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Abstract: This paper deals with the design of an optimal cable-driven parallel robot (CDPR) for upper
limb rehabilitation. The robot’s prescribed workspace is identified with the help of an occupational
therapist based on three selected daily life activities, which are tracked using a Qualisys motion
capture system. A preliminary architecture of the robot is proposed based on the analysis of the
tracked trajectories of all the activities. A multi-objective optimization process using the genetic
algorithm method is then performed, where the cable tensions and the robot size are selected as the
objective functions to be minimized. The cables tensions are bounded between two limits, where the
lower limit ensures a positive tension in the cables at all times and the upper limit represents the
maximum torque of the motor. A sensitivity analysis is then performed using the Monte Carlo method
to yield the optimal design selected out of the non-dominated solutions, forming the obtained Pareto
front. The robot with the highest robustness toward the disturbances is identified, and its dexterity
and elastic stiffness are calculated to investigate its performance.

Keywords: cable-driven parallel robot; rehabilitation; daily life activities; motion capture; multi-
objective optimization; genetic algorithm; sensitivity analysis; Monte Carlo method

1. Introduction

Typical rehabilitation is based on the manual assistance performed by a physiother-
apist. Its goal is to help patients with motor impairments totally or partially regain their
functional abilities. To ensure the effectiveness of this therapy and improve its quality,
the physiotherapist needs to perform repetitive motions [1]. However, the availability of
specialists and the duration of the sessions are limited. In addition, the physiotherapist’s
performance decreases with time, and the consistency of reproducing the movements is
not guaranteed [1]. Rehabilitation robots are known to have good repeatability and do not
suffer from fatigue, which makes them a good alternative to manual rehabilitation [2–4].
Indeed, robots can assist and move the impaired member accurately and in a controlled
manner. Moreover, robot sensors could be helpful in monitoring the patient’s movement
and responsiveness to the treatment [5].

This paper proposes an optimized structure of a cable-driven parallel robot (CDPR)
able to move the patient’s impaired member along some paths, prescribed by an occupa-
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tional therapist [6]. This kind of robot was chosen due to its interesting characteristics,
such as its low inertia and the large workspace [7].

This paper is structured as follows. Section 2 details the rehabilitation movements,
identified by the occupational therapist, and the used experimental protocol. Section 3
proposes the design of the robot. Section 4 formulates the multi-objective optimization
problem, as well as the criteria and the constraints selected to obtain the optimal solution.
A sensitivity analysis based on the Monte Carlo method is performed in Section 5 with the
aim of selecting the optimal design vector. The last section concludes the paper.

2. Rehabilitation Task Analysis

Rehabilitation where the physiotherapist assists the patients to perform daily living
activities gives better outcomes compared with treating each joint separately [8]. With the
help of an occupational therapist from Poitiers University Hospital, three daily life activities,
illustrated in Table 1, were identified. They consisted of moving the patient’s hand from an
initial position to a final position, where the patient touched with his hand either his mouth,
his head or his shoulder, then returned to the starting position. These movements are
involved in basic daily tasks such as eating, hair combing or wearing clothes. During the
motion capture procedure, no prior information about a specific daily life activity was
given to the volunteers in order to avoid their movement being biased. Thus, a larger
number of functional tasks could be targeted by the robot rehabilitation.

Table 1. Movements prescribed by occupational therapists. Movement 1 (M1) = hand–mouth,
Movement 2 (M2) = hand–shoulder, and Movement 3 (M3) = hand–head.

Starting Position Halfway Position Return Position

Movement 1 (M1)
Hand–Mouth

Movement 2 (M2)
Hand–Shoulder

Movement 3 (M3)
Hand–Head

In order to study the gestures of these three movements and characterize each ele-
mentary activity, an experimental measurement campaign was carried out using a motion
capture system. All prescribed movements were recorded using a Qualisys motion capture
system, composed of 8 high-resolution infrared cameras and 19 reflective markers fixed in
anatomical locations, with most of them attached to each volunteer’s dominant upper limb
as follows:
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• Five markers were fixed on the opisthenar area of the hand (one in the middle and the
others around it);

• Two markers were attached to the wrist (one on each side);
• Two markers were fixed on the elbow (one on the olecranon and the other on the

lateral epicondyle);
• Four markers were scattered on the arm (the markers at location A i were fixed on a

support, and thus the distances between them were the same for all the volunteers);
• Two markers were attached to the dorsal of the left and right shoulders and two were

on the ventral shoulders;
• Two last markers were attached to the back of the subjects on the iliocostalis lumbo-

rum muscles.

These positions, shown in Figures 1 and 2, were replicated for all the participants in
order to avoid unwanted variations in the measured data.

Robotics 2021, 10, x FOR PEER REVIEW 3 of 17 
 

 

 Two markers were attached to the wrist (one on each side); 

 Two markers were fixed on the elbow (one on the olecranon and the other on the 

lateral epicondyle); 

 Four markers were scattered on the arm (the markers at location A i were fixed on a 

support, and thus the distances between them were the same for all the volunteers); 

 Two markers were attached to the dorsal of the left and right shoulders and two were 

on the ventral shoulders; 

 Two last markers were attached to the back of the subjects on the iliocostalis lumbo‐

rum muscles. 

These positions, shown in Figures 1 and 2, were replicated for all the participants in 

order to avoid unwanted variations in the measured data. 

Five volunteers were asked to perform 5 cycles of each movement at a natural speed 

(see Table 2). Since the patient’s hand would be attached to the robot’s end effector, our 

interest was given to the hand motion. A local and a global frame were attached to the 

participant’s hand and to the table, respectively, as illustrated in Figure 2. The prescribed 

trajectories were obtained by tracking the positions taken by the marker {H_3}, located at 

the center of the patient’s hand, with respect to the global frame. Figure 3 shows the set of 

identified trajectories for both a left‐handed and a right‐handed volunteer. 

 

Figure 1. Marker locations. H_i, W_i, E_i, A_i, Sh_i, and B refer to the markers attached to the pa‐

tient’s hand, wrist, elbow, arm, shoulder and back, respectively. 

Table 2. Volunteer data. 

  Gender  L/R Handed  Height [m] 

Volunteer 1  M  L  1.73 

Volunteer 2  M  L  1.79 

Volunteer 3  M  R  1.71 

Volunteer 4  M  R  1.69 

Volunteer 5  F  R  1.73 
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Five volunteers were asked to perform 5 cycles of each movement at a natural speed
(see Table 2). Since the patient’s hand would be attached to the robot’s end effector,
our interest was given to the hand motion. A local and a global frame were attached to the
participant’s hand and to the table, respectively, as illustrated in Figure 2. The prescribed
trajectories were obtained by tracking the positions taken by the marker {H_3}, located at
the center of the patient’s hand, with respect to the global frame. Figure 3 shows the set of
identified trajectories for both a left-handed and a right-handed volunteer.

Table 2. Volunteer data.

Gender L/R Handed Height [m]

Volunteer 1 M L 1.73
Volunteer 2 M L 1.79
Volunteer 3 M R 1.71
Volunteer 4 M R 1.69
Volunteer 5 F R 1.73
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a left-handed subject.

The hand orientation was determined using Cardan angles, where the roll (ϕ1),
the pitch (ϕ2) and the yaw (ϕ3) represent the rotations along the X, Y, and Z axis. The cor-
responding rotation matrix is given by Equation (1):

R(ϕ3,ϕ2, ϕ1)
= Rot(Z,ϕ3) · Rot(Y,ϕ2) · Rot(X,ϕ1) C(ϕ3)C(ϕ2) −C(ϕ1)S(ϕ3) + S(ϕ1)S(ϕ2)C(ϕ3) S(ϕ1)S(ϕ3) + C(ϕ1)S(ϕ2)C(ϕ3)

S(ϕ3)C(ϕ2) C(ϕ1)C(ϕ3) + S(ϕ1)S(ϕ2)S(ϕ3) −S(ϕ1)C(ϕ3) + C(ϕ1)S(ϕ2)S(ϕ3)
−S(ϕ2) S(ϕ1)C(ϕ2) C(ϕ1)C(ϕ2)

 (1)

where S(ϕi) and C(ϕi) refer to sinϕi and cosϕi, respectively.
Figure 4 presents the hand orientation computed for a right-handed volunteer per-

forming the three selected tasks. For this subject, the general range of motion varied in
the range of [−8.37◦, 63.16◦] for the roll angle, [−31.05◦, 22.38◦] for the pitch angle and
[−3.82◦, 132.42◦] for the yaw angle.
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The data given by the other markers, attached to the rest of the upper limb and on the
back, were exploited to identify the workspace of the upper member and the trunk of the
patient during the movements in order to prevent collisions with the robot structure.

A comparative study was carried out in a previous work [9]. Its main objective was to
analyze each movement kinematics and select, if it existed, a common workspace allowing
it to cope with the maximum number of patients. Based on the results given by [9], even for
subjects having close heights, a proper trajectory was followed by each one, and a common
concentrated workspace was almost impossible to be determined. Thus, when comparing
each volunteer’s trajectories, the one that occupied the largest workspace was selected as
the robot task workspace.

The constraint of the CDPR is the risk of collisions between the cables themselves
and between the cables and the end effector [10]. Despite their large workspace over the
other types of robots, they need a large number of cables to ensure both translation and
orientation. The latter have reduced allowed ranges. In our case, this would complicate
the structure and reduce the patient’s ability to move freely inside the robot workspace.
To solve this issue, the CDPR would deal only with the translational degrees of freedom
(DOF). An orthosis would be attached to the robot’s end effector and actuated in a way that
the patient’s hand rotations could be ensured independently. In the following parts of this
paper, only the three DOF related to the hand position are considered in the robot’s design.

3. Robot Structure Selection

The design of a robot for rehabilitation has to take into account several requirements,
such as the ergonomics, the stiffness of the structure, the low cost and the ability to reach
the task workspace [11]. In this paper, a CDPR with three translational DOF is considered.
To fully constrain this robot, four cables were needed. Several structure designs could be
proposed as candidates for the CDPR. A comparison among these structures was performed
in a previous work [12], and a quantitative rating was given, as illustrated in Table 3.

Table 3. Rating of different candidate structures.

Structure Circular
Structure

Corner
Structure Rectangular Structures Triangular

Structure

CAD
Model
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Cost 5 3 5 5 3
Stiffness 3 5 3 3 3

Workspace 5 3 5 5 3

The comparison showed that the triangular structure was the most suitable candidate
for the rehabilitation task. Actually, circular profile manufacturing is costly and complicated.
Regarding the rectangular structure, it could be a suitable choice if more than four cables
were used. In fact, to fully constrain a spatial robot with four cables, no more than three
vertices of one face were needed for the cable exit points. Thus, the size, the cost and
the weight of the rectangular structure would be overestimated, since it provided one
extra vertex in each face. Regarding the workspace, a structure with several vertical bars
prevented the patient’s upper limb from moving freely.

Cafolla et al. proposed a cable-driven parallel robot for upper and lower limbs using
the triangular structure [13]. The upper and lower bases of their robot were equal, and each
formed an isosceles triangle with one imposed angle. In our case, a structure with two
scalene triangle bases was sought.

The design of the non-optimal adopted triangular structure is given in Figure 5. In this
paper, the end effector is assumed to be a point mass.
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Figure 5. CAD of the proposed structure with the static equilibrium workspace in red, the attainable
workspace in black and the trajectories of a right-handed and left-handed subject in green. (a) left view,
(b) front view, (c) top view, and (d) 3D view.

The workspace of the proposed structure was the intersection of the attainable
workspace and the static equilibrium workspace [14]. The first was the volume built
by the intersection between four spheres, each expressed mathematically by Equation (2).
The center of each sphere was located at each cable’s exit point on the structure, and its
radius was the maximum length, which was identical for all the cables. The latter was the
set of postures that the end effector could attain statically, taking only gravity into account,
as well as having the shape of a triangular prism and satisfying Equation (3):

(x− xMi)
2 + (y− yMi)

2 + (z− zMi)
2 = l2

max , i = 1..4 (2)

∑ Fext/EE = 0 (3)

where x, y and z are the coordinates of the center of the mass of the platform, xMi, yMi and
zMi are cable exit points’ coordinates, lmax is the identical maximum length for all the cables
and Fext/EE are the external forces acting on the end effector, including the weight force
and the cable tensions.

4. Formulation and Optimization
4.1. Problem Formulation

The CDPR structure could be described using nine design parameters—a1, b1, c1, a2,
b2, a3, b3, a4 and b4—as shown in Figure 6. The robot homing position was selected at
the starting point of the trajectories. The two variables a4 and b4, related to the position
of the point M4, were then predefined as the projection of the starting position onto the
table plane. The other parameters represent the design vector I of the robot. The location
of the robot in the reference frame R0 was defined using the coordinates of the point
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M1. The coordinates of the points M2 and M3 were computed according to the point M1
as follows:

M1 = [a1, b1, c1 ]
T (4)

M2 = [a1 + a2, b1 − b2, c1 ]
T (5)

M3 = [a1 − a3, b1 − b3, c1]
T (6)
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Figure 6. The robot structure and design vector variables.

The static equilibrium of the end effector is given by Equation (3), where

Fext/EE = JT + P (7)

Using Equations (3) and (7), the cable tension vector Tc can be written as follows:

Tc = tp + th = −(JT)+P + λ Null (JT) (8)

where tp = −(JT)+P is the particular solution of Equation (12), th = λ Null (JT) is its

homogeneous solution, (JT)
+
= J (JTJ)−1 is the Moore–Penrose pseudoinverse of JT, JT is

the transpose of the Jacobian matrix of the robot, λ is an arbitrary scalar and Null (JT) is
the kernel vector of JT. The cable tensions were considered to be bounded between the
minimum and the maximum acceptable tensions Tcmin and Tcmax for each position. Thus,
the scalar λ, given by Equation (9), was chosen such that the minimum cable tension was
equal to Tcmin [15]:

λ = max
i=1..4

[
Tcmin − tp(i)
Null (JT)(i)

] (9)

4.2. Optimization Process

The targeted optimal design vector I∗ of the CDPR was the one with the smallest
size which included the three identified trajectories in its workspace. In order to reduce
the energy consumption and actuator cost, each motor must provide a minimum torque;
in other words, the cable tensions need to be minimized. To compute the cable tensions
vector at the position j, Tc(j) = [Tc1(j), Tc2(j), Tc3(j), Tc4(j)], a quasistatic assumption
was made. The only considered external force was that of gravity, and thus the possible
interactions or resistances of the patient during the movement were assumed to be zero.
This robot provided active assistance where the subject was totally passive. Impairments
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where the patient had the ability to either resist or contribute to the motion could not be
rehabilitated using this version of the robot.

The mathematical formulation of the cable tensions minimization criterion is presented
by Equations (10) and (11), giving the normalized mean value of the cable tensions when
all the positions of the hand are swept:

minimize( ∑4
i=1 Tcm(i)

4
) (10)

In this expression, Tcm is expressed as

Tcm = [
∑n

j=1 Tc1(j)

n·max
j=1..n

Tc1(j)
∑n

j=1 Tc2(j)

n·max
j=1..n

Tc2(j)
∑n

j=1 Tc3(j)

n·max
j=1..n

Tc3(j)
∑n

j=1 Tc4(j)

n·max
j=1..n

Tc4(j)
] (11)

where n is the number of points composing the trajectories (n = 900).
The workspace size of the robot is presented by S(j), which computes the distance

between the end effector position and the bounding surface of each sphere, delimiting the
workspace at the point j of the trajectory. The smallest size of the structure is then obtained
when S(j) takes the minimum possible value for each position. This normalized criterion
is formulated as follows:

minimize(
∑n

j=1 S(j)

n·max
j=1..n

S(j)
) (12)

where

S(j) =
4

∑
i=1

∣∣∣(x(j)− xMi)
2 + (y(j)− yMi)

2 + (z(j)− zMi)
2 − l2

max

∣∣∣ (13)

Considering the presented criteria and constraints, the multi-objective optimization
problem can be summarized as follows:

minimize
{
F1(I)
F2(I)

(14)

Subject to 0 < Tcmin ≤ Tc(j) ≤ Tcmax

where

F1(I) =
∑4

i=1 Tcm(i)
4

(15)

F2(I) =
∑n

j=1 S(j)

n·max
j=1..n

S(j)
(16)

I = [a1, b1, c1, a2, b2, a3, b3] (17)

where Tc(j) denotes the jth component of the cable tensions vector and Tcmin and Tcmax
are the minimum and maximum values of Tc, respectively. These values guarantee the
avoidance of the risk of overtensioned or slack cables.

F1 and F2 are both normalized in order to have equitable criteria; thus, their values
are between 0 and 1.

5. Results and Discussion

The genetic algorithm method [16] implemented under MATLAB was used to solve
the optimization problem. The parameters used in the algorithm are listed in Table 4.
The upper and lower boundaries of the design variables, used to generate the initial
population, are given in Table 5.
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Table 4. Predefined design parameters and constraints.

Parameters Values Parameters Values

Tmax [N] 15 lmax [m] 1
Tmin [N] 0.5 Load mass [kg] 1.5
a4 [mm] 250 b4 [mm] 23

Table 5. The lower and upper boundaries of the design parameters.

I a1 b1 c1 a2 b2 a3 b3

Lower bounds [mm] −1500 −1500 0 −1000 500 500 0
Upper bounds [mm] 1500 1500 1500 1000 1500 1000 1500

The results were obtained by minimizing the two objective functions using the genetic
algorithm. Figure 7 depicts the set of optimal solutions presented by the Pareto front.
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The Pareto front presented multiple solutions, each one giving a potential optimal
robot design. The selection of the optimal solution could be made by choosing a weight for
each criterion, either by giving the same importance to the two criteria or by privileging
one over the other [17].

In this paper, we proposed to adopt the sensitivity of the solution toward design
parameter disturbance as a decision criterion. This disturbance affects the positioning
accuracy of the cable exit points and can be caused by faulty assembly or a clearance.
For this purpose, the sensitivity of each solution was studied using the Monte Carlo
method [18] in order to identify the least sensitive solution among the ones presented in the
Pareto front and thus a robust design vector of the robot. This method consisted of varying
each design parameter according to a normal distribution and assessing their impacts on
the objective functions [19,20]. The flowchart of this method is given in Figure 8.
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Figure 8. The Monte Carlo method flowchart.

The method described above was performed for all 70 solutions presented in the
Pareto front. For each solution, 10,000 design vectors were randomly generated according
to a normal distribution, where the standard deviation was set to 1%. This choice led to
a disturbance between +3 and −3 cm around the value of each design vector parameter.
The prescribed trajectory was composed of 900 points. Then, for each disturbed design
vector, the number of positions reached without respecting the predefined constraints
related to cable tension conditions was calculated. Figure 9 presents for each perturbed
solution the total number of points where the constraints were not satisfied.



Robotics 2021, 10, 7 12 of 16

Robotics 2021, 10, x FOR PEER REVIEW 12 of 17 
 

 

Solution number 60, shown in Equation (18), presented the least number of unsatis‐

fied points (43,665 over 9E6 points). Thus, it would be selected as the optimal design vec‐

tor: 

𝐈∗ 21, 988, 1261, 615, 1132, 876, 1149   (18)

A spatial representation of the CDPR with its optimal design as well as the prescribed 

trajectories are given in Figure 10. The proposed structure presented in Section 3 will be 

adjusted so that the cables exit points positions are those resulting from the optimization 

process. 

The maximal cable tension distribution over the prescribed trajectory, given by Equa‐

tion (19), is illustrated in Figure 11. To have better judgment about the optimization re‐

sults, the elastic stiffness and the dexterity of the resulting robot were also investigated. 

Their distributions are illustrated in Figure 12a,b. For each pose, the dexterity index (𝐷𝑖) 
[21] and the elastic stiffness index (𝐸𝑆𝑖) [22] are defined as given in Equations (20) and 
(21). These two kinematic properties can be integrated into the optimization process in a 

future work: 

max
..

𝑇 𝑖   (19)

𝐷𝑖
𝜎
𝜎

 
1

𝑐𝑜𝑛𝑑 J
  (20)

𝐸𝑆𝑖
𝜆
𝜆

 (21)

where  𝜎  is the singular value of the Jacobian matrix  J  and  𝜆  is the eigenvalue of the stiff‐
ness matrix. 

 

Figure 9. Comparison of the number of unsatisfied points of each solution. Figure 9. Comparison of the number of unsatisfied points of each solution.

Solution number 60, shown in Equation (18), presented the least number of unsatisfied
points (43,665 over 9 × 106 points). Thus, it would be selected as the optimal design vector:

I∗ = [−21, 988, 1261, 615, 1132, 876, 1149] (18)

A spatial representation of the CDPR with its optimal design as well as the prescribed
trajectories are given in Figure 10. The proposed structure presented in Section 3 will
be adjusted so that the cables exit points positions are those resulting from the optimiza-
tion process.

The maximal cable tension distribution over the prescribed trajectory, given by Equa-
tion (19), is illustrated in Figure 11. To have better judgment about the optimization results,
the elastic stiffness and the dexterity of the resulting robot were also investigated. Their dis-
tributions are illustrated in Figure 12a,b. For each pose, the dexterity index (Di) [21] and the
elastic stiffness index (ESi) [22] are defined as given in Equations (20) and (21). These two
kinematic properties can be integrated into the optimization process in a future work:

max
i=1..4

Tc(i) (19)

Di =
σmin
σmax

=
1

cond (J)
(20)

ESi =
λmin
λmax

(21)

where σ is the singular value of the Jacobian matrix J and λ is the eigenvalue of the
stiffness matrix.
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For this optimal solution, the sensitivity of each design parameter was also investi-
gated using the Monte Carlo method by varying the parameters one by one and fixing
the others. This technique is called the one-at-a-time (OAT) method, and it is the most
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used method in the literature [23] since it allows one to quantify the impact of each design
parameter perturbation separately. To determine whether this perturbation leads to unfea-
sible points where the constraints are not satisfied, the objective functions F1 and F2 are
computed as follows:

F1(I) =
∑4

i=1 Tcm(i)
4

+ ψ (22)

F2(I) =
∑n

j=1 S(j)

n·max
j=1..n

S(j)
+ ψ (23)

where ψ is the number of unfeasible points.
The sensitivity measures the uncertainty of the objective functions caused by the

perturbation of each design parameter. It is computed as given in Equation (24). The results
are summarized in Table 6:

sensitivity(Fi) = 100 × 3 × STD(Fi)

mean ((Fi(j))
(24)

Table 6. The sensitivity of the design parameters.

Design Parameters F1 Sensitivity F2 Sensitivity

a1 604% 710.3%
b1 908.3% 953.9%
c1 1.5% 1.9%
a2 0.08% 0.4%
b2 0.2% 0.3%
a3 0.2% 0.3%
b3 505.9% 610.1%

From Table 6, we can conclude that the parameters a1, b1 and b3 are more sensitive
compared with the others, since their perturbations led to a large variation of the objective
functions. The actuator positioning in these specific coordinates related to the points
M1 and M3 should then be done with the appropriate precision to avoid disturbance.
The variation of the other parameters did not have a great impact on the objective functions.
Thus, the positioning of the actuators related to these parameters was more tolerant.

6. Conclusions

A four-cable and three degrees of freedom parallel robot was designed to help patients
with motor impairments to move their upper member and perform some daily activities.
First, these daily tasks were performed by five volunteers. The motion was tracked using a
motion capture system and then analyzed to determine the task workspace. Then, a multi-
objective optimization based on the genetic algorithm method was formulated, considering
the cable exit points’ coordinates as the design variables and the cable tensions and robot
size as objective functions to be minimized. Among the numerous non-dominated solutions
out of the obtained Pareto front, a robust robot design was selected based on a sensitivity
analysis performed using the Monte Carlo method. This analysis showed that the obtained
design is highly sensitive to only three out of the seven geometric parameters defining the
system. The dexterity and the elastic stiffness of the selected robot were also investigated
to show the performance of the system.
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