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ABSTRACT 

In this paper, an approach to physical collaboration between a patient and a therapist is proposed using a 

bilateral impedance control strategy developed for delayed tele-robotic systems. The patient performs a 

tele-rehabilitation task in a resistive virtual environment with the help of online assistive forces from the 

therapist being provided through teleoperation. Using this strategy, the patient’s involuntary hand 

tremors can be filtered out and the effort of severely impaired patients can be amplified in order to 

facilitate their early engagement in physical tasks. The response of the first desired impedance model is 

1 Corresponding author. 
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tracked by the master robot (interacting with the patient), and the master trajectory plus a deviation as 

the response of the second impedance model is tracked by the slave robot (interacting with the therapist). 

Note that the first impedance model is a virtual mass-damper-spring system that has a response trajectory 

to the combination of patient and therapist forces. Similarly, the second impedance model is a virtual 

mass-damper-spring system that generates the desired slave-master deviation trajectory as its response to 

the therapist force. Transmitted signals through the communication channels are subjected to time delays, 

which exist in home-based rehabilitation (i.e., tele-rehabilitation). Tracking of the impedance models 

responses in the presence of modeling uncertainties is achieved by employing a nonlinear bilateral 

adaptive controller and proven using a Lyapunov analysis. The stability of delayed teleoperation system is 

also proven using the absolute stability criterion. The proposed control method is experimentally evaluated 

for patient-therapist collaboration in resistive/assistive tasks. In these experiments, a healthy human 

operator simulates a post-stroke patient behavior during the interaction with the master robot. 

 
 
1.  INTRODUCTION 

 
Stroke, multiple sclerosis, cerebral palsy, and Parkinson’s disease are some of 

age-related disorders that bring different disabilities for the patient. Among them, 

stroke is a main cause of serious long-term disabilities among adults and the second 

leading cause of death worldwide [1]. There are 6.6 million stroke survivors only in the 

United States and their treatment and care costs are over $33 billion per year [2].  

In order to decrease these costs and provide consistent and reproducible 

rehabilitation services with less fatigue for the therapist, robotic systems have been 

employed [3-5]. Some robotic rehabilitation systems have been developed including 

only one robot for interaction with the patient [6-9]. However, a second robot is 

required to interact with the therapist to perform various movements and functional 
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therapies with a collaborative interaction between the patient and therapist employing 

a bilateral tele-robotic system. This is useful for the remote home-based therapy of 

patients instead of hospital-based ones. 

Note that the rehabilitation therapy using a single-robot and virtual reality (VR) 

involves the visualization of an environment and providing the haptic force feedback 

during interaction of the patient with virtual objects [10, 11]. However, tele-

rehabilitation systems enable the therapist to share the required physical experiences 

with remote patients in different tasks during home-based therapy scenarios [10]. The 

collaborative tele-rehabilitation is an effective way for stimulating post-stroke patients 

to be more compliant, and the experience-sharing can enhance their motivation and 

engagement in the therapy process [12]. Realized exercises by these teleoperation 

systems have resulted in considerable improvements to the patients’ motor control 

[12]. Moreover, employing a tele-robotic system between geographically separated 

users (patient and therapist) enables them to display their force-position actions to each 

other through a connected network [11].  

Accordingly, robotic tele-rehabilitation has been suggested in [10-17] and 

unilateral [13, 14] and bilateral [11, 18] control strategies have been used through a 

shared virtual environment (SVE). In these strategies [11, 13, 14], the positions of two 

robots have been employed to obtain and reflect haptic feedback from the SVE to the 

patient and the therapist via their respective robots. Interaction force measurement has 

been used in [15, 18] to better reflect the force. A trilateral architecture has also been 

proposed in [17, 19] for mirror therapy of patients, and different multilateral strategies 
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have been studied in [20] for training some trainees by the therapist during 

rehabilitation of a patient.  

In the past two decades, some control strategies have been presented for linear 

single-DOF tele-robotic systems [21-23]. In order to perform complex therapy exercises, 

however, nonlinear multi-DOF systems are needed. With the purpose of position 

synchronization between the nonlinear master and slave robots, some adaptive bilateral 

control strategies [24-27] have been suggested in recent years. For simultaneous 

position tracking and force reflection, nonlinear adaptive position-force control 

methods [28-30] have been proposed. Instead of position and force control methods, 

the impedance control strategy [31-33] can realize interactive rehabilitation tasks by 

providing an adjustable flexibility between the patient and robot [7, 34]. In this strategy, 

the operator (patient) perceives the adjusted virtual impedance model as the haptic 

sense during the physical interaction. The impedance control has also been used for 

linear one-DOF bilateral tele-robotic systems [35-38]. Abbott and Okamura [39] have 

presented an impedance model (with a damping element) for the master and slave 

robots by employing a PD controller.  

In order to perform dexterous resistive/assistive tele-rehabilitation task using 

multi-DOF teleoperation systems, a stable nonlinear bilateral impedance control 

strategy is designed in this work considering the patient and therapist characteristics. 

Note that the patient should apply forces to move his limb in a resistive therapeutic 

exercise; however, he can be helped as much as needed by providing an online assistive 
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force of therapist to successfully perform the task. Now, the comparative features and 

advantages of the proposed bilateral control strategy are mentioned as follows:  

1. Response of a first desired virtual impedance model is tracked by the master robot (in 

the patient’s hand). This first impedance model includes mass, damping and stiffness 

elements, which has a response trajectory to the combination of patient and scaled 

therapist forces.  While the slave robot (in the therapist’s hand) tracks the master 

trajectory plus a deviation as the response of a second virtual impedance model. This 

second impedance model also have mass, damping and stiffness elements, which 

generates the desired slave-master deviation trajectory in response to the therapist 

force. Accordingly, an adjustable resistive virtual impedance-based dynamics for the 

collaboration between the patient and the therapist is realized by the first impedance 

model. The second impedance model is also augmented to guarantee the absolute 

stability of teleoperation system. Two sources of adjustable resistance and assistance 

are provided in this framework: (a) the resistive dynamics of the virtual environment, 

which can be adjusted before the tele-rehabilitation task, and (b) the online (live) 

assistive force of the therapist during the task. These impedance-based control 

objectives are novel in comparison with the position- and force-based control 

objectives of previous nonlinear adaptive controllers [24-27], and have tele-

rehabilitation applications.  

2. Parameters of the first desired impedance model can be adjusted to amplify the 

patient’s effort for highly impaired ones. This is achieved by increasing the effect of 

the patient’s force in the impedance model. Moreover, parameters of the second 
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desired impedance model are adjusted based on the absolute stability criterion. 

These features were not realized by the previous adaptive controllers [26-30] with 

the transparency objective (position and force tracking). 

3. Involuntary tremors of the patient’s limb can be filtered out via appropriate 

adjustments of the first impedance model parameters. This characteristic is useful in 

rehabilitation of post-stroke patients with Cerebellar or Intention  tremors [40, 41], 

where the voluntary forces or motions of the patient need to be distinguished from 

their involuntary motions. This feature is also helpful for other patients suffering 

from tremors due to the Cerebral Palsy (CP) and the Parkinson’s disease (PD). 

4. The absolute stability and Lyapunov-based tracking convergence of the nonlinear 

tele-robotic system subjected to time delays are proven. In this bilateral adaptive 

controller, robustness against modeling uncertainties in the teleoperation system is 

guaranteed using the proposed nonlinear adaptation laws. The communication 

delays between the master and slave are taken into account in order to facilitate tele-

rehabilitation. The proven stability of the delayed tele-robotic system improves the 

patient and therapist safety during interaction with robots. Note that previous linear 

impedance controllers [35-39] are not suitable for the nonlinear dynamics of multi-

DOF tele-robotic systems used in rehabilitation therapies. 

Note that in previous adaptive position error based (PEB) bilateral control 

methods (e.g., [24-27]), the master robot trajectory was tracked by the slave controller 

and the slave robot trajectory was tracked by the master controller for the position 

synchronization. However, in the currently presented work, desired impedance-based 
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control objectives are proposed by defining two impedance models for the master and 

slave robots instead of position synchronization (due to the above-mentioned item 1). 

This proposed impedance-based bilateral controller is also designed to be suitable for 

the tele-rehabilitation with resistive/assistive strategy and patient-therapist 

collaboration (as described in items 1, 2 and 3). In addition, the stability of the closed-

loop teleoperation system in the presence of communication delays is proven in this 

work (expressed in item 4). However, these time delays and the corresponding absolute 

stability were not considered in recent bilateral adaptive controllers (e.g., [27]).  

 

2.  RESISTIVE/ASSISTIVE TELE-REHABILITATION  
 
Using a bilateral tele-robotic system, resistive/assistive tele-rehabilitation tasks 

can be performed employing a bilateral impedance control strategy. In this 

teleoperation configuration, the patient and therapist physically interact with the 

master and slave robots, respectively. The first proposed desired impedance model 

realizes the patient-therapist collaboration in a resistive virtual environment. For this 

purpose, the therapist-slave interaction force ( thf ) is transmitted to the patient-side 

(master robot) to be employed in the first impedance model. Also, the motion trajectory 

of the master robot ( mx ) is transmitted to be employed in the second desired 

impedance model that its response is tracked by the slave robot’s adaptive controller. 

Time delays ( 1T  and 2T ) in the communication channels between the remote patient 

and the therapist are considered. The concepts of impedance models and delayed 

transmitted signals (that have a superscript of “d”) are illustrated in Fig. 1. 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Mechanisms and Robotics. Received July 13, 2017; 
Accepted manuscript posted July 24, 2018. doi:10.1115/1.4040961 
Copyright (c) 2018 by ASME

Downloaded From: http://mechanismsrobotics.asmedigitalcollection.asme.org/ on 08/08/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Journal of Mechanisms and Robotics 

JMR-17-1209, Salarieh  8 
 

 

2.1. Desired Impedance-based Control Objectives 
 

The first desired impedance model represents the resistive virtual environment 

as a dynamical relation between a linear combination of the patient paf  and the 

therapist thf  interaction forces, and the desired master robot trajectory 
mdesx in the 

Cartesian space: 

0 f( )
m m m m m m

d
pades des des des des des thm c k   x x x x f f                             (1) 

Here, 0x  is the neutral position of the master robot in the absence of forces (when 

0path  f f ). Note that the master controller will prepare the force-position haptic 

sense of Eq. (1) for the patient by providing the convergence of master robot’s 

trajectory (i.e., the patient limb’s trajectory) to the response of desired impedance 

model (1): 
mm desxx . According to Eq. (1), the patient senses 

mdesm , 
mdesc  and 

mdesk  as 

the virtual mass, damping and stiffness parameters of the resistive impedance model, 

respectively, in addition the scaled interaction force of therapist f
d

th f  with 2T  delay. f  

is the force scaling factor in (1) for the cooperation of the therapist force d
thf  with the 

patient force paf . 

The master robot tracks the response 
mdesx of the first impedance model (1) in which 

the therapist-slave interaction force is considered to have a communication delay ( 2T ) 

for transmission to the master side as 

2( ) ( )d
thth Tt t f f                                 (2) 
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The scaled master robot’s motion trajectory is also transmitted to the slave side 

as 

1( ) ( )d
m m Tt t x x                                 (3) 

Here, 1T  is the communication delay for the signal transmission from the master to the 

slave. This delayed master/patient trajectory is employed in the second desired 

impedance model that  
sdesx  in its response is tracked by the slave robot under the 

therapist’s hand: 

p p p( ) ( ) ( )
s s s s s s

d d d
m m mdes des des des des des thm c k      x x x x x x f                       (4) 

where p  is the position scaling factor. Although, this second impedance model (4) 

generates a deviation ( ps

d
des mx x ) for the desired slave trajectory with respect to the 

scaled master trajectory in the presence of therapist force thf , it will be shown that is 

required for the absolute stability of delayed teleoperation system. 

The response of first and second desired impedance models (1) and (4) are 

obtained by numerical integration of them with a fast sampling rate, and will be used in 

the master and slave controllers. It should be mentioned that the patient-master and 

therapist-slave interaction forces ( paf  and thf ) are required to be measured by force 

sensors and employed in the impedance models (1) and (4). Thus, if the force sensors 

are not accurate and have measurement errors, the desired master and slave 

impedance models (1) and (4) are not realized well. In other words, the patient and 

therapist do not sense these models (1) and (4) precisely in response to their interaction 

forces ( paf  and thf ) applied to the master and slave robots, respectively.   
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2.2. Resistive / Assistive Strategy 
 

In a resistive/assistive strategy, the patient is opposed and sometimes aided to 

move in order to engage him in a desired task [3]. This tele-rehabilitation strategy can 

be implemented using the proposed bilateral impedance controller. For this purpose, 

the resistive impedance model elements (
mdesm , 

mdesc  and 
mdesk ) in (1) should have such 

values that the patient needs to apply significant amount of forces required for moving 

the virtual mass 
mdesm , the damping 

mdesc and the stiffness 
mdesk even in the absence of 

the therapist force (when 0th f ). Accordingly, the patient (interacting with the master 

robot) perceives to be moving in a resistive position-, velocity- and acceleration-

dependent virtual environment. The level of resistance can be adjusted by selecting the 

first impedance model parameters based on the therapist’s opinion and the patient’s 

motor performance. The therapist can assist the patient as much as needed during the 

rehabilitation task by applying the force ( thf  in Eq.(1)) when he finds out that the patient 

cannot move and reach to target successfully in the resistive environment. 

 

2.2.1  Patients with moderate disability 

The impedance parameters in Eq. (1) should be adjusted on moderate values 

(e.g., N/m100
mdesk  ) in order to realize a moderate resistive environment for the 

patients with moderate disability based on his motor performance. In order to reduce 

the level of resistance perceived by the therapist, the force scaling factor f  can be 
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chosen larger than 1 (e.g., f 3  ). This would decrease the therapist fatigue during the 

therapy process in the resistive virtual environment (1), and reduce the magnitude of 

his/her ( thf ) force in comparison with the patient one ( paf ). 

 

2.2.2  Severely impaired patients (need effort amplification) 

The patient effort can be amplified as much as needed using the suggested 

control framework to more actively engage the patients with severe disabilities in the 

rehabilitation process. Severely impaired patients have troubles with completing 

common movements with sufficient force [3]. Therefore, the amplification of their 

forces encourages them to make an effort for moving the affected limb. Also, using this 

amplification, the therapist can better identify the small forces applied by the patient 

that indicate his intention. 

Consequently, in the proposed bilateral impedance controller, if the impedance 

model parameters in (1) are set to be considerably small (e.g., N/m20
mdesk  ), the first 

impedance model becomes highly responsive to small forces of the patient. Therefore, 

the effect of the patient force paf  in Eq. (1) is magnified and the patient can move the 

master robot with small forces. In this condition, the force scaling factor can be f 1   

in (1) to provide the same authority for the patient and therapist forces ( paf  and d
thf ). 

It should be mentioned that the suggested resistance levels and stiffness values 

in Sec. 2.2.1 and Sec. 2.2.2 are case-dependent and should be adjusted appropriately by 

a trial-and-error method in realistic rehabilitation therapies for each patient based on 

his motor performance and the therapist opinion. 
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2.2.3  Filtration of Patient Tremors 

Stroke patients may experience the oscillatory Cerebellar tremor in actions, 

intentions and purposeful movements of their arms [40, 41]. The frequency of this 

rhythmic involuntary tremor is about Hz5  [40, 41] or in Hz4 6 [42], and it has large 

amplitudes. Also, patients with certain other diseases such as Parkinson usually have 

significant involuntary tremors [41]. 

As an interesting feature of the proposed control scheme, the patient limb 

tremors can be filtered out by setting the cut-off frequency (
m m mdes dn es desk m  ) of 

the first impedance model (1) to be several times smaller than the minimum patient 

tremor frequency (
mintrem ). As the magnitude Bode diagram of the first impedance 

model (1) in Fig. 2 shows the magnitude of /| |
m desm tr pa trememdesk X F , if 

mdesn trem  , the 

involuntary tremor-related portion of the patient forces is attenuated significantly. In 

this case, given (1) and based on dB decade40  slope of the Bode plot over frequencies 

higher than the natural frequency, the magnitude of the first impedance model’s 

response 
mdesx  with respect to the tremor portion of the patient force pa trem

f  is 

| |desm trem
X 

min

2( )
destrem n  | |

mpa destrem
kF . This smooth impedance model response 

is tracked by the master robot end-effector under the patient’s hand (
mm desx x ). 

Consequently, the response 
sdesx  of the second impedance model (4) in terms of the 

master trajectory d
mx  becomes smooth, which is tracked by the slave robot under the 
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therapist’s hand (
ss desx x ). This tremor elimination decreases the therapist’s fatigue 

as well. 

In summary, the patient can affect the robots trajectories via the non-oscillatory 

(non-tremor) voluntary part of his force. For amplification of the patient’s force (Sec. 

2.2.2), the elimination of the patient tremors is very important. If the patient tremor 

force is not filtered, a large reciprocating motion is produced in the master trajectory 

due to (1) and also in the slave trajectory based on (4). 

The parameter adjustment of the first impedance model (1) for collaboration of 

the patient and therapist using the proposed bilateral impedance-controlled tele-

rehabilitation system are listed in Table 1. Without loss of generality, two values are 

suggested for the force scaling factor ( f ) in Table 1. Moreover, the position scaling 

factor ( p ) should be specified according to the ratio of the master and slave robots’ 

workspaces. 

Note the moderate and small values (in Table 1) for the stiffness parameter are 

suggested to be N/m50
mdesk N/m200  and N/m25

mdesk  , respectively. These sample 

ranges also depend on the patient’s and therapist’s haptic senses, patient’s disabilities 

and the workspace of rehabilitation tasks. Consequently, this impedance parameter 

(stiffness 
mdesk ) should be adjusted appropriately for each patient using some 

preliminary experimental analyses. Moreover, the damping 
mdesc  and mass 

mdesm  

parameters of the first impedance model (1) can be adjusted based on the stiffness 

parameter 
mdesk  and other characteristics such as the natural frequency 
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mdesn 
m mdes desk m

min
0.2 trem for tremor filtration and the chosen damping ratio 

mdes  2
m m mdes des desc m k . 

 

 

3.  NONLINEAR TELE-ROBOTIC SYSTEM 
 

The nonlinear dynamics of a tele-robotic system with multi-DOF master and 

slave robots is defined in the Cartesian space as [43]  

, , , ,,( ) ( ) ( ) ( )m m m m mm m m m m m m pa   x x x xq q q q qM x C x G F f f                              (5) 

, , , ,,( ) ( ) ( ) ( )s s s s ss s s s s s s th   x x x xq q q q qM x C x G F f f                                        (6) 

where mx  and sx  are the Cartesian position vectors of the master and slave robots’ end-

effectors, respectively. mq  and sq  are the joint position vectors, , ( )m mx qM  and , ( )s sx qM  

are the inertia or  mass matrices, , ( , )
m mmx q qC   and , ( , )

s ssx q qC   include the centrifugal and 

Coriolis terms, , ( )
mmx qG  and , ( )

ssx qG  are the gravity forces, , ( )
mmx qF   and , ( )

ssx qF   are the 

friction forces, and mf  and sf  are the control forces of the master and the slave robots, 

respectively. paf  and thf  are the interaction forces that the patient applies to the 

master end-effectors and the therapist applies to the slave end-effector, respectively. 

Considering the subscripts i m  and i s  for the master and slave, respectively, the 

robots’ dynamic matrices and vectors have the following properties [27, 43, 44]:  

 The left sides of (5) and (6) can be linearly parameterized: 

, ,, , , , , ,, ,,( ) ( ) ( ) ( ) ( , , , )i i i i i i ii ii i i i i ii i    1 2x x x x x x1 2q q q q q χ χ q qM χ C χ G F R β               (7) 
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where ,ixR  is the regressor matrix in terms of the known vectors ,i1χ  and ,i2χ , and 

,ixβ  is the vector of unknown robot’s parameters. 

 , ( )iix qM  and , ,( ) 2 ( , )i i i i ix xM q C q q   are symmetric positive definite and skew 

symmetric matrices, respectively. 

 

 

4.  NONLINEAR BILATERAL ADAPTIVE CONTROL OF MASTER AND SLAVE ROBOTS 
 

The block diagram of the proposed nonlinear bilateral adaptive controller with 

two desired impedance models and delayed communication channels are shown in Fig. 

3. As stated in Sec. 2.1, the desired impedance models (1) and (4) are realized for the 

master and slave robots employing a nonlinear bilateral control method. In this 

controller, the response of first impedance model (1) is tracked by the master robot and 

the slave robot also tracks the master trajectory plus the response of second impedance 

model (4). Communication delays ( 1T  and 2T ) are taken into account between the 

master-patient and slave-therapist sites. 

In order to design the nonlinear bilateral controller for the multi-DOF robotic 

tele-rehabilitation system, the master and slave sliding surfaces are defined as 

1, 2, 1, 2,0 0
,

t t

m m m m s s s sm m s sdt dt         x x x x x xε ε                                   (8) 

where 
mm m des x x x  and 

ss s des x x x  are the master and slave position tracking 

errors with respect to their desired trajectories described in Sec. 2.1. 1,m , 2,m , 1,s  

and 2,s  are positive constant parameters that guarantee the stability of the sliding 
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surfaces, i.e. 0i x  as 0i ε  for ,i m s . The master and slave reference velocities 

,ref mx  and ,ref sx  are represented such that the sliding surfaces (8) can be rewritten as 

,m m ref m x xε    and ,s s ref s x xε   : 

0 01, 2, 1, 2,, ,,
t t

m m s sm sm m s sref m des ref s desdt dt        x x x xx x x x                     (9) 

Now, the nonlinear adaptive control laws for the master and slave robots are proposed 

as 

, ,3,,

, , ,,

( ) ( )

( , ) ( ) ( )

ˆ ˆ

ˆ ˆ ˆ
m m

m m m m

m m mmref m

m m m paref m

m  

   

x x

x x x

q q

q q q q

M x M

C x G F

f ε

f 




                   (10) 

, ,3,,

, , ,,

( ) ( )

( , ) ( ) ( )

ˆ ˆ

ˆ ˆ ˆ
s s

s s s s

s s ssref s

s s sref s th

s  

   

x x

x x x

q q

q q q q

M x M

C x G F

f ε

f 




                     (11) 

where   is used for the estimated or updated values of vectors and matrices. 3,m  and 

3,s  are positive constant parameters that guarantee the Lyapunov stability of master 

and slave closed-loop dynamics ( 0i ε  for ,i m s ), as proven in Sec. 5. According to 

the mentioned property (7) in Sec. 3, the control laws (10) and (11) can be represented 

in a linearly parameterized form as 

, ,
ˆ

m m pam  x xR βf f      ,        , ,
ˆ

s s ths  x xR β ff                  (12) 

where ,mxR  and ,sxR  are the regressor matrices determined by Eq. (7) in terms of the 

following known vectors: 

3, 3,, ,, , , ,, ,, , ,m sm sref m ref sm m s sref m ref s     1 2 1 2χ x ε χ x χ x ε χ x               (13) 
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Note that the control torques applied in the joint space by servo motors are obtained in 

terms of master and slave Jacobian matrices ( ( )m mqJ , ( )s sqJ ) and the Cartesian control 

laws (12) as T
m m m J fτ  and T

s s s J fτ . 

In order to obtain the closed-loop dynamics of the master and slave robots, the 

control laws (10) and (11) or (12) are substituted in the tele-robotic system’s dynamics 

(5) and (6). The result of this substitution yields the following equations after some steps 

that are presented in the Appendix: 

, , , , ,3,m m m m m m m mm  x x x x xM M C R βε ε ε                       (14) 

, , , , ,3,s s s s s s s ss  x x x x xM M C R βε ε ε                        (15) 

where , , ,
ˆ

m m m x x xβ β β  and , , ,
ˆ

s s s x x xβ β β  are the parameter estimation errors of the 

master and slave dynamics, respectively. 

It should be emphasized that accurate force sensors are required to measure 

interaction forces ( paf  and thf ) and employ them in the control laws (10) and (11). 

However, if these measurements have bounded errors ( ˆpa paf f  and ˆth thf f ), the 

proposed controller should become robust against this unstructured uncertainty in the 

master and slave closed-loop dynamics. Due to the nonlinear structure of the proposed 

strategy, new SMC2 terms sgn( ) m m ε  and sgn( ) s s ε  [43] can be added to the control 

laws (10) and (11), respectively, such that the system becomes robust against the 

bounded force measurement errors ˆ( ) 
pa pa paf f f  and ˆ( ) 

th th thf f f . Note that the 

positive constant gains m  and s  of the above-mentioned SMC terms should be 
                                                 
2 Sliding Mode Control [43] 
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adjusted larger than the maximum values of the force measurement errors paf  and thf , 

respectively (if the stability analysis is presented). In this work, due to the employment 

of accurate force sensors, these uncertainties are not studied in more detail.     

 

 
5.  LYAPUNOV-BASED CONVERGENCE PROOF FOR TELE-ROBOTIC SYSTEM 
  

Now, the convergence of the controlled nonlinear tele-robotic system to desired 

trajectories (
mm desx x  and 

ss desx x ) for the tele-rehabilitation is investigated in the 

presence of modeling uncertainties. For this purpose, a positive definite Lyapunov 

function is employed as 

 1 1
, , , , ,,( )

1
2

T T T T
m m m m m m s s s s s stV     x x x xx xβ β β βM Ψ M Ψε ε ε ε                      (16) 

where mΨ  and sΨ  are constant positive definite matrices that will be used in the 

adaptation laws. The first time derivative of the Lyapunov function (16) is determined as 

1
, , , ,

1
, , , ,

( ) 1 2

1 2

ˆ( )

ˆ( )

T T T
m m m m m m m m m

T T T
s s s s s s s s s

tV 







 

 

x x x x

x x x x

β β

β β

M M Ψ

M M Ψ

ε ε ε ε

ε ε ε ε

 
 







                              (17) 

where , ,
ˆ

i ix xβ β
   (for ,i m s ) because , ,,

ˆ
i ii x xxβ β β  and the actual robots’ parameters 

are constant ( , 0i xβ ). Substituting ,m mxM ε  and ,s sxM ε  from the final closed-loop 

dynamics of robots (14) and (15) into (17) and employing the property of the 

manipulators’ dynamics that , ,2i ix xM C  is skew symmetric (introduced in Sec. 3), 

concludes: 
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1
, , , , ,3,

1
, , , , ,3,

( ) ˆ

ˆ

T T T
m m m m m m m m mm

T T T
s s s s s s s s ss

tV 







  

  

x x x x x

x x x x x

β β β

β β β

R Ψ M

R Ψ M

ε ε ε

ε ε ε

 

 
                              (18) 

Then, the nonlinear adaptation laws for updating the master and slave estimated 

parameters are presented as 

, ,
ˆ T T

m m m m x xΨ Rβ ε
 ,       , ,

ˆ T T
s s s s x xΨ Rβ ε

                                                       (19) 

by which the terms in (18) that contain ,mqβ  and ,sqβ  are cancelled. Therefore, time 

derivatives of the Lyapunov function (18) is finally reduced to: 

, ,3, 3,( ) T T
m m m s s sm stV    x xM Mε ε ε ε                                                          (20) 

Since the Lyapunov function (16) is positive definite ( ( ) 0tV  ) and its time 

derivatives (20) is negative semi-definite ( ( ) 0 tV ), the boundedness of ( )tV  is 

concluded. Based on the Barbalat’s lemma [43], having a uniformly continuous function 

( )tg  for 0t  such that the limit of its integral 
0

( )lim
t

t
dg    exists and has a finite value, 

the convergence of ( )lim 0



t

g   is concluded. In the present study, this uniformly 

continuous function is considered as 3, , 3, ,( )  T T
m m m m s s s stg  x xM Mε ε ε ε  such that by 

integrating Eq. (20), it can be written: 

0
( )lim(0) ( )


    d

t

t
V V g                                                                        (21) 

Also, since ( ) ( ) 0  t d tV V dt  is negative according to Eq. (20), (0) ( ) 0  V V  is positive 

and finite. Consequently, 
0

( )lim
t

t
dg    in (21) has a finite and positive value (due to the 

positiveness of ( )tg ). As result, based on the Barbalat’s lemma [43], it is concluded that: 
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 , ,3, 3,lim ( ) lim 0
 

  T T
m m m s s sm st t

tg  x xε M ε ε M ε                               (22) 

Therefore, because of 3, 0m  , 3, 0s  , , 0
T
m m m xMε ε  and , 0

T
s s s xMε ε , Eq. (22) 

implies the convergence to sliding surfaces 0m ε  and 0s ε  as t  . Moreover, it is 

ensured from Eq. (16) that the parameter estimation errors ,mxβ  and ,sxβ  remain 

bounded due to the boundedness of ( )tV . 

Based on the stable dynamics of the sliding surfaces (8), convergence of the 

master and slave position tracking errors 0m x  and 0s x  (on the surfaces of 0m ε  

and 0s ε ) are ensured. Thus, the proposed bilateral adaptive control strategy 

guarantees that the master and slave robots track their corresponding desired 

responses of impedance models (
mm desx x and 

ss desx x ) in the presence of 

parametric uncertainties and time-delays. 

 

6.  ABSOLUTE STABILITY OF CLOSED-LOOP TELEOPERATION SYSTEM 
  

After proving the convergence of closed-loop nonlinear tele-robotic system to 

desired impedance-based trajectories (
mm desx x  and 

ss desx x ), the absolute stability 

of bilateral impedance-controlled teleoperation system is analyzed in the presence of 

communication delays. Absolute stability [37, 45] is a well-known criterion for the 

stability analysis of a teleoperation system modeled by a two-port network. For this 

analysis, the hybrid matrix of the proposed bilateral teleoperation system in each 
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Cartesian coordinate (j) is obtained as a result of realizing the  first and second 

impedance models (1) and (4) as 

2

1

f

2
p

.e

.e ( )

m m

s s s

des des
j

des des des

T s

T s

m s c

s m s c s k









 
 
 
  






 
H                                               (23) 

where ( ) , ( ) ( ) , ( )[ ] [ ]pa s m thj j js s s sF V V F H  in which  ( )pa sF , ( )th sF  and ( )m sV , 

( )s sV  are the Laplace transforms of interaction forces paf , thf  and robots velocities mx , 

sx , respectively. The communication delays ( 1T  and 2T ) are considered to be constant.  

Note that the time delays of real communication channels are usually close to constant 

during a teleoperation task (such as tele-rehabilitation), as considered in this work. 

These communication delays can be measured online from sending and receiving times 

of transmitted signals as described in [46].  

Regarding the above hybrid matrix (23) of the teleoperation system, conditions 

(a) and (b) together with the first two items ( 11,Re 0kh     and 22,Re 0kh    ) of condition 

(c) for the absolute stability criterion (presented in [37, 45]) are satisfied by choosing 

positive impedance parameters. The third item of condition (c) for the absolute stability 

margin AS  is obtained after simplifications as 

  p 1 2f

2 2 2 2

( ) cos 1

( 02 ( ) )
m s s s s

AS

des des des des des

T T

c c k m c

   

  

 
  

 
 

  

  
                   (24) 

Therefore, in the presence of time delays ( 1 0T   and/or 2 0T  ), the positive impedance 

parameters (
mdesc , 

sdesm , 
sdesc  and 

sdesk ) should be adjusted appropriately such that the 

inequality (24) is satisfied for all working frequencies  . For this purpose, the partial 
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derivatives of AS  in Eq. (24) with respect to the parameters of the second impedance 

model (4) are determined as 

 
4 2

2
2 2 2

( ) 4

( )

( )

( )

m s s s

s
s s s

AS des des des des

des
des des des

c c k m

m k m c

  

 








 
                     (25) 

 
 

2 2 2 2 2

2
2 2 2

( ) 2

( )

( )

( )

m s s s

s
s s s

AS des des des des

des
des des des

c k m c

c k m c

   

 






 

 
                     (26) 

 
2 2

2
2 2 2

( ) 4

( )

( )

( )

m s s s

s
s s s

AS des des des des

des
des des des

c c k m

k k m c

  

 








 
                     (27) 

Based on Eqs. (25)-(27), the stability margin value ( )AS   can be increased in low 

( des dess s
k m  ), moderate (

2 24 4

2 2
s s s s s s s s

s s

des des des des des des des des

des des

c c k m c c k m

m m


   
  ) and 

high ( des dess s
k m  ) frequencies by decreasing the stiffness dess

k , damping dess
c  and 

mass dess
m  parameters of the second impedance model (4), respectively, such that the 

inequality (24) is satisfied. Note that the parameters of the first impedance model 

(including 
mdesc ) are adjusted based on the resistive/assistive strategy and the patient 

characteristics (discussed in Sec. 2.2), regardless of the absolute stability condition (24). 

 

7.  EXPERIMENTS WITH HEALTHY HUMAN OPERATORS 
  

The proposed resistive/assistive tele-rehabilitation strategy is evaluated using 

some experiments on an impedance-controlled tele-robotic system. In this experimental 

set-up (Fig. 4), a 2-DOF Quanser Rehab Robot (Quanser Consulting Inc., Canada) 
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designed for the physical rehabilitation of the upper limb is used as the master robot for 

interaction with the patient. On the other side, a 3-DOF Phantom Premium robot 

(Geomagic Inc., USA) is employed as the slave robot to interact with the therapist (Fig. 

4). To measure the applied interaction forces, the Quanser Rehab and Phantom 

Premium robots are equipped with the ATI Gamma and ATI Nano43 force/torque 

sensors (ATI Industrial Automation, USA), respectively. Utilizing UDP-based 

communication channels between the master and the slave robots, the position and 

force data is transmitted. The QUARC (Quanser Real-Time Control) software is employed 

for implementation of the proposed nonlinear bilateral adaptive controller with a 

sampling time of 1 secm . A two-axis accelerometer ADXL-203 (Analog Devices, 

Norwood, MA, USA) is attached to the master (Quanser) robot end-effector to measure 

its acceleration mx  which is used in the slave impedance model (4). 

A reaching task is designed with some static targets, where two healthy 

operators act as the patient and therapist. As illustrated in Fig. 4, each operator has a 

monitor to observe both robots positions with respect to the target point in the x y  

Cartesian space. The positions of the master (or therapist), the slave (or patient), and 

the target point are demonstrated in the screens by the red square, blue circle and 

yellow circle, respectively. In these experiments, the initial states of the master and 

slave robots are zero, the same as responses of the impedance models (1) and (4). In 

other words, the operation starts form the rest configuration of robots.  

The healthy human operators have become familiar with the teleoperation 

system by performing some initial trials and then behave as the patient and therapist in 
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the main following experiments. The parameters of the impedance model (1) are 

appropriately adjusted in the performed initial experiments based on the guidelines 

presented in Sec. 2 and listed in Table 1. On the other hand, the parameters of the 

second impedance model (4) are adjusted based on the guidelines presented in Sec.6 

such that the absolute stability in the presence of communication delays is guaranteed. 

 
7.1 With Communication Delays 
 

In the first experiments, the transmitted force and position signals through the 

communication channels (shown in Figs. 1 and 3) have constant time-delays of 

1 150 secmT   and 2 150 secmT  . These time-delays are implemented by the delay block 

in the real-time QUARC software. The parameters of the first desired impedance model 

(1) are adjusted and listed in Table 2 for resistive/assistive tele-rehabilitation with 

different patient capabilities, as described in Sec. 2. 

The stiffness parameter of the first impedance model (
mdesk ) is adjusted based 

on the patient capability as discussed in Sec. 2.2. The damping ratio of the first 

impedance model (1) is chosen 
mdes  2

m m mdes des desc m k 0.7  such that it has a fast 

response with minimum overshoot. 

The natural frequency of the impedance model (the cut-off frequency when 

0.7
mdes  ) is specified such that the patient’s tremors are filtered out. For this purpose, 

min
0.2

desm
n trem   is satisfied as discussed in Sec. 2.2.3. Therefore, considering the 

minimum frequency of the post-stroke patients Cerebellar tremors to be 

mintrem  Hz2 (1.6 )  rad/sec10.05  [42], the natural frequency of the first impedance 
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model (1) is chosen to be 
desm

n 
m mdes desk m rad/sec2 . In addition, the force scaling 

factor f  is chosen according to the resistance level of the impedance model 

(magnitudes of 
mdesk , 

mdesc  and 
mdesm ) sensed by the therapist, as discussed in Sec. 2.2. 

However, the parameters (
sdesk , 

sdesc and 
sdesm ) of the second impedance model 

(4) are adjusted such that the absolute stability criterion (24) is satisfied in the presence 

of time delays 1 150 secmT   and 2 150 secmT   for all frequency intervals described in Sec. 

6. The values of impedance parameters and factors are summarized in Table 2. 

Note that the parameters (
sdesk , 

sdesc and 
sdesm ) of the second impedance model 

are adjusted on different values in Table 2 for two cases of patients in tele-

rehabilitation. This is due to the different values of the damping parameter (
mdesc ) and 

the force scaling factor ( f ) selected for the first impedance model in these cases, 

which affect the obtained absolute stability condition (24). In other words, using 

different values of 
mdesc  and f  for the first impedance model (1) resulted in different 

values of 
sdesk , 

sdesc and 
sdesm  in the second impedance model (4) such that the stability 

condition (24) is satisfied in each case. 

The 3-DOF master robot is controlled to have motions in the two dimensional 

x y  plane that includes the slave robot’s workspace. The kinematics and dynamics of 

the master and slave (Phantom and Quanser) robots were described in [47] and [48, 49], 

respectively. 
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For the resistive/assistive tele-rehabilitation, a point-to-point reaching task is 

provided for the therapist and patient with a visual feedback. For this purpose, 8 static 

target points in different positions of the x y  plane are visually demonstrated with 

yellow circle that are changed one by one after each successful attainment of the 

patient to each target and returning to the origin ( T
0 0,0[ ]x ). The positions of these 

sequenced 8 target points are: 1t x T0 ,0.07[ ]m m , T
2 0.07 ,0[ ]t m mx , T

3 0, 0.07[ ]t m x , 

4t x T0.07 ,0[ ]m m , T
5 0.05 ,0.05[ ]t m mx , T

6 0.05 , 0.05[ ]t m mx , T
7 0.05 , 0.05[ ]t m m x , 

T
8 0.05 ,0.05[ ]t m mx , respectively. 

The performance of the proposed bilateral impedance controller in filtration of 

the hand tremors is also evaluated in these tasks. For this purpose, a healthy human 

operator behaves as a patient by simulating significant hand tremors (with the 

frequency of Hz4 6 [40-42]) in his purposeful movements, similar to post-stroke 

persons. Moreover, this able-bodied operator has applied moderate and small levels of 

forces toward the target points in order to simulate moderately and severely impaired 

patients behaviors, respectively. 

 

7.1.1 Patient with moderate disability 

As discussed in Sec. 2.2.1, the first impedance parameters 
mdesk , 

mdesc  and 
mdesm  

with moderate values (Table 2) realize the virtual resistive dynamics for the simulated 

patient and therapist during the tele-rehabilitation process. To make this virtual 
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environment less resistive for the therapist in comparison with the patient, the scaling 

factor of the therapist force in Eq. (1) is set on f 3  . 

In this case, regarding Fig. 5, the patient needs to apply the required forces for 

reaching to the target points due to the significant resistive virtual dynamics (1). Also, 

the patient has to increase his force as getting away from the origin ( 0x ) and 

approaching the target point due to the resistance force of the stiffness 
mdesk  in Eq. (1). 

Therefore, the last portions of reaching to each target point would be hard for the 

patient to be completed because it requires larger forces. Accordingly, the therapist 

assists the patient as much as needed especially in the last portion of each reaching 

movement by applying the force ( thf ). The increases of therapist force at the mentioned 

portions of the time are highlighted by some circles in Fig. 5. 

The simulated reciprocating tremor forces of the patient are seen in Fig. 5. Also, 

Fig. 6 shows the position responses of the master (patient) and the slave (therapist) with 

respect to the desired impedance models’ responses. As seen, the master and slave 

trajectories track the first and second impedance responses (
mm desx x  and 

ss desx x ). 

However, there is a bounded non-zero error in Fig. 6 between the master and 

desired slave trajectories ( p
d

s mx x ) when the therapist applies his force thf  due to the 

parameter adjustment of second impedance model (4) for the absolute stability of 

teleoperation system in the presence of time delays ( 1 150 secmT   and 2 150 secmT  ). Note 

that the small assistive forces of the therapist (Fig. 5) generate small deviations between 

the master and slave trajectories in some periods of task based on Eq. (4). These 
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deviations ( p
d

s mx x ) together with convergent tracking errors (
mm m des x x x  and 

ss s des x x x ) are shown in Fig. 7 for x  and y  directions. 

As an important characteristic of the proposed bilateral impedance-based tele-

rehabilitation system, the reciprocating part of the patient forces (Fig. 5) that 

corresponds to the upper-limb tremors is filtered out. This can be found out from the 

desired response (
mdesx ) of the first impedance model (in Fig. 6) affected by the patient 

force ( paf ). This impedance response is tracked by the master robot and the master 

trajectory plus a bounded deviation ( ps

d
des mx x  as the response of second impedance 

model) is also tracked by the slave robot (as shown in Figs. 6 and 7). Consequently, the 

tremor is filtered for the patient and therapist using the proposed impedance-controlled 

tele-robotic system. 

The trajectories of the therapist, the patient, and the desired impedance 

responses in x y  plane are demonstrated in Fig. 8 which shows approaching to 8 

target points. 

 

7.1.2 Severely impaired patient 

In this part, the proposed strategy is evaluated for the effort amplification of the 

patients with high levels of disability. These patients have low capability of applying 

forces; thus, the effectiveness of the patient force needs to be amplified by decreasing 

the parameters 
mdesk , 

mdesc  and 
mdesm  in the first impedance model (1) as mentioned in 

Table 1. In this case, the patient (simulated by a healthy operator) becomes enabled to 
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move his limb together with the master robot by small forces. Therefore, the patient is 

encouraged to engage in the therapy process, and also the therapist can better identify 

the intention of (i.e., forces applied by) the patient. 

Accordingly, the parameters of the first impedance model are considered to 

have appropriate minimum values for each trial just enough to help the patient to 

approach the targets; however, he may not successfully reach each target and requires 

more help, which is provided by the therapist’s assistive force f th f . The impedance 

parameters and the scaling factors for this case are listed in Table 2. The parameters of 

the second impedance model (
sdesk , 

sdesc  and 
sdesm  in Table 2) are also adjusted in this 

case such that the absolute stability condition (24) is satisfied. 

The position trajectories of the master (patient), slave (therapist) and 

corresponding impedance models responses in approaching the 8 targets are shown in 

Fig. 9 for x  and y  directions. The patient and therapist interaction forces are also 

illustrated in Fig. 10. 

The assistive force of the therapist is highlighted by some red circles in Fig. 10, 

which helps the patient to successfully reach the targets. Since the force magnitude of a 

severely impaired patient in this case (Fig. 10) is considerably smaller than the one for a 

patient with moderate disability in the previous case (Fig. 5), the high-frequency tremor-

related force consists a larger portion of the patient force in this case. Therefore, the 

filtration of this involuntary high-frequency part and identifying the patient’s voluntary 

intention force is more important in this case (for a severely impaired patient). 

Accordingly, as seen in Figs. 9 and 10, the tremor-related force of the patient is 
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significantly filtered out and did not significantly affect the robots responses (patient 

and therapist motion trajectories) due to the adjustment of impedance model (1) in the 

frequency domain. 

The position deviation of the slave (therapist) from the master (patient) 

trajectory, and the master and slave tracking errors are shown in Fig. 11.  Note that the 

remaining bounded position error between the master and slave ( p
d

s mx x ) is due to 

the adjustment of 
sdesk , 

sdesc  and 
sdesm  in Table 2 for Eq. (4) and corresponds to the 

times that the therapist applies his assistive force thf  during the reaching task. It should 

be mentioned that the magnitude of therapist force thf  in this case (severely impaired 

patient) in Fig. 10 is less than the one applied in the previous case (patient with 

moderate disability) in Fig. 5. This is because the resistance of virtual environment is less 

in this case, compared with the previous case, by employing smaller parameters in the 

first impedance model (
mdesk , 

mdesc  and 
mdesm  in Table 2). However, the master-slave 

position error ( p
d

s mx x ) does not change considerably in this case (Fig. 11) in 

comparison with the previous case (Fig. 7) due to the smaller adjusted parameters 

(
sdesk , 

sdesc and 
sdesm in Table 2) for the second impedance model (4) in this case. 

 

7.2 Without Communication Delays 
 

In this part of experiments, the communication channels are considered to be 

delay-free ( 1 2 0T T  ). The parameters of the second impedance model (4) should be 

adjusted such that the absolute stability is guaranteed as discussed in Sec. 6. However, 
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in the absence of time-delays ( 1 2 0T T  ), the absolute stability condition (24) is 

satisfied with arbitrary but positive parameters of the second impedance model. 

Therefore, these parameters are adjusted on large values as N/m1000
sdesk  , 

sdesc  N.s/m700  and kg250
sdesm   in this section instead of ones presented in Table 2 

for delayed teleoperation system (Sec. 7.1). Accordingly, the slave deviation from the 

master trajectory ( ps

d
des mx x ) becomes considerably small as the response of Eq. (4) 

with respect to the bounded force thf  of the therapist. The parameters of the first 

impedance model (
mdesk , 

mdesc , 
mdesm ) and the scaling factors ( f , p ) are chosen the 

same as ones presented in Sec. 7.1 (Table 2), regardless of the time-delays and the 

absolute stability. 

Figure 12 shows the performance of delay-free teleoperation system in 

resistive/assistive rehabilitation of a patient with moderate disability and hand tremors. 

As seen in Fig. 12a, the patient applies the required forces for reaching to the target 

points in the resistive virtual environment defined by Eq. (1). Similar to previous 

experiments, the therapist assists the patient as much as needed especially in the last 

portion of each reaching movement by applying the force ( thf ). However, the slave 

position deviation with respect to the master trajectory ( p
d

s mx x ) becomes small in 

this experiment as shown in Figs. 12b and 12c in comparison with previous experiments 

(Figs. 6 and 7) that performed in the presence of communication delays. This better 

performance in master-slave position synchronization is due to the absence of delays 

and consequently employing large parameters (
sdesk ,

sdesc ,
sdesm ) in the second 
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impedance model that are not restricted by the stability condition (24) when 1 2 0T T  . 

The master and slave tracking errors (
mm m des x x x and 

ss s des x x x ) are also observed 

in Figs. 12b and 12c that converge to zero as proven in the Lyapunov analysis (Sec. 5). 

Moreover, the x y  trajectories of the patient, the therapist and corresponding 

impedance models responses in approaching the 8 targets are demonstrated in Fig. 13 

for this delay-free case. As seen, the master-slave position error decreases in 

comparison with the one obtained in the delayed teleoperation (Fig. 8) due to the 

different adjustment of impedance parameters 
sdesk , 

sdesc  and 
sdesm . 

Based on the experimental results, the presence of communication delays 

caused that a bounded position deviation is generated between the master and slave 

robots due to the parameter adjustment of the second impedance model (4) for 

satisfying the absolute stability condition (24). Also, the resistive/assistive strategy with 

some useful features (presented in Sec. 2.2) are realized by adjusting the first 

impedance model (1), regardless of time-delays. 

 
 
 

8.  CONCLUDING REMARKS 
 
In this work, an impedance-based resistive/assistive tele-rehabilitation strategy 

was designed and implemented using nonlinear bilateral adaptive control of a tele-

robotic system. Using the proposed strategy, the patient can perform a rehabilitation 

task in a resistive virtual environment by interacting with the master robot and with 

online assistance of the therapist forces applied to the slave robot. This remote patient-
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therapist collaboration was realized by defining the first desired impedance model 

whose response was tracked by the master robot. Moreover, the slave robot tracked 

the master trajectory plus the response of the second impedance model. 

The convergence of robots trajectories to desired responses in the presence of 

modeling uncertainties of master and slave robots was proven using a Lyapunov-based 

analysis. The absolute stability condition of teleoperation system in the presence of 

bounded communication delays between the patient and the therapist was 

investigated. 

The parameters of the first desired impedance model should be adjusted based 

on the level of the patient’s disability and his symptoms. The proposed strategy has the 

capability of patient tremor filtration through regulation of the first desired impedance 

model in the frequency domain. Moreover, the proposed framework allows for the 

small intention forces of severely impaired patients to be amplified to encourage them 

to move their disable limbs and engage them in the therapy process. Potentially small-

magnitude patient intention forces can be distinguished from the involuntary tremor-

related part and identified better by the therapist as a result of these force amplification 

and filtration features. 

The parameters of the second impedance model were also adjusted 

appropriately to satisfy the absolute stability condition in terms of the bounded time-

delays. This adjustment resulted in a bounded slave deviation from the master 

trajectory in delayed teleoperation systems. 
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The presented experimental studies using the Quanser Rehab and Phantom 

Premium robots showed the stability of the proposed impedance-controlled 

teleoperation system and its performance in realizing the desired patient-therapist 

collaboration with the above-mentioned features (force amplification and involuntary 

tremor filtration). A point-to-point reaching task with 8 static targets was designed and 

performed successfully with different adjustment of impedance parameters based on 

the patient capability, with and without communication delays. 

The proposed resistive/assistive robotic tele-rehabilitation strategy was 

developed, analyzed and tested in this work based on an engineering point of view, 

where a healthy operator behaved as the patient. However, the behavior of a realistic 

post-stroke patient may be different from a healthy person in more detail, and 

effectiveness of the proposed bilateral teleoperation system can be evaluated in future 

clinical studies. Due to the consideration of communication delays in the stability 

analysis, the proposed teleoperation system can be used in realistic home-based 

therapy of remote patients. 

In future studies, the parameters of the impedance-based virtual environment 

can be considered to be time-varying and autonomously adapted during the 

rehabilitation process based on an online analysis of the patient behavior. However, this 

impedance adaptation should be performed such that the stability of teleoperation 

system is still guaranteed. Moreover, the stability and performance of the proposed 

bilateral control method in the presence of varying time-delays can be studied in future 

works, while constant communication delays were considered in this work. 
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APPENDIX: MASTER AND SLAVE CLOSED-LOOP DYNAMICS 
 

The closed-loop dynamics of the master and slave robots is obtained by 

employing the control laws (10) and (11) or (12) in the tele-robotic system’s dynamics 

(5) and (6), which can be written after adding and subtracting some terms as:   
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Then, based on the linearly parameterization property (7) and Eq. (13), Eqs. (A1) 

and (A2) are simplified to:  

3,, , , , , ,, ,( )       mm m m m m m m m mref m ref mx x x x x xM x C x M x ε C x R β                (A3) 

3,, , , , , ,, ,( )       ss s s s s s s s sref s ref sx x x x x xM x C x M x ε C x R β                 (A4) 

Finally, according to the definition of the reference velocities ,ref mx  and ,ref sx  in 

Eq. (9), the closed-loop dynamics of the master and slave robots is found as 

, , , , ,3,m m m m m m m mm  x x x x xM M C R βε ε ε                      (A5) 

, , , , ,3,s s s s s s s ss  x x x x xM M C R βε ε ε                       (A6) 
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Figure Captions List 
 
Fig. 1 

The proposed resistive/assistive tele-rehabilitation strategy using an 

impedance-controlled tele-robotic system.  

Fig. 2 
The magnitude Bode diagram of an under-damped linear second order 

system (with natural frequency of 
desn ). The oscillatory tremor is 

assumed to have a minimum frequency of 
mintrem . 

Fig. 3 Block diagram of the nonlinear bilateral adaptive control of master and 

slave robots for resistive/assistive tele-rehabilitation. 

Fig. 4 Experimental tele-robotic system for resistive/assistive tele-

rehabilitation: (a) Phantom Premium robot (slave), and (b) Quanser 

Rehab robot (master), where healthy human operators behave as the 

therapist and patient. 

Fig. 5 The scaled interaction forces ( f th f  and paf ) in (a) x  and (b) y  directions 

for the resistive/assistive tele-rehabilitation of a patient with moderate 

disability and hand tremors (simulated by a healthy operator). 

Fig. 6 The patient (master) and the therapist (slave) positions with the desired 

impedance response in (a) x  and (b) y  directions of resistive 

environment. 

Fig. 7 The master and slave position tracking errors with respect to impedance 

responses ( mx  and sx ) and the slave deviation from the master position 
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( p
d

s mx x ) in (a) x  and (b) y  directions. 

Fig. 8 Trajectories of the patient, the therapist, and the desired impedance 

models responses in the x y  plane during the resistive/assistive tele-

rehabilitation. 

Fig. 9 The positions of the patient’s and the therapist’s hands and the master 

and slave impedance models responses in (a) x  and (b) y  directions 

during a tele-rehabilitation task for a severely impaired patient 

(simulated by a healthy operator). 

Fig. 10 The patient and the scaled therapist forces ( paf  and f th f ) in (a) x  and 

(b) y  directions for a severely impaired patient having considerable 

hand tremors (simulated by a healthy operator). 

Fig. 11 The master and slave position tracking errors with respect to impedance 

responses ( mx  and sx ) and the slave deviation from the master position 

( p
d

s mx x ) in (a) x  and (b) y  directions. 

Fig. 12 The scaled interaction forces ( f th f  and paf ), (b) the patient (master) and 

the therapist (slave) positions and their desired impedance responses, 

and (c) the master and slave position tracking errors ( mx  and sx ) and the 

slave deviation from the master position ( ps

d
des mx x ), in y  direction, 

for a patient with moderate disability and hand tremors (simulated by a 

healthy operator). 
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Fig. 13 Trajectories of the patient, the therapist, and the desired impedance 

models responses in the x y  plane during the resistive/assistive tele-

rehabilitation. 
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Table Caption List 
 
Table 1 Parameters adjustment of the first impedance model (1) for 

resistive/assistive tele-rehabilitation of different patients and for tremor 

filtration 

Table 2 Parameters of the first and second desired impedance models for 

resistive/assistive tele-rehabilitation with different patient capabilities 

and communication delays 1 150 secmT   and 2 150 secmT   
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Fig. 1  The proposed resistive/assistive tele-rehabilitation strategy using an impedance-

controlled tele-robotic system.  
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Fig. 2  The magnitude Bode diagram of an under-damped linear second order system 

(with natural frequency of 
desn ). The oscillatory tremor is assumed to have a minimum 

frequency of 
mintrem . 
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Fig. 3  Block diagram of the nonlinear bilateral adaptive control of master and slave 

robots for resistive/assistive tele-rehabilitation. 
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Fig. 4  Experimental tele-robotic system for resistive/assistive tele-rehabilitation: (a) 

Phantom Premium robot (slave), and (b) Quanser Rehab robot (master), where healthy 

human operators behave as the therapist and patient. 
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Fig. 5  The scaled interaction forces ( f th f  and paf ) in (a) x  and (b) y  directions for the 

resistive/assistive tele-rehabilitation of a patient with moderate disability and hand 

tremors (simulated by a healthy operator). 
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Fig. 6  The patient (master) and the therapist (slave) positions with the desired 

impedance response in (a) x  and (b) y  directions of resistive environment. 
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Fig. 7  The master and slave position tracking errors with respect to impedance 

responses ( mx  and sx ) and the slave deviation from the master position ( p
d

s mx x ) in 

(a) x  and (b) y  directions. 
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Fig. 8  Trajectories of the patient, the therapist, and the desired impedance models 

responses in the x y  plane during the resistive/assistive tele-rehabilitation.  
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Fig. 9  The positions of the patient’s and the therapist’s hands and the master and slave 

impedance models responses in (a) x  and (b) y  directions during a tele-rehabilitation 

task for a severely impaired patient (simulated by a healthy operator). 
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Fig. 10  The patient and the scaled therapist forces ( paf  and f th f ) in (a) x  and (b) y  

directions for a severely impaired patient having considerable hand tremors (simulated 

by a healthy operator). 
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Fig. 11  The master and slave position tracking errors with respect to impedance 

responses ( mx  and sx ) and the slave deviation from the master position ( p
d

s mx x ) in 

(a) x  and (b) y  directions. 
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Fig. 12  (a) The scaled interaction forces ( f th f  and paf ), (b) the patient (master) and the 

therapist (slave) positions and their desired impedance responses, and (c) the master 

and slave position tracking errors ( mx  and sx ) and the slave deviation from the master 

position ( ps

d
des mx x ), in y  direction, for a patient with moderate disability and hand 

tremors (simulated by a healthy operator). 
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Fig. 13  Trajectories of the patient, the therapist, and the desired impedance models 

responses in the x y  plane during the resistive/assistive tele-rehabilitation. 
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Table 1  Parameters adjustment of the first impedance model (1) for resistive/assistive 

tele-rehabilitation of different patients and for tremor filtration 

 Resistive/Assistive Tele-rehabilitation 
Patient Tremor 
Filtration (Sec. 2.2.3) 

Application     

 
For patients with 
moderate disability 
(Sec. 2.2.1) 
 

 
For severely 
impaired patients 
(Sec. 2.2.2) 
 

For patients with 
tremor 
 

First Impedance 
Parameters (

mdesm , 

mdesc , 
mdesk )           

Moderate values Small values             

 

m mmdesn des desk m 

min
0.2 trem  

 

Force Scaling 
Factor 

f  

 
Larger than 1           
(e.g., f 3  ) 
 

 

Moderate 
(e.g., f 1  ) 

Due to the task 
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Table 2  Parameters of the first and second desired impedance models for 

resistive/assistive tele-rehabilitation with different patient capabilities and 

communication delays 1 150 secmT   and 2 150 secmT   

Patient Characteristic First Impedance Parameters Second Impedance Parameters 

With moderate disability 

 
N/m100

mdesk  , 

N.s/m70
mdesc  ,   

kg25
mdesm  , 

f 3   
 

 
N/m100

sdesk  ,  

N.s/m12
sdesc  ,   

kg0.001
sdesm  , 

p 1   
 

Severely impaired   

 
N/m20

mdesk  ,  

N.s/m14
mdesc  ,  

kg5
mdesm  , 

f 1   
 

 
N/m60

sdesk  ,  

N.s/m8
sdesc  ,    

kg0.001
sdesm  , 

p 1   
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