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ABSTRACT

This article presents the design of a control strategy for a lower limb gait training system catering to
patients with Spinal Cord Injury (SCI) or stroke. The system operates by driving the hip and knee joints
individually through pneumatic cylinders. The focus lies on the study and development of a control
strategy for the pneumatic actuators within the gait training system, specifically targeting trajectory
tracking control of pneumatic double-acting cylinders utilizing a PID Controller. The experiment setup
comprises a pneumatic cylinder regulated by a proportional valve, incorporating feedback via position and
pressure sensors. The experimental results show that the system exhibits good trajectory-tracking

performance, particularly at low frequencies.
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I.  INTRODUCTION

Individuals with mobility difficulties, such as those
resulting from stroke or Spinal Cord Injury (SCI), often face
significant challenges in regaining their ability to walk
independently. The rehabilitation process for these individuals
typically involves repetitive and intensive exercises aimed at
restoring mobility and functionality. Recent studies found that
incorporating gait training exercises into rehabilitation
programs can significantly enhance both speed and
effectiveness of patients' recovery processes [1, 2]. However,
the accessibility of traditional therapy methods and high-tech
rehabilitation systems remains limited, primarily due to their
prohibitive costs and availability only in high-end hospital
settings. Consequently, there is a pressing need for cost-
effective lower limb gait training systems that can be widely
accessible to individuals in need of rehabilitation.

Several existing rehabilitation systems and controlling
strategies have been developed to address the challenges faced
by individuals with mobility impairments. Soft robots have
become rapidly evolving in the field of rehabilitation robotics
because of their high degree of flexibility and suitability for
biomedical design [3]. Soft actuators, such as McKibben type
pneumatic artificial muscles [4, 5], offer capabilities for
extension, contraction, bending, and twisting, albeit with
complex structures and multiple degrees of freedom (DoFs).
Despite these advantages, soft robots face several challenges
due to their unique characteristics such as complexity of
material and structure, sensor integration and control difficulty
[6]. Electromagnetic actuators, such as the LOPES exoskeleton
robot [7] and the Lokomat exoskeleton [8], are common
rehabilitation devices. They utilize servo motors and electric
actuators to facilitate guided limb movement. Pneumatic
actuators, widely applied in industrial applications for their
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affordability, lightweight nature, and favourable force-to-
weight ratio [9]. Authors in [10] demonstrated a 1-DoF robot to
support the movement of lower limb at sitting position using a
pneumatic double acting cylinder. A pneumatic -driven robot
gait training system, comprising a lower-limb exoskeleton, a
weight support system, and a treadmill can offer continuous
passive gait motion for patients while also reducing the need
for therapist assistance [11]. However, pneumatic actuators
present challenges in achieving high-precision position control
due to the compressive properties of air and nonlinearity of
control valves [12]. Several methods have been proposed to
regulate the trajectory tracking of pneumatic actuators. Authors
in [13, 14] demonstrated PID controllers tailored for pneumatic
McKibben actuator and pneumatic cylinder, respectively.
While PID controllers offer simple approaches, more advanced
and nonlinear controllers such as Sliding Mode Control (SMC)
[15-17] and adaptive control [18, 19] have emerged. Despite
their complexity, these advanced controllers show better
tracking accuracy, especially in the presence of uncertainties
and disturbances.

Due to the prohibitive cost and intricate design of existing
gait training systems, our research endeavours to explore
alternative approaches aimed at reducing both expense and
complexity while maintaining effective gait training
functionality. Our locomotion training approach aims to focus
on regaining walking ability by simulating the natural motion
of human legs. Leveraging the two primary joints of the human
leg, the hip and knee, our proposed system utilizes pneumatic
cylinders to actuate these rotational joints, enabling trajectory
tracking control for rehabilitation purposes. Each joint can be
controlled independently and synchronized to replicate the
desired trajectory of a normal walking cycle, thereby
facilitating repeatability in gait training and specific lower limb
rehabilitation tasks. Importantly, our approach prioritizes
safety, reliability, and affordability, making it suitable for long-
term operation and widespread adoption.

This paper presents a study on a pneumatic actuator system
comprising a pneumatic double-acting cylinder controlled by a
proportional directional control valve. The performance of PID
control with various desired reference inputs is investigated
through simulations and experiments. By evaluating the
effectiveness of this control strategy, we aim to contribute to
the development of more accessible and efficient rehabilitation
solutions for individuals with mobility impairments.

II. SYSTEM OVERVIEW

Figure 1 demonstrates the designed lower limb robot
component within the gait training system. This robot consists
of two pivotal joints, mirroring the functionality of the human
hip and knee joints. Movement initiation within these joints is
facilitated by a rack and pinion mechanism. Specifically, the
rack is affixed to the rod of a pneumatic cylinder, while the
pinion is centrally mounted to the shaft of the joint.
Consequently, manipulation of the pneumatic cylinder
regulates the joint angle, enabling precise control over the
motion dynamics of the robotic leg. Controlling this robot
requires synchronized management of the trajectory angle of
both the hip and the knee joints. In essence, each joint of the
robot should be controlled to adhere a specific trajectory.

Figure 2 illustrates the schematic diagram of the experimental
setup.

Fig. 1. Configuration of the lower limb rehabilitation robot for gait
trainning.
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Fig. 2. Schematic diagram of the experimental setup.

The objective of this testbench is to study the control of
pneumatic cylinder piston’s position, enabling it to track
various reference trajectories for gait training purposes. The
initial point (0) of the cylinder is designated as the right-most
position of the piston where the rod is at its shortest position.
The linear motion of the piston is transmuted into rotational
motion via the rack and pinion mechanism. The rotation angle
is quantified using an angular sensor (P3022-V1-CW360-SPI)
affixed to the pinion shaft. Air flow rates into and out of the
pneumatic cylinder's chambers are managed by the
proportional valve (FESTO MPYE-5-1/8-HF-010-B). This
valve modulates the air flow to and from the actuator's
chambers in response to variations in electrical voltages, with
the effective orifice area adjusting according to input voltage.
A pneumatic regulator at the air source maintains a constant

www.etasr.com

Tran et al.: Trajectory Tracking Control of Pneumatic Cylinder-Actuated Lower Limb Robot for a Gait ...



Engineering, Technology & Applied Science Research

Vol. 14, No. 4, 2024, 15367-15372 15369

pressure supplied to the valve. Chamber pressures are gauged
using pressure sensors (SMC PSE540 R04). The valve,
pressure sensors, and angular sensor interface with a Real-time
target NI cRIO 9042 controllers, which executes system control
tasks via signal input module NI9215 and signal output module
NI9264. The physical setup of the system is depicted in Figure
3. The system parameters are listed in Table L.

Fig. 3. Photo of the experimental setup: 1) Pneumatic cylinder, 2) rack
and pinion, 3) angular sensor, 4) valve, 5) regulator, 6) pressure sensor, 7)
controller, 8) computer, 9) pressure source.

TABLE L SYSTEM PARAMETERS

Parameter Value Parameter Value

Ps 500000 Pa Cy 0.8

Piim 100000 Pa T 293 K

A, 314 mm? R 287 J/(KgK)

Ap 268.3 mm? C, 0.528

A, 8 mm? 1 150 mm

M, _ w 2.52 mm?

1. MODELING AND CONTROL SYSTEM

The characteristics of airflow in pneumatic systems are
highly intricate, due to the complicated characteristic of air and
pressure, the nonlinearity of pneumatic components such as
valves, cylinders, air tube, and friction. The theoretical analysis
is a widely used method for finding the mathematical model of
the pneumatic actuator and components [20, 21]. Commonly,
there are three major considerations for obtaining the
pneumatic actuator system: (1) the mass flow rate of the air
through the valve, (2) the pressure, volume and temperature of
the air in the cylinder, and (3) the dynamic of the load. Friction
force [22, 23] and thermodynamics inside the actuator
chambers [24] can also be modeled to increase the accuracy of
the pneumatic actuator system model. Simplifications are often
needed for mathematical analysis and trajectory control
tracking. The following hypotheses are employed to streamline
the modeling process: treating the air as an ideal gas, assuming
uniform pressure and temperature within cylinder chambers,
disregarding kinetic and potential energy terms, neglecting air
leakages from chambers, maintaining constant supply and
exhaust pressures, and ignoring the effects of connecting tubes
when the air supply is close to the valve and cylinder. These
assumptions are essential for developing models and analyzing
pneumatic systems, enabling researchers to navigate the
complexities of airflow dynamics more effectively.

Figure 4 shows the dynamic representation of the
pneumatic cylinder. The detailed derivation of the estimated
dynamic model is given in [25]. The main equations of the
dynamic model are summarized as follows:

M %+ Bx + Ff + F, = P, Ag — PyAp — Py Ay (1)

My = qo(Xa, Da) (2)
my, = q,(Xp, Pp) 3)
Mg = (PVy + VuPy/k)/(RT) “)
iy, = (P,V, + V,Py/k)/(RT) (&)

where x is the piston position of the pneumatic cylinder, X
represents the velocity, and X the acceleration, M; is the
external load (kg), B is the viscosity coefficient, Fy is the
friction force inside the cylinder, F; is the external force, P,
and P, are the absolute pressures in chamber A and B, 4, and
A, are the piston effective areas of chamber A and B,
respectively, P, is the atmospheric pressure, and A4, is the
area of the piston rod.

Piston position x

_(|’_ —3 Cylinder
|
| ‘ - Load
E
e Y
P, Vy A, P2 Vo A
Fig. 4. Dynamic representation of pneumatic cylinder.

By neglecting the effect of friction force, the state-space
representation of the system is obtained:

(x'l =x,
. 1
I X2 = M (Aax3 —Apxy — foz)
: o kxs kRT
X3 = (1/2+x;) X2 Ag(l/2+x,) CdCOWXa f(Pur Pa) (6)
s kx, kRT
| X4 = (/2 = x4) 2 Ap(l/2-x4) CdCOWXb f(Puer)
y = X1

where x; = x, x, =x,x3 =P,, and x, = P,, and y is the
system output. The spool displacement of valve has a linear
relationship with the control signal u of the valve. We can
estimate the relationship by u = X. Thus, for a single five-port
valve of the system u, = —u; . Based on the physical
properties of the system, the position x; and pressures x5 and

x4 are bounded by x; € [_?l,é] and x3, X4 € [Pyem, PS].

In this study, we implement a PID controller to govern the
movement of a pneumatic piston. The PID controller is a
widely used method for achieving precise control in pneumatic
systems. This controller is designed to regulate the position of a
piston, ensuring that it tracks the desired position effectively.
The control law u is calculated as follows:
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de(t)
dat

u(t) = K,e(t) + K; [ e(t)dt + K, (7
where u is the control signal of the proportional valve, e =
x4 — x is the error between desired position x,; and actual
position x of the cylinder’s piston. The controller's parameters,
including proportional, integral, and derivative coefficients
(Kp, K;, Kg), are tuned through a combination of trial-and-error
methods.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Our experiments aim to assess the control efficacy of the
pneumatic actuator system. The objective is for the pneumatic
cylinder's piston to accurately track specified reference signals.
These signals include sinusoidal waves with amplitudes of 70
mm at frequencies of 0.1 Hz and 0.5 Hz, as well as hip-joint
and knee-joint reference signals also at 0.1 Hz and 0.5 Hz,
respectively. These joint signals, sourced from [5], represent
the complete gait cycle of leg movement. Additionally, we
performed experiments with varied frequency reference

trajectories.
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Fig. 5. Experimental results for sine wave reference trajectory at 0.1 Hz.
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Fig. 6. Experimental results for hip-joint reference trajectory at 0.1 Hz.

Figures 5-7 show the tracking of desired trajectories at 0.1
Hz using the PID control method. Throughout these
experiments, the pressure was maintained at 5 bar, and no load
was applied to the rack and pinion system. To reduce sudden
pressure changes within the cylinder, the control signal of the
proportional valve was capped between 4 V and 6 V. Figures 8-
10 depict tracking results at 0.5 Hz under identical conditions.
To optimize performance, only PI parameters were used and
individually tailored for each case. The specific control
parameters utilized were: K, = 0.04, K; =0.1 for 0.1 Hz and

K, = 0.04, K; =0.2 for 0.5 Hz. The tracking performance for
varied frequency is shown in Figure 11.
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Fig. 7. Experimental results knee-joint reference trajectory at 0.1 Hz.
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Fig. 8. Experimental results for sine wave reference trajectory at 0.5 Hz.

The RMSE values for trajectory tracking are listed in
Tables II and III. From the results, the system exhibits a rapid
response to reach steady-state conditions. The system's fast
response capabilities make it well-suited for dynamic clinical
environments, where timely adjustments are essential for
effective patient rehabilitation.
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The analysis of tracking error percentages reveals an
interesting trend: tracking performance is notably robust at

lower frequencies, such as 0.1 Hz, but declines as the
frequency increases to 0.5 Hz. This observation underscores the
sensitivity of the system's tracking accuracy to frequency
variations, highlighting the need for careful consideration and
optimization of control parameters across different operating
frequencies. In comparison to the tracking results presented in
[11], our finding shows comparable tracking performance for
both hip and knee joint at 0.1 Hz, utilizing identical reference
signals. Given that the purpose of gait training system is to aid
patients in improving and assisting their functionality, which
can vary among individuals, this level of motion error is
satisfactory and acceptable in clinical practice [26].

TABLE II. ROOT MEAN SQUARE ERROR OF TRAJECTORY
TRACKING AT 0.1 HZ
Sinusoidal Hip-joint Knee-joint
wave reference reference
RMSE (mm) 2.29 4.04 6.45
RMSE percentage 1.65% 6.12% 6.03%

TABLE III. ROOT MEAN SQUARE ERROR OF TRAJECTORY
TRACKING AT 0.5 HZ
Sinusoidal Hip-joint Knee-
wave reference Joint
reference
RMSE (mm) 7.11 6.30 8.35
RMSE percentage 5.12% 9.55% 7.81%

A significant finding is the occurrence of elevated errors
during transitions in cylinder direction. This phenomenon is
attributed to several factors, including the delay induced by
pressure changes and the inherent deadband of the valve used
for directional control. These factors influence the system's
response during directional changes, contributing significantly
to the rise in RMSE. Addressing these factors is crucial to
enhance overall performance and reliability. This can be
achieved through the design of a controller capable of predict
pressure changes and make necessary adjustments.

Our pneumatic gait training system, utilizing rack and
pinion mechanisms, leverages the benefit of pneumatic
technology in biomedical application, while remaining
convenient to implement and control. This characteristic holds
relevance in developing countries like Vietnam, where access
to advanced gait training systems is restricted due to cost and
technological constraints. This project carries significant
humanitarian implications, addressing a pressing need within
society.

In future work, we will focus on enhancing both the control
system and the physical structure to minimize tracking errors
and conduct experiments under varying conditions.
Additionally, we plan to implement the system on a real gait
training robot to further validate its efficacy and real-world
applicability.

V. CONCLUSION

In conclusion, this paper presents a comprehensive design
and implementation of a control strategy for a lower limb gait
training system tailored for patients with Spinal Cord Injury
(SCI) or stroke. The system, driven by pneumatic cylinders,
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focuses on individual control of the hip and knee joints. The
primary objective is to develop effective trajectory tracking
control for the pneumatic actuators employing a PID controller,
while keeping it robust and reliable. The experimental results
demonstrate the system's good trajectory tracking performance,
particularly notable at lower frequencies. These results
underscore the efficacy and potential of the proposed control
strategy in enhancing gait training outcomes for individuals
with lower limb impairments. Further research and refinement
of the control system hold promise for advancing rehabilitation
techniques and improving patient outcomes in clinical settings.
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