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Abstract 

The implementation of telemanipulator systems into cardiac surgery enabled the heart surgeon to 
perform sophisticated minimally invasive and endoscopic procedures with high precision under 
stereoscopic view. At present, the commercially available robotic surgical systems do not provide 
force feedback for the operating surgeon. The lack of tactile feedback may cause damage of tissue 
and bending or breaking of suture material. For further improvement of telemanipulated systems, we 
implemented haptic into a realistic experimental platform. Force-feedback is evaluated in a model of 
robotic heart surgery. The robotic scenario offers an impression very similar to usual and open 
procedures with high immersion. It enables the surgeon to palpate arteriosclerosis, to tie surgical 
knots with delicate suture material and to feel the break of suture material. The aim of this study was 
to analyse the effect of haptic feedback in typical cardiac surgical procedures and the influence on the 
fatigue of surgeons. 
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Introduction 

Minimal invasive and endoscopic cardiac surgery does not only minimize the collateral surgical trauma 
but also results in quicker recovery. The hospital stay and the infection rate of the sternum can be 
reduced. 

In heart surgery the introduction of endoscopic techniques were promising, but not satisfying like the 
application of robots in other surgical disciplines [1], [2], [3]. Complex cardiac surgery had to be 
performed by long instruments without tremor filter or adequate freedom of movement, so satisfactory 
results were missing. In heart surgery, pure endoscopic techniques have not been established since 
the demanded high precision in this speciality was not achieved with endoscopic instruments only. 
The promise of telemanipulated endoscopic assistance was to eliminate many of the beginning 
impediments, with the concurrent enhancements of motion scaling, tremor filtration, 3-dimensional 
vision and fulcrum effect. The surgeon could now operate with a surgical mechatronic assist system in 
a comfortable, dextrous and intuitive manner [4], [5], [6]. 

The solution for the initial problems was the implementation of telemanipulators that offer as much 
degrees of freedom in movement as the hand of the surgeon in conventional open surgery, thus 
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performing 6 degrees of freedom instead of four in conventional endoscopic instruments. Furthermore, 
the telemanipulator provided a 3D-optic and a filter of tremor [7]. The new system has been a 
telesystem controlled remotely by the surgeon. The implementation of totally endoscopic heart surgery 
was realised ten years later [8] with the telemanipulator Da Vinci® (Intuitive Surgical, Inc., USA) after 
introducing endoscopic surgery in abdominal surgery. 

Nevertheless technical limitations still exist, limiting the application to special heart diseases and 
surgical indications in expert medical centres only. 

This telemanipulated technology is available for a minimal part of heart surgical patients only since the 
technical inconvenience and clumsiness of the system prevents to safely perform valve surgery, 
congenital heart surgery and a bigger part of bypass surgery. 

The necessity of haptic feedback is discussed controversially by robotically working surgeons and 
haptic engineers [9], [10], [11], [12]. The postulate, that the integration of a supplementary haptic 
channel in addition to the visual channel improves the quality of surgical work and enhances the 
immersion for the surgeon in a remote system, has not yet been demonstrated and evidenced. 

Current available robotic surgical systems do not provide haptic or tactile feedback to the surgeon. 
The manipulation of delicate tissues and suture material still remains a challenge. The hypothesis, that 
haptic feedback in form of sensory substitution facilitates the performance of surgical tasks, is 
evaluated on an experimental platform of a robotic surgery system (Figure 1). 

 
Figure 1: Experimental robotic platform: Two endoscopic instruments and one endoscopic 3D-
camera 

This study analyses the benefit of haptic feedback as additional sensory quality for operating more 
precisely without damage of soft tissue and without breakage of fine suture material. The change of 
amount of forces with haptic feedback is analysed. Furthermore the surgeon’s fatigue arising during 
operation is investigated in special examinations.  

For virtual and artificial scenarios tactile sense and haptic feedback is an essential part [13], [14], [15], 
but in the research of surgical telepresence for remote real scenarios the necessity of haptic feedback 
is still discussed very intensely. The breaking of surgical suture material and the damage of tissue are 
basic and unsolved problems in telemanipulated surgery. A further hypothesis is not yet explored: The 
especially high fatigue of the surgeon during and after robotic operations may be caused by visual 
compensation of the skills and movements [16]. 

In our study, haptic feedback is built up in the experimental setup of a surgical telemanipulator system 
as technical modification [17], [18], [19]. The application on surgical skills is analysed and evaluated. 

Methods 

The study intended basic surgical and cardiac surgical procedures. Knot tying, breaking suture 
material (Figure 2, Figure 3) and detection of arteriosclerosis had to be performed in a defined cycle 
with double blinding. These tasks imply at least basic knowledge in surgical principles. The 
participants dealt with three different levels of haptic feedback: no haptic, actually fed back forces (1:1) 
and doubled enhanced force feedback (1:2). The no-haptic-level do not feed back any forces or 
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collisions to the surgeon. The actually fed back forces-level transmits the really existing forces while 
manipulating. In the doubled force feedback-level the occurring forces are transmitted and presented 
after duplicating the forces. During the entire experiment, the used forces were recorded. The 
statistical tests used for the evaluation were the analysis of variance for normal curve of distribution. 
Mean forces and mean differences of forces are indicated for the results in the graphs. The conformity 
of four raters added up to minimum 0.8. 

 
Figure 2: Surgical task: Knot tying with haptic instruments 

 
Figure 3: Surgical task: Breakage of surgical suture material with haptic instruments 

Human subjects 

The human subjects of this study included 25 heart surgeons in different levels of surgical training and 
age. Three groups of surgeons were defined: One group of 8 with young surgeons, the second group 
with 12 experienced surgeons and the third group of 5 with robot-trained surgeons. The study 
intended basic surgical and cardiac surgical procedures. Knot tying, breaking of suture material (the 
rate for telepresence of the system) and the detection of arteriosclerosis had to be performed in a 
defined cycle with double blinding. 

Experimental telemanipulating system 

The system is based on two manipulators, which are controlled by two input devices. Each 
manipulator is composed of a KUKA KR 6/2 robot that bears a modified surgical instrument of Intuitive 
Surgical®. A customized adapter is linking the robotic arm with the instrument. For security reasons all 
flange adapter are equipped with magnetic security couplings. 
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The position and orientation of the manipulators are controlled by two PHANTOM® (SensAble 
Technologies Inc.). The shaft of the surgical instruments is made of carbon fibre, which is equipped at 
the distal end with strain gauge sensors as full bridges. This application permits the feedback of forces 
in two directions while surgical manipulation. 

The force sensors were applied directly on the distal end of the instrument’s shaft as full bridges. One 
full bridge of sensors is used for each direction. The signals of the sensors are amplified and 
transmitted via CAN-bus to a PC system. Sensor readings are blurred with noise; digital filters are 
applied to stabilize the results. Since we know the position and orientation of the instruments, we can 
transform occurring forces back to the coordinate system of the PHANTOM devices. Therefore the 
user has the impression of direct haptic immersion. 

For proper and precise telemanipulation a 3D-display is indispensable. This setup is equipped with a 
fixed head mounted display and a stereoendoscopic camera to provide a realistic scenario for the 
surgeon. 

Breaking of suture material 

The breaking of suture material represents the amount of telepresence and immersion of the robotic 
system for the surgeons and was considered to be the evaluation of the technical quality of force 
feedback. The surgeons had to tension the thread until the supposed breaking point and had to 
mention this point before breaking. The difference of force between the supposed and the real 
breaking of a surgical thread was measured in Newton. The human subjects performed this breaking 
of suture material once in each haptic level to prevent a recognition of the haptic mode. The used 
surgical suture material Prolene® 6-0 (ETHICON Inc., USA) is in heart surgery a common and 
frequently used non-absorbable thread made from polypropylene. 

Knot tying 

The human subjects had to tie surgical knots with two surgical instruments equipped with haptic 
feedback. The surgeons had ten minutes to perform precisely as much knots in alternate way (left and 
right taught knots) as possible. The total number of knots, the applied forces, the breakage of suture 
material and the speed of motion during knot tying were recorded. 

Detection of arteriosclerosis 

The surgeons had to detect possible stenosis with one haptic instrument in artificial arteries made 
from polymer precisely and at the same time rapidly. 

The errors in detecting short (0.5 cm), long (1 cm) or no stenosis in three arteries were counted. The 
applied forces while detecting were recorded in Newton and the time of detecting in seconds. 

The critical flicker fusion frequency CFF 

The critical flicker fusion frequency (CFF) is an individual part of the Wiener Testsystem (Schuhfried 
GmbH, Austria) analysing the progression of fatigue during the evaluation [20]. The CFF is regarded 
as an indicator for the central-nervous function capacity, the activation level and the progression of 
fatigue during practical tasks [21]. 

The CFF is defined as median of the flicker and the fusion frequency presenting a flickering red light 
five times in ascending and descending intensity. The course of fatigue during the experiment was 
measured in between three blocks of tasks. 

Results 

Surgical knot tying 

Force feedback influences the application of forces significantly (p<0.05) in surgical knot tying. In 
increasing the force feedback the applied forces are reduced significantly (p<0.05, Figure 4). The 
experience of the surgeons does not influence the amount of applied forces (p>0.05). Haptic feedback 
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does not show any influence on the quality of surgical knot tying (p=0.05) like number of knots, 
breakage of suture material or speed of motion. 

 
Figure 4: In increasing the force feedback the applied forces are reduced significantly while 
knot tying. 

Breaking of suture material 

The difference of forces was calculated where the thread was breaking supposed by the surgeon and 
the force where the thread was actually breaking. Haptic feedback showed a significant effect of the 
force difference (p<0.05). In increasing the haptic feedback the difference decreased (p<0.05, Figure 
5), which signifies the precision of the estimated force when the thread was breaking and the high 
grade of telepresence of the telemanipulator system. 

 
Figure 5: The force difference of the supposed versus the real force of breakage decreases 
significantly with increased haptic feedback. 

Detection of stenosis 

Haptic feedback influences significantly the amount of applied forces while detecting arteriosclerosis 
(p<0.05). In increasing the force feedback the applied forces decrease significantly (p<0.05). This 
effect is independent of the surgical experience (p>0.05). 

Haptic feedback does not increase the number of correctly detected stenosis (Figure 6, right). 
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Figure 6: Results in detecting arteriosclerosis. The applied forces decrease significantly 
(p<0.05) with the increase of haptic feedback (left). Haptic feedback does not decrease the 
errors in detecting stenosis (right). 

 

Fatigue of the surgeons 

The visual fatigue decreases while operating with haptic feedback. Haptic feedback decreases the 
visual stress and fatigue (p<0.05, Figure 7). 

 
Figure 7: The visual fatigue decreases while operating with haptic feedback. 

Discussion 

The haptic feedback is currently limited to interact with rigid structures, such as tool-on-tool collisions, 
not soft tissues. This requires the surgeon to rely on visual feedback in tasks such as suturing. The 
basic consideration in our work is to offer the heart surgeon an accessory sensory channel in addition 
to the visual channel not only to avoid breakage of surgical suture material and tissue, but also to 
decrease visual fatigue. 

Following experimental aims were fulfilled: The surgeons broke significantly less suture material and 
got significantly more immersion, the system reduced the fatigue of surgeons with force feedback. 
Nevertheless, not all experimental tasks showed significant differences, but statistical tendencies. 

The applied forces decrease significantly with force feedback, but we could not find significantly less 
tissue trauma. This is likely due to the fact, that artificial tissue and arteries even close to real tissue do 
not represent the genuine violability and the bleeding component of natural tissue.  
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Therefore, the next step is to implement the system in animal testing as planned and scheduled by the 
working group. 

The results of detecting arteriosclerosis were satisfying, but artificial tissue and arteries being even 
close to real tissue do not replace human tissue. Visual cues might be less obvious in genuine tissue. 

The new system feeds back force in two directions. It is quite possible that force feedback applied in 
three directions (x, y and z) would intensify the perception of haptic feedback. A subsequent 
evaluation of detecting stenosis with force feedback in three directions could reveal steps forward and 
could explain differences in detecting differentiated impressions. The question is the necessity of three 
fed back dimensions in surgical tasks. Thus, the next important technical consideration is the 
implementation of the teleoperated robotic surgical instrumentation with strain gauge sensors in three 
directions. 

One time consuming procedure during robotic operations is the knot tying. Fact is, an experienced 
surgeon performs more knots per time unit in conventional surgery than in robotic surgery. This might 
be due to the fact, that the range motion of the input devices is obviously inferior to the human hand. 
The number of knots did not increase within the experimental platform with haptic feedback as 
expected. Furthermore, the quality of the visual display was criticised by the surgeons and needs to be 
ameliorated. 

Haptic feedback resulted particularly to decrease the visual stress in young surgeons. The working 
time at the system might be too short for the young surgeons to distinguish significant effects. 

The milestones that could be achieved by implementing force feedback in surgical tasks were 
significantly reduced forces while knot tying and detecting arteriosclerosis as well as significantly less 
violating of tissue for robotically working surgeons. Potential harmful mistakes can be averted for 
patient’s safety. A heavy collision of instruments in the patient’s thorax and with anatomical structures 
can be avoided by the working surgeon. Furthermore, the immersion and telepresence was higher and 
enhanced with haptic feedback. 

Conclusions 

The goal of these experiments was to examine claims about necessity of force feedback for robot-
assisted surgical procedures in cardiac surgery. We present an approach of evaluating haptic 
feedback with a novel robotic system for minimally invasive and endoscopic surgery. 

Haptic feedback is needed for surgical tasks since less force are applied by the surgeon. The 
experiments showed that haptic feedback can be employed to prevent the surgeon from potentially 
harmful mistakes like breaking of suture material and consequently losing of the surgical needle. The 
fatigue of surgeons is decreasing and the perception of telepresence by the surgeons is increasing. 
The safety for patients operated with a telemanipulator with integrated haptic could be increased. 

Haptic feedback is an indispensable feature for surgical telemanipulators, in particular for operations 
with delicate suture material like in heart surgery. The future benefits of force feedback may enhance 
the safety of patients and increase the quality and number of indications for endoscopic heart surgery. 
Future surgical systems with integrated haptic feedback could be used to train young surgeons for 
exercising and teaching critical and difficult steps of surgical operations by the system as simulator. 
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