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a b s t r a c t 

In this paper, we propose a new adaptive visual tracking control approach based on sliding mode control 

in Cartesian space applied to an exoskeleton robot with uncertain kinematics and dynamics, taking into 

account uncertainties in visual system (camera) parameters. The adaptation of kinematic uncertainties 

is based on a filtered regressor kinematic matrix, whereas, the adaptation of dynamic uncertainties is 

based on a Time Delay Estimation approach. This is performed considering the Time Delay Error (TDR) 

to provide a control action capable of following the designed functional therapy tasks. A new recursive 

controller is combined with TDE in order to estimate the TDR and limit its effect. The proposed strategy 

does not need the accurate dynamic and kinematic models of the exoskeleton. The update laws are de- 

signed using Lyapunov theory to solve the adaptation problem methodically and to show the stability of 

the robot system. Experimental results confirm the effectiveness and feasibility of the designed approach. 

© 2018 European Control Association. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Recently, stroke and neurological diseases have become among

he most important health-related problems in the world. Stroke

urvivors bear with disabilities following an accident that affects

heir quality of life [32,34] . Annually, worldwide, six million peo-

le die and five million live with persistent weakness, from the

5 million people suffering a stroke [37] . Physical therapy is the

ain treatment existing today. It is designed to relieve the patient

rom the impairment or/and injury and to improve his range of

ovement, functional capacity, and quality of life [14] . Thanks to

obotics technology, modern rehabilitation treatment is supported

y new devices named rehabilitation robots. This kind of robot is

ble to provide a wide range of physical therapy and overcome

ome of the limitations of conventional therapy. Many research

eams participate in this field, among them, Assisted Rehabilitation

nd Measurement Guide (ARMin IV) [26] ; Robotic Upper Extremity

epetitive Therapy (RUPERT) [3] ; Saga University Exoskeleton For

pper Limb (SUEFUL-7) [20] . An important issue is that the de-
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947-3580/© 2018 European Control Association. Published by Elsevier Ltd. All rights rese
ign of these robots must be harmonious with the human anatomy

onfiguration. To provide a modern physical therapy for the up-

er limb, we have developed an exoskeleton robot named ETS-

ARSE. This robot is consistent with the human arm configuration

nd is capable of performing different rehabilitation movements

6,4,9] . 

Generally, the dynamic parameters of an exoskeleton robot, for

nstance the ETS-MARSE, are hard to be modeled precisely because

f the complexity of the mechanical design such as nonlinear fric-

ion forces, backlash, and the complexity of the actuators of the

obot. In addition, the dynamic characteristics vary due to the dif-

erent physiological conditions of the subjects, such as an external

orce caused by subject’s muscular activity [6] . This kind of un-

ertain nonlinearities can be categorized as both parametric un-

ertainties and unknown nonlinear functions [29] . Additionally, in

ost applications using rehabilitation robots, the therapeutic tasks

re expressed in Cartesian space. In this case, the nonlinear trans-

ormation functions or Jacobian matrix that allows the mapping

rom joint space to Cartesian space is assumed to be known, to

nsure a perfect Cartesian control performance. However, when

he feedback position of the robot’s response is provided by a vi-

ual system, such as a camera or Kinect, the exoskeleton can be

ubject to uncertain kinematics. Due to firstly the uncertainties

n camera parameters, secondly, when the human and exoskele-

on carry/transfer an object with an unknown length and/or ori-
rved. 
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entation [1] . In this case, it is difficult to derive the solution of

inverse kinematics using this standard approach. Moreover, to re-

alize human motion via an exoskeleton robot, it is essential to de-

termine accurately the lengths of links, the joints, and the dimen-

sion of the object carried by the robot. Unfortunately, it is diffi-

cult to define these physical parameters exactly. Various solutions

have been proposed to estimate these parameters [10,11,2,21,39] .

However, almost none of these solutions consider the uncertainties

of the camera parameters. This dilemma motivates us to set up a

new control system capable of ensuring a sufficient performance in

the presence of dynamic and kinematic uncertainties and unknown

disturbances exist. 

One of the research challenges on this class of robots is to de-

velop a controller that can maneuver the human-exoskeleton sys-

tem to mimic natural human upper extremity motion. It is re-

markable from a natural human movement that the human does

not need accurate information about kinematics and dynamics of

the arm (or any object carried by upper extremity) to reach an

object in space. Due to that, many control strategies have been

designed to solve the problem of kinematic and dynamic uncer-

tainties [1,10,41,23,12,24] . The main innovative point of these con-

trollers is that the adaptation of the both kinematic/dynamic un-

certainties has been provided, which makes the exoskeleton robot

perform the human-like motion and supplies to the control sys-

tem more flexibility to handle the uncertainties and parameters

variation. However, the above controllers are based on the clas-

sical regressor matrix. These types of controllers assume that the

robot is linear in a set of physical parameters and find a con-

trol law able to ensure the stability of this linear system only

around its operating points [40] . In fact, the manipulator is highly

nonlinear. So, the integration of this adaptation law may affect

the stability of the system in the presence of even small dis-

turbances [40] . Adaptive visual or image-based tracking control

[24,15,17,19,33,30] is one of the powerful approaches that has been

developed to transact with the kinematic/dynamic uncertainties.

This is due to their robustness practically to modeling and cali-

bration errors [15] . However, these controllers are concentrated on

uncertainties in nonlinear transformation functions or image Ja-

cobian matrix but they ignored the uncertain kinematic/dynamic

effects. Additionally, a f ew stability analyses are provided in the

literature for visual tracking control with the uncertainties of

kinematics/dynamics and in the presence of uncertainties in vi-

sual system (camera) parameters [13] . A Time Delay Estimation

(TDE) approach may be considered to compensate the uncertain-

ties [42,16,36,22,18,43,7,8] . The TDE has been implemented in many

robotic systems with consistently good performance [25,28] . The

TDE utilizes the previous response of the robot system, and the

previous control input to provide new control actions able to pro-

vide an accurate approximation of uncertainty function. However,

due to noisy measurements and nonlinearity of signals along the

sampling time, a time delay error (TDR) exists, which would de-

teriorate the robustness and the accuracy of the robot. A through

literature review revealed that no research work has proposed a

systematic solution to eliminate the negative influence of this er-

ror. 

1.1. Main contribution 

All the papers that cited above, except TDE approach, are based

on the conventional adaptive approaches (regressor function) and

require a good knowledge of the robot system’s parameters. Practi-

cally, it is impossible to define exactly the parameters of the robot

system and the modelisation of the robot is typically uncertain. For

these kinds of robots, the adaptation of the uncertainties function

based on full dynamic is very complicated due to the high num-

ber of degrees of freedom (DOFs) of the robot. When the num-
er of DOFs of the robot increases, it is not straightforward to find

he parameters of the robot. Usually, the parameter vector of the

obot can be greater than 100 if its DOFs are greater only than four

5] . 

To address the above problems, we propose a new adaptive vi-

ual tracking control for an exoskeleton robot with high number of

egrees of freedom (7-DOFs) based on extension of sliding mode,

DE approach and Jacobian transpose taking into consideration the

artesian and joint spaces. This controller is designed to be ro-

ust and more flexible to deal with the kinematic and dynamic

ncertainties taking into consideration the uncertainties in the vi-

ual system parameters, and to be more robust to the parameter

ariations. The contribution of this paper can be summarized in

hree points: 

(i) Considering the unknown kinematics and dynamics with

unknown external disturbances (different weight of the arm

of each subject), adaptive visual controller incorporating

with recursive control is developed to estimate the nonlinear

kinematic and dynamic uncertainties with unknown distur-

bances and to drive the robot to follow the desired func-

tional therapy activity and provide a smooth exoskeleton-

aided passive activity. 

(ii) The unknown dynamics and external disturbances of the

robot system can estimate easily using Time Delay Esti-

mation (TDE) approach. This strategy employs only time-

delayed knowledge about the previous control input of the

system and its response state to provide an accurate estima-

tion of uncertainties. The main feature of this method is that

not influenced by the high degree of freedom of the robot

and the size of the estimated parameters. 

(iii) Using a new recursive control to reduce the effect of the

Time Delay Error (TDR) and improve the robustness of the

control system. Usually, this error limits the performance of

TDE approach. 

The proposed strategy is achieved based on the inner/outer loop

tructure of robotics system. This latter has some desirable char-

cteristics such as the rapidity of the computation of the con-

rol system. In this case, the outer loop is designed to estimate

he nonlinear kinematics parameters and uncertainties in the vi-

ual system (camera), and the Inner Loop is intended to provide

 high-level of precision by compensating the unknown part of

he dynamics using TDE approach and while considering the TDR.

he recursive control here is designed to reduce the effect or

DR and improve the robustness of the TDE approach. The struc-

ure of the designed controller also aims to make the exoskele-

on robot perform the human-like movement using the predefined

rajectories of physical therapy tasks [14] . The stability of the In-

er/Outer system and the convergence of its errors are formu-

ated and demonstrated based on Lyapunov function. Compared

ith conventional approach [10–12,30] that is applied on only

DOFs planar robot, the designed strategy is characterized by the

ase of implementation and high precision and robustness to the

inematic/dynamic uncertainties, unforeseen disturbances and un-

ertainties of camera parameters. The efficiency and the robust-

ess of the proposed approach are validated with Cartesian tra-

ectory tracking corresponding to passive physical therapy tasks

14] . 

The outline of the paper is organized as follows. The kinematics

nd dynamics of the robot are presented in the next section. The

ontrol scheme is described in section III. Experimental and com-

arison results are shown in section IV; finally, the conclusion is

resented in section V. 
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Fig. 1. Reference frames of ETS-MARSE. 
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. Characterization of ETS-MARSE robot: Kinematics and 

ynamics 

.1. Modeling of ETS-MARSE robot 

The ETS-MARSE is a redundant robot with 7DOFs, as shown in

ig. 1 . It is designed to rehabilitate the impaired human upper

imb. The design of the ETS-MARSE was originally inspired from

he anatomy of the human arm. It was ergonomically designed to

e comfortable for the subjects (robot users) during the rehabil-

tation sessions. The shoulder motion part (3DOF) is consisted of

hree joints: the first two joints are responsible for shoulder joint’s

ertical and horizontal extension/flexion motion, while the third

oint is aimed to conduct the internal and external rotation of the

houlder joint. The elbow motion part (1 DOF) is responsible for

lbow joint flexion/extension motion. The wrist motion support

art of the ETS-MARSE is consisted of three joints: the first joint

s designed to achieve pronation and supination movement of the

orearm, the second joint and the third joint are designed to per-

orm ulnar/radial deviation, and flexion/extension of the wrist re-

pectively. The design of the ETS-MARSE has special features com-

ared with the existing exoskeleton robots [35] . Among them, it

as a comparatively low weight, an excellent power/weight ratio,

an be easily fitted or removed, and is capable of adequately com-

ensating for gravity. A new power carrying mechanism was in-

luded for supporting the shoulder joint internal/external rotation

nd for forearm pronation/supination. This exoskeleton robot can

e used with a wide range of subjects, due to its adjustable link

echanism. All the key characteristics and contribution features of

he ETS-MARSE and comparison with similar existing exoskeleton

obots are summarized in [35] . 

.2. Dynamics of ETS-MARSE robot 

The dynamic behavior of ETS-MARSE manipulator is given by

he following expression using the Lagrangian method [29] : 

 ( θ ) ̈θ + C 
(
θ, ˙ θ

)
˙ θ + F 

(
θ, ˙ θ

)
+ G ( θ ) = τ + τex (1)

here θ , ˙ θ , and θ̈R 7 are respectively the joints position, veloc-

ty, and acceleration vectors, M(θ ) ∈ R 7 × 7 is the symmetric and

ositive definite inertia matrix, C( θ, ˙ θ ) ̇ θ ∈ R 7 is the Coriolis and

entrifugal vector, G (θ ) ∈ R 7 is the gravitational vector, τ ∈ R 7 is

he torque vector, τex ∈ R 7 is the external disturbances vector, and
 ( θ, ˙ θ ) ∈ R 7 is the friction vector. Let us denote 
 

 

 

M ( θ ) = M 0 ( θ ) + �M ( θ ) 

C 
(
θ, ˙ θ

)
= C 0 

(
θ, ˙ θ

)
+ �C 

(
θ, ˙ θ

)
G ( θ ) = G 0 ( θ ) + �G ( θ ) 

(2) 

here M 0 (θ ) , C 0 ( θ, ˙ θ ) , and G 0 (θ ) are respectively the known in-

rtia matrix, Coriolis/centrifugal matrix, and gravity vector. �M(θ ) ,

C( θ, ˙ θ ) , and �G (θ ) are the uncertain parts. 

Let us introduce a new variable such that: η1 = θ and η2 = 

˙ θ ;

ence, the dynamic model expressed in ( 1 ) can be rewritten, with-

ut loss of generality, as follows: 

˙ η1 = η2 

˙ η2 = U ( t ) + f ( t ) + H ( t ) 
(3) 

ith, U(t) = U( η1 ) ; H(t) = H( η1 , η2 , ˙ η2 ) and f (t) = f ( η1 , η2 ) . This

otation is used in order to handle easily later with the control

cheme. Where: 

• U(t) = M 

−1 
0 

(θ ) τ

• H(t) = M 

−1 
0 

(θ )( τex − �M(θ ) ̈θ − �C( θ, ˙ θ ) ̇ θ − �G (θ ) − F ( θ, ˙ θ ) ) , 

and 

• f (t) = M 

−1 
0 

(θ )( −C 0 ( θ, ˙ θ ) ̇ θ − G 0 (θ ) ) 

.3. Kinematics of ETS-MARSE robot 

In most applications of rehabilitation robots, the desired trajec-

ory is expressed in Cartesian space [14] . The transformation from

artesian space to joint space is done by a non-linear function

amed the Jacobian matrix. If the position x of the end–effector of

he robot is provided by a visual system such a camera or Kinect,

he standard relation between Cartesian velocity and joint velocity

s given as follows: 

˙ 
 = J ( η1 ) η2 (4) 

here J( η1 ) = J c (r) J Ro ( η1 ) ∈ R 6 × 7 is the total Jacobian matrix of

he robot combined with the visual system. J c (r) ∈ R 6 × 6 is the im-

ge Jacobian matrix [12,24] , r ∈ R 6 is the Cartesian position of the

nd-effector of the robot, x ∈ R 6 is the image feature parameters

nd J Ro ( η1 ) ∈ R 6 × 7 is the Jacobian matrix of the manipulator. 

.4. Problem formulation 

One of the main objectives of research on this kind of robots is

o design a controller able to make the human-exoskeleton system

chieve movement without exact information of the kinematics

nd dynamics of the robotic system and to provide a smooth

ovement, conforming to physical therapy exercise while the

esigned control scheme ensures that the measured Cartesian

ositions x of the robot tracks the desired Cartesian trajectory

 d . Before giving the control design methodology, we present the

roperties and the assumptions used in this paper. 

roperty 1. The known part of inertia matrix M 0 (θ ) is symmetric

nd positive definite for all θ ∈ R 7 [29] . 

roperty 2. Eq. (4) can be linear in a set of kinematics parameters

ike link lengths, which can be written as a linear combination of

pecified functions as given below [30] : 

˙ 
 = J ( η1 , γk ) η2 = Q ( η1 , η2 ) γk (5) 

here Q( η1 , η2 ) ∈ R 6 × 6 is the kinematic regressor matrix and γk ∈
 

6 is the kinematics parameters vector. 

ssumption 1. The joint position and joint velocity are measured. 

ssumption 2. All kinematic singularities are avoided. 
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Assumption 3. Since the dynamic model of the robot is continu-

ous and bounded, we assume that the function H(t) is locally Lip-

schitz function [38,27] . 

Assumption 4. The desired trajectory is bounded. 

Assumption 5. The external disturbance τex is supposed to be con-

tinuous, has finite energy, and satisfies ‖ τex ‖ ≤ ϑ , with an un-

known positive disturbance boundary ϑ . 

3. Control design 

The control of a robotic system always needs a precise input

measurement to provide a good performance of this system. Par-

ticularly, in the case when we have a position feedback from vi-

sual devices, like a camera or Kinect. Since no sensor is available

to measure the Cartesian velocity input, a linear filter can be used

to obtain this variable such that: (
d 

dt 
+ �

)
z = � ˙ x (6)

The signal z ∈ R 6 is obtained from the measured position x ∈ R 6 .

� is a positive constant. Substituting ( 5 ) into ( 6 ), we can rewrite

( 6 ) such that (
d 

dt 
+ �

)
z = �Q ( η1 , η2 ) γk (7)

where: 

z = 

(
�

d 
dt 

+ �

)
Q ( η1 , η2 ) γk = φ( t ) γk (8)

where φ(t) ∈ R 6 × 6 is a filtered function of Q( η1 , η2 ) . Usually the

robot begins from the rest position, hence: z(0) = 0 and φ(0) = 0

[12] . 

We can now determine the Cartesian position error, Cartesian

velocity error, and estimated Cartesian velocity error as follows: { 

e x = x − x d 
˙ e x = 

˙ x − ˙ x d 
˙ ˆ e x = 

˙ ˆ x − ˙ x d 

(9)

where, x d ∈ R 6 is the desired Cartesian trajectory, x ∈ R 6 is the mea-

sured position and 

˙ ˆ x ∈ R 6 is the estimated measured velocity. 

Now, we define the vector of required Cartesian velocity as: 

˙ x r = 

˙ x d − βe x (10)

where ˙ x r ∈ R 6 and β is a positive constant. Differentiating ( 10 ) with

respect to time yields: 

ẍ r = ẍ d − β ˙ e x (11)

Considering an uncertain kinematics, the Jacobian matrix is un-

certain. In this case ( 5 ) is rewritten as follows: 

˙ ˆ x = 

ˆ J 
(
η1 , ˆ γk 

)
η2 = Q ( η1 , η2 ) ̂  γk (12)

Using ( 12 ), we define the estimated sliding Cartesian surface

vector as follows: 

ˆ s x = 

˙ ˆ x − ˙ x r = 

ˆ J 
(
η1 , ˆ γk 

)
η2 − ˙ x r (13)

Differentiating ( 13 ) with respect to time yields: 

˙ ˆ s x = 

¨̂
 x − ẍ r = 

ˆ J 
(
η1 , ˆ γk 

)
˙ η2 + 

˙ ˆ J 
(
η1 , ˆ γk 

)
η2 − ẍ r (14)

Now, we can define the required joint velocity vector as: 

˙ ηr = 

ˆ J + 
(
η1 , ˆ γk 

)
˙ x r (15)

where ˆ J + ( η1 , ˆ γk ) = 

ˆ J T ( η1 , ˆ γk ) ( ̂  J ( η1 , ˆ γk ) ̂  J T ( η1 , ˆ γk ) ) 
−1 is the pseudo-

Jacobian matrix. 
Differentiating ( 15 ) with respect to time: 

¨ r = 

ˆ J + 
(
η1 , ˆ γk 

)
ẍ r + 

˙ ˆ J + 
(
η1 , ˆ γk 

)
˙ x r (16)

It is important also to define the sliding joint surface vector. By

sing ( 10 ), ( 12 ) and ( 15 ) we have: 

 = η2 − ˙ ηr = 

ˆ J + 
(
η1 , ˆ γk 

)[(
˙ ˆ x − ˙ x d 

)
+ βe x 

]
= 

ˆ J + 
(
η1 , ˆ γk 

)
ˆ s x (17)

The time derivative of relation ( 17 ) gives 

˙ 
 = ˙ η2 − η̈r = 

ˆ J + 
(
η1 , ˆ γk 

)
˙ ˆ s x + 

˙ ˆ J + 
(
η1 , ˆ γk 

)
ˆ s x (18)

Substituting ( 18 ) into ( 3 ), the exoskeleton robot system ( 3 ) can

e written as follows: 

s = ˙ η1 − ˙ ηr 

˙ s = U ( t ) + f ( t ) + H ( t ) − η̈r 

(19)

If all parameters of the robot system given in ( 19 ) are com-

letely known, we can propose the following controller: 

 ( t ) = − ˆ J T 
(
η1 , ˆ γk 

)(
k 1 e x + k 2 ̇ ˆ e x + k 3 ̂  s x 

)
+ η̈r − f ( t ) −H ( t ) −ε ( t ) 

(20)

ith: 

ˆ 
 x = Q ( η1 , η2 ) ̂  γk − ˙ x r (21)

nd k 1 , k 2 and k 3 ∈ R 6 × 6 being diagonal positive matrices.
ˆ 
 

T ( η1 , ˆ γk ) is the estimated Jacobian transpose based on feedback

f Cartesian tracking. The adaptation laws are updated by 

˙ ˆ k = k −1 
f 

φT ( t ) k 2 
(
φ( t ) ̂  γk − z 

)
+ k −1 

f 
Q 

T ( η1 , η2 ) ( k 1 + βk 2 ) e x (22)

here k f ∈ R 6 × 6 is a diagonal positive matrix. Since H(t) is uncer-

ain, that may influence the performance of robot tracking. So, if

ssumption 3 is verified, it is possible to use Time Delay Estima-

ion [42] . In such case, the designed controller is given such that:

 ( t ) = − ˆ J T 
(
η1 , ˆ γk 

)(
k 1 e x + k 2 ̇ ˆ e x + k 3 ̂  s x 

)
+ η̈r − f ( t ) − ˆ H ( t ) − ˆ ε ( t ) 

(23)

here ˆ H (t) is obtained using TDE [42] , using ( 3 ) to obtain: 

ˆ 
 ( t ) ∼= 

H ( t − t d ) = ˙ η2 ( t − t d ) − f ( t − t d ) − U ( t − t d ) (24)

here t d is a positive constant assumed to be very small. Practi-

ally, the smallest constant can be reached is the sampling time.

owever, due to noisy measurements and nonlinearity of signals

long the sampling time, a time delay error (TDR) ε(t) exists,

hich would deteriorate the robustness and the accuracy of the

obot. Unfortunately, the TDR is not available. In this case, let us

pply an iterative estimator to estimate the TDR and to reduce

ts effect, and give to the control system more flexibility to deal

ith parameters’ variation and unexpected disturbances. The iter-

tive estimator is given as: 

ˆ  ( t ) = ε ( t − t d ) − k 4 s 

ˆ  ( t ) = 0 , k 4 = k I 7 × 7 ∀ t ∈ [ −t d , 0 ] (25)

here, k is a positive constant. The proof of the above Eq. (25) is

iven in Appendix A . The closed loop of the global system can be

ritten using ( 19 ) and control input ( 23 ) as follows: 

s = ˙ η1 − ˙ ηr 

˙ s = − ˆ J T 
(
η1 , ˆ γk 

)(
k 1 e x + k 2 ̇ ˆ e x + k 3 ̂  s x 

)
− ˜ ε ( t ) 

(26)

ith: ˜ ε = ˆ ε (t) − ε (t) and ε (t) = H(t) − ˆ H (t) are respectively Time

elay Error, and dynamic uncertainties. Let us know state the

aine result of the paper. 

heorem 1. The control law for sliding mode with time delay estima-

ion (TDE) of uncertain robot dynamics determined in Eq. (23) ensures
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he asymptotic stability of the robot system . The desired torque input

s given as : 

= M 0 ( η1 ) U ( t ) (27) 

here U(t) is given in ( 23 ). 

roof. To facilitate the proof of stability, let us define the term of

he iterative estimator. First, we can write d 
dt 

∫ t 
t−t d 

˜ ε T (w ) ˜ ε (w ) dw as

ollows: 

d 

dt 

∫ t 

t−t d 

˜ ε T ( w ) ̃  ε ( w ) dw = ˜ ε T ( t ) ̃  ε ( t ) − ˜ ε T ( t − t d ) ̃  ε ( t − t d ) (28) 

Additionally, 

1 

2 k 
˜ ε T ( t ) ̃  ε ( t ) − 1 

2 k 
˜ ε T ( t − t d ) ̃  ε ( t − t d ) = ˜ ε T ( t ) s − s T 

k T 4 
2 

s (29) 

The details of Eqs. (28) and ( 29 ) are given in Appendix A . Con-

ider the following Lyapunov function candidate: 

 = 

1 

2 

s T s + 

1 

2 

e T x ( k 1 + βk 2 ) e x + 

1 

2 

�γ T 
k k f �γk 

+ 

1 

2 k 

∫ t 

t−t d 

˜ ε T ( w ) ˜ ε ( w ) dw (30) 

ith: �γk = γk − ˆ γk , ˜ ε = ˆ ε (t) − ε(t) and ε(t) = H(t) − ˆ H (t) are re-

pectively the estimation errors of kinematic uncertainties, Time

elay Error, and dynamic uncertainties. The derivative of the pro-

osed Lyapunov function with respect to time is obtained as: 

˙ 
 = s T ˙ s + e T x ( k 1 + βk 2 ) ̇ e x − �γ T 

k k f 
˙ ˆ γk + 

1 

2 k 
˜ ε T ( t ) ̃  ε ( t ) 

− 1 

2 k 
˜ ε T ( t − t d ) ̃  ε ( t − t d ) (31) 

Substituting ˙ s from ( 19 ) and using ( 29 ) into ( 31 ), we find: 

˙ 
 = −s T ˆ J T 

(
η1 , ˆ γk 

)(
k 1 e x + k 2 ̇ ˆ e x + k 3 ̂  s x 

)
+ e T x ( k 1 + βk 2 ) ̇ e x 

−�γ T 
k k f 

˙ ˆ γ k + s T ε ( t ) − s T ˆ ε ( t ) + ˜ ε T ( x, t ) s − s T 
k T 4 
2 

s 

= −s T ˆ J T 
(
η1 , ˆ γk 

)(
k 1 e x + k 2 ̇ ˆ e x + k 3 ̂  s x 

)
+ e T x ( k 1 + βk 2 ) ̇ e x 

−�γ T 
k k f 

˙ ˆ γ k − s T 
k T 4 
2 

s (32) 

Substituting ( 17 ) and ( 22 ) into ( 32 ), we find: 

˙ 
 = − ˆ s T x k 1 e x − ˆ s T x k 2 ̇

 ˆ e x − ˆ s T x k 3 ̂  s x − s T 
k T 4 
2 

s + e T x ( k 1 + βk 2 ) ̇ e x 

−�γ T 
k φ

T ( t ) k 2 φ( t ) �γk − �γ T 
k Q 

T ( η1 , η2 ) ( k 1 + βk 2 ) e x (33) 

We have from ( 5 ), ( 10 ) and ( 13 ): 

ˆ 
 x = 

˙ e x + βe x − Q ( η1 , η2 ) �γk = 

˙ ˆ e x + βe x (34)

ith: 

 ( η1 , η2 ) �γk = J ( η1 ) η2 − ˆ J 
(
η1 , ˆ γk 

)
η2 = 

˙ x − ˙ ˆ x (35)

From ( 34 ) we have: 

˙ ˆ 
 x = 

˙ e x − Q ( η1 , η2 ) �γk (36) 

Substituting ( 34 ) and ( 36 ) into ( 33 ), we find: 

˙ 
 = − ˙ e T x k 1 ̇ e x + 2 ̇

 e T x k 2 Q ( η1 , η2 ) �γk − βe T x k 1 e x − ˆ s T x k 3 ̂  s x − s T 
k T 4 
2 

s 

−�γ T 
k φ

T ( t ) k 2 φ( t ) �γk −�γ T 
k Q 

T 
(
θ, ˙ θ

)
k 2 Q ( η1 , η2 ) �γk (37) 

While ˙ ˆ e x = ˙ e x − Q( η1 , η2 )�γk , ( 37 ) can be reduced to 

˙ 
 = − ˙ ˆ e T x k 1 ̇

 ˆ e x − βe T x k 1 e x − ˆ s T x k 3 ̂  s x − s T 
k T 4 
2 

s − �γ T 
k φ

T ( t ) k 2 φ( t ) �γk 

(38) 
From ( 30 ), we can easily see that V is positive definite in

, ˙ ˆ e x , �γk and ˜ ε (t) . Since ˙ V is negative definite from ( 38 ), and V 

s bounded, this implies that s, e x , ˆ γk and ˆ ε (t) are bounded. From

 17 ) ˆ s x is bounded because s is bounded. x is bounded because x d 
s assumed bounded ( Assumption 4 ). While e x is bounded and ˙ x d 
s bounded (Assumption 4), this implies ˙ x r in ( 10 ) is bounded. The

seudo-inverse of the Jacobian matrix in ( 15 ) is non singular and

ounded (all joints of manipulator are revolute), this means that ˙ θr 

s bounded. We observe from ( 17 ) that ˙ θ is bounded, this implies

˙  is bounded while the Jacobian matrix is bounded. We remark

rom ( 11 ) that ẍ r is bounded because ˙ e x and ẍ d are bounded (As-

umption 4). It is clear from ( 16 ) that θ̈r is bounded. We see from

 18 ) that ˙ s is bounded, that implies θ̈ is bounded. We can conclude

rom ( 14 ) that ˙ ˆ s x is bounded. The derivative of ( 34 ) is expressed as

ollows: 

˙ ˆ 
 x = 

¨̂
 e x + β ˙ e x (39) 

here ¨̂
 e x = 

¨̂
 x − ẍ d is bounded. Since V is bounded and 

˙ V is contin-

ous and negative semidefinite, we can utilize Barbalat’s lemma by

ifferentiating Eq. (38) such that 

¨
 = −2 ̇

 ˆ e T x k 1 ̈̂  e x − 2 βe T x k 1 ̇ e x − 2 ̂

 s T x k 3 ̇
 ˆ s x − 2 s T 

k T 4 
2 

˙ s 

−�γ T 
k φ

T ( t ) k 2 
(

˙ φ( t ) �γk − φ( t ) ̇ ˆ γ k 

)
(40) 

Since ˙ θ and θ̈ are bounded, this means φ(t) , ˙ φ(t) are bounded.

his proves that V̈ is bounded since e x , ˙ e x , ˙ ˆ e x , ̈̂  e x , ̇ ˆ s x , ˆ γk are all

ounded. So, ˙ V is continuous and negative semidefinite; ac- 

ording to Barbalat’s lemma. we have e x → 0 , ˙ ˆ e x → 0 , s → 0 and

(t)�γk → 0 as t → ∞ . Now, the derivative of Eq. (34) with repect

o time yields: 

¨
 x + β ˙ e x = 

˙ ˆ s x + 

˙ Q 

(
θ, ˙ θ

)
�γk − Q 

(
θ, ˙ θ

)
˙ ˆ γk (41) 

That means ë x is also bounded. In this case, we have ˙ e x → 0 as

 → ∞ since ë x and e x are bounded. Hence, the proof is complete.

he lock diagram of the proposed controller is given in Fig. 2 . 

. Experimental and comparative Study 

.1. Experiment set-up 

The experimental setup of the proposed system is shown in

ig. 3 . The system consists of three processing units. The first is

 PC from where the top-level commands are sent to the robot us-

ng LabVIEW interface, i.e. the control scheme selection, joint or

artesian space trajectory, gain adjustments, etc. This PC also re-

eives the data after the robot task is executed to analyze its per-

ormance. The other two processing units are part of a National In-

truments PXI platform. Firstly, a NI-PXI 8081 controller card with

n Intel Core Duo processor; in this card, the main operating sys-

em of the robot and the top-level control scheme are executed.

n our case, the sliding mode based controller as well as the esti-

ation based on time delay approach, at a sampling time of 500μs.

he inverse kinematics algorithm also runs inside this control loop.

inally, at input-output level, a NI PXI-7813R remote input–output

ard with an FPGA (field programmable gate array) executes the

ow-level control; i.e. a PI current control loop (sampling time of

0 μs) to maintain the current of the motors required by the main

ontroller. Also, in this FPGA, the position feedback (Cartesian and

oint) via Hall-sensors (joint position) and Kinect (Cartesian End-

ffector position), basic input-output tasks are executed. 

The modified Denavit–Hartenberg (DH) parameters are given in

able 1 . These parameters are obtained from reference frames as

hown in Fig. 1 , and are used to obtain the homogeneous transfor-

ation matrices. 
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Fig. 2. Block diagram of the proposed controller for exoskeleton robot with unknown kinematics/dynamics. 

Fig. 3. Experiments architecture. 

Table 1 

Modified Denavit–Hartenberg parameters. 

Joint (i) αi-1 a i-1 d i θ i 

1 0 0 d s θ 1 

2 −π /2 0 0 θ 2 

3 π /2 0 d e θ 3 

4 −π /2 0 0 θ 4 

5 π /2 0 d w θ 5 

6 −π /2 0 0 θ 6 –π /2 

7 −π /2 0 0 θ 7 

Table 2 

Workspace ETS-MARSE. 

Joints Motion Workspace 

1 Shoulder joint horizontal flexion/extension 0 °/140 °
2 Shoulder joint vertical flexion/extension 140 °/0 °
3 Shoulder joint internal/external rotation −85 °/75 °
4 Elbow joint flexion/extension 120 °/0 °
5 Forearm joint pronation/supination −85 °/85 °
6 Wrist joint ulnar/radial deviation −30 °/20 °
7 Wrist joint flexion/extension −50 °/60 °

 

 

 

 

 

 

Table 3 

Physical parameters of ETS-MARSE. 

Joint (i) Mass (Kg) Centre of mass (m) Link length (m) 

1 3.475 0.0984 0.145 

2 3.737 0.1959 0 

3 0 0 0.25 

4 2.066 0.163 0 

5 0 0 0.267 

6 0.779 0.121 0 

7 0.496 0.0622 0 
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The workspace of the designed robot is given in Table 2 and

the physical parameters of ETS-MARSE relative to the base refer-

ence frame are given in Table 3 . The details of the parameters and

design of ETS- MARSE are given in [35] . 

In the experiments, the desired Cartesian trajectory corre-

sponds to a prescribed passive physical therapy task performed by

three healthy subjects (age: 27 ± 4.6 years; height: 170 ± 8.75 cm;
eight: 75 ± 18 Kg). This trajectory (Initial position → Target-

 → Target-B → Target-C → Initial position) is expressed in Cartesian

pace to evaluate the proposed control. In this case, the position of

he Cartesian End-Effector of the robot is provided by visual sys-

em (Kinect). For the carried object, the subject-robot system car-

ied an object with unknown weight and dimensions during the

esired trajectory. It is important to notice that the external distur-

ances here are represented by different physiological conditions

f the subjects, such as non-linear biomechanical characteristics of

he musculoskeletal system, the different weight of the upper-limb

or each subject, the presence of spasticity in neurological patients,

tc. 

The experimental control gains are chosen by trial and er-

or as follows: k 1 = 20 I 6 × 6 , k 2 = 70 I 6 × 6 , k 3 = 18 I 7 × 7 k f =
 . 01 I 6 × 6 , k 4 = 0 . 5 I 7 × 7 β = 10 . The experimental results are

iven in Figs 4 –6 . 
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Fig. 4. (A) Workspace performance of the robot in Cartesian space performed by 

Subject-1: (age: 27 years; height: 177 cm; weight: 83 Kg). (B) Cartesian errors. 

4

4

c

 

s  

w  

A  

Fig. 6. Kinematic ( ̂ γk ) parameters convergence of the exoskeleton robot. 
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.2. Experimental results 

.2.1. The main results of the proposed controller with recursive 

ontrol 

The experimental results with ETS-MARSE robot in Cartesian

pace performed by Subject-1: (age: 27 years; height: 177 cm;

eight: 83 Kg) using the designed strategy are shown in Fig. 4 .

s we see in this figure ( Fig. 4 (A)), the desired trajectory (red line)
Fig. 5. Contro
early overlapped with the measured trajectory (green line). It can

e noticed that these results are fairly good. Fig. 4 (B) presents the

artesian errors as functions of time. From this figure, it is obvious

hat the Cartesian errors are getting smaller along the desired tra-

ectory. Fig. 5 shows that the control input is bounded without any

oticeable control chattering. Finally, the convergence of the kine-

atic ( ̂  γk ) and dynamic ( ̂  H (t) ) parameters of the exoskeleton robot

uring the proposed control is shown in Fig. 6 and 7 respectively.

hese results confirm that the control strategy is able to achieve

he desired robot’s performance even if the nonlinear kinematics

nd dynamics of the exoskeleton robot are uncertain and the pa-

ameters of Kinect (camera) device are not completely known. 

.2.2. The results of the proposed controller without recursive control 

Fig. 8 (A) presents the workspace performance of the robot in

artesian space (red is the desired trajectory, green is real tra-

ectory) performed with performed by Subject-1: (age: 28 years;

eight: 177 cm; weight: 83 Kg) using the proposed controller with-

ut a recursive controller. In fact, we remark from figures ( Fig. 8

A–B)) that the proposed controller without recursive controller

hows a good performance. Where the Cartesian error ( Fig. 8 (B)) is

etting smaller with time. However, the control inputs of the con-

entional approach, presented in Fig. 9 , illustrate a noisy control

nput with a small chattering phenomenon, meanwhile, noise and

eaks appear also in the estimation parameters of the unknown

ynamics parameters as we see in Fig. 10 . On the other hand, the

roposed controller with recursive control provides a smooth con-

rol input ( Fig. 5 ) and smooth estimation of unknown dynamics

arameters ( Fig. 7 ). Therefore, we can say that the TDR is the main

ause of the noise in the control input, which may damage the mo-

ors. From the comparison of the two experimental results, we can
l input. 
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Fig. 7. Unknown Dynamics ( ̂ H (t) parameters convergence of the exoskeleton robot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. (A) Workspace performance of the robot in Cartesian space performed by 

Subject-1: (age: 27 years; height: 177 cm; weight: 83 Kg). (B) Cartesian errors. 
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conclude that the proposed strategy with a recursive action pro-

vides a high level of precision and robustness against the nonlinear

dynamic uncertainties and unknown disturbances. 

4.3. Comparative study 

In order to evaluate the efficiency and feasibility of the pro-

posed control scheme, we compared it experimentally with the

conventional adaptive visual tracking control presented in [10] .

This latter is characterized by more complex implementation due

to the complex regressor dynamic matrix, while the robot had a

high degree of freedom (7-DoFs). To compute the regressor dy-

namic matrix of the robot, we use the virtual decomposition con-

trol (VDC) presented in [31] . 

Fig. 11 (A) presents the Cartesian trajectory tracking in the 3D

workspace (red is the desired trajectory, green is real trajectory)

performed by the same subject (Subject-1: age: 27 years; height:

177 cm; weight: 83 Kg) using the conventional controller. It is clear

from ( Fig. 11 (A and B)) that the conventional controller provides

a good tracking performance. Where, the error is converging along

the desired trajectory as we show in Fig 11 (B). Nevertheless, there

is a presence of chattering phenomenon in the control inputs as

shown in Fig 12 , which may damage the motors of the robot. Com-

pared with the smooth control input that is provided by the pro-

posed strategy ( Fig. 5 ), we can conclude that the proposed strategy

is easily implementable and provides a high precision and robust-

ness to the kinematic/dynamic uncertainties, with unknown distur-

bances, and uncertainties of the camera parameters. 
Fig. 9. Contro
To show more the feasibility of the designed strategy, we pro-

ose a numerical comparison between the above controller (con-

entional controller and proposed controller) by calculating the

oot mean square (RMS) of the error and the control input of

ach controller as follows ‖ e ‖ error = 

√ 

1 
N 

∑ N 
i =1 ‖ e ‖ 2 and ‖ τ‖ error =

 

1 
N 

∑ N 
i =1 ‖ τ‖ 2 , where N is the number of the sampling time steps

f the simulation. The evaluation of the controller is given Table 4 .

It confirms that the proposed approach gives the robot a high

egree of efficiency for dealing well with parameter variations and
l input. 
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Fig. 10. Unknown Dynamic parameters convergence of the exoskeleton robot. 
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Fig. 11. (A) Workspace performance of the robot in Cartesian space performed by 
he nonlinear kinematic/dynamic uncertainties in presence of un-

nown disturbances (different subjects with different physiolog-

cal conditions. These conditions include non-linear biomechan-

cal characteristics of the musculoskeletal system, the different

eight of the upper limb for each patient, the presence of spastic-

ty/dystonia, muscle weakness in neurological patients,… etc) and

arameters’ uncertainties of the Kinect compared with the conven-

ional adaptive controller. The proposed controller provides consis-

ent performance with different subjects, keeping the RMS error

nd general torque input at a small value compared with the con-

entional controller. Compared with similar tests performed in a

revious study with ETS-MARSE robot, the proposed control based

n TDE presents an excellent performance as the Virtual Decom-

osition Control [31] , and better than PID and Computed Torque

ontrol (CTC) [31] . 
Subject-1: (age: 27 years; height: 177 cm; weight: 83 Kg). (B) Cartesian errors. 

Fig. 12. Control input. 

Table 4 

Comapative study. 

Subjects Root mean square (RMS) 

The proposed controller with recursive action The proposed controller without recursive action Conventional controller 

‖ e ‖ RMS error ‖ τ‖ RMS Torque ‖ e ‖ RMS error ‖ τ‖ RMS Torque ‖ e ‖ RMS error ‖ τ‖ RMS Torque 

Subject-1 0.0317 2.0015 0.0487 2.6887 0.1987 4.8897 

Subject-2 0.0299 1.8708 0.0417 2.1748 0.1478 4.1766 

Subject-3 0.0281 1.9501 0.0335 2.8874 0.1797 4.7468 
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5. Conclusion 

In this paper, we proposed an adaptive control of a 7DOFs ex-

oskeleton robot with uncertain kinematics and dynamics based

on sliding mode controller. Estimated Jacobian matrix is taken

into consideration. The control strategy is achieved by inner/outer

loops, where the outer loop is designed to estimate the nonlin-

ear kinematic parameters and the Inner loop is designed to es-

timate the unknown dynamics of the robot using TDE approach

and recursive control to limit the effect of its time delay error. The

main benefit of the proposed adaptive control approach is that pre-

cise knowledge of the kinematic/dynamic parameters of the robot

is not mandatory. Where, the proposed adaptive strategy is char-

acterized by the ease of real-time implementation and provides

a high precision and robustness to the kinematic/dynamic uncer-

tainties, unknown perturbation, and uncertainties of the camera

parameters. Additionally, the time delay error is taken into ac-

count to improve the accuracy of the robot performance. The sta-

bility analysis of inner/outer visual tracking control with kinemat-

ics/dynamics uncertainties taken into consideration the uncertain-

ties in the camera device was proved by the Lyapunov function

theorem. The robustness of the proposed control was proved with

a Cartesian functional therapy task performed by the ETS-MARSE

robot. The experimental results show the effectiveness, facility of

implementation and accuracy of the proposed approach. 

Appendix A 

1. Proof of Eqs. (18 ) and ( 19 ) [6, 4] : for very small sampling

time period, it is acceptable to assume that the previous time delay

error equals the current time delay error. In this case, considering:⎧ ⎨ 

⎩ 

ε ( t ) = ε ( t − t d ) 

˜ ε ( t ) = ε ( t ) − ˆ ε ( t ) 

ˆ ε ( t ) = ˆ ε ( t − t d ) + g ( t ) 

(42)

where g(t) ∈ R is a vector to be defined later. Then 

d 

dt 

∫ t 

t−t d 

˜ ε T ( w ) ̃  ε ( w ) dw = −2 ̃  ε T ( t ) g ( t ) − g T ( t ) g ( t ) (43)

Proof. It is easy to conclude that: 

d 

dt 

∫ t 

t−t d 

˜ ε T ( w ) ̃  ε ( w ) dw = ˜ ε T ( t ) ̃  ε ( t ) − ˜ ε T ( t − t d ) ̃  ε ( t − t d ) (44)

Considering the following equation ˆ ε (t) = ˆ ε ( t − t d ) + g(t) : 

˜ ε T ( t − t d ) ̃  ε ( t − t d ) 

= 

[
ε T ( t − t d ) − ˆ ε T ( t − t d ) 

]
[ ε ( t − t d ) − ˆ ε ( t − t d ) ] 

= 

[
ε T ( t ) − ˆ ε T ( t ) + g T ( t ) 

]
[ ε ( t ) − ˆ ε ( t ) + g ( t ) ] 

= ˜ ε T ( t ) ̃  ε ( t ) + 2 ̃  ε T ( t ) g ( t ) + g T ( t ) g ( t ) (45)

Thus, we can obtain: 

˜ ε T ( t ) ̃  ε ( t ) − ˜ ε T ( t − t d ) ̃  ε ( t − t d ) = −2 ̃  ε T ( t ) g ( t ) − g T ( t ) g ( t ) (46)

Let us choosing g(t) such that: 

g ( t ) = −k 4 s (47)

Substituting Eq. (47) in Eq. (46) , we obtain: 

˜ ε T ( t ) ̃  ε ( t ) − ˜ ε T ( t − t d ) ̃  ε ( t − t d ) = 2 ̃  ε T ( t ) k 4 s − ( k 4 s ) 
T 
( k 4 s ) (48)

Hence, we have: 

1 

˜ ε T ( t ) ̃  ε ( t ) − 1 

˜ ε T ( t − t ) ̃  ε ( t − t ) = ˜ ε T ( x, t ) s − s T 
k T 4 s (49)
2 k 2 k d d 2 
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