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Abstract 

For practical application of force feedback in robot-
assisted surgical systems, it may not be possible to match 
the number of degrees of freedom of position sensing and 
control with the degrees of freedom of force sensing and 
feedback. The goal of this experimental study is to 
determine the effect of such sensor/actuator asymmetry 
during bilateral telemanipulation. We examined the 
performance of two tool-based teleoperated tasks: (1) a 
task to push a cup through a series of poses and (2) a 
blunt dissection task using phantom tissues. Three 
different force feedback conditions were applied to a 3-D 
teleoperation system: (1) 3-D force feedback, (2) force 
feedback without the axial forces measured on the slave 
tool, and (3) no force feedback. The tasks were also 
performed manually using a hand-held stylus. Results 
show that the absence of measured axial forces does not 
create a statistically significant difference in the level of 
applied forces, in comparison with complete 3-D force 
feedback. In addition, this partial force feedback is a 
significant improvement over teleoperation with no force 
feedback.

1. Introduction 

 The discovery of minimally invasive techniques has 
redefined surgical practice. Both surgeons and their 
patients can appreciate the potential benefits of less blood 
loss, decreased complication rates, lower costs, and 
shorter hospital stays. Despite these advantages, it is 
estimated that only one-fourth of the 15 million surgeries 
performed each year are classified as minimally invasive 
[1]. The increasing realization of minimally invasive 
approaches has not come without limitations. Surgeons 
are often restricted by a lack of adequate precision with 
standard endoscopic instruments as well as an unstable 
operative view. In the field of cardiac surgery, these 
shortcomings have become particularly noticeable during 
minimally invasive direct coronary artery bypass grafting 
procedures [2]. The difficulty in accessing anastomotic 
targets has reduced the surgeon’s precision and may be 
attributed to limited visualization as well as hand tremor 

[3]. Growing interest in minimally invasive procedures 
across surgical disciplines has, however, inspired the 
development of robotic assistance in the operating room 
to address these technical challenges.  
 Teleoperated robotic surgical systems are rapidly 
gaining popularity in the surgical community. These 
computer-based control systems allow surgeons to 
remotely operate instruments located within the patient.  
By digitizing the surgeon’s movements to isolate and 
remove high frequency oscillating motions, the computer 
is able to effectively remove hand tremor. Additionally, 
the computer system is able to actively scale the surgeon’s 
movements and convert them to a microscopic motion at 
the instrument tips. Worldwide, thousands of general 
surgical and several hundred cardiac surgical procedures 
have been performed with teleoperated robotic surgical 
systems. The da Vinci Surgical System from Intuitive 
Surgical, Inc. (Mountain View, CA) has been used in 
cardiac surgery to perform coronary artery bypass grafting 
and mitral valve repair. Despite the many advantages of 
having computer-assistance while operating, many 
surgeons have noted the lack of haptic (force and tactile) 
feedback as a significant limitation. Although cardiac 
surgeons have successfully performed robot-assisted 
procedures, they have found them to be generally more 
time consuming than conventional open operations. 
Additionally, training for basic laparoscopic tasks has 
proven to be significantly slower with robotic assistance 
[4]. Our recent work has shown that haptic feedback is 
critical to the precision and accuracy of force applied 
during suture ties [5]. 
 There are, however, several technical challenges to 
consider when designing haptic feedback for teleoperation 
systems. We are particularly concerned with the design 
and placement of force sensors on a slave manipulator, 
and providing appropriate force feedback to the master, 
given limited sensing capability. The cost of a sensing 
system is important, since the interchangeable tools on a 
system such as the da Vinci are disposable after a dozen 
uses. An inexpensive method proposed for measuring 
force near the distal tip of a minimally invasive tool is to 
attach sets of strain gauges to the tool shaft and measure 
bending forces [6]. This sensing method is not able to 
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measure forces along the axis of the shaft due to minimal 
deflect in that degree of freedom, so only 2-D force 
vectors can be measured. This creates an asymmetric 
sensor/actuator system [7], in which the number of 
degrees of freedom of force feedback is different from the 
number of degrees of freedom of position control. The 
goal of this work is to quantify the performance of 
operators during execution of two 3-D teleoperated tasks, 
while providing different degrees of freedom of force 
feedback. The tasks are (1) a task to push a cup through a 
series of poses and (2) a blunt dissection task using 
phantom tissues. 

1.1. Previous Work 

Previous studies examining the role of force feedback 
in teleoperation systems have examined the levels and 
type of information provided to the user. A significant 
amount of this work has been devoted to analysis of 
performance in simple motion tasks outside the realm of 
surgery [8,9,10]. Of those studies considering a surgical 
environment, few have dealt with manipulating soft 
tissues, which accounts for 25-35% of the time spent on 
most surgical procedures [11]. In a recent analysis of 
blunt dissection, Wagner, et. al examined the magnitude 
of force applied under varying percentages of force 
feedback gain with a 3-degree-of-freedom bilateral 
teleoperation system. Wagner found that the absence of 
force feedback increased the average force magnitude 
applied to the tissue by at least 50% and increased the 
peak force magnitude by at least a factor of 2, suggesting 
that force feedback was helpful in preventing tissue 
damage [12]. Using a signal from a strain-gauge sensor, 
Sabatini, et. al conducted preliminary work to determine 
the forces applied to soft tissue when users were provided 
with visual feedback.  The results of Sabatini’s work 
suggested the benefits of improved performance with 
force feedback [13]. 

Although it has been proven that force feedback 
enhances a user’s ability to control forces applied to the 
robot during teleoperation, none of these studies have 
observed the effect of missing certain degrees of freedom 
of force feedback. Barbagli and Salisbury considered the 
case of haptic interfaces allowing users more degrees of 
motion than force feedback. An asymmetric system, when 
lacking force feedback in one axis, was found to lead to 
energetically unfavorable interactions in a virtual 
environment [7]. Motivated by this study, we have created 
an asymmetric teleoperation system in which the slave 
robot lacks sufficient degrees of freedom of force sensing 
to match the degrees of freedom of position control. 
Considering the limitations of the strain gauge sensing 
system, we have chosen to eliminate force feedback along 
the axis of the robot end tool.  

2. Experiments 

 With sensor/actuator asymmetry, ideal telepresence 
cannot be achieved. In our experiments, the combination 
of motion of the slave and loss of axial force sensing on 
the slave tool causes the force applied to the operator to 
change direction, even when the forces applied to the 
environment remain constant in a global coordinate 
system. It is important to note that the loss of a degree of 
freedom of force sensing occurs in the tool coordinate 
system, so forces in a global (stationary) coordinate 
system applied to the operator can still be in 3-D. This 
effect is quite noticeable during manipulation tasks, and 
experimental investigation is required to determine 
whether it generates a statistically significant degradation 
in performance when compared to manual or 3-D force 
feedback. 

2.1. Hypotheses 

The experiments were designed considering the 
following hypotheses: 

Hypothesis 1 (No Axial Force Feedback = Full Force 
Feedback): A. The magnitude of force (peak and RMS) 
applied without axial force feedback closely approximates 
the magnitude of force applied under full force feedback 
conditions. B. In addition, there is no statistically 
significant difference between absence of axial force 
feedback and full force feedback, when considering time 
to complete the cup-pushing task or length of artery 
dissected for the blunt dissection task. 

Hypothesis 2 (No Axial Force Feedback ≠ No Force 
Feedback): A. The magnitude of force applied using 
partial force feedback differs significantly from the 
amount of force applied without feedback. B. There is 
also a statistically significant difference for time to 
complete the cup-pushing task and length of artery 
dissected during blunt dissection.   

Hypothesis 3 (Full Force Feedback = Manual): A.
The magnitude of force applied using the robot with full 
force feedback closely approximates the magnitude of 
force applied manually, given similar degrees of freedom 
in movement. B. Additionally, the time to complete the 
cup pushing task and length of artery dissected under full 
force feedback closely approximates the manual 
condition. 

2.2. Teleoperation System 

The teleoperation system used for the experiments 
consists of two PHANTOM haptic interface devices 
(Models Premium 1.0 and 1.5, SensAble Technologies, 
Inc., Woburn, Massachusetts) controlled by the same 
computer, a six-axis force/torque sensor (Nano-17, ATI 
Industrial Automation, Apex, North Carolina), a digital 
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video camera, and computer monitor (Figure 1). In our 
setup, the 1.5 PHANTOM acts as the master, controlling 
the motions of a 1.0 PHANTOM slave. The master 
provides the operator with 3 degrees of freedom of 
position measurement and force feedback, and a passive 
gimbal is used to generate an additional 3 degrees of 
freedom of orientation to a stylus grasped by the operator. 
The slave has only 3 degrees of freedom for position 
control and force output. The stylus was removed from 
the slave to allow insertion of a force sensor and task-
specific tool. 

The ATI six-axis force/torque sensor measures forces 
applied at the tip of the tool.  Using a rod attachment, the 
sensor is inserted into the slave shaft; the experiment tools 
are similarly mounted to the opposite end of the sensor. 
Operators control the motion of the slave robot, with an 
end-tool attached, by moving the master stylus. 

The motions of the slave robot and a view of the task 
are captured by a digital video camera; this image is 
displayed under fixed magnification on a 17in flat screen 
computer monitor placed directly in front of the operator.   

2.3. Experiment Design 

The experiment was divided into two parts to examine 
performance of surgical and non-surgical tasks under 4 
force feedback conditions: (1) manual, (2) full force 
feedback, (3) no tool axis force feedback, and (4) no force 
feedback. The order of these trials was randomized 
among subjects for each task. For the manual trials, 
subjects used a stylus with the force sensor attached 
above the tool to perform the task under direct vision of 
the task set-up. Using the rod, subjects were able to have 
the same degrees of freedom in movement as when 
manipulating the master stylus. For the teleoperated trials, 
subjects used the master robot stylus to control the 
movements of the tool mounted on the slave; during these 
trials, subjects watched a magnified digital video camera 
image on the computer monitor in front of them. 

Ten subjects, 8 males and 2 females, performed the 
experiments; one subject was left-handed.  Six of the 
subjects had no experience using any teleoperation system 
and were considered to be novices.  The mean age of the 
study participants was 27.4 years. 

One could easily manufacture tasks for which the axial 
forces are either irrelevant or completely necessary. The 
tasks described below were selected in order to use, but 
not completely rely on, axial forces. 

2.4. Experiment 1: Cup-pushing 

The first experiment tested performance of a non-
surgical task with the four types of force feedback.  For 
this test scenario, subjects carried out a sequence of cup-
pushing moves. This task was selected because force is 
required to move the cup sideways and maintain a normal 
force that allows sliding. Thus, all three degrees of 
freedom of force feedback must be used; the user cannot 
easily manipulate the cup without using axial forces. 

Subjects were asked to move a cup (a rectangular 
block with a 20-mm diameter half sphere removed from 
the top surface) lying on the table from a starting pose to 
an intermediate pose and then a final pose. A ball-end-rod 
tool was used to push the cup between locations. The ball 
had a 10mm diameter and the rod had a length of 3mm. 
The target locations were drawn on a surface beneath the 
cup and labeled 1, 2 and 3, for the starting, intermediate, 
and final poses (Figure 2). Before moving to the next 
pose, subjects were required to accurately position the cup 
in the depicted location. Subjects were instructed to move 
to each location as quickly as possible. An accurate pose 
was identified when the marked boundary was visible on 
at least two sides of the cup, and the cup was within 2mm 
of the boundary.   

 Subjects practiced performing the task with the 
different types of force feedback for approximately 10 
minutes. Each subject completed their four trials given 
unlimited time, but with the instruction that they should 
aim to complete the trial as quickly as possible. 

Figure 1. Experimental setup for teleoperation tasks 
using two PHANTOM haptic interfaces. 

Figure 2. Experiment 1, the cup-pushing task. The 
tool and PHANTOM are connected by a multi-axis 
force sensor. 
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2.5. Experiment 2: Blunt Dissection 

 The second experiment tested performance of a 
surgical task with the four types of force feedback. Each 
subject performed this set of trials at least one week and 
no more than two weeks after completing the cup-pushing 
experiments. Subjects were instructed to expose an 
“artery” from a soft “tissue” bed using a 1 mm tip 
diameter blunt dissection hook (Dandy Nerve Hook, 
Surgical 911). The concept of the surgical model and 
exposure procedure closely follows that used in the 
Wagner’s experimental analysis of blunt dissection [12]. 
This task requires at least two degrees of freedom (one of 
which is axial) in the vertical plane through the artery. 
 The surgical model simulates an artery embedded in 
tissue. The artery is created from a cylindrical mold 4mm 
in diameter and 10cm in length.  Surrounding tissue 
covers the artery, extending 13mm on each of its sides 
and 1mm above the top surface (Figure 3). Polyvinyl 
chloride (Super Soft Plastic, M-F Manufacturing, Texas) 
was chosen to model the artery and phthalate ester 
(Softener, M-F Manufacturing, Texas) was added to vary 
elasticity for the surrounding tissue. The material is 
intended to simulate the properties of real tissue. 
 Subjects were instructed to expose the artery by 
clearing away any connecting tissue on each side of the 
artery as well as removing any tissue on top of the artery.   
The duration of each trial was fixed and subjects were 
instructed to expose as much of the artery as possible in 
the allotted time. The subject began dissection at the 
designated top of the artery mold and progressed 
downward, working to clear both the sides and the top of 
the artery at the same time. The red artery was visible to 
the user through the translucent surrounding tissue and lay 
straight in the center of the surgical model for every trial 
(Figure 4). Subjects trained for approximately 15 minutes 
on a practice surgical model, using each type of force 
feedback during this practice. Each subject performed 4 
dissection trials, lasting 2 minutes each, under the varying 
force feedback conditions. 

2.5. Statistical Analysis 

For each hypotheses, analysis of variance (ANOVA) 
for a single factor, repeated measures design was used to 
determine the significance of difference in variables of 
interest. Comparison of these variables between subjects 
was then determined by employing Tukey’s test at a 95% 
confidence level. The data of interest included the root-
mean-square (RMS) forces, the peak forces, the duration 
of each trial for the cup-pushing task, and the length of 
artery exposed during the blunt dissection trials.   

3.  Results

Hypothesis 1 (Full Force Feedback = No Axial 
Force Feedback): Hypothesis 1A proposes that the 
magnitude of force applied without axial force feedback 
closely approximates the magnitude of force applied 
under the full force feedback condition. Figure 5 shows 
the average RMS and peak forces for the cup-pushing and 
blunt dissection trials. Tukey’s test was employed with a 
confidence level of 95% to test the hypothesis for RMS 
force and peak force values. For both tasks, there was no 
statistically significant difference found. Hypothesis 1B 
states that there is no statistically significant difference 
between full force feedback and no axial force feedback, 
when considering time to complete the cup-pushing task 
or length of artery dissected for the blunt dissection task. 
There was no statistically significant difference found in 
the duration of the cup-pushing trials or length of artery 
dissected between the two force feedback conditions 
(Figures 6 and 7). These findings indicate that the no axial 
force feedback condition approximates full force 
feedback, when considering the magnitude of force 
applied and speed/length performance metrics. 
Hypothesis 1 is therefore validated. 

Hypothesis 2 (No Axial Force Feedback ≠ No Force 
Feedback): Hypothesis 2A proposes that the magnitude 
of force applied using the no axial force feedback method 

Figure 3. Geometry of the artery and tissue model for 
the blunt dissection task. Figure 4. Experiment 2, the blunt dissection task. 
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differs significantly from the amount of force applied 
without feedback.  Figures 8 and 9 show the average force 
magnitude applied by subjects plotted against time for 
each force feedback trial during the experiment tasks.  
Subjects spent more time applying high levels of force 
when completing tasks without force feedback.  In 

contrast, when some force feedback was available, 
subjects spent less time applying high levels of force. A 
significant difference was found between the average 
RMS and peak forces for no axial force feedback and no 
force feedback, verifying the graphical observation and 
part of Hypothesis 2A. Hypothesis 2B states that there is a 
statistically significant difference between axial force 
feedback and no feedback for time to complete the cup-
pushing task and length of artery dissected during blunt 
dissection. There was no a statistically significant 
difference found between no axial force feedback and no 
feedback in cup-pushing completion time or length of 
blunt dissection.  Thus, hypothesis 2B is not satisfied. 
These results suggest that significantly higher forces are 
applied without any force feedback than with partial force 
feedback, but the speed/length of task execution is not 
different.  
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Hypothesis 3 (Full Force Feedback = Manual):  
Hypothesis 3A proposes that the magnitude of force 
applied using the robot with full force feedback closely 
approximates the magnitude of force applied manually, 
given similar degrees of freedom in movement. There was 
no significant difference found between average RMS and 
peak forces applied manually and with full force 
feedback. Hypothesis 3B stated that the time to complete 
the cup pushing task and length of artery dissected under 
full force feedback closely approximates the manual 
condition. The performance speed for completion of both 
tasks under full force feedback conditions was not found 
to be significantly different from the time required to 
complete the tasks manually. These findings verify that 
full force feedback closely approximates manual 
execution of tasks tested, in terms of the magnitude of 
forces applied and execution speed, thereby validating 
Hypothesis 3. 

4.  Discussion and Conclusions

 The goal of this study was to examine the effect of 
varying degrees-of-freedom of force feedback on the 
performance of manipulation tasks using a teleoperation 
system. We formulated several hypotheses to determine 
the effect of asymmetric teleoperation systems. All of the 
hypotheses for force were satisfied for both tasks: peak 
force and RMS force without axial force feedback closely 
approximated performance with full force feedback. 
Furthermore, there was a difference (less average peak 
force and RMS force) in magnitude of applied forces 
when comparing no feedback to any force feedback. 
Although the direct visualization provided by the manual 
method may have affected performance, we still found 
that force feedback resulted in the same performance as 
manual task execution. These findings suggest an 
improvement in subject performance by minimizing the 
use of excessive force to complete a task. In a surgical 
environment, applying higher levels of force than required 
to complete a task might prove detrimental to delicate 
tissues.  

The hypotheses also propose that the application of 
any force feedback to the user would shorten the cup-
pushing task completion time and increase the length of 
artery dissected within the fixed time frame, but this was 
not found to be true. There was no significant difference 
found between the task completion time and the length of 
artery dissected, across the varying force feedback 
conditions. This finding suggests that efficiency (in terms 
of force or energy expenditure), but not overall speed, 
improved with force feedback. Successful execution of 
delicate surgical procedures, such as the manipulation of 
soft tissue modeled in our experiment, are more likely to 
depend on efficiency rather than speed. 

These results are promising evidence that simple force 
sensing systems can be used to create bilateral 
telemanipulation systems that improve surgical 
performance. As described earlier, an inexpensive method 
for measuring force at the tip of a shaft (such as an 
endoscopic tool) is to attach a pair of strain gauges to each 
side and measure bending forces. This type of feedback 
neglects the forces along the axis of the shaft, thereby 
only providing the user with 2-D feedback. This study 
provides the first statistically significant data indicating 
that teleoperation with a 2-D force sensing device would 
result in performance comparable to a system with full (3-
D) force feedback, which in turn closely approximates the 
natural feedback from manually holding an instrument. 

Future experimental studies are planned to study 
surgical tasks that involve additional degrees of freedom, 
including gripping forces. We are interested in the relative 
importance of resolved wrist (x-y-z) forces and between-
the-fingers gripping forces. For surgical applications, data 
would be better verified by the inclusion of surgeons as 
subjects and the eventual use of real surgical test beds. In 
an analytical approach, we are planning to model the 
energetic effects of sensor/actuator asymmetry and 
develop control laws to maintain system passivity. 
Although this study shows that performance is enhanced 
by even partial force feedback, the asymmetry can be 
clearly felt by the operator. This may have a significant 
effect in more complex tasks such as suturing, so we will 
develop new methods to compensate for asymmetry 
effects. 
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