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Abstract. Haptic feedback brings a surgical simulator closer to real
surgery. However, friction in surgical simulator’s hardware affects its
performance significantly. We introduce a surgical simulation robot with
roller mechanism for laparoscopic surgical simulation. Roller mechanism
is implemented in a constrained space to reduce the friction. Motion
based friction cancellation method is also applied to further mitigate the
friction effects. Comparing with the same surgical simulation robot with-
out roller mechanism, the one with roller mechanism reduces friction by
32.86 % and 38.87 % on two motion directions, and the motion based
friction cancellation method can mitigate the friction effect by 49.46 %
and 62.08 % on the two motion directions.
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1 Introduction

In a laparoscopic surgery, the surgeon has limited access, i.e. visual and haptic
only, to the pathological site. The tactile feeling provides the information not
only on anatomy, but also on the pathology and the insertion depth of the
MIS (Minimally Invasive Surgery) instruments. The tactile information conveys
the tool-tissue interaction status to the surgeon through the sense of touch.
It always plays an important role in decision making during the surgery [1].
The training instructor also teaches the medical residents to perceive the tactile
information during training. Nowadays, as the advent of computer, robotics and
virtual reality technologies, various types of simulators and robot assisted devices
have been developed for the purpose of laparoscopic surgical training. Most of
the surgical simulators or robot assisted surgery tools [2–5] are designed with
haptic output capability that enables the system to give the user tactile feelings.

The haptic function built in the surgical simulator or robot is a force output
function of the system that simulates the tool-tissue interaction, although there is
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no real tool-tissue interaction under the handheld devices. In our previous work [6],
a laparoscopic surgical simulation robot was studied. We applied a semi-spherical
mechanism to execute trajectory and haptics for a virtual laparoscopic surgery.
There are lots of moving parts contacting with each other in the robot. Hence, fric-
tion is inevitable in such systems, which affects the performance of the robot in
moving, positioning and torque delivery etc. It needs to be taken care of when con-
sidering a stable haptic output, especially for high haptic output at low velocity.
Two basic methodologies are commonly applied to deal with friction, i.e. minimize
the friction by design and mitigate the friction by compensation. Unfortunately,
friction forces are highly non-linear. It is difficult to compensate. Therefore, it is
important to reduce the friction forces by designing the system mechanism and
apply appropriate compensation technology to mitigate the effect of remaining
friction. Friction compensation methods have been studied thoroughly in the past
decades [7,8], such as fixed friction compensation, model-based compensation, and
neural fuzzy techniques. Neural network method is one of the good methods for
friction compensation in practical engineering, as the neural network is capable to
handle highly non-linear scenarioes [9]. However, neural network solution is not a
physical based method where the parameters do not relate to the physical phenom-
ena directly. Various friction models have been proposed and tested to understand
and compensate the frictional force. Most friction models could not match with the
real friction scenarios well after a long service period due to wear and tear.

In this paper, a new robot design for laparoscopic surgical simulation is pre-
sented. We apply both design and compensation techniques to reduce friction
and mitigate its effects respectively. Friction forces in between the moving parts
are reduced by introducing teh roller mechanisms. A motion based friction can-
cellation method with friction model is applied to mitigate the friction effect
for stable haptic output. The paper is organized as follow: Sect. 2 describes the
low friction design, finite element analysis and system modelling of the semi-
spherical mechanism for the surgical simulation robot. Section 3 describes the
motion based friction compensation method and its application on the robot.
The work is concluded in Sect. 4.

2 Surgical Simulation Robot

2.1 Friction in Haptics

A surgical simulation robot, as shown in Fig. 1 was designed for image guided
robot assisted surgical training in our previous work [6]. The replicated surgical
tools are driven by the robot to allow the user to operate on virtual patient
with haptic feedback, and provide haptic guidance for surgical training purpose
as well. Each of the replicated laparoscopic surgical tools has five Degree-of-
Freedom (DOF), namely pitch, yaw, translation, roll and handle grasping. It
mimics the DOF of surgical tools in real laparoscopic surgery. A semi-spherical
mechanism is the major component to achieve the DOFs mentioned above [6].
Friction in the semi-spherical mechanism affects the performances of haptics,
especially the friction on pitch and yaw axes.
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Fig. 1. Overview of the surgical training system: (a) robotic surgical trainer and (b)
virtual surgical simulation platform.

As experienced in our robot, friction is inevitable, and it is highly non-linear
and difficult to model. It can be categorized as two basic categories, the rolling
friction and the sliding friction. The rolling friction is expressed as

Fr = CrrFN , (1)

and the sliding friction is expressed as

Fs = μFN , (2)

where Crr is the rolling resistance coefficient which depends on material elas-
ticity, μ is the sliding friction coefficient which depends on material pair and
surface condition. μ is usually much larger than Crr, FN is the normal force act-
ing on the contact surface. In a haptic device, it can be expressed as a function
of haptic output.

2.2 Design Considerations

We introduce a bearing-like mechanism to create rolling motion on the semi-
spherical mechanism to reduce friction and enhance the haptic performance.
Figure 2(a) shows the overall design of a semi-spherical mechanism with rollers
that reduces the frictional force. The semi-spherical mechanism can be divided
into four parts as shown in Fig. 2(b). Part I and Part II contain guiding blocks
where the rollers are hosted. Part III includes two arches clamped in between
of Part I and Part II. Part IV applies and maintains appropriate pressure in
between of Parts I and III, Parts II and III. Hence, the mechanical gap between
the rollers and Part III, and the motion precision of Part I could be controlled.

Rollers were placed at all possible places, as shown in Fig. 2(a) where relative
motion exists. Due to space constraint, the rollers were supported by bushings
instead of ball bearings. The relative motion between the roller and its host-
ing bush still introduces sliding friction. Polytetrafluoroethylene (PTFE) was
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Fig. 2. (a) Overall view of semi-spherical mechanism that provides lower friction for
haptic output. (b) Four major components. I: upper guiding block with rollers, II: lower
guiding block with rollers. III: two arches which work as haptic input/output interface
for pitch and yaw axes. IV: locking nuts for adjusting proper pressure between part I,
II and III.

selected to work as bushing for its low friction coefficient and high wear resis-
tance. Although PTFE has very good wearing resistance, it would still be worn
off and the size of the hole will be changed where the roller is hosted. However,
the contacting profile between the roller and the bushing would not be altered
significantly, and hence the friction profile. With this design, wear and tear on the
rollers and their contacting surfaces are minimized. The contact profile between
the roller and the contact surface could be maintained consistent even after a
long service period.

2.3 FE Analysis

The finite element analysis by Abaqus/Explicit 6.13 was adopted to investigate
the stress distribution of the semi-spherical mechanism design under loading
along pitch and yaw axes (x and y directions in Cartesian coordinate, as shown
in Fig. 3). Fifty Newton was applied at a reference point (RP) which is on the
trocar’s longitudinal axis and 300 mm (equivalent to 15 Nm) above rotational
origin of the axis. The translational DOFs of each node on the trocar were cou-
pled with those of the RP to simulate a surgical tool passing through the trocar.
Quasi-static loading procedure was applied in the analysis. The two arches were
modeled as rigid body and were fully fixed at their reference points as shown in
Fig. 3.

The material properties of the components in the mechanism are listed in
Table 1. The friction coefficient was 0.16 between steels and 0.05 between steel
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Fig. 3. FE modelling of the semi-spherical mechanism.

Table 1. Material properties used in FE model

Density(kg/m3) Young’s modulus(GPa) Poisson’s ratio

Stainless steel 7850 200 0.3

PTFE 2600 0.55 0.46

and PTFE. The trocar was meshed with shell element S4R and the rest compo-
nents were meshed with solid element C3D4.

Under loading along yaw axis, the maximum Von Mises stress is around 15
MPa at the roller, as shown in Fig. 4. When loading along pitch axis, the rollers
also have similar stress distribution with a maximum stress around 12 MPa.
Under loading along pitch axis, the maximum Von Mises stress, around 70 MPa,
occurs at two side rollers. Under both pitch and yaw loadings, the two guiding
blocks of the rollers have small stress level. Figure 5 shows the stress distribution
of the guiding block under loading along yaw axis, the Von Mises stress is around
1–2 MPa for the shaft of the side rollers.

The simulation results show that the maximum stress is far below the yield
stress of the stainless steel when it is loaded at 15 Nm torque. It suggests that
the strength of the semi-spherical mechanism is sufficient for haptic output. The
semi-spherical mechanism was fabricated as shown in Fig. 6.

2.4 System Modelling

The semi-spherical mechanism was installed in an existing robot control sys-
tem [6] to connect with actuators and inserted with a replicated laparoscopic
surgical tool. A frequency response experiment was conducted to measure the
system response. We assume that the data acquisition speed of a force sensor
in the haptic feedback loop is infinitely high, hence the haptic output force is
proportional to the acceleration of the surgical tool by F = ma , where m is a
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Fig. 4. Locations of maximum Von Mises stresses when the mechanism is under loading
along yaw axis.

Fig. 5. Stress distribution of the guiding block under loading along yaw axis.

Fig. 6. Fabricated semi-spherical mechanism with rollers, and relative velocity at the
contacting area of each axis.
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mass constant. Therefore we can use the transfer function of system accelera-
tion to represent the transfer function in haptic force. The transfer function for
the robot can be obtained by dividing the measured acceleration αmwith the
commanded acceleration αc,

G =
αm

αc
. (3)

Sinusoid signal with frequency up to 20 Hz was input to the robot. Figure 7
shows the bode plot obtained from the experiment data.

Fig. 7. Open loop bode plot of the semi-spherical mechanism with a replicated surgical
tool.

The robot system was taken as second order system. Matlab system identi-
fication toolbox was applied to model the system based on the open loop bode
plot shown in Fig. 7. The system transfer function G(s) is estimated as

G(s) =
0.03s + 0.06

s2 + 0.18s + 0.0064
. (4)

3 Friction Control Model for Haptics

Despite of the design considerations for friction reduction, friction compensation
is still required as high haptic output will lead to high frictional force between
the moving parts. The resultant frictional force in the design is a combination
of sliding friction from the bushings and rolling friction from the rollers. Hence,
stribeck phenomena would affect the performance of haptic output, especially
when the haptic output force is large and moving velocity is low.

Experiments were conducted to measure the frictional force with respect to
the velocity and haptic output. The robot was set to output a series of haptic
force exerting on a user. The haptic output was set from 1 N to 7 N with 1 N
increment for each experiment. The user pushed the robotic handle (as shown in
Fig. 1) to move against the direction of haptic output. The guiding block with
rollers moved from one end of the arch to the other end as shown in Fig. 6. The
force applied to execute the motion was measured while the robotic handle was
moving. Frictional force was obtained by subtracting the desired haptic output
from the measurement. This procedure was repeated 50 times at each haptic



76 T. Yang et al.

Fig. 8. Mean frictional force from current design with haptic output from 1N to 7N.
The frictional force is larger when the components are just to move, and it is reduced
significantly and tends to stabilize when the components moving at higher velocity.
The frictional forces are generally higher when the robot outputs a higher haptic force.
Vertical bars are the standard deviations at the specific velocity and haptic output. (a)
Frictional force for pitch axis. (b) Frictional force for yaw axis.

Fig. 9. Mean frictional force measured from the design in [6]. Vertical bars are the
standard deviations at the specific velocity and haptic output. (a) Frictional force for
pitch axis. (b) Frictional force for yaw axis.

level. The velocity span covered from 0 to 0.125 m/s. The maximum velocity in
the experiment was relatively low. Therefore, viscous friction was not taken into
consideration during modelling.

Figure 8 shows the measured frictional force on both moving axis. The overall
haptic output is smooth, and the maximum friction forces are 2.79 N and 2.98 N
for pitch and yaw axes respectively. These measurements will be used in fitting
with friction model for compensation. The same experiment was conducted on
our previous design in [6] to measure the frictional force. The design has similar
overall structure, but no roller mechanism. All moving components create sliding
friction. The measured friction forces are shown in Fig. 9. The maximally friction
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Fig. 10. Control diagram for friction compensation and haptic output. Fd is the haptic
output reference force or the desired haptic output, Fo is the haptic output force, Fu

is the user’s interaction force.

forces are 3.96 N and 4.13 N for the pitch and yaw axes respectively. Comparing
Figs. 8 and 9, we notice that the overall friction forces with the design are reduced
by 32.86 % and 38.87 % on pitch and yaw axes respectively when comparing with
the mechanism without rollers in the same velocity and haptic output span.

Here, we applied a motion based friction cancellation method to compensate
the effect of friction and the stribeck phenomena for stable haptic output. The
control diagram of such haptic output system is shown in Fig. 10.

Various friction models have been proposed by researchers [10]. A basic fric-
tion model was employed in this study. The friction model is written as

Fss = (Fc + (Fs − Fc)e−(v/vs)
2
)sgn(v), (5)

Fig. 11. Surface fitting result with Eq. 5. Experimental results shown in Fig. 8 were
fitted with Eq. 5 using Matlab curve fitting toolbox. Black dots are the down sampled
experimental measurements. (a) Frictional force fitting for pitch axis with µe = 0.08,
a2 = −0.032, a1 = 0.403, a0 = 1.476. (b) Frictional force fitting for yaw axis with
µe = 0.086, a2 = −0.019, a1 = 0.351, a0 = 1.82.
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where Fss is the steady state friction, Fc is the Coulomb frictional force, Fs is the
stribeck force, vs is the relative velocity at stribeck, v and is the relative velocity
of two moving components. Fc and Fs are dependent on the magnitude of haptic
output. They can be written as a function of the desired haptic output Fd, i.e.
Fc = fc(Fd), Fs = fs(Fd). The functions need to be determined experimentally
as different system configuration results in different friction profile. For the semi-
spherical mechanism with rollers presented in this paper, the Coulomb frictional
force was taken as

Fc = μeFd, (6)

where μeis an equivalent friction coefficient for the system. A second order poly-
nomial function is taken to represent the stribeck force as

Fs = a2F
2
d + a1Fd + a0 (7)

Curve fitting was applied on the experiment data (shown in Fig. 8) to identify
the parameters in Eqs. (5), (6) and (7). Figure 11 and Table 2 show the surface
fitting results and the estimated parameters.

The motion based cancellation method was tested by the same experiment
method described in the beginning of Sect. 3. Figure 12 shows the mean frictional
force measured from pitch and yaw axes. Comparing with frictional force shown
in Fig. 8 in which has no compensation, the frictional force and the stribeck

Table 2. Frictional force fitting results with Eq. (5).

R2 Adjusted R2 RMSE

Pitch 96.75 % 96.65 % 0.14

Yaw 93.92 % 93.72 % 0.24

Fig. 12. Mean frictional force measured with friction compensation. Vertical bars are
the standard deviations at the specific velocity and haptic output. (a) Frictional force
for pitch axis. (b) Frictional force for yaw axis.
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phenomena have been mitigated significantly. The total volume covered under
the surface (Fig. 12) were reduced by 49.46 % and 62.08 % for pitch and yaw axes
respectively. The max measured friction is about 1 N whereas it could reach to
2.5 N when there is no compensation. Figure 12 suggests that the motion based
cancellation method is able to work well with a wide range of velocity on our
designed mechanism, from 0.02 m/s to 0.12 m/s. It is noticed that the standard
derivations increase slightly when the velocity is higher. Comprehensive system
model and friction model are required to further improve the performance of
this motion based cancellation method.

4 Discussion and Conclusion

A design for laparoscopic surgical simulation robot was presented in this work.
Design consideration, FEM verification, system modelling, friction identifica-
tion and compensation were studied. The semi-spherical mechanism with rollers
reduces frictional force significantly comparing to the mechanism without rollers.
The motion based cancellation method is capable to mitigate the effect of friction
well. Although the frictional force has been mitigated significantly, some residual
friction forces are still not removed. It is due to the limitation of motion based
cancellation method, which needs a velocity input before the friction model can
estimate the frictional force for compensation, but the frictional force is already
there before velocity is detected. The compensation is therefore always delayed.
Advanced friction compensation methods thus need to be explored to further
improve the performance.
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