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Abstract. This paper presents the design and the simulation of an exoskeleton based on the 
kinematics of the human arm intended to be used in robot-assisted rehabilitation of the upper limb. 
The design meets the kinematic characteristics of the human arm so that the exoskeleton allows 
the movement of the arm in its full range of motion. We used co-simulation to design the 
exoskeleton considering a model of the upper limb developed in Opensim, Solidworks to design 
the mechanical structure and Matlab to construct the dynamic model. The system in motion was 
simulated in Simmechanics using predictive dynamics to compute independent joint trajectories 
obtained by modelling the exoskeleton as several optimization problems solved with SNOPT from 
Tomlab. The use of virtual tools in the designing process and the modular structure of the 
exoskeleton will allow the construction of personalized devices using 3D printing. The 
exoskeleton was designed to work under independent joint control so that the system will be able 
to work as passive, assistive and active-assistive mode, to keep records of motion for data analysis 
and to support the rehabilitation process. 
Keywords: exoskeleton, robot-mediated, co-simulation, upper limb, virtual design. 

1. Introduction 

Motor dysfunction in the upper limb is a frequent impairment that may become chronic in 
poststroke individuals affecting the execution of regular motor tasks such as picking up an object 
[1]. Survivors poststroke can drive neural reorganization brain recovery and return of function 
with task specific repetitive training [2]. Traditional therapy consists of repetitive positioning and 
range of motion (ROM) exercises, mobilization, compensatory techniques, strengthening and 
endurance training. After stroke, exercise therapy combined with healthcare practice supported by 
electronic devices (e-health) has helped to the recovery of the patient by taking advantage of 
virtual environments designed to encourage individuals to execute particular movements [3-5]. 
Robot assisted devices are frequently used in e-health for upper limb rehabilitation due to its 
capability to adapt to different types of therapy. Robotic devices are used to facilitate early 
recovery of locomotion in shoulder, elbow, wrist and fingers [6-9]. It has been shown that the use 
of robot mediated devices to support rehabilitation treatments for motor impairment in the upper 
limb in stroke survivors, can be reduced significantly the impairment measures of the affected 
limb [10]. 

Robot-mediated rehabilitation for the upper limb includes various types of modalities such as 
passive, active-passive and resistive. These modalities have been classified recently by Basteris 
and colleagues according to the features of their implementation: active (Ac), assistive (As), 
passive (P), passive-mirrored (PM), active-assistive (AA), corrective (C), path guidance (PG) and 
resistive (R). Active mode is based in the solely contribution of the user in the execution of a task, 
in passive mode the robot is in charge of the motion, whereas in assistive mode both the patient 
and the robot contribute to the task execution. Passive mirrored mode is used in bimanual devices 
when the subject executes a movement with the healthy arm to be reproduced by the impaired arm. 
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In active-assistive mode the robot corrects the user when he/she is not performing correctly during 
the task whereas in corrective mode the robot stops the user under the same circumstances so the 
user can retake the task. In resistive mode the robot resists the movement that the user is executing. 
In path guidance mode the user executes a trajectory haptically guided by the robot [11]. 

Robot exoskeletons are wearable articulated mechanic structures whose kinematics are based 
on the kinematics of the human arm. The motion of each articulation can be controlled through 
powered motors and position sensors located in the joints of the structure. This work focused on 
the design of an eight degrees of freedom (DOF) exoskeleton that is expected to perform in  
passive, assistive and active-assistive mode. Among popular robot-mediated devices that had been 
in the field of study during past years, that perform under one of more of these modalities, we can 
mention the active-assistive arm exoskeleton BONES, the active-assistive KINARM hybrid 
exoskeleton, the assistive MAHI EXO-II and the active L-Exos robotic exoskeletons. The 
Biomimetic Orthosis for the Neurorehabilitation of the Elbow and the Shoulder BONES is a 
pneumatically powered exoskeleton whose kinematic design replicates the normal range of motion 
of the human arm. The control system of BONES can be programmed so assistance algorithms 
can be added according to the needs of the user [12]. The KINARM exoskeleton is a commercial 
device that uses linkages that allows the motion of the elbow and shoulder in the horizontal plane. 
The control system of the KINARM records pattern of motions and joint torques independently 
in order to replicate tasks or to apply loads [13]. The MAHI EXO-II is a 5-DOF robotic 
exoskeleton built with two revolute joints for the elbow and the forearm, and one spherical joint 
for the wrist actuated with DC brush motor. The design of the MAHI EXO-II allows the user to 
record the movement of each joint independently for an accurate knowledge of the arm and wrist 
movement. [14, 15]. The L-Exo is a 5-DOF exoskeleton, it is a force-feedback anthropomorphic 
arm with four joints that are actuated to permit the ROM of the shoulder and elbow. The system 
also has a passive joint that allows the wrist movement [16, 17]. 

In this paper we present the design and the simulation of an exoskeleton based on the 
kinematics of the human arm intended to be used in robot-assisted rehabilitation of the upper limb. 
The proposed device is an eight DOF mechanical structure with independent revolute joints that 
will allow the user to move the arm in its full ROM. The exoskeleton was developed in 
co-simulation of a software for musculoskeletal modelling and simulation of movement 
(Opensim), a computer aided design software (Solidworks) and a simulation environment for 
mechanical systems (MATLAB-Simmechanics). Fig. 1 shows the flowchart containing the 
elements used during the development of the system. First we used a model of the upper limb 
developed in Opensim that provided the kinematics of a human arm as a base to design the 
exoskeleton structure in Solidworks. The Solidworks structure provided the physical 
characteristics and the inertial data of the exoskeleton that was later used to construct the dynamic 
model in Matlab. Since the upper limb model provided data to simulate an elbow rotation only, 
we used predictive dynamics (PD) to compute independent trajectories for each joint of the 
exoskeleton considering the ROM of the human arm. We modeled the exoskeleton as optimization 
problems based on the dynamic model of the system using SNOPT from Tomlab to solve them. 
Finally, we simulated the exoskeleton in Simmechanics considering the joint trajectories obtained 
using PD. The experimental section gives an insight of the design process of the exoskeleton in 
Solidworks and the simulation of the exoskeleton dynamic model in Simmechanics. The last two 
sections analyses the results of the simulations and discuss the pertinence of the exoskeleton 
according to the design objectives. 

2. Experimental section 

2.1. Design objectives 

The design of the exoskeleton considered specific characteristics so, once built, the robotic 
device could be successfully used for assistance and restoration of locomotion. The main objective 
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of the design is that it has to meet the kinematic characteristics of the human arm considering 
independent joint control so that the exoskeleton allows the movement of the anatomical center of 
rotation during locomotion [18]. An anthropomorphic design would allow full ROM of the human 
arm for the execution of several movements and activities of daily living (ADL) [19]. The 
exoskeleton is intended to support the rehabilitation of poststroke patients by being able to 
increase the intensity of training, in order to allow users to practice motor tasks by themselves 
with a natural and intuitive interaction [20]. The design must consider safety and dependability, 
easy of wearability and portability and usability/acceptance [21, 22]. Finally, the system must 
have the capability to keep a record of each joint movement in order to monitor and analyze 
isolated movements [14].  

2.2. Biomechanics of the human arm 

The kinematics of the upper limb is based in the locomotion of the scapula, the shoulder, the 
forearm and the hand. Altogether, as a combination of two or more, or by performing independent 
movements these elements of the arm are responsible for positioning the hand in space. Each 
element involved in the kinematics of the upper limb has at least one DOF with a limited range of 
motion as described in Table 1. Among the movements involved in hand positioning tasks are: the 
scapula flexion/extension; the shoulder flexion/extension, adduction/abduction, median/lateral 
rotation; the elbow flexion/extension; the forearm pronation/supination, the hand 
abduction/adduction and flexion/extension [23]. 

2.2.1. Simulation of an arm movement  

The design of the exoskeleton was based on an accurate model of the human arm of a 
50 percentile male (170 cm tall) developed by Holzbaur and colleagues. The model defines the 
kinematics of the human arm as a 15 DOF system that includes three DOF for the shoulder, two 
DOF for the elbow, two DOF for the wrist, four DOF for the index finger and four DOF for the 
thumb [24]. The model was developed using Opensim which is a platform developed by Delp and 
colleagues in Stanford University for modelling and simulation of the neuroskeletal system [25]. 
We used the described model to define the kinematics of the exoskeleton. The model of the arm 
in Opensim includes the inverse kinematics simulation for an elbow rotation from 0 to 90 degrees. 

Table 1. Elements of the upper limb and their range of motion 
 DOF Movement Angles of rotation (degrees) lower limit/upper limit 

Scapula 1 Flexion/extension 20/15 

Shoulder 
1 Flexion/extension 140-180/60 
2 Medial/lateral 90/20 
3 Abduction/adduction 180/20 

Elbow 1 Flexion/extension 150/10 
Forearm 1 Pronation/supination 90/80 

Wrist 1 Abduction/adduction 25-30/30-40 
2 Flexion/extension 60-80/60-90 

2.3. Design specifications 

The mechanical structure of the exoskeleton was designed in Solidworks. The exoskeleton is 
an eight DOF based on the upper limb ROM described in Table 1. The dimensions of the 
exoskeleton elements are based on the dimensions of the human arm model of the 50 percentile 
male [24]. Fig. 2 shows the schematic of the exoskeleton mechanical structure. Fig. 2(a) shows 
the structure of the exoskeleton with its eight DOF. All joints J1, J2, J3, J4, J5, J6, J7 and J8 are 
revolute. The back side of the exoskeleton, shown in Fig. 2(b), serves as support for the 
exoskeleton and it is also thought to hold the batteries. A side view of the exoskeleton in its initial 
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pose is shown in Fig. 2(c). Fig. 2(d) shows the human arm and the exoskeleton when the elbow is 
in a 90 degrees position.  

 
a) 

 
b)  

 
c) 

 
d) 

Fig. 1. Mechanical structure of the exoskeleton: a) Schematic and degrees of freedom, b) back and  
c) side view of the exoskeleton fitted to the human arm model, d) the exoskeleton  

and the human arm when the elbow is in a 90 degrees position 

2.3.1. Joint layout  

The structure is built by eight mobile parts or links displayed in Fig. 3. Fig. 3(a) shows the 
element responsible for the scapula flexion/extension movements. The elements in Fig. 3(b), 
Fig. 3(c) and Fig. 3(d) allow the abduction/adduction, flexion/extension and medial/lateral of the 
shoulder. The element in Fig. 3(e) allows the elbow flexion/extension. The element in Fig. 3(f) 
allows the forearm pronation/supination movements. The elements in Fig. 3(g) and Fig. 3(h) allow 
the hand abduction/adduction and flexion/extension, respectively. 

2.3.2. Dynamic model  

The dynamic model of the exoskeleton is represented as Eq. (1): ݍ(ݍ)ܯሷ ൅ ,ݍ)ܥ	 ሶݍ ) ൅ (ݍ)݃	 ൅ ܨ = ߬, (1)

where (ݍ)ܯ is the inertial matrix as a function of the joint position vector, ݍ)ܥ, ሶݍ ) contains the 
Coriolis effect and the centrifugal forces as a function of the joints position ݍ  and the joints 
velocity ݍሶ ሷݍ ,  is a vector that contains the joints acceleration, ݃(ݍ) is a vector with the gravity on 
the system as a function of the joints position, ܨ is a vector that contains the friction phenomena 
that affect the joints and ߬ represents the torques needed to execute a desired movement [26]. The 
dynamic model of the exoskeleton was built considering the physical characteristics of the 
mechanical structure and, due to the large number of degrees of freedom of the system, we used 
recursive dynamics based on the contribution of all forces affecting each link in order to find the 
dynamics of the whole system. During the construction and the simulation of the model the system 
was considered frictionless. 

2.3.3. Predictive dynamics  

Predictive dynamics is used to predict human motion by modelling the system as an 
optimization problem in order to find the unknown joint angles and the unknown generalized 
forces that are involved in specific movements [27, 28]. We used predictive dynamics to find the 
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joint trajectories that would serve as reference to the joint controllers of the exoskeleton in 
simulations of the system. The problem, the desired joint rotation, was modelled to determine the 
joint angles subjected to the joint limits, the equations of motion and physical and other  
constraints, while minimizing a cost function. Eq. (2) shows the optimization problem considering 
two different cost functions: the dynamic effort expressed as the integration of squares of all the 
joint torques (߬) over time and the minimum joint rotation time (ݐ௙); the constraints of the 
optimisation problem are the desired motion lower (ݍ௅) and upper limits (ݍ௎), the desired torques 
lower (߬௅) and upper (߬௎) limits and the desired execution time: 

min				݂	 = 	න ߬ ∙ ்߬
଴ .ݏ	,݂ݐ			min,ݐ݀ .ݐ ∶ 	߬ − ,ݍ)	݂ (ݐ 	= ௅ݍ												,0	 	≤ 	ݍ	 ≤ 	 ߬௅											௎,ݍ 	≤ 	߬	 ≤ 	 ߬௎.

(2)

 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
g) 

 
h) 

Fig. 3. Mobile parts (links) that shape the exoskeleton for the upper limb 

2.4. Simulations of performance 

The mechanical structure of the exoskeleton was developed in Simmechanics in order to 
simulate the performance of the system in motion. As mentioned, the model of the arm includes 
the inverse kinematics simulation for an elbow rotation from 0 to 90 degrees, therefore we used 
predictive dynamics to find the joint trajectories that would serve as reference to the joint 
controllers. First we obtained the joint angles of the elbow rotation in Opensim and, since the 
optimization problem was defined considering two different cost functions, we used SNOPT 
solver from TOMLAB Optimization Environment to solve both PD problems in MATLAB in 
order to find which cost function would provide the closest approach to the real joint trajectory. 
The PD problem considered the dynamic effort and the execution time as cost functions; the 
constraints were the desired motion limits, the desired torque limits and the desired execution time. 
The minimum time is 0.9 second according to the simulation of the elbow rotation performed in 
Opensim. The values of the maximum desired torques were based in the weight that each joint of 
the exoskeleton has to support. Joints J1, J2, J3 and J4 support the weight of the whole arm, joint 
J5 supports the weight of the lower arm and the hand, joints J6, J7 and J8 support the hand. The 
weights of the upper arm, the lower arm and the hand were taken from the 50 percentile male 
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according to Churchill and colleagues [29]. The model of the exoskeleton built in Simmechanics 
was implemented considering the physical characteristics and the inertial data provided by the arm 
model and the mechanical structure of the system. Each joint of the exoskeleton was controlled 
independently using Proportional Integral and Derivative (PID) controllers. We simulated the 
performance of the exoskeleton considering different angles for each of the eight joints of the 
exoskeleton based on the lower limits of the human arm ROM. Each joint of the exoskeleton was 
moved one at a time using joint trajectories obtained through predictive dynamics that served as 
reference signals for the independent joint controllers of the exoskeleton during the simulations 
of motion. 

 
Fig. 4. Joint angle prediction of an elbow rotation from 0 to 90 degrees 

3. Results 

The inverse kinematic problem for an elbow movement performed in Opensim and the 
trajectories obtained with the solution of the PD problem when considering both the torque square 
and the minimum time as a cost function are shown in Fig. 4. Both solutions of the PD problem 
are close to the elbow trajectory given by Opensim. However, PD with minimum time as a cost 
function presented a larger mean squared error (MSE) with respect to the solution obtained when 
using squared toque as a cost function. Minimum time gave a mean error of 241.4879 and torque 
squared gave an error of 10.2932, meaning that considering the dynamic effort as a cost function 
to solve the optimization problem offered a closest approach to compute the elbow rotation from 
0 to 90 degrees. Due to the proposed cost functions seem to provide good approaches to real 
trajectories, we solved the eight PD problems to find the joint trajectories of the exoskeleton 
considering both the minimum time and the torque square. The solutions were used as reference 
signals for each of the joint PID controllers of the exoskeleton during the simulations of motion. 
Joint 1 rotated from 0 to 20 degrees, Joint 2 rotated from 0 to 140 degrees, Joint 3 rotated from 0 
to 90 degrees, Joint 4 rotated from 0 to 180 degrees, Joint 5 rotated from 0 to 150 degrees, Joint 6 
rotated from 0 to 90 degrees, Joint 7 rotated from 0 to 25 degrees, Joint 8 rotated from 0 to 
60 degrees. Fig. 5 show the joint trajectories measured in the joints of the exoskeleton. For the 
trajectories obtained considering minimum time Joint J1 had an MSE of 2.3732×10-8, J2 had an 
error of 5.5882×10-6, J3 had an error of 5.8373×10-6, J4 had an error of 2.5301×10-8, J5 had an 
error of 2.4282×10-7, J6 had an error of 6.4925×10-10, J7 had an error of 2.8127×10-11, J8 had an 
error of 8.2132×10-17. For the trajectories obtained considering dynamic effort, joint J1 had an 
MSE of 2.2401×10-8, J2 had an error of 1.0740×10-5, J3 had an error of 9.2105×10-6, J4 had an 
error of 3.6846×10-9, J5 had an error of 2.3007×10-7, J6 had an error of 8.9500×10-11, J7 had an 
error of 1.1083×10-11, J8 had an error of 0.0667. According to the results obtained during the 
simulation of motion, based on the computation of the MSE for each joint of the exoskeleton, the 
system had a good response when moving the exoskeleton in the lower limits of the arm ROM. 
The mean of the MSE obtained when moving the exoskeleton using PD with minimum time as 



2121. DESIGN OF AN EXOSKELETON FOR UPPER LIMB ROBOT-ASSISTED REHABILITATION BASED ON CO-SIMULATION.  
ZAIRA PINEDA-RICO, JOSE ALFONSO SANCHEZ DE LUCIO, FRANCISCO JAVIER MARTINEZ LOPEZ, PEDRO CRUZ 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUG 2016, VOL. 18, ISSUE 5. ISSN 1392-8716 3275 

cost function was 1.463×10-6. The mean of the MSE obtained when moving the exoskeleton using 
PD with dynamic effort as cost function was 0.0083. 

Joint J8 had the smallest MSE 8.2132×10-17 of when executing the trajectory obtained using 
PD with minimum time as cost function and J2 had the largest error of 5.5882×10-6. Joint J8 had 
the largest MSE of 0.0667 when considering the dynamic effort as a cost function and J6 had the 
smallest error of 8.9500×10-11. 

a)  b) c) 
 

d) 

e) f) g) 
 

h) 
Fig. 5. Joint trajectories of the 8 DOF of the exoskeleton when simulating its motion in the lower limits of 
the human arm ROM: a) joint 1 from 0 to 20 degrees, b) joint 2 from 0 to 140 degrees, c) joint 3 from 0 to 

90 degrees, d) joint 4 from 0 to 180 degrees, e) joint 5 from 0 to 150 degrees, f) joint 6 from 0 to 90 
degrees, g) joint 7 from 0 to 25 degrees, h) joint 8 from 0 to 60 degrees 

4. Discussion 

This work presents the design of an exoskeleton intended to be used in robot-mediated therapy 
for the upper limb in post-stroke patients. By taking advantage of the characteristics of Opensim 
to model a human arm, it was possible to design an exoskeleton that allows the movement of the 
anatomical center of rotation of each element of the human arm during locomotion. Solidworks 
served to design the structure of the exoskeleton and provided precise physical measurements such 
as lengths, masses, centers of mass and inertial data of each element of the structure that allowed 
the construction of a dynamic model of the exoskeleton in MATLAB, and a model for simulation 
of motion in developed in Simmechanics. The dynamic model helped to model the system as a 
predictive dynamics problem that was used to predict the motion of the elbow considering the 
torque square and the minimum execution time for the desired rotation as cost functions. The 
solution of the optimization problem was accurate when compared to the elbow rotation given by 
an arm model developed by Holzbaur and colleagues in Opensim. We computed the mean squared 
error to define which cost function gave the most accurate approach. The results showed that 
predictive dynamics with torque square as a cost function had a smaller mean squared error. The 
model of the arm implemented in Opensim only provides data for the motion of the elbow, we 
used predictive dynamics to predict several joint trajectories to simulate the rotation of the 
shoulder, the elbow and the wrist. Further work considers the implementation of a motion capture 
system to analyze the motion of the upper limb in the execution of the joint rotations simulated in 
this work, the analysis will show which cost function offers the best approach to the arm motion 
in the execution of specific joint rotations. The exoskeleton meets the kinematic characteristics of 
the human arm considering independent joint control, allowing full range of motion for the 
execution of repetitive exercises and motor tasks for supporting the rehabilitation of poststroke 
patients in comparison to other systems such as KINARM that only supports the rehabilitation of 
the elbow and shoulder in the horizontal plane; MAHI EXO-II whose 5 DOF permit the 
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rehabilitation of elbow, forearm and wrist; and L-EXO that is designed to rehabilitate the shoulder 
and the elbow. Since co-simulation takes advantage of virtual tools that can be set up accordingly, 
it is possible to construct personalized devices according to the needs of each user. The modular 
design of the exoskeleton will allow its construction in 3D printers using polymers which would 
reduce the weight of the device for the user, favoring its wearability and portability. Since the 
exoskeleton is designed to work under independent joint control, the system will have the 
capability to be programmed for assistance algorithms similarly to the BONES exoskeleton, 
enabling it to work as passive, assistive and active-assistive mode. The proposed independent joint 
control is suitable to keep records of each joint movement during the execution of a desired 
exercise or motion task, as the exoskeletons KINARM, MAHI EXO-II and L-EXO do. This 
characteristic will help to keep track of the rehabilitation process and will allow the user to analyze 
properly the joint trajectories of the arm when moving in its ROM during the execution of specific 
tasks, such as picking up objects. This characteristic will also be helpful to analyze the accuracy 
of different joint trajectories computed using predictive dynamics in order to determine the 
pertinence of using when the exoskeleton is responsible for the locomotion of the arm in passive 
and active-assistive mode and to create a database to test future personalized exoskeletons. Future 
work includes the construction of the exoskeleton and the identification of friction for the 
validation of the dynamics model.  
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