-assisted minimally 

invasive surgery. Conventional manual palpation techniques are 

studied to understand the desired patterns that should be applied 

using intra-operative tactile probes. In addition the tele-

manipulation studies are carried out. Our results demonstrate 

the importance of application of specific palpation behavior 

during artificial tactile examination. 

Keywords— Robot-Assisted Minimally Invasive Surgery, 

Medical Robotics,  Palpation, Soft Tissue, Tele-manipulation 

I.  INTRODUCTION  

Robot-assisted Minimally Invasive Surgery (RMIS) is an 
advanced medical procedure that allows reducing the recovery 
time and complications for patients during various types of 
surgical procedures [1]. The appearance of robotic surgery 
induced the rapid development of associated technologies, such 
as advanced interfaces and smart instruments [2], [3].  

RMIS is performed via small trocar ports that do not allow 
surgeon to palpate organs, to understand the location of tumor, 
for instance. The representation of the surgical environment is 
typically represented with the help of high-quality spatial 
visualization (e.g. Da Vinci Surgical system), which cannot 
give a complete representation of soft tissue mechanical 
structure, such as stiffness. Therefore, a number of miniature 
tactile devices are developed to enable tele-manipulated 
palpation of the organs during surgical procedure [4–6]. 
Nevertheless, surgical tactile devices are not broadly used for 
RMIS yet. This happens mainly because the devices developed 
for surgical applications are required to be accurate and well 
tested. Consequently, the result of tactile examination should 
be efficient and reliable. However, non-linear mechanical 
properties of soft tissues and additional factors, such as the 
mobility of internal organs and the flows of body liquids lead 
to the complexity and uncertainty of the environment. Thus, 
the results of tactile examination can be subject to high 
variability of results.  

In our studies, we propose that the result of tactile 
examination depends not only on the technical parameters of a 
device, but also on the environmental conditions. In order to 
take into account the above-mentioned factors and to improve 
the accuracy of the tactile examination, specific patterns can be 

used [7–10], similarly as it is done for the manual palpation. 
Therefore, we study the way people use manual palpation to 
detect hard nodules embedded in a softer material, which 
represents soft tissue. The aim of such studies is to understand 
salient features of manual palpation, as well as to understand 
the search patterns. 

The second issue, concerning soft tissue tactile property 
measurement is the translation of the haptic feedback to the 
user. For this purpose, a number of tele-manipulation systems 
have been developed [11–13]. In this work, we use the system, 
presented in [14] to study the palpation behavior during tele-
manipulated palpation of soft tissue. Thus, it is needed to 
understand, whether the application of the specific search 
pattern can enhance the performance of the tactile examination 
and to increase the detection rate of hard nodules. 

II. MANUAL PALPATION TRAJECOTRY PATTERN 

A. Studies on Manual Palpation  

For the studies of manual palpation, twenty participants 
have been recruited [15]. Ten out of them had prior surgical or 
manual palpation experience. 

During experimental evaluation of manual palpation, 
subjects were asked to palpate an artificial organ with 
embedded tumours. The relation of stiffness between soft 
tissue and abnormity is created according to typical conditions 
of cancer disease, as the abnormality is typically stiffer [16]. A 
silicone block with embedded hard nodules is used in our user 
study. To fabricate this silicone block, silicone gel (RTV6166, 
ratio of 4:6, viscosity of 900 mPa∙s) was used. The hard 
nodules, of different diameters (6, 8 and 10 mm), were 
embedded at different depths from the surface of the silicone 
material. To create the nodules, a hard silicone compound 
(RTV615, ratio of 10:1, 4000 mPa∙s viscosity) was used.  

The experimental setup is shown in Fig.1. The trajectory of 
palpation was measured. The applied forces are recorded with 
six degree-of-freedom force/torque sensor MINI 40 (ATI 
Industrial Automation, normal force resolution 0.01 N). A 
Microsoft Kinect sensor (sample rate 30 fps, 640 × 480 pixel 
resolution) is used to track the spatial position of the hand 
using Microsoft Visual C++ OpenCV package. The position 
accuracy for the Kinect sensor was obtained experimentally for 
an average palpation velocity, and is 1-2 mm. 

This work was supported by STIFF-FLOP project grant from the 
European Commission Seventh Framework Programme under agreement 

287728 and National Institute for Health Research (NIHR) Biomedical 
Research Centre based at Guy's and St Thomas' NHS Foundation Trust and 

King's College London. 



To understand the strategies used by subjects to get 
information about the properties of the embedded nodule, we 
examined the experiments of movement of free one-finger 
palpation. 

 
Figure 1. Schematic representation of the experimental setup 

B. Result 

Fig. 2 demonstrates the distribution of palpation velocity and 
applied finger pressure over the trajectory over a phantom 
organ. Both experts and novices have indicated the use of 
specially applied behavioural pattern to enhance the detection 
of hard nodules. The trajectories almost cover the entire surface 
of the artificial organ; circular movements can be observed in 
the vicinity of hard nodules.  

 

Figure 2. Representative example of palpation path over a phantom tissue with 

four embedded nodules (diameters in mm marked with arrows): a) modulation 

of velocity magnitude, b) modulation of applied finger pressure. 

III. STUDIES ON PALPATION USING TELE-MANIPULATION 

A. Tele-manipulation Setup and Test Protocol  

The purpose of our studies is the application of artificial 
tactile sensors during RMIS. Therefore, as a next step, the tele-
manipulation experiments were performed. To study the use of 
manual palpation strategies, which have been addressed in 
section II, during RMIS, the experimental tele-manipulation 

platform, shown in Fig. 3 is used. Soft tissue phantom is 
examined remotely with a tactile probe, and haptic and visual 
information about the stiffness is fed back to the human 
subject. This setup enables the possibility to study various 
strategies of soft tissue remote palpation or probing.  

 

Figure 3. Tele-manipulation setup 

B. Random palpation trajectory vs. manual palpation 

trajectory pattern 

Subjects were asked to perform two tests [17]. Firstly, users 
were asked to palpate the artificial use random palpation 
behavior.  Then, to understand the fidelity of manual palpation 
pattern during remote palpation, participants were asked to 
apply consequent scanning of the silicone combined with 
circular movements over possible locations of hard nodules 
[18]. This pattern is typically used for clinical breast 
examination. 

A master haptic device (Phantom Omni, Sensable 
Technologies) is used to operate the probe, with 8 mm 
spherical indentation tip. A force and torque sensor NANO17 
(ATI technologies) measures normal and tangential forces from 
the lubricated surface of the silicone phantom. A slave robot 
arm follows the defined trajectory, rolling the force-sensing 
probe over the phantom tissue. The accuracy of the position 
tracking for the tele-manipulation is 0.2 mm. The average 
delay for the position tracking is 0.25 sec with standard 
deviation of 0.04 sec.  

A virtual tissue representation is displayed on a computer 
monitor. The position of the probe is displayed in the virtual 
environment in real time. The pointer (cursor) of the virtual 
model is moving according to the user-defined trajectory and 
reflects the position of the probe in real-time. The deformation 
of the tissue is shown on the virtual model according to the 
indentation depth. Stiffness distribution color map is created 
using force and indentation depth data, and areas of high 
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stiffness are shown with the high intensity color. The RGB 
color value reflects the value of stiffness (increasing from dark 
blue to red). The colors of the stiffness map are updating in 
realtime with regard to an updated range of magnitude of 
stiffness.   

Subjects receive visual and haptic feedback in realtime 
during tele-manipulation. Haptic feedback is exerted via a 
haptic device (the master robot) in three dimensions. Tree-
dimensional force feedback enables the display of not only 
normal force but also dragging forces (tangential direction).   

 

Figure 4. Trajectory of remote palpation for: a) unrestricted and unstructured 

user-defined movements – Test1, and b) pre-defined pattern – Test 2; the 
orientation of the silicone phantoms is different for two tests, the locations of 

hard nodules – I, II, III 

A. Results 

The trajectory of the movement for two trials using tele-
manipulation was recorded and evaluated. Fig. 4 shows the 
sample trajectories of one subject performing two tests.  

 The results show, that 30% of subjects have used some 
palpation pattern during first trial (subjects were defining the 
palpation trajectory), such as intensive circular patterns in the 
vicinity of a hard nodule. For the second test, subjects were 
asked to apply the pre-defined pattern. The analysis of 
trajectory shows that all subjects were successful in that task, 
and all have applied the circular pattern for the possible 
locations of nodules along with the sequential scanning of the 
silicone phantom.  

To evaluate the effectiveness of the second palpation test, 
the detection rate of hard nodules was evaluated. The overall 
result shows that the second test was more productive across all 
subjects, see Table I. Moreover, small nodules were detected 
more often for the second tests. Three-way analysis of variance 
showed the influence of trajectory pattern on the detection rate 
of hard nodules (p < 0.001). In addition, the time spent for the 
second test was significantly less (p < 0.001). All subjects have 
indicated that the use of special pattern improves the efficiency 
of examination. 

TABLE I.  DETECTION OF EMBEDDED NODULES 

Nodule, 

diameter 

Detection rate for all tests, %  

Undefined pattern (Test 1) Defined pattern (Test 2) 

A, 10 mm 80% 100% 

B, 8 mm 90% 90% 

C, 6 mm 50% 80% 

All together 73% 90% 

IV. CONCLUSIONS 

Our results have demonstrated the importance of specific 
behavioral pattern during remote soft tissue palpation.  
Therefore, the application and usage of artificial tactile devices 
can be improved. We propose that in order to get a better 
understanding about the optimal examination strategy, the 
interaction dynamics between soft tissue and a device should 
be studied. One needs to take into account not only the 
trajectory of examination, as it is shown here, but also the 
modulation of force and velocity of palpation. In addition, the 
unpublished work demonstrates the significance of the 
examination material. Therefore, we believe, that in order to 
introduce artificial remote palpation, there is a need for the 
development of behavioral control policies and algorithms.   
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Abstract—Robotic surgery is a relatively young field of re-
search. The effectiveness of surgical robotic devices remains
subject of debate. While the ergonomy of the employed interfaces
is considered a strong point, the content and quality of the
information that they feed back and present to its operator
be it a surgeon or a trainee is still limited. Therefore a lot of
research is being conducted in search for intuitive and effective
interfaces. In this abstract a novel haptic interface for handsfree
palpation is presented. The interface follows the principle of
an encountered-type robot replicating more naturally the actual
palpation procedure. The concept of this new development is
presented. The control method to render spatially distributed
kinaesthetic information is explained next. Experimental results
show a proof-of-principle towards a more natural palpation.

I. INTRODUCTION

Robotic surgery is an emerging technology stirring up
lots of animosity into modern medicine. Robots can be seen
performing tasks in orthopedic surgery, neurosurgery, gyneco-
logic surgery, urology or cardiothoracic surgery. Some of the
more popular platforms are e.g. the Magellan Robotic system
of Hansen Medical, DLR’s MiroSurge [1] or da Vinci® of
Intuitive Surgical. While the the number of procedures suited
for robotic assistance remains low, this number is increasing
and robotic solutions are drawing more and more the attention
of surgeons. One of the possibly most cited drawbacks of
robotic surgery is the lack of haptic feedback. Haptic feedback
is very much present in manual laparoscopic interventions [2]
and its presence is shown to greatly improve the perfomance
and reduce the learning curve [3], [4]. Haptic features can
help to prevent collisions between instruments [5], but also
for palpation, to diagnose and localize tissues, damaged cells
or tumors; even if other methods exist (CT or USG), haptic
feedbak remains essential [6].

In this abstract we present in section II the haptic screen, a
novel haptic device that was developed to allow more natural
haptic-feedback-enhanced palpation. A brief word about the
control of this device is described in section III. Some first
results are reported in section IV.

II. DESIGN OF A HAPTIC SCREEN

A novel approach to recreate natural palpation according
to the encountered-type display principle [7]–[10] is presented
here.

The haptic screen, a large area haptic display has following
features: a) display renders spring-damping impedance b)
encountered-type interaction allowing hands-free manipulation
and c) haptics feedback derived form spring-damping virtual
reality simulation.

Fig. 1. Overview of the whole system

A. System overview and principle

The haptic screen consists of a membrane placed in front
of the user representing a palpation plane with whom the
user can interact (Figure 1). Additionally, the robotic system
is equipped with a vision system that measures the relative
position between the user’s hand and the haptic surface. The
hand pose is used to command the motion of an encountering
haptic device behind the screen. An in-house developed 3 d.o.f.
haptic device [11] was used for this purpose. While sitting in
front of the haptic screen and moving his/her finger this device
mirrors the hand motions. When the hand comes into contact
with the screen, kinaestic feedback is rendered to the user,
replicating natural palpation. The workflow of a palpation task
can thus be divided into next steps:

1) a user takes place in front of the screen,
2) extends the arm approaching the screen, a.k.a. ap-

proaching stage.
3) the robot mirroring the user, waits at the surface.
4) user’s finger enters into contact w. haptic surface.
5) applying pressure at the surface.
6) robot presents impedance mimicking virtual or re-

mote tissue corresponding to that contact location /
finger position.

7) user removes disengages.
8) new palpation cycle can start.

B. System components

To turn the robotic system into a handsfree palpation
display, a tracking system and a tensioned membrane are
employed. Below a brief explanation of these elements.



1) Tracking system: A tracking system is required to posi-
tion and encounter the user’s motion at the appropriate instant
in time and the correct location. A Polaris® tracker from NDI
was selected for this purpose. The tracking system reads in the
position of reflective markers normally placed somewhere in
the surgical theater. Here, a single marker was attached to the
distal phalanx of the finger. For easy registration of the finger
with respect to the haptic screen marker

screen ppp additional markers
were fixed upon the frame of the haptic screen.

2) Membrane as haptic surface: The haptic surface is
approximated as a plane that represents the surface of the
patient’s organ to be examined. Here, a polyethylene fabric
was selected and mechanically fixed to a vertical rame between
user and robot. The membrane smoothens out the interaction
creating the feeling of a continuous contact. It further adds to
the overall safety. The membrane does introduce an additional
impedance during in-contact motion, but this is assumed to be
negligible within the range of the impedances rendered by the
haptic device, as: Zmembrane � ZHRI ,Zcontrol .

III. CONTROL FOR HAPTIC RENDERING

A tracking controller and an impedance controller are used
for respectively approaching phase and in-contact motion. The
latter is described below in some detail.

A. Stiffness control

Figure2 shows an impedance controller with inner propor-
tional force feedback loop, analysed in detail in [12], that was
used to render a desired desired impedance Zd to the user.
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Fig. 2. Schema of the impedance controller

B. Kinaesthetic map

The desired impedance Zd is selected as function of the po-
sition of the finger Zd = f (marker

screen ppp). The result is a distributed
impedance map corresponding to the distributed impedance
of an organ. High stiffness values are e.g. used to simulate
nodules hidden underneath the surface.

IV. EXPERIMENTS

Two tests were conducted to verify the device performance.

A. Map exploration

A map exploration experiment replicated a palpation pro-
cedure similar to the one applied during normal operation. Two
nodules were positioned along a horizontal line of the haptic
surface. A user follows the line applying pressure along it.
The forces at the end-effector are recorded for any position of
the finger. Fig. 3 shows the forces of the transducer, positions
of the finger and desired stiffness in wx direction. The graph

shows nicely how forces increase when the desired stiffness
grows and that often the amount of indentation reduces in such
cases. Figure 4 shows the relation between force and position,
the perceived stiffness, plotted against the desired stiffness. A
certain mismatch at high values of stiffness can be observed,
while low stiffnesses are rendered fairly well.
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B. Perceptual tests

A user test was performed in the following conditions.
Six right-handed users with ages comprised between 26 – 35
years old were asked to palpate the haptic surface. The users
were told to find 3 hard nodules on 3 different maps using as
much the time as they needed. A training phase preceded once
for every user to get used to the system. The workflow was
explained and two training maps were shown.

Once a user finds the centre of a nodule he/she is asked
to hold the position and the examiner records it. After three
guesses, the experiment finishes and the next map is loaded.

Figure 5 shows the locations of the centre of the nodules as
indicated by the users. The kinaesthetic map is also depicted
to see the accuracy of the user guesses. There is a good cor-
respondence between indicated and rendered nodule locations.
It should be noted that some users identified the same location
twice (nodules with more than 6 marks).
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Fig. 5. Estimations of the position of the stiffness peaks made by the users. The level lines indicate the geometric place for iso-stiffness values.

V. CONCLUSIONS

In this abstract the proof of concept of a novel haptic
interface to render large areas of kinaesthetic information for
hands-free operation in encountered-type basis is presented.
The proposed system consists of an interfacing membrane, a
tracking sytem and an encountering mechanism. By releaving
the need of continuously gripping the display, the minimum
achievable impedance can go down to Z0 = 0 increasing the
Z-width of the device.

Experimental results show that stiffness can be represented
with an encountered-type haptic interface. Nevertheless, there
is still some mismatch on the fidelity of rigid walls as shown
in the map exploration test. Other problems associated with
such interface are the the lack of robustness of the current
implementation and a low update rate of the tracking system.
Some work on these points is planned for the future.
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Toward Remote Teleoperation with Eye and Hand:
A First Experimental Study

Fabien Despinoy, Jonathan Leon-Torres, Marie-Aude Vitrani, and Benoı̂t Herman

Abstract— Despite the continuous improvement of master
interfaces, distant robot teleoperation remains a challenging
task. In many applications, including robot-assisted single port
laparoscopic surgery and NOTES, the operator has only an
indirect vision of the remote environment, provided by a video
camera usually mounted on the robot end-effector itself and
displayed on a monitor. Driving such an eye-in-hand robot
smoothly in real time is known to be difficult. Even a skilled
user will likely generate a succession of independent translations
and rotations punctuated by frequent stops, in order to keep
the target inside the camera field of view. Since one can assume
that she/he will look most of the time at the target on the video
monitor, our idea is to gather additional information on the
remote target with an eye-tracking device, and to use it to
facilitate teleoperation. This paper introduces a novel remote
teleoperation system that comprises such a device, as well as an
6-axis joystick. Several eye-hand couplings are compared in a
first experimental trial. It is shown that the system is effective
and intuitive.

I. CONTEXT, MOTIVATION , AND OBJECTIVES

When operating an interactive robotic device in real time,
both user and robot sensorimotor loops act in synergy to
perform a desired task under the user’s supervision. Imple-
mentation of such a system depends on the chosen interaction
between user and robot. With most master-slave systems used
for teleoperation and virtual reality, interaction is limited to
the exchange of kinematic information (e.g. position and/or
velocity) with or without haptic feedback, and the slave arm
simply copies the operator’s motion. In many applications
where robotic arms operate in inaccessible locations (e.g.
space, nuclear plants, or during minimally access surgery),
the robotic end-effector and its environment are captured by
a scene camera and displayed on a monitor in front of the
operator. The da Vinci teleoperation system from Intuitive
Surgical [1] and the DLR MiroSurge [2] are typical examples
of such anhand-in-eye configuration in surgery, and are
known to be easy to drive with their master arms.
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The ongoing trend to reduce invasiveness leads to the
design of poly-articulated devices (e.g. iSnake form Imperial
College [3]) or continuum robots using concentric tubes (e.g.
robots from Dupont at Boston University [4] and Webster at
Vanderbilt University [5]). When the camera is embedded in
such a snake-like system, creating aneye-in-hand configu-
ration as with a flexible endoscope, teleoperation difficulty
can increase rapidly. Even a skilled user will not make
the most of a 6-axis master interface that could normally
induce a smooth and continuous motion. Instead, she/he will
likely generate a succession of basic motions in Cartesian or
even joint space, punctuated by frequent stops [6]. The main
reason is that the target (e.g. tissue to grasp or to cut) must
be kept inside the camera field of view during robot motion.
A smoother motion would require to combine translations
and rotations of the end-effector, with a ratio between linear
and angular velocities that depends on the distance to the
target, the latter being usually unknown.

The development of numerous eye- and gaze-tracking
devices allows to add a new channel for human-robot inter-
action. Several systems have been developed for providing
assistance to disabled people. In [7], authors present an actu-
ated wheelchair with eye-control, using the eye as a computer
mouse. The same idea is used in [8] to drive a mobile
robot remotely. Yet, the gaze is generally not combined with
any other interactive information. Furthermore, user needs to
perform a specific eye gesture to send an order to the robot,
using his/her eyes in an unnatural way. In this paper, we
address the following question: Can natural gaze tracking
help to teleoperate a robot? Interestingly, Pinpinet al. [9]
predict the motion of a robot based on user’s natural gaze.
The main limitation of their setup is that gaze is only reliable
for predicting which actions from a predefined list will occur.
To overcome this predefined list, we propose to drive a
robot using the user’s eye movement, without any pattern
recognition. Spindler and Chaumette already implemented a
visual servoing of the orientation of a robot-mounted camera,
using human eye-movement [10]. This device is however
limited to a 2D task. We propose to extend this work to a
general 3D task.

The paper introduces a novel teleoperation system that
combines joystick and natural gaze inputs in several ways
to teleoperate aneye-in-hand robot. SectionII presents the
robotic platform, and 3 control schemes are described in
SectionIII . A first experimental performance assessment is
then reported and discussed in SectionIV.



II. REMOTE TELEOPERATIONPLATFORM

A proof-of-concept prototype was built around a
6 degrees-of-freedom (DOF) Adept Viper s650 robot with a
MotionBlox 60R real-time controller, as depicted in Fig.1.
The teleoperation system comprises a webcam mounted on
the robot end-effector to capture the task environment, a
head-mounted eye-tracking camera (EYE-TRAC H6 from
Applied Science Laboratories, Bedford, MA), a stand to
prevent any head motion with respect to a monitor where
the webcam images are displayed, and a 6-axis joystick
(SpaceNavigator from 3Dconnexion, Waltham, MA).

The platform specificity lies in the original combination
of control interfaces. The 6-axis joystick is used to drive the
robot in a pose/velocity scheme: Robot linear and angular
Cartesian velocities are linked to the joystick position and
orientation imposed by the user’s hand. An eye-tracker
device is also used to record user’s pupils movements and to
compute gaze direction with respect to the monitor. These
two interfaces can then be combined in several ways to
control the robot more easily and efficiently.

III. C ONTROL SCHEMES WITH EYE AND HAND INPUTS

When performing a task on an object—directly by hand
or with any teleoperation means—one usually looks at this
object or point of interest (POI): The brush tip while painting,
the nail when holding a hammer, or the blood vessel the
surgeon wants to clip. This basic assumption lead us to
use a gaze-tracking device as a supplement to a joystick or
master arm so as to make teleoperation faster, smoother, and
easier. Knowingwhere on the monitor the operator looks
thanks to a gaze-tracker, a couple of end-effector motions
can be automated, or information about robot-target distance
or relative orientation can be deduced, evenwithout any
image processing of what is displayed. We designed and
implemented 3 control schemes that use in different ways
the 2D-coordinates of the focus point on the screen.

The two first possibilities are to maintain the target at
the center of the screen, either by correcting automatically

Viper robot

USB webcam

Monitor with cross

mark at center

Head-mounted

eye tracker

Head stand

6-axis 

joystick

Target

Fig. 1. Experimental setup built around the Viper robot.

the end-effector orientation during a manual translation (au-
tonomous rotation, see Fig.2), or conversely, by shifting
the robot when the user rotates it (autonomous translation).
In these two similar scenarios, the user has to control only
4 DOF manually, the remaining two being handled by the
controller thanks to the eye-tracker 2D signal. This signal
can be seen as a measure of the on-screen distance between
POI and monitor center. The control loop then simply tries
to minimize this distance by using the 2 automatic rotational
or translational DOF, respectively.

A third possibility is to estimate the distance between end-
effector and target, so as to make the robot rotate around the
target instead of around its end-effector. This can be achieved
iteratively by measuring the user’s eye motion induced by a
robot displacement, in order to move the center of rotation
from the end-effector to the target. In opposition to the first
two above, thisdistance estimation control scheme does not
induce any autonomous motion. All translations and rotations
are then induced manually but the rotations are more natural.
If this distance is underestimated, a manual rotation will
induce a shift of the POI in the image in the opposite
direction. Conversely, an overestimation of the distance will
also translate the POI in the same direction. An iterative
algorithm can use this error measured by the gaze-tracker to
update the distance estimation.

All these modes, along with a fully manual mode without
eye-tracking, were implemented on the robot controller.
After initial calibration of the gaze direction with respect
to the monitor center, signals form joystick and eye-tracker
are acquired, filtered and scaled. They are then used and
combined, depending on the scheme, to update the robot
pose in real-time.

POI POI

1 2

dX dθ

Step 1 : 

Manual translation

Step 2 : 

(automatic correction) Eye rotation

Step 3 : 

Target reached at the desired position

Error

POI

3

Fig. 2. Autonomous rotation to bring the target back to the center of the
monitor after a manual translation.



IV. PERFORMANCEASSESSMENT

An experimental study was conducted in order to assess
the feasibility and usability of the proposed teleoperation
system, and to compare the performance of the proposed
control schemes. This section describes the teleoperationtask
proposed, the metrics used for performance comparison, the
experimental protocol and the results.

A. Teleoperation Task

A wide variety of tasks can be performed with a teleop-
erated robot, depending on the context and the tool held by
the robot. However, most tasks can be divided in two phases,
that can occur at the same time but are more frequently
successive: First, the robot is driven to approach a target,
and then an action is performed with the tool.

Since our teleoperation system only intends to increase the
performance of robot motion, the task is a simple point-to-
point displacement combined with an effector reorientation
so as to reach a target under a prescribed pose. A specific
target (see Fig3) was designed to ensure that all 6 DOF
must be used. It also gives to the operator visual clues on
the position and orientation of the end-effector.

B. Metrics

Task duration is the main criterion to compare the
schemes. Duration corresponds to the time elapsed between
the first operator manual instruction with the joystick and the
arrival next to the target. A tolerance zone was programmed
to ensure the experiment stop and each linear or angular tol-
erance was tuned experimentally to define the task difficulty.
Moreover, during the experiments, articular robot positions
and input signals were also recorded. Graphical analysis of
the kinematic data showed that the task could be decomposed
into two successive phases: A first approach phase where
the error decreases rapidly, followed by an adjustment phase
where motions are much shorter and slower. It was then
decided to compute the duration of these two phases for
each trials, as secondary metrics.

Fig. 3. Target that requires 6 DOF motions of the end-effector.

Subjects were also asked to estimate, on an integer scale
from 0 to 10, the performance, precision and intuitiveness
of each mode. Performance indicates speed perception to
perform the task. Precision reflects the possibility to drive
the robot exactly where the operator wants to. Finally,
intuitiveness reveals the operator mental workload to control
the system correctly.

C. Experimental Protocol

Six researchers from the CEREM were enrolled in the ex-
perimental campaign and repeated the same target-reaching
task with the various control schemes, being asked to be
as quick and precise as possible. Each subject started the
protocol with the fully manual mode so as to learn to use
the system. He/she repeated the task until the reach of a
plateau on the learning curve fitted and refreshed after each
trial. The last 3 trials (on the plateau) were taken into
account for statistical analysis. Afterwards, the subjecttried
the 3 assisted modes in randomized order. For each assisted
mode, 8 repetitions were performed. The 4 best out of the
5 last trials were taken for analysis.

D. Statistical Analysis

Data were analyzed using General Linear Model (GLM)
with JMP 9.0.3 and SAS 9.3 statistical software. The mixed
model contained the following effects: subject and control
scheme, and the two-factors interaction. Control scheme was
defined as fixed factor for the ANOVA (analysis of variance).
Subject and its interaction with the fixed factor were defined
as random. The model was solved using REML (Restricted
Maximum Likelihood). The Tukey HSD test of multiple
comparisons was used to compare modalities of significant
factors.

E. Results

Figure4 depicts the average value and standard deviation
of approach, adjustment and total duration for all trials ofall
subjects, for each control mode. Standard deviation for each
mode is similar, ensuring that the ANOVA can model the
data properly. One can observe that the autonomous transla-
tion mode is the slowest, especially during the adjustment
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Fig. 4. Average value and standard deviation of task duration for all subjects
and repetitions.



Fig. 5. Average value of subjective indicators normalized between subjects.

phase. This is confirmed by the statistical analysis, since
this mode is significantly different from all others regarding
the adjustment duration. For the approach duration, the only
significant difference is between the fully manual (slowest)
and the autonomous rotation (fastest). Finally, analysis of the
overall task duration shows that the autonomous translation
(slowest) is significantly different form the autonomous
rotation (fastest).

Average values of subjective indicators are presented on
Fig. 5, after normalization. It appears that the autonomous
translation mode is believed to be the less efficient, precise
and intuitive mode. In opposition, the distance estimation
is perceived as the best mode, followed closely by the
autonomous rotation mode.

F. Discussion

This first experimental session demonstrates the feasibility
and efficiency of our teleoperation approach using eye and
hand. Although the statistical analysis does not highlight
many large differences, results are promising. In particular, it
seems that the approach phase can be shortened with a gaze-
tracker, since all 3 assisted modes are faster that the fully
manual one. This might be thanks to the fact that, during
large motions, it is easier to keep the target close to the
center of the monitor with assistance.

However, during the adjustment phase, a fully manual
control seems faster. Subjects declared that this was because
it was difficult to keep the focus on the center of the
target while perform fine adjustments, since several parts
of the targets were to be used to check alignment. There-
fore, autonomous motions were sometimes felt like a small
disturbance during the final adjustment phase. This suggests
that the eye-tracking system should be switched off after the
initial approach phase.

Additionally, subjective indicators show the same trend
than the objective measurements, with the autonomous trans-
lation mode that seems less efficient, precise and intuitive.
This suggests to abandon this mode and to keep improving
the two other assisted schemes.

V. CONCLUSION AND FUTURE WORK

In this paper, we introduced an original system that uses
both hand and eyes as master inputs to drive a robot in real

time. Three control schemes were proposed that use the gaze
information in different ways to reduce the number of DOF
that must be driven with a joystick, or to facilitate rotation
around the target. A first experimental session demonstrated
that teleoperation with eye and hand is feasible and efficient
for remote teleoperation with aneye-in-hand configuration.

An improved version of the system is currently being
developed, using a 3D tracking system to allow head motion,
in order to decrease mental and physical workload. As a
consequence, this should probably increase the performance
level of the whole system. In addition, the task difficulty
should be adjusted, since duration decomposition showed
that nearly half of the time was spent for small adjustments
that might not be required in real applications. The system
and control schemes should also be studied in case of a
change of POI during the task, which is not unusual.
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Fig. 1. Interconnected master devices of the 2009 world wide Plugfest 
event, demonstrating the capabilities of current telesurgical 
architectures [8]. 
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Abstract—Frequently encountered limitations of hardware 

and software systems regarding teleoperation capabilities include 

the incomplete modelling of robot dynamics, tool–tissue 

interaction, human–machine interfaces and the communication 

channel. Furthermore, the inherent latency of long-distance 

signal transmission may endanger the stability of a robot 

controller. All of these factors contribute to the very limited 

deployment of robotic telesurgery. This paper gives an overview 

of the challenges of establishing high fidelity telepresence systems 

for medical applications, and proposes development directions 

beyond the state of the art. 
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I.  INTRODUCTION  

Long-distance surgical procedures supported, or performed 
by robots would open up new frontiers in medical 
interventions. This was the initial idea behind the first concepts 
when they appeared at NASA in the early 1970s [1].While the 
concept of telesurgery in space never reached beyond 
simulations, by 2001, it was possible for the first time to 
perform surgery on the basis of ISBN-based intercontinental 
communication [2]. This proved that in urgent cases—in 
theory—doctors could reach out to patients hundreds or 
thousands of kilometres away.  The interventions could be 
executed in places difficult to reach (remote rural areas) or 
dangerous for people (war zone). DARPA (the US Department 
of Defense) has sponsored various projects—most notably the 
TRAUMA POD—to develop a technology that supports 
injured soldiers on the battlefield without risking the Medical 
Doctor’s life [3]. Nevertheless, the difference in the complexity 
between supporting a distant operation on Earth and one in 
space is huge. Human space exploration is unimaginable 
without full medical support (despite the recent announcements 
of plans from a Dutch consortium to initiate a one-way Mars 
mission [4]), yet it is impossible to send an entire medical crew 
with the spacecraft because of the high costs and the limited 
space. This severe constraint keeps the research open towards 
telesurgical solutions, since many of the possibly emerging 
problems could be solved with one surgical robot sent along 
the expedition. Thus, proper modelling and control of both 
master and slave side remains an important research topic [2]. 
Communication with the surgical crew on Earth creates further 
tasks to solve. Most of the problems are caused by signal 
latency, which get worse with the increase of the range of the 

mission. Some of the disturbing effects of a generally proposed 
teleoperational surgical robotic system can be reduced by well-
chosen system architecture and control. Current options are 
investigated in this paper.  

II. STATE OF THE ART 

The best known surgical robot is the da Vinci Surgical 
System (Intuitive Surgical Inc., Sunnyvale, CA), functioning as 
a teleoperated manipulator. Over 2,800 da Vincis have been 
sold around the world to more than 2,000 hospitals [5]. 
Although the system is not used routinely for distant 
telesurgery as the master and the slave are just a few metres 
away from each other (due to the limitation of the custom-
developed communication protocol), the potential has been 
there to make it work at a greater distance, and some limited 
experiments have been performed. DARPA presented 
collaborative telerobotic surgery with modified da Vinci 
consoles in 2005, being able to overtake the controller with 
another through the Internet [6]. The Canadian Surgical 
Technologies and Advanced Robotics (CSTAR, London, ON) 
used the core network of Bell Canada to test the telesurgery-
enabled version of the da Vinci. Six successful telesurgical 
porcine pyeloplasty procedures were performed in Halifax, 
Nova Scotia—1,700 km away from London, ON[7]. 



 
Fig. 2. Block diagram of the time delay model employed in telesurgery 

robot control.   

An outstanding experiment of the domain was the Plugfest 
in 2009 (Fig. 1), when eight master devices were 
interconnected with six slave machines [8]. The custom-
developed communication Interoperable Teleoperation 
Protocol (ITP)has been successfully used over 24 hours, 
supporting efficiently the simulated interventions (peg transfer 
task of the SAGES Fundamentals of Laparoscopic Surgery 
[9]). The reliability of the public Internet network has recently 
advanced to a stage where these experiments could safely be 
arranged. In the meanwhile, the newest data show that the 
Internet backbone infrastructure is getting overloaded, 
therefore the lags are increasing [10]. The security of the 
system should be developed in the future for the protection of 
the patients (in accordance with IEC 80001-1:2010). 
Nevertheless, surgeons will have to get prepared for the u
 se of these robots through special training courses, since the 
disturbing effect of latency also has to be learnt to tolerate and 
be compensated by the operator as much as possible.  

III. TELEOPERATION SYSTEM COMPONENTS 

Just as in the case of other teleoperational systems, surgical 
robots also have three major components from the modelling 
and control point of view: master device, slave device and the 
communication system. On the top of that, the tool–tissue 
interaction should also be assessed. The modelling of these 
components is indispensable in order to build a valid simulator 
for the whole system to observe and analyze certain control 
attributes and behaviours. These models should be validated 
independently first, and the modelling error should be 
examined in each case.  

A. Communication system 

The communication system includes the transmitter, the 
receiver and the communication medium. These, in total are 
responsible for the quality of the signals and the latency. The 
package loss is a generic phenomenon that is better handled by 
some protocols, such as the User Datagram Protocol 
(UDP) [11]. 

The communication delay must be kept at a low level, 
because human can only adapt to a limited amount of time 
delay, typically max 0.5 s. The first trans-Atlantic telesurgery 
was built on the Zeus robot (Computer Motion, Mountain 
View, CA) in 2001, where the mean signal delay was 155ms, 
which is easily adaptable by humans [12]. It was a 85ms lag in 
signal transmission, while the remaining 70 ms was the 
encoding and decoding time for the video. Depending on the 
level of latency, we can talk about three types of technologies: 

• Telesurgery (max. 2s) 
• Telementoring (max. 50–70s) 
• Teleconsultancy (max. 15min) 

The effect of time delay could be reduced with latency-
tolerant control methods, thus larger distances can be bridged 
by these systems [12]. To achieve this, robust models of the 
system components are required. The complete architecture is 
proposed to be approximated with three models. The master 
includes the controller and the human operator, which is 
connected via a high-delay medium to the slave model that 
covers the intervening master arm. In the deriving cascade 
setup, the time delay can be partially alleviated using 
appropriate predictive controllers tuned to the master and 
slave systems [13]. 

The simplest possible way to model a T time delay 
element is described by the following formula [14]: 
 

���� = ��� − ��. (1) 

For the sake of simplicity, let the input be ���� = 	 
��.Then, 
the output is given by the following formula: 
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Thus, (1) can be written as follows: 
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The signal delay can be modelled by the ���� = 	 
��� transfer 
function, as it has been illustrated in Fig. 2. 

B. Master model 

The master side is where the “human operator” or the 
replacing automatic control device is located. Further, the 
surgical staff can be found here, providing the control signals 
for the actuators of the slave. A commonly used human model 
is the crossover model that was developed in the 1960s for 
fighter pilots 0. It is based on the highly non-linear and time-
dependent response of the human body, but it is well-
approximated by a quasi-linear model. The model complexity 
depends on the precision that the execution of the task 
requires, but the following form provides a reasonably good 
approximation: 

where the bracketed term refers to the human physiological 
limitations. Accordingly, the term
���refers to the signal 
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Fig.3. Multivariable, yet one value driven model of a human, operating as a 

controller. 

Fig.4. The GM/UMTRI non-linear car driver model, shown to be 
applicable to robotics surgery [18]. 

delay that occurs during human reaction. The term 
�

� ���
 

represents the neuromuscular system delay.��is the static gain 

of the operator, 
�

�����
 is the time delay section and the term 

"#� + 1 is the control time constant. The model is not 
extended to all the details of human attributes, such as the 
subject’s motivation, expertise, but the effect of delay can be 
measured with it. Further, the distorting effects of tiredness, 
stress needs to be formulated within, adding the effect of time 
delay on the top. The human operator model proposed is 
shown in Fig. 3. 

Another human operator model was introduced by Ornstein, 
which is slightly more complex, and it is also applicable for 
pursuit-type manual tracking tasks [15]: 

���� = 	 &'∙��&(
)* ∙�*�)'∙��)(

	 ∙ 	
���,  (5) 

where a1 arises from the velocity component and " is the 
transport delay. The determination of the values of the 
coefficients was discussed in [15].  

The number of parameters represented in the model can 
make it more sophisticated, allowing one to obtain a more 
accurate description of basic human behaviour. The 
neuromuscular limitations can be well-described by certain 
time delay elements and different dynamic response 
characteristics [17], while human sensing can be characterized 
by threshold elements. A variety of sensory input noise is 
modelled as a member of general signal noise, which can also 
be used in the modelling of vision. Introducing non-linearity 
will have similar effect, increasing the complexity.  

One of the most applicable non-linear car driver models is 
the GM/UMTRI model, developed for General Motors. This is 
an extension of an older quasi-linear UMTRI driver 
model [18]. The block diagram of the model is shown in Fig.4. 
These models have been shown to represent the master–slave 
type telesurgery tasks [19]. 

IV. SLAVE MODEL 

While not all of the latencies can be avoided, empowering 
the salve system with autonomous capabilities can also 
improve functionality and safety. Robust control methods may 
further reduce the effect of latency. Thus, better and more 
appropriate control for the presented tasks needs to be 
investigated. The slave robot’s kinematic model is typically 
given to a fine level of details, enabling its integration into 
kinematic and dynamic models [20], [21]. 

It is most challenging to gain information about the 
interactions of the robot arm and the tissue. It is possible to 
gain this information if force feedback is provided, but among 

today’s surgical robots, this option is not common [22]. Static 
models may be used instead of the dynamic models, since the 
effects on tissues are relatively small, due to the fact that 
current trends are focusing on minimal invasiveness. 

Table I. summarizes the most important models used for 
tool–tissue interaction in surgical robotics, enlisting some of 
their basic properties. Depending on the surgical device and the 
complexity of the anatomy, different models are to be chosen. 

When choosing a controller for the entire system, all the 
model parameters should be considered, and in order to 
increase the robustness, the overall complexity and rank of the 
models should be kept as low as reasonably possible [13]. 

V. DISCUSSION 

Rapidly developing robotics technology and 
communication infrastructure boosts telesurgical applications. 
However, these concepts still need the right choice of models, 
considering accuracy, robustness and computational 
requirement. Separate models must be used for the master 
controller, the robotic arm, operating tool and the tissue itself, 
whereas the time delay and the lack of adequate feedback 
greatly affect the controller’s performance. As described in this 
paper, it is typically possible to perform a task based on a 
simplified, or complex, non-linear models as well, but the 
increasing complexity and lower performance of the employed 
control system may not worth it after all. 
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Table I  List and basic properties of the most commonly employed soft tissue models for robotic surgery applications.

Model  
number 

Used for Tissue model 
Tool 

model 
Feedback type Sensors Model complexity Reference 

1 
Analyzing transparency 

under slave link and joint 
flexibility 

Rigid 
Linear 
elastic 

Force feedback to 
user’s hand 

Position and 
velocity sensors at 

tool tip 

Varying, from simple to 
moderate. Determined by 
the mechanical model of 

the tool. 

Tavakoliet al. 
2009 [25] 

2 
Medical training through 

simulation in virtual 
reality 

Mesh based FEA model, 
using modal analysis 

rigid 

Force and torque 
feedback to user’s hand, 
collision detection and 
detection of multiple 

tissue layers 

Force and position 
sensors mounted on 
the tool, held by the 

user 

The complexity is 
determined by the level of 

system reduction Basdogan et 

al. 2004 [26] 
Real-time method of 

finite spheres 
Simple, with minimized 

computational effort 

3 
Detecting lumps in organ 

tissues (kidney, liver, 
heart) 

7 different models, 
model validation on real 

tissues 
rigid 

No feedback to human 
user 

1DoF force 
feedback from 
point-to-point 

palpation 

Increased accuracy with 
model complexity 

Yamamoto 
2011 [27] 

4 

Detection of lumps in 
prostate tissues, 

definition of forbidden 
regions for patient-side 

manipulators 

Manufactured artificial 
tissue based on existing 
commercially available 

artificial prostate 

rigid 
3D visual feedback 

generated with a stereo-
vision system 

Position, velocity 
and force sensors on 

slave manipulator 

Hunt-Crossley, a complex 
but accurate model 

Yamamoto et 

al. 2012 [28] 
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Abstract—Patient specific knowledge of hepatic segmental
anatomy is essential to liver therapy and surgical planning. Con-
trast enhanced computed tomography (CT) is the predominant
3D imaging modality for non-invasive analysis due to its ability to
highlight the intra-hepatic vascular network, and distinguish tu-
mor from normal parenchyma. In this clinical context, computer-
aided tools can assist diagnostic and therapeutic planning for liver
diseases. This leads to a simple three-dimensional visualization
of the organ, its vascular system, and the tumor position. The
surgeon uses this information during the pre-operative phase
to plan the operation. The purpose of this work is to pose the
basics for the development of a semi-automated system for the
realization of low-cost, deformable, patient-related organs (or
part of them) to be used for pre-operative planning and surgical
training.

I. INTRODUCTION

A specific planning procedure for tumor resection is a real
challenge in oncological liver surgery due to the enormous
individual anatomical variability [1]. The liver has a complex
internal anatomy consisting of three different vessel systems
and the biliary ducts. This intricate three-dimensional con-
figuration makes liver resections a challenging operation. A
transection of any of these structures leaves a part of the
liver without supply or drainage causing, in the worst case,
the death of the patient. However, as introduced by Couinaud
in [2], the liver is built on individual anatomical segments,
which allow the surgeon to resect specific parts of the liver
while maintaining intact its functionalities [3]. This schematic
classification divides the liver into eight different segments
according to the branching structure of the portal and the
hepatic vein. It is a useful tool for surgeons since it allows
a better understanding of the intervention environment.

Currently, in addition to the anatomical knowledge, various
tools are available for planning a surgical operation. Surgeons
can use 3D volumetric rendering (e.g. coming from CT) of
the specific area or its physical realistic model that can be
bought from synthetic organ manufacturer. The former is a
promising tool since it allows a more direct comprehension
of the organ’s anatomy and so have a more clear planning
ability. Despite this, commercially available synthetic organs
do not always correctly represent the patient-specific anatomy.
To improve surgeon’s planning capability a more precise tool
has to be produced.

In the following, the different stages for the realization of a
low-cost patient-based 3D physical deformable models of the
liver’s vessel are presented. Figure 1 is depicted a schematic
view of the process used. This model is a first step toward

Fig. 1. A schematic view of the realization process. The rectangle shape
indicate unsupervised automated action, while trapezoid ones are executed
manually by a human operator.

the realization of a full organ that can be used for diagnosis
and training. The importance of these results can be identified
in the reproducibility of the cast anatomical structures (also
without the need for expensive 3D printers) and the possibility
of having a more realistic surgical mock ups.

II. MATERIALS AND METHODS

For simplicity, we considered a non-pathological liver CT
data from which we are interested to extract the vessel’
structure. We performed a segmentation by applying a set
custom-designed MeVisLab [4] block-functions. The first step
consist in the identification of the vascular system (made
both by vessels and arteries) with its branches. This was
done manually by identifying some seed points for the region
growing like algorithm. An experienced physician gives as
input the few parameters that control the algorithm evolution
and acts as a supervisor of the system (i.e. he/she validates the
output of this phase). Figure 2 shows the results of the output
of this phase.

The result is then used to create a virtual representations



Fig. 2. Output of the region growing segmentation. In the figure the dark
area is the liver profile, the red area identifies the vessels segmentation. The
white is identify as image background and it is not taken into consideration
during the analysis.

Fig. 3. The 3D visualization of the segmented vessels.

of patient anatomy (Fig. 3). It can be used to provide to
the surgeon a immediate visualization of the liver’s vessel
structure. It can be further processed and can be directly
used as input for any standard stereo-lithographic printer. This
allow to obtain a patient-specific physical rigid model that
can be used for planning the surgery. However, due to their
stiff structure they can not be used during training. In fact,
to effectively support training, the models have to reproduce
the physical behavior of real vessels, and deform under the
application of external forces given by surgical tools. Thus
the synthetic organs should be built with soft materials.

The idea is to retrieve a modular structure from the rigid
model previously made and then cover each section with foam
rubber. This step allows to obtain a semi-rigid structure that
can be placed in shape, with an adequate support system (e.g.
metal wires placed within the structure), and permit a easier
extraction once the covering material is dry. It is important to
chose the most suitable material that will be used to obtain the
final model. Among the available ones, we used Prochima’s

Fig. 4. The casted model. A 3D latex model.

natural pre-vulcanized latex [5]. Due to the complexity of the
structure of the liver’s vessel tree (it branches along different
planes), to prove the concept, we used a simplified version of
it that includes only few branches.

III. RESULTS

The results of the segmentation and 3D model extraction are
encouraging. They have been validated by an expert radiologist
and thus confirming the correctness of the process. The model
obtained by following the presented procedure, although its
simplicity, has given promising results. In figure 4 is presented
a prototype of the simplified vascular system. The method
used to cast the model and the material used have been
demonstrated to be suitable to reproduce the structure of the
vessels and to ensure their vascularity. Different physicians
have considered useful having such model to be used in pre-
operative phase, unlike this further analysis related to their
usage have not yet been done.

IV. CONCLUSION AND FUTURE WORKS

Traditional surgical planning uses volumetric information
stored in a stack of intensity-based images coming from
computerized tomography (CT) or similar imaging methods.
The surgeon then uses specific software that displays 2D slices
of the volume leaving the surgeons in charges to build its own
mental 3D model. This is a difficult task even for experienced
surgeons. To help their mental process and to allow them to
exhaustively explore the operational area, physical 3D patient-
based model can be useful. In addition to this, the models can
be used to train surgeons on peculiar situation.



In this paper we proposed a technique for fast prototyping of
low-cost, patient-based 3D soft model that can be used during
training and pre-operative planning. Starting from CT data, we
segment and reconstruct a 3D volumetric model of the liver’s
vessel system. From that we build a modular structure and
then produce a simplified deformable model.

As future work we are interested in considering the realiza-
tion of the more complex model, i.e. the full liver’s vessels
tree. In order to archive this goal a (semi-)automatic method,
that identify the branches of the vessel, is needed. Its output
will help us in the realization process and allow us to produce
a more realistic anatomic model.
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Abstract — Over the years, catheter-based interventions have 

gained popularity for the treatment of cardiovascular diseases 

and became daily practice. However, the errors in manual 

catheter-based interventions remain too high which motivates the 

use of precisely controlled robotic catheters. CASCADE, a recent 

EU-funded FP7 project has been set up to investigate 

autonomous catheter control for endovascular aortic valve 

replacement procedures. Robotic surgical skills will be learned 

and assessed on an artificial test-bed which should mimic the 

anatomy and behavior of the real vasculature. Therefore, this 

paper presents both the design and the material properties of the 

3D printed compliant vascular model used in the test-bed setup. 

It was found that the HeartPrintTM flex 3D printing process was 

capable of creating flexible models with a Young’s modulus and 

distensibility that are within the range of human arterial tissue 

properties. Thus besides the correct anatomical representation of 

the aorta, the designed model also mimics the material behavior 

of the real anatomy. 

Keywords—3D printing, cardiovascular, HeartPrint, material 

characterization 

I.  INTRODUCTION 

Catheter procedures are amongst the most common medical 
interventions used to treat cardiovascular diseases. However, 
errors in manual catheter-based interventions remain too high 
in medical practice [1]. The use of precisely controlled robotic 
catheters can make an important contribution in this context. A 
new European research project (“CASCADE”, Cognitive 
AutonomouS CAtheter operating in Dynamic Environments) 
has been set up in order to advance the treatment of 
cardiovascular diseases, by providing a new dexterous and 
intelligent (self-aware, self-exploring) robotic instrument, 
initially focusing on endovascular aortic valve replacement. 

Robotic surgical skills will be learned and assessed on a 
representative artificial test-bed prior to transferring this to 
cadavers, animals, and ultimately to patients. The test-bed will 
further help in the development of techniques for real-time 3D 
reconstruction and finite element simulation of the vasculature, 
to investigate safe and reliable exploratory strategies and to 
validate procedure outcome in terms of successful procedure 
execution. This test-bed consists of a realistic cardiovascular 
system, i.e. the bench-top model, along with simple actuation 
systems to replicate physiological motion due to respiration 
and the cardiac cycle.  

The focus of this paper will be on the design of the bench-
top model and its material properties, which ought to be 
comparable to human artery mechanical properties. 

II. MATERIALS AND METHOD 

The bench-top model is a transparent, flexible model of the 
aorta, from the aortic valve to the common iliac artery, and 
includes the main side branches (Figure 1). Based on a CT 
scan, the Mimics Innovation Suite

®
 (Materialise, Leuven, 

Belgium) was used to obtain the virtual 3D reconstructed aortic 
model and to prepare it in a printable format. Afterwards, the 
bench-top model is printed using the Materialise HeartPrint

TM
 

Flex technique which is capable of 3D printing the model 
directly from the virtual file. This 3D printing technique has 
several advantages compared to the traditional method for 
creating flexible models using the two-step approach of mold 
making and casting. It is less time consuming and it can go 
beyond the possibilities of molding for creating highly 
complex, patient-specific cardiovascular anatomies. 

 
Figure 1: 3D design of the aortic bench-top model (A) and two 

printed segments of this model, including the aortic arch with 

carotids (B) as well as the valve with calcifications (C). 

 



In order to verify whether the 3D printed aortic bench-top 

model mimics the behavior of the real vascular tissue, 

quantification of the material properties of this HeartPrint
TM

 

flex model is necessary. Therefore, based on a set of tensile 

and compliance tests on small samples, the material properties 

of the model were defined and compared with human arterial 

tissue properties.  

Five uniaxial tensile tests, as well as 15 compliance tests, 

were performed to identify the ultimate strength (σu, εu), 

Young’s modulus (E) and distensibility (D) of the material. 

The shape and dimensions of the samples are shown in Figure 

2. For the tensile test, samples are stretched at 1mm/s and the 

applied force with the corresponding extension are 

continuously recorded. For the compliance tests, variations in 

internal pressure were monitored during a gradual increase and 

decrease of the internal volume of the samples. 
 

 

Figure 1: Schematic illustration of the samples for the uniaxial 

tensile test (A) and the compliance test (B). Dimensions are in 

mm. 

 

III. RESULTS AND DISCUSSION 

The results for the uniaxial tensile test are shown in Figure 
3 with ultimate stress and strain values of 1.05 ± 0.17 MPa and 
73.19 ± 6.52 % respectively. Since the stress-strain curve of 
this rubber-like material is highly non-linear, the Young’s 
modulus is calculated for two different sections of the curve. A 
first value of E is calculated using the secant-method at the 
points of 5 and 25% strain resulting in an average value of E1 = 
0.91 ± 0.02 MPa. A second value of E is calculated at the point 
of maximum stress and has an average value of E2 = 2.06 ± 
0.23 MPa. Based on these results, it is observed that the 
HeartPrint

TM 
Flex samples exhibit a stiffness which is within 

the range of arterial tissue. Depending on the artery (e.g. aorta, 
carotids, coronaries) the stiffness can vary substantially, from 
0.2 MPa up to about 9 MPa [2, 3].  

The results for the compliance tests are shown in Figure 4, 
with the distensibility of the samples varying between 1.9 – 3.7 
x10

-3
 mmHg

-1
 whereby a decrease in wall thickness of the 

samples corresponds with a decrease in distensibility. This 
range is comparable to the clinical range of distensibility values 
for various arteries, such as the ascending and descending 
aorta, carotid arteries and pulmonary arteries, as shown in 
Table 1.  

 

Figure 2: Stress-strain curves of the HeartPrintTM Flex samples 

obtained during a uniaxial tensile test. 

 

 
 

Figure 3: Distensibility of HeartPrintTM Flex samples with 

different wall thicknesses. 

 

Table 1: Clinical range of distensibility values for arteries such as 

the ascending and descending aorta, carotids as well as 

pulmonary arteries, reported by various authors. 

 

Study Vessel Distensibility [x10-3 mmHg-1] 

Chue et al. [4] Aorta 
Asc: 4.1 ± 2.1 

Desc: 4.4 ± 1.7 

Groenink et al. 

[5] 
Aorta 

Asc: 4.4 ± 2.2 

Desc: 4.6 ± 1.5 

Gan et al. [6] Pulm. artery 4.6 ± 3.8 

Lénárd et al. [7] Carotid 
3.8 ± 1.4 (static) 

2.1 ± 0.9 (dynamic) 

 

IV. CONCLUSION 

The material properties of the bench-top model were 
determined and it was found that both Young’s modulus and 
distensibility of the HeartPrint

TM
 Flex model are within the 

range of human arterial tissue properties. The designed model 
does therefore not only offer the correct geometry of the aorta, 



but it also mimics the material behavior of the real anatomy. 
These features are needed for training, accurate modeling and 
validation of the robotic surgical skills, all developed within the 
framework of the CASCADE-project. 

ACKNOWLEDGMENT 

The research leading to these results has received funding from 

the European Union’s 7th Framework Programme under EC-

GA No. 601021 (CASCADE). 

REFERENCES 

[1] Kohn et al., To err is human: building a safer health system. National 
Academy Press, Washington, 2000. 

[2] Khamdaeng et al., Arterial stiffness identification of the human carotid 
artery using the stress–strain relationship in vivo, Ultrasonics, 2012; 52 
(3):402- 411. 

[3] Duprey et al., In vitro characterisation of physiological and maximum 
elastic modulus of ascending thoracic aortic aneurysms using uniaxial 
tensile testing. Eur J Vasc Endovasc Surg. 2010; 39(6):700-7. 

[4] Chue et al., Insights into differential regional aortic distensibility in early 
chronic kidney disease: a cardiac magnetic resonance study. Eur Heart J 
2010; 31:143. 

[5] Groenink et al.,  Biophysical properties of the normal-sized aorta in 
patients with Marfan syndrome: Evaluation with MR flow mapping. 
Radiology 2001;219:535 

[6] Gan et al., Noninvasively assessed pulmonary stiffness predicts 
mortality in pulmonary arterial hypertension. Chest 2007; 132(6):1906–
12. 

[7] Lénárd et al., Static versus dynamic distensibility of the carotid artery in 
humans. J Vasc Res 2000; 37(2):103–11. 

 



Biomechanical simulations, soft tissue phantoms and
open data - validating and benchmarking systems for

computer assisted minimally invasive surgery
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Abstract—Determining the accuracy of computer assisted
surgery (CAS) systems is challenging. This is in particular true
in the realm of minimally invasive soft tissue interventions. Here,
it is very complicated and sometimes even impossible to obtain
reliable in vivo ground truth data. For this reason numerical
simulations, organ phantoms and animal experiments are used
as a means for validating the accuracy of CAS systems. In
this paper, we discuss these common evaluation tools in the
context of sensor data processing and registration techniques.
Furthermore, we present solutions for mechanically accurate soft
tissue phantoms and numerical validation tools for endoscopic
surgery. It will become apparent that even when using these
strategies the acquisition and processing of suitable evaluation
data can be very time consuming. We will thus conclude with a
discussion of the need for and core requirements of suitable open
repositories for ground truth data.

I. INTRODUCTION

The validation of accuracy is a very important step towards
a thorough evaluation for computer assisted surgery systems
[7]. It is especially important for algorithms, modules and
systems that are in a research or prototype state. In order to
provide navigational information to the surgeon CAS systems
rely on suitable intraoperative sensors such as tracking sys-
tems, endoscopic video or ultrasound data. Typically, complex
algorithms for sensor processing and registration techniques
are used in order to align pre-operative planning data to the
patient based on the sensor information. In this context, the first
validations step is to assess the accuracy of each individual
component before proceeding to validate the whole system.
Validation data can be acquired in silico, in vitro or in vivo
including numerical simulations, phantoms or clinical data sets
[7].

Until now, numerical environments for in silico validation
of sensor hardware and processing algorithms are usually
restricted to simple synthetic data [5]. Even more elaborate
approaches to sensor data simulation are often only used as a
means for preliminary validation during development [14].

In contrast, phantom data is widely used for sensor process-
ing validation. Models based on Poly(vinyl alcohol) (PVA-C)
can reproduce both the sound and the mechanical properties of
human tissue and are suitable for validating ultrasound-based
techniques [17]. The properties of the material can be tuned by

changing the exact composition of the material and the number
of cycles of a freeze-thaw process that is applied during
manufacturing. Sufficient experience in handling this substance
is required in order to accurately adjust its properties. Silicon
phantoms are often used in the context of endoscopic image
processing. Examples include phantoms of the heart [13], [16]
and the liver [12]. Different paints allow to emulate typical
optical properties such as specular reflections. However, it is
challenging to reproduce realistic texture patterns in this way.

Animal organs in vitro can also be used for accurate val-
idation and benchmarking of image processing techniques in
the context of endoscopic interventions [11]. Careful planning
and time consuming post processing is required in order to
obtain ground truth values using this approach.

For the validation of non-rigid registration techniques it
is important to obtain a sufficient dense ground truth of the
deformation field. This can be achieved by placing small
marker balls inside a phantom [2]. Depending on the scenario,
many marker balls are required for this purpose. Thus, it
is important to set up the configuration in such a way that
the processing of the ground truth data (segmentation, spatio-
temporal registration) can be done (semi-)automatically. An
important aspect in this application area is the accuracy of
the phantom’s mechanical behaviour. Kerdok et al. performed
the first quantitative analysis by means of force measurements
and finite element analysis of appropriate silicon material for
simple shapes [9]. More recent results show how phantoms for
complex organ geometries can be constructed that provide an
adequate accuracy in terms of the mechanical properties [6].

For some interventions, intraoperative volumetric imaging
such as cone-beam CT can be used to obtain ground truth
data from animal experiments or potentially even during real
interventions [4].

Due to advances in simulation technology, components
for both real-time simulation of the mechanical behaviour of
organs [3] and the accurate ultrasound sensor data are already
available [10]. However, currently no system exists that can
generate different sensor data and ground truth data for the
validation of CAS systems.

In this paper we present ongoing work towards an in
silico evaluation environment for computer assisted minimally



Fig. 1. For each video frame the disparity ground truth between the left and
right image is computed (top). Furthermore, the displacement during camera
motion or organ deformation is saved and displayed a color coded image
(bottom).

invasive surgery. Furthermore, we show how mechanically
accurate soft tissue phantoms can be built for validation
purposes. Finally, we discuss how such tools and generated
data can be made available in open databases.

II. IN SILICO EVALUTION SUITE

We are developing a simulation environment for validating
components and systems for computer assisted minimally
invasive surgery. The core module of the simulation is an
accurate camera model. It can be parameterized to resemble
the set-up typically found in different stereo endoscopes. By
using realistic organ textures and appropriate lighting models,
the optical properties commonly found in endoscopic image
sequences (e.g. specular reflections) can be reproduced in
sufficient detail for an accurate validation of image processing
algorithms. Real-time finite element (FE) techniques are inte-
grated into the model to allow for a realistic deformation of
organs in the surgical scene.

The simulation suite generates all necessary ground
truth data to validate many image processing (e.g. 3D-
reconstructions) and non-rigid registration algorithms. Both
the disparity map of the two stereo endoscopic images and
the displacement for each pixel in the image over time can
be accurately computed using a raycasting algorithm (Fig.
1). Additionally, the deformed organ meshes are saved along
with important landmark positions for each timestep in order
to evaluate registration results. The numerical simulation is
especially useful to assess the sensitivity of algorithms to
specific parameters (e.g. camera calibration, noise).

Currently, we are including more relevant sensor data into
the simulation tool (e.g. tracking information). In this context
we are developing a suitable data format that allows to easily
save sensor and ground truth data and to feed the sensor
data into the CAS system. Although the simulation runs in
real-time, some components for generating and saving ground
truth values (e.g. raycasting) do not achieve interactive rates.
That’s why we are including a tool that allows saving the user

Fig. 2. Liver phantom is deformed in an indentation experiment (left). The
deformation can be tracked in CT images using Teflon marker balls (right).

Fig. 3. Upper body phantom build from segmented CT images (left),
endoscopic video frame featuring several silicone organs (middle) and cor-
responding 3D-reconstruction from stereo endoscopic data (right).

interaction (e.g. instrument and camera movement) in order to
generate all accurate ground truth computations by re-running
the simulation in a non-interactive mode.

III. SOFT TISSUE PHANTOMS

In order to develop mechanically realistic silicon phan-
toms, we analyzed several different silicon types within an
elastometer in order to obtain a database that contains exact
material parameters for each silicone. As material models
and parameterization for most organs are available in the
literature, the database allows selecting suitable silicones for
organ phantoms. We use a parameter optimization method on
a FE model in order to accurately match different material
models. However, silicon exhibits a much more linear behavior
than human soft tissue. In order to mimic real tissue behavior
over a larger deformation range, the phantoms are equipped
with a stiff core and a softer outer region. The stiffness
parameters (and thus corresponding silicon types) are again
matched using non-linear optimization. More than 100 Teflon
balls are inserted into each phantom in order to track the
deformation in CT images (Fig. 2).

In order to build a model of the upper body, all major
organs were segmented from CT images. A rigid outline
of the body as well as bony structures were manufactured
using rapid prototyping techniques (Fig, 3). Similarly, molds
for each organ were built from the segmented images and
silicone organs were cast from these molds. The resulting torso
phantom allows simulating more complex deformation pattern
and inter-organ interaction. All deformations can be easily
tracked in CT images thanks to the markers in the silicone
organs. The model thus serves as a very useful validation tool
and even offers a cheap, reproducible and accurate alternative
to animal experiments for many validation steps.



IV. DISCUSSION

In this paper we presented recent advancements in numer-
ical simulation and accurate organ phantom design for the
validation of CAS systems in the realm of minimally invasive
surgery. While both techniques have become important tools
for CAS validation in the development stage, their design and
application is non-trivial and time consuming. Furthermore,
the execution and post processing of experimental results from
phantom experiments requires not only the access to CT imag-
ing hardware, but also manual effort (e.g. segmentation). Thus
we are planning to release an open collection of numerical and
experimental phantom data that include accurate ground truth
information and are thus suited for accuracy validation.

Having common data sets does not only allow researchers
to spend more time on development and less time on val-
idation, but it also allows to benchmark algorithms against
each other. In the realm of computer vision, the Middlebury
datasets is widely used for that purpose [15]. Although there
are few datasets for the validation of CAS components are
available (e.g. the Hamlyn Centre endoscopic video datasets
[16] and the 3D-IRCAD database [1]), it would be desirable
to have a more extensive selection of data. In particular, it
would be beneficial to establish a common repository that can
serve not only as a central access point for data, but also for
benchmark results. As the complexity of the data is growing
(e.g. different types of temporally registered sensor data) it is
especially important to develop standardized data formats and
corresponding processing tools in order to make the data easily
accessible.

Naturally, such a repository should not be limited to
numerical or phantom data. In the context of image processing
(e.g. instrument segmentation) in vivo sensor data is often
used for qualitative evaluation. In some contexts, manually
labeled image data can even serve as a reliable ground truth.
Making these kinds of data freely available would significantly
speed up the development for many research groups. This is
even more true for algorithms that rely on machine learning
approaches such as segmentation or situation recognition tech-
niques [8]. In these applications, the acquisition and manual
processing of suitable learning and test data often is the most
time consuming part of development.
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Abstract—Surgeons’ training is mainly based on a Halstedian
apprenticeship model whereby residents learn by directly assist-
ing an experienced surgeon during the intervention and slowly
increase their hands-on experience over time. Hands on training is
indeed essential for effective training to robotic surgery, however
the reservation of the robot for training represents an additional
cost that hospitals can hardly afford . A possible solution to this
problem is the use of simulators.

Current surgical simulators have some severe limitations in
the realism of the physics simulation provided and this reduces
their effectiveness. Improving the realism of physics simulation
is thus one of the ways to further increase cos/benefits ratio of
simulators.

This paper describes Chiron, a new simulator for robotic
surgery which is focused on providing realistic simulations and
thus to increase the training outcome. The simulator currently
provides more than twenty tasks, some are inspired by the tasks
used in current training curricula whereas other have been
developed to exploit the specific functionalities of the software
and to evaluate users cognitive load. Thanks to the scripting
language integrated into the software, it is possible to easily
customize all the tasks and to quickly develop new ones following
the requirements of several surgery specialization.

The simulator is currently being validated in different hospi-
tals and training centers in Europe and USA.

I. INTRODUCTION

Surgeons training is mainly based on a Halstedian ap-
prenticeship model [1] whereby residents learn by directly
assisting an experienced surgeon during the intervention and
slowly increase their hands-on experience over time. This
approach is difficult to extend to robotic surgery, where only
the surgeon (or at most one other person) can actually control
the robot and have the stereoscopic view of the intervention
area whereas assistants can only have an overall impression of
the procedure flow. Hands on training is essential for effective
training to robotic surgery, however the reservation of the robot
for training represents an additional cost that hospitals can
hardly afford [2].

A suitable solution to this problem is the use of simulations.
Virtual simulations, in particular, are suited since in robotic
surgery the surgeon interacts with the robot console, composed
by haptic devices and monitors, which can be easily replicated
with lower cost devices. Simulations should reproduce two
important aspects of the intervention: the robot, with its kine-
matics and dynamics properties, and the patient, with anatomy,
pathology and, possibly, physiology [3]. The reconstruction

Fig. 1. Examples of hardware configuration supported by the training system:
in foreground a pair of Sensable Phantom Omni plus Zeiss Cinemizer glasses
providing 3D vision and in background one Razer Hydra and standard 2D
monitor.

and the simulation of complex anatomical scenarios is still an
open problem, both from the point of view of modeling but
also for computation. Thus virtual simulations often focus on
the development of basic skills [4] , which do not require high
anatomical realism to be trained as they are more related to the
dexterous use of the robot. Virtual simulators demonstrated to
effectively support the acquisition of the basic skills required
by minimally invasive surgery in a safer, less stressing and
cheaper way. Real time data recording constitutes a relevant
advantage provided by these tools and makes their application
in training and evaluation extremely valuable and effective [5].
However, basic abilities only enable the surgeon to dexterously
control the robot but they do not ensure that he/she can carry
out a surgical procedure following the right steps, without
harming the patient and effectively facing adverse events.

Surgical simulators available on the market [7], [6], [8]
suffer from some severe limitations, such as objects intersec-
tion, extremely hard constraints between grabbed objects and
robots. Moreover simulated surgical tools only reproduce the
end part of the actual robot, without modeling the dynamics of
the whole robot. These limitations reduce the usefulness of the
simulation for procedural abilities. In fact, for a training tool
to be effective, it is mandatory to ensure its realism both in
terms of robot dexterity and physics realism. The absence of



physics realism in particular can lead the trainee to learn wrong
maneuvers. If, for example, the interaction between a suture
needle and the tissue being punctured is poorly modeled, the
surgeon learns how to move the wrist of the robot, but cannot
learn how to actually insert needles without damaging tissues.
Another severe limitation of current simulators is their cost
effectiveness. A single training station usually costs more than
60 thousand Euros, thus the cost of the training remains high
even in presence of these simulators. Improving the realism of
physics simulation is one of the ways to make simulators more
useful to surgeons. This paper reports on Chiron, a system for
robotic surgery training whose primary characteristic is the
correctness of physics simulation.

II. MATERIAL AND METHODS

The goal of the work described in this paper is the
development of a training system that ensures reduced costs
and accuracy in the physics simulation. One of the requisites
of the final system is the compatibility with different hardware
configurations: this translates into the possibility to adapt it to
existing hardware and to provide different levels of realism in
the interface in accordance with user proficiency. In fact high
realism may impede the learning process in novices because
of the cognitive load.

On the software side, the training system must be based
on free libraries, to ensure that the cost of the simulator is
kept low. The developed simulation software is thus based on
on the open source Bullet Physics library [9] and interfaces
with many different hardware devices to provide input/output
capabilities. The software has a modular architecture with four
modules that handle: 1) physics, 2) graphics, 3) haptic devices
and 4) logic.

The physics module is the core of the training system:
it is in charge of the simulation of the physics phenomena
(e.g. interactions between objects, friction, deformations, robot
motion) and takes advantage of the functionalities provided
by Bullet, i.e. collision detection, constraint solver, rigid body
dynamics. The big limitation with Bullet is represented by its
poor deformable models. As correctly modeling deformations
is one of the key requirements to train surgeons to handle
biological tissues and suture threads, Bullet has been extended
with support to proprietary deformable models [10]. Thanks to
this extension the training system is able to compute the inter-
nal strain due to deformations, which means that the simulation
can handle tears and rupture of biologic tissues and thread but
it can also keep track of the necrosis that is inflicted by user.
This, in turns, results in more realistic training scenarios and
in more complex and complete evaluation metrics.

The graphics module, instead, renders the interface and the
scene to the user. The graphics module gets the description of
the scene from the physics module and compute the graphics
rendering, with the support for different kinds of stereoscopic
visualization. This is required to reproduce the Da Vinci
visual experience on different hardware configurations. The
graphics module also handles the graphical user interface thus
providing information and hints to the user during all the
training curriculum.

The haptic module embeds all the routines that handle
the input device and translate users movements into actions

Fig. 2. One of the tasks currently supported by the simulator (Peg transfer)
with step-by-step help message.

of the robot. This includes motion scaling, tremor filtering
and the actual mapping of users motion into the frame of
reference associated to the virtual endoscope. One key aspect
of the haptic module is the support for different hardware
configurations.

The last module of the training system is the logic module
which is in charge of the logics of the training tasks. The
training supervisor can, in fact, describe the task goals and the
evolution of the environment by defining a finite state machine
(FSM) that reacts to user inputs. In this way it is possible to
keep track of user performance and errors in the execution of
tasks and to generate hints to assist the surgeon during the
training. The same scripting language that is used to define
the FSM can be used online to customize many aspect of the
training tasks or to insert adverse events in the simulation.

III. RESULTS

The training system supports a wide range of hardware
devices, thus providing scalable configurations and costs. The
software runs on standard modern PCs with Windows 7 or
8 operating system. It supports many different input devices:
from the low cost Hydra by Razer to Geomagic Touch,
and from Omega by Force Dimension to Freedom 6/7s by
MPB. When supported by the hardware device the system can
also provide force feedback during the interaction with the
virtual environment or to reproduce Da Vinci system behaviors.
Thanks to its support to HDMI 1.4 3D rendering the software
can take advantage of all the modern 3D monitors and head
mounted displays to provide the same stereoscopic view that
the surgeon experiences using the Da Vinci. However the
simulator is also compatible with older hardware that use the
side by side format to encode 3D rendering (see Figure 1).

Chiron currently provides more than twenty tasks, some
are inspired by the tasks used in current training curricula
(e.g. peg transfer, torn wire, bimanual pick and place - see
Figure 2) whereas other have been developed from scratch
to exploit the specific functionalities of the software and
to evaluate users cognitive load (tasks inspired by Simon
electronic game, tasks with random adverse events). It includes
realistic anatomies and organs that can be obtained from CT
or MRI segmentations with reduced efforts. This allows to
reproduce specific anatomies or pathologies (see Figure 3).



Fig. 3. Reconstruction of a pig abdomen with pancreas in foreground and
stomach, liver, spleen and kidneys in background.

Fig. 4. Screenshot of the final score provided by the system. Along with the
overall evaluation the user can understand where he/she can improve and has
a graphical representation of the distance covered by each tool.

The scripting language integrated into the software allows
to easily extend the training curriculum. In particular it sup-
ports the definition of the virtual environment, in terms of
number, position and parameters of objects and organs in the
scene. It allows determining the logic of the training task,
through the design of the FSM that rules the evolution of the
environment. Finally, it supports the definition of the metrics
and the scoring system that evaluate trainee performances
(Figure 4). This results in the possibility to quickly develop
new tasks following the requirements of the target surgery
specialization.

As a result of its flexibility, Chiron has been used in
SAFROS European Project [11] in which it provided the virtual
platform for an innovative training curriculum. In addition it is
currently in use in several hospitals and training centers around
Europe and USA. The validation of the system is ongoing[12].
The simulator is provided for free upon request to interested
hospitals or institutions [13].

IV. DISCUSSION AND FUTURE WORK

The training system described in this paper combines the
realism provided by physics engine and the flexibility of mod-
ular approach. In particular it features all the benefits of Bullet
Physics plus the advantages of proprietary deformable models,
and seamlessly interfaces with a number of input/output de-
vices. It is currently being validated in different hospitals and
training centers in EU and USA.

Using the same technology other training systems are
currently under development, in particular, Chiron has been
interfaced with two Simball 4D devices to obtain a laparo-
scopic surgery training system. A hysteroscopy simulator is
also being developed.
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Abstract—Medical robotics is an expanding field of research
with more certified products entering the market and more
technologies being developed. Given the number of surgical
specialties and procedures, there is no one solution that would
suit all applications. This paper focuses on the requirements
and the development of systems for novel techniques in visceral
surgery. Here the aim is to design surgical instruments with
greater flexibility and degrees of freedom that are still intuitive
to use.

I. INTRODUCTION

The use of robot assistance is an increasing market with a lot
of growth potential [1]. The only commercially available teler-
obotic system, namely the da Vinci platform, is still limited
with regards to the range of procedures that it can perform [2].
Within this limited range, the number of robotically assisted
procedures is increasingly growing regardless of the lack
of clinical advantages over manual laparoscopic surgery [3].
The advantages such as 3D visualisation, improved dexterity,
surgeon ergonomics and elimination of the fulcrum effect [2]
outweigh the disadvantages such as the high cost, bulky size,
and lack of tactile feedback [2].

Besides the growth in robot assisted surgery, developments
in surgical techniques focus on making minimally invasive
surgery even less invasive. This is achieved by Laparoscopic
Endoscopic Single Site (LESS) surgery whereby all the in-
struments and the camera are entered into the patient through
a single trocar in the abdominal wall. Another method is
to access the abdomen via the esophagus, the rectum or
the vagina and inserting the instruments and camera via an
incision in one of these structures. For LESS surgery there
are a few commercial systems available and various systems
being developed [4]. Similarly, there are systems for NOTES
available or under development [4].

Technological solutions could bring robot assisted surgery
together with techniques such as NOTES to enable the full
potential of this novel technique [5]. For LESS surgery there
is also a great potential for combination with robot assistance
as shown, experimentally by [6]. In this study, customised
da Vinci instruments were used to carry out a gall bladder
removal. Although feasible, it was evident that the da Vinci
system was not designed for such a procedure.

The next sections discuss the requirements of robot as-
sistance systems for NOTES and LESS and proposes tech-
nologies and methods to develop solutions that meet these
requirements.

II. REQUIREMENTS

As [7] identified, the instruments need to be more flexible
and have a much greater range of motion from the point
where they enter the abdomen. Also the instruments should not
protrude out of the access port in a straight line more or less
parallel to the port, but articulate away from the trocar. Finally,
it was argued that if the instruments had different lengths,
they could operate in different planes thus avoiding collisions.
To be able to carry out standard procedures, the forces that
are transferred through the instrument should not differ from
those measured during ”normal” laparoscopic procedures. This
means that the small flexible instruments should be able to
transfer forces of approximately 30N [8]. With these force
magnitudes, it is important that the surgeon has some tactile
feedback in the instrument handle. The lack of haptic feedback
has been identified as a current weakness of robot assisted
systems. Experimental work has shown that the precision
and control of instruments and flexible endoscopes is vastly
improved by this feedback [9], [10]. Finally, the whole system
consisting of instruments and their holders, a camera and its
holder and the user interface devices should be small and light,
and ideally be hand-held.

III. SOLUTIONS

A novel system where a robot and a surgeon work together
to carry out LESS or NOTES surgery requires a number of
technological advances. The instruments need to be highly
manoeuvrable, generate relatively large forces for their size
and ideally have flexible supply lines. This has led to the
development of small hydraulic actuators.

Prototypes of miniature hydraulic cylinders and pneumatic
muscles, see figure 1, have been manufactured from off-the-
shelf components. Both actuator types were tested to establish
the maximum pressure they could withstand, their force gen-
eration capacity, stroke, and in case of the cylinder, friction.
The hydraulic cylinder had a piston diameter of 2.7mm and
was sealed with an o-ring. It withstood pressures up to 200



Fig. 1. Example of flexible, energy dense, pneumatic muscle actuator made
from off-the-shelf components

Fig. 2. Parallel kinematic system for instruments and scopes

bar at which point a force of 94N was measured. The seal
friction at this presssure was measured at 2N, which was lower
than expected from an o-ring. The working fluid was medical
white oil, which is the hydraulic fluid that is proposed for
the novel instruments. The pneumatic muscle prototypes were
tested with both air and water as their working fluid. They
could not withstand high pressures such as the cylinder: the
connection between the flexible tube and the pressure supply
would start to look. Nevertheless, a muscle actuator with an
inner tube diameter of 1.5mm and outer tube diameter of
2.5mm tested with water generated a force of 30N with a
supply pressure of 9 bar. These results have indicated that
hydraulic drives are appropriate for this application. Another
advantage of hydraulics provides is that the supply pressure is
a direct indicator of the force generated at the instrument tip.
In other words, this type of actuation enables a simple and safe
implementation of haptic feedback. Finally, for robotic appli-
cations, hydraulics also have the advantage that its dynamics
are well understood as well as potential friction losses. This
means that robot control systems can be developed rapidly and
with a high level of certainty.

To hold and move instruments or cameras, a spherical
parallel kinematic system has been developed, see figure 2. It is
small for the range of motion it has, the parallel arms ensure
increased robustness over a serial kinematic system and the
pivot point of the instrument motion is mechanically defined.
Its kinematic and dynamic characteristics are currently being
analysed and the design is being optimised for a range of
parameters. One of these parameters is the range of motion.
Ideally, this is a large as possible inside the patient, but as

Fig. 3. Example of a Man-Machine Team

small as possible outside the patient. Another parameter is
the sensitivity and relative linearity between the motion of
the drives and the motion of the instrument. Here the ideal
case is that the drive requires a large displacement for the
instrument to move by a small amount. The goal is to find
the best compromise between these optimisation parameters,
which can be conflicting.

Once all the components have been characterised and op-
timised, the goal is to integrate them into a flexible surgical
robotic assistance system. Starting with a typical laparoscopic
intervention with 4 incisions, the parallel kinematic system is
used to hold the endoscope and one rigid instrument while
the surgeon holds the two other instruments. The challenge is
to develop a user interaction method for handsfree control of
the camera angle and rigid instrument orientation. The next
step is combine the components to enable Single Port surgery.
The two parallel assistive robots need to be dimensioned to
ensure maximum motion while avoiding collisions. In this
application, the surgeon will require flexible instruments to
reach all structures. These are the flexible handheld instru-
ments descibed previously with equiped mechatronic input
devices. Figure 3 illustrates this vision.

IV. CONCLUSION

There is a great potential to develop technology for man-
machine OR teams that have been designed to carry out novel
operating techniques such as NOTES and LESS. This type
of system has many requirements to meet, but they can be
addressed by developing modular solutions for the instru-
ments, the instrument manipulators and the user interfaces
and all the other components. These modular solutions can
finally be combined to form a flexible, small and lightweight,
user-friendly assembly that can be used for routine as well
as complex surgeries. Hydraulic actuators form part of this
modular solution to provide more flexibility to the system,
while meeting the force generation requirements. Parallel
kinematic devices form the basis of the small and lightweight
instrument manipulator modules. Both these modular systems
have so far shown promising results.

V. FUTURE WORK

Once the modules for the instruments and their parallel
robot manipulators are finished, the challenge is to ensure



their interaction with the user is intuitive. The first step
is to establish what constitutes a good interface. For this
purpose, computer models and real-time simulations will be
used, so various input device prototypes can be tested rapidly
without needing to adapt the instruments and their drives to
all the different interfaces. The next step will be to integrate
all the modules to demonstrate the feasibility of handheld
mechatronic instrument systems and man-machine surgical
teams.
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Abstract—Integration between surgery and robotics leads to 

new paradigms in clinical field. Innovative robotic solutions 

represent the enabling technology for highly targeted therapeutic 

actions, such as operating in the cardiovascular system. In this 

framework, the authors present a robotic platform for the 

treatment of vascular obstructions. It integrates a system for 

locomotion and navigation based on magnetic dragging and 

ultrasound tracking and a therapeutic module which involves 

mechanical attack to the obstruction by means of high intensity 

focused ultrasound. The system overview and the technical and 

theoretical instruments for developing the overall platform were 

illustrated; preliminary results, together with future planned 

works, are reported in order to demonstrate the feasibility of the 

proposed approach. 

Keywords—robotic magnetic guidance, cardiovascular therapy, 

robotic-assisted surgery, ultrasound-based tracking. 

I.  INTRODUCTION 

In the last decade, surgery and robotics have reached a 
maturity which has allowed them to be safely translated in a 
new kind of operating room [1]. However, medical robotics is a 
young and relatively unexplored research field where the 
enabling technologies continue to evolve, leading to even new 
interventional scenarios. For instance, there has been a recent 
trend away from autonomous or semiautonomous surgical 
robots, toward synergistic manipulation and virtual fixtures [2]. 
Thus, the robot acts as a guidance tool, providing information 
to keep the surgeon on target, yet guaranteeing accurate tissue 
localization thanks to advanced imaging solutions. 

Cardiovascular system offers a perfect room for such 
innovations. Different platforms and strategies are under 
development worldwide (e.g. [3]): robotic wireless or softly 
tethered approaches could answer the quest for miniaturization, 
and interesting devices have been already developed by 
exploiting the knowledge gained in different setting [4]. 
However, due to challenging environmental conditions 
(physiological flows and reduced length scales), transferring 
the same technologies into the vascular system is not 
straightforward. Moreover, locomotion and tracking into the 
vascular system are still ongoing research issues [5-7]. Finally, 
as regards therapeutic strategies, removing vascular 
obstructions is a dynamic field of research and different 
approaches have been proposed in the latest years [8]. Keeping 
in mind potentials, challenges and limitations of robotic 

approaches, we present here the system design and initial 
investigations of an innovative computer-assisted robotic 
platform for the treatment of vascular occlusions. The proposed 
platform integrates safe navigation solutions with advanced 
therapeutic strategies. More in details, the platform (Fig. 1) 
consists of two robotic arms, respectively holding an external 
permanent magnet (EPM) and an ultrasound (US) probe. The 
EPM drags an internal softly-tethered magnetic unit, while US 
provides the tracking of the device with the help of pre-
operative imaging. A low level control ensures that the 
endovascular device is constantly in the US field of view and 
that the movement of the device is consistent with the desired 
path. Once the occlusion is reached, the device will be able to 
release micro-bubbles to facilitate lysis through an external 
high intensity focused US high intensity focused ultrasound  
(HIFU) transducer, which is expected to be integrated with the 
diagnostic/tracking probe. Micro-agents can be released from 
the magnetic device via the micro-tether, which will also act as 
a retrieval system for safety. It is worth remarking that the 
micro-tether will not have any structural function, thus 
preventing damage to the internal walls of the vessel and 
increasing system flexibility and steerability. Debris resulting 
from the action of US lysis should be smaller than red blood 
cells in order to be absorbed by the reticuloendothelial system; 
however, some large fragments can detach, thus causing risk of 
embolization. In our platform the fragments of blood clots, 
properly functionalized, will be collected and dragged to a safe 
area for further removal. 

Based on the target pathologies and the actual capabilities 
of driving a softly-tethered magnetic device, the current 
platform will mainly address carotid arteries and vessels of the 
lower limbs.  

 

Fig. 1. Schematic representation of the computer-assisted robotic platform 
for softly-tethered therapy of vascular obstructions and operative modules. 

This work is supported by Cassa di Risparmio di Pisa in the framework of 
MicroVAST (Microsystem for Vascular diagnostics and inTervention) 

project. 



II. SYSTEM OVERVIEW AND PRELIMINARY RESULTS 

In this section we discuss in details both the navigation and 
therapeutic modules of the proposed platform by highlighting 
the main features of the system and giving some preliminary 
results aiming to demonstrate the feasibility of the entire 
system. 

A. Navigation module: locomotion and tracking  

Combining the benefits of robot-aided magnetic navigation 
and US imaging, a methodology based on traditional 
Computer-Assisted Surgery (CAS) adapted to intravascular 
medical procedures has been developed for locomotion and 
tracking purposes. US-based intra-operative data, together with 
pre-operative lumen centerline reconstruction for optimal path 
definition, represent the navigation workflow for assisted or 
completely autonomous safe propulsion of an endoluminal 
device in cardiovascular procedures. 

As schematically illustrated in Fig. 2, the robotic module 
for vascular navigation is composed by an EPM attached to the 
end-effector of a 6 Degrees of Freedom (DoFs) 
anthropomorphic robotic arm (RV-3SB, Mitsubishi Electric, 
Japan); a second anthropomorphic robotic arm with 6 DoFs 
(RV-6SL; Mitsubishi Electric) for holding and moving a US 
probe (CA430E; Esaote, Italy) for autonomous US-based 
servoing control; a human–machine interface (HMI) including 
an intuitive control peripheral; a softly-tethered endoluminal 
device with an internal permanent magnet (IPM). The 
interaction between the EPM and the IPM of the endovascular 
device is employed for propelling the softly-tethered 
endoluminal robot along the cardiovascular system while 
locomotion is supervised by the US-based methodology. In 
particular, an axially magnetized NdFeB N52 (remanence 
1.48T) permanent magnet (KJ Magnetics, Jamison, USA) was 
selected as the EPM. It is 51mm in diameter, 25mm in 
thickness, and 0.4kg in weight. A rapid prototype miniaturized 
capsule (5mm in diameter, 10.6mm in length, and 0.75g in 
weight) equipped with a NdFeB N52 IPM, made up of 6 
tablets, was developed as a first prototype for the vascular 
platform evaluation phase. Each tablet is axially magnetized; it 
has a diameter of 3.2mm and a thickness of 1.6mm [9]. The 
second robotic arm holds a US probe for a US-based control. 
The US probe is a convex array transducer with a working 
frequency between 3.5 and 5MHz and a radius of curvature of 
40mm. With the aforementioned US system, an accuracy of 
about 0.2mm is derived by the entire acquisition and 
processing pipeline [10]. In case of assisted propulsion 
navigation modality, the operator can drive the system through 
a haptic input device (Phantom-Omni, Sensable Technologies, 
Wilmington, MA, USA) imposing motion commands to the 
robotic arm used for holding, moving, and orienting the EPM, 
while the second robot (holding the US probe) follows the 
motion of the endoluminal device for tracking purposes. In 
both the navigation modalities, the US-based tracking 
algorithm represents the navigation closed-loop control core for 
maintaining a reliable and effective magnetic link along the 
procedure. It consists of the tracking of the internal device by 
using a combination of features detection, optical flow and 
segmentation techniques. In particular, the algorithm segments 
the endoluminal device. On the segmented region of interest, 
the extraction of the object features and the knowledge of the  

 
Fig. 2. Representation of the navigation module components. 

intrinsic features dynamic state allow for the tracking of the 
object position and definition of the propulsion behavior. The 
US-based control loop is iterated until the end of the medical 
procedure in combination with the locomotion module for the 
cooperative control of the two robots. The two manipulators 
are moved together along the calculated pre-operative vascular 
path while a high-level algorithm calculates the endoluminal 
robot displacement and compares the device position with 
respect to an imposed action region centered in the US frame. 
If the endovascular device exceeds the imposed safe area, the 
procedure is retrieved in the previous state in order to maintain 
or to re-establish a reliable magnetic link. 

Several preliminary trials were performed by dragging the 
magnetic capsule along an in-vitro vascular 3D mock-up by the 
dedicated software implementation, and tracking the 
endoluminal device by means of the US images mode control. 
The effectiveness of the magnetic dragging in well-defined 
operative conditions and the validation of the tracking of the 
device by the US-based algorithm have been assessed. The 
magnetic device was dragged by the EPM, in no-flow 
condition, with a velocity of 5mm/s and an average control 
loop time of 40ms, due to the US image acquisition frame rate. 
The tracking mode control algorithm enables a reliable trace of 
the endoscopic device and the accomplishment of the vascular 
task in the in-vitro conditions (Fig. 3). 

 

Fig. 3. US images of the tracking algorithm; the device at (a) t=t0 and at (b) 
t=t0+δt is shown, where the detected features are represented in green while 

the segmented shape with the yellow line. The derived displacement of the 

selected features is visualized in (c) with blue arrows. 



B. Therapeutic module  

The aim of the therapeutic module is to remove vascular 
obstructions in order to restore physiological blood flow. 
Physical constraints of the environment and the required 
dimensions for magnetic locomotion make all those therapeutic 
strategies which demand bulky tools not suitable candidates. 
Considering the non-invasive, precise and fast dynamics of 
their action, external US are deemed to be an appropriate 
solution. The effectiveness of US in destroying thrombi has 
been demonstrated in several works (e.g. [11]) and important 
results have been achieved, mainly as an enhancement of 
chemical attack (by the addiction of thrombolytic drugs), both 
in-vitro and within some sound clinical trials [12]. However, 
limitations are related to the use of thrombolytic drugs, mainly 
due to their systemic effects. US thrombolysis without 
thrombolytic drugs has been proposed to overcome this 
limitation [13]. An in-house system has been developed to 
validate the therapeutic action of US in thrombolysis and to 
correlate the exposition dose to the generated effect. The 
system is able to map the US field generated by a commercial 
acoustic transducer. The acoustic field is generated by a HIFU 
transducer (Precision Acoustics, UK) with 1MHz center 
frequency, whose acoustic power can reach 85W in the focus; 
it is in series connected with a power amplifier (240L, 
Electronics & Innovation, USA) and a wave generator 
(33220A, Agilent Technologies, USA). A 0.2mm PVDF needle 
hydrophone (Precision Acoustics) is used to detect the pressure 
signal, transferred to an oscilloscope (InfiniiVision 7014A, 
Agilent Technologies, USA). The needle hydrophone is 
mounted on a 3 axis step-by-step motorized positioning frame 
(XXYZ BiSlide, Velmex) with a full range of approximately 
500x1000x500mm

3
 and a precision of 6μm. Wave generation, 

hydrophone position and signal acquisition are controlled and 
synchronized remotely by a home-made LabView (National 
Instruments, USA) interface. A 2D scan has been carried out 
by positioning the hydrophone parallel to the beam axis and 
measuring the pressure on an half-plane (axial-symmetry has 
been previously demonstrated by a 3D scan). This scan allows 
mapping the acoustic field around the focus in a y-x plane of 
70x5mm with pitches of 0.5mm and 0.1mm respectively on 
beam axis and on its perpendicular direction. Data acquired are 
post-processed in MatLab (MathWorks, USA) environment. 
Electric signal is converted to pressure taking into account the 
hydrophone sensitivity at the center frequency. Results (Fig. 4) 
show the cigar-shape of the HIFU beam, with a focal length (-
6dB) of 24.36mm and a focal diameter of 2.94mm. The scans 
are performed using low intensities (up to approx. 4W) in order 
to avoid to damage the hydrophone. For input power of 1W 
ISPTP (Spatial Peak Time Peak Intensity) and ISATP (Spatial 
Averaged Time Peak Intensity) are respectively 57.2W/cm

2
 

and 31.3W/cm
2
.  

Preliminary tests on porcine, human and fibrin clots have 
been carried out exploiting the presented setup. Human clots 
are obtained by collecting them into citrate vacutainers and 
then treating the blood with CaCl2 and thrombin, while fibrin 
clots are obtained by simply mixing in-vitro fibrin and clotting 
factors. Porcine clots are obtained from spontaneous 
coagulation of fresh blood taken from local slaughterhouse; 
porcine clots have similar acoustic properties of human clots 
[14]. 

 

Fig. 4. Cigar-shape of the HIFU beam. 

The different blood clots were placed in a low-density 
Polyethylene (LDPE) tube, with inner diameter of 7mm and 
thickness of 0.5mm. LDPE has been chosen because of its 
similar acoustic impedance with respect to water. A flow 
system has been included and all the experiments were carried 
out under a flow of water of 2ml/min. Acoustic parameters are 
reported in Table 1. They have been chosen basing on previous 
literature experiments [13] and on the specifications of the 
transducer. These parameters showed their efficacy in 
considerably reduce clot size in the proposed time. Fig. 5 
shows the results in form of screenshots taken at 0s, 30s, 60s, 
90s and 120s for human and porcine blood clots. 

TABLE I.  ACOUSTIC PARAMETERS FOR US THROMBOLYSIS TESTS 

Frequency 
Acoustic 

Power 

Pulse 

Length 

Duty 

Cycle 

Treatment 

duration 

1MHz 65W 450μs  10% 120s 

Furthermore, physical mechanism on the basis of thrombus 
dissolution must be investigated in order to optimize the 
therapy, in particular for augmenting thrombolytic efficiency 
while avoiding damage to healthy tissues. Bioeffects of US 
include a plethora of phenomena, which usually contribute to 
the final result. Among these, thermal and cavitational effects 
are credited to play a major role. In US thrombolysis thermal 
damage is considered a drawback. However traditional 
methodologies for thermal measurement (i.e. thermocouples 
[15] or pulse-echo ultrasound [16]) are not applicable for the 
proposed experiments, so that qualitative assessment is 
commonly considered [13, 17].  

In order to evaluate thermal effects, experiments have been 
carried out on porcine blood clots, shaped in order to fill the 
entire sample holder. Tests have been carried out keeping 
constant the quantity of energy delivered to the target, while 
varying the duty cycle from 0% (control) to 100% (continuous 
wave), and subsequently varying the duration of the treatment. 
Visual analysis and optical microscope (HiroxKH7700) zoom  

 

Fig. 5. Screenschoot of human and porcine thombi during US exposure. 



 

Fig. 6. Qualitative assessment of thermal damage, (left) treated porcine clot; 

(right) 0%(A), 10%(B), 50%(C), 100%(D) duty cycle treated section. 

20x, (Fig. 6) show evidence of thermal damage for continuous 
and 50% duty cycle (DC) waves, while for the exploited 
parameters only evidence of surface erosion can be identified. 
Basing on these considerations, a passive cavitation detection 
(PCD) system has been implemented, in order to determine 
whether cavitational effects are present. As a matter of fact, by 
measuring the acoustic emission from oscillating/collapsing 
microbubbles, it is possible to determine and quantify the 
presence of cavitational effects.  

III. CONCLUSIONS AND DISCUSSIONS 

Frontier research in the management of vascular 
obstructions poses very challenging medical and technological 
problems and the quest for innovative strategies/platforms is 
continuously increasing. The here proposed platform includes 
some innovative solutions for navigation and therapy. 
Preliminary results show the feasibility of the proposed 
solution: the traditional CAS architecture was adapted to 
intravascular medical procedures and the feasibility of 
magnetic navigation and US tracking was assessed. Future 
works are planned for employing a 3D US system (in 
replacement to the 2D probe) for preoperative vascular tract 
reconstruction and intraoperative vessels registration and 
endoluminal probe tracking. The US thrombolysis setup 
demonstrates the ability to accurately map the acoustic field on 
the transducer axis and US thrombolysis efficacy was 
established. Future works aim at correlating the cavitational 
dose to thrombolytic efficiency: if this correlation exists, 
therapy could be optimized for enhancing cavitational effects.  

New platforms such as the one proposed in this paper, 
which cannot exist without the fully exploitation of robotic 
strategies, will be developed over the next 10 years. The 
scenario including a multi-robotic platform paves the way for 
the reduction of invasiveness of surgical interventions and 
personalized medicine. The ideal and paradigmatic example of 
minimally invasive surgery (MIS) leads to the concept of 
therapy completely non-invasive, such as, for example, in 
focused ultrasound surgery (FUS), which involves the 
transmission of acoustic energy through the body from an 
external source. FUS is already used in several clinical 
applications, but it suffers from some drawbacks and 
limitations which narrow the applicability to non-moving and 
non-essential organs, mainly under guidance of magnetic 
resonance (MR). Developing an autonomous and human-
supervised robotic platform to perform a completely non-
invasive therapy by means of FUS will allow to overcome the 
current drawback of this technology. The robustness, safety, 

and accuracy of FUS procedures will be enhanced by 
exploiting robotic assistance, by using real-time therapy 
monitoring and self-learning procedures as closed-loop control. 
It is worthy to mention that this innovative application could be 
considered a step towards the real implementation of 
multifunctional and versatile robotic platforms for healthcare 
applications. 
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Abstract— Medrobotics’ FLEX System is a novel endoscopic 

platform that has been successfully introduced in cardiovascular and 

more recently in oropharynx and hypopharynx procedures. 

Preliminary clinical experience shows promise as a surgical tool in 

head and neck oncology. 

Keywords—minimally invasive surgery; single port surgery; 

NOTES; surgery 

I. INTRODUCTION 

The Medrobotics’ FLEX System™ (Medrobotics Inc., 

Raynham, MA, USA) is a highly articulated platform 

that features a multilink endoscope allowing minimally 

invasive procedures in target organs located deep within 

the body and otherwise difficult or previously 

impossible to reach through a single port. The FLEX 

system contains multiple open accessory channels to 

accept a variety of compatible flexible surgical and 

interventional instruments as well as on-board 

visualization. The platform is self-supported and enables 

physicians to drive and navigate through non-linear 

circuitous paths, and through a single access point into 

the body. The FLEX system’s flexibility and motion is 

gained from its numerous mechanical linkages (>30) 

with two concentric mechanisms. Each mechanism can 

be placed into a rigid or flexible state. By employing a 

patented “follow-the-leader” movement strategy with 

these two alternate states (rigid or flexible), FLEX can 

be directed into any shape through the relative 

orientation of its linkages.  

The multi-jointed FLEX System Scope component is 

disposable to ensure sterility, whereas the physician 

console and feeder unit are reusable. In addition to the 

core system there are a number of accessories: (i) a 

support stand, which attaches to the operating table and 

enables easy positioning of the Scope into the clinical 

site of interest; (ii) a camera system, incorporated into 

the distal tip, employs a near high-definition CMOS 

camera and LED lamps for high-quality visualization of 

the site of interest; and (iii) 3
rd

 party hand-held 

compatible flexible instruments, allowing rotation and 

articulation, in addition to triangulation towards the site 

of interest. The surgeon retains tactile feedback from the 

instruments, enabling more efficient and safe retraction, 

dissection, and excision of tissue for the desired clinical 

application. A key distinguishing feature of the FLEX 

System Scope is that it contains multiple degrees of 

freedom distributed across its length and it is self-

supporting. When compared to the 7 degrees of freedom 

of movement possible using the human arm, the FLEX’s  

 

greater than 30 degrees of freedom enhance the 

physician’s ability to access, visualize, and with 3
rd

 party 

tool perform interventions in hard to reach anatomic 

targets. The FLEX system accepts an operator-defined 

input to generate a unique shape in 3D space. The FLEX 

can track along this curvilinear 3D path and return to 

points along the path or take a new shape as defined by 

the operator. One shape can be “remembered” at a time. 

This core property allows the FLEX to work outside the 

constraints of a natural lumen, such as the oropharynx, 

or on the surface of an organ, such as the heart. The 

FLEX’s exact shape and location can remain static 

allowing it to hover in place without any tremor while 

delicate procedures are being performed at its distal end, 

and then automatically retract along the exact same path 

from where it came to protect the delicate anatomic 

structures and surrounding tissues from compression or 

friction damage. Additionally, the FLEX not only 

Figure 1. Medrobotics FLEX System 



supports its own weight but can support additional loads 

via instruments delivered through its channels for 

dissection or retraction. Conversely, the FLEX can 

become limp, allowing it to take the shape of the 

surrounding structures. In this state the FLEX will lie in 

a hand as a soft braided rope, which is an important 

safety feature. 

II. PRE-CLINICAL AND CLINICAL EXPERIENCE 

A. Cardiovascular Applications 

The first report of pre-clinical cardiac applications of 
the FLEX System prototype in a porcine preparation was 
published by Zenati and Choset in 2006 and referred to 
as the “CardioARM” system [1]. The first human use 
(FHU) trial of the clinical prototype of the FLEX System 
was initiated in February 2010 and successfully 
completed in June 2010 with a total of three patients 
having been enrolled [2]. The FHU procedures were all 
performed in Prague, Czech Republic with approval from 
the local Institutional Review Board by Drs Neuzil 
(cardiac electrophysiologist) and Czerny (cardiac 
surgeon). The physicians were able to perform all 
elements of the clinical protocol without incident and the 
cases were completed in less than 5 hours from initial 
access to skin closure per approved protocol. All patients 
were discharged home 1–2 days later without any 
adverse events reported. During these procedures, a J&J 
CARTO mapping and ablation catheter was used 
successfully through the FLEX’s instrument channel. Up 
to 200 recordings from the patient’s beating heart surface 
using the CARTO mapping electrodes demonstrated that 
the FLEX system could be safely manipulated within the 
pericardial space from a small single subxiphoid port and 
over the heart’s ventricular surfaces in a human with no 
induced hemodynamic changes in the heart. The clinical 
prototype of the FLEX was also able to integrate well 
with high-tech imaging modalities frequently used by 
interventionalists, such as intracardiac echocardiography 
(ICE), fluoroscopy, electroanatomic mapping (CARTO), 
and direct endoscopic visualization.  

The portfolio of cardiovascular diagnostic and 
therapeutic applications of the FLEX system include 
epicardial beating heart atrial and ventricular mapping 
and ablation, epicardial injections of stem cells or tissue-
engineered scaffolds for regeneration, delivery of left 
atrial appendage closure devices, pacing leads, etc. [3] 

B. Eye, Ear & Throat (ENT) Applications 

Unhindered access to the laryngopharynx is best 

achieved with a flexible instrument that can be 

introduced through the oral cavity. Although the FLEX 

system was originally designed for cardiac procedures, 

the robot has 102 degree-of-freedom and a snakelike 

advancement mechanism capable of steering a nonlinear, 

self-supported path also in other organ spaces within the 

body. Accordingly the FLEX Scope was modified and 

transformed into the Medrobotics FLEX System, 

developed specifically for use in applications requiring 

nonlinear access such as transoral surgery [4]. This 

flexible platform drives a chip-on-tip endoscope through 

nonlinear pathways, and provides a platform for the 

delivery of compatible flexible instruments. In a recently 

published study, the utility of the Medrobotics FLEX 

System for visualization and access to areas normally 

difficult to reach within the laryngopharyngeal complex 

was demonstrated. Feasibility of access and visualization 

without the use of suspension laryngoscopy, which 

comes with its own associated risks and disadvantages 

including dental injury, lingual nerve injury, and 

additional operative time, was confirmed. The FLEX 

System was also found capable to act as an appropriate 

platform for 3
rd

 party compatible instruments, allowing 

successful surgical resections in the upper aerodigestive 

site. 

The most recent iteration of the Medrobotics FLEX 

System for ENT applications consists of 50 discrete 

linkages that are capable of rotating 13 degrees with 

respect to each other. The leading linkage, that is, the 

most distal linkage, is controlled by the surgeon. Using 

the joystick-like control handle, the leading linkage is 

pointed in the desired direction and advanced millimeters 

at a time along the directed vector. The remaining 

linkages of the flexible Scope are also advanced, 

following the precise pathway of the leading linkage in a 

‘‘follow- the-leader’’ fashion. The leading linkage serves 

as the housing for important surgical hardware including 

a camera, LED lamps, lens washer, and two external 

accessory channels. The system’s two-dimensional video 

is captured via a specialized ‘‘chip-on-a-stick -type’’ 

scope embedded in the distal end of the device, and thus 

the camera position and orientation corresponds to the 

controlled position of the distal linkage of the FLEX 

Scope. Fixed into this linkage, the camera can be moved 

from side to side, up and down, and the image rotated 

upon its axis. The camera can also be controlled to zoom 

digitally. The video is then relayed to a high-definition, 

two-dimensional video screen. Compatible flexible 

instruments can be inserted through the accessory 

channels for tissue manipulation. Instruments are passed 

through the accessory channels and are manipulated 

manually by the surgeon with two hands without 

requiring instrument crossing, thus preserving 

instinctively and natural control. 
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Abstract – We are presenting a new concept for a robot arm 

design that can change its structure from complete soft to stiff. 

The proposed system makes use of the principle of granular 

jamming: A granule-filled membrane is soft and flexible when 

the pressure inside the membrane is higher or equal to the 

outside pressure; however, lowering the pressure inside below the 

outside pressure jams granules into each other, hence, increasing 

the stiffness of the structure. Employing this principle, we create 

low cost, variable stiffness manipulation systems that have great 

application potential, as for example in the field of minimally 

invasive surgery. Employing granular jamming, our approach 

can be used to create controllable-stiffness tools covering the 

whole spectrum of current surgical manipulation devices – from 

laparoscopes (straight and rigid) to endoscopes (flexible and soft). 

Combining the granular jamming manipulation system with end 

effector tools such as a camera or a gripper, this overall system 

can fit through a Trocar port and bend around organs in a 

patient’s abdominal cavity providing the surgeon with improved 

views or a retraction aid.  

Keywords—variable and controllable stiffness, granular 

jamming, soft robot manipulator, octopus-like, camera/retraction 

system. 

I.  INTRODUCTION 

Successful and safe laparoscopic and endoscopic surgery is 
heavily dependent on its vision system, with the primary 
emphasis on the viewing angle and image stability [1]. Today’s 
laparoscopic instruments are typically long, rigid tubes that 
have poor accessibility to target areas and often require a 
second surgeon to aid during the overall procedure. There is a 
noticeable trend towards natural orifice translumenal 
endoscopic surgery (NOTES); hence, a number of surgeons 
prefer flexible endoscopes over the traditional rigid 
laparoscopes for the operations to be conducted. However, 
these endoscopes were originally designed for intralumenal 
use, and tend to be application specific [1]. Thus, there is a 
technological and clinical need for small, flexible manipulation 
systems designed for NOTES and other minimally invasive 
surgical procedures, incorporating retractors, cameras and 
possibly other elements such as miniaturized force sensors [2].  

Our approach – inspired by the biological counterpart: the 
octopus – aims to bridge these gaps. Our octopus-inspired 
manipulation device is a 10 mm diameter robot that can alter its 
body stiffness from being flexible to rigid via granular 

jamming. Most commonly seen in vacuum packed bags of rice 
or coffee, granular jamming is a phenomenon where a 
multitude of particles normally act like a fluid, but lock into a 
solid-like state when an external stress is applied [3],[4]. Thus, 
our device is naturally compliant and can be pushed into 
position by the surgeon’s laparoscopic tools, then it can lock its 
current position when a differential between the internal and 
external pressure is applied; we achieve this by vacuuming the 
interior of the robot’s membrane. 

 

 

Fig. 1. An octopus entering a narrow opening. 

 

 

Fig. 2. A schematic drawing of our low cost, granular jamming-based 
flexible laparaoscopic camera. Shown here its ability to access difficult areas, 

while occupying  only 4 mm of trocar port space. 



This variable stiffness mechanism not only provides the 
surgeon with a wide viewing angle and accessibility when the 
robot manipulator is flexible, but also a stable platform once 
stiffened [5]. Although it requires pneumatic tubing and a 
tether for video cables and possibly gripper actuation, the entire 
cable and tube bundle (for our robot that has a camera 
integrated) is only 4 mm in diameter. The design of the robot 
allows the manipulator to be deployed into the body cavity, 
thus only occupying 4 mm of trocar port space after initial 
insertion, a significant improvement over current endoscopes. 

II. METHODOLOGY 

The octopus-inspired robot manipulator, seen in Figs. 2 and 
3, is 10 mm in diameter, composed of three 65 mm long 
segments filled with 1.5 mm diameter plastic spherical 
granules, and followed by a 4 mm tether. The outer membrane 
is made with a 0.12 mm thick PVC film. The section dividers 
are ABS plastic and were printed with a rapid prototyping 
machine. The tip camera is a 10 mm diameter CMOS sensor 
with a 640x480 resolution at 30 frames per second and was 
connected to a computer via USB. Vacuum pressure is 
achieved with a Mastercool 90066-2V-220 pump, and 
measured by a Honeywell 0-30 PSI absolute pressure sensor. 

 

Fig. 3. Here, jamming the granules locks the manipulator into its rigid state, 

and holding a 180 degree bend. The flexibility and variable stiffness of the 

camera system allows surgeons to navigate to a area of interest and lock the 

camera or attached gripper in the position. 

III. EXPERIMENTAL RESULTS 

 

Fig. 4. The granular jamming manipulator bending due to weight when soft 

(top) vs holding a horizontal position when stiff (bottom). 

Other researchers utilizing granular jamming have shown 
that ground coffee is the ideal granule type for jamming [6]. 
However, in medical applications, concerns for using organic 
materials in a surgical system lead to tests to examine if there is 
a plastic substitute. The synthetic substitute would need to 
match the stiffness of ground coffee and withstand an 
autoclave, the most common method of disinfection. We 
conducted a number of force tests. Our results show that, after 
deflected, one segment can exhibit 0.20 N of force at 101 kPa 
(soft state) and 0.42 N at 20 kPa (rigid state). Fig. 4 visually 
shows what these stiffness values represent: the varied ability 
to hold the manipulator system in a horizontal position. Thus, 
the rigidified octopus limb is a stable platform. Bending tests 
performed evaluating the performance profiles of ground 
coffee and plastic spheres for granular jamming show that a 
synthetic substitute achieves improved stiffness.  

IV. CONCLUSSIONS 

This paper presents a new type of NOTES-orientated 
robotic manipulation system whose stiffness can be varied, 
and, is deployable and low cost. The total cost of the camera-
equipped manipulator, excluding the vacuum pump, is 
approximately 20 GBP, 50 times less than traditional 
laparoscopes. Though some preliminary sterilization tests have 
been performed for the granules, they have not been done for 
the manipulator as a unit. Currently, the positioning of the 
camera can be done by the surgeon’s laparoscopic tools, 
reducing the need for a “cameraman.”  

Future works will involve adding a high definition camera, 
increasing the stiffness range of the manipulator arm, adding an 
integrated actuation system, and testing it in-vivo. The 
integration of gripping mechanisms will be explored. 
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Fig. 1. Achitecture of the STIFF-FLOP arm and dimensions of a single 

module. On the left inset section of the single module, on the right inset 
cross section of the module. 
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Abstract— This paper presents the design of a single module 

composing a modular soft variable stiffness manipulator for 

minimal access surgery. The module exploits flexible fluidic 

actuation for obtaining multi directional bending and elongation 

capabilities. A novel flexible crimped braided sheath is 

introduced in order to increase the performances of the flexible 

actuator. Granular jamming based stiffening mechanism is used 

to tune the stiffness of the module. The fabrication of the module 

is described and the performances in terms of bending, 

elongation and stiffening are reported. 

Keywords— Surgical manipulator; soft manipulator; 

variable stiffness; minimally invasive surgery; flexible fluidic 

actuator; granular jamming; crimped braided structure 

I.  INTRODUCTION  

Among the innovative tools for Minimally Invasive Surgery 

(MIS) [1] flexible tools represent a promising solution to 

overcome the limitations of current instrumentation [2]. 

Flexible endoscopes can be used for endoluminal and 

transluminal surgery since they allow reaching the surgical 

target from a remote insertion trocar or a natural orifice. 

However endoscopes may lack stability that rigid tools 

normally provide [3] and the achievable dexterity is still 

limited to the distal end.   

Continuum manipulators consent to fully control their shape 

taking advantage of robotic technology, enabling the surgeon 

to perform challenging tasks not only in endoscopy but even in 

surgery, in a minimally invasive way [2]. Such systems are 

able to pass through obstructed and tortuous passages to reach 

the surgical target. Due to their unique features they have been 

proposed for different body districts like abdomen [4], heart 

[5], throat [6] and brain [7]. The aforementioned systems are 

mainly externally actuated and generally have an underactuated 

structure with a compliant backbone [8], which often results in 

low stiffness at the end effector. The lack of possibility to 

control the stiffness of the structure may limit the performances 

and the possible tasks achievable by such highly dexterous 

structures as shown in [8]. Various stiffening mechanisms for 

medical instruments have been developed in literature and have 

been extensively reviewed in [3]. For continuum like structures 

different rigidity control strategies have been applied such as 

phase change polymers [9], interlocking fibers [10], granular 

[12] or layer jamming [13] and systems based on cable 

tensioning [14]. Most of them can provide an on/off behavior 

with the exception of cable tensioning that by the way may 

suffer of backlashes and requires powerful actuators located in 

a proximal position. Layer and granular jamming seem 

promising technologies since they can provide tunable stiffness 

and still can be integrated in continuum like structures.  

Biological manipulators, such as the octopus arm and the 

elephant trunk, are considered an interesting source of 

inspiration, because they can manipulate objects while 

controlling the stiffness of selected body parts and being 

inherently compliant when interacting with objects [15]. 

Several soft manipulators were developed trying to emulate the 

capability that biological manipulators [16][17][18] have in 

manipulating objects while controlling their stiffness [15]. Soft 

robots present distributed deformation with theoretically an 

infinite number of degrees of freedom (DoF) and generate little 

resistance to compressive forces and thus easily conform to 

obstacles. In addition, they can squeeze through openings 

smaller than their nominal dimensions [19]. In this paper a 

variable stiffness soft manipulator for MIS is presented. Due to 

its soft structure it is able to elongate, squeeze and reach high 

bending angles. A stiffness mechanism based on granular 

jamming was integrated in the manipulator in order to be able 

to control its stiffness. 

II. ARCHITECTURE OF THE MANIPULATOR AND DESIGN  OF 

A SINGLE MODULE 

The envisaged architecture is shown in Fig. 1. The manipulator 

will be composed of multiple modules, e.g. three modules, 

each of them capable of bending in all directions, elongating 

and stiffening independently.  On the tip, a wrist will provide 

The work described in this paper is supported by the STIFF-FLOP project 
grant from the European Communities Seventh Framework Programme under 

grant agreement 287728. 



 

Figure 2. Effect of 0.32 bar pressure on a single fluidic chamber.  

 
 

a)  b)  c)  
Figure 3. Assembling of the mold for the silicone cylinder hosting the 

three fluidic chambers and the central stiffening channel. 

the necessary dexterity for orienting a surgical tool. The wrist 

is under development and will not be described in this paper. 
In this paper the design and characterization of one single 

module is presented. The module of the manipulator is 
basically composed of a silicone cylinder. Inside this cylinder 
there are three equally spaced semi-cylindrical chambers in 
radial arrangement (the fluidic actuators) and another one 
centrally placed (for the stiffening mechanism) as shown in 
Fig.1.  

A. Actuation system 

Flexible fluidic actuators technology was exploited for 

moving the module. The use of such technology is facilitated 

by the available literature in terms of modeling [21][22] and 

application cases [23]. Optimal geometries for this specific 

system are under investigation, previous works comparing 

several cross section designs [24] concluded that the key 

factor is to find a trade-off between the thickness of the 

separation wall among the chambers and their diameter.  

The dimensions of the module and the embedded chambers 

are reported in Fig. 1. The inflation of one chamber causes a 

small bending coupled with an outward expansion in the radial 

direction (Fig. 2). In order to constrain the lateral deformation 

maximizing the bending, a crimped braided sheath (like those 

used in McKibben actuators) is used around the module (Fig. 

2, right). The sheath is fixed at the ends of the module and due 

to the crimped structure it allows high deformations of the 

module without affecting its flexibility. Since three chambers 

are embedded in the module bending in all directions is 

possible, actuating them both singularly or in combination. 

Elongation can be obtained by inflating all the three chambers 

at the same time with the same pressure. 

B. Stiffening system 

For stiffness modulation, a granular jamming solution is 
used. The effectiveness of this strategy on soft robots has been 
already demonstrated in [20], [25], [12], [26]. One of the main 
advantages of this technology is that it is highly deformable in 
the unjammed state and undergoes to a drastic stiffness 
increase in the jammed condition. In our application coffee 
powder was used as granular material and latex as containing 
membrane. Jamming is induced by increasing density in the 
flexible membrane due to the applied vacuum. By controlling 
the vacuum level the stiffness can be tuned. The stiffening 

chamber is placed in the central cannel of the module (Fig. 1). 

III. FABRICATION 

The flexible fluidic actuator is fabricated by pouring 

silicone (Ecoflex™ 0050 – Smooth on Inc.) in an aluminum 

mold. As shown in Fig. 3a, the three chambers mold and the 

stiffening chamber mold are fixed to a base by screws and 

aligned on the top with alignment grooves (Fig. 3b). Two 

semi-cylindrical shells close the mold (Fig. 3c) and silicone is 

cast inside. After complete curing the two bases are removed 

and silicone is again cast to create a layer on top for closing 

the chambers. On one side three screws are left screwed in the 

fluidic chambers mold in order to keep a free channel for 

leaving space to insert the pipes.  

The external crimped sheath is realized starting from an 

off-the-shelf flexible braided sheath (RS Components) with a 

maximum reachable inner diameter of 33 mm. The sheath is 

fitted in an aluminum cylinder 20 mm in diameter and 

compressed until the development of the crimped structure. 

The obtained shape was thermally fixed by heating the sheath 

at 400°C with a heat gun for a few minutes. The sheath is then 

fixed at the two bases of the elastomeric module with silicone. 

The stiffening chamber is fabricated by filling 5 g of coffee 

powder in a latex membrane. It is then inserted in the central 

channel of the flexible fluidic actuator and fixed on top of it 

using silicone glue. 

IV. EXPERIMENTAL CHARACTERIZATION OF A SINGLE 

MODULE  

Pressurizing the three embedded fluidic chambers, bending 

in all directions and elongation can be obtained. Three pressure 

regulator valves (series K8P, E.V.P. systems) enable the 

modulation of the air pressure in each chamber. Pneumatic 

supply is provided by a compressor (Compact 106, Fiac Air-

Compressors). Vacuum for stiffness modulation is generated 

by a vacuum pump (LB.4, D.V.P. vacuum technology). A 

5 µm filter (MC104-D10, E.V.P. systems) was used to prevent 

particles to enter into the pump. A vacuum reducer with 

pneumatic regulation (110130, E.V.P. systems) was used in 

combination with a pressure regulator valve (series K8P, 

E.V.P. systems) powered by the compressor in order to control 

the vacuum level in the stiffening chamber. The output 

pressure of the four pressure regulator valves is measured with 

four analog outputs (voltage) by using an acquisition board 

(USB NI6363 DAQmx). A LabView interface was set up for 

controlling input pressures in the fluidic chambers and the 

vacuum level in the stiffening chamber.  

Bending and elongation performances of the module were 

characterized by inflating the fluidic chambers singularly, in 

pairs and all at the same time. The applied pressures ranged 

from 0 to 0.65 bar, with a step of 0.05 bar, and each test was 

repeated three times. At each step the bending angle was 

estimated from a static picture elaborated in MatLab. In the 

case of three fluidic chambers activation, elongation is obtained 

and the length variation was measured. 

The force developed by the single module was measured by 

fixing a load cell (ATI Mini45) on the top of the module and 



 
Figure 4. Bending capability of the single module under the action of 

increasing pressure. 

 
Figure 6. Isometric force developed by the module. 

 
Figure 5. Elongation capability of the module under the action of 

increasing pressure applied simultaneously to all the chambers (values on 
x axis refer to the pressure of every single chamber). 

actuating one fluidic chamber with a pressure ranging from 0 to 

0.8 bar in isometric conditions (inset of Fig. 6). The same test 

was performed actuating two and three fluidic chambers. 

The rigidity variation, due to the vacuuming of the 

stiffening chamber, was measured by imposing different 

displacements at the tip of the module in different 

configurations of it, by using a 6 DoF industrial robot (RV-

6SL, Mitsubishi) with a load cell (ATI Mini45) mounted on its 

end effector. Three conditions were tested: a) base condition 

(no actuation), Fig. 7a; b) 90 deg bending condition, lateral 

displacement of 16.5 mm along the -y direction, Fig. 7b; c) 

90 deg bending condition displacement of 8 mm on the upper 

base (-z direction), Fig. 7c. The tests were carried out both at 

atmospheric pressure and at the 1.5 psi vacuum pressure. Each 

test was repeated three times. Forces necessary for the above 

displacements were recorded. 

V. RESULTS AND DISCUSSION 

In Fig. 4 the bending angle as a function of the input 

pressure is presented. For low pressures the increase in the 

bending angle is low since the expanded chamber is starting to 

interact with the braided sheath. At higher pressure the 

interaction becomes more effective due to the volume increase 

leading to a considerable improve in bending. Beyond 0.55 bar 

the bending capability seems to reach saturation since the 

portion of the braided sheath, located externally along the 

bending plane, reaches its maximum elongation capability and 

starts limiting the achievable angle. Bending angles of up to 

120 deg were measured. When the two chambers are actuated 

simultaneously a similar behavior is shown, but the saturation 

occurs at lower angles since the simultaneous activation of the 

two chambers causes a faster saturation of the available 

volume. In this case, the reachable bending angle is lower 

(80 deg) but the bending radius is bigger. 

Elongation (Fig. 5) was obtained by activating the three 

chambers simultaneously: with an activation pressure of 

0.65 bar in each chamber, a final length of 83.3 mm was 

measured, corresponding to an elongation of 86.3%. 

The force developed by a single module in isometric 

conditions and activating different chambers is reported in 

Fig. 6. One single chamber is able to generate 24.6 N 

increasing almost linearly respect to the input pressure. In the 

case of two and three chambers activated the force reaches 

41.4 N and 47.1 N respectively. 

The activation of the stiffening chamber demonstrated the 

possibility to change the rigidity of the module. The first test 

carried out on the module at base condition (Fig. 7a) shows a 

consistent increase of the module stiffness when the stiffening 

chamber is vacuumed (36%). In the second test with the 90 deg 

bending condition, the stiffening demonstrated to be less 

performing as expected since the internal channel is deformed 

together with the module and its cross section is reduced 

(Fig. 7b, c). In y direction the maximum stiffness increase is 

equal to 12.4%, and in z direction it is 17.2%. For low imposed 

displacements the plots in Fig. 7 show a similar trend resulting 

from the compression of the external silicone part of the 

module. After a few millimeters of displacement, the resistant 

force contribution of the central stiffening chamber starts to 

predominate and the force needed to deform the module 

increases. In Fig. 7c this phenomenon is not present since the 

displacement is applied directly to the stiffening channel. 
The results underlined that it is not possible to generate a 

complete shape locking of the module. However, a remarkable 
increase of the stiffness in the different configurations was 
demonstrated, leading to an improvement of the stability of the 
robot during the surgical operation, and enabling to comply 
with the surgical environment. 

VI. CONCLUSION 

In this paper the concept design of a new modular 
manipulator for MIS has been presented. One single module 
composing such manipulator was fabricated and characterized. 
The single module successfully combines omnidirectional 
bending, elongation capability, and selective stiffness 
changing. In addition, since the module does not contain any 
rigid components, it can be squeezed by the user for fitting it 
into smaller diameter holes.  



 
Figure 7. Stiffening variation tests: the module has been tested in base condition (a) 90 deg bending position along y (b) and z (c) direction. 
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Abstract— The gastrointestinal tract is home to some of the 

most deadly human diseases. Problems are related to the 

difficulty of accessing it for diagnosis or intervention and 

concomitant patient discomfort. Flexible endoscopy has 

established itself as the method of choice with high diagnostic 

accuracy, but there remain several technical limitations and the 

procedure is poorly tolerated by patients. The use of magnetic 

fields to control and steer endoscopic capsules is increasing in 

minimally invasive surgical applications. In fact, magnetic 

coupling is one of the few physical phenomena capable of 

transmitting motion beyond a physical barrier and allowing for a 

compact design of the “slave” device. In this framework, the 

authors present a preliminary study for the design of a magnetic 

coupling for magnetic endoscopic capsules considering an 

electromagnetic approach within the EU SUPCAM project. In 

particular the target was to maximize the magnetic interaction 

forces and torques induced by the external electromagnetic 

source on the endoscopic capsule embedding an internal 

permanent magnet, still complying with the limitations imposed 

by the specific applicative scenario. 

Keywords—gastrointestinal endoscopy, magnetic medical 

devices, electromagnets design, robotic magnetic guidance. 

I.  INTRODUCTION 

Today, colonoscopy and gastroscopy with flexible 
endoscopes are the standard examination procedure for the 
gastrointestinal tract (GI). These techniques are fairly reliable 
and provide high-resolution images stream that enable accurate 
diagnosis. However, these techniques entail also several 
drawbacks [1]. First, the physician needs much practice to 
acquire the necessary dexterity to manipulate the endoscope. 
Second, movements done by the endoscope inside the body are 
frequently painful and traumatic and poorly tolerated by 
patient. Wireless capsule endoscopy (WCE) has become a 
useful diagnostic tool that enables clinicians to study the GI 
tract and reduce patient discomfort since its introduction in 
clinical practice in 2001 [2]. It consists of a small capsule with 
an embedded camera that is swallowed by the patient and 
transmits its images towards a storage device outside the body. 
Several companies produce “smart camera pills”, but they still 
have two major limitations. As an intrinsic limitation, WCE 
does not allow the operator to control the navigation and the 
capsule proceeds by means of visceral peristalsis and gravity.

This makes the trajectory of the capsule purely uncontrollable 
and unplanned, so that some portions of the GI surface are 
unlikely to be visualized. Another drawback of WCE is 
represented by the fact that, if areas of clinical interests are 
identified, the endoscopist cannot manoeuvre the capsule 
locally (back and forth, right and left) for detailed inspections. 
Therefore, solving the manoeuvring problem might 
significantly enhance the accuracy of the endoscopic 
investigation with an expected improvement of diagnostic 
efficacy. The use of magnetic-based systems for actuation and 
localization of endoscopic capsules in the GI tract has become 
an active area of research and it represents a good approach to 
solve the problem of control [3]. Magnetic forces and torques 
provide an efficient actuation solution whenever traditional 
motors cannot be integrated in medical devices for powering 
and size constraint [4-6]. Two different approaches, that can be 
used to generate magnetic forces and torques for achieving the 
magnetic control of a magnetic capsule, are the use of one or 
more permanent magnets [4, 5] or electromagnets [6]. 
Nevertheless, despite the growing scientific interest in 
magnetically controllable WCE, no effective systems with 
straightforward clinical applicability have been yet 
demonstrated. This is ascribable to a lack of reliable magnetic 
coupling between magnetic capsule and external magnetic 
source and to the difficulty to fine localize and control 
locomotion by means of magnetic fields. A significant example 
of magnetic capsule locomotion and orientation was pursued 
within the VECTOR project [7] that brought to the 
development of three endoscopic magnetic actuated capsules 
(Fig. 1). 

 

Fig. 1. VECTOR project capsule concepts, i.e. (a) screening, (b) diagnostic 
and (c) therapeutic capsule. 

In this paper, the authors investigated and preliminary designed 
the magnetic coupling for magnetic WCE considering an 

Screening	capsule		

Diagnos c	capsule		

Therapeu c	capsule		

The research leading to these results has received funding from the 
European Union Seventh Framework Programme (FP7/2007-2013) under 

Grant Agreement No. 315378 (FP7-SME-2012-315378) – SUPCAM project. 

. 



electromagnetic approach within the SUPCAM project [8]. In 
particular, starting from the background and knowledge of 
permanent magnets design, maturated within the VECTOR 
project, the target was to maximize the magnetic interaction 
forces and torques induced by the external electromagnetic 
controllable source on the endoscopic capsule with an internal 
permanent magnet, still complying with the limitations 
imposed by the environment. 

II. MAGNETIC LOCOMOTION FOR MAGNETIC WCE 

A magnetic capsule will experience both a torque and a 
force within an external induced magnetic field with flux 
density B (T). The magnetic torque τ (Nm) can be expressed as 
[9]: 

                (1) 

where V (m
3
) and M (A/m) are the volume and the 

magnetization of the object, respectively. This torque tends to 
align the magnetization of the magnetic capsule to the applied 
external magnetic field. The magnetic force F (N) on the 
magnetic capsule is represented by: 

          (2) 

Equations (1) and (2) are based on the assumption that the 

magnetic capsule is small compared to the spatial changes of 

the applied external magnetic field’s flux density B. Under this 

assumption, B can be considered fairly uniform within the 

capsule. Hence, assuming that the capsule has spatially 

homogeneous magnetic properties, B represents the value of 

the applied magnetic field’s flux density in the centre of mass 

of the object. These torques and forces can be generated by 

using either permanent magnets or electromagnets. Both 

approaches have advantages and disadvantages to control the 

locomotion of a magnetic capsule. Although the first approach 

represents a cheap and flexible solution, adequate navigation 

accuracies are very difficult to achieve due to the impossibility 

to modulate the generated field. Since permanent magnets 

generate fixed magnetic fields, both precision and accuracy 

depend on their fine motion. The second strategy, employed 

within the SUPCAM project, can lead to a higher navigation 

precision, fine control of produced magnetic fields and 

consequently definition of specific forces that can be obtained 

by modulating the intensity of the current flowing through the 

electromagnet itself. Moreover, the safety of the patient and 

physician is increased because the magnetic coupling can be 

reduced or, in the case, turned off by switching off the remote 

power supply. However, cumbersome electromagnetic coils 

and high currents may be required in order to generate 

adequate magnetic fields and unwanted heating should also be 

considered. 

III. REQUIREMENTS AND SCENARIO FOR MAGNETIC WCE 

The SUPCAM endoscopic platform will allow performing 
an endoluminal medical examination through an external 
control magnetic system with a compact and simple 
manipulation structure, inexpensive, and usable in normal 
outpatient setting, able to ensure an accurate diagnosis of the 
colonic mucosa. Therefore, within the design phase of an 
external electromagnet, representing the locomotion external 
source, compactness has to be considered; the electromagnet 
has to be adapted to be transported and easily controlled by the 
physician for generating a proper link with the endoscopic 
device. In particular, suitable forces and torques for navigation 
and visualization against a high frictional deformable 
environment have to be generated in a narrow range of distance 
between the external magnet and the endoscopic device due to 
the abdominal thickness. Moreover, for a fine control of pitch 
(visualization of upper and lower wall of the colonic lumen) 
and yaw (visualization of right and left wall of the colonic 
lumen) orientations of the capsule (range of around ± 90°) 
specific magnetic torques have to be exerted on the capsule 
system.  

In this framework, to perform an effective and reliable 
magnetic locomotion capsule endoscopy, a modular solution 
was investigated: it consists in the use of a cylindrical-shape 
electromagnet supported by a 5 degrees-of-freedom (DoFs - 3 
for translation and 2 for the electromagnet orientation) 
manipulator for gravity compensation and accurate remote or 
local control (Fig. 2a). The electromagnet will be employed in 
two different configurations: for an initial attraction phase of 
the capsule (configuration C1 in Fig. 2b - magnetization 
direction perpendicular to the abdominal wall) and for a 
locomotion and orientation phase (configuration C2 in Fig. 2c - 
magnetization direction parallel to the abdominal wall). For a 
geometric distribution of magnetic field vectors, the 
configuration C1, reported in Fig. 2b, allows (with the same 
amount of current) for a higher magnetic gradient along the 
attraction axis, pointing to the capsule and perpendicular to the 
patient abdomen, with respect to the configuration C2 in Fig. 
2c. However, in configuration C1, it is not possible the yaw 
DoF because of the axial symmetry of the electromagnet. 
Therefore, the configuration C1 has to be considered only in 
the use at the beginning of the procedure for capturing the 
capsule (a target distance of 100 mm was considered for the 
magnetic design) but not for the locomotion and the continuous 
inspection of the colon. Once attracted, a ±90° pitch rotation of 
the electromagnet (with the magnetization direction parallel to 
the abdominal wall) can allow for the shift to the configuration 
C2, resulting in a closer capsule-electromagnet control and thus 
preserving for a lower amount of current needed for capsule 
attraction and then locomotion and orientation. In configuration 
C2, due to the occurred attraction of the capsule from the 
bottom of the colonic tract, a reduction of about 20 mm (half of 
the average diameter of the colonic district, resulting in a target 
distance of 80 mm) in the distance between the electromagnet 
and capsule can be considered, as a specific design hypothesis. 
In this configuration, the current provided to the electromagnet 
is sufficient to maintain the attraction of the capsule for 
locomotion (in C2 the capsule reaches the centre of the 
electromagnet for orientation purposes). In the next sections the 
design and the definition of the electromagnetic specifications 
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for the magnetic locomotion of the SUPCAM capsule are 
investigated and presented in details. 

 

Fig. 2.  (a) Schematic representation of the navigation SUPCAM platform, 

and (b) attraction and (c) locomotion and orientation configurations of the 
electromagnet.  

IV. ENDOSCOPIC CAPSULE 

The SUPCAM endoscopic capsule integrates a permanent 

magnet to achieve a magnetic control for locomotion and 

orientation, in the interaction with the external 

electromagnetic source. Considering that the dimensions of 

the internal magnet have to be compatible with the space 

constraints and other embedded components (e.g., battery, 

electronics boards, telemetry, camera, etc.), and considering 

the required DoFs for a diagnostic system, a cylindrical-

shaped axially magnetized permanent magnet with a volume 

of at least 4x10
-7

 m
3
 was preliminary selected to be 

incorporated into the capsule. A neodymium magnet (NdFeB, 

N52, magnetization equal to 1.48 T) was chosen because 

neodymium magnets are the strongest types of permanent 

magnets available and it allows reducing dimensions and/or 

current of the electromagnet. A rough yet conservative weight 

prediction for such a device may be two times the PillCam 

weight (around 4 g), considered a golden standard for capsule 

endoscopy. Considering all these issues, the targeting 

magnetic link should be able to navigate a device having a 

weight of at least 8 g in terms of attraction (at least 78.4 mN 

that the electromagnet must exert on the wireless device in 

both the configurations), dragging forces and magnetic torques 

for orientation. Fig. 3 reports a schematic representation of the 

attraction and locomotion forces relevant in the configuration 

C1 and C2, respectively. The equilibrium of the acting forces 

for allowing attraction and locomotion of the SUPCAM 

capsule are also reported and they were considered, 

subsequently, in the electromagnetic design. 

V. MAGNETIC CONTROL BY USING AN ELECTROMAGNET 

In this approach, the endoscopic capsule is controlled by 

an external magnetic source consisting of an electromagnet. 

The electromagnetic source is moved, supported by a robotic 

manipulator, by the physician in order to achieve high 

accuracy and reliability. With regards to the SUPCAM capsule 

conservative weight prediction and basing on Eq. (2), the 

electromagnet should produce a magnetic field gradient of at 

least 0.17 T/m at a distance of 100 mm in the case of the 

configuration C1 and 80 mm for configuration C2. In this 

framework, the electromagnetic system design entails 

sophisticated analysis and definitions of physical qualities 

resulting in a substantial trade-off in the parameters selection 

(e.g., power, current, resistance and dimensions of copper 

wire, and number of turns). The aforementioned parameters, 

strictly depend on each other and system design constraints, 

have to be preliminary fixed with regards to the operating 

conditions in order to derive the electromagnetic source 

system performance. The magnetic field gradient is 

proportional to the total number of winding (Ntot), and it is 

represented by the formula: 

                 (3) 

where I (A) is the current and ϕ (m) the copper wire diameter. 
Ntot can be derived by the following equation that reports also 
the dependence between the system design parameters: 

            (4) 

where P (W) represents the power, h (m) the height of the 

electromagnetic system, rmin (m) the inner hole radius, and ρ 

(A/m) the resistivity parameter of copper. An important 

parameter that was considered in the electromagnet design is 

represented by the maximum current density, defined as a 

vector whose magnitude is the electric current per cross-

sectional area. In electrical wiring, the maximum current 

density can vary from 4Amm
−2

 for a wire with no air 

circulation around it, to 6Amm
−2

 for a wire in free air.  

 
Fig. 3.  Schematic representation of the attraction and locomotion forces in the 
configuration C1 and C2, respectively. μS is the static friction coefficient, FA 

the friction force, FM the magnetic attraction force, FW the weight force and FD 

the locomotion force.  
 

For compact designs, such as windings of transformers or 

electromagnets, a current density value in the range of 2 to 3 
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 is recommended; higher current density can be allowed 

for a short time or with the combination of a properly designed 

cooling system. The aforementioned formulas were exploited 

for the design of the electromagnet and a FEM analysis (with 

COMSOL Multiphysics Inc.) was performed to evaluate the 

magnetic field gradient (Fig. 4). In particular, based on Eq. (3) 

and Eq. (4), a cylindrical shaped electromagnet, 150 mm in 

diameter and 150 mm in length, with a copper wire section of 

8.4 mm
2
 (920 total windings) and an internal ferromagnetic 

core of 20 mm in diameter (weight of around 15 Kg) was 

selected as a compatible and suitable candidate for the 

magnetic control of the SUPCAM capsule. 
 

 

Fig. 4.  2D FEM simulation of the electromagnetic system by COMSOL. 

Required magnetic forces and torques for managing the 
medical procedure in the applicative scenario can be generated 
by the electromagnetic system in order to guarantee the 
navigation of the SUPCAM capsule. Specific minimum 
electrical and physical requirements for the electromagnet are 
reported in Table I. 

 Current (A) Current density 

(A/mm2) 

Force 

(mN) 

Distance 

(mm) 

Attraction - C1 12.4 1.36 78.4 100 

Attraction - C2 36.2 3.97 78.4 80 

Locomotion - C2 37.6 4.12 85.1 80 

Table I. Minimum electrical and physical requirements in terms of current, 
current density, force at the distances for the configurations C1 and C2. 

A higher current of at least 36.2 A (current density of 3.97 
A/mm

2
) has to be imposed for maintaining the capsule 

attracted once the electromagnet is rotated of ± 90° (pitch 
angle) switching from the configuration C1 to the configuration 
C2 due to the different magnetic field profile in the operating 
space. In the configuration C2, a current of 37.6 A (resulting in 
a dragging force of 85.1 mN) has to be supplied for locomoting 
the capsule, displacing the electromagnet along the lumen 
locomotion direction half of the capsule diameter (11 mm) 
from the capsule itself. The current value was figured out 
taking into consideration the possibility to face an opposite 
sliding frictional force (equal to 78.1 mN) with a conservative 
static frictional coefficient of 1. Finally, the electromagnet in 
the configuration C2 allows, with a current of 36.2 A at a 
distance of 80 mm, a considerable magnetic torque in the order 
of 5 Nmm for pitch and yaw capsule orientation. These values 
are much larger than the system inertial momentum, therefore 
the dynamics of orientation could be neglected and the capsule 

is aligned nearly instantaneously with the magnetic field of the 
electromagnet. 

VI. DISCUSSION AND CONCLUSION 

Starting from the knowledge of permanent magnetic design 
in GI procedures maturated within the EU VECTOR project, a 
preliminary magnetic design of an electromagnetic system was 
performed for locomotion and orientation of an endoscopic 
capsule for diagnostic procedures in the colonic district. Target 
magnetic attraction/locomotion forces and magnetic torques 
were derived for the electromagnetic source design in order to 
guarantee a reliable navigation of the colonoscopic capsule. 
The presented electromagnetic design will bring to the 
development of a physical electromagnetic source; the data 
obtained in the modelling process will be evaluated by a direct 
field measurement analysis exploiting a magnetic field 
measuring probe for evaluating the correctness of the design 
model. Then, tests will be performed with the developed 
electromagnetic source with the SUPCAM capsule in in-vitro 
and ex-vivo conditions in order to evaluate the magnetic 
navigation principle and test the electromagnetic system in the 
project framework. Tests will also guarantee the potential 
tuning of the system and the need of a cooling system will be 
evaluated with regards to the real operating condition and 
required forces for navigation (especially for configuration 
C2). Due to the high weight of the electromagnetic system 
(around 15 Kg), a 5 DoFs robotic manipulator will be designed 
for holding and accurately moving the electromagnetic source 
by the physician. The use of a controllable manipulator and the 
possibility to tune the supplied currents in the electromagnetic 
system will bring to the implementation of an accurate 
navigation strategy of the SUPCAM capsule, in combination 
with the knowledge of the position of the device thanks to the 
development of a localization system [10]. 
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Abstract— This work deals with the design, the 
implementation and the experimental validation of a force-
reflecting teleoperation architecture for robotic assisted 
endoluminal surgery. On that account, a meso-scale surgical 
robot was used as target device to be teleoperated. This meso-
robot was developed during the ARAKNES (Array of Robots 
Augmenting the Kinematics of Endoluminal Surgery) FP7 
project, in which the key idea consisted on transferring the 
robotic degrees of freedom that are required for surgery inside 
the peritoneal cavity. 

Keywords—safety; design framework; adaptive control; dual-
quaternion; bilateral teleoperation; surgical robotics; endoluminal 
surgery 

I.  INTRODUCTION 
In order to build the desired teleoperation architecture, 

several works were carried out: 

1. First, the specifics of designing surgical robots were 
investigated in order to propose a systematic design 
framework for surgical robotic components that could 
facilitate the technology transfer from research centers 
to the operating room. 

2. Second, by applying the proposed framework, a 
generic real-time software architecture for surgical 
robots was proposed and implemented. This software 
architecture serves as support for the global 
teleoperation architecture. 

3. Third, the latter teleoperation architecture was 
developed. This architecture uses adaptive control 
techniques in which: 

A) An active state observer (AOB) is employed. 
Moreover, the original Kalman equations (proper of the 
AOB) were revised and reformulated in order to 
approximate a Markov chain Monte-Carlo method that 
allows to better consider, in real-time, nonlinear 
uncertainties and disturbances that affect the meso-
robotic system. 

B) A realistic viscoelastic Kelvin-Boltzmann soft-
tissue environment model is also used. 

C) All fundamental (robot) control equations are 
formulated and performed in the dual-quaternion 

domain. To that end, one of the first dual quaternion 
based control toolboxes was implemented. 

Such combination of tools and techniques, allowed to 
demonstrate improved performance of the system with respect 
to previous works in the field. In this context, two teleoperation 
schemes of types ``position--position'' and ``position--force'' 
were proposed in order to fulfill the specific hardware 
requirements of ARAKNES. Both schemes were analysed in 
terms of their transparency and stability, i.e. the two parameters 
that allow quantifying the performance of teleoperated systems. 

In addition, having implemented a stable real-time 
teleoperation control system (and the associated control 
toolboxes) allowed in turn to study the effects of scaling the 
positions and the forces, which are respectively commanded 
and felt by the surgeon. These effects were examined from the 
point of view of the surgeon's performance and also of the 
teleopoeration system's performance. In both cases, 
improvements were observed and it was additionally shown 
that the availability of online estimated environment's 
parameters could be exploited to offer surgeons new assistance 
capabilities that facilitate tasks such as detection of contact 
and/or discrimination of tissues. 

Finally, the possibility of performing wireless control of 
surgical robots was also explored and experimentally 
demonstrated. The purpose of this latter study was to increase 
the mobility of the meso-robot and, possibly, to improve its 
mechanical performance and/or degree of miniaturization. 
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Abstract—Development of targeted drug delivery systems
using magnetic microrobots increases the therapeutic indices of
drugs. These systems have to be incorporated with precise motion
controllers. We demonstrate closed-loop motion control of micro-
robots under the influence of controlled magnetic fields. Point-
to-point motion control of a cluster of iron oxide nanoparticles
(diameter of 250 nm) is achieved by pulling the cluster towards a
reference position using magnetic field gradients. Magnetotactic
bacterium (MTB) is controlled by orienting the magnetic fields
towards a reference position. MTB with membrane length of 5 µm
moves towards the reference position using the propulsion force
generated by its flagella. Similarly, self-propelled microjet with
length of 50 µm is controlled by directing the microjet towards
a reference position by external magnetic torque. The microjet
moves along the field lines using the thrust force generated by
the ejecting oxygen bubbles from one of its ends. Our control
system positions the cluster of nanoparticles, an MTB and a
microjet at an average velocity of 190 µm/s, 28 µm/s, 90 µm/s
and within an average region-of-convergence of 132 µm, 40 µm,
235 µm, respectively. Further, we achieve point-to-point closed-
loop motion control of microparticles in the three-dimensional
space, at an average speed of 198 µm/s, and maximum root mean
square position tracking error of 104 µm.

I. INTRODUCTION

Magnetic microrobots have the potential to deliver con-
centrated pharmaceutical agents to diseased cells to avoid
the negative side-effects associated with chemotherapeutical
treatment [1], [2]. Many researchers proposed the utilization
of biodegradable magnetic nanoparticles [3], [4], magnetotactic
bacteria [5], artificial swimmers [6], and self-propelled micro-
jets [7], [8] to execute limited tasks, such as targeted drug
delivery [9], microassembly [10], and microactuation [11].
Realization of a reliable drug targeting system necessitates
the development of precise closed-loop motion control sys-
tems. Kummer et al. developed and utilized a 5 degree-
of-freedom magnetic system to puncture a blood vessel of
a chorioallantoic membrane of a chicken embryo using a
magnetic agent (two cubes with edge length of 800 µm)
with permanent magnetization [12]. Magnetic control of a
single paramagnetic microparticle in the presence of static
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Fig. 1. Magnetic system for the point-to-point motion control of a cluster of
iron oxide nanoparticles, magnetotactic bacterium (MTB) and a self-propelled
microjet under the influence of the magnetic fields. The upper left image shows
a cluster of nanoparticles. Motion of this cluster is achieved by the magnetic
field gradients. The bottom left Scanning Electron Microscopy (SEM) image
shows the membrane of an MTB (Magnetospirillum magneticum AMB-1),
and its flagella, indicated by the black arrows. Motion of the MTB is due to
the flagella and the external magnetic fields. The inset shows a Transmission
Electron Microscopy image of the magnetite nanocrystals enveloped in the
membrane of the MTB. The bottom right image shows a microjet moving
under the influence of the external magnetic fields and its self-propulsion
force. This propulsion force is generated by ejecting oxygen bubbles from
one end of the microjet. The inset shows a SEM image of a microjet fixed to
its substrate.

and dynamic obstacles was presented by Khalil et al. [13].
Martel et al. demonstrated the effectiveness of a swarm of
magnetotactic bacteria in the execution of a manipulation
task of microobjects under the influence of the controlled
magnetic fields [14]. Microassembly of microobjects using a
cluster of microparticles (with average diameter of 100 µm)
and a magnetic-based manipulation system has been shown
by Khalil et al. [15]. These magnetic systems can be used
for targeted drug delivery by the incorporation of a clinical
imaging modality, such as magnetic resonance imaging or
ultrasound systems.

In this work, we present point-to-point motion control
of a cluster of iron oxide microparticles and nanoparticles,



Fig. 2. Closed-loop motion control of a cluster of iron oxide nanoparticles (45-00-252 Micromod Partikeltechnologie GmbH, Rostock-Warnemuende, Germany)
under the influence of the controlled magnetic fields. The cluster moves towards the reference position (small blue circle) by the magnetic field gradient generated
using control law (3). In this representative experiment, the cluster moves at an average velocity of 195 µm/s, and is positioned by the closed-loop control system
within a region-of-convergence of 145 µm in diameter. The entries of each of the diagonal matrices (Kp and Kd) are 0.1 s−2 and 0.5 s−1, respectively. The
large blue circle is assigned by our feature tracking software [13] and represents the position of the cluster, whereas the red line represents its velocity vector.
The blue arrows indicate the reference position. The solid blue line in the right image represents the reference position.

magnetotactic bacteria, and self-propelled microjets (Fig. 1)
using a closed-loop motion control system. This control system
is based on the characterization of the magnetic dipole moment
of the aforementioned magnetic objects. Motion control of
the microparticles and nanoparticles is achieved by controlling
the gradients of the magnetic fields to pull the nanoparticles
towards a reference position, whereas magnetotactic bacteria
and microjets are controlled by orienting the fields towards a
reference position. Magnetotactic bacteria and microjets move
along the magnetic field lines using their self-propulsion forces
that are generated by the helical flagella and the ejecting
oxygen bubbles, respectively.

II. CONTROL SYSTEM DESIGN

In our work, iron oxide nanoparticles, magnetotactic bacte-
ria and self-propelled microjets move in water, growth medium
and hydrogen peroxide solution, respectively. Their motion is
also guided using external magnetic fields. Therefore, these
magnetic objects experience viscous drag forces and torques,
and magnetic forces and torques. Details regarding the model-
ing of these magnetic objects is provided by Khalil et al. [16].
Our 2D- and 3D-magnetic system [13], [21] is used to gen-
erate controlled magnetic fields to realize the point-to-point
motion control.

Our magnetic system consists of n-electromagnets. The
magnetic field (Bi(P)) is linearly proportional to the applied
current (Ii) at the ith electromagnet. Therefore, the magnetic
fields at point (P) is given by [12]

B(P) =
n∑

i=1

Bi(P) =
n∑

i=1

B̃i(P)Ii = B̃(P)I, (1)

where B̃(P) ∈ R3×n is a matrix which depends on the
position at which the magnetic field is evaluated, and I ∈
Rn×1 is a vector of the applied current. The magnetic field
due to each electromagnet is related to the current input
by B̃i(P). Substituting (1) in the magnetic force equation
(F(P) = ∇(m(P) ·B(P))), where F(P) ∈ R3×1, m(P) ∈
R3×1 and B(P) ∈ R3×1 are the magnetic force, induced
magnetic dipole moment of the magnetic objects and the

magnetic field at point (P ∈ R3×1), respectively, yields the
following magnetic force-current map:

F(P) = (m(P) · ∇)B̃(P)I = Λ(m,P)I. (2)

In (2), Λ(m,P) ∈ R3×n is the actuation matrix which maps
the input current to the magnetic force [12]. Further, we devise
the following proportional-derivative control law [15]

Fdes(P) = Kpe + Kdė. (3)

where Fdes(P) is the controlled magnetic force which can be
realized using (2) through the pseudoinverse of the actuation
matrix, and by setting Fdes(P) = F(P). Further, e and ė are
the position and velocity tracking errors, respectively, and are
given by

e = Pref −P and ė = Ṗref − Ṗ, (4)

where Pref and Ṗref are the reference position and velocity,
respectively. Finally, in (3), Kp and Kd are diagonal positive-
definite gain matrices. In order to implement the control law
(3), the pseudoinverse of the actuation matrix (Λ(m,P)) is
calculated based on the magnetic dipole moment and position
of the magnetic object [20].

III. EXPERIMENTAL RESULTS

Motion control experiments are done using a magnetic sys-
tem, shown in Fig. 1. This system consists of four orthogonally
oriented air-core electromagnets (n=4). These electromagnets
can surround a reservoir, a capillary tube and a petri dish to in-
cubate water, growth media and hydrogen peroxide solution for
the cluster of nanoparticles, MTB and microjets, respectively.
Our closed-loop control system allows for the positioning of
the magnetic objects within the vicinity of a reference position.
Fig. 2 shows a representative closed-loop motion control result
of the cluster. We observe that the cluster is positioned at
an average velocity of 195 µm/s and within a region-of-
convergence (ROC) of 145 µm. Magnetotactic bacteria (strain
Magnetospirillum magneticum AMB-1) are controlled inside a
capillary tube with inner thickness and width of 0.2 mm and
2 mm, respectively. Our closed-loop control system positions
an MTB at an average velocity of 19 µm/s and within a ROC of



Fig. 3. Closed-loop motion control of a magnetotactic bacterium (MTB), strain Magnetospirillum magneticum AMB-1, under the influence of the controlled
magnetic fields. An MTB moves towards the reference positions (small blue circles) along the magnetic field lines generated using the control law (3). MTB
moves using its helical flagella. In this representative experiment, an MTB moves at an average velocity of 19 µm/s, and is positioned within the vicinity of
two reference positions (represented by the solid blue lines in the right image). The closed-loop control system achieves a region-of-convergence of 55 µm
and 30 µm in diameter for the first and second reference positions, respectively. The entries of the diagonal matrices (Kp and Kd) are 15 s−2 and 15.5 s−1,
respectively. The large blue circle is assigned by our feature tracking software [13] and represents the position of the MTB, whereas the red line represents its
velocity vector. The inset shows a Scanning Electron Microscopy image of the spiral membrane of the MTB.

Fig. 4. Closed-loop motion control of a self-propelled microjet under the influence of the controlled magnetic fields. The microjet moves towards the reference
positions (small blue circles) along the magnetic field lines generated using the control law (3). The microjet moves along the field lines using the propulsion
force generated by the ejecting oxygen bubbles from its end. In this representative experiment, the microjet moves at an average velocity of 62 µm/s, and is
positioned within the vicinity of two reference positions (represented by the solid blue lines in the right image). The closed-loop control system achieves a
region-of-convergence of 150 µm and 140 µm in diameter for the first and second reference positions, respectively. The entries of the diagonal matrices (Kp

and Kd) are 15 s−2 and 5 s−1, respectively. This experiment is done using 1 ml of hydrogen peroxide solution and Triton X at concentrations of 5% and 5%,
respectively. The catalytic reaction is observed after the addition of 100 µl of hydrogen peroxide solution at concentration of 15%. Inset A shows the ejecting
oxygen bubbles from one end of the microjet. Inset B shows a Scanning Electron Microscopy image of a microjet fixed to its substrate. The large blue circle
is assigned by our feature tracking software [13] and represents the position of the microjet, whereas the red line represents its velocity vector.

55 µm and 30 µm for the first and second reference positions,
respectively (Fig. 3). Control of the microjet is done using 1 ml
of hydrogen peroxide solution and Triton X at concentrations
of 5% and 5%, respectively. Our control system positions the
microjet at an average velocity of 62 µm/s and within a ROC
of 150 µm and 140 µm for the first and second reference
positions, respectively (Fig. 4). All experiments are repeated 10
times, and we observe consistent results. Further, a minimum
input control system is implemented on a three-dimensional
(3D) electromagnetic setup, and we observe an average speed
and the maximum root mean square (RMS) position tracking

errors of the controlled microparticle to be 198 µm/s and
104 µm, respectively. The comparison with a proportional-
integral (PI) control system shows that the minimum input
control achieves 11% decrease in the current input.

IV. CONCLUSIONS AND FUTURE WORK

Point-to-point motion control of magnetic objects is
demonstrated using a magnetic-based proportional-derivative
control system. A cluster of iron oxide nanoparticles is posi-
tioned within the vicinity of a reference position (average ROC
is 132 µm) at an average velocity of 190 µm/s (∼2 body length



Fig. 5. Magnetic system for the closed-loop motion control of param-
agnetic microparticles (PLAParticles-M-redF-plain from Micromod Partikel-
technologie GmbH, Rostock-Warnemuende, Germany) in three-dimensional
(3D) space. The magnetic system consists of 8 iron-core electromagnets that
surrounds a water reservoir, shown at the upper-left inset. The workspace
of the magnetic system is 10×10×10 mm3. Our magnetic system provides
autofocusing of the microparticles using two microscopic vision systems
mounted on two linear motion stages (not shown). The magnetic system
consists of upper and lower orthogonal sets of electromagnets. In the lower
set, the electromagnets have 45 degrees orientation with respect to each
other and with respect to the horizonal plane. In the upper set (not shown),
electromagnets have 45 degrees and 90 degrees orientation with respect to
the horizontal plane and the lower set, respectively. The bottom-right inset
shows a microparticle, with an average diameter of 100 µm, moving towards
a reference position in 3D space under the influence of the controlled magnetic
fields generated using the minimum input control. The black box is assigned
using our feature tracking software, whereas the blue and red arrows indicate
the microparticle and the reference position, respectively [21].

per second) under the influence of the controlled magnetic field
gradients. Self-propelled MTB and microjets are controlled at
an average velocity of 28 µm/s and 90 µm/s (∼5 and ∼2 body
length per second), and positioned within an average ROC
of 40 µm and 235 µm, respectively. Further, we investigate
a magnetic-based minimum input control system to position
paramagnetic microparticles in 3D space. The minimum input
control system achieves point-to-point motion control, while
minimizing the current at each of the electromagnets of a
magnetic system. The closed-loop control characteristics of
the magnetic-based minimum input control are compared to
the characteristics of a PI controller.

As part of future work, our magnetic system will be inte-
grated with an ultrasound-based imaging modality. In addition,
our magnetic system will be redesigned to control magnetic
objects in the three-dimensional space with varying fluid flow.
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Abstract—With a focus toward system architecture, the
SCATh and CASCADE platforms are outlined and a comparison
is drawn to show the characteristics of the medical platforms
and their differences. In the field of system integration, the
architecture is a very basic element of a new system design
and development. In the prior project, SCATh, a Windows-based
non-real time capable architecture was used. A hard real-time
application set will be implemented in CASCADE using ready-
to-use frameworks; Robot Operating System (ROS) and Open
Robot Control Software (OROCOS) to achieve an accelerated
development process. To illustrate the differences between the
platforms, their development environment with regard to hard-
and software is presented. The crucial elements of the system
design, amongst others the multi-tier architecture, are revealed
and the consequences for the development process are shown.

I. INTRODUCTION

A European Union research project Smart Catheterization
(SCATh) [1] was carried out over the last 3 years. Its subject
was research on and development of a catheter guidance
system for surgical interventions. A challenging aspect was
the system integration of multiple, partly independent system
components into one operational platform, whereby inhomo-
geneous software engineering skills and experiences turned
out to be major hurdles for a fluent development process. A
recently started project named Cognitive AutonomouS CAtheter
operating in Dynamic Environments (CASCADE) [2] deals
with a similar subject, but it is more focused on robotic than
medical developments. The task of system integration is even
more important in CASCADE, since the expected outcome
of the project is an operational prototype. Hence the SCATh
platform is presented here mainly with regard to the system
architecture to serve as example and to offer background
information for prospective developments. A comparison to
the CASCADE architecture as currently planned is drawn.

II. SCATH PLATFORM

The SCATh platform was meant to serve as an integration
framework for the different components developed by each
project partner. A straightforward and small-scale environ-
ment was one of the targets during architecture design and
implementation, to supervise and maintain the development
progress of the project without increasing complexity of the
development process itself. Hard real-time capabilities were

Fig. 1: Basic SCATh Platform Setup

limited to an additional device, a National Instruments (NI)
real-time target, which was in charge of controlling the catheter
and the sensors attached to it.

A. Development environment

The target operating system (OS) for the SCATh platform
is Windows 7, hence Visual Studio is defined as the integrated
development environment (IDE). Several external libraries
are integrated into the SCATh application for mathematical
calculations, visualization and network communication. The
programming language is C++ and Compute Unified Device
Architecture (CUDA).

On the hardware side, the SCATh platform consists of an
industrial PC for high performance computing (HPC) with
sufficient RAM size (24 GB). The HPC is extended with an
NVIDIA Tesla card, which adds additional data processing
capability with the use of a General Purpose Graphics Pro-
cessing Unit (GP-GPU). In SCATh this additional computation
unit is used for Finite Element Modelling (FEM). The high-
performance computer is also called Execution Environment
Computer (EEC). The NI real-time target represents the second
hardware component. A LabView application was implemented
to forward measurement data provided by catheter sensors to
the EEC.
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Fig. 2: Three-tier Architecture with Presentation, Application
(Logic) and Data tier

B. System architecture

The SCATh system architecture consists of state-of-the-art
software components, an abstract interface pattern as well as a
provider-subscriber pattern [3], [4]. The design is based upon
a three-tier architecture consisting of a data tier (data model),
an application tier (logic) and a presentation tier (GUI). The
three-tier architecture gathers logically separated parts of the
software and minimises their dependencies. Fig. 2 displays a
three-tier architecture.

The pattern of providing information to an arbitrary amount
of subscribers is shown in Fig. 3. A Dispatcher instance con-
trols all data transfer going throughout the SCATh platform.
Subscribers such as 3D Aorta View, SLAM or FEM Processing
can subscribe for specific data types to receive them or can
produce data and send it to the Dispatcher. This forwards the
data to all components according to the subcriptions.

The most challenging part of the framework design is to
provide a flexible architecture that is able to survive significant
requirement changes. This goal has been fully achieved since
requirement changes do not or only mariginally affect the
system and framework architecture. This way, basic constraints
for a robust system, reliability and stability, can be assured.

C. Outcome and experiences

The described SCATh platform provides a user friendly
and flexible software framework, which is used by all project
partners. It is designed to integrate a wide range of position,
force and vision sensors with minimal implementation time.
All partners used the framework for design and implementation
of their own components. Integration of third-party libraries
and components is mostly effortless. Therefore, the project
schedule was not affected by late requests for additional
components. The key to success of the SCATh platform
lies in the approximately uniform level of understanding of
essential parts of the framework, which means similar level of
knowledge in areas of software engineering, implementation,
etc. The usability study of the final SCATh platform in a
clinical environment was successfully performed.
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Fig. 3: Data Flow within SCATh Platform

Fig. 4: SCATh Pre-operative Image Viewer, realized using
GDCM library to cut slices from CT/MR: In automatic mode
the viewer shows the appropriate slices of the CT/MR volume
at actual catheter tip position.

Fig. 5: SCATh three-dimensional Aorta Viewer, realized using
Irrlicht graphics engine: The viewer displays a 3D model of
a human aorta. If the catheter tip is approaching to a safety
critical volume, a colored signal is sent to the operator.

Fig. 4 and Fig. 5 depict two graphical elements of the
SCATh platform, which will be transfered to the CASCADE
project to the greatest extent. This will be issued in the second
part of this paper when it comes to the description of the
platform’s differences.



III. CASCADE SYSTEM ARCHITECTURE

The following section provides an outlook on the ar-
chitecture planned for the CASCADE project. For multiple
reasons, in particular the real-time capabilities, the architecture
of CASCADE is distinctly different to the SCATh architec-
ture. The software and hardware needed by the CASCADE
system should be as flexible as possible without impinging
on the project goals and targets. Therefore all system parts
are encapsulated into modules (components). Components are
completely independent applications, they only depend on a
minimum set of other modules. It is possible to build and
maintain a variety of configurations of the CASCADE system
which consist of a complete set or subset of the available
modules. The modules can be defined as components for
example, as described in [5], [6]. The advantage of component-
oriented programming is that every component is reusable and
self-contained. Components are based strictly on a producer-
consumer pattern, where the interface represents the one and
(usually) only dependency between two different components.

A. Hard real-time constraints

Since CASCADE has strong hard real-time constraints
such as catheter control and safety components, the platform
requires a real-time capable operating system. Linux itself does
not offer real-time capabilities, but if it is combined with
a real-time patch, e.g. Xenomai, Linux OS can serve as a
real-time system. Furthermore, only a few of the CASCADE
components have hard real-time constraints, others are of
soft real-time or non real-time type. A challenging task is
the synchronization of these components without computing
performance loss and real-time constraints violation. Both
aspects increase the complexity of the system and its archi-
tecture, and prolong the first development phase of setting up
the development environment. For better understanding, the
environment is explained subsequently in the system design
(section III-B).

The development of software frameworks for surgical
robotics is a topical subject in several other research projects.
Amongst others, the EuRoSurge project aims at developing a
conceptual integration platform for Computer and Robot Aided
Surgery (CRAS) [7].

B. System design

The CASCADE platform, which is under continuous de-
velopment over the duration of the project, is facing several
challenges. For example, the reliable communication between
and coordination of a large number of distributed components
and hard real-time constraints upon the execution of several
components. Here, the ROS and OROCOS robotic frameworks
(Meta Operating Systems) come into the picture. The CAS-
CADE platform will be built on top of these frameworks
and make use of their functionality whenever it makes sense
and simplifies the development process. Considering modu-
larity, independence, robustness and ease of development, a
component-based architecture is chosen as the architecture un-
der development. Components or nodes are separate processes
that ideally only fulfill one single isolated task.

The system design is based upon a three-tier architecture
as already described in section II-B. Individual CASCADE
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Fig. 6: CASCADE System Design

components are allocated to one particular tier. This enables a
clear and logical separation of system parts, which simplifies
the development process and encapsulates independent parts.
The system design is displayed in Fig. 6.

The data model defines the interface between the different
components. Any data exchange within the platform will be
performed in accordance to this interface. Since it is planned to
use the ROS messaging system, the data model will implement
functionality (create ROS messages, etc.) to use the ROS
framework. Data exchanged between components within the
CASCADE interface can range from position coordinates and
force values all the way up to imaging data. The data model
represents a single interface for the CASCADE platform. There
is no other component that provides interface functionality.

The logic tier contains the processing logic of the com-
ponents. As mentioned earlier, this layer is meant to be
independent from other shared libraries. The logic tier provides
processing components based on the interface defined by the
DataModel.

The GUI represents the user interface and provides a
visualization front end for the operator (surgeon). It is a layer
on top of the DataModel and the Logic layer, which are hidden
from the user. The GUI operates in detached mode; it fulfills
no real-time constraints and is designed for user interaction,
with sufficient performance for user-friendly operability.

As can be seen in Fig. 6, the logic tier and the GUI are
dependent on the ROS framework. Especially within these
tiers, the ROS functionality (messaging system, logging, re-
play, etc.) as well as the OROCOS functionality (hard real-
time task definition and execution) is used. Furthermore, the
architecture foresees a pre-definition of all system components
considering their real-time characteristics and needs by the
system integrator. The partners responsible for one or multiple
components can start their development upon these pre-defined
parts. This reduces the need for high-level understanding of
certain frameworks and so decreases the development time.
Prior to this component definition, the requirements of all
system parts and subsequently the specification are essential
steps in the development process.



TABLE I: Development Environment - Software

Project SCATh CASCADE

OS Windows XP Linux
(Ubuntu LTS 12.04)

IDE Visual Studio Eclipse

Programming language C++, CUDA C++, CUDA

Compiler MVC++ g++

Libraries Irrlicht, OpenCV OpenCV, rviz
Qt, GDCM Qt, any graphics engine

Frameworks ROS, OROCOS
Xenomai RT-kernel

TABLE II: Development Environment - Hardware

Project SCATh CASCADE

Devices High-performance High-performance
computer/IPC computer/IPC

NI real-time NI real-time
target (PXI) target (PXI/cRIO)

Epiphan VGA2Ethernet opt: Epiphan VGA2Ethernet
frame grabber frame grabber

FPGA, ...

Internal memory 24 GB 24..64 GB

Graphics card NVIDIA Tesla C2075 NVIDIA Tesla C2075, ...

Communication Ethernet EtherCAT, ...

C. Development environment

The development environment is distinctly different from
the one in SCATh. A hard real-time capable OS was chosen
to fulfill the constraints. The ROS framework is used for
messaging, logging and replay, and the OROCOS connected
to the Xenomai RT-kernel will provide hard real-time task
definition and execution. A listing of software elements is
given in Table I.

With the change of OS, the external libraries (Qt, OpenCV,
GDCM, etc.) have also become partly obsolete. To use SCATh
components as the Pre-operative Image Viewer and the 3D
Aorta View in the new CASCADE platform, larger modi-
fications are necessary. On the other hand, this enables a
review and improvement step on the way to a highly stable
and robust CASCADE platform. To complete the development
environment used in the SCATh and the CASCADE project, a
listing of hardware equipment is given in Table II. The hard-
ware components are mostly similar except for the real-time
specific system parts, EtherCAT, FPGAs, etc. The purchase of
hardware is still pending. To fulfill all real-time constraints and
run the appropriate components within one system, it might be
necessary to use a high-end HPC, such as Intel i7-39xx, Xeon
E3-xxxx or E5-xxxx, combined with sufficient RAM size.

IV. CONCLUSION

Although the SCATh and CASCADE system architectures
have several similarities, there are distinct differences be-
tween the platforms (architectures). The basic elements of a
component-based system built upon a three-tier architecture
are similar. However, the SCATh platform was developed in
a Windows environment without hard real-time capabilities

(except for the LabView part), whereas the CASCADE plat-
form is designed to completely fulfill the given hard real-time
constraints. Due to this fact, the CASCADE architecture is
fundamentally different and more complex than that of SCATh.
The platform development effort with regard to the architecture
will be much higher, since more frameworks and external
libraries will be integrated to one system. Once this first hurdle
is overcome and the basic system setup is complete, a well-
defined and structured architecture will be available for the
given tasks to move towards project targets.
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Cochlear implants allow the restoration of hearing function in 

patients with severe to profound sensorineural hearing loss 

through the direct stimulation of the auditory nerve by an 

electrode array inserted into the inner ear. Typically, access to 

the cochlea is gained through the performance of a 

mastoidectomy, which involves the removal of a large portion of 

the mastoid bone, allowing the surgeon to visualize and protect 

vital structures within the mastoid during milling. Once access to 

the cochlea has been achieved, the surgeon may insert the 

electrode through the round window, or alternatively through an 

artificial access called a cochleostomy. Recent advances in image 

guided robotics have allowed dramatic changes in the 

performance of both stages of this procedure.  Recent work at the 

University of Bern has seen the realization of a robotic system 

designed specifically for minimally invasive cochlear 

implantation. The system enables significantly reduced 

invasiveness by removing the need for a mastoidectomy, 

replacing this with a direct tunnel approach known as direct 

cochlear access (DCA). Meanwhile, work at Brunel University 

has focused on improving the safety and accuracy of inner ear 

access through the cochleostomy. This work describes both of 

these systems individually and discusses the implications and 

opportunities associated with the combination of these devices. 

Keywords—cochleostomy; robotics; image guidance; cochlear 

implant; direct cochlear access 

I.  INTRODUCTION 

A. Minimally Invasive Cochlear Access 

Direct cochlear access (DCA) is a minimally invasive method 

for accessing the inner ear. It involves the drilling of a 

trajectory directly from the surface of the temporal bone to the 

cochlea, thereby circumventing the need for a mastoidectomy. 

The mastoidectomy, which represents the current state of the 

art for inner ear access, comprises the milling of a large cavity 

in the mastoid region of the temporal bone, allowing the 

surgeon to visualize and protect vital structures while gaining 

access to the cochlea. The realization of a minimally invasive 

approach is of particular interest considering the diameter of a 

cochlear implant electrode (typically less than 1.5 mm) when 

compared to the size of the cavity created during the 

mastoidectomy. Typically, a DCA trajectory will pass from 

the mastoid through the facial recess (formed by the 

divergence of the facial nerve and chorda tympani) to the 

round window. While the size of the cavity created by drilling 

(tunnel diameter 1.5 – 2 mm) is more appropriate considering 

the size of the electrode to be placed, the anatomy of the facial 

recess significantly limits the area in which a trajectory can be 

drilled. It also leads to substantial accuracy constraints: in 

order to avoid damaging the facial nerve or other anatomy 

when passing blindly through the facial recess the surgeon 

must be confident in the position of the drill relative to vital 

anatomy. A significant body of research exists on DCA, with a 

number of groups evaluating a number of different approaches 

including standard navigation [1-3], patient specific templates 

[4-6] and robotics [7-13]. 

B. Robot Assisted Cochleostomy 

The cochleostomy is a key component in many cochlear 

implantation procedures. The technique involves the 

penetration of the outer bone tissue of the cochlea in order to 

expose the scala in preparation for insertion of a cochlear 

electrode array. Surgical performance of a cochleostomy 

presents a number of challenges: conventionally the process is 

completed manually using a hand held drill while working 

under a microscope.  The cochlear is accessed either from the 

promontory exposed through the ear canal or from its basal 

turn through a mastoidectomy.  In either approach it is 

necessary to reach the desired position at the cochlea with 

precision to drill the access, minimize trauma caused by 

mechanical disturbance and avoid overrun into the scala and 

subsequent perforation of the fragile endosteal membrane.  By 

avoiding penetration of the endosteum, debris produced when 

drilling the access hole can be removed and sterile conditions 

preserved.  Furthermore, accurate cochleostomy placement 

can have profound effects on the intra-cochlear anatomy post 

insertion, with incorrect placement potentially leading to 

damage of the basilar membrane or other structures upon 

insertion [14].  



II. MATERIALS AND METHODS 

A. Minimally invasive cochlear access 

A robotic system, shown in Figure 1, was designed 

specifically for minimally invasive cochlear implantation 

procedures. The lightweight (5.5 kg), 5 degree of freedom 

robotic arm can be mounted directly to the side rails of a 

standard OR table with a dedicated robot mount, which 

includes a non-invasive patient fixation mechanism for 

minimization of patient movement. A force torque sensor is 

fitted at the robot wrist, enabling haptic control, semi-

automatic registration and measurement of drilling process 

variables.  

 
Figure 1: Robotic system for minimally invasive cochlear 

implantation. 

A commercially available high accuracy tracking system 

(CamBar B1, Axios3d, Germany) is integrated into the robot 

control software; the tracking system is used in combination 

with custom active tracking markers for visual servoing 

control. Finally, custom drilling tools and a self-developed 

drill hand piece provide increased accuracy through reduced 

tool bending (increased tool stiffness) and reduced backlash. 

The safety of the robotic procedure is ensured through the 

integration of additional sensor sources, including position 

information obtained from the correlation of drilling force and 

mastoid density, and functional information through integrated 

facial nerve monitoring. 

The system also includes a dedicated planning software, which 

guides the surgeon through each of the steps required to plan a 

minimally invasive CI procedure. Fiducial screws and 

important anatomical structures are segmented by the user 

with the aid automatic and semi-automatic segmentation tools 

[15]. Once the structures have been defined, the surgeon can 

then plan a trajectory which avoids these.  

Assessment of the feasibility of minimally invasive cochlear 

implantation was completed in an in-vitro cadaver study, 

described in detail in [16]. A total of eight temporal bone 

specimens underwent the full proposed clinical workflow as 

well as an additional post-operative evaluation step. The 

accuracy of the robotic system was assessed through the co-

registration of pre- and post-operative images; the drilled 

tunnel was segmented and compared to the planned position of 

the tunnel at the entrance position on the mastoid and at the 

planned target position. Additionally, the time required for the 

completion of each step was recorded. Note that the target in 

all eight cases was the round window; no cochleostomy was 

completed. 

B. Robot Assisted Cochleostomy 

 
Figure 2: Robotic drilling of a cochleostomy. 

A system with the ability to discriminate tissue and changes in 

tissue composition ahead on the drilling trajectory was 

developed for the completion of cochleostomy procedures 

[17]. The system consists of linear and rotational drives to 

feed and rotate standard surgical burrs. This system is then 

attached to a flex lock arm, permitting free movement and 

stabilization of the drill. The burr is advanced onto the surface 

of the cochlea and the autonomous process of breaking 

through the bone tissue to expose the endosteum through a 

window of specific diameter begins. The drilling is entirely 

controlled through a hardwired control unit with the surgeon 

retaining executive control. Autonomous perception of critical 

phenomena and structures is completed using the coupled 

force and torque drilling transients in real-time (Figure 2). 

This enables automated selection of appropriate control 

strategies to achieve a precise and consistent result with 

respect to the flexible tissues. The most important 

responsibility of the system is to prepare the window on the 

endosteum without penetration.  

 
Figure 3: The micro-drilling system for controlling 

exposure of the endosteum without penetration uses force and 
torque transients to discriminate the state of tissue-tool 

interaction.  

The controller analyses the force and torque imparted onto the 

drill bit in real time (Figure 3) to discriminate the state of the 



tissue-tool point interaction from which actuation strategies 

are selected.  

The robotic tool was comprehensively tested in pre-clinical 

porcine and cadaver studies, as well as being used in the 

operating theater for the performance of sensor guided 

cochleostomy. 

III. RESULTS 

A. Minimally invasive cochlear access 

 
Figure 4: Post-operative analysis of drilling accuracy. 

The robotic system allowed minimally invasive inner ear 

access without damage to surrounding anatomy in all cases. 

An accuracy of 0.08
 
± 0.05 mm was observed at the surface of 

the mastoid; an accuracy of 0.15 ± 0.08 mm was observed at 

the planned target. Full electrode insertion through the round 

window approach was achieved in seven of eight cases: in a 

single case two electrode pairs remained outside of the 

cochlea. The setup of the robotic system took on average 7.1 

minutes; positioning of the patient and fixation of the 

reference tracking marker an average of 4.6 minutes; patient to 

image registration approximately 3 minutes. The drilling, 

performed in 3 stages, required an average of 6 minutes to 

complete. The total procedure took, on average, approximately 

21 minutes. Anatomy segmentation and trajectory planning 

was completed in less than 20 minutes in all cases.  

B. Robot Assisted Cochleostomy 

The system allows information about the state of the drilling 

process to be extracted from observed force and torque data; 

subsequently drill breakthrough can be predicted and 

controlled, minimizing trauma to the inner ear. Laboratory 

investigations confirmed robustness of the techniques to 

different angles of incidence with tissue interfaces (Figure 5) 

and tissue thickness [18]. 

 
Figure 5: Robustness to angle of incidence of drilling 

trajectory (bone tissue and membrane aspects) 

 
Figure 6: Intra-cochlear disturbance amplitude: robotic and 

manual drilling 

Laser vibrometric measurements during cochleostomy 
demonstrated that the robotic approach produced only 1% of 
the peak disturbance amplitude of manual drilling (Figure 6) 
[19]. It was also shown that cochleostomies were uniform and 
that the endosteum remained intact. The results indicate that 
using the robotic drill reduces trauma within the cochlea and 
that the approach for detection is robust and consistent when 
subjected to a wide variation of operating and tissue conditions. 

IV. DISCUSSION 

Comprehensive pre-clinical validation of the image guided 
robotic system for minimally invasive cochlear access has 
established an overall accuracy sufficient for the safe 
completion of the procedure. In addition to being highly 
accurate, the system has been designed with eventual clinical 
integration in mind. Additionally, novel safety features based 
on alternative sensor sources provide an additional level of 
safety on top of the high accuracy workflow. The autonomous 
system for cochleostomy is able to penetrate the cochlear while 
leaving the endosteal membrane intact, thus maintaining 
sterility and avoiding the influx of debris. A decrease in 
complications, as well as increased retention of residual 
hearing, is expected as a result of this approach compared with 
conventional methods 

Recent debate about the best route for cochlear electrode 
insertion (round window or cochleostomy) stems mostly from 
the desire for clinicians to retain residual hearing loss by 
minimizing intra-cochlear damage during the insertion process. 
Most literature advocates a round window approach when 
possible due to the increased trauma associated with the 
manual drilling process [20-23]. The robotic systems described 
within have proven successful in allowing both minimally 
invasive access to the cochlea and trauma free cochleostomy 
for electrode insertion. The combination of these two 
complimentary approaches will allow safe and reliable 
execution of the cochleostomy procedure, as well as highly 
accurate placement of the cochleostomy site, potentially 
leading to decreased trauma during insertion and increased 
retention of residual hearing. 
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Fig. 2. Representative trial sample and extracted performance metrics (left).
Schematic view of the endoscopic system fixed to the patient’s mouth
utilizing a retractor (right). 

  

Abstract—This presentation will summarize the objectives, 
challenges, activities and targets of the EU project µRALP, 
which is dedicated to the creation of a new class of robot-
assisted surgical system for laser phonomicrosurgeries. 

I. INTRODUCTION  
asers form an increasingly common tool for precision 
treatment of pathological conditions on delicate and 

vital human organs. Laser phonomicrosurgery, which is a 
suite of complex otolaryngological surgical techniques for 
the treatment of minute abnormalities in the larynx, is one 
such example. However, laser aiming control for this 
procedure relies completely on the dexterity of surgeons, 
who must operate through a microscope and deal with its 
associated poor ergonomics, and this can have a strong 
impact on the quality of the procedures. In addition, the laser 
beam is directed from a comparatively large range (400mm), 
resulting in accuracy and consistency problems, and 
requiring extensive surgeon training.  

In this multidisciplinary project a redesign of this surgical 
setup is proposed to create an advanced augmented micro-
surgical system through research and development of real-
time cancer tissue imaging, surgeon-machine interfaces, 
assistive teleoperation, intelligent (cognitive) safety systems, 
and augmented-reality. Furthermore, research and 
development of new endoscopic tools and precision micro-
robotic end effectors will allow relocating the laser actuator 
closer to the surgical site (Fig. 1). This is expected to allow 
unprecedented levels of accessibility and precision, while 
the surgeon will benefit from a more ergonomic, 
information-rich, and assistive environment.  

The outcomes of the project will be improved quality, 
safety, and effectiveness in laser phonomicrosurgery, 
enabling total tumor removal with minimal damage to 
healthy tissue. The research efforts herein will generate new 
knowledge in the design and control of medical micro-
mechatronic devices; cancer tissue imaging; assistive 
teleoperation in surgery; physician-robot interfaces; and 

 
 

cognitive computer vision. These technological advances 
will pave the way towards new and safer minimally invasive 
laser microsurgeries, leading to a significantly enhanced 
capacity for cancer treatment in general. 

II. PROJECT ACTIVITIES 
Initially the project focused at the definition of 

specifications and guidelines for the final prototype, which 
was done extensive collaboration with the partner surgeons. 
This process resulted in a translation of medical needs and 
constraints to concrete technical specifications, a process 
that also assisted by the collection and distribution of 
multimedia data related to laser phonomicrosurgery cases. 

Early developments within the project also included the 
design of experiments and definition of metrics to be used 
for the evaluation of currently available commercial devices 
and µRALP prototypes. These have already allowed 
randomized comparative trials to be performed, generating 
quantitative and qualitative data related to the precision, 
usability, and ergonomics of early system prototypes (Fig. 2, 
left). 

 Based on the specification and guidelines, the µRALP 
consortium has been focusing most of its efforts on research, 
design and development of the constituent new technologies 
needed to achieved the envisioned robot-assisted system 
prototype. These include:  

• Design of an endoscope body (Fig. 2, right) to bring all 
the µRALP components (and functionalities) into patient’s 
larynx without stretching his/her neck to painful positions 
(as it is the case in the current gold-standard practice);  

• Design of a hyperspectral optical system to gather 
fluorescence signal emitted by the cancerous cells, which is 
compatible with endoscopy (Fig. 3, left); 

• Design of an out-of-plane micromanipulator with 
parallel kinematics, fitting in a 1cm3 volume and able to scan 
the vocal fold at a 2cm distance (instead of 400 cm in the 
current gold-standard system); 

• Design of a multi-view high-speed white-light imaging 
system, to allow for high-speed recording (and slow-motion 
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Fig. 1. The µRALP concept: from the gold-standard robot-assisted open-air 
laser phonomicrosurgery (left) towards safe, accurate and ergonomic
endoscopic micro-robot-assisted laser phonomicrosurgery with
fluorescence-based cancer detection (right). 



  

 

Fig. 3. Optical device for bundle-based fluoroscopy (left). Schematic view 
of the stereoscopic high-speed imaging system (right). 

   

Fig. 4. Early ex-vivo trials of the virtual scalpel system for laser
phonomicrosurgery performed at the IIT by a surgeon from UNIGE (left
and center). 3D tissue deformation tracking based on SSD and rank
transformation of stereo pair (right, image source: Hamlyn Centre, UK). 
 

replay) of the procedure, as well as the real-time tracking 
and control of the laser motion (Fig. 3, right).  

Systems integration has been a concern and a focus of 
R&D efforts from the beginning of the project. This has 
been identified as a critical factor for success since different 
partners are developing different hardware and software 
parts of the final µRALP system. Furthermore, the criticality 
of the application requires high safety and robustness. These 
concerns have lead to the adoption of the Robot Operating 
System (ROS) as the underlying software structure for inter-
process communications and system control. In addition, 
real-time supervisory hardware is being developed for 
guaranteeing proper system operation and overall safety.  

Interfaces between the surgeon and the µRALP system are 
also being developed, including a Virtual Scalpel that allows 
the surgeon to ergonomically define the path to be followed 
by the laser on the vocal fold (Fig. 4). The use of augmented 
reality is part of this effort, with the aim of providing 
relevant and useful information directly on the surgeon’s 
field of view. 

Finally, a cognitive supervisory system is being developed 
to model, supervise and control the laser power in order to 
avoid carbonization of the tissues and improve surgical 
quality. 

III.  MAIN RESULTS 
Main results achieved by the research consortium during 

its first project year are summarized in the following list: 
• Virtual Scalpel was designed, implemented and tested 

at a hospital setting. It was found very intuitive and easy to 
use by surgeons. Comparative trials showed 50% increase in 
precision with the new system, and the system usability 
analysis demonstrated an increase in the SUS score from 
68% to 84%. 

• Augmented reality stereoscopic feedback to the surgeon 
was developed with superimposition of (simulated) 

fluorescence data to video images, taking into account tissue 
deformation. 

• An optical bench was designed, assembled and tested 
which demonstrates the feasibility of observing 
endoscopically the fluorescence of cancerous cells through 
an optical fiber bundle. 

• A preliminary design of a 3D micro-manipulator with 
high range of motion and high dynamics was proposed, with 
innovative technological solutions. 

• A novel high-speed vision-based control algorithm (and 
associated hardware) was derived for the accurate control of 
the laser spot on the vocal fold, based on an elegant use of 
multiview geometry. 

• The preliminary design of an endoscope to support and 
position the µRALP technologies in close vicinity to the 
surgical site has been finalized, implemented and tested in a 
realistic human mannequin. 

• Preliminary trials on ex-vivo swine larynxes were 
performed to assess the accuracy of preliminary prototypes 
including the Virtual Scalpel and visual servoing control. 

IV.  EXPECTED FINAL RESULTS AND IMPACT 
At the end of the project, significant scientific and 

technological advances are expected in: 
• Surgeon-Robot Interfaces: A new and safer surgical 

setup offering higher usability, ergonomics and allowing 
better performance will be provided to the surgeon thanks to 
the use of new interface technologies and cognitive 
approaches. 

• Spatial Micro-Mechanisms: A methodology for 
designing out-of-plane micro-fabricated mechanisms, with 
high range of motion and piezoelectric actuation, will be 
proposed.  

• Medical Robot Design: The project will contribute to 
creating novel concepts for biocompatible, patient-friendly 
and surgeon-acceptable medical robots, with increased 
autonomy for realizing more complex tasks. 

• Hyperspectral Fluorescence-based Cancer Detection: 
Appropriate exploitation of optics will allow for efficient 
diagnosis and accurate localization of tumors. 

• Surgical practice: Laser phonomicrosurgery will 
require less training than currently, with less surgeon fatigue 
and better patient benefits. 
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I. INTRODUCTION  

In Robot-assisted Minimally Invasive Surgery (RMIS), 
robotic tools enter the body through narrow openings and 
manipulate soft organs that can move, deform, or change in 
stiffness. The traditional robotic manipulation concepts that 
rely on fixed stiffness distributions, such as the da Vinci 
Robotic System, have limitations on these laparoscopic and 
robot-assisted surgical procedures due to restricted access 
through Trocar ports, lack of haptic feedback [1], and 
difficulties with rigid robot tools operating inside a confined 
space filled with organs [2]; the use of such systems can, in 
extreme cases, lead to harmful tissue tears [3-4]. Along the 
way, the solid structure of the laparoscopic instrument attached 
to the robotic arms and their external articulation make it 
problematic to change surgical targets inside the abdomen.  

In this paper, we will present a novel approach to overcome 
the disadvantage of lack of haptic feedback in RMIS. Current 
work at King's also addresses the problem of rigid robot 
systems, and, with this in mind, we have developed a soft and 
stiffness-controllable MIS robot device allowing for more 
complex operations to be conducted inside a patient [5]. The 
work described here focuses on acquiring haptics information 
from tactile sensors attached to the MIS robot arm. Whilst our 
approach is generic and also applicable to rigid manipulators, 
here, we describe how tactile information from a stretchable 
tactile sensor sleeve of a soft manipulator is mapped to a haptic 
sleeve worn by a surgeon while operating with the manipulator. 
This paper will focus on the complete system (Section II): the 
stretchable tactile sensor sleeve (Section III), the wearable 
pneumatic haptic sleeve (Section IV) and the communication 
architecture between the two devices (Section V). 

The presented system will be developed using the soft 
modular manipulator inspired by the octopus morphology for 
RMIS by Cianchetti et al. [5]. This research is part of the EU 

FP7 project STIFF-FLOP (STIFFness controllable Flexible and 
Learnable manipulator for surgical OPerations). The 
manipulator is a novel cylinder-shaped device which is 
manufactured from EcoFlex 00-50 silicone and covered by an 
off-the-shelf flexible braided sheath. This structural design 
allows omnidirectional bending, elongation capability and 
selective stiffness changing when pneumatically actuated via 
integrated chambers within the cylinder. The device has an 
overall length of 50 mm and an outer diameter of 35 mm with 
an elongation capability of up to 85%.  

II. SYSTEM OVERVIEW AND OBJECTIVE 

The conceptual system is shown in Figure 1. The tactile sensor 
sleeve and wearable haptic device are connected to a data 
acquisition module. Via a bridge, both components are linked 
to a ROS PC. An implemented system map processes data 
from the tactile sensors and actuate elements of a pneumatic 
haptic sleeve. 

 

Fig. 1. ROS Interface of the Tactile Sensor and the Pneumatic Haptic Sleeve 

The objective is to investigate how to best map the transferred 
information so that the surgeon obtains the most beneficial 
feedback.  Hence, the received feedback should be useful for 
the surgeon and not distract or even obstruct him or her during 
an operation. An overview about the sensor and haptic sleeve is 
given in the next sections.  

     The research leading to these results has received funding from the 
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under grant agreement n° 287728 – STIFF-FLOP. The research was also 
partially supported by the National Institute for Health Research (NIHR) 
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Trust and King’s College London.  
      This Publication reflects only the author's views and the European 
Community, NHS, the NIHR or the Department of Health is not liable for any 
use that may be made of the information contained. 



III. TACTILE SENSOR SLEEVE DESIGN 

To develop a novel design and structure, the following two 
functional requirements are considered for the proposed tactile 
sensor sleeve: 

1. The STIFF-FLOP robotic soft manipulator enters the 
body through narrow openings. This RMIS tool is able to 
squeeze, stiffen and elongate. Sensory data of a single 
sensor should not be affected by these features. 

2. For RMIS, the tactile sensor array will need to be 
designed so that it can be miniaturized. 

The design of the tactile sensor sleeve is described in the 
following subsections. 

A. Individual Sensing Elements 

The single tactile sensors use light intensity modulated fibre 
optics based on a prismatic tip [6]. The tip is cut at 45° angle in 
order to provide an internal reflection of 90° [7]. The sensor 
base has a 10 mm diameter and 1 mm thickness and is 
manufactured using a rapid prototyping machine (Project HD-
3000 Plus, 3D Systems). The base embeds a 1 mm optical 
fibre. A flexible hemi-spherical dome of 8 mm diameter and 4 
mm height (thickness: 1 mm) is mounted on the base. The 
emitted light is reflected on a 2 mm diameter mirror inside the 
dome which is manufactured of EcoFlex 00-50 silicone. 

B. Tactile Sensing Integration into Stretchable Sleeve 

In order to distribute the sensor elements along the 
manipulator, a sleeve has been designed (see Figure 2).  

 

 
Fig. 2. (a) CAD Drawing and (b) Prototype of the Sensor Sleeve with 
Multiple Tactile Sensor Elements 

The single sensors are placed into equally allocated holes 
along a silicon sleeve. In order to fit the stretchable sleeve to 
this manipulator, the silicone mould has a 30 mm diameter and 
45 mm length. The optical fibres are winded along the braided 
sheath to feed forward necessary fibre length in case of 
elongation.  

IV. WEARABLE PNEUMATIC HAPTIC SLEEVES 

A pneumatic actuated haptic sleeve is conceived around the 
end-user’s forearm. It is based on a set of small chambers that 
are filled with air causing local pressure.  

 

Fig. 3. Concept of the Proposed Haptic Sleeve 

 

FigureFig. 3 shows the matrix of 4×5 pneumatic selectors 
having a dimension of 55×30 mm each, where applied pressure 
and sensitivity of human forearm affect the technical capability 
of sleeve to transfer the feeling of a force feedback to the end-
user. 

V. INTUITIVE HAPTIC FEEDBACK MAPPING 

When the surgeon operates and navigates the soft and 
flexible tool inside the human body, interactions between the 
manipulator and tissue/organs occur. In general, continuous 
minor physical contact which is unavoidable appears. This kind 
of sensing information is not relevant to the surgeon as it is 
classified as not harmful to any surrounding tissue. Feeding 
back this data might result in a distraction and cause 
complications because the clinician is unable to concentrate on 
the surgical procedure. 

Thus, possible scenarios and interrelated sensing 
information will be categorised and classified in order to 
support the surgeon while he/she is performing the procedure 
with the aim of preventing possible inappropriate movements. 
This data will then be translated into actuation modes of the 
pneumatic haptic sleeve. Rather using a linear transformation, 
the aim is to convert tactile sensor signals into substantial 
haptic feedback which make the surgeon intuitively reacting in 
the appropriate way to reconfigure the manipulator.  

VI. CONCLUSIONS AND FUTURE WORK 

This paper introduces a new approach to feed back tactile 
information in RMIS to the surgeon’s forearm. A tactile sensor 
sleeve for flexible and soft snake-like manipulators is 
presented. A control strategy will interpret the signals and feed 
useful and intuitive feedback by using a haptic device which is 
a wearable pneumatic actuated sleeve. 

The implementation of this system will allow us to study 
how much feedback is beneficial for surgeons and when haptic 
feedback becomes more distractive than beneficial.  
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I. INTRODUCTION  

 
 High-technology medicine, such as robotic cardiac 
surgery [1], is a complex socio-technical system in 
which performance depends on individual technical 
and organizational factors and their interactions; 
consequently, efforts to improve surgical quality have 
recently shifted from the individual to the team. In 
addition, awareness of surgical team quality and its 
impact on operating room efficiency has considerably 
increased over the last decade. The difficulty level of 
team communication increases as the number of health 
care providers involved with patient care increases and 
measures to reinforce the quality of communication 
among team members have been recommended. 
Unfortunately, team communication failures are 
widespread in the cardiovascular operating room and 
result in poor operative performance and unintended 
injury to patients [2-3]. These communication failures 
have been shown to be observable, classifiable and 
predictable. Yet, translation of this knowledge 
regarding human performance into practical tools for 
quality and safety improvement has been limited. 

 

II. TEAM COMMUNICATION EFFECTIVENESS AND 

SURGICAL OUTCOMES 

  
 Effective teamwork and communication have long 

been identified as key drivers of quality and safety in 

many high-risk, high-reliability fields (e.g. aviation, 

military, etc) and team-based healthcare is no 

exception. The U.S. Joint Commission on Healthcare 

Quality and Safety has identified “communication” as 

the #1 root cause of reported sentinel surgical adverse 

events in a 10-year period starting in 1995. Adverse 

events related to surgery account for two thirds of 

hospital complications, with 75% of errors occurring 

inside the operating room. Surgical errors cannot be 

understood separately from the actions of the members 

of the surgical team: Wiegmann and associates 

reported that teamwork-related factors alone accounted 

for roughly 45% of the variance in the errors 

committed by surgeons during cardiac cases [4]. 

Teamwork issues involve cases of: (a) mis-

communication, (b) lack of coordination, (c) failures in 

monitoring, and (d) lack of team familiarity. Poor team 

communication has been linked to poor surgical 

outcomes in studies from both the United States and 

Europe [5]. Gawande reported on the dangers of 

incomplete, nonexistent or erroneous communication 

in the operating room and found that they were causal 

factors in 43% of injuries made during surgery [6]. 

Reports of positive communication with the attending 

surgeon (r=-0.38, p<0.01) or resident surgeon (r=-0.25, 

p=0.08) from surgical staff have significant negative 

correlation with the observed/expected surgical 

morbidity ratio.  

 

The specialty field of cardiac surgery, traditional or 

robotic-assisted, is a dangerous and complex area of 

medicine with significant morbidity and mortality. In 

recent years, cardiac surgery has experienced a 

growing complexity of its case mix due to increasing 

patients’ age, co-morbidities and the introduction of 

advanced robotic technologies [7]. In this setting, 

achievement and maintenance of excellence is 

becoming more challenging. Despite a significant 

improvement of mortality and avoidable complication 

rates, Wiegmann found that cardiac surgeons make on 

average 3.5 errors per hour [4]. El-Bardissi studied 31 

cardiac surgical cases at the Mayo Clinic and observed 

a strong correlation (r=0.67; p<0.001) between the 

occurrence of technical errors and teamwork failures, 



with the majority (51%) of teamwork failures affecting 

surgeon-technical team interactions [8]. Gurses and 

associates recently performed a multisite study on 

patient safety hazards in the cardiovascular operating 

room and reported, among other significant findings, 

that cardiac surgeons often did not use names when 

giving orders, causing confusion between anesthesia 

and perfusion teams regarding the intended receiver of 

the order; in addition, recommended communication 

practices (i.e. repeat backs, callouts, confirmation, 

structured communication techniques) were rarely 

used [3].These authors concluded that communication-

related hazards (defined as anything that has the 

potential to cause a preventable adverse patient safety 

event) are prevalent in the cardiovascular operating 

room resulting in widespread and substantial risk to 

patient safety.  

 

Surgical safety should not be assessed exclusively in 

terms of “hard” clinical outcomes (e.g. death, 

myocardial infarction, bleeding, etc.): in fact, good 

outcomes may emerge from unsafe processes (that 

may result in a bad outcome in other situations). A 

recent study by Dierks and associates, indentified 

events in the operating room that compromised safety 

but had gone unnoticed by the providers involved 

because the outcome was favorable (“outcome bias” in 

clinical care) [Dierks unpublished 2013]. A more 

useful terminology for classifying adverse events 

distinguishes between: (1) System Vulnerability, as the 

exposure to or opportunity for adverse events; (2) 

Safety-Compromising Events (“near-misses”), as a 

variation in the expected course of care that has a 

negative effect on patient safety and puts the patient at 

risk for a measurable adverse change in patient status; 

(3) Adverse Event, a safety-compromising event that 

progresses to a measurable adverse change in patient 

status; (4) Contributing factor, conditions or properties 

that increase the vulnerability of the system, therefore 

increasing the chance of an adverse event; (5) 

Compensatory factor, conditions or properties that 

decrease the vulnerability of the system or reduce the 

severity of an adverse event.  

 

Team communication in the operating room has been 

shown to reflect cognitive non-technical skills like 

situation awareness (SA). SA is defined as “the 

perception of the elements in the environment within a 

volume of time and space, the comprehension of their 

meaning, and the projection of their status in the near 

future”. As such, SA is one of an array of ‘non-

technical’ or ‘behavioral’ skills along with decision 

making, teamwork and leadership. SA is particularly 

crucial in cardiac surgery, as situational awareness 

underpins the ability to make appropriate decisions, 

communicate the correct information at the right time 

(e.g. between surgeon and perfusionist) and lead other 

team members successfully. Good SA can also make a 

critical difference in task effectiveness by reducing 

individual errors, improving shared mental models, 

and enabling team members to capture errors before 

they adversely affect outcomes [3]. This can make 

teamwork more successful and rewarding for 

participants, and safer for patients.  

 

Unfortunately, adverse event analyses in healthcare 

often reveal failures in SA and diagnostic skills which 

lead to technical errors. The paradox is that these skills 

are usually only trained and assessed informally in 

healthcare. Recently, and in line with other high risk/ 

high reliability industries such as nuclear power and 

civil aviation, behavior rating systems for healthcare 

professionals have been developed for use in real and 

simulated healthcare learning environments such as 

NOTSS for surgeons, ANTS for anesthesiologists , 

SPLINTS for scrub technicians and a more recently 

developed marker system for emergency physicians 

[8-10]. These systems all include specific detail 

regarding SA and provide an opportunity to assess 

communication behaviors which underlie cognition in 

terms of ability to: (i) gather, (ii) understand, and (iii) 

project and anticipate future states. These frameworks 

allow clinicians and researchers to reflect on these 

skills in action, intervene to provide learners with 

strategies to improve their awareness, and recognize 

situation awareness states of others.  

 

Team situational awareness (TSA) can be measured in 

terms of situation-related communications events (i.e. 

speech events that require timely coordination among 

two or more team members). Effective, closed-loop 

communication involves the following sequence of 

actions: (1) sender initiates message; (2) receiver 

accepts message and provides feedback that it was 

received; and (3) sender double checks to ensure that 

message was received as intended. This type of 

communication has a built-in check to ensure that not 

only does the communication get to the required 

person, but that the intended message sent was the 

same one received. When multiple sources of 

information as well as multiple recipients are present, 

such as in the operating room, closed-loop 

communication can differentiate between effective and 

ineffective teams.  



 
The communication loop construct (i.e. the full cycle 
of information flow between the participants in the 
sequence) was used by Parush and associates to assess 
susceptibility to communication breakdown: based on 
their analysis, communication loops that are open, 
non-directed or with delayed closure, are susceptible to 
the risk of information loss [11]. These communication 
loops were quantitatively related to communication 
indicators of TSA such as questions, replies, and 
announcements and conceptually should be predictive 
of delays and efficiency in the operating room.  

Translating these principles into modern surgical 
practice has been accomplished via medical simulation 
and team training.  Yet despite the adoption of non-
technical skills training warranting a Class I/B 
recommendation from Wahr and associates (on the 
American College of Cardiology Foundation and 
American Heart Association scale), measurement of 
how to precisely tailor best practices and sustain a 
safety culture incorporating values elicited from these 
skills is not awarded the same confidence [12].  This is 
partly due to the inherent difficulty of such 
measurement, but also because the positive transient 
effects of an experimental intervention tend to wane.  
Such diminishment is a consequence of the human 
practitioner.  An automated decision-support system, 
or robot, might be less prone to deprioritize a 
recommendation or decision rule on grounds of 
indifference and inconvenience.    

III. SITUATION AWARENESS WITH SURGICAL ROBOTS 

 

 

A critical non-technical skill in Cardiac Surgery is 

Situation Awareness (SA) [8]. Information sources 

that allow optimal SA are primarily visual (e.g. 

adequate surgical exposure of the operating field, 

visual access to monitors) and acoustic (ability to hear 

and discriminate critical verbal utterances from other 

team members). Surgery is a hand-busy, eye-busy 

activity and the eye gaze of the surgeon is generally 

focused on the operating field. In case of robotic 

cardiac surgery, the visual field is even more restricted 

to the endoscope and can be temporarily compromised 

by blood splattering on the lens. In addition, the master 

console of the DaVinci robotic system is located 

several feet away from the operating table and, even 

with the aid of a microphone, verbal communication is 

more difficult than during conventional open cardiac 

surgery. We conclude that SA is commonly severely 

compromised during robotic cardiac surgery.  

  Blum & associates have described a method for phase 

recognition of procedures using equipment utilization 

as inputs to predictive hidden Markov models (HMM) 

[15]; such systems may augment team communication 

during robotic cardiac surgery when team SA is 

diminished.  

 

IV. CONCLUSION 

Current research on the breakdown of surgical teams’ 
communication and coordination during surgery 
indicates an unmet need for systematic acquisition of 
communication data in a measurable and quantifiable 
manner as a first step in order to ultimately provide 
patient safety solutions. To increase the capture of 
information in the operating room and to enhance SA, 
Guerlain and associates proposed the introduction of a 
“black box” recorder, similar to those used in the 
aviation industry, to assess individual and/or team 
events for quality improvement [16]. Such technology 
may help collect the complex data generated in the 
operating room and identify and understand the human 
behaviors that occur in the operating room and their 
relationship to patient safety events. However, none of 
these concepts has been translated and validated in the 
cardiovascular operating room. Successful translation 
of these concepts may improve safety and eliminate a 
barrier to the adoption of high-technology medicine 
such as robotic cardiac surgery. 
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Abstract—the ACROBOT robot for orthopedic surgery is a rare 

example of a commercial surgical robot which utilizes 3D 

reconstruction, motion compensation, virtual guidance and haptic 

feedback. It has been used clinically for minimally invasive Uni-

condylar surgery with excellent results. It uses a powered 3 axes 

robot together with a 2 axes passive orientation device. The system is 

trolley mounted and designed to fix to the operating room table. The 

patient motion is tracked using a mechanical arm that updates the 

plan in real-time. It is suggested that this type of hands-on robot, in 

which the robot actively constrains the surgeon to an accurate and 

safe region, is a possible model for other medical robotic systems. 

Keywords—robotic surgery; orthopedics; ACROBOT; hands-on; 

Active Constraints. 

I. Introduction 
The Author started working on an orthopedic surgical robot 

for replacing hip & knee joints in 1991. This was just after 

clinical trials on the author’s Prostate robot PROBOT [1], 

when an Orthopedic Surgeon, Prof. Justin Cobb, approached 

the author saying it must be easier to machine bone as, unlike 

the prostate, it did not change shape when cut. It was clear 

from clinical experience with the Probot that surgeons had 

been trained to have their hands on the patient and so an 

autonomous system such as the Probot was not appropriate. 

For this reason a hands-on robot was devised in which the 

surgeon was directly involved with the robot in a synergistic 

way [2]. As part of a hands-on robot, the surgeon holds a force 

control lever at the end of the robot arm next to the cutter. In 

this way the surgeon can feel forces applied by the robot and 

at the same time the robot can physically constrain the surgeon 

to a safe region avoiding cutting critical areas such as 

ligaments. The robot also enabled minimally invasive surgery, 

in which a minimal amount of bone stock is precisely 

removed, enabling small prostheses such as uni-condylar knee 

replacements, difficult to implement conventionally, to be 

used instead of much larger total knee prostheses. The system 

uses a pre-operative 3D CT scan and is a rare example of a 

commercial surgical robot which utilizes 3D reconstruction, 

motion compensation, virtual guidance and haptic feedback. 
 

II. THE ACROBOT SYSTEM 
TECHNOLOGY 
 

A. The Robot and its Control. 

The term ACROBOT stands for Active Constraint 

ROBOT. An Active Constraint describes an approach in 

which the surgeon is Actively Constrained from damaging 

critical tissue, such as ligaments, that must be preserved 

[3],[4].   The constraint prevents the surgeon moving a cutter 

into a no-go area such as the forbidden zone in Fig. 1, whilst 

always allowing motion in the central safe zone.  As the cutter 

moves towards the forbidden zone, in the near-boundary area, 

the force is gradually increased to push the cutter back to the 

central region or allow it to move tangentially around the 

periphery. 

 

 
Fig. 1. The Active Constraint concept. 

 

For the robot, 3 motions were powered by DC motors and low 

friction recirculating ball-screws. For the surgeon to be able to 

feel the forces applied by the robot in the hands-on mode, the 

motions need to be even and low impedance, so that the pitch, 

yaw and in-out motions all have even and low resistance and 

so there is no tendency for one axis to move preferentially. 

This was aided by ensuring all 3 axes intersected at a common 

point. This resulted in sufficient sensitivity that even without 

the use of a force sensor to amplify forces, the surgeon could 

feel when cutting a hard piece of bone and slow down or take 

a lighter cut. This synergy, in which the robot provided 

constraint and accuracy whist the surgeon was in direct 

control, proved to be attractive to surgeons. 

Originally the robot was mounted on a robotic system which 

acted as a gross-positioner that was locked off for safety when 

the small active robot was in the right position and orientation. 

However, it was found from experience that this large and 

costly form of gross-positioner was not needed as the cutting 

forces were light and it was found possible to place the small 

active robot on a trolley that could be locked to the operating 

table. Patient motion monitoring was also provided using a 

mechanical “Microscribe” arm, the tip of which was lightly 

pinned to the patient’s bone [5]. The 6 axes Microscribe arm 



was passively actuated and had encoders at all joints and a 

sufficient update-rate that it could monitor patient motion and 

change the plan and the cutting constraints in real time to 

maintain the required cutting accuracy. This avoided the need 

adopted in early versions for locking down the patient and 

treating like a traditional CNC machining process. The small 

active robot utilized 3 powered axes (pitch, yaw and in/out) to 

provide location whilst the orientation had a passive linkage 

that carried the cutter on the end of the arm. This provides a 

low-cost small robotic system that is light and easy to use. 

 

 
Fig. 2. The 5 axes trolley mounted robot with patient  

motion monitoring using a mechanical “Microscribe” arm. 

3 axes (pitch, yaw and in/out) are powered, whilst the 

orientation device that carries the cutter on the end of the arm, 

is passive and configured to have a common centre of rotation 

at the centre of the ball cutter as shown in Fig. 3. 

 

B. Planning System. 

In order to fully utilize the potential accuracy of a robot, a 

planning system is required.  This was based on a 3D CT scan 

of the patient leg to provide an accurate model on which to 

pre-operatively plan the procedure. A 3D image of the bones 

is provide that can be scaled, rotated to view from any 

direction and has variable transparency to show quasi x-ray 

views. Onto this the appropriate size and type of prosthesis 

can be overlaid and positioned until the desired amount of 

resection and alignment is achieved. A minimally invasive 

uni-condylar knee procedure was undertaken in which, instead 

of a total knee replacement (TKR), only one of the condyles is 

 

Fig. 3. The passive orientation device showing the common center of rotation 

at the centre of the cutting ball. 
 

resurfaced using a prosthesis [6]. This requires a minimal 

removal of bone stock compared to TKR, and is a more 

challenging procedure conventionally, but is made simpler by 

the use of the robot. 

 

C. Registration 

At the start of the operative procedure, it is necessary to 

register the patient data and pre-operative plan to the current 

location of the patient and robot. This can be a major source of 

inaccuracy in the overall procedure. A modified form of 

Iterative Closest Point (ICP) algorithm was used. To minimize 

the time and help accuracy this was “bounded” by using the 

hip centre as a location. To locate this, the robot tip was 

connected to a pin located in the distal femur and the leg 

rotated through small angular excursions whilst the robot 

encoders collected the motion data to extrapolate the hip 

centre location  and correlate with that found in the whole leg 

CT scan. A 1mm dia probe was then mounted on the cutter 

drive and used to touch onto the bone surface of the distal 

femur at a number of locations through a small skin access slit 

in the femur. This produces a cloud of points on the surface of 

the femur which can then be correlated with the surface 

obtained from the pre-operative CT image. The process is 

repeated separately for the proximal tibia. Both femur and 

tibia are separately monitored for leg motion throughout the 



procedure by a single pin attached to the tip of the Microscribe 

arm. A 10 mm dia ball-ended cutter is used whilst the cutting 

process is observed on a computer display, since the cutter is 

out of sight down a small slit inside the skin. The display 

shows the cutting process as the bone is machined. When the 

desired level of cut is achieved, the screen color at that 

location turns green. The tibia is usually machined before the 

femur to allow more easy access to cut the rear of the femur. 

III. DISCUSSION 
Some systems e.g. Robodoc [7], are autonomous and once 

positioned at the site the sequence of cuts is automatic with no 

further involvement in the process from the surgeon than to 

hold an emergency off button. However, the author feels that a 

hands-on approach is more acceptable to the surgeon in which 

the surgeon is in direct control of the robot tool and initiates 

the sequence of cuts whilst monitoring progress. The use of 

Active Constraints also ensures that the robot provides 

accuracy and constraint, thus enhancing safety. However, it is 

also possible to have some autonomous processes in such a 

hands-on system, e.g., a small number of roughing cuts or 

repetitive motions that would otherwise tire the surgeon. 

Whilst some orthopaedic robot systems target total hip or total 

knee replacement, it can be argued that these are procedures 

that the surgeon conventionally finds easy to do and the results 

are usually acceptable since the prostheses are said to be 

designed to be forgiving of placement error. For this reason, 

the author feels that minimally invasive procedures, such as 

uni-condylar knee replacement, are a better area for robotics 

since they are more challenging conventionally. 

In order to ensure that the uni-condylar knee replacement 

procedure was correctly carried out, a small prospective 

randomized trial of around 30 patients was carried out to 

compare the robot results with those conventionally [2]. To 

ensure a similar process, both conventional and robotic 

patients had a pre-operative CT scan and a plan of what was to 

be attempted. Post operatively, all patients received a CT scan 

to compare achieved with planned results. All robotic patients 

were shown to have mechanical alignment of femur and tibia 

within 2 degrees, whilst of the conventional patients only 40% 

were within 2 degrees although the surgeons were all 

experienced in this conventional approach. The planning 

system was found to be of benefit, even by the conventional 

surgeons who had not previously used one. 

 

IV.  CONCLUSIONS 
A robotic system for orthopaedic surgery joint replacement 

has been developed and tried clinically. The concept of Active 

Constraint robotic control has also seen application in a 

number of surgical robotic systems, including that of the EU 

project uRALP.  The system uses a pre-operative 3D CT scan 

and is a rare example of a commercial surgical robot which 

utilizes 3D reconstruction, motion compensation, virtual 

guidance and haptic feedback. After 8 years of research at 

Imperial College London, the Acrobot Company was set up in 

1999 to exploit this work and a cost effective surgical robotic 

system was produced commercially based on a trolley 

mounted robot arm carrying a high speed cutting burr. The 

Acrobot Company was acquired in 2010 by the Stanmore 

Implants Worldwide Ltd (SIW) [8]. Development of the 

system continued and a patient-specific uni-condylar 

prosthesis was realized that benefitted from the use of a robot 

to generate complex but accurate bone cuts [9]. SIW sold the 

Acrobot system to the American company MAKO in 2013 

[10]. However, the author is of the opinion that this type of 

hands-on robot, in which the robot actively constrains the 

surgeon to an accurate and safe region, is a possible model for 

other medical robotic systems. 
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Abstract—The ACTIVE project exploits ICT and other engineering methods and technologies for the design and development of an 

integrated redundant robotic platform for neurosurgery. A light and agile redundant robotic cell with 20 degrees-of-freedom (DoFs) 

and an advanced processing unit for pre- and intra-operative control will operate both autonomously and cooperatively with surgical 

staff on the brain. As the patient will not be considered rigidly fixed to the operating table and/or to the robot, the system will push the 

boundaries of the state of the art in the fields of robotics and control for the accuracy and bandwidth required by the challenging and 

complex surgical scenario.  

Two cooperating robots will interact with the brain that will deform for the tool contact, blood pressure, breathing and 

deliquoration. Human factors are considered by allowing easy interaction with the users through a novel haptic interface for tele-

manipulation and by a collaborative control mode ("hands-on"). Active constraints will limit and direct tool tip position, force and 

speed preventing damage to eloquent areas, defined on realistic tissue models updated on-the-field through sensors information. The 

active constraints will be updated (displaced) in real time in response to the feedback from tool-tissue interactions and any additional 

constraints arising from a complex shared workspace. The overarching control architecture of ACTIVE will negotiate the requirements 

and references of the two slave robots.  

The operative room represents the epitome of a dynamic and unstructured volatile environment, crowded with people and 

instruments. The workspace will thus be monitored by environmental cameras, and machine learning techniques will be used for the 

safe workspace sharing. Cognitive skills will help to identify the target location in the brain and constrain robotic motions by means of 

on-field observations. 
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Abstract—Complete autonomy of robots and information 

technology in the operating room may one day be possible, such 

that decision support systems give way to decision surrogate 

systems.  A binary of ‘control’ and ‘slave’ defines the current 

relationship between human surgical teams and medical robotics.  

Yet recognition of our own limitations motivates the development 

of these technological platforms. Endowed with a modicum of 

sensory faculties, humans bootstrap their sensitivity to data by 

enlisting the services of machines. However, in spite of our drive 

for information in surgery, we often struggle to design work-

systems that simultaneously increase situation awareness and limit 

exposure to extraneous data. Cognitive overload continues to be 

problematic in spite of attempts to refine and simplify surgical 

intervention.  It is therefore incumbent upon designers to stratify 

information pathways that alleviate the cognitive burdens stunting 

pragmatic decision-making in the operating room.  We have 

proposed a framework for this endeavor.   

Keywords—robotic surgery, patient safety, sociotechnical 

system, industrial engineering, cognitive overload, design, 

optimization 

 

Glossary of Key Terms 

𝑡 = 𝑡𝑖𝑚𝑒  

𝑘 = 𝑠𝑖𝑔𝑛𝑎𝑙 𝑠𝑜𝑢𝑟𝑐𝑒 

𝑥 = 𝑠𝑒𝑛𝑠𝑒 𝑡𝑦𝑝𝑒  

𝑖 = 𝑠𝑢𝑟𝑔𝑖𝑐𝑎𝑙 𝑡𝑎𝑠𝑘 (𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙 𝑜𝑟 𝑛𝑜𝑛 − 𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙) 

𝑗 = 𝑠𝑜𝑐𝑖𝑜𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙 𝑎𝑔𝑒𝑛𝑡 (𝑚𝑎𝑛 𝑜𝑟 𝑚𝑎𝑐ℎ𝑖𝑛𝑒) 

𝑎𝑘,𝑥,𝑖,𝑡 = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑖𝑛𝑣𝑒𝑠𝑡𝑒𝑑 𝑡𝑜 𝑠𝑖𝑔𝑛𝑎𝑙 

𝑙𝑗,𝑡 = 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑙𝑦 𝑑𝑖𝑠𝑐𝑎𝑟𝑑𝑒𝑑 𝑐𝑜𝑔𝑛𝑖𝑡𝑖𝑣𝑒 𝑙𝑜𝑎𝑑 

𝑟𝑘,𝑥,𝑗,𝑡 = 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑡𝑢𝑟𝑛 (𝑠𝑖𝑔𝑛𝑎𝑙 𝑡𝑜 𝑐𝑜𝑔𝑛𝑖𝑡𝑖𝑣𝑒 𝑙𝑜𝑎𝑑) 

𝐶𝐿𝑗,𝑡 = 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑐𝑜𝑔𝑛𝑖𝑡𝑖𝑣𝑒 𝑙𝑜𝑎𝑑 

ℰ[𝑈(𝐶𝐿𝑖,𝑗,𝑡)] = 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑢𝑡𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑖𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑎𝑑 

𝐾𝑗,𝑡 = {𝑘1, … , 𝑘𝑁} = 𝑠𝑖𝑔𝑛𝑎𝑙𝑠 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑙𝑦 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑏𝑙𝑒  

𝐾𝑗,𝑡 = {𝑘1, … , 𝑘∉} = 𝑠𝑖𝑔𝑛𝑎𝑙𝑠 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑙𝑦 𝑛𝑜𝑡 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 

𝐾𝑗,𝑡 = {𝑘1, … , 𝑘𝑁−𝑛, 𝑘1′ , … , 𝑘∉′} 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝑜𝑓 𝑠𝑖𝑔𝑛𝑎𝑙 𝑡𝑦𝑝𝑒𝑠 

 

I. INTRODUCTION  

Mitigating and averting cognitive overload is a systems design 
problem.  Unlike when a consumer firmly accepts a product’s 
pros and cons after purchase, surgeons should not have to settle 

for the ostensible limitations of the cognitive sociotechnical 
system in the operating room (OR).  The system is a product in 
its own right, with features that are complex and dynamic as is 
most healthcare delivery [1].  For our purposes the 
sociotechnical system is comprised of any agent that can share 
information in the OR—simply put, man and machine. 

One utility of a machine is determined by what data it can detect 
and how well it communicates that data with other entities when 
they need it the most.  From a reductionist perspective, each 
human is a set of sensory systems with cognitive capacity—a 
machine of sorts.  Electronic devices, robots and other 
technologies can have sensitivities to data imperceptible to 
humans, but without sufficient programming the richness of the 
data economy can overwhelm the humans for which it is 
intended, or potentially even be squandered by them.  While 
technological barriers currently prohibit perfect synergy 
between humans and robots, another rate limiting step exists—
work.  Surgical staff have multiple responsibilities that they 
must juggle during the course of an operation.  These duties are 
inconsistent across professional boundaries, are not ubiquitous 
over different timeframes, nor does each task share the same 
priority [2].   

If one clinician is enduring cognitive overload we must 
consider prioritizing the sources and means of delivering 
information [3-5], determining the triviality of certain data in 
the moment, transmitting the right data to avoid additional 
overload, reconfiguring data so that all mission-critical 
information can be chunked [5-6].     

Eliminating cognitive overload in the operating room means 
marshaling information flow.  In order to accomplish this 
undertaking we must have a good estimation of what the current 
intraoperative phase is, which data is most clinically important 
and who is focused on that data.  Information theory lends itself 
to assessing the data volume and uncertainty [7], however we 
must synthesize this backbone with concepts from psychology 
and design to repurpose the data for easier detection, 
articulation and processing. 

II. COGNITIVE LOAD THEORY AND SURGERY 

A human’s ability to establish and sustain an appropriate level 
of situation awareness in an environment depends upon the 
individual’s working memory capacity [8].  This capacity is 
limited by intrinsic cognitive load and diminishes with larger 
exposure to external stimuli [4]. Consequently attentiveness to 
new data, synthesis of old and current information and 



articulation of relevant concepts in a timely manner are 
compromised.  Inability to communicate new ideas, request for 
confirmation or deliver an appropriate response in the OR can 
cause discrepancies in the collective understanding of surgical 
stage and protocol [9].  Such divergence can have a malignant 
effect on intra/inter-team coordination.     

Studying working memory capacity and cognitive loads has 
been attempted in many psychological experiments [10].  
Computer simulations have been developed to estimate related 
metrics in response to different didactic tools and changing 
environments [11].  Even measures for comparing the 
similarities between dynamic mental models have been 
considered [12].   A formal scale, the NASA-TLX index has 
been used to disavow the notion of “sterile-cockpit” in cardiac 
surgery because of the variances in cognitive load experienced 
by different members of the clinical team over intraoperative 
phases [13].   

The input gateways to the human brain are the senses and each 
individual has finite thresholds for sensory load [14].  As each 
stimulus signals the brain, the working memory capacity is apt 
to decrease, though not always [4].  The information that 
humans absorb in the operating room comes primarily from 
four senses—sight, audition, tactition and proprioception.  
Gatekeeping data is profoundly important, or else information 
overload will ensue.    

The emergence of technologies that collect data from eye gaze, 
electric signals in the brain, heart rate, pressure, sweat etc. 
during activity elucidate upon the duress endured, mechanisms 
activated and  allow for more complete models of cognition 
[15].  Leveraging these innovations in the operating room can 
have an acute effect on gauging how prone a clinician might be 
to committing an error.  Furthermore if latent cognitive loads 
inhibit rational decision making and group engagement, then 
accurate and quick detection of reduced working memory 
capacity could allow an intelligent system to preempt dialogues 
before information is left unconsidered.       

III. SYSTEM DESIGN  

Unlike with conventional design theory, when the sensory 
mechanisms of humans do not satisfy all of the operational 
needs there is little opportunity to augment their range of 
sensitivity or add another sensory organ in real-time.  Humans 
are the way they are: a completed package, fallible and require 
help. 

An ideal design demands that at a given time each functional 
need is performed by a single component, which prevents 
undue coupling [16].  Surgical staff are often forced to meet 
multiple needs simultaneously and their sensory processing 
systems are being innervated by more than one stimulus at a 
given time.  Resource competition theory of cognition intimates 
that in spite of sufficient resources of neurons to handle various 
sensory inputs at a given time, the human brain is wired such 
that perception of external data creates a hegemonic conflict for 
the same neural networks [17].  Ability to use a sense for 
perceiving task performance appears to be coupled with both 
the concomitant tasks and other senses being activated.  
Therefore a smart distribution and partitioning of the 

sociotechnical product is needed for improving work efficiency 
from a human perspective [18].    

IV. TEMPLATE OPTIMIZATION PROBLEM 

Dynamic portfolio analysis 

The first step in our solution method is to optimally distribute 
intraoperative information to clinicians given their current 
sensory loads and task-related needs.  This means that their 
cognitive load must be held below a certain threshold and the 
utility of the information provided to them maximized.  Such a 
process is akin to managing an investment portfolio across 
different time frames [19].  In this step, the market is 
constrained to one person and information resources are 
shuffled to various senses.  This is iterated for each person and 
we first create a map of best information dispersion for each 
individual to best accomplish the goals set out for them. 

Some key assumptions we have made are: 

 the activity of all four senses in question can be 
measured  in real-time 

 a probabalisitc model can be constructed to 
demonstrate the likelihood of sensory occupation 
with a task 

 cognitive load, sensory and working memory can be  
quantified and approximate overload thresholds 
defined   

 the relationship between specific task perfomance 
and outcomes measures is known 
 

Each team member has a task-specific cognitive load measured 
at every time step, Eqn (1).  Cognitive loads for each successive 
time step are determined by the previous cognitive load, an 
estimate reduction in load caused by limitations in human 
working memory, the sensory attention dedicated to a given 
signal and rates of cognitive load return for each sensory 
commitment.  Rates of return,  𝑎𝑘,𝑥,𝑖,𝑡 , act as discriminating 
multiplicative factors because investment in one sense likely 
influences how much mental stores can be devoted to a different 
sense or signal. 

𝐶𝐿𝑖,𝑗,𝑡+1 = (𝐶𝐿𝑖,𝑗,𝑡−1 − 𝑙𝑖,𝑗,𝑡) + ∑ ∑ ∑(𝑟𝑘′,𝑥,𝑗,𝑡 − 𝑟𝑘,𝑥,𝑗,𝑡)

𝑁−1

𝑘=1

𝑁

𝑘′=2
𝑘′≠𝑘

4

𝑥=1

𝑎𝑘,𝑥,𝑖,𝑡                            (1) 

We have written step one of our method as a discounted 
dynamic programming problem with two objective functions 
[19].  The first, 𝕆1 , imposes a limit on the cognitive load 
customized to each human agent at a given time.  𝕆2 dictates 
that the utility of the limited cognitive load must be maximized 
depending on the goal (or goals) of the human operator.   

 

                                𝕆1 → 𝐶𝐿𝑗,𝑡 ≤ 𝐿𝑗,𝑡                                   (2a) 

                        𝕆2 → 𝑚𝑎𝑥{ℰ[𝑈(𝐶𝐿𝑗,𝑡)]}                          (2b) 

 

A weighted multivariable utility optimization [20] will most 
likely be required because staff typically are concerned with 
patient safety, stability and resource utilization among a litany 
of other factors. 



Asset selling 

Ultimately however we are not striving to optimize the 
performance of individual agents autonomously, but to create a 
global system optimum for the OR so that all of the desired 
outcomes are achieved.  The second step of our conceptual 
method is to expand the sensory marketplace to include all 
individuals, and eventually technologies.  Similar to the 
financial analogy described above, information can be used as 
a currency whose value depends on how much utility it confers 
to the user [19].  If a global optimum can be achieved through 
exchange of information (or in this situation engineering the 
likelihood of an agent receiving that information) then these 
data assets should be traded fluidly. 

Instead of moderating which information types are appropriate 
for just one person to complete a set of tasks with given priority, 
the second step allows for data carrying a semantic and 
clinically-relevant property to be distributed among agents in 
the OR sociotechnical system.  For example, let us assume that 
there are two clinicians (j=1,2) in the operating room each able 
to observe one information bearing signal apiece, k1 and 
k2.  Due to physical partitions in the OR both clinicians are 
obstructed from observing the other signal.  According to this 
definition, K1,t={k1}=K2,t and K2,t={k2}=K1,t.  However, should 
the utility of receiving information conveyed by k1 be more 
valuable than k2 to j=2 at a given instance, then j=2 can "sell 
off" or discard k2 so that he can be delivered k1.  This is not to 
say that we are censoring signals altogether, but rather limiting 
their exposure to those who might want or need them more.  
This is analogous to resituating a left-handed person to the left-
end of a rectangular dinner table if they are bumping arms with 
their neighbor or offering a sign-linguist for the hearing 
impaired. 

The decision rule for a next-state oriented scope is elementary. 

 

𝑖𝑓   max
𝐾𝑗,𝑡

{ℰ[𝑈(𝐶𝐿𝑖,𝑗,𝑡+1)]} ≥ max
𝐾𝑗,𝑡

{ℰ[𝑈(𝐶𝐿𝑖,𝑗,𝑡+1)]}              (3) 

𝑡ℎ𝑒𝑛 "sell" {𝑘𝑁−𝑛+1, … , 𝑘𝑁}, "purchase" {𝑘1′ , … , 𝑘∉′} 𝑎𝑓𝑡𝑒𝑟 𝑡 

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 𝑘𝑒𝑒𝑝 𝐾𝑗,𝑡 = {𝑘1, … , 𝑘𝑁} 𝑓𝑜𝑟 𝑡 + 1  

 

However, what if we want to maintain a certain level of 
observable signal stability such that immediate information 
needs are trumped by routing policies that will likely yield more 
longitudinal efficiency and success?  In such a case we would 
expand the horizon limits of our time frame [19]. 

V. APPLICATIONS IN THE ROBOTIC OPERATING ROOM 

Present Day 

Although Wadhera and associates measured disparities in 
cognitive loads between teams during intraoperative phases, 
there is no implication that manufacturing differentials in 
cognitive load alone enables sufficient situation awareness and 
application of other non-technical skills by less affected teams 
[13].  This level of assessment must be done for each clinician.  
Nonetheless, teams’ interdependent workflows during surgery 
mandate essential communications of data which inform the 
decision to safely proceed with the next task [9].  

Inclusion of a control-slave medical robot, like the da Vinci 
(Intuitiv Surgical, Inc, Mountain View, CA) into the milieu of 
the OR has the potential to exacerbate information 
communication dilemmas because of the physical disconnect 
between surgeon and other clinicians, limiting the sensory 
parity [2,21].  While some ORs are retrofitted with microphone 
systems that amplify voices to be fed through room or robot-
control speakers, the ability to detect change and make 
inferences based upon directed or incidental observations is 
severely compromised.  Thus, improving the mechanism for 
hearing communications does not rectify the issue of knowing 
when to elicit the correct information, but instead serves as a 
specious solution.  Attentional blindness to these external 
events may in fact diminish a surgeon’s external sensory or 
cognitive load, but the positional change from the table to the 
robot controller forces a surgeon to exert more effort in 
constructing and updating a mental model of team dynamics 
[3].  Working with robot in the OR introduces this complication 
as an unacceptable backslider. 

Near Future 

Having the ability to quantify cognitive load can be 
instrumental in eliminating denial as a deterrent from seeking 
help.  Psychologically, some surgeons might be conditioned to 
believing that asking for assistance is tantamount to conceding 
their own shortcomings [22].  After hours of operation and the 
need to manage (or be observant of) many facets of care 
coordination, both physical and mental fatigue become salient 
obstacles to prudent decision-making.  In a high-consequence 
environment like the OR, the perceived need to preserve ego 
and reputation should be relegated in priority compared with 
the overarching goal of providing therapeutic intervention for 
patients.  If a personal cognitive load threshold is met, then the 
system could cue the OR suite manager of a need for relief. 

From a robotics perspective, this same recognition could signal 
an array of “on-call” systems to gradually assume many of the 
menial or peripheral responsibilities (physical or supervisory) 
so that the surgeon can remain fully concentrated on the 
technical craft.  In such a fashion, humans are not relinquishing 
control of the operating room to automation per se, but instead 
allow their confidence in cognitive surveillance to maintain 
continuity.  What was once known as computer supported 
collaborative work could be afforded a new moniker—
cognition attentive robotic assistance (CARA).  Automobiles 
now have the ability to prompt steering correction for the 
drowsy driver and mobile phones adjust their setting when 
attention is diverted away from the screens. Because of these 
advancements, applications to the manipulation of robotic 
instruments appear tractable.  Although some pundits will 
undoubtedly remark that human control in the surgical domain 
must remain sacrosanct, hopefully this serves as an acceptable 
compromise.    

Distant Future 

Looking more towards the distant horizon we can conceive a 
future where the cognitive loads experienced by surgical staff 
do not just prompt the OR information technology network to 
algorithmically rearticulate information or activate robotic 
“auto-pilot” features, but to dictate the physical and functional 
identities of machines themselves. 



As morphogenic robots mature conceptually [23] and become 
actively integrated into the conversation of appropriate 
functionality in the OR, we envision that information 
“shunting” will also play a key role in determining what 
structural adaptations have a high-degree of fitness in an 
evolving environment. 

VI. CONCLUSION 

In assessing the novelty of this method, we do recognize that 
others have embraced a similar approach [24-25]. However 
these formulations are within a different context, use different 
inputs and have dissimilar time constraints.  It should be noted 
that our method remains a kernel of an idea rather than an 
empirically validated approach.    Nevertheless we feel strongly 
that measurement of cognitive and sensory loads for the 
reconstruction and rearticulating of information signals in the 
OR has significant potential to push the envelope of surgical 
patient safety innovation.  

The objective is thus to alleviate cognitive overload by 
entrusting a larger cognitive network to remediate individual 
oversights and misinterpretations of information.   However 
competent a surgical worker may be, he or she can only 
metabolize a limited amount of information while performing 
clinical task-work. Crafting a system that ensures clinicians’ 
working memory can be strictly geared towards recalling 
medical training, past scenarios, previous patient status and 
developing case strategies instead of being inundated with 
superfluous information should be the underlying motivation.  
By our hypothesis, this will reduce the amount of preventable 
errors [26].   

Constant fluctuation of task performance is not appropriate for 
people in a live OR.  Some consistency must remain. Therefore 
the time intervals for measuring sensory loads and estimating 
informational utility require litigious selection.   Custom, 
training deficits, dependence on protocol and human fallibility 
would most likely prohibit safe execution of tasks in a 
constantly changing environment.  However, each moment of 
time provides a glimpse into how the sociotechnical system is 
structured and thus we can provide snapshots of potential 
improvements.  Humans and technology should work 
collaboratively where the shortcomings of one can be 
compensated for by the other’s abilities.  Should the extant 
agents not complement each other perfectly, then that is 
evidence for an innovative need.   
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Abstract—We present a workflow for design, deployment and
verification of surgical robotic tasks. The workflow starts from
the population of ontologies at two levels: task description
and components specification. The ontologies are based on the
technical and medical knowledge of the surgical task to be
performed with a robot. From the ontologies, it is possible to
design a model of the components and a finite state machine
that represents the evolution of the task. This machine is verified
using formal tools to avoid risks and preserve safety. Moreover
a benchmarking phase assures the reliability of the components
interaction. This workflow is applied to a simple case study.

I. INTRODUCTION

The objective of the Coordination and Support Action
European Robotic Surgery (EuRoSurge, FP7-ICT-2011-7) is to
identify a methodology that is suitable for the integration of the
research and manufacturing competences available in Europe
in the two key areas of robotics and cognitive sciences, lead-
ing to easier product development and integration, standard
settings, simpler technology transfer, and clearer identification
of non-technical roadblocks. To this end, EuRoSurge aims at
producing a reference workflow for the design, deployment
and verification of a surgical robotic system.

In the preliminary part of the workflow an ontological
modeling is used as knowledge base repository. Ontology is,
by definition, a specification of a conceptualization [1]. The
subject of ontology is the study of the categories of things
that exist or may exist in some domain knowledge. Thus, a
rigorous and exhaustive description of a specific domain is
inside the ontology, and with the term domain, an area of
knowledge, like for example the healthcare field, is meant
[2]. An ontology is made of classes, individuals that populate
classes, and properties that can link two different classes or can
extend the meaning of a class. In medicine, ontologies have
found large use because of problems of interoperability due to
different nationalities and extraction of surgeons. Moreover, it
is important to have a description of the medical knowledge
that is understandable and processable by both men and
machines. Medical ontologies like GALEN [3], SNOMED CT
[4] and UMLS [5] are used as support for the healthcare
practice from doctors, nurses, auxiliaries and also for the
patients themselves. Ontologies can be used to formalize the
workflow of a surgical procedure.

In our workflow, we use two different ontologies, with two
different levels of granularity:

• The first ontology, named TaskOntology, will describe the
considered task. It contains concepts related to all the pos-
sible states, transitions and commands that the component
can assume. It could also contain information about the
level of risk associated to the use of a component and
related safety issues.

• The second ontology, named ComponentOntology, de-
scribes the set of components that participate to the
scenario. All the components will be described by a set
of property like inputs, outputs and specifications.

To control the surgical robotic system, we use a component-
based software architecture [7] [8]. This software engineering
technique suits our goal because it allows, thanks to its char-
acteristics, to change the topology of the connections between
the various software modules that implement the required
functionalities. Currently, the most popular component-based
robotic architectures are two: ROS and OROCOS. ROS [9] is a
project created at Stanford (CA, USA) and mainly maintained
by Willow Garage, broadly used in robotics communities.
OROCOS [10] is another well known and used framework
developed by the University of Leuven (BELGIUM).

The main feature of the surgical robotic context is the
heterogeneous and distributed nature of the devices composing
the setup. Indeed, the devices used in a teleoperation task [11]
are spacially distributed and need to exchange a stream of
real-time data. OROCOS has been chosen because, besides
allowing the execution and transmission of real-time data
[12], it integrates a finite state machine in each component
to control its behaviour. This characteristic is of basic im-
portance because it allows the designer to exploit reusability
and modularity, e.g by changing the connections between
the components without stopping or recompiling the software
modules.

In order to design the software components corresponding to
ComponentOntology, we need to find a tool that translates the
ontological description into a coded model described by com-
ponent name, input/output ports and type of data processed.
Since we use the OROCOS architecture, we considered the
two following tools: BRIDE[13]/VARP [14] and the script



Fig. 1. The Eurosurge workflow. KB is the Knowledge Base repository, FSM is the Finite State Machine.

”orocreate-pkg” that is present in the OROCOS Toolchain.
The idea is to start from a description ontology in OWL
format [15], and automatically generate the code that could
be integrated into the global architecture.

Once the components have been created and the functionali-
ties implemented, it is necessary to coordinate them in order to
follow the desired plan. For this purpose a deployer based on
Lua [16] is used, an interpreted language used for the creation,
the configuration and the implementation of the components.

In addition to the deployment and with the help of Lua,
a finite state machine (FSM) can be used to describe and
perform the operation task following a pre-defined plan. In-
deed the FSM represents the evolution of the system to obtain
the desired goal. It can also represent safety specifications
and possible reconfiguration actions. A tool called RFSM
described in [17] is used for designing such machine.

As for the components implementation, from the ontology
description we can automatically generate a file readable by
the RFSM toolbox. For its creation we used already existing
ontologies exploiting available and reliable knowledge, like the
suggested upper merged ontology (SUMO, [6]), that consists
of general terms that can be used to connect and define
our more specific terms. The final result is a running archi-
tecture generated by the two ontologies connected together:
the TaskOntology and the ComponentOntology. This is
possible because concepts belonging to the two ontologies
just explained can be linked, e.g concepts of the task ontology
could have a relation with concepts of the component ontology.

Since the EuRoSurge project is interested in cognitive
systems, the benchmarking phase afford tasks that cover the
flexibility and autonomy of the aspired systems in order to
respect the modularity. As explained above, one property of
the reference architecture is the reusability: the components are
created and should be used ’as they are’, in different surgical-
robotic contexts. For this reason a benchmark in the Eurosurge
Project aims at comparing a similar component under the
same conditions (task). The BRICS Project has launched three
categories of metrics: cost, utility and reliability [18]. These
metrics helped us in defining meaningful measurements based
on a case study proposed in next section.

Formal methods tools, which help during the design phase

to model synthesis of correct-by-construction systems, have
been applied to high-level robot behaviours [20]. The aim of
the verification phase is to verify the properties of modularity
(two similar components with different characteristics but the
same aim) and safety (ensuring that the system still performs
in a region of safety) for the whole setup in a real-time
environment. As we have figured out in [19] the technical
aspect of safety is quite important in the area of robotic
surgery. To respect the property of safety, the reliability metric
of ’mission success’ will represent in our case the accuracy
property. To respect the modularity aspect, we are focusing
on the BIP Framework. BIP is a component based framework
for implementing embedded real-time systems in the area of
robotics [21], [22] and [23]. We are especially interested in
proving that our system is deadlock free, which means that
in every reachable state a transition can still be activated.
A derivative performance index of the first requirement is to
prove reachability property. Hence, with the support of BIP, we
are able to verify that the given finite state machine operates
in a region of safety.

The above described workflow is presented in Fig. 1.

II. CASE STUDY

We consider a manipulator moving freely in a room. The
end effector of the manipulator has to reach a target, that
might be a tissue in a surgical context. The position of the
end effector in the task space is computed with a tracker,
called Tracker 1. Since it is subject to faults, a second tracker
(Tracker 2) is used as a backup. The setup is represented in
Fig. 2, where a Staubli Puma 260 manipulator is used: it is
controlled by a Galil 4080 control board and tracked using
Naturalpoint Optitrack (Altair robotic laboratory setup) for
Tracker 1 and ClaronTech Microtracker 2 for Tracker 2.

We use the ComponentOntology to describe particular
instances, or classes, of components, thus the functional,
physical and measurement aspects. In our scenario, we have
four different components: Robot, Supervisor, Tracker 1 and
Tracker 2. Every component can have a label, some specific
properties and ports. Ports can be input or output and, for every
port, the type of data in input/output (e.g. integer, floating etc.)
is defined, as shown in Fig. 3.



Fig. 2. Setup of the case study. T1 (Tracker 1) and T2 (Tracker 2) are
represented by the circles: blue for T1 and red for T2.

Fig. 3. Ontological description of a component. The component class is
characterized by two properties that define the port of input and output. The
component class is connected to the port class. In the figure the component
class has an instance, which is a robot, that inherit all the properties of being
a component.

The finite state machine (FSM) describing the operation
plan is designed starting from the ontology that describes the
surgical robotic task. For our case study, in the TaskOntology
there are classes like: State, Event and Transition. The State
class is populated with concepts like: Init, Ready, DoTask,
T1down and Goal. The Transition class is populated with all
the possible transitions that the robot can perform. Moreover,
the Transition class will be characterized by two properties
that states the starting state and the ending state of a specific
transition.

Once the TaskOntology has described the finite state ma-
chine for our case study (Fig. 4), the verification phase
implements it with BIP. A pseudo code of the finite state
machine of Fig. 4 is given in Fig. 5: the events, states and
transitions are described within commands events, states,
behaviour respectively. The reader can see that the translation
from the FSM to BIP code is straightforward. Here we added
an event called eµ representing the internal event moving the
system from its initial state Init to the Ready state. This event
is automatically generated by the FSM, but it has to be made
explicit in the code. One of the most important problems to
face is to check if the created FSM based on the ontology is
deadlock free and if the states are in a valid order, via the
reachability check. If and only if the verification is correct,
the workflow can go on to the execution, which means that

Fig. 4. Finite state machine of the case study

an automatic translation from the BIP language to RFSM is
implemented and can be used for the execution of the task.
We ran this check and verified that every state of the finite
state machine in Fig. 4 is reachable using the BIP tools.

events e µ(), e start(), e T1down(), e T2ready(),
e homeReached() , e end()

states Init, Ready, DoTask, T1down, Goal
behaviour

initial to Init
on e µ from Init to Ready
on e start from Ready to DoTask
on e homeReached from DoTask to Goal
on e T1down from DoTask to T1down
on e T2ready from T1down to doTask
on e end from Goal to Goal

Fig. 5. BIP code of the case study.

Next step of the EuRoSurge workflow is the execution of the
surgical task as shown in Fig. 6. In our simple case study, the
robot performs a pre-planned trajectory. Tracker 1 calculates
the position of the robot and sends it to the Supervisor
component. If the error between the position calculated from
the kinematics of the robot and the tracker measure is higher
than a predefined threshold, the Supervisor will raise an
event to the Run Time Agent (RTA). Notice that we are not
interested in the algorithm used to choose the above mentioned
threshold, since we are not discussing here the methods for
fault detection. A simple study of the performance of Tracker
1 can lead to determine the right threshold to detect the fault

Fig. 6. Task execution of the case study: FSM is finite state machine, RTA
is the Run-Time Agent.



and use residuals methods. In this case, the RTA will use
this event to update the finite state machine that will return
the new status of the surgical plan. The consequence is that
the RTA will close the connection between Tracker 1 and
the Supervisor and create a new connection between Tracker
2 and the Supervisor. As final result, in case of error, the
second tracker automatically replaces the first one, allowing
the continuation of the task. The RTA is the global coordinator
that knows the described surgical task given by the FSM,
controls the components, changes the architecture topology
and verifies the desired properties using events exchanged with
the supervisor.

The proposed benchmark starts by moving the robot with
different estimated velocities from a starting point to an apriori
defined target point, e.g. a point in the skin of a patient in
case of a needle insertion operation. The benchmark takes
place before the real surgical intervention will be done. The
architecture provides a component, called Reporter, which is
able to log all the required data for the benchmark. To estimate
the accuracy of each tracker, the error between the given
position of the robot and the given position of the trackers
will be logged. The error value represents a comparative value
for the accuracy of both tracking systems. The outcome of the
benchmark phase depends strongly on the implementation and
the environment. Hence the benchmark is performed with both
trackers at the same time and the trajectory used is the same as
in the surgical intervention scenario. Moreover, the collected
data has been used in Matlab to calculate the error and to
visualize the different error values depending on the defined
velocities.

III. CONCLUSIONS

EuRoSurge workflow aims at giving guidelines for the
design, implementation and verification of a surgical robotic
system. In our workflow we started with an ontology describ-
ing both components and the surgical task, based on medical
and technical knowledge. From this description, we model the
components using a software (BRIDE/VARP, OROCOS) that
translates the ontology written in OWL. The ongoing work
aims at obtaining this translation automatically. The ontology
provides the basis to design a finite state machine representing
the evolution of the surgical task. It is necessary to involve
the medical and technical experts to make this step. Indeed,
the experts will help the designer to decide what parts of the
ontology have to be used to design the specifications related
to the specific instance of the surgical task. We are working
on this cognitive aspect. Moreover, the verification procedure
requires an automatic translation of the finite state machine
from BIP to RFSM to design the run-time agent. Finally,
a future extension of the workflow will include a human
interface that should allow the surgeon to understand the level
of risk it might take in performing specific actions. This
interface will take into account the evolution of the system
specified in the finite state machine and the task ontology. To
this end, a level of risk has to be defined and an index needs
to be agreed between the designer and the surgeon.
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I. ABSTRACT

Catheter based diagnosis and therapy of cardiovascular
diseases is becoming more popular these days. Often the vas-
culature is being accessed from a less invasive location remote
to the cardiac region. For transfemoral approaches of TAVI
procedures the vasculature is for example accessed through
a cannula inserted into the patient’s groin and then moved
gently up to the heart [1]. Due to the complex and deformable
nature of both the vasculature and the catheter, the overall
controllability of the catheter itself is low in such a case.
Tissue damage, dissection or perforation of the vessel and even
of the heart cannot be ruled out [2], [3], [4]. The Cognitive
AutonomouS CAtheter operating in Dynamic Environments
(CASCADE) [5], a recent EU-funded FP7 project, investigates
autonomous catheter control and explores machine learning
techniques to learn the input-output behavior of the catheter
inside vessels of artificial mock-ups. The results from this
study should enhance the understanding, the control of catheter
motion and interaction patterns also during real interventions.

Before learning to control a catheter, different ways of
learning the interaction model of the catheter with the aorta
should be investigated. These will help to transfer the learned
model from the mock-up to the real world in the long run.
Since it is not always possible to guarantee safety when
applying learning methods, it is important to first investigate
different ways of learning the catheter-aorta interaction model
and evaluate their failure modes.

II. EXPERIMENTAL SETUP

A two dimensional mock-up of the aorta was constructed;
the mock-up together with an RFA ablation catheter (En-
doSense SA) is shown in Figure 1. An exact replica of
this exact mock-up is distributed among the partners of the
CASCADE project so that algorithms can be shared freely.
In addition to this, partners can compare their results or
even reproduce results of other partners. The mock-up of
the aorta is a rigid body, which is a very simple model of
the aorta. Since the mock-up is a rigid body, the properties
of the catheter-aorta interaction will mainly depend on the
catheter. As a sensor a camera was used. The camera looks
straight down to the plane in which the aorta is lying. It
is a high-resolution network camera (AXIS 215 PTZ). The
PTZ network camera provides pan, tilt and zoom functions,
enabling wide area coverage and easy manipulation through

Fig. 1. The experimental setup. In the picture the mock-up, a commercial
catheter and a camera used to measure the catheter are shown.

web browsers. The camera is mounted directly above the
testbed at a height of 56 centimeters. The resolution of the
video image is 704×576 pixels for the 4CIF format. The upper
and lower boundaries of the aorta in the testbed are colored
in pink and yellow, respectively. This marking simplifies the
identification by image processing. Figure 2 shows the catheter
and the mock-up as seen from the camera perspective. From
the camera image, the following parameters are extracted:
(1) the shape of the catheter, (2) the contact points where
the catheter touches the boundaries of the aorta in different



Fig. 2. The mock-up and the catheter as seen from the camera perspective.
The different parameters that are used for modeling the catheter-aorta inter-
action are shown. The numbers on the horizontal and vertical axes show the
pixel coordinates in the image. The dotted vertical lines in the image show
the boundaries of the different sections. The red dots above and below the
aorta show the state of the touch sensors.

sections, (3) the entrance point of the catheter and (4) the tip
of the catheter. For the purpose of extracting the parameters
listed above, we used an OpenCV implementation programmed
in the Python programming language[6].

III. METHOD

In this paper we present a catheter-aorta interaction model-
ing using joint probability densities [7]. For modeling training
data is collected using the above-mentioned camera setup. The
training data is gathered by applying different manipulation
acts on the catheter (mainly pushing the catheter into and
pulling the catheter out of the mock-up). Each entry in the
training data has five components. The first component is a
vector of contact points of different sections of the catheter for
the upper boundary of the aorta tu. The second component is
a vector of contact points of different sections of the catheter
for the lower boundary of the aorta tl. The dimension of the
vectors for the touch sensors of the upper and lower boundaries
of the aorta is equal to the number of sections. For this
experiment the aorta was subdivided into ten sections. Figure
2 shows dotted vertical lines representing the boundaries of
the different sections. The third component is a vector of
coefficients of a function α used to represent the shape of
the catheter. In this work, we used B-splines of third order
to approximate the shape of the catheter. The number of
coefficients for approximating the shape of the catheter is
34, which corresponds to 30 splines. The fourth and fifth
components represent the Cartesian coordinates (expressed in
pixels) of the entrance point of the catheter pe and the tip of the
catheter pt, respectively. During training the joint probability
distribution

p(tu, tl,α,pe,pt), (1)

is learned and during testing from the joint probability distri-
bution

E [α|pe,pt] , (2)

is calculated, where E stands for expected value. Expression
(2) gives the estimate of the current shape of the catheter
given pe and pt by generating the shape of the catheter from
the coefficients α. In reality pe is more or less known and
pt could be e.g. acquired from an electromagnetic sensor
embedded in the catheter tip. Here, this sensor is simulated
through our camera measurements. Note that the model (1)
implicitly incorporates the geometry of the vessel. For different
vessel geometries this model thus needs to be updated. Now,
the state of the touch sensors can then be estimated using

E [tu, tl|pe,pt] , (3)

which can also be calculated from expression (1). If the shape
of the catheter is known, then the state of the touch sensors
can be estimated using

E [tu, tl|α,pe,pt] . (4)

To calculate analytically the quantities given by expressions
(2), (3) and (4), we used a mixture of Gaussians for modeling
the joint probability distribution given by expression (1).
Mixture of Gaussians are discussed at length in the book by
Mclachlan and Peel [8].

IV. RESULTS

After training the catheter-aorta interaction model, the
model is evaluated for its prediction capabilities for the shape
of the catheter and the states of touch sensors for all sections
of the aorta and for the upper and lower boundaries of the
aorta. The evaluation is performed on a novel dataset, which
is not included in the training set. Figure 3 shows the prediction
performance of the model in predicting the shape of the
catheter using expression (2) and the state of the touch sensors
for the upper and lower boundaries of the aorta for some of
the positions of the tip of the catheter using expression (3).
As can be seen from these results, the model is able to predict

(a) (b)

(c) (d)

Fig. 3. The predictions of the shape of the catheter and the state of the touch
sensors for the upper and lower boundaries of the aorta.



the shape of the catheter and the state of the touch sensors in
the different sections of the catheter.

In the following we examine the prediction given by
expression (4) more closely since in reality the shape of
the catheter can be extracted from electromagnetic sensors
embedded along the catheter, or from fluoroscopic images.
During testing, for each section i we counted the number of
times a touch sensor corresponding to section i and the upper
boundary detects touch, #Tui, and the number of times a
touch sensor corresponding to section i and the lower boundary
detects touch, #Tli. We calculated the true positive rates
TPRui and TPRli for the upper and lower boundaries and
for section i using

TPRui =
#((predictionui= touch) ∧ (sensorui = touch))

#Tui
,

(5)

TPRli =
#((predictionli= touch) ∧ (sensorli = touch))

#Tli
.

(6)
Similarly, we counted the number of times a touch sensor
corresponding to section i and the upper boundary detects
no touch, #NTui, and the number of times a touch sensor
corresponding to section i and the lower boundary detects no
touch, #NTli. We then calculated true negative rates TNRui

and TNRli for the upper and lower boundaries and for section
i using

TNRui =
#((predictionui=no touch) ∧ (sensorui =no touch))

#NTui
,

(7)

TNRli =
#((predictionli=no touch) ∧ (sensorli =no touch))

#NTli
.

(8)
Then we calculated the harmonic mean accuracy (HMACC)
for section i and the upper and lower boundaries using

HMACCui =
2(TPRui TNRui)

TPRui + TNRui
, (9)

HMACCli =
2(TPRli TNRli)

TPRli + TNRli
. (10)

The values for the HMACC lie between zero and one. A
higher value of HMACC means a better prediction accuracy.
Standard accuracy measures for section i and the upper and
lower boundaries given by

Accuracyui =
TPRui#Tui + TNRui#NTui

#Tui +#NTui
, (11)

Accuracyli =
TPRli#Tli + TNRli#NTli

#Tli +#NTli
(12)

are also calculated. If the number of touches detected by the
touch sensor for section i and a boundary is different from
the number of no touches, then the HMACC gives high values
for models predicting well both the touch and non touches.

If a model predicts correctly all the non touches but predicts
incorrectly all of the touches, it gets an HMACC value of 0.
However, the same model might get a high value of accuracy.
This is evident from the HMACC and accuracy values for
section S6 of the upper boundary shown in Figure 4. As can
be seen from the figure, the model detects the states of the
touch sensors most of the times correctly. In the future, the
deformable and variable nature of the vessel will need to be
addressed.

(a) (b)

(c) (d)

Fig. 4. The harmonic mean values and accuracies for each section and for
the upper (a) & (c) and lower (b) & (c) boundaries of the aorta, respectively.
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Abstract—This abstract focuses on the role of artificial cogni-
tion in the context of robot-assisted laser microsurgery. The issues
related to the use of a laser as surgical tool are identified and
contrasted against the possibilities offered by a cognitive system.
The concept and progress in the development of a cognitive
supervisory system for laser microsurgery are presented. This
system is intended to supervise laser-tissue interactions occurring
during surgery, controlling the incision process and generating
alarms when potentially dangerous situations are detected.

I. INTRODUCTION

Applications of cognitive systems in robotics vary widely.
By definition, these systems exhibit a set of properties [1] that
are desirable when tackling problems that require high-level
reasoning capabilities i.e., similar to those of humans. Exam-
ples of such problems include planning and executing actions
in real-world environments, dealing with high-dimensional or
uncertain information and coping with situations that were not
considered or cannot be taken for granted at design time.

Surgical robotics constitute a promising field of application
for cognitive systems. Recent trends in this area point towards
the development of special-purpose robots [2] to attain surgical
procedures that would be difficult or impossible otherwise.
The purpose of developing robots for surgery is to provide
the surgeon with highly specialized tools that extend his/her
performance, therefore improving the overall quality of the
surgical treatment [3]. Nevertheless, sometimes interposing
a robot between the surgeon and the patient increases the
complexity of the procedure, which is usually due to the
physical constraints of the robot. For instance, the robot may
have many degrees of freedom in order to adapt to the shape
of specific anatomical parts, making it difficult to control.
Additional constraints appear in minimally invasive surgery,
where a limited access to the surgical site implies a poor
perception of the area of interest, demanding additional mental
workload to the surgeon, who plan and execute movements
on the tools by looking at images provided by a camera
located inside the body of the patient. An extended list of
open problems related with the use of robots in the operating
room is reported in [4].

Thus, it seems that classic robot control strategies are not
sufficient to handle the complexity of the scenarios presented
above. Cognitive approaches are currently being investigated
to turn surgical robots into smart tools. Recent results in this
context cover the development of advanced control algorithms

for robots with many degrees of freedom, automatic move-
ment of surgical tools, obstacle avoidance, navigation aid and
simultaneous localization and mapping [4].

In the case of laser surgery of the vocal cords, i.e., laser
phonomicrosurgery (LP) [5] surgeons cannot rely on their
sense of touch to control the incision process. Rather, they are
required to develop a different kind of dexterity, built around
the capability of predicting the effects of laser irradiation of
tissue.

This abstract discusses the issues related to the use of
lasers as surgical tools and how systems based on cognitive
approaches can help in mitigating them. The concept and the
current state of development of a cognitive supervisory system
for laser phonomicrosurgery is presented.

II. LASER PHONOMICROSURGERY

The interaction between the laser and the tissue is the
elemental building block at the core of laser-based surgery.
It is through this interaction that incisions and resections are
performed. The control of the incision process relies on the
experience and dexterity of the surgeon, who intrinsically
establishes the state of the interaction and thereby decides the
laser actions to perform. The mental workload is intensified
by an inadequate perception of the surgical site, as LP is
performed through a microscope [6]. Acquiring the skills
needed to conduct LP requires extensive training.

Improper operation of the laser may hinder the surgical pro-
cedure. Furthermore, it may lead to undesired and potentially
dangerous effects. Carbonization is one of those. It occurs
when the temperature of tissue increases, due to the energy
transferred from the laser [7], beyond 100◦C. Carbonization
causes pain and longer healing times, diminishing the quality
of surgery [6]. Also, it may influence the patient ability to
speak normally again.

Nowadays there are no technical solutions for the auto-
matic supervision of the incision process during laser-based
surgery. To this end, a predictive model would be necessary,
predicting the outcome of the process and analyzing its state.
Analytical models of laser-tissue interaction (LTI) are well
known [7]. They depend mainly on tissue temperature and
water content. At the same time, these variables depend on
laser properties as beam focus and power, as well as on laser
exposure time and pulse rate. The laser wavelength, and its
corresponding absorption and scattering coefficients on the



tissue also determine the emergence of undesired effects like
tissue carbonization. Accurate and real-time measurement of
some of these variables during LP is not straightforward.

Thus, if a system is supposed to supervise the state of the
LTI, it should rely on inputs similar to those used by surgeons
(laser location and history of actions) and not on analytical
models based on tissue properties.

III. COGNITIVE SYSTEMS FOR LASER SURGERY
SUPERVISION

Using a forward model to predict the state of LTI during
LP leads to formulate a solution in which analytical modeling
is neither convenient nor viable. Accordingly, we propose to
use models motivated by the capacity of humans to map and
fuse diverse sets of information and infer the state of events.

A. Cognitive Model

Length and depth of an incision depend on the treatment
parameters, such as the laser power and the total exposure
time. Skilled surgeons have developed the ability to finely
configure these parameters in order to get the incision they
have planned. The thermal state of the tissue plays a major
role during the incision process [7], driving its outcome. We
may hypothesize that surgeons have an internal, and probably
not explicit, estimation about the thermal state of the tissue.
Developing an autonomous system able to predict this state
without using a deterministic model can be seen as the design
of an artificial cognitive model.

A cognitive model generally denotes the combination of a
knowledge set with a given cognitive architecture [8]. Such
knowledge encapsulates the experience about certain process
or entity, while the cognitive architecture specifies how this
knowledge is represented, acquired, and processed in order to
obtain some specific behaviour.

We have developed a thermal model of tissue based on high-
level information such as laser activation, power and pulse
mode [9]. The change in temperature due to heat transfer
and diffusion are modeled as functions of laser exposure
time. The model is parameterized with respect to laser power
and assumes constant tissue properties. This model has been
extracted using machine learning techniques.

Initial results demonstrated the concept of an artificial
cognitive system able to predict the tissue thermal state during
laser exposure and it is based on simulated data, generated
with a Monte Carlo-based algorithm complemented by a finite
difference method for the resolution of heat diffusion [10].

B. Supervising Laser-Tissue Interaction

The cognitive supervisory system is meant to support sur-
geons, enhancing their perception about the state of LTI, thus
facilitating their decision making. This model is not supposed
to replace the surgeon perception but to complement it. Fig.
1 shows a diagram describing this concept.

The purpose of this system is to predict the continuous
appearance changes of the surgical site that can be observed

Fig. 1. Cognitive System for supervision of laser surgery. The system
provides additional information to the surgeon enhancing the perception on
the laser-tissue interaction

during LP, by means of image processing (e.g., laser lo-
calization, carbonization detection) and artificial intelligence
techniques. This functionality will be used to automatically
supervise the surgical procedure, generating alarms in case
unexpected or unforeseen situations are detected. The focus of
the supervisory system falls on the undesired and potentially
dangerous situations that may arise during LTI. In this context,
tissue carbonization and incision quality are recognized as
potential targets for automatic supervision.

At the core of the supervisory system lies the developed
model of temperature during LTI [9]. Based on the model
of temperature dynamics and the history of laser actions,
an autonomous system to avoid tissue carbonization and to
supervise the quality of the incision can be implemented.
Given the location of the laser beam, the temperature model
can be mapped onto the area of interest, activating the input
when the surgeon triggers the laser, generating and tracking
an estimation of tissue temperature.

IV. PRELIMINARY RESULTS

Initial studies demonstrated that a model based on ML can
be obtained mapping the same inputs that surgeons use (i.e,
laser actions) to the resulting thermal state of the tissue [9].
Nevertheless input/output data for the model was obtained
through simulation, given an analytic description of the tem-
perature dynamics [7],

Ṫ = κ∇T +
1

ρc
S, (1)

where T , and Ṫ represent the tissue temperature and its
temporal derivative, while ∇T is the Laplacian operator,
describing the spatial change of temperature along the tissue,
which conductivity, κ, is approximately the same for liquid
water and most tissues (∼ 1.4× 10−7 m2

s ). The source of heat
per unit of volume and time, S, contributes to the change
in temperature weighted by the density (ρ) and the specific



(a) Continuous Laser Mode

(b) Pulsed Laser Mode

Fig. 2. Temperature dynamics at the center of the tissue at the surface
(j = 1), and at z = 0.025mm, (j = 2) for continuous/pulsed type of laser
modes. Time response of the reference (blue) and learned (red) models are
shown.

heat capacity (c). In pursuance of proving initial concepts
in [11], [9], Eq.(1) was solved using Finite Differences (FD)
approximation whereas a Monte Carlo approach was used to
properly simulate the heat of rate generation (S).

The results presented in Fig. 2 demonstrated that a learned
system can reproduce the dynamics of tissue temperature ob-
tained through the solution of the partial differential equation
presented in Eq. 1.

V. CONCLUSION

In this abstract, the concept of cognitive supervisory sys-
tem for robotic laser surgery was discussed. The system is
intended to supervise the laser-tissue interactions that occur
during surgery. A model of tissue temperature during laser
irradiation is at the core of the system. The model is inspired
by the cognitive process that surgeons do when map visual
information i.e., location of the laser spot, together with the
history of laser actions, to the estimation of temperature in the
tissue to avoid carbonization. This is, they decide what actions
to do in order to avoid increasing the temperature of the tissue
beyond 100◦C.

Further investigation and developments are needed to bring
the system into a real surgical scenario. Current efforts are
focused on the validation of the temperature model. Also, a
model able to predict the properties of laser incisions, in terms
of depth and width, is being developed. These developments

are supported through the collection of experimental data from
real laser-tissue interaction.
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Abstract—The paper describes a robot control and coordi-
nation framework for the automation of surgical tasks. In the
proposed framework, surgeons do not interact with robots by
means of teleoperation, but they are supported by autonomous
robotic assistants. Such robots perform basic surgical actions by
combining sensing, dexterity and cognitive capabilities. The goal
is achieved thanks to rigorous assessment of surgical require-
ments, formal specification of robotic system behavior, including
multiple arm coordination and human/system interaction, and
control software development with state-of-the-art component-
based technologies. The paper presents an experimental setup
composed of two robots operating on a US-compatible phantom,
demonstrating the feasibility of the approach.

I. INTRODUCTION

Minimally invasive surgery first and, more recently, surgi-
cal robots have brought new perspectives to surgery and have
significantly improved the quality of many critical surgical
tasks [1], [2]. In this paper we go further by designing
an architecture to control a robotic system capable of au-
tonomously executing US-guided insertion of needles into soft
bodies, i.e. emulating the surgical procedure for percutaneous
cryoablation of small tumoral masses. To validate the proposed
software/hardware architecture we prepared an experimental
setup, involving two robotic manipulators that autonomously
perform the task: one robot holds the needle and moves
according to a planned trajectory to perform the puncturing,
while the other robot holds an US probe which images are used
to intra-operatively guide and control the needle insertion, [3].
Even the pre-operative planning is performed automatically, by
means of a software that implements the algorithm proposed
in [4]. Since the architecture of the system is modular and
component-based by design, the same methodology can be
applied to automate other simple surgical tasks. In this way,
the robotic system autonomously deals with the simplest tasks
and the role of the surgeon becomes that of irreplaceable su-
pervisor. Subsequently, the surgeon can focus his/her attention
on the most critical parts of the procedure. In this paper we
implement the model presented in [5], where the requirements
for a software-intensive and intelligent surgical robots were
collected and translated into engineering specifications.

II. CASE STUDY AND ROBOTIC SETUP

The final objective of the proposed research is to demon-
strate the feasibility of robotic automation for some surgical
procedures, which have been selected among those that would
benefit mostly from the accuracy and repeatability levels
achievable by intelligent robots. We focus on percutaneous
cryoablation of small tumors, but the same methodology and
design approach will be applied in a near future to automated
suture of planar wounds. Percutaneous cryoablation requires
the use of pre- and intraoperative images (CT, MRI/US) to
insert, through the skin, one or more cryoprobe needles into
the tumoral mass to be destroyed and to check the real-time
position of the tools inside the patient. Trajectory misalign-
ments are usually due to the deformation of soft tissues and
organ displacement because of breathing. Thanks to real-time
image registration and accurately calibrated mechanical arms,
needle insertion will be executed precisely by the robots.

Fig. 1. Experimental setup with coordinate systems and related transforma-
tions.

To evaluate practical issues and benefits of cryoablation
execution by means of automated robots, an experimental setup
has been prepared, as shown in Figure 1. The setup includes
two robotic manipulators: the first robot holds the needle, while
the second holds the US probe. The end-effectors of both



robots are equipped with specific tool adapters that integrate
6-DOF force/torque sensor. The robots are mounted on two
trolleys allowing to move them freely around the surgical
bed, i.e. where the phantom replicating the human abdomen is
located. Freely movable trolleys improve the setup flexibility,
but, on the other hand, they require an accurate registration
phase before starting the operation. For this reason an Optitrack
system (NaturalPoint, Inc.) using 10 infrared cameras is used to
estimate relative coordinate transformations among the robots
and the phantom.

III. CONTROL AND SUPERVISION ARCHITECTURE

The autonomous system being designed in this project is
composed of the following modules, corresponding also to
software units deployed on different computational platforms:
a Surgical Interface, the Robot Controllers and the Sensing
system with Reasoning and Situation Awareness capabilities.
Figure 2 shows the overall control and supervisor architecture.

Fig. 2. Control software implementation of the robot holding US probe

In particular, the Surgical Interface is a software-intensive
system allowing humans (i.e. surgeons and technicians) to
drive the system during both the pre-operative and the intra-
operative phase. In the first one, the focus is on detailed
planning of the surgical intervention (e.g. enumeration and
placement of cryoablation needles for maximal tumor coverage
thans to the cryo-planner described in [4]). During operations,
the interface should provide real-time visual navigation of the
surgical scenario and, if necessary, let surgeons take control of
the system (e.g. by switching to teleoperated mode).

The Robot Controllers are the units implementing control
of surgical actions and tasks sequencing during the intraopera-
tive phase. The event-driven behavior extracted from the goal
model is mapped into the control logic of each robot, specified
by an UML State Diagram. Safety-critical requirements put a
strong demand for strict coordination of these components with
both the Surgical Interface and the Sensing/Reasoning module.

Finally, the composite sub-system implementing advanced
Sensing algorithms and Reasoning for Situation Awareness
provides support to the planning task, during the preoperative
phase, and prompt identification of anatomical changes or
discrepancy between the tasks being executed and the nominal
surgical plan. In the latter case, Situation Awareness algorithms
(e.g. based on Bayesian Networks and Particle Filters) must
signal the occurrence of undesired events and critical situa-
tions, so that appropriate corrective actions can be triggered.
It is important to remark that even though the Reasoning and
Situation Awareness module is not fully implemented in the
current setup, both the behavioral specification described in the
rest of the section and the distributed architecture presented
above are prepared to seamlessly embed it.

The interaction among such system components has been
specified with the help UML Sequence Diagrams, which
represents scenarios compatible with a given collaborative
behavioral specification. An UML Sequence Diagram shows
a sequence of events, exchanged among a number of object
lifelines, implicitly ordered in time from top to bottom. As
an example, Figure 3 shows an admissible scenario for the
cryoablation execution, focused on needle insertion under
US-based monitoring. The scenario includes the adaptation
required if the algorithm for needle tip detection fails to
evaluate the presence of the needle in the current US image. In
this case, the motion of the robot holding the needle is paused
and the robot holding the US probe executes a sequence of
slow rotations of its end-effector along the three orientation
axes (roll, pitch and yaw). If the needle is found during
these movements and the insertion can be completed with a
small adaptation of motion trajectories, the surgical operation
proceeds, otherwise the needle is extracted and the insertion
trajectory is replanned.

HS : Surgeon

SI :
SurgicalInterface

USRC :
USRobot

NRC :
NeedleRobot

SR-SA :
SensingReasoning

1 : ValidateIceball
2 : IceballConfiguration 3 : IceballConfiguration 4 : IceballConfiguration

5 : moveToSkin
6 : moveToSkin

7 : moveToSkin

8 : insertNeedle
9 : insertNeedle

10 : MonitorNeedle

11 : needleLost
12 : pauseMotion

13 : needleFound
14 : insertNeedle

Fig. 3. UML Sequence Diagram of the interaction among system components
during cryoprobe needle insertion: scenario in which the US image processing
module fails to detect the needle position



IV. RESULTS

In this section the time series of forces and the states of
the robots control logic recorded during the experimental phase
are reported (see Figures 4 and 5). The proposed experimental
setup goes through the following steps triggered by the surgeon
through the user interface:

1) The surgeon pushes the Ready button. Both robots
move from their nest position to the ready position
where the needle and the US probe are mounted.

2) The surgeon pushes the Start button. The robots
receive their nominal trajectories and move the needle
and the US probe in contact with the phantom.

3) When the surgeon pushes the InsertNeedle button,
the robot holding the needle starts the insertion until
it reached the target point. In this case the state of
its control logic is WaitCryoCycle. However if the
surgeon decides to stop the procedure (Stop button)
because the needle is not visible in the US image
any more, the robot holding the needle performs a
sequence of movements of the US probe to bring the
needle back on the US images.

4) Since the cryoablation is not available in the current
setup, the final step is for the surgeon to push the
button Finish to bring the robots back in the Ready
state.

Figure 5 shows the force measured by the F/T sensor
located on the robot holding the needle along the main axis
of the needle. The dashed vertical lines and the numbers help
to understand which states of the control logic (Figure 4) are
activated.

Fig. 4. UML State Diagram of robot control logic for needle insertion in a
cryoablation task.

Fig. 5. Force applied to the needle during the emulated cryoblation task.

V. CONCLUSION

In this paper we presented a robot control and coordination
framework for the automation of simple surgical tasks. We
formalized the design specifications using a requirements engi-
neering approach and derived the state machines for the control
of the robots involved in the operation. Then, we implemented
the proposed architecture using component-based design tools,
i.e. Orocos framework and rFSM, in order to handle properly
the distributed nature of our system.

The goal of these experiments was to show that the
technology to execute autonomously basic surgical tasks is
available and could be used to improve accuracy. To better
reach this critical objectives, a Situation Awareness module
that takes care of the uncertainty and manages unexpected
events has been implemented on top of the control architecture.
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