
Abstract—Flexible and lightweight surgical tools have the 

potential to significantly increase the dexterity of mechatronics-

assisted surgical systems for minimally invasive surgeries. 

However, the control of a mechatronics-assisted system with the 

link and joint flexibility is quite challenging and needs to be 

studied. In this paper, a bilateral impedance-controlled master-

slave teleoperation system is considered, where the slave 

(surgical) robot is flexible. Two reference impedance models are 

designed for the master and slave robots to control the 

mechatronics-assisted system. Also, depending on different 

feedback and feedforward signals, four cases are distinguished. 

To obtain better transparency of the system, the tuning rules for 

the impedance parameters for each case are presented and the 

corresponding transparency measures are analyzed and 

compared. As a result, by appropriately adjusting the 

impedance model parameters, ideal position and force tracking 

can be attained for a teleoperation system with a flexible surgical 

robot. The theoretical findings are validated in simulations.  

I. INTRODUCTION

Mechatronic-assisted robotic systems have been employed 
for surgery to assist the surgeon in performing a surgical 
procedure which may require the robotic system to have a 
large variety of extent of automation. Robotic systems for 
surgery can be classified into three main categories depending 
on the degree of autonomy granted to it: fully autonomous 
robotic system, high-level, semi-autonomous robotic system, 
and low-level, semi-autonomous robotic system.  

A typical fully autonomous surgical robot is surgical 
computer aided design or computer aided manufacturing [1] 
which is using a computer to realize the process of building the 
patient model, planning, registration, execution, and follow-
up. The preprogrammed robotic systems provide advantages 
and convenience to surgical procedures. However, not all 
surgical robotics are designed to replace the surgeon. In fact, 
most of them are designed to assist the surgeon by providing 
with versatile tools to extend the surgeon’s operation ability. 
This kind of surgical robotics are semi-autonomous and can be 
classified by level of autonomy. The high-level semi-
autonomous surgical systems generally work side-by-side 
with the surgeon and provide a joystick or foot pedal to permit 
the surgeon to control the motion of the surgical systems [2]. 
The low-level, semi-autonomous surgical systems are 
operated directly by the surgeon to extend his/her ability such 
as the elimination of hand tremor [3] and can be used for 
remote surgery. A typical example is the teleoperation surgical 
system [4] (e.g. the da Vinci system from Intuitive Surgical 
Inc., Sunnyvale, CA) where a surgeon interacts with a master 
robot to perform a desired task on the target tissue by a slave 
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robot (surgical robot). This system can be used to perform 
minimally invasive surgeries (MIS) [5] with advantages such 
as small incisions reduce pain and short rehabilitation time. 

The dexterity of mechatronic-assisted surgical robots for 
MIS can be enhanced by using flexible and lightweight tools 
such as needles, endoscopes, and catheters, while also 
reducing trauma, which is a benefit for post-operative recovery 
[6]. Nevertheless, the requirements of such flexible tools make 
traditional teleoperation control methods [7]–[9], which are for 
rigid robots, no longer sufficient as flexibility caused by the 
limited stiffness of transmission mechanisms at the robot joints 
and the deflection of links may lead to problems such as 
transient errors, vibrations, and instability [10]. Moreover, for 
a master-slave teleoperation system, the introduction of slave 
robot flexibility will inevitably affect the transparency of the 
system, which consequently reduces the accuracy of position 
and force tracking performance.  

To this end, various control strategies have been proposed 
for teleoperation system with a flexible slave. In [11], a 
position-exchange controller for the bilateral teleoperation of 
flexible surgical robots was proposed. By assuming the master 
manipulator as a one-degree-of-freedom (1-DOF) rigid link 
and the slave manipulator as a 1-DOF elastic link and using 
the position of the master robot and the deformed shape of the 
flexible slave robot, the controller enabled the master robot to 
follow the position of the slave robot. In [12], the authors 
developed a more realistic model for slave link deflections and 
used the Extended Lawrence Four-Channel control 
architecture for the teleoperation system. In our previous work 
[13], to study the effect of a flexible robot on the conventional 
position error based (PEB) teleoperation and direct force 
reflection (DFR) teleoperation, the flexible slave manipulator 
with a flexible link was modeled as a linear joint stiffness. In 
[13], we analyzed the transparency measures for the two 
systems and concluded that perfect position and force tracking 
might be possible assuming the control gains were infinity.  

This paper builds on previous work of the authors [7][13] 
and developed a impedance-controlled mechatronic-assisted 
system for surgeries with flexible tools, which includes two 
impedance models for the master and slave robots, 
respectively. In the context of teleoperated bilateral impedance 
control, depending on different feedback and feedforward 
signals between the master and slave robots, the effect of slave 
flexibility and the impedance model parameters on the 
transparency of the system is studied.  
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II. SYSTEM CONTROL METHOD  

For a teleoperation system in Fig. 1, bilateral impedance 
control can be applied by designing two reference impedance 
models for the master and slave robots, respectively. 

By adjusting the parameters of the reference impedance 

models appropriately, desired dynamical relations between the 

external forces and the robot positions can be attained. In Fig. 

1, f
h
 is the human-master contact force, and f

e
 is the slave-

environment contact force. Also, xm and xs are the positions of 

the master and slave robots, respectively. The reference 

impedance models for the master and slave robots provide 

desired response positions xrefm
 and xrefs

 to the master and 

slave position controllers, respectively, so that the robots’ 

trajectories will follow the desired positions (ideally, 

xm = xrefm
, xs = xrefs

). Note that um  and us  are the control 

signals for the master and slave robots. The position 

controllers for the two robots are designed as proportional-

derivative (PD) controllers. As the stiffness and damping 

terms in the dynamics of the robots would contribute to the 

closed-loop equations in the same way as the proportional and 

derivative terms of the PD position controllers, the dynamics 

of the robots in the following only involve the inertia terms. 

A. Criteria for Analysis of Teleoperation Performance  

For a transparent teleoperation system, the ideal goals are   

 xm = xs,     fh = fe                               (1) 

The relationship between the master the and slave quantities in 
(1) can be expressed in the s-domain as 

[
Fh(s)
−Xs(s)

] = [
0 1

−1 0
]

⏟    
H

[
Xm(s)
Fe(s)

]                   (2) 

where the matrix H includes the ideal hybrid parameters. We 
mainly consider two elements in the matrix H to analyze the 
teleoperation transparency: 
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Here, h11 is the human operator perceived impedance when 
the slave is moving freely, and h21  is the position tracking 
fidelity when the slave is moving freely. The ideal values for 
these two measures are 0 and −1 , respectively. Also, we 
consider two more measures:  
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==               (4) 

In the above, f
12

 is the force tracking fidelity when the slave 

contacts a hard environment, and z11 is the human operator’s 
perceived maximum impedance. The ideal values for these 
two measures are 1 and ∞, respectively. 

B. Flexible Slave Model  

In Fig. 1, the flexible slave robot can be considered as 
having a flexible coupling between its motor (actuator) and 
end-effector (surgical tool). For a 1-DOF system, it has been 
proved that a flexible link and a flexible joint have similar 
effects on teleoperation performance [14]. The dynamics of 
the flexible link are identical to the dynamics of the flexible 
joint shown in Fig. 2 consisting of a motor and an end-effector 

that are coupled via a shaft with a finite stiffness. Specifically, 
two masses connected by a spring are used to model a 
rotational elastic joint (Fig. 2(a)). By using the equivalent 
translational model of the flexible joint, the model shown in 
Fig. 2(a) can be represented by the model shown in Fig. 2(b). 

In Fig. 2(b), the motion equations of the flexible joint are 

Msmẍsm +  kfs∆xs = f
s
                              (5) 

Mseẍse − kfs∆xs = −  f
e
                            (6) 

∆xs = xsm − xse                                 (7) 

C. Models of the System with Flexible-Joint Slave Robot 

The models of the bilateral impedance-controlled 
teleoperation system with a flexible-joint slave are presented 
in Fig. 3. The reference impedance models for the master and 
slave robots are denoted by Zm  and Zs , respectively. The 
parameters mi, ci, and ki are the inertia, damping, and stiffness 
of the reference impedance model. The subscript i = m is for 
the master, and i = s is for the slave.  Also, Cm and Cs are  PD 
position controllers for the master and slave robots, 

    
Figure 2. (a) Model of a flexible joint. (b) An equivalent representation of 
the flexible joint model. Here, Mi , 𝜃i , and xi  are the inertia, angle, and 
position. The subscript i = sm is for the motor and i = se is for the end-
effector. Also, kfs  is the flexible joint’s stiffness, 𝜏s  and 𝜏e  are the motor 

torque (control signal) and the torque applied by the environment, and f
s
 and 

f
e
 are the motor force and the force applied by the environment. 

 
Figure 3. The models of the bilateral impedance-controlled teleoperation 
system with flexible-joint slave robot. The solid and dashed lines indicate 
the position and force transfer paths, respectively. 

 

 

 

 

Figure 1. The bilateral impedance-controlled teleoperation system.  
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respectively. The control signals um and us are applied to the 
robots and result in the movements of the robots. The inertia 
of the master robot is denoted by Mm.  

In Fig. 3, the human operator applies forces, f
h
, on the 

master robot, which is an input to the reference impedance 
model for the master robot. This reference model also receives 
the slave-environment contact forces, f

e
, and generates the 

desired position for the master robot controller which controls 
the master robot to track the desired position, xrefm

. On the 

slave site, the reference impedance model for the slave robot 
receives the inputs of slave-environment contact forces, f

e
, and 

the master robot position, xm , and generates the desired 
position for the slave robot controller, xrefs

. The desired 

impedance models for the master and slave robots are  

mmẍrefm
 + cmẋrefm

 + kmxrefm
 = f

h
− f

e
                    (8) 

ms�̈̃�refs
 + cs�̇̃�refs

 + ks�̃�refs
 =− f

e
                       (9) 

where �̃�refs
 = xrefs

− xm  is the error of the slave impedance 

model’s response with respect to the master robot position. 

The objective of model (9) is decreasing the error �̃�refs
 so that 

xrefs
 follows xm . Here, xrefs

 is the reference position for the 

flexible slave. When xrefs
 is the reference position for the slave 

motor xsm, the position of the slave end-effector xse may not 

accurately follow the master robot position xm . To achieve 

perfect position tracking between the slave end-effector xse 

and the master robot xm , �̃�refs
 should be adjusted. By 

combining (6) and (7),  xsm is given by 

 xsm = xse + 
 fe

kfs
 + 

mse

kfs
ẍse                          (10) 

Since the desired position of the slave end-effector xse is xm, 
the reference trajectory for xsm becomes 

xm
∗  = xm + 

 fe

kfs
 + 

mse

kfs
ẍm                          (11) 

Therefore, the adjusted position error in (9) is  

�̃�refs
 = xrefs

− xm
∗                                (12) 

D. Framework Overview 

The s-domain representation of the impedance- controlled 
teleoperation system is presented in Fig. 4. With the designed 
impedance models for the master and slave robots, we have C1 

= Zs, C2 = 1, Zm
−1 = 

1

mms2+cms+km
, and Zs

−1 = 
1

mss2+css+ks
. Also, the 

master robot, the slave motor, and the slave end-effector are 

represented as the impedance ZM
−1 = 

1

Mms2
, Zsm
−1 = 

1

Msms2
, and Zse

−1 

= 
1

Mses2
, respectively. The PD position controllers Cm  and Cs 

(corresponding to the rigid slave) are expressed as    

  Cm = kdm
s + kpm

,   Cs = kds
s+ kps

                  (13) 

In the present of flexible-joint slave, Cs  is broke into two 
separate controllers Csm  and Cse . In addition, C3  and C4  are 
two position gains. The control laws for the master and slave 
robots are given by 

Um = C3Xrefm
− CmXm                          (14)              

 Us = C4Xrefs
− CsmXsm − CseXse                  (15) 

where Csm  and Cse  are PD position controllers for the slave 
motor and the slave end-effector. Generally, C3 = Cm and C4 
= Cs are designed to achieve position tracking. For simplicity, 
in this paper Cm = Cs = Csm = Cse = kds + kp is chosen, where 

kd = 2αMsm and kp = α
2Msm (α > 0) are designed to guarantee 

critical damping.  

Based on the possible communication signals for both 
feedback and feedforward, four cases are distinguished and 
listed in Table I. The position and the external force of the 
slave end-effector xse and  f

e
 may be difficult to be measured 

directly by sensors. Therefore, an extended state observer may 
be used to estimate these quantities [15][16] so that all 
variables are available in each case. 

III. TRANSPARENCY MEASURES 

To simplify the expressions of the results, some 

substitutions are introduced 0  = √
kfs

Mse
,   Rs = 

Mse

Msm
,  rs = 

ms

Msm
,  

rm = 
mm

Msm
. For the reference impedance models Zm and Zs, the 

natural frequencies and the damping ratios are given by ωm = 

√km mm⁄ , ωs  = √ks ms⁄ , and m = cm 2√mmkm⁄ , s = 

cs 2√msks⁄ , respectively. Assuming 1m sm = = , we have 

Zm=mm(s+ωm)
2 and Zs= ms(s+ωs)

2. Therefore, the adjustable 
parameters are rm, rs, ωm, and ωs. 

A. Rigid Case 

When the slave is rigid, to achieve better performance, C3 

=  ZM + Cm and C4 = ZRS + Cs are chosen, where ZRS (= 
1

Mss2
, 

where Ms is the inertia of the rigid slave robot) denotes the 
impedance of the rigid slave robot. As a result, the 

performance measures are h11 = Zm, h21 = −1, 
1

f12

 = 
Zs

Zm+ Zs
, z11 

= Zm + Zs. To ensure the transfer function is proper, 1 f
12
⁄  is 

used. If the impedance models for the master and slave robots 
are chosen to be Zm = 0 and Zs =  , the above performance 
measures will equal the ideal values. 

 
Figure 4. The bilateral impedance-controlled teleoperation architecture. 

 

TABLE I.    POSSIBLE COMMUNICATION SIGNALS 

Communication Signals Case 1 Case 2 Case 3 Case 4 

Feedback  xsm,  f
e
  xsm,  f

e
 xse,  fe

  xsm, xse,  fe
 

Feedforward xm xm
∗  xm xm

∗ , xm 
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B.  Flexible Case 1 

For flexible case, as the slave robot includes two parts, 
C4 = λ1Zsm + λ2Zse + Csm + Cse is chosen, where λ1 and λ2 are 
two coefficients, which can be selected as λ1 = 1 and λ2 = 0, 
for simplicity. In case 1, with feedback of xsm, Cse is zero and 
C4 = Zsm  + Csm . Also, C3  =  ZM  + Cm  is chosen. Note that 
given the flexible salve model (5)-(7), the slave position Xs 
defined in (3) and (4) should be changed as the position of the 
slave end-effector xse. The transparency measures are h11 = Zm,  

h21 = 
−1 

1+(
s

ω0
)

2

+Rs(
s

s+α
)

2
, 

1

f12

 = 
1

1 +
rm
rs
(

s+ωm
s+ωs

)
2
+

rm
Rs
(

s+ωm
ω0
)

2

+rm(
s+ωm
s+α

)
2

,  

z11 = Zm+ ms

(s+ωs)
2

1+
rs
Rs
(

s+ωs
ω0
)

2

+rs(
s+ωs
s+α
)

2
. If the stiffness of the flexible 

spring kfs  is sufficiently large and the inertia rate Rs  is 

sufficiently small, h21  will equal -1, which matches the 
measure in the rigid case.  

C. Flexible Case 2 

With feedback of xsm  and feedforward of xm
∗ , the 

controllers remain the same as those in Case 1. The four 

transparency measures are h11 = Zm,  h21 = −
1+(

s

ω0
)

2

 

1+(
s

ω0
)

2

+Rs(
s

s+α
)

2
, 

1

f12

 = 
1+(

s

ω0
)

2

 

1+(
s

ω0
)

2

+
rm
rs
(

s+ωm
s+ωs

)
2
+rm(

s+ωm
s+α

)
2
, z11 = Zm+ ms

(s+ωs)
2(1+(

s

ω0
)

2

)

1+rs(
s+ωs
s+α
)

2 .                        

D.  Flexible Case 3 

With feedback of  xse , it can be noted that Csm  is zero. 
Hence, C4 = Zsm  + Cse . Also, C3  =  ZM  + Cm  is chosen. The 
four transparency measures in this case are h11 = Zm,  h21 = 

−1

1+(Rs+(
s

ω0
)

2

)(
s

s+α
)

2
, 

1

f12

 = 
1

1 +
rm
rs
(

s+ωm
s+ωs

)
2
+rm(

s+ωm
s+α

)
2
(1 +

1

Rs
(

s

ω0
)

2

)

, z11 = 

Zm+ ms

(s+ωs)
2

1+rs(
s+ωs
s+α
)

2
(1 +

1

Rs
(

s

ω0
)

2

)

.         

E.  Flexible Case 4 

With feedback of xsm, xse and feedforward of xm
∗ , xm, the 

reference impedance models for the slave motor and the slave 
end-effector are given by  

ms�̈̃�refsm
 + cs�̇̃�refsm

 + ks�̃�refsm
 =− f

e
                     (13) 

ms�̈̃�refse
 + cs�̇̃�refse

 + ks�̃�refse
 =− f

e
                      (14) 

where �̃�refsm
 = xrefsm

− xm
∗  and �̃�refse

 = xrefse
− xm . Note that 

xrefsm
 is the reference trajectory for the slave motor xsm, and 

xrefse
 is the reference trajectory for the slave end-effector xse. 

In addition, C4 is replaced by C4sm and C4se. The control law 

for the flexible slave robot is defined as Us  = 

C4smXrefsm
+ C4seXrefse

− CsmXsm − CseXse , where C4sm = Zsm 

+ Csm , and C4se  = Zse  + Cse . The resulting four measures of 

transparency are h11  = Zm ,  h21 = − 1 , 
1

f12

 = 

2+(Rs−1)(
s

s+α
)

2
+(

s

ω0
)

2

(1 +
rm
rs
(

s+ωm
s+ωs

)
2
)(2+(Rs−1)(

s

s+α
)

2
)+(

s

ω0
)

2

+rm(
s+ωm
s+α

)
2
,  

z11 = Zm+ ms

(s+ωs)
2(2+(

s

ω0
)

2

+(Rs−1)(
s

s+α
)

2
)

2+rs(
s+ωs
s+α
)

2
+(Rs−1)(

s

s+α
)

2 .          

IV. TRANSPARENCY ANALYSIS 

A. Transparency with no Actuator Saturation 

By assuming the control gain α  is infinitely large, the 
idealized transparency measures for the four flexible cases are 
listed in Table II, which present that perfect free-motion 
position tracking can be attained. For Case 1, position tracking 
is satisfactory only at low frequencies (ω < ω0), while for the 
other cases, position tracking is satisfactory without frequency 
limitations. For hard-contact force tracking (1 f

12
⁄ ), it can be 

noted that the term of P = 
rm

rs
(

s+ωm

s+ωs
)

2

 is involved in every 

denominator of the four cases. If P can be adjusted to be zero, 
perfect hard-contact force tracking can be achieved (For Case 
1, force tracking is satisfactory at low frequencies; for other 
cases, force tracking is satisfactory at any frequencies). 

B. Parameter Adjustment for Robot Impedance Models 

To find the effect of rm, rs, ωm, and ωs on the shape of 1 f
12
⁄ ,  

as an example, the magnitudes of 1 f
12
⁄  for case 3 are plotted 

in Fig. 5(a) when rm rs⁄  = 1, 0.5, 0.1, ωs = 100 rad/s, ωm = 1, 
50, 100 rad/s. Furthermore, when rm rs⁄  is constant, small ωm 
brings 1 f

12
⁄  closer to the ideal value 1 (Fig. 5(b)). 

 When ωm  is constant, small rm rs⁄  not only brings 1 f
12
⁄  

closer to the ideal value 1, but also provides a wider frequency 
range of force tracking (Fig. 5(c)). Therefore, the frequency 
range of ωm  can be improved by decreasing rm rs⁄ . In other 
words, if ωm = ωs is desired, rm rs⁄  has to be very small. 

C. Position Tracking Considering Actuator Saturation  

In practice, however, the control gain α cannot be infinitely 
large, which will inevitably influence the system’s 
transparency measures. To investigate the effect of α on the 
shape of position tracking, the magnitudes of h21 are plotted in 
Fig. 6 when ω0 = 100 rad/s, Rs = 0.1 (lightweight slave end-
effector), and α = 1, 100, 10000. For Case 1 and 2, regardless 
of the control gain α, position tracking is attained only at low 
frequencies (ω < ω0). Also, the frequency range of position 
tracking for Case 2 is a bit wider than that for Case 1. In Case 
3 the position tracking performance is better than the first two 

TABLE II.    IDEALIZED TRANSPARENCY MEASURES  

Item 11h  21h  121 f  11z  

Case 

1 
Zm 

−1 

1+ (
s

ω0
)

2
 

1

1 +P+
rm

Rs
(
s+ωm

ω0
)

2
 

Zm+
Zsks

 

Zs+ks

 

Case 

2 
Zm −1 

1+ (
s

ω0
)

2

 

1+ (
s

ω0
)

2

+P

 Zm+Zs (1+ (
s

ω0

)
2

)  

Case 

3 
Zm −1 

1

1 +P
 Zm+Zs 

Case 

4 
Zm −1 

2+ (
s

ω0
)

2

2(1 +P)+ (
s

ω0
)

2
 Zm+ Zs (1+

1

2
(

s

ω0

)
2

)  

Ideal 

Value 
0 −1 1   
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cases as its maximum frequency can be improved by 
increasing the value of α. In Case 4, perfect position tracking 
is achieved at any frequencies and with any α. 

D. Force Tracking Considering Actuator Saturation 

To further investigate the effect of α on the shape of 1 f
12
⁄  

when rm rs⁄  is very small and ωm  = ωs , the magnitudes of 
1 f

12
⁄  for the four cases are plotted in Fig. 7 with rm = 0.01, Rs 

= 0.1, rs = 10, ωm = ωs = ω0 =100 rad/s, α = 10, 50, 100, 500.  

When α is small (=10), the frequency ranges for ideal force 
tracking are limited for all cases, while when α is moderate or 
more (close to or greater than ωm ), these frequency ranges 
become wider and remain steady regardless of α.  Moreover, 
in Case 1 and 2, force tracking is possible only at low 
frequencies (the frequency range of force tracking for Case 2 
is a little wider than that for Case 1). In Case 3 (Fig. 7(c)), force 
tracking is satisfactory only at low frequencies, but the 
frequency range of 1 f

12
⁄  can be improved by increasing α. In 

Case 4, good force tracking is achieved at any frequencies 
when α is not too small. Therefore, given very small rm rs⁄ , 
perfect force tracking is possible without infinitely large α. 
Ideally, if rm = 0 and rs =   are chosen, perfect free-motion 

transmitted impedance (h11) can be attained for all cases, and 
perfect hard-contact transmitted impedance ( z11 ) can be 
achieved except for Case 1 (For Case 1, z11 = kfs).  

Based on the above analysis, it can be concluded that (a) 
for h11 , in all cases, the human operator will only feel the 
reference impedance model for the master robot (Zm), which 
means decreasing mm  and ωm  in Zm  will lead to ideal free-
motion transmitted impedance; (b) for h21, the ideal position 
tracking for Case 4 can be attained at any frequencies 
regardless of α; for Case 3, the performance is better than those 
of Case 1 and 2 as the maximum frequency can be improved 
by increasing α. Also, regardless of α, the frequency range of 
position tracking for Case 2 is a bit wider than that for Case 1; 
(c) for 1 f

12
⁄ , to obtain a wider frequency range of force 

tracking, a moderate α (close to or greater than ωm) is needed 
for all cases. Like h21, the ideal force tracking is satisfactory 
for Case 4 at any frequencies and for the other cases at low 
frequencies. Moreover, the maximum frequency for Case 3  
can be improved by increasing α; (d) for z11, except Case 1, 
the human operator will only feel the impedance models for 
the master and slave robots. In Case 1, however, the slave 
flexibility will be transmitted to the human operator. 

 
(a)               (b)                (c) 

Figure 5. (a ) Magnitudes of 1 f
12
⁄  for case 3 (a) when rm rs⁄  = 1, 0.5, 0.1, ωs = 100 rad/s, ωm = 1, 50, 100 rad/s. (b) When rm rs⁄  is a constant (as an 

expample rm rs⁄ = 0.5), the magnitude of 1 f
12
⁄  with ωm = 1, 50, 100 rad/s. (c) When ωm is 1 rad/s, the magnitude of 1 f

12
⁄  with rm rs⁄  = 1, 0.5, 0.1.  

 
(a)            (b)            (c)            (d) 

Figure 6. Magnitudes of h21 for (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4 when ω0 = 100 rad/s, Rs = 0.1, and α = 1, 100, 10000. 

 
(a)            (b)            (c)            (d) 

Figure 7. Magnitudes of 1 f
12
⁄  for Case (a) 1, (b) 2, (c) 3, and (d) 4 when rm = 0.01, Rs = 0.1, rs = 10, ωm = ωs = ω0 =100 rad/s, α = 10, 50, 100, 500. 
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V. SIMULATION STUDY 

The teleoperation system is simulated in MATLAB and 
Simulink. As an example, the results for Case 1 are presented 
in Fig. 8. Here, Mm = Msm

 = 1 kg, Mse = 0.1 kg, mm = 0.01 kg, 

ms = 10 kg, cm = 2 Ns/m, cs = 2 × 103Ns/m, km = 100 N/m, ks 
= 105 N/m, kfs = 103 N/m, and α = 100 are chosen. Therefore, 

Rs = 0.1, rm = 0.01, rs = 10, m = s = 1, ωm = ωsm = ω0= 100 

rad/s. To achieve a rich and uniform spectrum over the 
frequency range of interest, the input f

h
 was designed to be the 

sum of several sinusoids evenly spaced in the frequency 
domain from 0 to 1000 rad/s. The simulations for free-motion 
and hard-contact were implemented when ke = 0 N/m and ke = 
106 N/m, respectively. The recorded data from Simulink were 
applied spectral analysis to obtain the estimated magnitudes of 
the measures of transparency (Fig. 8). Without infinite α all 
the estimated lines (dotted) closely follow the idealized 
measures listed in the second row of Table II (solid).  

VI. CONCLUSION 

The control of a mechatronic-assisted system for surgeries 
with flexible tools and the effect of robot flexibility on the 
proposed bilateral impedance-controlled teleoperation system 
with different feedback and feedforward signals were studied. 
The parameter adjustment of the impedance models for the 
master and slave robots was analyzed and can be concluded 
that rm rs⁄  should be very small if ωm = ωs is desired. With the 
adjustment, it was shown that with the knowledge of the slave 
motor and tip positions (Case 4), perfect position and force 
tracking could be attained at any frequencies regardless of the 
control gain α  (as long as α  is not too small); otherwise, 
position and force tracking are possible only at low 
frequencies. Moreover, with the feedback of the slave tip 
position (Case 3), the frequency ranges of the measures can be 
improved by increasing the control gain. Also, regardless of 
the control gain, when the feedback position only involved the 
slave motor position, the case with accurate reference position 
for the slave motor ( Case 2) has a bit wider frequency ranges 
of the measures than the other case (Case 1). By comparing the 
transparency measures of the proposed bilateral impedance-
controlled teleoperation system with the measures of the 
conventional PEB and DFR teleoperation architectures 
presented in [13], the conclusion can be drawn that by using 
the adjusted parameters of the reference impedance models for 
the master and slave robots and considering actuator saturation, 
the proposed mechatronic-assisted teleoperation system can 
attain ideal transparency.  
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Figure 8. Magnitudes of (a) h11, (b) h21, (c) 1 f
12
⁄ , and (d) z11 for case 1.  
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