
Citation: Gonçalves, R.S.;

Rodrigues, L.A.O.; Humbert, R.;

Carbone, G. A User-Friendly

Nonmotorized Device for Ankle

Rehabilitation. Robotics 2023, 12, 32.

https://doi.org/10.3390/

robotics12020032

Academic Editor: KC Aw

Received: 30 December 2022

Revised: 7 February 2023

Accepted: 17 February 2023

Published: 22 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

robotics

Article

A User-Friendly Nonmotorized Device for Ankle Rehabilitation
Rogério Sales Gonçalves 1 , Lucas Antônio Oliveira Rodrigues 1, René Humbert 2 and Giuseppe Carbone 3,*

1 School of Mechanical Engineering, Federal University of Uberlândia, Uberlândia 38408-100, Brazil
2 Department of Applied Mechanics, École Nationale Supérieure de Mécanique et des Microtechniques de Besançon,

25000 Besançon, France
3 Department of Mechanical, Energy and Management Engineering, University of Calabria, 87036 Rende, Italy
* Correspondence: giuseppe.carbone@unical.it

Abstract: The ankle is formed by several joints, and it is the union of the lower leg with the foot. Its
main function is to perform dorsiflexion and plantar flexion movements. Many people are affected
by ankle problems. These problems can be due to simple factors, but they can also be a sign of a more
serious impairment that can lead to the need for ankle rehabilitation. Thus, this paper presents a novel,
fairly simple nonmotorized device for ankle rehabilitation. The design of the novel device is based
on the crank–rocker mechanism, activated by the patient’s upper limb, allowing the execution of the
ankle flexion range. The dimensions of the device were found using a differential evolution algorithm
considering the ankle movement limits, the link stress, and singularity configurations. Graphic
simulations were performed to validate the mathematical model. A prototype was constructed, and
the angular ankle movement was verified. The device is easy to operate and low-cost, and in the
future, it may be a tool for ankle rehabilitation.

Keywords: ankle; rehabilitation; crank–rocker mechanism; nonmotorized devices

1. Introduction

The ankle joint is fundamental to the support, balance, and propulsion of the human
body. Formed by several joints, the ankle is the union of the leg with the foot, and its
main function is to perform the dorsiflexion movement when raising the foot and the
plantar flexion movement when lowering the foot. Many people are affected by ankle
problems. These problems can be due to simple factors, but they can also be a sign of a
more serious problem. Among the problems that affect the ankle region are sprains or
trauma, arthritis, osteoarthritis, tendonitis, rheumatism, and neurological problems, among
others. Improved ankle joint movements can help joint surfaces become healthy, decreasing
pain [1,2]. These problems can lead to the need for ankle rehabilitation.

Early functional rehabilitation of the ankle should include range-of-motion exercises
after an acute sprain or chronic instability [3]. A sprained ankle is a problem that occurs
when the subject twists, rolls, or turns the ankle, leading to an injury. In a sprained ankle,
the ligaments were forced beyond their normal range of motion [3]. In the case of ankle
arthritis, this can be reduced with dorsiflexion and plantar flexion muscle strength [2].

Some neurological injuries can affect the ankle, such as foot drop following a stroke.
The cause of ankle dysfunction is damage to the central nervous system, and rehabilita-
tion training can stimulate reorganization and compensation to promote the recovery of
movements [4].

Many of the movements needed for ankle rehabilitation involve repetitive movements.
In this way, an increasing number of ankle rehabilitation robots have been developed to
help in rehabilitation training of the ankle joint [4].

The use of robotic structures can generate benefits such as reducing costs with ac-
tive labor for movement-based rehabilitation treatments, as well as expanding the range
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of exercises performed, thus helping patients to maintain mobility through continuous
therapy [5–16].

The use of rehabilitation robots during stroke rehabilitation is low due to the high
cost, and they are often assumed to be too expensive for healthy systems. The cost of
current rehabilitation robotics varies from $75,000 to $350,000 without any hidden costs
such as taxes, installation or training, maintenance, and shipment [17]. Other factors
include that the rehabilitation robots need to be quick to set up, program, and “put away”,
and these activities impact the health of the workers that will operate the robot. The
use of an electronic device to drive rehabilitation required training the staff to develop
clinical skills to use the robots effectively in every-day applications. As many staff regularly
change job, it is necessary to provide continuous training, which increased the cost of
robotic therapy. Another significant issue that limits the use of robotic rehabilitation robots
is that the maintenance cost of these systems is associated with the high cost of safety,
and the reliability requirements of regulatory systems increased with the use of electronic
components [18,19]. Furthermore, the maintenance of electromechanical equipment is more
expensive and demanding than the maintenance of purely mechanical equipment. On the
other hand, the use of motorized rehabilitation systems could provide advantages such as
accurate motion tracking, interaction control, and teleoperation.

Despite the benefits of using robotic structures for the rehabilitation of the human
ankle, these structures, in most cases, have complex constructive architecture and complex
control, resulting in a high-cost product that makes it impossible to apply this equipment
on a large scale in physiotherapy clinics or hospitals. The vast majority of robotic structures
for human ankle rehabilitation present in the literature are motorized. The highest cost
of robotic equipment is associated with the acquisition of actuators, control drivers, and
controllers. The activation of the novel device presented in this paper is performed by
the patient, using his upper limb to turn a handle that transmits the continuous turning
movement of his hand to the oscillatory movement of the ankle. A frequent consequence
after a stroke is hemiparesis, in which the patient has muscle weakness or partial paralysis
on one side of the body that can affect the arms, legs, and facial muscles [6,16]. With
the use of the novel device proposed in this paper, it will be possible to simultaneously
stimulate the upper and lower limbs in stroke patients. The neuronal connection between
the upper and lower limbs is the subject of recent research that indicated that the coupling
of both limbs during rehabilitation exercises may help the recovery of patients [5,7,9]. In
addition, self-operated systems can generate positive effects in terms of mobility in the
treatment of neurological injuries as also mentioned in [20]. Thus, the objective of this paper
is to develop a nonmotorized device for the rehabilitation of the human ankle. Robots
for ankle rehabilitation can be divided into exoskeleton robots and platform robots [21].
The platform robots are base-stationary, and the foot is coupled to a mobile platform and
usually uses a parallel mechanism to make the ankle movements [22]. Exoskeleton ankle
devices are wearable man–machine integrated mechanical devices that usually adopted
the anthropomorphic design to provide active/passive assistance to the users [23,24]. The
most commonly used commercial robot for ankle rehabilitation is the MIT-Anklebot. These
devices can perform tasks such as collecting information, generating reports, and assessing
the patient’s evolution, but the devices can only be managed by a trained person, and the
price is very high as also mentioned in [4].

The novel scientific contribution of this work consists of the design of a device with
a purely mechanical mechanism built with materials easily found on the market. The
proposed nonmotorized device is the first presented in the literature for ankle rehabilitation.
This is designed to be easily used by patients and physiotherapists. The system is simple,
robust, and easy to handle. The novel proposed device seeks to associate the advantages of
using a nonmotorized self-operating structure, simultaneously stimulating the upper and
lower limbs in stroke patients, as a possible tool to help in the recovery process of patients
with mobility range gain in the ankle joint. This paper is divided into a review of the
kinesiology of the human ankle, Section 2, followed by the mathematical modeling of the
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device, Section 3. Section 4 presents the evolutionary algorithm and mathematical results.
Section 5 presents the graphical model with three-dimensional simulations in CAD/CAE
software. Section 6 describes the prototype and experimental results. Section 7 summarizes
the paper and presents the conclusions.

2. Brief Review of Ankle Kinesiology

The human ankle is the joint between the leg and foot. This is formed by the union
of three bones: the tibia, fibula, and talus, which form a synovial joint that allows flexion
movements. Plantar flexion is the movement of pointing the foot toward the floor, and
dorsiflexion is the movement of moving the toes away from the floor. The ankle also
allows some degree of pronation, supination, and inversion/eversion movements [25]. The
movement of the ankle joint plantar flexion and dorsiflexion occurs in the sagittal plane,
abduction/adduction occurs in the transverse plane, and inversion/eversion occurs in the
frontal plane [25]. The ankle ranges of motion are characterized by significant variability
between individuals as a function of geographical/cultural differences, anatomical struc-
tures, and different ways to measure the angles [11]. In this paper, the limit to the plantar
phase goes from 0◦ to 50◦, Figure 1a, and the dorsiflexion movement goes from 0◦ to 30◦, as
shown in Figure 1b. The inversion/eversion is ±12◦, and the abduction/adduction has a
range of ±10◦ [25]. These values are obtained without the influence of external efforts. The
main movement of the ankle joint is the dorsiflexion and plantar flexion of the foot [26],
and this movement was used to design the proposed novel ankle device.

Robotics 2023, 12, x FOR PEER REVIEW 3 of 18 
 

 

system is simple, robust, and easy to handle. The novel proposed device seeks to associate 
the advantages of using a nonmotorized self-operating structure, simultaneously 
stimulating the upper and lower limbs in stroke patients, as a possible tool to help in the 
recovery process of patients with mobility range gain in the ankle joint. This paper is 
divided into a review of the kinesiology of the human ankle, Section 2, followed by the 
mathematical modeling of the device, Section 3. Section 4 presents the evolutionary 
algorithm and mathematical results. Section 5 presents the graphical model with three-
dimensional simulations in CAD/CAE software. Section 6 describes the prototype and 
experimental results. Section 7 summarizes the paper and presents the conclusions. 

2. Brief Review of Ankle Kinesiology 
The human ankle is the joint between the leg and foot. This is formed by the union of 

three bones: the tibia, fibula, and talus, which form a synovial joint that allows flexion 
movements. Plantar flexion is the movement of pointing the foot toward the floor, and 
dorsiflexion is the movement of moving the toes away from the floor. The ankle also 
allows some degree of pronation, supination, and inversion/eversion movements [25]. The 
movement of the ankle joint plantar flexion and dorsiflexion occurs in the sagittal plane, 
abduction/adduction occurs in the transverse plane, and inversion/eversion occurs in the 
frontal plane [25]. The ankle ranges of motion are characterized by significant variability 
between individuals as a function of geographical/cultural differences, anatomical 
structures, and different ways to measure the angles [11]. In this paper, the limit to the 
plantar phase goes from 0° to 50°, Figure 1a, and the dorsiflexion movement goes from 0° 
to 30°, as shown in Figure 1b. The inversion/eversion is ±12°, and the abduction/adduction 
has a range of ±10° [25]. These values are obtained without the influence of external efforts. 
The main movement of the ankle joint is the dorsiflexion and plantar flexion of the foot 
[26], and this movement was used to design the proposed novel ankle device. 

 
(a) (b) (c) 

Figure 1. Ankle movements. (a) Abduction/adduction; (b) dorsiflexion/plantarflexion; (c) 
eversion/inversion. 

3. Mathematical Model of the Novel Ankle Device 
3.1. Kinematic Model 

To reproduce the movement of the ankle, it is necessary to use a mechanism that has 
an oscillatory angular output compatible with its amplitude. In this paper, a planar four-
bar mechanism of the continuous input and oscillatory output type (crank–rocker) was 
used. To properly size the parts that make up the mechanism for ankle rehabilitation, an 
analytical method was used based on static balance [27] to find the dimensions that make 
it possible to obtain the desired angular output for the ankle, as well as guarantee that the 
tensions produced by the ankle reactions are supported by the components. For 
mathematical modeling, it was considered that the links are ideal, with negligible mass 
and without friction and/or clearances in the connections between the elements. These 
considerations were used because the mechanism is operated at low velocity and 
acceleration due to the nature of the rehabilitation exercises [8]. The link lengths and 
angles of a crank–rocker model are shown in Figure 2. The angle θ   needs to turn 
complete rotations, and the angle θ  needs to have the angular displacement of the ankle 
joint. 

Figure 1. Ankle movements. (a) Abduction/adduction; (b) dorsiflexion/plantarflexion; (c) ever-
sion/inversion.

3. Mathematical Model of the Novel Ankle Device
3.1. Kinematic Model

To reproduce the movement of the ankle, it is necessary to use a mechanism that has
an oscillatory angular output compatible with its amplitude. In this paper, a planar four-bar
mechanism of the continuous input and oscillatory output type (crank–rocker) was used. To
properly size the parts that make up the mechanism for ankle rehabilitation, an analytical
method was used based on static balance [27] to find the dimensions that make it possible
to obtain the desired angular output for the ankle, as well as guarantee that the tensions
produced by the ankle reactions are supported by the components. For mathematical
modeling, it was considered that the links are ideal, with negligible mass and without
friction and/or clearances in the connections between the elements. These considerations
were used because the mechanism is operated at low velocity and acceleration due to the
nature of the rehabilitation exercises [8]. The link lengths and angles of a crank–rocker
model are shown in Figure 2. The angle θ2 needs to turn complete rotations, and the angle
θ4 needs to have the angular displacement of the ankle joint.

The crank–rocker geometric relations are obtained using the law of cosines, (1) to (5).

s =
√

r2
1 + r2

2 − 2r1r2 cos θ2 (1)

β = cos−1
[

r2
1+s2−r2

2
2r1s

]
(2)

ψ = cos−1
[

r2
3+s2−r2

4
2r3s

]
(3)
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λ = cos−1
[

r2
4+s2−r2

3
2r4S

]
(4)

γ = ± cos−1
[

r2
4+r2

3−s2

2r4r3

]
(5)

The output of the system can be obtained by applying (6) to (9) using the relations
from (1) to (5) and angles θ3 and θ4.

θ3 = ψ− β, 0◦ ≤ θ2 < 180◦ (6)

θ3 = ψ+ β, 180◦ ≤ θ2 < 360◦ (7)

θ4 = 180◦ − λ− β, 0◦ ≤ θ2 < 180◦ (8)

θ4 = 180◦ − λ + β, 180◦ ≤ θ2 < 360◦ (9)
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3.2. Static Model

For the static modeling, the inertial reference O2X2Y2 was used, represented in Figure 2,
where the sum of the moment was calculated in relation to joints O2, A, and O4 for the
equilibrium of links r2, r3, and r4, respectively.

For each force Fj, the term i indicates the index of the link that performs the force, and
j is the link that receives the effort as shown in Figure 3.
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Through the static equilibrium equations of each element, it is possible to obtain the
equilibrium matrix of the system. The equations are obtained by applying Newton’s Second



Robotics 2023, 12, 32 5 of 16

Law to the x and y components, (10) and (11), and from the equilibrium of moments, (12).
Thus, there are three equations for each element of the mechanism, resulting in a 9 × 9
equilibrium matrix, which is represented in (13).

∑ Fx = 0 (10)

∑ Fy = 0 (11)

∑ Mz = 0 (12)

Applying the matrix form to (10) to (12), we have: [A] {F} = {B}

−1 0 1 0 0 0 0 0 0
0 −1 0 1 0 0 0 0 0
0 0 −r2 sin θ2 r2 cos θ2 0 0 0 0 1
0 0 1 0 1 0 0 0 0
0 0 0 1 0 1 0 0 0
0 0 0 0 −r3 sin θ3 r3 cos θ3 0 0 0
0 0 0 0 1 0 −1 0 0
0 0 0 0 0 1 0 −1 0
0 0 0 0 −r4 sin θ4 r4 cos θ4 0 0 0


·



F12x
F12
F32y

F32y

F43x

F43y

F14x

F14y
T



=



0
0
0
0
0
0
−FEx

−FEy

rE sin θ4FEx − rE cos θ4FEx



(13)

The components of forces Fj in (13) will be used to determine the efforts and stresses
in the links. The relations of this model will also be used to perform an optimized search
for the best link lengths using an evolutionary algorithm.

The following sections provide the calculation of the link stress. Equation (14) and
bending momentum stress, Equation (15), and Equation (16) are calculated considering the
sum of the normal traction/compression.

σNi =
Fxicos θ2

Ai
+

Fyisin θ2

Ai
(14)

σBi =
Fxicos θ2 di

2 Ii
+

Fyisin θ2 di

2 Ii
(15)

σri = σNi + σBi (16)

where Ai is the transversal section and Ii is the inertia momentum of the link i, di is the
distance of the maximum bending stress point and the neutral line of the link i.

3.3. Singularity Analysis

To ensure the correct functioning of a mechanism, it is necessary to carry out an
analysis of mobility and possible unique positions. The methodology used is based on [28],
which presents the definition of singularity as the impossibility of solving the kinematic
problem mathematically at certain points of a mechanism, which can be physically under-
stood as points that, locally or globally, alter the mobility of a mechanism, leading to a lack
of control of one or more joints during their movement cycle.
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To determine the possible singularity positions in closed kinematic chain mechanisms,
a methodology based on the relations of the geometric matrix of the system and the
eigenvalue problem generated from them will be used [28–30]. The first step to obtaining
the singularity positions is to obtain the geometric matrix of the system, directed to planar
mechanisms with rotational joints. Thus, consider a link of length r1 inclined at an angle θj
with respect to the X axis, and its ends are called “nodes”, with indices i and j, as shown in
Figure 4.
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From Figure 4, one can write:

ri =
(
xj − xi

)
cos θj +

(
yj − yi

)
sin θj (17)

Rewriting in matrixial form, (17), we have

ri =
{

xi yi xj yj

}
− cos θj
− sin θj
cos θj
sin θj

 = {xe}T{h} (18)

where {xe} is the coordinate vector of link ri with nodes i, j. By squaring (18), there is

r2
i =

{
xi yi xj yj

}


cos2 θj cos θj sin θj − cos2 θj − cos θj sin θj
cos θj sin θj sin2 θj − cos θj sin θj − sin2 θj
− cos2 θj − cos θj sin θj cos2 θj cos θj sin θj
− cos θj sin θj − sin2 θj cos θj sin θj sin2 θj




xi
yi
xj
yj

 (19)

r2
i = {xe}T[Ge]{xe} (20)

The matrix [Ge] is the elementary geometrical matrix of link i and has a null matrixial
product with the velocity vector

{ .
xe
}

expressed using (21).

[Ge]
{ .

xe
}
= {0} (21)

Equation (18) is a linear system in the function of i, j node velocities written for all
links of the proposed ankle mechanism.

Link r2 is formed by nodes one and two, link r3 by nodes two and three, and link r4 by
nodes three and four.

Considering that the imposed restraints in nodes one and four are fixed points with
the null velocity, we can obtain the nodal velocities using (22).
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[G]
{ .

x
}
= {0} →

0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1

c2θ2 + c2θ3 cθ2sθ2 + cθ3sθ3 −c2θ3 −cθ3sθ3 0 0 0 0
cθ2sθ2 + cθ3sθ3 s2θ2 + s2θ3 −cθ3sθ3 −s2θ3 0 0 0 0

−c2θ3 −cθ3sθ3 c2θ3 + c2θ4 cθ3sθ3 + cθ4sθ4 0 0 0 0
−cθ3sθ3 −s2θ3 cθ3sθ3 + cθ4sθ4 s2θ3 + s2θ4 0 0 0 0

0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0





.
y1.
x2.
y2.
x3.
y3.
x4.
y4


(22)

The [G] matrix, (22), is used to find the singularities in all mechanism workspaces,
corresponding to finding the eigenvectors {vi} and the eigenvalues λ, (23).

[G]
{ .

x
}
= λ

{ .
x
}

(23)

4. Evolutional Algorithm and Mathematical Results

To obtain the link lengths r1, r2, r3, and r4, an evolutionary algorithm was developed,
with the link boundary conditions in relations (1) to (5). The developed evolutionary
algorithm [31] was set with a population of 50 individuals and link lengths varying from
100 to 300 mm.

The evolutionary algorithm use equality constraints given using (24) to (28):

h1 = |max(imag(γ))| (24)

h2 =
|max(θ4)−min(θ4)|

80◦
(25)

h3 =
|max(γ)−min(γ)|

120◦
(26)

h4 = max
∣∣2 · R32_y + 2 · R43_y + 2 · R14_y

∣∣ (27)

h5 = max|2 · R32_x + 2 · R43_x + 2 · R14_x| (28)

The inequality constraint is given using (29) as

g1 = −min(γ)
30◦

(29)

The objective function to obtain the links length is obtained using (30) and a pseudo-
objective function was used, which works like the traditional objective function, applying
penalties when restrictions are violated (31).

FO_links = |min(θ4)| (30)

= FO_links + 1000 ·
(

max
(

1× 10−10, h1
))2

+
(

max
(

1× 10−10, h2
))2

+
(

max
(

1× 10−10, h3
))2

+
(

max
(

1× 10−10, g1
))2 (31)

After obtaining the link lengths, the objective function was expanded to consider
the link stress. The transversal sections of the links are then selected using a differential
evolution algorithm with the objective function given using (32):

FO = max([ max|σr2|max|σr3|max|σr4| ]) (32)
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A pseudo-objective function, Ft, was used to obtain the transversal sections of the links,
which works like the traditional objective function, applying penalties when restrictions
are violated (33).

Ft = FO + 1000 ·
(

max
(

1× 10−10, h1
))2

+
(

max
(

1× 10−10, h2
))2

+
(

max
(

1× 10−10, h3
))2

+
(

max
(

1× 10−10, h4
))2

+
(

max
(

1× 10−10, h5
))2

+
(

max
(

1× 10−10, g1
))2

(33)

The link lengths calculated are r1 = 280 mm, r2 = 104 mm, r3 = 235 mm, and r4 = 164 mm.
Generally, the speed and acceleration are considered low in rehabilitation exercises [8], and
a static model for calculating the forces on each link and selecting the transversal section
is considered in this paper. The ankle device was developed considering a subject with a
height of 1.80 m and weight of 150 kg as the external load. A factor of safety of 1.5 was
considered as a function of mathematical simplification, such as clearances, friction, and
load variations. The simulation considers links made of aluminum alloy with a strength
of 276 MPa [32]. The transversal sections used, and the maximum stress values of the
proposed mechanism links, are given in Table 1.

Table 1. Maximum stress calculated for the proposed device.

Stress r1 (MPa) Stress r2 (MPa) Stress r3 (MPa) Stress r4 (MPa) Transversal Section
(Width/Height/Thickness)

0.42 0.45 0.49 9.52 1/2′′ × 1′′ × 2 mm

To transmit the input movement from the subject’s upper arm to the link r2 and to
decrease the necessary torque to an acceptable level, a chain drive is used (Figure 5). The
value of 71 Nm for male healthy subjects was used for the maximum torque of the human
arm, and the value of 33 Nm was used for females [33]. After the stroke, it was demonstrated
that the torques in the upper and lower limbs are smaller when compared to healthy
subjects [34,35]. Figure 5 shows the input torque, T, made over the link r2 transmitted using
the chain drive. The maximum torque in the ankle is 3.82 Nm (Figure 6). A transmission
relation of three is used for the patient to have a comfortable crank movement in the function
of the possible neurological problems. The center distance of the two sprockets is defined
in function of the upper limb workspace [36] to permit the complete crank revolution.
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Figure 5. The mechanism’s design scheme, with an adjustment rail on bar r4, the subject’s leg weight
load FE, and a chain drive transmitting the torque T from the subject’s hand on bar a2 to input bar r2.

From (23), only the first and seventh eigenvalues change their values along the motion
cycle, and the other eigenvalues remain constant. For the mechanism to present singular-
ities, the eigenvalues need to be zero. Figure 7 shows the graphic of the value variation
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of the eigenvalues, and the proposed mechanism did not reach a zero value inside the
workspace; thus, the mechanism is free of singularities.
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5. CAD/CAE Simulations and Results

Computer-aided design (CAD) and computer-aided engineering (CAE) models of the
proposed device were built and submitted to simulations of the complete cycle of motion.
Figure 8 shows the CAD/CAE model of the proposed device to simulate the movement of
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the structure. Figure 9 shows the simulation motion to one complete cycle (0◦ to 360◦ of the
input link r2 rotation). Figure 9a shows the initial position with input r2 = 0◦, Figure 9b
represents the foot support parallel to the floor, Figure 9c shows the extension movement,
Figure 9d is the return of the foot support parallel to the floor, Figure 9e–g represents the
flexion movement, and Figure 9i the return to the initial configuration.
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Figure 9. The motion simulation sequence of images of the ankle device. (a) initial position with
input r2 = 0◦; (b) foot support parallel to the floor; (c) extension movement; (d) return of the foot
support parallel to the floor; (e–h) flexion movement; (i) return to the initial configuration.

Figure 10 shows the comparison of the output angle θ4 to the mathematical model,
(8–9) and CAE simulation. The results are practically the same (Figure 10). The mathemati-
cal model has a maximum amplitude of 96.02◦ and a minimum amplitude of 16.33◦ with
a range of 79.69◦. In the CAD/CAE model, the maximum amplitude and the minimum
amplitude were the same as those in the mathematical model. From Figure 1, the range of
ankle movement used to model the device was 80◦, and the evolutionary algorithm gave a
result with an error of 0.39%.



Robotics 2023, 12, 32 12 of 16Robotics 2023, 12, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 10. Comparison of the output angle θ4 to the mathematical model and CAE simulation. 

6. Ankle Device Prototype 
From the CAD/CAE simulations carried out with the aid of the SolidWorks®® 

software, the prototype was manufactured (Figure 11). To build the mechanism, 
rectangular aluminum profiles 1/2” × 1” × 2 mm, ASA-40 1/2” chain, 11-tooth toothed 
pulleys (drive pulley and tensioning pulley) and 33-tooth toothed pulley (drive pulley) 
were used. The rotation joints were machined in brass (Figure 12a). A fairing covering the 
chain has been designed for patient protection (Figure 12b). 

 

Figure 10. Comparison of the output angle θ4 to the mathematical model and CAE simulation.

6. Ankle Device Prototype

From the CAD/CAE simulations carried out with the aid of the SolidWorks® soft-
ware, the prototype was manufactured (Figure 11). To build the mechanism, rectangular
aluminum profiles 1/2′′ × 1′′ × 2 mm, ASA-40 1/2′′ chain, 11-tooth toothed pulleys (drive
pulley and tensioning pulley) and 33-tooth toothed pulley (drive pulley) were used. The
rotation joints were machined in brass (Figure 12a). A fairing covering the chain has been
designed for patient protection (Figure 12b).
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To test the functioning of the prototype, it was activated manually continuously
through the input handle (18 complete turns), while the angular output θ4 was obtained
using a goniometer of Miotec, with a precision of± 0.05◦ and an acquisition rate of 2000 Hz
(Table 2). This test resulted in an amplitude of 84◦ ± 2.36◦ (mean ± standard deviation).
Compared with the mathematical model, we have an error of 5.41%. This error is probably
a function of small differences in dimensions due to the manufacture of parts, assembly,
and misalignments.

Table 2. Experimental results of the angular output θ4.

Measure Max. Flexion [◦] Max. Extension [◦] Difference [◦]

1 173.49 86.96 86.53

2 171.11 87.44 83.67

3 173.97 88.39 85.58

4 172.54 87.20 85.34

5 174.68 86.96 87.72

6 172.54 86.96 85.58

7 173.97 88.15 85.82

8 173.73 87.20 86.53

9 173.73 87.43 86.30

10 171.82 87.67 84.15

11 173.73 89.58 84.15

12 168.72 88.15 80.57

13 171.58 89.58 82.00

14 172.06 90.05 82.01

15 169.92 88.39 81.53

16 173.73 89.82 83.91

17 169.92 89.34 80.58

18 169.68 89.58 80.10

Mean = 84.00◦ std = 2.36◦
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Figure 13 shows a volunteer using the proposed device. The amplitude of the ankle
joint was measured using the Miotec goniometer, and the results were 69.14◦ ± 0.01◦

(mean ± std. deviation). The test was made with free movement of the lower limb, and the
device moved the ankle with a small rotation of the knee and with passive rotation of the
hip; thus, the ankle range movement was smaller. Anatomical studies indicate that joint
position changes at the knee and hip influence ankle range of motion [37,38]. In order to
carry out the tests with patients, it will be necessary to use an orthosis to immobilize the
knee and hip, allowing only the movement of the ankle. Additionally, due to the difference
in dimensions and height of the patients, it will be necessary to use a chair with height
adjustment, allowing the standardization of the tests.
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Figure 13. Experimental test with the ankle device prototype.

The experiments were approved by the local ethics committee UFU (protocol CAAE:
01305318.2.0000.5152), and the participant provided written informed consent prior to
the experiments.

The prototype permits clockwise or counterclockwise movements in a specific range
of motion with oscillatory crank movements. In the case of hemiplegia, the patient has the
options of just oscillating the crank or using the healthy upper limb to move the device.
This characteristic permits patients with lower mobility to use the device. The video footage
of the experimental tests can be accessed at https://drive.google.com/file/d/1CmulvQH6
6Jt1SgLkKgfHNCgGTiP3DeRU/view?usp=share_link (accessed on 16 February 2023).

7. Conclusions

This paper proposes a nonmotorized and self-operated structure for the rehabilitation
of the human ankle based on a four-bar mechanism. The mathematical modeling based on
the static balance of the four-bar mechanism, combined with the optimization through a
genetic algorithm of the differential evolution type, made it possible to obtain the dimen-
sions of the device with angular output satisfactorily close to the natural amplitudes of
the ankle flexion–extension movement. The stress analysis carried out demonstrated that
the mechanism is not subjected to high tensions in its links, which allows the choice of
light materials, such as aluminum, as well as the use of rectangular tube profiles for the
knee mechanisms, which reduces material costs and favors the accessibility/low cost of the
structure. Through the construction of the prototype for the movement of the ankle, it was
possible to demonstrate the fidelity of the experimental model to what was expected in
the mathematical model. The collected data point to the repeatability of the mechanism’s
output movement with low error. The tests also showed that the structure can be easily
handled by healthy individuals without the need for prior training. As the structure is acti-
vated by the user himself from his upper limb, there is the possibility of new rehabilitation
protocols to simultaneously stimulate the upper and lower limbs, fundamental in patients
with strokes who have movement weaknesses in both limbs. The proposed device was
developed and was aimed at the rehabilitation of patients with impaired limb movement or
low mobility, including the improvement of motor skills and proprioception of the patient’s

https://drive.google.com/file/d/1CmulvQH66Jt1SgLkKgfHNCgGTiP3DeRU/view?usp=share_link
https://drive.google.com/file/d/1CmulvQH66Jt1SgLkKgfHNCgGTiP3DeRU/view?usp=share_link
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ankle joint or neurological injuries such as drop foot following stroke. The device presented
in this paper aims to be low-cost due to the absence of actuators and sophisticated control
systems, being easy to use by patients and health professionals, and being easy to build
for use in future clinics and hospitals for the treatment of ankle problems. It is noteworthy
that the study of the best way to fix the patient’s foot in the structure should be carried
out while taking into account comfort and safety issues. Future studies to be carried out
on this device should seek to improve its fixation base, use of a height-adjustable chair,
mobilization of the thigh to allow only movement of the ankle, and experimental tests
with patients.
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