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Abstract—In this paper, we use modular design method
to construct a 4-DoF (Degrees Of Freedom) upper limb
exoskeleton. The structure is very simple, and is easy to
be modified. Articulation of the exoskeleton is achieved four
revolute joints: three for the shoulder and one for the elbow.
Static and dynamic models of this exoskeleton are proposed.
Experiments and analysis of the exoskeleton robot are carried
out to evaluate the effectiveness of the design.

I. INTRODUCTION

The exoskeleton robot is worn by the human operator
as a device. Its joints and links correspond to those of
the human body. The same system operated in different
modes can be used for three fundamental applications:
device for teleoperation [32], human-amplifier [10], and
physical therapy modality as part of the rehabilitation [36].
A wide variety of exoskeleton systems both for upper
limbs [29] and lower limbs [16] with various human-
machine interfaces have been developed. The first genera-
tion man-amplifier exoskeleton, known as Hardiman [25],
used hydraulically powered articulating frame worn by an
operator. The second generation of exoskeletons utilized
the direct contact forces (measured by force sensors)
between the human and the machine as the main command
signals to the exoskeleton. The operator is in full physical
contact with the exoskeleton throughout its manipulation
[16]. The third generation of exoskeletons is defined by
at higher levels of the human physiological (neurological)
system hierarchy, such as electromyogram sensor [11][30].

Korein [17] is one of the first to study 7 degree-of-
freedom (DoF) model for the human arm. Since then,
many other researches have used it to study redundant
robots [9] and upper limb exoskeletons [29], which ne-
glects translational and rotational motion of the scapula
and clavicle. Otherwise 9 DoF [8] and 11 DoF [24] models
of the arm are needed. The 7 DoF arm model give a good
combination of motion accuracy while reducing the model
complexity to a manageable level. If we only consider
motions of the shoulder and the elbow, the human arm
has 4 DoF. This 4 DoF includes most of human arm
motions. There are many 4 DoF exoskeleton robots [26].
The actuators of these exoskeletons include electric motors
[28], pneumatic muscles [35], and hydraulic actuators [21].
The power transmission methods are gear drive [20], cable
drive [29], and linkage mechanism.
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Fig. 1. CINVESRobot-1: 4 DoF upper limb exoskeleton

Although great progress has been made in a century-
long effort to design and implement robotic exoskeletons,
many design challenges continue to limit the performance
of the system. The main problem is the design of the
exoskeleton is complex to cope with human arm. In this
paper we use the modular design concept. We use the
PowerCube [33] motors as the basic elements for the joints
of the exoskeleton. All joint modules are integrated using
the universal communication interfaces CAN. Each joint
has its own computer control system. The joint modules
are fitted with a standardized interface for mechanism and
control. So the design process is more simple and easy
than the other exoskeletons [14].

The kinematics and dynamics of the human arm during
activities of daily living are studied in part to determine
the engineering specifications for the exoskeleton design.
The model for the exoskeleton include forward kinematic,
inverse kinematic, and dynamic model. The kinematics are
used to calculate the relation between the joint angles and
the arm position, while the dynamic model is applied to
design controllers.

In this paper, we use PowerCube motors to design a
4-DoF upper limb exoskeleton, which is mounted on the
ground. This allows both height and distance adjustment
between the arms, see Fig1. Articulation of the exoskele-
ton is four single axis: three for the shoulder and one for
the elbow. Static and dynamic models of this exoskeleton
are proposed. Experiments and analysis of the exoskeleton
robot are carried out.

2014 5th IEEE RAS & EMBS International Conference on
Biomedical Robotics and Biomechatronics (BioRob)
August 12-15, 2014. São Paulo, Brazil

978-1-4799-3127-9/6/14/$31.00 ©2014 IEEE 508



Fig. 2. Four basic motions of human arm
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Fig. 3. Human arm rotations

II. A SIMPLE UPPER LIMB EXOSKELETON

A. Human Arm Model

The upper limb is composed of segments linked by
articulations with multiple degrees of freedom. It is a
complex structure that is made up of both ridged bone and
soft tissue. This soft tissue moves and slides relative to the
bone during movements and interactions with the environ-
ment. Additionally, muscle contractions cause changes to
their shape and the over all stiffness of the arm. Although
much of the complexity of the soft tissue is difficult to
model, the overall arm movement can be represented by
a much simpler model composed of ridge links connected
by joints.

Three ridged segments, consisting of the upper arm,
lower arm and hand connected by frictionless joints make
up the simplified model of the human arm. Placing a
reference frame at the shoulder, the upper arm and torso
are rigidly attached by a ball and socket joint. This
joint is responsible for three shoulder motions: abduction-
adduction, flexion-extension and internal-external rota-
tions. The connection between the upper and lower arm
segments can be regarded as a single rotational joint at
the elbow, see Fig.2. These motions can be regarded as
several joint rotations as in Fig.3.

Fig. 4. Standard rotary module: PowerCube

In order to simplify the design process, we consider the
case of Fig.3 (a), i.e., the elbow only has flexion-extension
rotation, the lower arm and hand are connected by a
spherical joint resulting in three wrist motions: pronation-
supination, flxion-extension, and radial-ulnar deviation. In
this paper we do not consider the wrist motion. So the arm
has 4 DoF. The range of motion of the arm is shown in
Table 1.

Table 1. Human arm performance
abduction

adduction

flexion

extension

internal

external
elbow

Range of motion 0:180 -45:180 -60:100 0:150
Daily living 0:80 -20:30 -30:40 20:80

B. Design of Upper Limb Exoskeleton

The fundamental principal in designing the exoskeleton
joints is to align the rotational axis of the exoskeleton with
the anatomical rotations axes. If more then one axis is at
a particular anatomical joint (e.g. shoulder and wrist) the
exoskeleton joints emulate the anatomical joint interaction
at the center of the anatomical joint. Consistent with other
work, the glenohumeral (G-H) [13] joint is modelled as
a spherical joint composed of three intersection axes. The
elbow modelled by a single axis orthogonal to the third
shoulder axis, with a joint stop to preventing hyperexten-
sion. Exoskeleton pron-sup takes place between the elbow
and the wrist as it does in the physiological mechanism.

We use the PowerCube unit as standard rotary module,
see Fig.4. It has a brushless EC motors and a harmonic
drive transmission. It uses single-cable technology to
simple integrate the existing control concepts. The cubic
geometry makes the system extremely adaptable for mod-
ular solutions. The joint Configuration and DoF selection
are shown in Fig.5.

A result of representing the ball and socket joint of the
shoulder, there are three intersecting joins. This spherical
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Fig. 5. Joint Configuration and DoF selection

Fig. 6. Singularity in 1 and 3

approximation may introduce singularity when two joint
axes are collinear, see Fig.6, 1 and 3 are not linearly
dependent. A singularity is a device configuration where
a DoF is lost or compromised as a result of the alignment
of two rotational axes. The existence or nonexistence of
singularity will depend entirely on the desired reachable
workspace. Spherical workspaces equal to or larger than
a hemisphere will always contain singular positions. The
challenge is to place the singularity in an unreachable,
or near-unreachable location, such as the edge of the
workspace.

The servo positioning module combines high precision
and high torque, and have a very compact design. The
high torques are achieved by the integrated harmonic
drive gears with considerable reserves of acceleration and
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Fig. 7. Control system

deceleration, while the high-resolution encoder guarantees
high precision. All of modules are connected by CAN
bus (controller area network), see Fig.7. CAN allows
microcontrollers and devices to communicate with each
other without a host computer. The module can have a
single CAN interface rather than analog and digital inputs
to every device in the system. This decreases overall cost
and weight of each joint. The new module can quickly
be integrated into existing systems using the universal
communication interfaces CAN.

The main difference between our design and the others
is we apply modular design concept. This use the ad-
vantages of PowerCube motors, such as they are easily
installed, each motor has its own control unit, the control
network is CAN, etc.

III. DYNAMIC MODELING OF THE EXOSKELETON

The 7-DOF model of the upper limb exoskeleton shown
in Fig. 3 is composed of a 3-DOF shoulder (J1-J3),
a 1-DOF elbow (J4) and a 3-DOF wrist (J5-J7). J1-J3
are responsible for shoulder flexion-extension, abduction
adduction and internal–external rotation, J4 creates elbow
flexion-extension, J5-J7 are responsible for wrist flexion–
extension, pronation-supination and radial–ulnar deviation,
see Fig. 2.

By D-H convention, we define each frame of the 4 DoF
exoskeleton robots as in Fig. 3. The parameters of the
frames of 4 DoF exoskeleton robot is shown in Table 3.

Table 3. Exoskeleton DH-parameters
Link    

1 0 1

2 1

2 0 2 −
2 2

3 3 0 
2 3

4 4 0 0 4

Many robot modeling tool can be used to calculate its
dynamic by this his D-H convention. But this model is
very complex, even for the homogeneous transformation
matrix for the four joints are

 
1 = 1 · · · =

∙

0 0
0 1

¸
(1)
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mi=mass of motor i + mass of link i

m1

m2

m3

m4

where 1 =

⎡⎢⎢⎣
1 0 1 0
1 0 −1 0
0 1 0 1
0 0 0 1

⎤⎥⎥⎦  2 =

⎡⎢⎢⎣
2 0 −2 0
2 0 2 0
0 −1 0 2
0 0 0 1

⎤⎥⎥⎦  3 =

⎡⎢⎢⎣
3 0 3 33
3 0 −3 33
0 1 0 0
0 0 0 1

⎤⎥⎥⎦ 

4 =

⎡⎢⎢⎣
4 −4 0 44
4 4 0 44
0 0 1 0
0 0 0 1

⎤⎥⎥⎦,  = sin ()   = cos () 

 = 1 · · · 4
Forward Kinematic. The position of the end point of

Joint 4 refer to the world frame (0 0 0) is

 41 = 1234 =

∙
41 41
0 1

¸
 (4 4 4) = 41

(2)
41 is calculated from (1), the direction of the end point is
41

Since  41 is very complete, we also use geometric
approach for calculating forward kinematic, see Fig. III,

 = (3 cos 3 + 4 cos 4) sin 1
 = (3 cos 3 + 4 cos 4) cos 1 cos 2
 = (3 cos 3 + 4 cos 4) cos 3 sin 2 + 1

(3)

Dynamic Model. Fortunately, this upper limb exoskele-
ton is fixed on the human arm, (the behavior of the
exoskeleton is the same as the human arm). We can regard
J1, J2 and J3 in Fig. 2 as three spherical joints of human
shoulder, see Fig. 3. The frame matrices of J1, J2, J3, and
J4 are calculated from Table 4.

Dynamic model. The linear velocity is obtained by the
chain rule for differentiation, the end-effector ̇0 is

̇0 =
X
=1

0


̇ = [1 · · · ]

⎡⎢⎣ ̇1
...
̇

⎤⎥⎦ (4)

where  =
0


  40 =

∙
40 () 40
0 1

¸
=

 −1
0  

−1
4
 =

∙
40 

0
4
 +−1

0 −1 + −10

0 1

¸
, 

is given by the first three elements of the fourth
column of  

0 The dynamics of exoskeleton ro-
bots include translational kinetic, rotational kinetic, po-
tential and friction. Translational kinetic energy is
 = 1

2 ̇

£P

=1


() ()

¤
̇ The rotational

kinetic energy is  = 1
2

P4
=1

¡
0
¢



0 =

1
2 ̇


£P

=1 




¤
̇

The potential energy of the manipulator is just the sum
of those of the four links. For each link, the potential
energy is just its mass multiplied by the gravitational
acceleration and the height of its center of mass wee see

1 = 0
2 = −21
3 = 3 (313 − 1 + 231)
4 = 4(−12 + 133 + 2331 + 1443)
−4(4124 + 23441)
 = 1 + 2 + 2 + 3

(5)
The dynamics of exoskeleton robots are derived from

Euler-Lagrange equation







̇
− 


=   =  −   =  + (6)

The dynamic equation is

 () ̈ +  ( ̇) ̇ + () =  (7)

where

 () =  ()

 () = [1 · · ·  4]   =



 ( ̇) = {}   =
P

=1 ̇   = 1 · · ·
(8)

 is Christoffel symbols [34]

 =
1

2

µ



+




− 



¶
(9)

Usually, friction is the biggest problem for the control
of robot manipulators. It is difficult, however, to prepare
a perfect friction model for feedforward compensation
because of the complexity of static and dynamic character-
istics of friction such as the Saibeck effect, the Dah1 effect,
stick-slip motion, and so on. Furthermore, the amount
of joint friction also changes because the moment of
the gravity force acting on each joint varies when the
configuration of the robot manipulator is changed. A fric-
tion model consists of negative viscous (including static
friction), Coulomb, and viscous friction. A mathematical
model which is similar to Tustin’s model is

 (̇) =

⎧⎨⎩  exp

∙
−
³
̇


´2¸
̇ = 0

 (̇) +  ̇ ̇ 6=
(10)
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where  is the static friction,   0,  and  are the
kinetic friction and the viscous friction parameters.

The final dynamic equation is

 () ̈ +  ( ̇) ̇ + () +  (̇) =  (11)

A. Actuators

The model of each servomotor can be divided into
electrical and mechanical two subsystems. The electrical
system is by based on Kirchhoff´s voltage law

 = ̇ + +̇ (12)

where  is input voltage,  is armature current,  and
 are the resistance and inductance of the armature, 

is back emf constant, ̇ is angular velocity. Compared
to  and ̇ the term ̇ is very small. In order
to simplify the modeling and as most DC motor modeling
methods, we neglected the term ̇ The mechanical sub-
system is 1



³
̈ +̇

´
=  where  is gear ratio,

 is the effective moment of inertia,  is viscous friction
coefficient,  is the torque produced at the motor shaft.
The electrical and mechanical subsystems are coupled to
each other through an algebraic torque equation  = ,
 is torque constant of the motor. Assume that there is
no backlash or electric deformation in the gears, the work
done by the load shaft equals to the work done by the
motor shaft,  = 1


 =  here  is the toque on the

frame of ball and beam system. So the DC motor model
is





̈ +

µ
 +





¶
̇ =  (13)

IV. EXPERIMENT

Our upper limb exoskeleton is named CINVESRobot-
1. The computer control platform is shown in Fig.7. The
computer is an Intel Pentium4@2.4 GHz processor and
2G RAM. The operation software are Windows XP with
Matlab 7.2 + WinCon. The real-time control programs also
operated in Real-Time Target and. The communication
interface is USB with CAN bus with DsPic . All of the
controllers employe a sampling frequency of 500. The
joint modules are PowerCube PR 110-161, PR 90-161, and
PR 70-161. The power supply for PR 110-161 is 48VDC
and for the others 24 VDC. Joint-1 uses PR 110-161,
Joint-2 uses PR 90-161, Joint-3 and Joint-4 use PR 70-
161. The normal torques of them are 142Nm, 72Nm, and
23Nm. The weight of these modules are 5.6Kg, 3.4Kg,
and 1.7Kg.

Several experiments are preformed to validate the
model. Fig. 8 shows step response of the four joints. The
controller of each joint module is standard PID. We can
see that the position regulation of the joints works well.

The second test is to finish a rehabilitation task with
CINVESRobot-1. The configuration is shown in Fig.9. We

Fig. 8. Step respone of each joint

Fig. 9. Rehabilitation test

use this experiment to check if the mechanical design is
suitable for human arm, and if the safety requirements
are satisfied. The safety steps includes the mechanical,
electrical, and software designs. In the mechanical part
has a physical stops prevent segments in the joints. The
electrical part is added an emergency shutoff button to
terminate motor motion. The most easy method is to use
software to monitor power transmission integrity to limit
motor currents, i.e., motor torques. When the motor moves
near to the limits, a brake command is send to this motor,
via software is selected maxim and minimum range of
degree for the movements for each one.

Another advantages of this design is that the modular
architecture is easy to be modified and increased according
to the needs of rehabilitation. The industrial protocol CAN
assures control and measurement signals reach their desti-
nation correctly. The control types are: position, torque
and speed. These allow different types of platform for
rehabilitation.

.

512



V. CONCLUSIONS

In this paper, a simple 4-DoF upper limb exoskeleton is
designed with the modular technique. The system is very
compact. This also allows easy modification. Articulation
of the exoskeleton has four joints: three for the shoulder
and one for the elbow. Static and dynamic models of this
exoskeleton are proposed. Experiments on each motor and
rehabilitation are proposed to test the effectiveness of our
design.

The human shoulder is anatomically complex, Its center
of rotation changes with movements. It is difficult for the
robot exoskeleton to generate this movement, because the
rotation center of the robot moves. In the future, we will
consider passive drives to solve this problem.
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