
MODELING AND SIMULATIONS OF AN UPPER LIMB EXOSKELETON 

DESIGNED FOR REHABILITATION AND TRAINING 

 

 
Assoc. Prof. Chakarov D.1, Assoc. Prof. Veneva Iv.1, Assist. Prof. Tsveov M.1, Eng. Venev P.1 

1Institute of Mechanics, BAS, Acad. G. Bonchev str., Block 4, Sofia 1113, Bulgaria 

 

 

Abstract: The work presents a study of an upper limb exoskeleton designed for rehabilitation and training. While in the first stages of 

rehabilitation, when the patient is unable to move alone, the exoskeleton must be rigid, in the next stages it should be able to respond to any 

movement made by the patient. The key feature here is transparency: the robot must be able to “hide” if the patient is able to make the 

movement without assistance. The aim of the work is to identify and evaluate an appropriate solution of the upper limb exoskeleton that 

provides transparency and natural safety on the one hand, and force impact and performance on the other. In the paper, the mechanical 

model of the exoskeleton was shown. The mechanical structure is similar to the structure of the human arm. Through the kinematic model, 

the direct and inverse tasks of kinematics are solved using the Octave matrix software. The upper limb exoskeleton is designed as a haptic 

device that can perform tasks in virtual reality. Simulations of the interaction force between the patient and the exoskeleton were conducted 

also using the Octave software. Here, an assessment of the interaction force was made as a result of the exoskeleton passive impedance and 

the active control of the exoskeleton. Finally, conclusions and development recommendations are given. 
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1. Introduction 

The exoskeleton must be capable of both: to generate a high 

level of forces to sustain, assist, and/or to perturb the motor 

capabilities of the patient; and without perturbing to follow human 

movements which have large velocity and acceleration peaks, thus 

requiring a high level of dynamic interaction [1], [2]. 

As soon as the patient has recovered a minimal amount of motor 

capacity [3], [4], shared control of movement must be possible. 

Therefore, one key feature that rehabilitation exoskeletons have to 

exhibit is transparency: the robot must be able to “hide” if the 

patient is able to make the movement without assistance [5]. The 

forces that must be overcome when moving the robot are produced 

by mechanical impedance of the robot including inertia, friction and 

stiffness. Gravity forces must be added to these forces as well. 

There are two main approaches to reduce the device impedance: 

the active and the passive approaches. A more feasible way is to use 

active control. This compensation can take the form of the model 

feedforward [6] or feedback control [7]. The passive approach 

which is independent of the servo-responses provides increased 

safety and maintains the transparency. 

Various approaches are known to implement passive 

impedance. All of them require the use of a passive or natural 

compliant element. The so-called “serial elastic actuation” [8], [9] is 

the most well-known approach to realize passive compliance. The 

values of the high impedance are limited to the values of the elastic 

link stiffness.  

One of the most common approaches to implement natural 

compliance is the usage of pneumatic artificial muscles (PAM), 

[10]. Compared to other actuation systems, high power/weight and 

power/volume ratios allow pneumatic muscles to be a good solution 

for lightweight actuation design.  

The aim of the work is to reveal the results of modelling and 

simulation of an upper limb exoskeleton for rehabilitation and 

training that ensures transparency and natural safety on the one 

hand and force impact and performance on the other.  

2. Mechanical structure and actuation of 

exoskeleton arm  

One way to achieve the design goal is to build an exoskeleton 

developing the passive approach. This means having extremely 

light attachments to the limbs, and putting all the heavy exoskeleton 

components on the torso or the ground. Thus an exoskeleton with 

light segments was developed. The exoskeleton mechanical 

structure (Fig.1a) consists of two arms L and R, each consisting of 

four movable segments 1, 2, 3, 4. The two arms are mounted on a 

rigid structure that is fixed to the base behind the operator's back as 

shown in Fig.1.  

All segments of the arm are made of aluminium, they have 

adjustable length, thus allowing quick and easy adjustment 

according to the user’s size. Each arm has four active joints J1, J2, 

J3 and J4 resembling the natural motion of the human arm from 

shoulder to elbow. A CAD view of the exoskeleton prototype is 

shown in Fig. 1 b). The summed masses of the four main segments 

of the arm calculated from the CAD program are M1=0.302kg, 

M2=0.303kg, M3=0.271kg and M4=0.122kg. The lengths of the 

exoskeleton arm and forearm in the initial setup are L1=0.286 m 

and L2=0.370 m respectively. The exoskeleton is designed so, that 

it covers the requirements of “Activities of daily living” (ADLs) as 

they have been assessed in [11]. The ranges of exoskeleton joints 

are: J1(110°), J2(120°), J3(150°), J4(135°). 

 

 

a) 

 

b) 

Fig. 1 Exoskeleton arms: a) mechanical structure; b) CAD view of the 
prototype. 

The actuation system of exoskeleton arm should have the 

following advantages: excellent power/weight ratio with inherent 

safety, natural compliance, low cost. Self-made braided pneumatic 

muscle actuators (PMA) are used to achieve these advantages. The 

muscles are used not only singly, but also in parallel groups as 

bundles [12]. Joint motion/torque on the exoskeleton arm is 

achieved by antagonistic actions through cables and pulleys, driven 
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by the pneumatic bundles. All actuators are mounted on the exo-

shell on the operator’s back. A selection of bundles with different 

number of muscles for every joint is performed to ensure nominal 

torques in the joints. 

 3. Mechanical model of exoskeleton arm  

The mechanical model of the exoskeleton arm was build up, 

according to the kinematics scheme shown in Fig. 1. The kinematics 

structure includes 4 rotation joints with h = 4 DoF. Independent 

parameters for evaluation are the rotations in the four joints q1, q2, 

q3 and q4, corresponding to the four basic motions of the upper 

limb: shoulder abduction/adduction, shoulder flexion/extension, 

elbow flexion and shoulder med./lat. rotation. 

(1)   
 Thqq ,...,q 1

    

The coordinates of the end-effector (ЕЕ) are presented by the 

vector 

(2)   
  61   ,,...,X

T
XX

   

Jacobian matrix is built using the Octave Software,  

(3)  














q

X
J

    

The direct task of kinematics is solved regarding positions and 

velocities. Assuming that the operator hand is connected to a point 

EЕ (end effector), we will further consider exoskeleton positions 

only, and we will accept the operating space as 3 dimensional (ν=3). 

The vector of end-effector coordinates (2) will be (3 x 1) 

dimensional, and Jacobian (4) will be (3x4) dimensional.  

Using the pseudoinverse of the Jacobian [J +] in the Octave 

Software and an iterative procedure using small position deflection 

on the selected path, inverse kinematics is solved and the 

corresponding angles and velocities of the joint are found: 

(4)  XJq       

Denote by 

(5)   
 Th,...,QQ1Q

    

the (h x 1) vector of the generalized torques in the joints in the basic 

chain corresponding to the generalized parameters (1) and by  

(6)   
 Tzyx FFF ,,F 

   

the (3 x 1) vector of the external forces applied at the end effector 

and corresponding to the coordinates (2) of the end effector. The 

link between the external forces (6) and the effective generalized 

torques (5) can be defined according to the principle of virtual work 

as follows 

(7)   FJQ
T     

In virtual reality tasks, the vector of the external forces (6) 

represents the desired force on the end effector, when the user is in 

contact with a virtual surface.  

The gravity of exoskeleton links and the gravity of human arm 

influences on the behaviour of the end-effector. The (4 x 1) vector  

(8)  
 T41,...,GGG

    

is the vector of gravity torques, generated at the exoskeleton joints. 

Its components are determined by the mass of the links and their 

centre of mass positions in the base frame. 

4. Interaction “patient– exoskeleton” as a result of 

the exoskeleton passive impedance 

If a rehabilitation robot is completely transparent, the 

interaction force initiated by the patient between him and robot is 

zero. The subject of the present simulations is to evaluate the 

interaction force between the patient and the exoskeleton as a result 

of the exoskeleton passive impedance. As rehabilitation robotics, 

especially upper limb robotics, operate at high torques at low 

velocity, the interaction force includes mainly gravitational forces, 

elastic forces and frictional forces. 

An experiment has been conducted on the influence of 

gravitational forces on the end effector motion in a curvilinear path, 

such as a circle, in the OXY plane. (Fig. 2a). At the points of the 

circular trajectory, the inverse kinematics problem (4) is solved by 

the Octave Software and the corresponding joint angles are found. 

For each point in the procedure, the joints torques (8) generated by 

the gravitational forces are calculated. From these torques, the 

inverse solution of (7) is made and the equivalent force of EE (6) is 

calculated. Fig. 2 a) depict graphically the change of this force, and 

Fig. 2 (b) shows the change of its components along the axes of the 

Cartesian coordinate system OXYZ.  

 

 

a) 

 

b) 

Fig. 2 Gravitational influence in guiding the end effector in a circle with 

radius 0.18 m: (a) change in the interaction force; (b) modification of the 
components of the interaction force.  

 

Fig. 3 shows the results of a similar experiment when the arm is 

in a different configuration and the end effector moves in a circle 

with smaller radius. Fig. 3 a) depict graphically the change of end 

effector force, and Fig. 3 (b) shows the change of its components 

along the axes of the Cartesian coordinate system OXYZ. Joint 

moments as a result of arm gravity are shown in Fig.3 c). 

 

 

a) 
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b) 

 

c) 

Fig. 3 Gravitational influence in guiding the end effector in a circle with 

radius 0.05 m: (a) change in the interaction force; (b) modification of the 

components of the interaction force; (c) joint moments as a result of arm 
gravity. 

In motion initiated by the patient to maintain the end effector 

trajectory, in cases without feedback or without mechanical model 

compensation, the force exerted by the patient depends on the 

configuration of the arm. As can be seen from the graphs, in some 

configurations this force is limited in size. In other configurations 

and special positions, the interaction forces are multiplied several 

times. Ensuring transparency in these situations can be achieved 

through active control, by changing the exoskeleton arm 

configuration, by changing contact points, and more. 

At the initial moment of “patient - exoskeleton” contact, the 

interaction force is mainly the result of elastic displacement. The 

exoskeleton passive elasticity is determined by the compliance of 

the pneumatic drive. For selected design parameters such as: 

number of muscles in each bundle m = 7, wheel radius r = 0.04 [m], 

maximum feed pressure of 600 kPa, joints compliances reache 

values Bpii = 0.031 [rad / Nm], i = 1, ..., 4, [12]. 

The exoskeleton compliance in Cartesian space represents a 

function of the joint compliance and joint positions, involved in 

Jacobian J: 

(9)  
T

pJJBB 
  

Above, B represents a (3x3) symmetric matrix of end effector 

linear compliance and Bp represents (4x4) diagonal matrix of joint 

compliance.  

The end effector compliance (11) is calculated for the specified 

values of joint compliances in the four joint Bpii. The calculations 

are consistent with changing situations in the four joints of the arm 

respectively in 0, 550.300, 300 in the range of joint motions. The 

results are shown in Fig. 4 using a compliance ellipsoid. The 

experiment shows that there are large differences between 

compliance at different points, as well as between compliance in 

different directions from a given point. Transparency is directly 

dependent on the type of compliance represented by compliance 

ellipsoid with a certain shape.  

 

 

Fig.4. End effector passive compliance at workspace points. 

5. Interaction “patient– exoskeleton” as a result of 

active control 

The passive impedance of the pneumatic actuation takes care of 

the initial response in order to provide security and ensure the 

transparency but the active impedance creates a subsequent 

response that is generated by the position feedback and feed-

forward compensations.  

An open-loop impedance controller with feedforward gravity 

compensation is selected [2]. This type of force control is called 

open-loop because there is no force feedback from the device to the 

controller to regulate the force output of the exoskeleton end 

effector as it is illustrated by the control block diagram in Fig. 5.  

Virtual Engine in the controller on Fig. 5 according to reference 

impedance value Kd generates a desired force command Fd used to 

calculate force command in the exoskeleton joints. A software 

block G(q) is introduced in order to take into consideration the 

effects of the exoskeleton weight. Generalized torques in the joints 

as joint force commands are given by the following equation 

(10)  Hd

T QG(q)FJQ 
   

Forces that human exerts on the exoskeleton end effector QH 

represent a physical, not control input to the device. 
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Fig.5. Block scheme of impedance control with feedforward gravity 
compensation. 

In the next experiment, a simulation is made for the case where 

the patient leads the hand in a circle as shown in Fig. 3, and the 

exoskeleton assures transparency with active control. The force 

commands to the joint according to (10) are formed only by the 

gravitational compensation command (8) ΔQ = G, as shown in Fig. 

3c).  In this case the desired force of the end effector is zero (Qd = 

0). In each position, the compensated arm deviates as a result of 

gravitation and pneumatic actuator passive compliance. In a series 

of points on the trajectory elastic deviation in the joints Δq = BpΔQ, 

and the corresponding deviation of the end effector ΔX=JΔq are 

calculated. Fig. 6a) shows the end effector trajectory after elastic 

deviations as result of gravity. When the patient is leading the hand, 

he applies force Qh = JTFh to the end effector, which according to 

(10) changes the joint torques. As a result, the elastic exoskeleton 

arm deviates further. 

The task of the impedance controller shown in Fig. 5 is to 

provide transparency with low stiffness Kd, to reduces errors in joint 

torque in order to reset the interaction force Fh. Due to low sensor 

resolution or other factors as a result of active control, the patient-

initiated force may be different from 0. The magnitude of this force 

is determined by the passive impedance of the exoskeleton. In the 

experiment, the elastic deviation of the еnd effector at trajectory 

points was calculated when a setpoint of the interaction force Fh= [-

5, -5, -5]TN was chosen. In Fig. 6b) arm deviations are shown as 

result of the set interaction force. In Fig. 7a) components of the EE 

deviation vector dXa dYa dZa are shown as a result of the set 

interaction force. The joint moments nd as a result of set interaction 

force are shown in Fig.7 b). The results obtained show the 

relationship between the deviations from the desired trajectory and 

the uncompensated interaction force as a result of the elasticity of 

the exoskeleton arm. 
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a) 

 

b) 

Fig. 6. Deviations as a result of: a) gravity and b) as a result of 

interaction force. 

 

 

a) 

 

b) 

Fig. 7. Motion parameters along the selected trajectory: a) components of 

the EE deviation vector dX, dY, dZ as a result of the set interaction force; b) 

joint moments as a result of interaction force. 

 

The calculated values of the EE deviations determine the 

transparency as a result of passive compliance. Of course, this 

transparency depends on the amount of passive compliance and the 

speed and accuracy of active control. The experiment was 

conducted for a minimum value of passive compliance. By 

controlling the pressure of the pneumatic actuators, the passive 

compliance in the joints can be increased, thus increasing the 

transparency and safety of the interaction. 

 

6. Conclusion 

The work presents a study of an upper limb exoskeleton 

designed for rehabilitation and training. The aim of the work is to 

identify and evaluate an appropriate solution of upper limb 

exoskeleton that provides transparency and natural safety on the one 

hand and force impact and performance on the other.  

In the paper, the choice of a mechanical structure is shown to be 

equivalent to the structure of the human arm. A mechanical model 

of the exoskeleton arm was built. Through the kinematic model 

direct and inverse tasks of kinematics are solved using the Octave 

matrix software.  

The upper limb exoskeleton is designed as a haptic device that 

can perform tasks in virtual reality. Simulations of interaction force 

between patient and exoskeleton are conducted using the Octave 

software. Here an assessment of the interaction force as a result of 

the exoskeleton passive impedance and as a result of exoskeleton 

active control is made.  

It has been shown that for this arm structure the transparency in 

some positions and directions is higher than in others. Ensuring 

transparency in the extreme and singular positions can be achieved 

through active control, by changing the exoskeleton arm 

configuration, by changing the contact points “patient -

exoskeleton”, etc. We can also select structure of the arm with more 

degrees of mobility and wide working area than the human arm.  

Acknowledgements: This work is partially supported by the 

National Science Fund, Call 2016, through Project AWERON - No. 

DN 07/9 and by the National Scientific Program "Information and 

Communication Technologies for a Single Digital Market in 

Science, Education and Security (ICTinSES)", contract No DO1–

205/23.11.2018, financed by the Ministry of Education and Science 

in Bulgaria. 

References 

[1] Jarrasse, N., T. Proietti, V. Crocher, J. Robertson, A. 

Sahbani, G. Morel, A. Roby-Brami. Robotic Exoskeletons: A 

Perspective for the Rehabilitation of Arm Coordination in Stroke 

Patients, Frontiers in Human Neuroscience, · November 2014, DOI: 

10.3389/fnhum.2014.00947, (2014). 

[2] Lynch, D., Ferraro, M., Krol, J., Trudell, C. M., Christos, 

P., and Volpe, B. T. (2005). Continuous passive motion improves 

shoulder joint integrity following stroke. Clin. Rehabil. 19, 594–

599. doi:10.1191/0269215505cr901oa 

[3] Patton, J. L., and Mussa-Ivaldi, F. A. (2002). Robot 

assisted adaptative training: custom force fields for teaching 

movement patterns. IEEE Rev. Biomed. Eng. 51, 636–646. 

doi:10.1109/TBME.2003.821035 

[4] Hogan, N., Krebs, H. I., Rohrer, B., Palazzolo, J. J., 

Dipietro, L., Fasoli, S. E., et al. (2006). Motions or muscles? Some 

behavioral factors underlying robotic assistance of motor recovery. 

J. Rehabil. Res. Dev. 43, 605–618. doi:10.1682/JRRD. 

2005.06.0103 

[5] Nef T., P. Lum, Improving backdrivability in geared 

rehabilitation robots, Med. Biol. Eng. Comput. 47(4), 441–447, 

DOI 10.1007/s11517-009-0437-0. 

[6] Hogan, N., Impedance Control: An Approach to 

Manipulation, ASME J. Dynamic Systems Meas. & Control, 107: 1-

24, (1985) 

[7] Bergamasco, M., B. Allotta, L. Bosio, L. Ferretti, G. 

Perrini, G. M. Prisco, F. Salsedo, G. Sartini, An Arm Exoskeleton 

System for Teleoperation and Virtual Environment Applications, 

IEEE Int’l Conf. Robot. Automat., vol. 2, 1449–1454, (1994). 

 [8] Pratt G. and Williamson, Series elastic actuators, In: Proc. 

of IEEE/RSJ International Conference on Intelligent Robots and 

Systems, Pittsburgh, 1, 399-406, 1995.  

[9] Veneman, J.F., R. Ekkelenkamp, R. Kruidhof, F.C.T. van 

der Helm, and H. van der Kooij, A series elastic- and bowden-

cable-based actuation for use as torque actuator in exoskeleton-type 

robots, The International Journal of Robotics Research, vol. 25(3), 

pp. 261-281, 2006. 

[10] Daerden Fr., D. Lefeber, Pneumatic Artificial Muscles: 

actuators for robotics and automation. European Journal of 

Mechanical and Environmental Engineering, 47, 1, 1–11, (2002). 

 [11] Perry, J., Rosen J, Burns S., Upper-limb powered 

exoskeleton design. IEEE/ASME Transactions on Mechatronics. 

Vol.12, No. 4, 408–417, (2007). 

[12] Chakarov, D., Veneva, I., Tsveov, M., Venev, P. Powered 

upper limb orthosis actuation system based on pneumatic artificial 

muscles, Journal of Theoretical and Applied Mechanics (Bulgaria), 

48 (1), pp. 23-36, (2018).  

 

 

62

INTERNATIONAL SCIENTIFIC JOURNAL "MATHEMATICAL MODELING" WEB ISSN 2603-2929; PRINT ISSN 2535-0986

YEAR III, ISSUE 2, P.P. 59-62 (2019)




