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Abstract

This paper describes a low-cost cable-driven manipulator robot for lower limb rehabilitation, designed for the population
with gait impairments, such as those with cerebral palsy or stroke. The robot is composed by a fixed base and a mobile
platform (orthoses) that can be connected to one cable, or at most six, and can perform the individual movements of the hip,
the knee, and the ankle. It starts with a review of the different mechanical systems developed and applied for lower limb
rehabilitation. After, the proposed structure is detailed. Finally, the numerical and experimental tests of the cable-driven
parallel structure for lower limb rehabilitation movements are outlined, showing the viability of the proposed structure.
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1 Introduction

For every 1000 children born, 2-3 will have cerebral palsy
(CP) [1], which accounts for about 8000—-10,000 new cases
per year in the United States [2]. CP refers to brain irreg-
ularities or injuries which may result in movement
impairment which occurs before the age of 2 and is often
due to developmental defects or trauma.

Stroke, like cerebral palsy, is a static (non-progressive)
brain injury. Presently, Estimated 6.6 million Americans
have survived a stroke [3]. Projections from the American
Heart Association suggest that this number will increase by
an additional 3.4 million people by 2030 [3], with the
majority of stroke survivors experiencing some residual
motor impairment [4].

At this stage, neurorehabilitation for both CP and stroke
is limited to physical or occupational therapy delivered by
clinicians (and potentially augmented by robotic tools [4])
to facilitate neuro-recovery and reduce the consequences of
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central nervous system injury. Many of those diagnosed
with CP [5] and a proportion of patients with stroke [6] will
endure further debilitating secondary impairments
throughout their lifespan, as a result of their poor gait
pattern. It is, therefore, vital to explore methods for
improving gait rehabilitation and the clinical outcomes for
those living with CP or stroke.

One such method for providing or augmenting gait
rehabilitation is robotic therapy. Many different gait reha-
bilitation robotic systems have been proposed over recent
years [7-11]. Nonetheless, the results of the Locomotor
Experience Applied Post-Stroke (LEAPS) study suggest
that continued development of the design and the purpose
of these devices are required for effective gait retraining
[12-15].

The Hocoma’s Lokomat system (http://www.hocoma.
com/) is the most commercial successful example of gait
rehabilitation. The Lokomat uses two actuators, at the hip
and the knee, to move the patient lower limb through a
neurologically healthy kinematic path. Other similar
exoskeletons include the LOPES [16] and ALEX [17].
Some authors have been using orthoses/exoskeletons with
pneumatic muscle-type actuators. Dzahir and Yamamoto
[8] presented a survey of these mechanisms. The major
issue of these mechanisms is the development of a more
effective control algorithm.

Another type of robots used in rehabilitation is the foot
plate robots [10] that include the MoreGait [18], the Gait
Trainer [19], Haptic walker [20], and the G-EO system
[21]. These systems simulate the walking from an end-
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effector that stays with the foot during the full cycle of
walking.

The cable-driven parallel manipulators are another
alternative that has been studied over the past few years to
be applied in human rehabilitation. These structures consist
on a fixed base and a moving platform (end-effector)
connected by multiple cables that can move the end-ef-
fector by changing the cables lengths while prevent any
cable from slackening [22, 23].

These structures can be suitable for rehabilitation pro-
cess, because they have a large reconfigurable workspace
which may be adapted to different patients and rehabili-
tations protocols. Besides that, the mechanical structure is
easy to assemble, disassemble, and to transport. In the
clinical point of view, the use of robot with cables, instead
of exoskeleton or rigid links, makes the patient feel less
constrained which is important to the patient accept the
new rehabilitation technology [9, 15]. The major drawback
related to the use of cable-driven manipulator is the control
problem to remain all the cables tensioned [18].

There are few cable-driven robots applied in medical/
rehabilitation. The CALOWI (Cassino Low-Cost Wire
System) has four cables disposed in a 4-4 architecture that
can be used to helping elderly and patients with lower limb
injuries for sitting and getting up, or moving patients in
hospital rooms [24].

Surdilovic and Bernhardt [25, 26] presented a robotic
system for supporting gait rehabilitation and restoring of
motor functions, called STRING-MAN, developed at
Fraunhofer IPK-Berlin. The system is designed to support
gait restoration for several kinds of injury [26].

Wu et al. [27] presented a cable-driven robotic gait
system that works with a treadmill and body weight sup-
port system. The system has four cables driven by four
motors, pulleys, and cable spools which were used to apply
controlled resistance/assistance loads to the legs. Another
cable-driven parallel robot for gait rehabilitation was
developed by Harshe [28]. The objective of this device is
analyzing the gait and aiding a medical practitioner to
identify gait patterns (measurement) and diagnose injuries.

For the human lower limb rehabilitation, there are a few
studies that consider the rehabilitation of all the joints
movements in isolation or combined form. In part, this is
due to size, weight, and complexity of the movements of
the lower limb. Thus, the development of a low-cost
robotic device applied to the rehabilitation of the lower
limbs of the human body, capable of reproducing the
movements of all joints in an isolated manner or combined,
even assisting in rehabilitation of human gait has great
applicability, by constituting the main contribution of this
paper.

This paper presents a cable-driven parallel manipulator
for rehabilitation of the lower limb human movements. The
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structure can be assembled from one to six cables that
allow the individual movements of the hip, the knee, the
ankle, and the human gait simulation, with different limits
and speeds. This paper focuses on the rehabilitation of the
individual movements of the joints.

This paper details the following: Sect. 2 presents the
proposed device and the mathematical model. Section 3
presents the numerical and experimental tests of the cable-
driven robot for lower limb rehabilitation. Finally, Sect. 4
presents the discussion and conclusion of this paper.

We should point out that the aim of the developed cable-
driven robot is to assist the health professionals and not to
replace them.

2 Proposed device

The design of cable-driven rehabilitation robot presents a
number of challenges, like working with patients with
different backgrounds. The repetitive movements of the
lower limb constitute part of the rehabilitation process and
the physiotherapist moving the limb in a desired trajectory
and providing assistance for resistance to motion, as well as
purely passive movement, depending on the patient level of
muscle activity. The device proposed in this paper has the
requirements: it will be worked in patients that are passive,
i.e., the movement needs to be made by another person or a
robotic device; the proposed device will be used in clinics
and permits recording the data to monitoring the progress
and facilitate the feedback to the patient; the mechanism is
low cost, compared to other commercial solutions and easy
to fix to the patient, using Velcro tape; finally, the phys-
iotherapist can control the number of repetitions and the
speed.

The proposed cable-driven manipulator can be assem-
bled from one to six cables. Figure 1a shows the elements
of the proposed structure to the case of using two cables.
The structure consists of sets formed by 24 V x 45 Nm
DC motor (Bosch gear motors model FOO6WMO0310),
encoder with 500 pulses per revolution, pulley, load cells
(model CSA/ZL—20 kgf), and stretcher. The control sys-
tem was performed using PIC18F4550 microcontrollers,
one for each cable. The microcontrollers communicate
with the computer via the USB interface [29].

Figure 1b shows the built prototype. In the numerical
and experimental tests, a 1.80 m-tall anthropometric woo-
den puppet was used, Fig. 1b.

The number of cables used is directly linked to the
complexity of the desired movement. Only one actua-
tor/cable can be used for single and simple movements,
e.g., the execution of ankle dorsiflexion or the flexion/ex-
tension of the knee. As the movements become more
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Fig. 1 a Scheme of the proposed device with two cables. b Prototype
build at Federal University of Uberlandia

complex, the amount of cables may be increased to
accomplish the movement.

The numerical simulation of gait rehabilitation, using
six cables, was presented in [9, 30, 31].

This paper focuses on the structure with one to three
cables to make single movements of the lower limb joints
and expands the previous ones [9, 31, 32] presenting
experimental results compared to the mathematical model
presented in [9, 31, 32].

Thus, to perform the individual movements of flexion/
extension of the hip, the knee, or the ankle, there are used
from one up to three cables. The use of one cable is enough
to perform the individual movements of flexion and the
weight of the lower limb assists in extension movement.

The use of two/three cables aims to minimize/optimize the
tension applied to the cables.

The system runs using the “teaching by showing”,
where the control is performed in two steps: the first one
labeled “teaching” in which the therapist “teaches” the
movements to be performed by the cable-driven robot, and
the other step labeled “playing” in which the robot runs the
predefined movement.

In the “teaching” mode, the acquisition of position data
and speed of each motor shaft is done through digital
encoders. The therapist movements in the splint are con-
trolled by a loop that maintains the tension of the cables so
as to cause the movement of the actuator when the therapist
moves the splint. The signal of load cells attached to the
cables is used as a control variable and the PWM signal of
microcontrollers make the actuators rotation. The position
and angular speed of each actuator are saved to be replayed
during the “playing” mode. In this way, the position
control is used in this paper.

A graphical interface for PC was developed to control in
which mode of operation that the device should run. To
ensure the safe operation, emergency buttons are installed
and the maximum allowable forces acting on the cables are
set to prevent injuries involving patients. The control sys-
tem is explained in [29, 31].

The kinematic model of the proposed cable-driven robot
can be obtained similar to the traditional parallel structures
[33], Fig. 2.

The inverse kinematic model permits to find the cables
lengths, p;, as function of the end-effector pose, Eqgs. (1)—
(5). In Egq. (5), the function sine is abbreviated by s and
cosine by c:

pi = ll(c+ Qvi —py)|- (1)
Equation (1) can be rewrite by:
p;=(e+Qvi—p) - (c+0vi—p). (2)

The development of Eq. (2) leads to:

Pi(ay, by, ;)

X

Fig. 2 Kinematic parameters
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p; = c'e+2¢"0v; — 2¢"p; + v{'vi — 2pf Ovi + p!'p;.

(3)
Thus, the cable length can be found by Eq. (4):
p; = \/cTc + 2¢TQv; — 2¢Tp; + vivi — 2pTOvi + pl'p;.
(4)
Q is calculated by Eq. (5):
cp ey —cfsy sp
O=| sO0specy+clsy —sOspsy+cOcy —sOcf
—cOspcy+s0sy cOspsy+s0cy cOcp
(5)

In Eq. (1), i varies from 1 to n (number of cables),
where: p; is the position vector of point P; in relation to a
fixed reference frame, v; is the position vector of point V;
related to the moving frame, ¢ (c,, ¢, c;) is the position
vector of the center of gravity of the moving platform, and
Q is the rotation matrix between fixed and moving frames
obtained by a rotation of 6 about x-axis followed by a
second rotation f about the new y-axis and a third rotation
y about the new z-axis. The length of cable i is the distance
between points P; and V; = p;.

During the lower limb rehabilitation sessions, the patient
limb movement speed should be reduced to avoid pain and
discomfort to the patient. In this way, the static model of
the proposed device is presented using the Jacobian static
force analysis [9, 30-32]. The static force analysis is
important to determine if the cables are in tension under the
load to obtain a feasible workspace.

The relation between the cables forces vector, F, and the
external efforts W, which are the limb and the splint
weight, can be obtained by Eq. (6) in matrix form. J is the
Jacobian matrix of the structure:

1" [F] = [W]. (6)

The Jacobian matrix can be written as (7) for the
structure with i cables, and p is the unitary vector defining
the cable direction to the actuator:

- P . P2 e pi ) (7)
p1 X Qvi Py x Qv pi X Qvi

Equation (6) is used to evaluate the cable tension for a
given trajectory, rehabilitation movement, in respect to the
kinematic of the cable-driven architecture. One important
requirement to develop the cable-driven rehabilitation
robot proposed in this paper is the workspace of the lower
limb joints. This workspace is obtained in function of range
movements of hip and knee. The ankle joint movements
was neglected to simplify the model.

The lower limb includes the hip, knee, and ankle joints
[34].
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The hip has three degrees of freedom and works like a
ball-and-socket joint. The hip motions are the flexion/ex-
tension (— 120° to 10° when the knee is flexed), adduction/
abduction (— 45° to 30°), and lateral/medial rotation
(— 30° to 60° when the knee is flexed).

The human knee has two degrees of freedom, one is the
flexion and the extension, and another is the rotation that is
possible with the knee flexed. When the knee is flexed, the
range of rotation is — 32° to 42°. The knee flexion when
the hip is flexed, the range is of 0° to 140° [30, 34].

The complete details of lower joints movements and
lower limb dimensions can be found in [30, 34].

Figure 3 shows the obtained workspace considering a
subject with 1.75 m tall. From the analysis of the work-
space, it was verified the necessity of fixed platform,
Fig. 1a, in cubic format with edge of 2 m to satisfy all the
lower limbs movements.

More details about the Jacobian static force analysis and
the workspace optimization procedure to obtain an end-

Sﬂav-"""r.. :

A0

B0 T — prR—— ................. +

S - -

-150
-200 - -100

X

(b)

Fig. 3 Lower limb workspace (cm). a Tridimensional view; b side
view
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effector controllable with positives tensions in cables can
be found in [9, 30-32].

3 Experimental tests

Experimental tests were conducted with different configu-
rations to verify that the cable-driven robot proposed is
able to perform the movement’s rehabilitation and to
record force and length cables coherent with the numerical
model. The experimental tests were made using an
anthropometric wooden puppet with 1.80 m tall. Move-
ments were carried with the puppet knee joint being flex-
ion/extension with one and two cables, and rotational hip,
with three cables. In all tests, the puppet hip was flexed at
90°.

The point O was used as the inertial frame to perform
the numerical simulations and experimental tests, Fig. 4.

The cable attachment is made directly on the patients
limb with the aid of a Velcro tape.

Loads cells were previously calibrated to determine the
forces in the cables during the experimental tests. The load
cell has a 0.25 N resolution and 0.195 kilos mass. It is
place directly in the cable, Fig. 1. A digital inclinometer
was used to measure the angle of the lower limb. It has a
0.1-degree resolution and 0.230 kilos mass, and it was
positioned on the puppet’s leg, Fig. 1b. The puppet shin
and foot mass is 1.034 kilos and the shin length is 0.35 m.
Static tests were done where, for each angle value obtained
by a digital inclinometer, there were collected values of the
cable tension (force) obtained by a load cell. To the
numerical calculus of cable force and length, Eqgs. (6) and
(4) were used, respectively.

150 47"
100 4"}

50 - _jumE "y

Fig. 4 Inertial frame

3.1 Flexion/extension of the knee using one
actuator/cable

For this test, the actuator was positioned aligned with the
puppet, and the coordinates are shown in Table 1.

The puppet position remained always the same for all
experimental tests.

Figure 5 shows the flexion/extension test carried out on
the wooden puppet. The initial condition established is
when the lower limb is stretched parallel to the ground and
the angle value equals 0°. In this experimental setup, it is
possible to make the knee movement between 0° to 90°. To
reach the maximum flexion range of 140°, it is necessary
another setup showed in [30, 34], using more cables.

Figure 6 shows forces graph as angle function for flex-
ion/extension of the knee, using one cable, and Table 2
presents the errors.

The largest errors were found for knee flexion angles
near 90°, Fig. 5. This fact is due to the low values of the
forces in these configurations.

The cable lengths along the movement were also cal-
culated for this test, as shown in Fig. 7.

The cable length errors along the movement are small
(less than 2%) and can be associated to measuring errors
and the puppet positioning error inside the structure.

3.2 Extension of the knee using two
actuators/cables

The puppet position was maintained for this test. Table 3
presents the actuators position.

Figure 8 shows the scheme of the extension test with
two cables and the foot trajectory.

Figure 9 shows forces graph as angle function for
extension of the knee using two cables, and Table 4 pre-
sents the errors. Again, the larger errors are close to 90°,
due to low cables’ tension.

The cables lengths along the movement were also
obtained for this test, as shown in Fig. 10. The cable length
errors along the movement are small and can be associated
to measuring errors and the puppet positioning error inside
the structure. The error values are presented in Table 5.

Table 1 Puppet and actuator coordinates to test with one cable

Position OX axis (cm) QY axis (cm) 0Z axis (cm)
Hip puppet 0 50 82
Actuator 100 50 163.5
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Fig. 5 Knee flexion/extension experimental test with one cable

Force [N]
8

-= Experimental Flexion
-+ Flexion/Extension Numerical

10 -+ Experimantal Extension
00
%0 80 70 60 50 40 30 20 10 0
Angle [°]

Fig. 6 Knee flexion/extension experimental test results with one
cable

3.3 Rotation of the hip using three
actuators/cables

The puppet’s knee was flexed at 64° for this test, Fig. 11,
and three cables were used to carry out the movement.
Figure 11a presents the numerical simulation scheme, and
Fig. 11b presents the experimental test.

Table 6 presents the position motors.

The knee flexion was always kept close to 64°, since it
was very difficult to maintain this exact inclination at all
points of data collection.

Table 7 shows the force results in the cables, and
Table 8 shows the errors found between the experimental
tests and numerical tests. Tables 9 and 10 show the cables
lengths and the errors found, respectively.

Through Tables 7, 8, 9, and 10, it can be seen that even
with an increased number of cables, the forces values found
by numerical and experimental tests are similar and the
errors in the cables lengths are small. It can also be high-
lighted that the increased number of cables was followed
by an increase in the error of the force values.

@ Springer

Table 2 Errors between numerical and experimental results to flex-
ion/extension with one cable

Extension
Angle (°) Numerical (N) Experimental Error (%)
1.1 7.366 7.499 — 1.8
9.9 7.311 7.328 - 02
18.1 7.257 7.205 0.7
27.1 7.159 7.091 1.0
36.5 6.982 6.833 2.1
45.7 6.702 6.482 33
54.1 6.324 6.006 5.0
63.7 5.698 5.325 6.5
73.1 4.800 4.315 10.1
83.2 3.343 2.844 14.9
88.3 2.302 1.804 21.6
Flexion
Angle (°) Numerical (N) Experimental Error (%)
1.5 7.363 7.428 - 09
9.7 7.312 7.105 2.8
18.3 7.255 7.021 3.2
27.2 7.158 6.886 3.8
36.6 6.980 6.631 5.0
459 6.695 6.314 5.7
54.3 6.314 5.900 6.6
63.5 5.713 5.265 7.8
73.6 4.742 4.267 10.0
83.0 3.379 2.900 14.2
88.7 2.208 1.707 22.7

150,0

1400 -»- Experimental Flexion

Flexion/Extension Numerical
-+ Experimantal Extension

Length [cm]

%0 80 70 60 50 40 30 20 10 0
Angle [°]

Fig. 7 Cable length along the movement
4 Conclusions and discussion

This paper outlined the mechanical design and develop-
ment of a low-cost cable-driven lower limb rehabilitation
robot. The device proposed is conceptually simple to obtain
a low-cost device to be used in countries with lower
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Table 3 Actuator coordinates to test with two cables

Position

OY axis (cm)

Actuator P1
Actuator P2

34.5
65.5

Fig.

Force [N]

Fig. 9 Knee extension experimental test results to two cables

Table 4 Errors between
numerical and experimental
results to extension with two

4,0
35
30
25
2,0
15
10
05

0,0

cables

50
Angle [°]

40

8 Flexion/extension of the knee using two cables

- Actuator 1 Experimental
Actuator 2 Experimental

-= Numerical

—+- Experimental Actuator 1

1400 ;
el Experimental Actuator 2
1300 e e — -= Numerical
- ~8-
_ ——
g 1200 e
- - 1 g
= 1100 T~ .
tl) \\\'\"\.
2 1000 e
- ~
90,0 =
3
800
700
% 80 70 60 50 40 30 20 10 0
Angle [°]

Fig. 10 Cable length along the extension movement for two actuators

incomes. Injuries of the central nervous systems like the
cerebral palsy and stroke often affect the survivor’s ability
to move, and the proposed structure can help in the lower
limb rehabilitation procedures.

Through the experiments with the wooden puppet, it
could be verified consistency between the numerical model
and the experimental tests for most movements analyzed,
shown by the acceptable values of errors found.

Good levels of correlation between the numerical and
experimental models can be observed for the cable length
with errors less than 5%. One requirements of the device
proposed in this paper is that will be worked in patients that
are passive, i.e., the movement needs to be made by
physiotherapist or a robotic device. The goal of the phys-
iotherapist in this process is to help patients achieve normal
standards of range of motion and to strengthen their mus-
cles [35]. The manual movements of the physiotherapist
have inaccuracies related to the clearance in the human
joint complexes as presented in [35-42] that cause less
precise/repetitive movements. Thus, the proposed device
can make the rehabilitation movements proposed in this
paper better than manual treatments.

The found errors in the experiments with the wooden
puppet can be caused by various factors, such as difficulty
in obtaining the exact center of mass position of the lower
limb puppet, and the coordinates position of the puppet
inside the device. Another error source is the reaction

Angle (°) Numerical (N)  Motor 1 (N)  Motor 2 (N) Error motor 1 (%)  Error motor 2 (%)
86.7 1.337 0.919 0.933 31.29 30.27
77.6 2.129 1.804 1.688 15.27 20.69
69.6 2.605 2.264 2.256 13.09 13.39
59.5 3.024 2.759 2.751 8.76 9.02
48.7 3.319 3.072 3.069 7.46 7.52
38.3 3.502 3.360 3.163 4.03 9.66
29.5 3.600 3.457 3.409 3.96 5.30
19.7 3.667 3.503 3.494 4.48 4.70
10.7 3.706 3.748 3.413 — 1.14 7.92
1.2 3.746 3.529 3.797 5.77 - 1.37
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Table 5 Errors between numerical and experimental results cables’ length to extension with two cables

Angle (°) Numerical (cm) Experimental motor 1 (cm) Experimental motor 2 (cm) Error motor 1 (%) Error motor 2 (%)
86.7 138.90 135.50 134.50 24 32
77.6 135.33 131.50 130.50 2.8 3.6
69.6 131.63 127.50 127.00 3.1 35
59.5 126.26 122.50 121.50 3.0 3.8
48.7 119.74 115.50 115.00 3.5 4.0
38.3 112.79 109.50 109.00 2.9 34
29.5 106.49 103.00 102.50 33 3.7
19.7 99.14 96.50 96.00 2.7 32
10.7 92.22 90.00 89.50 24 2.9
1.2 84.89 83.00 82.50 2.2 2.8

(b)

Fig. 11 a Actuator positions; b experimental test with three cables
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Table 6 Actuator coordinates to test with three cables

Position OX axis (cm) 0Y axis (cm) OZ axis (cm)
Actuator P1 60.5 0 163.5
Actuator P2 60.5 100 163.5
Actuator P3 100 50 163.5

forces existing in the joints of the puppet during movement
and the friction joints which are not considered in the
numerical model. The device proposed has the limitation of
not allowing small forces to be read as the load cell used is
placed directly on the cable. Since the load cell has a
considerable mass of 0.195 kilos and needs to be tensioned
to indicate reliable measures, values close to its mass
presented considerable measurement errors according to
Tables 2, 4, and 8. With the use of three cables, Fig. 11, the
load is divided and the force values are close to the mass of
the load cell with considerable errors according to Table 8.

In the cases that the proposed structure is not working
with value near of load cell mass, the force errors are less
than 10%. From the literature, the errors forces found are
similar to other prototypes rehabilitation devices [43—47]
with errors less than 10% when using PID/trajectory con-
trol or impedance control. To compare, the commercial
version of InMotion Arm Robot has a force resolution of
0.05 N [48] and a cost of more than USD 100,000 [49].

The device proposed in this paper can work on different
movements of the rehabilitation process, from simple and
pure rehabilitation movements, e.g., varying only the angle
of a single joint in a certain direction. However, the pro-
posed device needs the gravity to make the return move-
ments and has problems if the carry load is low (near of the
mass of load cell).
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Table 7 Forces in the three

cables Angle (°) Numerical (N) Experimental (N)
Cable 1 Cable 2 Cable 3 Cable 1 Cable 2 Cable 3
— 324 4.884 2.476 0.631 4.678 3.135 0.949
— 256 4.653 2.654 0.660 4.463 3.625 0.779
— 18 4.302 2.887 0.749 3.931 3417 1.139
- 1738 3.837 3.234 0.848 3.809 3.723 1.085
2.4 3.428 3.611 0.879 3.243 4.226 1.102
13.5 3.028 4.007 0.897 3.033 4.557 1.032
22 2.763 4.432 0.755 2.953 4.904 0.714
30.2 2.544 4.636 0.779 2.574 5.043 1.087
42 2.265 5.202 0.549 2.480 5.390 0.638
tT:rZE fabf;rce errors in the Angle (°) Error cable 1 (%) Error cable 2 (%) Error cable 3 (%)
— 324 4.23 — 26.61 — 50.41
—25.6 4.09 — 36.58 — 18.00
— 18 8.61 — 18.34 — 52.10
- 7.8 0.72 — 15.12 — 27.88
24 5.37 — 17.04 — 25.28
13.5 —0.17 —13.73 — 15.07
22 — 6.91 — 10.64 5.43
30.2 —1.22 — 8.79 — 39.49
42 — 951 — 3.61 — 16.08
I:Ellzsg Length of the three Angle (°) Numerical (cm) Experimental (cm)
Cable 1 Cable 2 Cable 3 Cable 1 Cable 2 Cable 3
— 324 118.70 135.52 123.64 120.5 129.0 118.5
—25.6 122.33 135.85 125.90 123.5 129.0 121.5
— 18 125.51 135.06 126.93 125.0 129.0 122
- 7.8 128.88 133.00 127.22 128.0 127.5 123
2.4 131.58 130.31 127.06 129.0 126.0 123
13.5 133.12 126.12 125.31 130.5 122.0 122
22 135.04 123.50 125.64 132.0 120.0 122
30.2 134.23 118.89 122.18 131.0 116.5 119
42 134.60 113.30 120.25 131.0 112.5 117
-tr}?rte):I: gﬁ)lfl;sength errors of the Angle (°) Error cable 1 (%) Error cable 2 (%) Error cable 3 (%)
— 324 - 15 4.8 4.2
— 256 - 1.0 5.0 35
— 18 0.4 4.5 39
- 7.8 0.7 4.1 33
24 2.0 33 32
13.5 2.0 33 2.6
22 2.3 2.8 2.9
30.2 2.4 2.0 2.6
42 2.7 0.7 2.7
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The number of cables used is directly linked to the
complexity of the desired movement. Only one actua-
tor/cable can be used for single and simple movements,
e.g., the execution of ankle dorsiflexion. As the movements
become more complex, the amount of cables may be
increased to accomplish the movement.

The robot presented in this paper allows a quick
adjustment to the patients limb from the use a Velcro tape.
No length adjustments or joint alignment are required as in
the case of the robotic exoskeletons. The cost of the
equipment is very low compared to other commercial
solutions, like Anklebot [50] and Hocoma’s Lokomat.

The structure proposed in this paper is quite friendly for
patients, as they are often already familiar with therapies
using ropes/cables.

Moving forward, we plan to finalize the impedance
control [51], and to commence a large set of clinical studies
with healthy and impaired subjects.

Acknowledgements This work was supported in part by CNPq, UFU,
CAPES, and FAPEMIG.

Compliance with ethical standards

Conflict of interest The authors declare no conflict of interest.

References

1. MacLennan AH, Thompson SC, Gecz J (2015) Cerebral palsy:
causes, pathways, and the role of genetic variants. Am J Obstet
Gynecol 213(6):779-788

2. MacDonald MG, Seshia MMK (2015) Avery’s neonatology
pathophysiology and management of the newborn, 7th edn.
LWW, Philadelphia

3. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ,
Cushman M, Das SR, de Ferranti S, Després J-P, Fullerton HJ,
Howard VJ, Huffman MD, Isasi CR, Jiménez MC, Judd SE,
Kissela BM, Lichtman JH, Lisabeth LD, Liu S, Mackey RH,
Magid DJ, McGuire DK, Mohler ER III, Moy CS, Muntner P,
Mussolino ME, Nasir K, Neumar RW, Nichol G, Palaniappan L,
Pandey DK, Reeves MJ, Rodriguez CJ, Rosamond W, Sorlie PD,
Stein J, Towfighi A, Turan TN, Virani SS, Woo D, Yeh RW,
Turner MB, On Behalf of the American Heart Association
Statistics Committee and Stroke Statistics Subcommittee (2016)
Heart disease and stroke statistics—2016 update: a report from
the American Heart Association. Circulation 133:e38-e360

4. Claflin ES, Krishnan C, Khot SP (2015) Emerging treatments for
motor rehabilitation after stroke. Neurohospitalist 5(2):77-88

5. van der Krogt MM (2009) Gait deviations in children with
cerebral palsy: a modeling approach. Doctor Academisch Proef-
schrift, Vrije Universiteit, Ipskamp Drukkers BV, Ensched,
pp 1-152

6. Eng JJ, Tang PF (2007) Gait training strategies to optimize
walking ability in people with stroke: a synthesis of the evidence.
Expert Rev Neurother 7(10):1417-1436

7. Diaz 1, Gil JJ, Sanchez E (2011) Lower-limb robotic rehabilita-
tion: literature review and challenges. J Robot. https://doi.org/10.
1155/2011/759764

@ Springer

8. Dzahir MAM, Yamamoto S-I (2014) Recent trends in lower-limb
robotic rehabilitation orthosis: control scheme and strategy for
pneumatic muscle actuated gait trainers. Robotics 3:120-148

9. Goncalves RS, Carvalho JCM, Ribeiro JF, Salim VV (2015)
Cable-driven robot for upper and lower limbs rehabilitation. In:
Handbook of research on advancements in robotics and mecha-
tronics, 1st edn. IGI Global, pp 284-315. https://doi.org/10.4018/
978-1-4666-7387-8.ch011

10. Susko TG (2015) MIT skywalker: a novel robot for gait reha-
bilitation of stroke and cerebral palsy patients. Thesis, Mas-
sachusetts Institute of Technology

11. Louie DR, Janice J (2016) Powered robotic exoskeletons in post-
stroke rehabilitation of gait: a scoping review. J NeuroEng
Rehabil 13:53

12. Duncan PW, Sullivan KJ, Behrman AL, Azen SP, Wu SS,
Nadeau SE, Dobkin BH, Rose DK, Tilson JK et al. (2007) Pro-
tocol for the locomotor experience applied post-stroke (LEAPS)
trial: a randomized controlled trial. BMC Neurol 7:39

13. Duncan PW, Sullivan KJ, Behrman AL, Azen SP, Wu SS,
Nadeau SE, Dobkin BH, Rose DK, Tilson JK, Cen S, Hayden SK
(2011) Body-weight-supported treadmill rehabilitation after
stroke. N Engl J Med 364(21):2026-2036

14. Dobkin B, Duncan P (2012) Should body weight-supported
treadmill training and robotic-assistive steppers for locomotor
training trot back to the starting gate? Neurorehabil Neural Repair
26(4):308-317

15. Gongalves RS, Carvalho JCM (2012) Robot modeling for phys-
ical rehabilitation. In: Service robots and robotics design and
application. An imprint of IGI Global, pp 154-175. https://doi.
org/10.4018/978-1-4666-0291-5.ch009

16. Veneman JF, Kruidhof R, Hekman EEG, Ekkelenkamp R, van
Asseldonk EHF, van der Kooij H (2007) Design and evaluation of
the LOPES exoskeleton robot for interactive gait rehabilitation.
IEEE Trans Neural Syst Rehabil Eng 15(3):379-386

17. Banala SK, Agrawal SK, Scholz JP (2007) Active leg exoskele-
ton (ALEX) for gait rehabilitation of motor-impaired patients. In:
IEEE 10th international conference on rehabilitation robotics,
2007. ICORR 2007, pp 401-407

18. Rupp R, Plewa H, Hofer EP, Knestel M (2009) Motion Ther-
apy @Home—a robotic device for automated locomotion therapy
at home. In: IEEE 11th international conference on rehabilitation
robotics, Kyoto, Japan

19. Hesse S, Uhlenbrock D (2000) A mechanized gait trainer for
restoration of gait. J Rehabil Res Dev 37(6):701-708

20. Schmidt H, Werner C, Bernhardt R, Hesse S, Krger J (2007) Gait
rehabilitation machines based on programmable footplates.
J Neuroeng Rehabil 4(1):2

21. Hesse S, Waldner A, Tomelleri C (2010) Innovative gait robot for
the repetitive practice of floor walking and stair climbing up and
down in stroke patients. J NeuroEng Rehabil 7:30

22. Cannella G, Ottaviano E, Castelli G (2008) A cable-based system
for aiding elderly people in sit to stand transfer. In: Proceedings
of the international symposium on multibody systems and
mechatronics- MUSME, pp 8-12

23. Hiller M, Hirsch K, Bruckmann T, Brandt T, Schramm D (2009)
Common aspects in methods for the design of mechatronic sys-
tems—applications in automotive and robotic systems. In: XII
international symposium on dynamic problems of mechanics,
Angra dos Reis, RJ

24. Tavolieri C (2008) Design of a cable-based parallel manipulator
for rehabilitation applications. Ph.D. dissertation, University of
Cassino, Italy, and INRIA, France

25. Surdilovic D, Bernhardt R (2004) STRING-MAN: a new wire
robot for gait rehabilitation. In: IEEE international conference on
robotics and automation—ICRA 2004, New Orleans,
pp 2031-2036


https://doi.org/10.1155/2011/759764
https://doi.org/10.1155/2011/759764
https://doi.org/10.4018/978-1-4666-7387-8.ch011
https://doi.org/10.4018/978-1-4666-7387-8.ch011
https://doi.org/10.4018/978-1-4666-0291-5.ch009
https://doi.org/10.4018/978-1-4666-0291-5.ch009

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:245

Page 11 of 11 245

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Surdilovic D, Zhang J, Bernhardt R (2007) STRING-MAN: wire-
robot technology for safe, flexible and human-friendly gait
rehabilitation. In: IEEE 10th international conference on reha-
bilitation robotics, Noordwijk, pp 446453

Wu M, Landry JM, Kim J, Schmit BD, Yen S-C, MacDonald J
(2014) Robotic resistance/assistance training improves locomotor
function in individuals poststroke: a randomized controlled study.
Arch Phys Med Rehabil 95:799-806

Harshe M (2012) A multi-sensor, cable-driven parallel manipu-
lator base lower limb rehabilitation device: design and analysis.
Thesis, Sciences et technologies de Il’information et de la
communication

Nunes WM, Rodrigues LAO, Oliveira LP, Ferreira WRB, Ribeiro
JF, Carvalho JCM, Gongalves RS (2011) Sistema de Controle do
CaMaReS. In: DINCON 2011 - 10* Conferéncia Brasileira de
Dinamica, Controle e Aplicacdes, 2011, Aguas de Lindéia, SP.
10* Conferéncia Brasileira de Dinamica, Controle e Aplicagdes
Barbosa AM (2013) Desenvolvimento de um dispositivo robético
atuado por cabos para reabilitacdo do membro inferior humano.
Master’s Degree, Universidade Federal de Uberlandia
Gongalves RS, Lobato FS, Carvalho JCM (2016) Design of a
robotic device actuated by cables for human lower limb reha-
bilitation using self-adaptive differential evolution and robust
optimization. Biosci J 32:1689-1702 (online)

Gongalves RS, Carvalho JCM, Rodrigues LAO, Barbosa AM
(2014) Cable-driven parallel manipulator for lower limb reha-
bilitation. Appl Mech Mater 459:535-542

Coté G (2003) Analyse et conception de mécanismes paralléles
actionnés par cables. Ph.D. dissertation, Université Laval, Que-
bec (in French)

Kapandji AI (2010) The physiology of the joints, volume 2: lower
limb, 6th edn. Churchill Livingstone, London

Akdogan E (2016) Upper limb rehabilitation robot for physical
therapy: desing, control, and testing. Turkish J Electr Eng
Comput Sci 24:911-934

Kontson K, Marcus I, Myklesbust B, Civilico E (2017) Targeted
box and blocks test: normative data and comparison to standard
tests. PLoS ONE 12(5):e0177965

Ertzgaard P, Ohberg F, Gerdle B, Grip H (2016) A new way of
assessing arm function in activity using kinematic Exposure
Variation Analysis and portable inertial sensors—a validity
study. Man Ther 21:241-249

Goffredo M, Bernabucci I, Schmid M, Conforto S (2008) A
neural tracking and motor control approach to improve rehabili-
tation of upper limb movements. J NeuroEng Rehabil 5(5):1-12.
https://doi.org/10.1186/1743-0003-5-5

Martins T, Carvalho V, Soares F (2013) Application for phys-
iotherapy and tracking of patients with neurological diseases—

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

preliminary studies. In: IEEE 2nd international conference on
serious games and applications for health (SeGAH), pp 1-8.
https://doi.org/10.1109/SeGAH.2013.6665317

Kurillo G, Chen A, Bajcsy R, Han JJ (2013) Evaluation of upper
extremity reachable workspace using Kinect camera. Technol
Health Care 21:641-656

Bai L, Pepper MG, Yan Y, Spurgeon SK, Sakel M, Phillips M
(2015) Quantitative assessment of upper limb motion in neu-
rorehabilitation utilizing inertial sensors. IEEE Trans Neural Syst
Rehabil Eng 23(2):232-243

Hidler J, Wisman W, Neckel N (2008) Kinematic trajectories
while walking within the Lokomat robotic gait-orthosis. Clin
Biomech 23:1251-1259

Mancisidor A, Zubizarreta A, Cabanes I, Bengoa P, Jung JH
(2017) Interaction force and motion estimators facilitating
impedance control of the upper limb rehabilitation robot. In:
International conference on rehabilitation robotics, pp 561-566.
https://doi.org/10.1109/ICORR.2017.8009307

Mancisidor A, Zubizarreta A, Cabanes I, Bengoa P, Jung JH
(2016) Kinematic and dynamic modeling of a multifunctional
rehabilitation robot UHP. In: Husty M, Hofbaur M (eds) New
trends in medical and service robots, MESROB 2016. Mecha-
nisms and Machine Science. vol 48. Springer, Cham, pp 117-130.
https://doi.org/10.1007/978-3-319-59972-4_9

Yu H, Chen G, Thakor N (2013) Control design of a novel
compliant actuator for rehabilitation robots. Mechatronics
23:1072-1083

Jutinico AL, Jaimes JC, Escalante FM, Perez-Ibarra JC, Terra
MH, Siqueira AG (2017) Impedance control for robotic rehabil-
itation: a robust Markovian approach. Front Neurorobot 11:43.
https://doi.org/10.3389/ftnbot.2017.00043

Khosravi MA, Taghirad HD (2014) Robust PID control of fully-
constrained cable driven parallel robots. Mechatronics 24:87-97
Pacilli A, Germanotta M, Rossi S, Cappa P (2014) Quantification
of age-related differences in reaching and circle-drawing using a
robotic rehabilitation device. Appl Bionics Biomech 11:91-104
Black-Bain K (2015) An update in robotics in outpatient rehab.
University of Utah Health Care, Salt Lake City

Roy A, Krebs HI, Wiliams DJ, Bever CT, Forrester LW, Macko
RM et al (2009) Robot-aided neurorehabilitation: a novel robot
for ankle rehabilitation. IEE Trans Robot 25:569-582

Alves T, D’Carvalho MC, Gongalves RS (2018) Controle “As-
sist-as-needed” em estruturas robdticas atuadas por cabos para
reabilitacdo das articulagdes do corpo Humano, Encontro
Nacional de Engenharia Biomecanica—ENEBI 2018 (accepted
paper)

@ Springer


https://doi.org/10.1186/1743-0003-5-5
https://doi.org/10.1109/SeGAH.2013.6665317
https://doi.org/10.1109/ICORR.2017.8009307
https://doi.org/10.1007/978-3-319-59972-4_9
https://doi.org/10.3389/fnbot.2017.00043

	Cable-driven lower limb rehabilitation robot
	Abstract
	Introduction
	Proposed device
	Experimental tests
	Flexion/extension of the knee using one actuator/cable
	Extension of the knee using two actuators/cables
	Rotation of the hip using three actuators/cables

	Conclusions and discussion
	Acknowledgements
	References




