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Abstract: Stroke causes disability in the lower-limb symmetry gait pattern in affected patients. The
patients would not be able to regain their usual walking ability independently unless they benefit
from rehabilitation therapies. Footplate-based gait robo-assisted systems can help patients to conduct
effective training/exercising while tracking their progress of recovery and can dramatically reduce the
clinical labor costs of physiotherapy. In the sense of simulation and not the design of the mechanical
structure, this study aims to perform a combination of dynamic and control simulation of a five
degrees-of-freedom footplate-based gait robo-assisted system established according to the Stewart
platform structure for use in lower limb rehabilitation of stroke patients. The effectiveness and
performance of the proposed mechanism were assessed through a clinical gait pattern of a healthy
male individual. The proposed robo-assisted system enables the simulation of the hip and knee
flexion/extension as well as the ankle dorsiflexion/plantar flexion of stroke patients to reproduce their
typical symmetry gait pattern. The results were interpreted as the dynamic movement characteristics
of the right and left thigh, leg, and foot compared to the clinical gait pattern with a mean percentage
error of 6.70% to show the effectiveness and accuracy of the developed robo-assisted system for lower
limb actuation in the simulation process.

Keywords: lower limb actuation; stroke; footplate-based robot; gait pattern; control

1. Introduction

The final objective of rehabilitation is to restore the patients to the highest physical,
sensory, and mental capabilities [1] that were lost because of illness, injury, and disease [2].
Stroke and spinal cord injuries are ranked among the most severe neurological impairments.
To regain the patient’s abilities, rehabilitation therapies are crucially important [3]. Stroke
is a major cause of mortality and disabilities, resulting in motor deficits as well as lower
and upper limb weakness [4]. The use of robots in gait training can enhance rehabilitation,
but it needs to be done according to well-defined neuroscientific principles. The field of
robot-mediated neuro-rehabilitation brings challenges to both bioengineering and clinical
practice [5,6]. However, rehabilitation therapies for gait recovery need accurate imitation of
the required pattern of the exercise with the help of trained physiotherapists and medical
professionals [7,8]. Further, they have long training procedures, which would certainly be
costly for the patients [9].

While robotic rehabilitation is more affordable, current robotic gait rehab devices have
a high cost (of hardware) [10]. Many robotic instruments have been established to ease
rehabilitation, such as those focusing on the knee, ankle, and even whole leg under vari-
ous configurations [11,12]. These systems include treadmill gait trainers, footplate-based
gait trainers, overground gait trainers, stationary gait trainers, and ankle rehabilitation
systems [11,13]. These robo-assisted systems usually benefit from a body weight support
system that controls the patient’s weight during gait training [14]. The lower limb reha-
bilitation robots have been developed in several types, while commonly categorized as
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exoskeleton and end-effector robots [15]. Exoskeleton robots are defined as treadmill-based
and orthosis-based robots, while end-effector robots are footplates-based and platform-
based types. Exoskeletons have been extensively studied for movement analysis of various
joints in the body. These devices can involve a single degree of freedom (DOF), for example,
flexion and extension of the forearm, or multiple DOF, e.g., hand movements. The complex-
ity and physical capabilities of the exoskeleton depend on various factors, including the
force/torque transmission medium, the range of motion, and the method of control [16].
Lokomat [17], BLEEX [18], and LOPES [19] are the exoskeleton robots, whereas Rutgers-
Ankle [20] and Haptic-Walker [21] are the end-effector robots. In a footplate-based gait
trainer robot, the patient’s feet are positioned on separate footplates, whose movements
are controlled by a robotic system to simulate different gait patterns [20,22]. Such systems
can assist the patients by the speed and weight adaption to enhance the rehabilitation
process [23]. In both categories of the exoskeleton and end-effector robots, only 3 DOF is
actuated for each leg in the sagittal plane [24]. This study attempts to combine both systems
in which the rehabilitation robot mimics the angular, horizontal and vertical movements of
the foot by actuating the top plate of the Stewart platform and planner angular movements
of the leg and thigh by using actuators in the ankle and knee joints. Therefore, it is possible
to provide a better gait pattern with the actuation of 5 DOF. The joint actuators here are not
like exoskeletons, which drive their corresponding lower limbs, but rather, they drive the
limbs above them.

Robot-assisted lower limb therapy includes the simulation of the joint or foot path,
such as gait trajectories produced by non-impaired people [25]. The resulting movement
may contribute to other technologies, e.g., functional electrical stimulation [26], or addi-
tional levels of control, such as the ability to assist as needed [27]. Mechanical support is
often delivered to the patient using either an exoskeletal device [28] or an end-effector-based
robot [29]. While exoskeleton-based systems may lessen the strain on therapists, studies
suggest that patient engagement in therapy may also be reduced [30], which may indicate
that the neurological pathways required for rehabilitation are not properly stimulated. In
view of this issue, recent research has proposed new treadmill control schemes [31], as
well as structurally innovative treadmills [32]. Nevertheless, in this work, we focus on
end-effector systems.

This study aims to design and control a 5 DOF footplate-based gait robo-assisted
system on the basis of the Stewart platform structure for use in lower limb rehabilitation
of stroke patients. The effectiveness and performance of the proposed mechanism, which
actuates 5 DOF instead of 3 for the gait rehabilitation robot, were assessed through a clinical
gait pattern of a healthy male individual. The proposed robo-assisted system enables
the simulation of the hip and knee flexion/extension and the ankle dorsiflexion/plantar
flexion as well as the transitional movement of the foot for the stroke patients to reproduce
their typical gait pattern. The transitional and angular movements are produced by a
combination of the end-effector robot and gait exoskeleton. The developed robo-assisted
system can train and monitor the patient’s gait-reproducing progress using a multibody
programming code. Here, the results in regard to the performance of the robot in controlling
the dynamic movement characteristics of the right and left thigh, leg, and foot were
calculated and compared to our experimentally measured clinical gait pattern.

2. Materials and Methods
2.1. Mechanical Model of the System

The system dynamics were implemented by Matlab SimMechanics (MathWorks, Nat-
ick, MA, USA). Two Stewart platform robots, each with 6 DOF and a parallel manipulator-
proportional integral derivative (PID) controller, were designed to simulate the heel hori-
zontal/vertical trajectory and plantar/dorsiflexion angle. Each of them has six hydraulic
actuated legs connected with universal and spherical joints to the base and moving platform
(top plate), respectively. An exoskeleton connected to the moving platform was designed
to follow the experimental trajectories of the right and left knee and hip angles. This
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exoskeleton is empowered by two actuators controlling the angles for each leg and thigh.
The actuators are located on the ankle and knee joints. Since the angular and transitional
movement of the foot is produced by the Stewart platform, the actuator on the ankle
and knee joints drive the leg and thigh, respectively. Therefore, all joint positions can be
computed in an open-loop kinematic chain. The dynamic performance of the exoskeleton
is similar to a planner double inverted pendulum. The cables connected to a separate
structure tolerate the body weight of the subject. The SimMechanics model of the left
Stewart platform and exoskeleton is shown in Figure 1, which demonstrates the general
form of applied blocks in the modeling of the system (a). The dynamical model of the
system contains two controller blocks and one plant block. The controller blocks represent
the PID controllers for the Stewart platform and actuators at the ankle and knee joints.
The plant block demonstrates the mechanical model of the Stewart platform as well as the
exoskeleton. A more detailed plant block is also provided (b). It includes six leg blocks
connected to the base and moving platform, a foot block fixed to the moving platform
with a weld connection, and the exoskeleton of the leg and thigh connected by hinge joints.
Further, instead of using a control-based relationship between the spatial position of the
top plate and forces produced by hydraulic legs, a more straightforward relationship can
be presented via a relationship between the length and force of the hydraulic legs. In
order to transfer the spatial status (positions and angles) of the top plate to the lengths
of hydraulic legs, a rotation matrix has been used (c). A schematic view of the simulated
Stewart platforms and exoskeletons is also provided (d).

2.2. Control Model of the System

Two controllers are needed to move the top platform and two-link exoskeleton from
the initial position to a desired position and orientation. They will generate the required
forces for each motor. The position and angle control of the top plate was determined based
on the heel position and foot angle in the sagittal plane and can be reduced to the Stewart
leg position control after path planning and inverse kinematic algorithms. A PID controller
was developed and implemented here. A similar separate PID was developed to control
the angles of ankle and knee joints for the exoskeleton. Control algorithms were designed
in a Simulink environment. The optimization toolbox of Matlab was used to obtain the
controller’s parameters (Kp, Ki, and Kd) for the PID controllers. By defining the controller
parameters as optimization parameters and using sequential quadratic programming (SQP)
as an optimization approach, the best possible PID parameters were obtained to minimize
the difference between the desired trajectories and actual ones.

All robots were electromechanical devices composed of mechanical structures, actua-
tors, and sensors. The control of the robot’s motion is possible if, and only if, the kinematic
and dynamic equations of the system are known. For the controller design, at first, the kine-
matic solution needs to be computed. In the Stewart platform (Figure 1d), the coordinate
systems corresponding to the center of gravity (COG) of the base and top are B = {X, Y, Z}
and T = {x, y, z}, respectively. Base and top joint points can be labeled as Bi (i = 1, 2, . . . , 6)
and Ti (i = 1, 2, . . . , 6), respectively.

In order to fulfill the moving platform to its desired position and orientation, the
leg lengths should be found by inverse kinematics. Required leg vectors (Li) for the
given position vector P and orientation matrix R were obtained by using the following
equation [33–36].

Li = RXYZTi + P − Bi i = 1, 2, . . . , 6 (1)

A Simulink model was designed, and an *m-file was written to obtain an inverse
kinematic solution by applying Equation (1). Therefore, the Ti and Bi position vectors can
be computed based on robot structure. The model presented in Figure 1c uses the *m-file to
get required variables and takes the desired position (x, y, z) and orientation (ϕ, θ, ψ) of the
top platform as the input and provides the leg lengths as the output.
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2.3. Implementation of Gait Intervention in the System

The gait pattern of a healthy male individual aged 29 years old, free of gait altering
injuries, was recorded. The gait pattern is the representation of the walking cycle in terms
of the hip and knee flexion/extension as well as the ankle dorsiflexion/plantar flexion
angles at every instance of complete stride of both the right and left legs. Experimental data,
including movement kinematics and ground reaction forces, were acquired by 44 reflective
markers attached to the anatomical locations based on a six-camera VICON (Vicon Motion
Systems Ltd., Oxford, UK) plug-in-gait marker placement protocol and one Kistler force
plate, respectively, for two double support phases (DSP) and two single support phases
(SSP) of five gait cycle trials with the mean velocity of 1.23 ± 0.10 m/s. The inverse
kinematics method was applied to compute joint angles based on the recorded marker
positions. The average kinematics values of these five trials were employed as the desired
values in the SimMechanics model to estimate the actuator forces required to produce them.
Since during gait training with the Stewart platforms and exoskeletons, a body weight
support system was used to control the body weight of the patient according to the rate of
disabilities. The force plate data was not applied to the system.

3. Results and Discussions

Rehabilitation is a major factor in care for stroke patients. Conventional rehabilitation
therapies, including gait training, are not only very labor-intensive and require the help
of physiotherapists and medical professionals but also impose a huge economic burden
on any country’s healthcare systems [37]. The application of robo-assisted gait training
systems can augment the quality of rehabilitation, provide accurate training and exercising
programs, monitor the progress of gait patterns, allow intense, repetitive motions as well
as deliver therapy at a reasonable cost for stroke patients. This study aimed to design and
control a 5 DOF footplate-based gait robo-assisted system made according to the Stewart
platform structure to actuate the hip and knee flexion/extension as well as the ankle
dorsiflexion/plantar flexion for stroke patients. The simulation results are only presented
for the left Stewart and exoskeleton system because of the symmetric nature of gait.

The simulation of the control-based robo-assisted system during a gait cycle is shown
in Figure 2. The stance and swing phases are composed of Figures 2a–d and 2e–g, respec-
tively. The maximum percentage error (MPE) from the desired trajectories for the different
stages of the gait cycle produced by the robotic system is also presented. Percentage error
for each trajectory at a specific time is defined as the difference between the actual and
desired values, which is then divided by the desired value, and then multiplied by 100.
The MPE is the maximum of percentage errors among the 5 DOF trajectories. Most MPEs
are observed for the right and left initial swing (Figure 2b,e) phases. This indicates a high
level of control is needed for these stages.

The left horizontal and vertical positions and rotation angle of the top plate, as well
as the relative angle between the leg-foot and thigh-leg versus time, were calculated and
displayed in Figure 3. The percentage error between the actual outcomes of the robo-
assisted system, which was calculated according to the exoskeletal equations, and the
experimental gait data (desired) to shed light on their differences were also calculated and
plotted here. The results revealed a suitable agreement between the actual and desired
data implying the suitable numerical performance of our designed robot to mimic the gait
pattern of a healthy individual during a complete stride. The MPE during the simulation
time for the left horizontal position of top plate COG, the left vertical position of top plate
COG, the left rotation angle of the top plate in the sagittal plane, the left relative angle
between the leg and foot, and the left relative angle between the thigh and leg are 4.63%,
0.42%, 14.75%, 0.06%, and 0.006%, respectively.
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Figure 2. The schematic view of the simulated footplate-based robo-assisted system during the gait
cycle. (a) left pre-swing, (b) left initial-swing, (c) left terminal stance, (d) left initial contact, (e) left
mid-stance, (f) left terminal stance, and (g) left pre-swing. The MPE is presented in each stage.

The 1st, 2nd, 3rd, 4th, 5th, and 6th leg forces, as well as the ankle and knee torques,
were calculated in a complete stride and presented in Figure 4. The oscillation around
1–1.10 s relates to the spatial configuration of the robot at that specific time because the
top plate needed to mimic the pattern of foot orientation in the initial swing. Since this
orientation turns the top plate into the vertical position, the legs of the Stewart robot reach
a limit at their length, which causes such an oscillation at that time. The values of the
ankle and knee torques produced by the robo-assisted system are considerably bigger than
torques produced during the normal gait [38]. Although the robo-assisted system shows
the same kinematics compared to the human gait pattern, their kinetics are significantly
different. This difference has something to do with the different functions of actuators in
the exoskeleton compared to the human gait. For example, in the robo-assisted system,
the movement of the foot is generated by the Stewart platform, while in the human gait
pattern, this is produced by the torques of muscles involved in the ankle joint. The leg
movement in the Stewart platform is produced by the actuator of the ankle joint, while in
the human, it is produced by the torques of muscles involved in the knee joint. Finally, yet
importantly, in the Stewart platform, the thigh movement is generated by the actuator of
the knee joint, while in the human, it is produced by the muscular torques of the hip joint.
These differences can be the reasons why we have such a difference in our data comparison.
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The 1st, 2nd, 3rd, 4th, 5th, and 6th leg length errors versus time for the left legs were
calculated and plotted in Figure 5. The results revealed that the order of error is in the
range of 0.01 m. choosing the Stewart leg lengths as the input of controller block over the
top plat positions and angle would cause the advantage of fewer errors in control systems
due to a more straightforward relationship.
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While in this study, we used a Matlab Toolbox to simulate the footplate-based gait
robo-assisted system, there are other analytical methods for the dynamic modeling and
controlling of similar systems. The hybrid robot manipulator under consideration consists
of two serially connected parallel mechanisms that were analytically modeled [39]. An
analytical method was developed for kinematic and dynamic modeling for a class of hybrid
robots [40]. Recursive solutions for obtaining the inverse and direct dynamic models of
hybrid robots that are constructed by serially connected non-redundant parallel modules
were developed [41].
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4. Conclusions

This study proposed a footplate-based robo-assisted system for lower limb rehabil-
itation of stroke patients. The dynamic movement characteristics of the right and left
thigh, leg, and foot were calculated using a multibody approach during gait training and
were compared to that of the experimental gait pattern of a healthy male individual. The
proposed robo-assisted system was enabled to mimic the gait pattern of a healthy male with
the least error when compared to the clinical data and actuate the lower limb dysfunction
to reproduce its typical symmetry gait pattern. This study attempted to combine both
systems of the exoskeleton and end-effector robot in which the rehabilitation robot mimics
the angular, horizontal and vertical movements of the foot by actuating the top plate of
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the Stewart platform and angular movements of the leg and thigh by using actuators in
the ankle and knee joints. Therefore, it is possible to provide a better gait pattern in the
sagittal plane with actuation of 5-DOF compared to the 3-DOF of the common exoskeleton
and end-effector robots. The joint actuators here are not like exoskeletons, which drive
their corresponding lower limbs, but rather, they drive the limbs above them. The designed
robo-assisted system could have practical implications in rehabilitation clinics not only
to enhance the quality and accuracy of lower limb rehabilitation but also to lessen the
economic burden to both patients and the world healthcare system.
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