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Abstract: This paper presents a new control model of the haptic device for the 
closed loop teleoperation of a minimal surgery training system. Dynamics of a 6-
DOF parallel haptic device is computed and compensated to make a decoupled 
linearization control model. In teleoperation system, the master is the 6-DOF 
haptic device and the slave is the 6-DOF serial robot. The master haptic device 
provides the trajectories for the slave serial robot through the operation of user’s 
hand on the steering handle while the slave robot sends feedback forces on its 
end effector to the master controller in order to generate forces/moments on the 
steering handle of haptic master. In this manner the user’s hand will feel the 
forces/moments as the same those of the robot end effector. The feeling force 
tracking performances of system can be improved by using dynamic 
compensation and decoupled linearization controller based on fuzzy PID 
algorithms. Experiment results indicate that the dynamic compensation and 
fuzzy control can improve the control performances effectively. 
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1. INTRODUCTION 

Robotics is emerging and attracting researchers 
[1-3]. Robots can be combined with haptic devices 
to make a master-slave system especially useful to 
handle remote objects in hostile environments or in a 
special environment such as minimal invasive 
surgery. Wireless networks have a lot of applications 
[4, 5] and now they can be used to make 
teleoperation systems. The teleoperation in the 
virtual environment is also useful for training before 
it is tested in the real environment. In the closed loop 
teleoperation system, the user’s hand will receive 
feedback forces on the master haptic device. 
However, the dynamics of the haptic device has 
strong influence that makes control performances 
reduce. In addition, because of highly nonlinear of 
haptic dynamics, it is difficult to effectively apply 
the linear control such as PID algorithms. Therefore, 
dynamics of haptic devices should be considered to 
compensate in the real time controllers.  

There are two typical ways to derive dynamic 
equations of mechanisms such as Newton and 
Lagrange methods. Newton method [6-8] is 

developed based on the force and moment equations 
of all joints and links including reaction forces. 
Lagrange method [9-12] is developed based on 
conservation of energy. This method requires 
calculations of potential and kinetic energy. 
Lagrange method has simple calculation procedures 
so it is often selected to derive dynamic equations. 
The Lagrange method has two types [13] applied for 
two different structures. The first type can be used 
for open loop mechanisms such as serial robots 
whereas the second type is used for the closed loop 
mechanisms such as parallel robots. The inverse 
dynamic models can be used in the control actions to 
compensate for the real dynamic influence. The 
control performances can be improved by using 
fuzzy logic [15, 16]. 

In this paper, inverse dynamics of a haptic device 
(master) is analyzed using Lagrange method to make 
a decoupled linearization model and construct a 
closed loop teleoperation control system. This 
analysis considers influences of all inertias, gravity 
and constraint torques. The gravity forces of links, 
frames and handle are calculated at their mass 
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centers to obtain the accurate model. The modeling 
errors can be reduced by a control algorithm. PID 
control was selected for this haptic device in [14]. 
However, the experiments indicated that the tracking 
error performances can be improved if the PID 
parameters are tuned. Therefore, in this paper the 
dynamic compensation combined with decoupled 
linearization controllers based on self-tuning fuzzy 
PID algorithms is proposed to reduce force errors of 
haptic master device in the real time teleoperation 

system. The result of this paper is also the expansion 
of previous research [18]. 

 

2. A SURGICAL TRAINING SYSTEM 

A minimal surgery training system is shown in 
Fig. 1. Where the master is a 6-DOF haptic device 
proposed by Vu and Na [14] replaces the 5-DOF 
Quanser haptic device [17] and a 6-DOF serial robot 
replaces Mitsubishi PA-10 robot. The haptic device 

 

 

Figure 1 – A minimal surgery training system using haptic and robot devices. 

 

consists of two 3-DOF translational parallel 
structures combined with a steering handle to 
provide 6-DOFs. The steering handle is designed to 
generate linear displacements when rotated. There 
are six motors attached on the base frame to support 
toques for active joints. The motors are selected with 
high torques so that the haptic device can provide 
big forces for the steering handle. Their weights do 
not affect to the operation of handle. These motors 
are attached with six high resolution encoders to 
measure rotation angles. 

These are used to calculate kinematics and 
inverse dynamics of the 6-DOF haptic device. Links 
of the haptic device are made by hollow aluminum 
to reduce their weights. The links are connected by 
two 2-DOF revolute ball bearing joints to reduce 
frictions and extend rotation angles. The 6-DOF 
haptic device can provide a large workspace, low 
inertia and quick motions. 

In teleoperation, the haptic device will track the 
trajectory of user hand. A user hand can keep a 
steering handle of haptic device to generate a 
movement as the desired trajectories for operation of 
the slave robot. However, there is a small position 
error between the user hand trajectory and the haptic 
device trajectory. This error causes a contact force 
between the user hand and haptic device. This 
contact force can be measured by two 3-DOF force 
sensors attached on the steering handle of haptic 

device. In the closed loop teleoperation, the 
contacting forces of the slave robot end effector on 
the environment (mass-damper system) will be 
measured by a 6-DOF force sensor as the desired 
forces/moments for the controller of the haptic 
device. Vu and Na [14] described the relationship 
between the 6-DOF force/torque sensor on the slave 
robot and two 3-DOF force sensors on the haptic 
master. 

 

3. DYNAMIC COMPUTATION 

The coordinate systems and kinematic analysis 
are presented by Vu [14]. This section will extend 
that work for inverse dynamic analysis and 
compensation. 

 

3.1 COORDINATE SYSTEMS 

Coordinate systems of the 6-DOF haptic device 
are described in Fig. 2 (a) where iiii wvuO  is the local 

coordinate systems attached at the origin of leg and 

1111 zyxA  is the coordinate system for the 3-DOF 

upper structure, 2222 zyxA is the coordinate system 

for the 3-DOF lower structure. The global 
coordinate system is OXYZ attached at the center of 

21AA . The coordinate system of the first leg is 

shown in Fig. 2(b.) where joint angles 11  are 

measured from 11uO  axis to 11MO  line. Joint angles, 
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21  and 31 are measured from the extended line of 

11MO to the interaction of the vertical plane included 

11PM and the 111 vuO  plane, and from the interaction 

line to 11PM  respectively. 
 

 
(a) 6-DOF haptic structure.      (b) The first leg. 

Figure 2 – Coordinate systems. 

 

3.2 POSITION VECTORS 

Three types of coordinate systems have the 
relationship together through transformation 
matrixes (rotation and translation matrixes). The 
rotation matrix 61, iiR from the local coordinate 

systems of leg i  to the upper and lower coordinate 
systems is expressed as 

 



















100

010

001

5,4,2,1iR , 





















010

100

001

6,3iR .       (1) 

 

The translation matrix iD from the local 

coordinate system to the upper and lower coordinate 
systems is also expressed as 
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The rotation matrix uR and translation matrix 

uD from the upper coordinate systems to the global 

coordinate system are calculated as 
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The rotation matrix bR and translation matrix 

bD from the lower coordinate systems to the global 

coordinate system are also calculated as 
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Position vectors are firstly calculated on the local 
coordinate systems and then they are transformed to 
the global coordinate systems though transformation 
matrixes. Let iC1 and iC2 be the mass center of the 

first and second links. Position vectors of mass 
centers and end of links ( ii MO and ii PO ) are 

expressed on the local coordinate systems. 
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 (6) 

 

Position vectors of upper and lower moving 
frames are also expressed on the local coordinate 
systems as 
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Position vectors of upper and lower end effectors 
are then calculated as 
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The position vectors considered on the local 
coordinate system should be transformed to the 
upper and lower coordinate systems through the 
rotation matrix iT and translational matrix iD . And 

then they are transformed to the global coordinate 
system through the rotation matrix uT , bT and 

translational matrix uD , bD as 
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The position vector of the main end effectors 
(center of steering handle) can be calculated on the 

global coordinate system as:   2/21 OEOEOE  . 
 

3.3 VELOCITY VECTORS 

All six legs of haptic device have the same 
structure. Therefore only velocities of leg 1 should 
be calculated in details so that the general case is 
obtained in the same manner. The link 1 of leg 1 
rotates about 11wO so its angular velocity on the local 

coordinate system is 
 

111 11
 
J                            (12) 

 

where   
 

 T3121111    ,  001;000;000
11
J   

 

This angular velocity can be transformed to the 
global coordinate system through the rotation matrix 

1RRu as 
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where 11111  JRRJ u
o   

The linear velocity of M1 on the local coordinate 
system is calculated as 
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  (14) 

 

where 
 

 000;00cos;00sin 111111111  LLJm   
 

Some sub-coordinate systems should be added on 
the leg 1 to calculate the velocity of link 2. Firstly 
attach a sub-coordinate system zyxO 1  at the 

original point of leg 1 (O1) and rotate it about 11wO  

as shown in Fig. 3 (a). 

 

Figure 3 – Rotation of coordinate systems. 

 

Relationship between zyxO 1 and 1111 wvuO is 
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A sub-coordinate system wvuM 1  is attached at 

the point M1 (initial orientation of wvuM 1 is the 

same as zyxO 1 ) and rotate it about wM 1 to obtain 

zyxM 1  as shown in Fig. 3 (b). Relationship 

between wvuM 1 and zyxM 1 is 
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Finally the frame of zyxM 1 is rotated about 

yM 1 to obtain zyxM 1  (orientation of zyxM 1 is 

the same as 1111 wvuO ) as shown in Fig. 3 (c). 

Relationship between zyxM 1 and zyxM 1 is 
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The angular velocities 11 , 21 are described in 

the frame of zyxM 1 as shown in Fig. 3(d). The 

angular velocity of frame zyxM 1 is calculated as 
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Therefore the angular velocity of link M1P1 is 
calculated on the local coordinate system as 
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where 3,2,1,cos,sin 1111  jcs jjjj  . 

This angular velocity is reorganized as 
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The linear velocity of mass center C21 is 
calculated based on the angular velocity as 
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The linear velocity of P1 is also calculated as 
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The angular velocity of link 2 is transformed to 
the global coordinate system as 
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The linear velocity of mass center of link 2 on the 
global coordinate system is calculated as 
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The linear velocity of P1 on the global coordinate 
system is also calculated as 
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3.4 CONSTRAINT FUNCTIONS 

The haptic device consists of six legs 
connected with two moving frames and a 
steering handle. Each leg has a 3-DOF serial 
structure and has kinematic constraints with the 
moving frame. Each leg has three equations 
which express the relationship between joint 
angles of leg and position of moving frames 
along three axes. These equations are also used 
to solve forward kinematics in [14]. Therefore 
constraint functions can be selected based leg 
equations as 
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(26) 

 

where  111 zyx and  222 zyx are positions of 

upper and lower end effectors considered on the upper 
and lower coordinate systems that is also calculated in 
[21]. 
 

3.5 LAGRANGE FOMULATION 

The potential energy of haptic device includes the 
mass influences of all links, two moving frames and 
a steering handle is calculated as 



Vu Minh Hung, Viorel Mihai, Cristian Dragana, Ion Ion, Nicolae Paraschiv / International Journal of Computing, 17(2) 2018, 81-93 

 

 86

 

 OEgmOQgmOQgm

OCgmOCgmU

T
h

T
b

T
u

i
i

T
ii

T
i



 


21

6

1
2211

   

     (27) 

 

where 1iC  and 2iC  be the mass center of the first and 

second links of legs; O is the origin of coordinate 
system; m1i and m2i are mass of the first and second 
links; mh, mu and mb are mass of steering handle, 
upper and lower moving frames, respectively. 

The kinetic energy includes moving influences of 
six legs, two moving frames and a steering handle. 
The total kinetic energy of haptic device is 
calculated as 
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where Ih, Iu and Ib are the inertia of steering handle, 
upper and lower moving frames, vu and vb are the 
linear velocities of the upper and lower moving 
frames, respectively (note: vu = vp1

 
= vp2

 
= vp3

 
and vb 

= vp4
 
= vp5

 
= vp6), vh and ωh are linear and angular 

velocities of steering handle, I1i and I2i are the mass 
moment of inertia for the first and second links of 
leg. The kinetic energy is also reorganized by 
another form as 
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where tbrhthiritir JJJJJJ ,,,,, 221  are the rotation 

matrixes. Lagrange equations for parallel structures 
are given in [6-8] as; 
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where 241j  and k=24 for this 6-DOF haptic 

device. L=K-U is Lagrange function, K is the total 
kinetic energy, U is the total potential energy, Гi 

denotes the constraint function, and 181, ii  

are the Lagrange multiplier; 

 Tox qqq 654321   is a 24 ×1 

matrix;  Tiiiii 32161,   , 

   To
T

x qzyxq  ,  

Lagrange function is defined as 
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Let Mij be the (i, j) element of matrix M so the 
Lagrange function is rewritten as; 
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The term, 
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The term, 
iq

L




of Lagrange function L is 

calculated as 
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This equation is reorganized as 
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Therefore, the dynamic equation of 6-DOF haptic 
device has the following form 
 

      fHGVqM                (41) 
 

where M is the inertia torque vector, V is a velocity 
coupling torque, G a gravitational torque, H is a 
constraint torque and f is the friction vector. Once 
Lagrange multipliers λi can be solved based on 
generalized coordinates of passive joint angles and 
positions of end effector, these Lagrange multipliers 
are reused in the inverse dynamic of haptic device. 
Develop Lagrange equations for active joint angles 
qj, j = 1, 4, 7, 10, 13, 16   to obtain 6 inverse 
dynamic equations τi, i=1,2,...,6, respectively as 
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A dynamic equation of 6-DOF haptic device can 
be rewritten in the Cartesian Space as 

 

      c
T
hhhhhh FJxGxxVxxM   ,    (43) 

 

where τ is a motor torque vector and is T
hJ is the 

transpose of Jacobian matrix; T
hJ is forces 

generated by motor torques; 
     hhhh xGxxVxM ,,,  are inertia matrix, coupling 

velocity matrix, and gravity force of the haptic 

device respectively;  Th zyxx  is 

position vector of the steering handle. 
 

4. CONTROL PERFORMANCES 

The teleoperation system using haptic devices has 
been described in the previous works [14]. The 
teleoperation in this part is the expansion of research [18]. 
A diagram is constructed as shown in Fig. 4. where the 
inverse dynamic model, hM  is added to reduce dynamic 

influences. The teleoperation control system can be 
divided into two main parts: position control of slave 
serial robot and force control of master haptic device. 
Users can generate motions of hand so the haptic device 
can follow with motion hx . The error between two 

motions creates the contact force cF . The motions of the 

haptic device are measured by encoders. These joint 
angles are used to calculate forward kinematics of haptic 
device so that its trajectory is determined. This trajectory 
is composed of three positions and three rotations of 
the center of the handle. The slave serial robot uses 
this trajectory to find joint angle commands, θrc 
through inverse kinematics Gr. The error between 
the command, θrc and feedback, θr joint angles is the 
input of position controller, Kr(s). Its output is 
converted into voltage commands, Vr for the robot’s 
motors. The rotations of robot joints determine the 
trajectory of end effector, xr. There exist some 
tracking errors because of robot dynamics. 

 

 

Figure 4 – Control of a teleoperation system using haptic and robot devices. 

When the slave serial robot is manipulated, its 
end effector may touch the environment Ze. The 

contacting force, Fd (or Fe), is mechanically 
transmitted to the joints of robot through its 
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transpose Jacobian matrix T
rJ . This force works as 

the external disturbances so it may reduce tracking 
performances of the robot. 

When the user force cF  is applied on the center 

of the handle, it is converted to the forces 12F  at the 

upper and lower end effectors by the transformation 

matrix 1L . The forces 12F  are measured by two 3-

DOF force sensors. The user force cF  is also 

mechanically transmitted to the joint torque u  by 

the Jacobian matrix of hJ . 

The user manipulating the haptic device should 
feel actual contact force from the environment not 
those of the structure of the haptic device. Detecting 
the actual contact force from environment by using a 
haptic device may present a hardware design 
problem such as low inertia and frictions.  

For some commercial haptic devices the open 
loop force control can be applied. The contact force 

dF from environment is directly converted to the 

motor forces m . The user then may feel the contact 

forces as well as undesired haptic dynamic forces 
due to inertia, joint frictions, and gravity. 

 

4.1 LINEARIZATION MODEL 

If the dynamics of the haptic device is 
compensated, a linearization dynamic model can be 
defined to develop control systems as shown in the 

Fig. 5. where the motor force is
T
hu J  . 

Relationship between the input force iF  of haptic 

device and its movement hx can be expressed as 
 

i h hF Z x                            (44) 
 

where  
 

( , , , , , )h x y zZ Diag Z Z Z Z Z Z    
 

Impedances along , ,x y z axes have the same 1-

DOF model as 
 

2
x y zZ Z Z ms cs                 (45) 

 

Figure 5 – A linearization model of 6-DOF haptic 
device. 

 

The impedances along , ,    directions are 

defined as 
 

2Z Z Z Is Js                   (46) 
 

The relationship between contact force cF and 

position errors X between user hand and haptic 
device is expressed as 

 

c uF Z X                   (47) 
 

where  
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
   (48) 

 

The user hand impedance along each direction is 
modeled as a spring k and damper b [19-21] as 
shown in Fig. 6. These parameters are increased if 
the position error is bigger. When the position errors 
approach to an upper limitation, the parameters of 
user hand are sharply increased. These are unknown 
parameters and difficult to get accurate values. 
However their influences can be compensated by a 
force controller.  

The above explaination is very inportant to 
develop the control simulation on Matlab software.  

Models of haptic device and user hand are 
assumed as decoupled components so each direction 
of force vector can be controlled independently by a 
1-DOF force controller.  

 

 

Figure 6 – A user hand model. 

 
4.2 FUZZY PID CONTROL 

Linear controllers can be applied with the 
decoupled linearization dynamic model. 

A PID controller was selected for Kh(s) in [14] 
where the experiments indicated that this controller 
could reduce influence of gravity, inertia and 
friction. The PID parameters should be adjusted to 
smaller values due to the dynamic compensation. 
Experiments with PID controllers also indicate that 
if Kp, Ki, Kd

 
parameters are tuned, the tracking error 

performances can be improved. Moreover the 6-
DOF haptic device has the following aspects: 
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i. A user’s hand has high nonlinear dynamics 
so it is difficult to acquire a precise model. 

ii. Gravities of structures affect to force 
performances even though they are 
attempted to minimize in design. 

iii. Frictions of motor shafts and joints do 
influences on the force performances. 

iv. Noises from force sensors also disturb force 
responses. 

Therefore, a self-tuning fuzzy PID controller can 
be selected for Kh(s) to control forces. The structure 
of this controller is shown in Fig. 7. 

 

 

Figure 7 – A structure of fuzzy PID controller. 

 

Parameters of traditional PID controller should 
be considered in given ranges such as 
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and they are calculated based on outputs of fuzzy 
controller, Kp, Ki, Kd as: 
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Inputs of fuzzy PID controllers are the force error 

eKE 1  and the force error change 

rate eKDE 2 , where K1 and K2 are selected to 

satisfy the absolute values of E and DE less than 
one.  

The output surface of fuzzy controller should be 
considered as the main results of design produce. 
They depend on the membership functions and rules. 
Three different controllers with 9, 25 and 49 rules 
are chosen as shown in Fig. 8 and their output 
responses with respect to the first input if the second 
input equals zeros are shown in Fig. 9. The results 
indicate that the higher number of rules can produce 
more linear responses. However, if there are so 
many rules, the sampling time of the real digital 
controller is very big. This makes difficulty in the 
real control system. Therefore, the limitation of rules 
is selected as 49. 

Symmetric Gaussian functions are selected for 
both input and output membership functions of 
fuzzy controllers as 

 

         
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2

2,, 
cx

ecxf




                 (49) 

 

Figure 8 – Output surfaces of three different fuzzy controllers. 

 

Figure 9 – Output responses (DE = 0) of three different fuzzy controllers. 
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Parameters σ, c are selected to find the 
membership functions. The 7 linguistic terms of 
input variables are defined as shown in the Table 1: 
PB (positive big), PM (positive medium), PS 
(positive small), ZE (zero), NS (negative small), NM 
(negative medium), NB (negative big) and 7 
linguistic terms of output variables are defined as 
VB (very big), B (big), MB (medium big), M 
(medium), MS (medium small), S (small), VS (very 
small). Output surfaces of PID fuzzy controller 
should be considered as the result of design 
produces. The gains of fuzzy controller are selected 
based on experiments as shown in Table 2. 

 

Table 1. Control rules 

 

Table 2. Gains of self-tuning fuzzy PID controllers. 

Parameter value 

K1 0.4 

K2 0.1 

Kpmin 0 

Kpmax 4.5 

Kimin 0 

Kimax 0.06 

Kdmin 0 

Kdmax 0.04 

 

5. EXPERIMENT RESULTS 

The hardware of teleoperation system consists of 
two digital controllers as dSPACE1103 and 
dSPACE1104. These controllers include almost 
useful interfaces such as ADC, DAC, Encoder, I/O 
and RS232, RS485 so they are very convenient to 
connect with a real system. In addition, these 
controllers are supported to work directly with 
SIMULINK/MATLAB in real time so the heavy 
control algorithms also can be implemented to do 
experiments. These controllers can communicate 
with computers by ControlDesk software to monitor 
and record data. The contact environment is 
constructed as a spring and damper system to supply 
contacting forces for the end effector of serial robot. 

This contacting force is measured by a 6-DOF force 
sensor whose signals are transmitted to 
dSPACE1103 controller to process.  

Firstly, the step responses of three different fuzzy 
controllers with 9, 25 and 49 rules are implemented 
for the comparison. The desired forces Fd are 
selected as 5N and the desired torques of zeros. The 
measured user force Fc of on the haptic device and 
Fd are shown in Fig. 10-12.  

 

 
Figure 10 – Step force responses of the fuzzy 

controller with 9 rules. 

 
Figure 11 – Step force responses of the fuzzy 

controller with 25 rules. 

 
Figure 12 – Step force responses of the fuzzy 

controller with 49 rules. 
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The responses indicate that the fuzzy controller 
with 49 rules provide better performances. 
Therefore, this controller is selected for the next 
experiments. 

Secondly, the control of teleoperation system is 
implemented for free motions. This is means that the 
haptic device is mechanically manipulated with the 
desired forces/torque of zeros. The measured user 
force Fc of free motions is considered to be purely 
the dynamic forces caused by the haptic device. 
Shaking motions of the steering handle were 
generated for the closed loop force control of free 
motions. Very much the shaking motions of the 
steering handle were also generated for the force 
control of free motions. The trajectories of the 
steering handle are shown in Fig. 13. The contact 
forces Fc on the haptic device were measured and 
compared to zeros as shown in Fig. 14. This figure 
shows that the amplitude of the contact force for this 
control is reduced by much more compared to that 
for the PID control [14]. 

 

 

Figure 13 – Trajectory comparisons for the 
teleoperation system with free motions. 

 

Finally, experiment results of the closed loop 
teleoperation system with dynamic compensation 
and fuzzy control are recorded when the user keeps 
the haptic handle to move the serial robot whose end 
effector contacts the environments such as a mass-
damper system. 

The contacting forces exerted on the robot end 
effector are measured by a 6-DOF force sensor 
while the forces on the haptic handle are measured 
by two 3-DOF force sensors. These comparisons are 
shown in Fig. 15. indicate that the tracking force 
performances in this proposed control system could 
be well improved compared to the PID controller 
shown in [16], as well. The trajectories of these 
force control are also shown in Fig. 16. 

 

Figure 14 – Force comparisons for the teleoperation 
system with free motions. 

 

Figure 15 – Force tracking performance comparisons 
of the teleoperation system. 

 

Figure 16 – Trajectory comparisons of the 
teleoperation system. 
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6. CONCLUSION 

This is the first time the dynamic model of a 6-
DOF parallel haptic device is derived and 
compensated on the real time controller for the 
minimal surgery training system. A new model of 
haptic device and user hand is also introduced based 
on the linearization. The new model of haptic device 
is described based on the real haptic device system 
where the user hand drives handle of haptic device 
and trajectory errors between user hand and haptic 
device generates contact forces. 

Force tracking performances of a minimal 
surgery training system using the 6-DOF haptic and 
robot devices have improved by implementing 
dynamic compensation combined with fuzzy PID 
control. The inverse dynamic model of the 6-DOF 
haptic device is calculated base on the second type of 
Lagrange method. Influences of all inertia, gravity, 
constraint and frictions are considered. The mass 
centers of links are considered at their real locations 
so the modeling error may be reduced. Calculated 
joint torques of six active joints is used for the 
compensation control in the teleoperation system.  

Three fuzzy controllers with 9, 25 and 49 rules are 
designed and implemented on the digital controller 
dSPACE 1103 indecate the higher rule controller 
produce better responses. 

The tracking performances of the measured user 
forces on the haptic device and desired zeros contact 
forces for the free movement are compared. When 
the dynamic compensation combined with the fuzzy 
control is applied, some force errors between the 
desired zeros forces and the user hand forces could 
be significantly reduced. Moreover in the 
teleoperation experiment, the user applied forces of 
the steering handle could track the contact forces 
from environment well. 
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