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Abstract: This paper proposed a novel design using a torsion spring mechanism with a single
fluidic muscle actuator (FMA) to drive a joint with one degree-of-freedom (DOF) through a steel
wire and a proportional pressure regulating valve (PRV). We developed a 4-DOF wearable upper-
limb rehabilitation assistance exoskeleton system (WURAES) that is suitable for assisting in the
rehabilitation of patients with upper-limb injuries. This system is safe, has a simple mechanism, and
exhibits upper-limb motion compliance. The developed WURAES enables patients with upper-limb
musculoskeletal injuries and neurological disorders to engage in rehabilitation exercises. Controlling
the joint is difficult because of the time-varying hysteresis properties of the FMA and the nonlinear
motion between standard extension and flexion. To solve this problem, a proxy-based output feedback
sliding mode control (POFSC) was developed to provide appropriate rehabilitation assistance power
for the upper-limb exoskeleton and to maintain smooth and safe contact between the WURAES and
the patient. The POFSC enables the overdamped dynamic of the WURAES to recover motion to be
aligned with the target trajectory without a significant error overshoot caused by actuator saturation.
The experimental results indicate that the proposed POFSC can control the designed WURAES
effectively. The POFSC can monitor the exoskeleton system’s total disturbance and unknown state
online and adapt to the exterior environment to enhance the control capability of the designed system.
The results indicate that a single FMA with a torsion spring module exhibits a control response
similar to a dual FMA configuration.

Keywords: torsion spring mechanism; fluidic muscle actuator (FMA); wearable upper-limb rehabili-
tation assistance exoskeleton system (WURAES); proxy-based output feedback sliding mode control
(POFSC)

1. Introduction

The medical care of the elderly has grown in importance as the world’s population
ages. Labor-related injuries have become more prevalent in recent years, mainly while
performing repetitive, high-intensity activities with the arms, frequently resulting in fatigue
and physical injuries. Additionally, according to a report published by the World Health
Organization (WHO), nerve damage is the leading cause of permanent and acute disability.
Approximately 5 million of the world’s 15 million stroke patients are currently disabled,
putting a significant burden on their families and communities [1]. Patients with muscu-
loskeletal injuries and neurological disorders can lose mobility, which can cause significant
inconvenience in their lives. Physiotherapy and rehabilitation can effectively cure patients
with such diseases and conditions. Traditional rehabilitation therapy is usually performed
by paramedics and physical therapists. Repetitive and progressive functional exercises
are required to help injured patients regain mobility [2-5]. However, the rehabilitation
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program planned by the physical therapist usually requires many passive manual activities
for the patient and usually consumes a lot of time [6]. Therefore, more people are devel-
oping wearable upper-limb rehabilitation assistance exoskeleton systems (WURAES). The
device can assist patients with injured limbs, lessen the physical strain on laborers, help the
patient engage in everyday activities, and support rehabilitation and exercise. Powered
exoskeletons can replace existing time-consuming rehabilitation exercises to lighten the
workload on therapists.

The early WURAES were mainly motor-driven, had unwieldy structures, were expen-
sive, and lacked flexibility. The assistive rehabilitation system must be lightweight, simple
to use and carry, and have accurate control to ensure the patient’s safety. The fluidic muscle
actuator (FMA), one of the many actuators in the rehabilitation system, has good flexibility
and functions similarly to a human muscle while having an actuator that is lightweight,
has good flexibility, high strength, high safety, and lower cost than motors. The FMA,
which has a two-layer cylindrical structure, is also called the McKibben fluidic artificial
muscle. Compared to conventional actuators, FMA has many specific benefits, including
being clean, having a low cost, quick response times, high power-to-volume ratios, high
power-to-weight ratios, and others. Its application range is wide [7,8]. FMA construction
is covered with a rigid fiber material that is woven mesh-like, has a high strength, and is
non-stretchable. The thin-walled elastic rubber tube that stores the air pressure is inside the
FMA is fastened by metal parts at both ends to allow air intake and deflation. When the
air pressure in the FMA increases, the inner rubber tube is expanded and deformed such
that the rubber’s elasticity causes interior stress and radial inflation. Due to the extreme
fiber restriction, the sealing of the fixing element, and the elasticity of the rubber, the axial
direction produces contractile force. The length of the FMA is shortened and a pulling force
is created. As the air pressure decreases, the FMA is stretched and returned to its original
shape. The fluidic muscle’s tension during expansion and contraction is similar to animal or
human muscle [9]. Ohta et al. [10] developed a 7-DOF composite exoskeleton design using
FMAs and servo motors. Because the system must use many different sensors, the overall
mechanical design of the system is too complicated and unsuitable for real applications.
Tsagarakis et al. [11] utilized FMAs to drive the upper-limb exoskeleton system through
antagonism. Six modules of FMAs and proportional pressure regulators (PRVs) [12] are
required for their unilateral shoulder, elbow, and wrist joints. Therefore, the user’s burden
is heavy and the cost is high, so it is unsuitable for rehabilitation patients. Chen et al. [13,14]
used a single FMA for each WURAES joint in their design for four joints. All FMAs in
the system are mounted on the back frame, giving the WURAES integrity. However, in
this actuation manner, the shoulder joint cannot be expected to return to its initial position
only due to the weight of the hand. A WURAES RUPERT was created by Sugar et al. [15]
that utilized dual FMA to activate a single joint using the driving motion technique of
antagonism to accomplish active assisted movement. Wei et al. [16] modified RUPERT IV
with five degrees of freedom (5-DOF) and added the rotational DOF of the shoulder. Its
FMAs, which are complicated structures weighing up to 95 kg and are positioned close to
the upper limbs, require double the entire drive torque and reduce the patient’s range of
motion. In addition to FMAs, in the latest development of fluidic actuators, Mao et al. [17]
proposed a soft fluidic roller using a simple structure in 2022, which uses a voltage-driven
oscillating fluid actuated by an EHD pump. That research is mainly applied to the rolling
motion of robots, which has not been applied to the exoskeleton at present, and whether
it applies to the flexion or extension of the exoskeleton remains to be further studied. In
addition, in 2022, Mao et al. [18] also proposed a study of the applied single-layer and
stacked EHD pumps to drive an eccentric actuator, which is still in the research stage. If the
technology is mature enough, this method may be applied to exoskeletons.

Patient compliance and safety must be considered in the control of WURAES. The
patient may feel unsafe if there is a vibration or momentary overshoot during the tracking
response. Furthermore, when a larger error occurs, the wearable device will cause discom-
fort to the patient. More severe errors will make the patient unable to react in time to stop
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the device and force the affected limb to move excessively, causing severe injury or even
life-threatening situations. Therefore, the WURAES controller must have over-damped
properties to increase anti-vibration protection and avoid dangerous accidents. There are
some differences between each patient with upper extremity injuries, such as weight and
height. To overcome the uncertainty of WURAES, the controller design must adapt to
these various changes. The general application of force and torque sensors for control
cannot resolve uncertainty in the model and external disturbances [19]. This method cannot
guarantee accuracy and patient safety at the same time. Usually, a larger controller gain
will be set to ensure the control precision, resulting in a more significant overshoot. If the
controller’s gain is low, it will have a sluggish, over-damped property and cannot respond
quickly. Sliding mode control (SMC) is a control method that can quickly converge to
an equilibrium point and maintain the system state on the sliding mode surface [20,21].
However, during the convergence process of the SMC, its jitter phenomenon will reduce
the security performance. Proxy-based sliding mode control (PSMC) is a modified PID that
combines the properties of the SMC and the proportional-integral-derivative (PID). PSMC
can ensure continuous closed-loop dynamic behavior [22]. Due to its simple structure,
PSMC has been used in nonlinear control by numerous previous studies [23-25] and is
extensively applied in soft robotics (SoRo) since it guarantees accuracy and safety [26-30].
The stability analysis remains unresolved even though PSMC has been used in the control
systems mentioned above. The extended PSMC was proposed assuming the external
disturbances are bounded, and the system state is measurable [31]. The Lyapunov stability
theorem can solve the stability problem of the original PSMC. Due to several patient differ-
ences, all system states and disturbances cannot be instantly obtained. Therefore, it will be
challenging to apply extended PSMC to WURAES. The Extended state observer (ESO) can
evaluate all system states and disturbances at the same time, solving difficult-to-measure
problems [32]. However, there are too many parameters to set in ESO, making the setup
difficult. The linear extended state observer (LESO) [33,34] is based on bandwidth parame-
terization methods and high-gain ESO. This method can effectively reduce the number of
parameters. In this research, WURAES is a human-machine coupled system, and different
kinds of external disturbances make it impossible to obtain all the system states. To this end,
the control method of this study combines a modified PSMC and a LESO to accomplish
precision control of the upper-limb exoskeleton and guarantee the safety of the patient and
the WURAES.

This paper presents a novel WURAES with four actuated joints (4-DOF). Each joint
mechanism module mainly includes a torsion spring pulled by a single FMA through
a steel wire. Compared to the general upper-limb exoskeleton using FMAs [11], this
research just used half the FMAs and half the PRVs. The overall driving mechanism will be
more direct, simpler, and low-cost. Simultaneously, this study using the structure of the
torsion springs directly solves the issue that the joint mechanism cannot return to the initial
position only via the weight of the hand [13,14]. To understand a user’s action intention
when using an upper-limb exoskeleton, Trigili et al. [35] applied surface electromyography
(SEMG) to detect the upper-limb exoskeleton motion rapidly. Their system detected upper-
limb motion intention 88 to 134 ms earlier than the kinematic onset. Zhuang et al. [36]
used a controller based on sSEMG to improve human-exoskeleton synchronization and
a controller based on torque sensors to ensure reduced muscle activity. In the present
study, electromyography (EMG) signals of arm muscles were measured using an sEMG
bracelet on the patient’s forearm. These signals were transmitted through Bluetooth for
identifying the patient’s action intention, and different gestures were used for rehabilitation
mode switching. Moreover, a proxy-based output feedback sliding mode control (POFSC)
was designed for the controller field. Under normal conditions, this control solution
can maintain high-accuracy tracking. When a large error occurs in the system, it can be
controlled through overdamping to achieve the expected result of the compliant operation.

The rest of this paper is organized as follows. Section 2 provides an introduction
to the structure of the proposed WURAES. Section 3 describes the mechanics model of
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the developed system. Section 4 provides details regarding the design of the proposed
POFSC and the results of the stability analysis. Section 5 presents the results of experiments
performed to validate the developed WURAES. Finally, Section 6 provides the conclusions
of this study.

2. Mechanism Design

To assist injured patients in regaining their mobility through repetitive and progressive
rehabilitation training while reducing the burden on therapists, a safe, lightweight, low-
cost, easy-to-operate, and easy-to-wear assistive device was developed in the present
study. Dual FMAs, which have different designs to those of most FMAs used in SoRo,
are generally used in methods in which a pulley and steel wire are used to activate a
joint. The dual FMA antagonistic mechanism is extensively applied for joint actuation in
SoRo. Because the design of dual FMAs requires the cooperation of two sets of PRVs and
two sets of related mechanisms, the overall mechanical structure is bulky and has high
production and material costs [30]. Consequently, this study aimed to develop a novel
WURAES for patients with upper-limb injuries and the elderly to assist their upper-limb
mobility training during rehabilitation therapy. The drive joint of the designed WURAES
primarily consists of a torsion spring module connected to a single FMA by a steel wire,
and this joint is controlled using a PRV. A pulley module and dual FMAs can be replaced
by the torsion spring mechanism and a single FMA. Under a suitable control strategy, a
matched FMA and torsion spring can produce the same actuation results as those produced
using dual FMAs. A single FMA-driven mechanism requires half the number of FMAs
and PRVs required by a dual FMA mechanism; thus, a single FMA-driven mechanism
reduces the total cost, weight, and volume of a WURAES. The design of a WURAES should
be as close as possible to the anatomy of the human arm and must match the motion
of the human arm. However, detailed designs result in complex and bulky upper-limb
exoskeleton mechanisms. As illustrated in Figure 1, a four-DOF WURAES was developed
in this study. The primary function of this system was the extension and flexion of the
shoulder and elbow joints of the arm on both sides. Figure 2 shows a photograph of
the designed WURAES. Its primary frame material was low-cost aluminum alloy, which
is lightweight, and its structure consisted of four joint modules: rotation pulleys with a
diameter of 60 mm, torsion springs, FMAs with two shoulder joints (length: 310 mm), and
FMAs with two elbow joints (length: 400 mm). The maximal shrinkage rate of an FMA
was 25% of its length. An extendable mechanism was developed to adapt to the various
dimensions of human arms. In accordance with the proportionate relationships between
different human body parts [37], it was used to calculate the design sizes of the forearm,
upper arm, and shoulder mechanisms. Each joint module included a single FMA, torsion
spring, and high-resolution absolute encoder for monitoring the rotation angle of the joint
in motion.

Free rotation

Torsion spring

FMA
(Shoulder joint)

¥
ot
{ r—) Torsion spring

FMA
(Elbow joint)

.. L1 o
Shoulder joint 2
mechanism 34
"f '
J
Elbow joint ‘-;if

mechanism

| 2l

Figure 1. Computer-aided mechanical design of a wearable upper-limb rehabilitation assistance
exoskeleton system (WURAES).
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Figure 2. Photograph of the designed WURAES.

The structure of the designed WURAES is similar to that of a human upper-limb. In
a joint module of this WURAES, an FMA is inflated and deflated to simulate the bone’s
flexion motion, which results in joint rotation. The unilateral WURAES is composed of
two main joint rotation modules to assist the movement of the shoulder and elbow joints.
As shown in Figure 3, a torsion spring is designed to be deployed in each joint for energy
storage. This spring replaces the mechanism comprising a dual FMA configuration and
pulley. When the power is not activated, a torsion spring with a certain preload angle
is installed in the pulley at one end of the wire. Because of the torsion spring, the joint
can return to its initial position. Pressure is provided to the FMA through the PRV when
the power is switched on. The FMA expands and shortens under pressure and drives
the rotation of the pulley through the wire, which results in joint extension and flexion.
Figure 4 shows the specifications of the torsion spring used in the designed WURAES.
Encoders are mounted on single FMA-driven joints to determine the joint angles. Moreover,
a digital channel sends the encoders’ measurement signals to the embedded controller. On
the basis of the angle trajectory tracking error, the POFSC determines the control voltage
of the PRV, which adjusts the pressure to drive the FMA and achieves closed-loop angle
trajectory tracking control for the single FMA-driven joints. The hardware specifications of
the WURAES are shown in Figure 4. The system controller utilizes the embedded system.
The control algorithm and signal measurement tool used in the experiments were primarily
developed in LabVIEW. We used the WURAES to verify the controller’s performance and
the feasibility of the designed mechanism (Figure 2).

Figure 3. Joint structure diagram of the torsion spring module.
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Figure 4. Layout and item specifications of the designed unilateral WURAES.

3. System Mechanics Model

Forward and inverse kinematics were used to analyze the developed WURAES, and
this system’s dynamic equations and mathematical model were established using the
Lagrange method.

3.1. Forward Kinematic Analysis

The Denavit-Hartenberg (DH) parameter coordinate transformation method [38,39]
was used to define the relationship between the orientation and the rotational position of
the links of the designed WURAES. In the initial system position, the upper arm is stretched
outward and is in a straight line with the forearm (Figure 5). The 4-DOF is located on
the four axes. The single axis has only one rotational DOEF. Table 1 presents the structural
parameters of each link. The parameter «;_; denotes the rotation angle around the x;_1-axis,
?; is the movement distance along the x;_1-axis, ¢; is the rotation angle around the z;-axis,
and d; is the movement distance along the z;-axis.
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Figure 5. Coordinate system diagram of the designed WURAES.

Table 1. Denavit-Hartenberg coordinate parameters of the designed WURAES.

Link; ¥;/rad d;/mm 4; _1/mm & 1/°
1 % 0 0 0
2 0 —d l, 0
3 9, 0 0 -90
4 U3 dy U3 90
5 By 0 0 0
6 0 0 05 0

The following coordinate transformation matrix can be used to transform the coordi-
nate system i — 1 into the coordinate system i:

i=1T = Rot(x, a;_1) Trans(x, l;_1)Rot(z, 8;) Trans(z, d;)

1

C; —S; 0 é,-_l
_ | sitemin ciccaiq o —stiq —di-swig @
Si-Si1 Ci-S&iq coiq di-cajq
0 0 0 1
wherei = 1—6, ¢; = cos¥;, s; = sint;, cja;_1 = cosw;_1, and s;a;_1 = sina;_1. The

parameters presented in Table 1 are substituted into Equation (1) to obtain the matrix
operation formula for the joints. Subsequently, the homogeneous transformation matrices
of the coordinates are multiplied with each other in sequence, and the orientation and
position relationship matrix at the endpoint of the mechanism of the designed WURAES
relative to the base coordinates can be expressed as follows:

hi1 hia hiz Dy
hyr hy hyz Dy @
h31 hs hsz D

0 0 0 1

OT = OTITSTSTETIT =

where hy1 = c102¢34 — 81834, M2 = —cC1C2834 — $1C34, I3 = €182, hyy = s1c2034 + C1534,
hay = —81C2834 — C1034, o3 = 8182, h3y = —S2034 + 834, M32 = 2834 + C3q, M3z = ¢2,
Dy =01+ c14y 4+ c1c0l3 + (*5153 + C1C2C3)€4 + (C1€2C34 — S1Sg4)f5 + c152d5 is the displace—
ment of the upper-limb exoskeleton in the direction of abduction and adduction,
Dy = s1ly + 510203 + (c153 +510203) L4 + (5102034 + €1534) U5 + $152d7 is the displacement
of the upper-limb exoskeleton in the vertical direction of motion, and D, = —sy{3 +
(s3 — s203)04 + (—s2¢34 + 534) 05 — d1 + cody is the displacement of the upper-limb exoskele-
ton in the forward and backward swing directions.
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3.2. Inverse Kinematic Analysis

In terms of inverse kinematics, the rotation angle of each joint is solved inversely from
the known position Dy, Dy, D; at the end of the link in the upper-limb exoskeleton. On the
basis of Equation (2), 13 = c152, a3 = 5152, and h33 = cp; thus, the following equations

are obtained:
s = /3% + hp3?, 3)
192 = tanfl <h132+h232 h33 > 0

has ¢ @)
8 = 7+ tan~! (V hlijhmz), h33 <0
8 = tan"! (2) ®)

where 51 = hy3/sp and ¢; = hi13/5s;. The parameter 03 is solved according to the character-
istics of the homogeneous transformation as follows:

QT QT =T (6)
cica sica —sy —(c1caly + caln + sody) hin hia hiz Dy
—c152 —s182 —C2 15201 +82bp — cody ho1 hy  hy Dy
—81 c1 0 s1l1 h31 hzp  hz D
0 0 0 1 0 0 0 1 %
C34 —S34 0 03+ c3ly + c3405
o o -1 —d
s34 ¢ O s3l4 + 53405
0 0 0 1

From Equation (7), the following equation is obtained:

s34 = —s1hi + c1hy 8)

s3l4 + 83405 = —s1Dx + c1Dy + 5141 9)

34 = —s1hip + crha (10)

U3 4 c3€4 + c3405 = c1co Dy + 51C2Dy — 5D, — (Clczfl + ol + Szdl) (11)

By substituting Equation (8) into Equation (9), Equation (12) is obtained. Moreover, by
substituting Equation (10) into Equation (11), Equation (13) is obtained.

—51Dx 4+ c1Dy + 5141 — (—s1h11 + c1h )5

_ 12
s3 7 (12)
c1¢2Dy +s1c2Dyy — 52D, — (c1c2lq + calp + 52d1) — 43 — (—s1h1p + c1ho) s
€3 = 7 (13)
From Equations (12) and (13), the following equation is obtained:
03 = tan ! <53> (14)
3

The same method is used to solve for ¢4 according to the properties of the homoge-
neous transformation.

YT =}T. (15)

Equations (16)—(18) can be obtained from Equation (15).

s4 = (—c1c203 — 5103)h11 + (c163 — 51C283) Mot + 5283h31 (16)
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cg = (10203 — s163)h11 + (s10203 — €183)h21 — S2c3hi31 (17)
9, = tan~! (”) (18)
C4

Equations (4), (5), (14) and (18) can be used to determine the angles of each joint
analyzed using inverse kinematics.

3.3. Kinematic Model Validation

The sampling positions (Dy, D;) are substituted into the derived inverse kinematic
equation, providing the rotation angles (93,%;) of the shoulder joint and elbow joint.
Subsequently, the forward kinematic equation is substituted to obtain the new end position
of the trajectory. (Dy, D7), (Dy, D-), and (Djy, D) are compared to verify the correctness of
the model of forward and reverse motion. The process for verifying the forward and inverse
kinematics is illustrated in Figure 6. As presented in Figure 7, the results for forward and
inverse kinematics reveal considerable overlap, which proves that the model of forward
and inverse kinematics is correct.

Planned
endpoint path
(D,.D)

Inverse P
Kinematics model |

9.9.¢

Forward P
kinematics model |

Confirm the forward
and reverse equations

Numerical
comparison

Figure 6. The verification process of forward and inverse kinematics.

© Target
* Tracking

44} -

1 1 1 1 1

_46 1 1 1
25 20 15 10 5 0 5 0 15 20
Dy

Figure 7. Results of kinematic validation.
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3.4. System Dynamics Model

The designed WURAES assists only with the extension and flexion of the shoulder
and elbow joints. The other actions represent passive DOFs, which follow the movement of
the patient’s upper limbs. Figure 8 displays the dynamic model of the designed unilateral
WURAES. In this figure, m, and a,, = {3 are the upper arm’s mass and length, respectively,
my and ay = {4 are the forearm’s mass and length, respectively, 0, = 3 is the shoulder
joint’s extension and flexion angle, and 6y = 9, is the elbow joint’s extension and flexion
angle. The following equation describes the relationships between the moments acting on
the joints, the torques of the torsion springs, and the pulling forces of the FMAs:

T+ Ts = FuRs
{ Tf + T, = FfRe ! (19)

where 7, and Ty are the total moments at the shoulder and elbow joints, respectively; T;
and T, are the torques acting on the shoulder and elbow joints, respectively, from the
torsion springs; F, and Fy are the pulling forces acting on the shoulder and elbow joints,
respectively, from the FMAs; and R; and R, represent the radii of the pulleys at the shoulder
and elbow joints, respectively.

Figure 8. Unilateral arm of the designed WURAES.

The static mathematical model of an FMA can be expressed using the following
equation after considering the elasticity of the rubber cylinder, the friction force of the
woven fiber web, the friction force between the woven fiber web and the rubber cylinder,
and the radian at both ends of the FMA [40]:

Fp(t)

Fema = nra(Pi+ AP)[v (1—e)" — ol + Fa(t) = 20w —

Fe(t), (20)

where v = 3tD;?/(4tan? ¢;), p = 7T
Ly, and Fg(t) = Et;Lema (t) (D (1)
model are listed in Table 2.

D;*/(4sin? ¢;), Fa(t) = mEtt, Dy (t)(Lrpta(t) — L)/
— D,;)/D,;. The other parameters used in the system
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Table 2. Parameters used in the system model.

Parameter

Frma
b;
AP

&

r2

Contraction force of the fluidic muscle actuator (FMA)

Initial pressure

Pressure change

Adjustment factor obtained after comparing the actual braided fiber length with
the ideal fiber length (the smaller the fiber braiding angle or the more turns the
fiber wraps around the rubber tube, the closer the parameter is to 1)

Volume ratio of the actual cylinder to an ideal cylinder (when the FMA is
inflated, if the diameter of the middle part is closer to the diameter at the end,
the parameter value is closer to 1, which indicates that the effect of end
restriction is weaker)

PMA length shrinkage rate

Initial diameter of the FMA

Initial fiber weaving angle

Actual fiber weaving angle

Number of turns of the fiber winding

Elastic force generated by the rubber cylinder being stretched

Elastic force of the rubber cylinder due to its enlarged longitudinal circumference
Sum of the static friction between the braided fibers inside the FMA and
between the rubber tube and the braided fiber layer (the static friction is affected
by many factors and cannot be determined through calculations)

Elastic modulus of the rubber material

Wall thickness of the rubber tube

Diameter of the rubber tube after inflation and loading

Initial diameter of the rubber tube

Length of the actual FMA

Minimum unloaded length of the FMA after inflation

Another external force acting on each joint is the torque generated by the torsion
spring. This torque is used to counteract the pulling force produced by the FMA. This
antagonism drives the joint’s rotation to cause the extension or flexion of the upper arm or
forearm. The torque generated by the torsion spring is calculated as follows [41]:

0,(t) = %)ESTN*’ - 180 " shoulder joint 1)
0(t) = % - 180 elbow joint

Equation (21) can be rearranged as follows:

0. (t)dr Esm .
Ts(t) = 11(5%0%, shoulder joint

07(t)drE .. ’
Te(t) = %TDT;:, elbow joint

(22)

where Dr is the mean coil diameter of the torsion spring, dr is the wire diameter of the
torsion spring, Eg is the modulus of elasticity of the torsion spring material, and Ny, is the
number of turns of the free spring. As displayed in Figure 8, the unilateral arm of the
designed WURAES has two movable joints. The extension and flexion of each joint are
achieved through the generation of rotational motion through antagonism by the FMA and
torsion spring. The shoulder and elbow joints are independent systems and can control the
joint angle separately. Therefore, the dynamic analysis of single joints is conducted, and
the mechanical system displayed in Figure 8 is subdivided into a shoulder joint dynamic
model (Figure 9) and an elbow joint dynamic model (Figure 10). The other nonconservative
forces in the system, such as the frictional force and the machining accuracy of the designed
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mechanism, are regarded as external disturbances. The dynamic model of a single joint is
expressed in Equation (23).

{Iuéu = (FyRs — Ts) — (My)gLy sin®,, + ds,, shoulder joint 23)

Iféf = (FfRe —Te) — (Mf)gLf sin®f + def, elbow joint

where L, denotes the distance from the shoulder joint to the center of mass of the upper
arm and forearm, L refers to the distance between the elbow joint and the forearm’s center
of mass, I, is the total moment of inertia relative to the center of mass of the upper arm and
forearm, I ris the forearm’s moment of inertia relative to its center of mass, M,, = m, + m fr
My = my, g is the acceleration due to gravity, ®, = 6,, ®f =0, + 9f, and d,; is the
uncertain external disturbance for each joint.

]

Figure 9. Dynamic model of the shoulder joint of the designed WURAES.

A\
@f (: 9u + gf) N
Figure 10. Dynamic model of the elbow joint of the designed WURAES.

Because the state equations of the shoulder and elbow joints are derived in the same
manner, only the detailed derivation of the state equation of the shoulder joint is described
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in this paper. By defining the state x,, = [x1,, xzu]T = (6, éu]T, the single FMA-driven
shoulder joint’s state equation can be expressed as follows:

X1y = X2u
{ x _ (PuRs*Ts)*(Mu)gLu sin @, +dsy (24)
2u — 7

u

By substituting Equations (20) and (22) into Equation (24), the following equation is obtained:

X1u = Xu
F Ou (H)d 2 E, .
' {RS {r12r2(Pi+AP)[v(175)2—p]+FA(t)f%ch(t)]71”1%)2077,—:%55}7Mugh, sin O +dsy
Xou = T
F, 0 ()74 E, .

B Rs[rlzrz[v(178)27p]P,-+FA(t)7%]71”1E;)207%T1§]:7Mughsm®u , (25)

- Ill

+Rsrlzrz[v(lfe)zfp]Kev(t) + dsy—RsFc(t)

I Iy

= f(xu) + G(xu)o(t) +q(t)

where f(x,) = {Rs[rlzrz[v(l—e)z — p|P; + Fa(t) — Fp(t)/(ntan¢)] — 0, (t)dr*Esm/
(11520D1Ny,) — MyugLy sin®, } /I, is the nonlinear dynamic function of the single FMA-

driven shoulder joint, G(x,,) = Rgr12rs[v (1—¢€)* — p]K,/ I, is the control gain, v(t) = AP/K,
is the control voltage of the PRV, K, is the voltage conversion coefficient of the voltage
device, and g(f) = [dsy — RsFc(t)]/1, is the disturbance.

4. Controller Design

PSMCs have been efficiently used in many fields, including SoRo, because of their
accurate tracking ability, ease of implementation, and safe comeback when the device is
subjected to external interference. However, the stability problem of these control methods
has not been adequately resolved [42]. Furthermore, most previous relevant studies have
assumed that all system states can be measured, and they have focused on proving that
closed-loop dynamics are passively recompensated disturbances [31]. Therefore, in the
designed WURAES, a POFSC is used to solve the problems of not measuring all states
of the system and the interference effects of various patients. A LESO regards nonlinear
states, different disturbances, and uncertainty, as extended states and can simultaneously
evaluate the total disturbances and all system states [43]. This observer enhances the ease of
derivation and simplifies the procedure for determining the stability of a dynamic system.
The design of the developed POFSC and the stability analysis of this control for a single
FMA-driven joint of the designed WURAES are described in the following text.

4.1. Design and Analysis of a LESO

The designed POFSC resembles a sliding mode controller and applies a second-
order system [42]. Only a single FMA-driven joint is analyzed because the shoulder
joint is driven similarly to the elbow joint. The extended state of Equation (25),
F = f(xu) + (G(xyx)) — Go)v(t) +q(t), is used to derive the following relationship. The

extended state vector is defined as X = [9, 6, F]T = [X; X2 X3] € R® and the
following equation is then obtained:

X; =X
X, = X3+ Goo(t) (26)
Xz =7
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where Gy is the nominal value of G(x,) and X3 = 1 is the rate of change of the total
disturbance. In accordance with Equation (26), the LESO of a single FMA-driven joint of
the designed WURAES is expressed as follows [29]:

Xl =X — (X - Xy)
X2 = Xg - 02(5\(1 - Xl) + Gol](f) (27)
X3 = —03(X1 — X1)

where X = [X; X Xg]T represents the observed state vector and ); (i = 1,2,3) rep-
resents the tunable observer gains. The estimation error of the aforementioned LESO is

expressed as follows:
S =X-X
E=X-X, . (28)

E&=X-X;

The dynamic equations of the estimation errors of the LESO and system states can
be described as follows by taking the derivative of Equation (28) with respect to time and
substituting Equations (26) and (27):

E1=&-M&
€ =E3—pe; - (29)
E3=—M36 —7

Equation (29) can be presented in the matrix form as follows:

e = At + By, (30)

. —0; 1 0] . .
where ¢ = {él =N é}} A= 1-0p 0 1|,e=[€ €& &3] ,andB=[0 0 -1] .
—0; 0 0

In terms of proving the ability of the LESO to observe and estimate, the gain of
the LESO is selected according to the conditions [();, o, Q3] = [p1wy, P23, 3],
wp > 0,and ¢; > 0 (i = 1,2,3). The characteristic polynomial of Equation (30) can then be
written in the following form:

s+@rwg —1 0
M—Al=| ¢we>? s —1|=0 (31)
p3we® 0 s

After calculation and rearrangement, the following equation is obtained:
A(s) = 8° + grwps® + @awo’s + g3wp’. (32)

By choosing A(s) = (s + wp)®, we can obtain ¢; = 3, ¢, = 3, and @3 = 1, where wy is
the bandwidth of the LESO, which is an adjustable parameter that affects the estimation ability
of the LESO. When wy is larger, the LESO can converge to the actual system states faster,
and the estimation error is smaller. However, in actual application, the size of the observer
bandwidth wy is affected by the sampling step size and noise, and enlarging this bandwidth
arbitrarily is impossible [44]. Define 8; = wo®>~'€;(i = 1,2,3), B = [ﬁ1ﬁ2[33]T, where

B1 = woiél = WOZA(Xl - Xj)
Pr=wo€r = wo(X2 = X2) (33)
Bz = €3 = (X3 — X3)
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because

L = WO(XlA* Xy) = wo(f(zA* 01 (X1 — X1) — X2) = wo(Xa — Xp — grap(X1 — X1)) (34)
—wo?p1(X1 — X1) + wo(X2 — X2) = — @151 + Pa.

Similarly, the following equation can be obtained:

I 5[

% = —¢261+ B3
By = papy + %

wo W,

(35)

The observation error state equation can be expressed in the following matrix form:

B v
L B-L 36
wo _ PRTBL (36)
. ST —¢1 10
where B = [B,8,85] , ® = |—¢> 0 1|. Because the matrix ¢ is a Hurwitz matrix,
—¢3 0 0

for any given symmetric positive definite matrix P, a positive definite matrix L exists,
such that @ L + Lo = —P. In this case, Equation (37) can be selected as the Lyapunov
candidate function.

Vieso = BTLB. (37)

Assuming that the rate of change of the total disturbance of the system is bounded,
there exists Q > 0, such that |y| < Q. By taking the derivative of Equation (37) with respect
to time, the following equation is obtained:

Vieso = —woBTPB + 2B LBy < —woAmin(P)||B]* + 2QAmax(L) | B (38)

For Equation (37), there exists )\min(L)H[Z»||2 < Vigso < /\maX(L)HBHZ; thus, the
following equation is obtained:

ViEso
/\max(L)

2 VLESO
< < 39

By substituting Equation (39) into Equation (38), the following equation is obtained:

3 )\min(P) ZQ)\max(L)
Vv < —w \Y + =——2/V 40
LESO S —Wo oy ViEso Ao (D) V' ViEso (40)

Let R = \/Vigso, then R = VLESO/(ZN/VLESO), and Equation (40) can be rewritten
jas follows:

R < —wp )\min(P) R+ Q/\max (L) (41)
N 2Amax(L) Amin(L)
On the basis of the Gronwall-Bellman inequality [45], Equation (41) can be rewritten
as follows:

R < — 2Q)‘%nax(]-‘) _ R(to) . e[7w02/>\n$;1x((l)]“)) (tfto)} + ZQ)‘%nax(L) (42)

N woy/ Amin (L) Amin (P) @0/ Amin (L) Amin (P)

From Equations (39) and (42), the following equation can be obtained:
N 2

H B” < VLESO < ZQ)\maX(L) _ %, (t N OO) (43)

)\min(L) o wO)\min(L)/\mm(P) - wo
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where W, = 2QA2, (L)/[Amin(L)Amin(P)] > 0. Equation (43) indicates that the conver-
gence speed of the observer estimation error  is related to the bandwidth wy of the
observer. A higher value of wy is associated with a faster error convergence rate. In the
present study, the same eigenvalue wy was chosen. Consequently, the bandwidth wy
of the observer becomes the only adjustable parameter in the LESO, which reduces the
computations involved in parameter tuning [46].

Jim 8] =0 )

4.2. Proxy-Based Output Feedback Sliding Mode Control

Figure 11 illustrates the principle of the proposed POFSC. In this figure, 9;’“’”1‘1” and
églbow are an estimate of the angular positions of the shoulder and elbow joints, respec-
tively, QEIhO”lde’ and 9§lb0w are the proxy angular positions of the shoulder and elbow joints,

respectively, and 9;}“’”1‘1‘” and 9;”"’“’ are the desired target angular positions of the shoulder
and elbow joints, respectively. To connect the real controlled object and a virtual object
(called a proxy), the POFSC uses a virtual coupling scheme that integrates proportional—-
derivative (PD) type controllers with a LESO (PD + LESO). Consequently, the PD + LESO
controller produces the interaction force Fli?(i = shoulder, elbow) between the proxy and
the actuator. Moreover, at this time, the SMC with the LESO (SMC + LESO) applies the
force FI’;OFSC (j = shoulder, elbow) to control the proxy to track the desired assistance target.
The unilateral arm of the designed WURAES can be considered as two independent single
FMA-driven joints with coupling disturbances. Figure 11 illustrates the overall control
strategy for the unilateral arm of the designed WURAES, in which two POFSCs are used for
independently controlling the internal pressure of two FMAs for the shoulder and elbow
joints. The shoulder and elbow joints on both sides of the WURAES use the POFSCs for
movement control, respectively. Therefore, the symbols used in the following derivations
will ignore the labels of the shoulder and elbow joints.

Firstly, define the two sliding surface equations before the POFSC is designed, as follows:

(45)

~

{ Sp = Aua(84 — 6p) + 04 — 6
Sq = )\na(ed — éq) +6;— Qq

where 0, and 6, are the proxy angular position and desired angular position, respectively,
(2;, and 0, are the rates of change of the proxy and desired angular positions, respectively,
t; is an estimate of the actual angular position of the controlled object, and A, > 0 is the
designed control gain. The SMC + LESO controller Fp, ¢~ expressed in Equation (46) is
used to control the virtual proxy.

FPOFSC = {Usgn(sp) - kp(ep - éq) + Ipméd + Ipm)\na(éd — Qp)
—ka(0, —6y) + GLO[—ﬁJrkp(ep —0y) +kqa(0, — ) (46)

A

(0 — 0,) + éd]}/Re

where U > 0 is the control gain, sgn(-) is the signum function, I, is the proxy’s moment
of inertia, and Ry is the action radius of the angular displacement caused by the applied
force. Furthermore, a novel PD + LESO controller is designed, as shown in Equation (47),
to generate the virtual coupling force F.

1
N RyGo

E, —B 4 kp (68 — 0g) + k(8 — 0g) + Mua(6a — 65) + 64, 47)
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— Virtual coupling Virtual proxy e . P
- \1 PD 1 ESO ]— (m, = 0) SMC + LESO Desired target
- O ® ® 0
) .' :&”‘. : 1

where F,, is the total disturbance estimated by the LESO for the single FMA-driven joint,
and k, and k; represent the PD controller’s gain. The motion equation for the proxy shown
in Figure 11 can be determined using Newton’s second law of motion.

Fporsc— Fp = Iomby/Ro (48)

The virtual proxy’s motion must be computer-simulated when the controller is per-
formed straightly with Equations (46) and (47). In accordance with the study of
Kikuuwe et al. [22], who set the moment of inertia of the proxy as 0 in practical ap-
plications, the proxy moment of inertia in Equation (48) is set as 0 in the present study.
Subsequently, by substituting Equations (46) and (47) into Equation (48), the following
equation is obtained:

Equation (49) can be rewritten as follows:
: 1 A A
0, = K Usgn(d) —ky(0p —65) +ka0;], (50)

k4 <édféq)+kdm(edfop)+k,,(6pféq)

where § = By substituting Equation (50) into
Equation (47), the POFSC can be used for controlling a single FMA-driven joint, as ex-
pressed in the following equation:

P+ Apa(0 — 0,) + 8, + Usgn(6)
Fporsc = Fp = = : Cansel (51)
RyGy

where Fpnpgc is the POFSC’s realistic output force. The POFSC can be considered an
expanded PD control and an alternative SMC solution. Because of the proxy and virtual
PD + LESO coupling, the POFSC combines responsive and accurate tracking during regular
operation (as determined by k, and k;) and achieves smooth, slow, and safe recovery from
high position errors (determined by A, and U). Consequently, the POFSC enables precise
tracking and provides interactive safety. Figure 12 depicts the proposed POFSC’s control
block diagram for a single FMA-driven joint.

F shoulder -F sho ulder I- shoulder
POSFC
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7 | 1 Hshauldcr 1 1
| | > 7, 1 Hshoatmer 1
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6 shoulder
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4 . SMC + LES€ Desired target
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Figure 11. Principle of the proposed proxy-based output feedback sliding mode control (POFSC) for
the shoulder and elbow joints.
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1 i LESO}€

Figure 12. A control block diagram of the proposed POFSC.

4.3. Stability Analysis

Lyapunov’s stability theory is used to analyze the stability of the proposed POFSC in
WURAES control. The following Lyapunov candidate function is selected to represent the
following equation:

1 o
V=S lmSy + s LN 5 (ky + kaana) (6 — 05" (52)

By differentiating both sides of Equation (52) with respect to time and substituting
Equations (42) and (49) into V, the following equation is obtained:

A

V = S Ipm [ed _é + Ana(éd - 917)} +S [ed _é + /\na(éd - éq)} + (kp + kd)\na).(ep - éq)(ep - 9@)

Sp—=Usgn(Sp) +kp(8y — 0) +ka(8p — 09)] + g[8 — 67 — € + Aua(84 — 6)]+
ko (6, — 0,) (0, — 0,) +dena(9p 67) (6 — 6y) .
S [~ Usgn(Sy) + kp (6 — +kﬂ9—ﬁﬂyf%@w—F—Gw—éq+Am@d—%ﬂ+
Ky (0 — 6q) (6, - é>+km<e —0,)(6y—0y) ) |
Sp[~Usgn(Sy) + kp(6) — eq)+kd(ep 0)] fsq[fF+ﬁféqfkp(epféq) —ka(6p — 6,)]+
kp (8, —0,) (8 — )+MMA% x%—@)

—0|Sp| —kpAna(6p — eq) - kd((),, —0,) <o.

(53)

Equations (52) and (53) indicate that the Lyapunov candidate function V is a positive
definite function and that V is a negative semidefinite function. The term A denotes a
nonsingular matrix with positive eigenvalues, and the total disturbance F is bounded (as
per the assumption); thus, the estimate states X — X as t — oo and wy — oo. Therefore,
Lyapunov’s method demonstrates the stability of a single FMA-driven joint around the
equilibrium 6, = [S,(0), S;(0), 6,(0) —6,(0)] = 0 under the compensation provided by
the proposed POFSC.

5. Experimental Results and Discussion

Control experiments were conducted to validate the assistance effect of the designed
WURAES. The rehabilitation assistance provided by the single FMA-driven joints of the
designed WURAES must be smooth and slow to provide safe and comfortable contact
between the patient and the device. In the experiments, the trajectory was planned using a
fifth-order polynomial function to avoid excessive transient response oscillation caused by
control voltage saturation resulting from a significant error [47]. The fifth-order polynomial
equations for the angle 6, (t), angular velocity 84(t), and angular acceleration 84(t) applied
in the movement control of the designed WURAES can be expressed as follows:

04(t) = g0 + g1t + $2t* + &3t + gat* + g5t°
04(t) = g1 +2got + 3g3t? + 4gat® + 5g5t (54)
Qd(f) = 2¢> + 643t + 12g4t2 + 20g5t3.
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The initial condition (f = 0) and terminal condition (tf = t,) are expressed in Equation (55).

04(0) =

04(0) =

54(0) = 2, 55
9d(fe) 90 + gite + gote® + gate® + gatet + g5t

04(t.) = g1 + 2gote + 3g3te? + 4gate> + 5g5t.t

04(te) = 292 + 6g3te + 12g4t,% + 20gst,>

The unique solution of the six coefficients of the fifth-order polynomial equation can
be obtained from the six known initial and terminal conditions.

80 = 64(0)
81 = X4(0)
— X4(0)
gz o 2 . . . .
83 = 53 [20(0a(te) — 04(0)) — (80 (te) +1264(0) ) te — (364(0) — Ba(tc) )2 6)
84 = 55 | —30(6u(te) — 04(0)) + (1404(t) +1604(0) ) te — (364(0) — 204 (1) ) 2]
85 = v | 12(0a(te) — 04(0)) = 6(Bu(te) +04(0) ) te — (84(0) — Ba(te) )£2].

Using Equation (56), the fifth-order polynomial function ;(t) = go + g1t + g2t* +
g3t° + gat* + gst° for the period t, and initial time ¢ = 0 can be obtained. Because of the
initial conditions 6,(0) = 0 and 6,(0) = 0, as well as the terminal conditions 6,(f,) = 0
and 6, (t,) = 0, the fifth-order polynomial function is represented as follows:

0.5 — | (Balte) —€a(0)(re)’ [6(r0)° ~15(r0) +10], 0 <7 <1 &)
! Ba(te) — 64(0), re>1

where 1, = t/t,, t, denotes the time required to reach the rehabilitation assistance target,
6,(t) represents the rehabilitation assistance path, and ¢ represents the operating time. The
sampling frequency was set as 200 Hz in this study.

This article has proposed related mechanical structures and experimental equipment
in Figure 4 (Section 2). The sensors and control core of the developed WURAES include the
following devices: the absolute rotary encoder, sSEMG bracelet, and embedded controller.
The absolute rotary encoder uses the German Kiibler model 8.2470.1212.G121. After the
system is restarted, the value measured by the encoder is the real-time angle without
initialization. The data output of the encoder is stimulated by a pair of differential time
pulse trains, which can reduce noise interference. The encoding of the data adopts Gray
code, characterized by the difference of each adjacent number with only one bit, which
can improve the system’s stability and reduce the possibility of errors. The sSEMG bracelet
uses the Thalmic Labs model Myo-Armband, which will be described in Section 5.3. The
embedded controller uses the myRIO 1900 embedded controller produced by National
Instruments (NI) as the core of the overall system control. This controller has the advantages
of being small in size, lightweight, and having powerful computing functions, which can
meet the needs of this study. The myRIO 1900 Embedded Controller is equipped with
a Zynq integrated System on a Chip (SoC) and a Xilinx Z-7010 FPGA chip designed by
Xilinx. The central processor is an ARM Cortex-A9 embedded system chip with ten analog
input channels, six analog output channels, and forty digital input and output channels.
This system is equipped with a real-time operating system for real-time computing needs
and can perform complex mathematical operations. The FPGA (Field Programmable
Gate Array) allows users to customize higher-speed task calculations with a maximum
speed of 25 ns and includes a Wi-Fi chip to provide wireless network communication to
transmit data.
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5.1. Path-Tracking Positioning Control for the Shoulder Joint

Shoulder flexion movement is driven by the pulling force produced by an FMA on
the wire on the shoulder joint of the designed WURAES. In general, the flexion angle
of the shoulder joint should not be too large, so that excessive load on the shoulder
joint is avoided. Separate simulations were conducted for the following two common
shoulder flexion angles of 30° and 45°. Table 3 presents the parameters of the control
system in the experiments conducted to track the shoulder joint’s path. Figure 13 displays
the experimental results of path-tracking positioning control obtained for the shoulder
flexion angles of 30° and 45°. Table 4 presents the error in the path-tracking positioning
control for the shoulder joint. As presented in Table 4, the maximum error in the path-
tracking positioning control for the shoulder joint was less than 1.3°, with the root-mean-
square deviation being less than 0.5° The results confirmed that an excellent control effect
was achieved in path-tracking positioning for the shoulder joint under the compensation
provided by the proposed POFSC.

60 : : : — @
50 -
40 i
30
20
10

Angle(deg)

—Target == Tracking (30°)
— — -Target —-——Tracking (45°)

0 1 2 3 4 5 6 7 8 9 10

Error (deg)

0 1 2 3 4 5 6 7 8 9 10
Time (sec)

Control Voltage (V)

Figure 13. Results of fifth-order path-tracking positioning for shoulder joint flexion angles of 30° and
45°. (a) System response, (b) tracking error, and (c) control voltage.

Table 3. Parameters of the proposed POFSC in fifth-order path-tracking positioning control for the
shoulder joint.

te(sec)
0, 0, 0, ky k; Aa o Go

5 40 80 1600 270 0.45 12 5000 1000
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Table 4. Error in path-tracking positioning control for the shoulder joint.

Position (°) Maximum Absolute Error (°) Root-Mean-Square Deviation (°)
30° 0.93 0.30
45° 1.28 0.41

5.2. Path-Tracking Positioning Control for the Elbow Joint

The flexion movement of the elbow joint of the designed WURAES is the same as
that of the shoulder joint. In general, the flexion angle of the elbow joint is larger than
that of the shoulder joint. Separate simulations were conducted for the common elbow
flexion angles of 60° and 75°. Table 5 presents the parameters of the control system in the
experiments conducted to track the elbow joint’s path. Figure 14 displays the experimental
results of path-tracking positioning control at elbow flexion angles of 60° and 75°. Table 6
presents the error in the path-tracking positioning control for the elbow joint. As presented
in Table 6, the maximum error in the path-tracking positioning for the elbow joint was less
than 1.4°, with the root-mean-square deviation being less than 0.6°. The results indicated
that an excellent control effect was achieved in path-tracking positioning for the elbow joint
under the compensation provided by the proposed POFSC.

a
100 T T T T ( I) T T T T
Eﬁ 80 B i E
= 60
=]
EJ: 40 i
< 20t —— Target - Tracking (60°)
0 ; i ; — — 'Target —-— Tracking (75°)
0 1 2 3 4 5 6 7 8 9 10
2 T L] T T (II)) T T T T
?D -
<
=
P RS S S I S 1
£
= 60°
1 1 1 - - l750
6 7 8 9 10
—_ (©)
a 12 C T T T T T T T T T ]
& 10 1
= 8r R m—m L __ 1
> 6 i
= ; I 60°
= B '’
< v - — 750
U u 1 L 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
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Figure 14. Results of fifth-order path-tracking for elbow joint flexion angles of 60° and 75°. (a) System
response, (b) tracking error, and (c) control voltage.
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Table 5. Parameters of the proposed POFSC in fifth-order path-tracking positioning control for the

elbow joint.
POFSC
te(sec)
Q)] (@) O3 kp k4 Ana &) Gy
5 425 85 2400 900 1.05 12 5000 1000

Table 6. Error in path-tracking control for the elbow joint.

Position (°) Maximum Absolute Error (°) Root-Mean-Square Deviation (°)
60° 1.34 0.52
75° 0.89 0.44

5.3. Performance Tests and Comparisons of Angular Path-Tracking

To verify the angle path-tracking effect of the POFSC, using the PID control method,
re-do the same angle path-tracking of the shoulder and elbow joints, then compare the
results with the angular path-tracking results of the POFSC. The controller parameters
of the PID experiment are shown in Table 7. Figures 15 and 16 compare the two control
methods for the shoulder joint at 30° and 45°, respectively. Table 8 presents that the
maximum control error of the POFSC at 30° was within 0.94°, and the root-mean-square
deviation was within 0.3°; the maximum control error of the PID was within 2.53°, and the
root-mean-square deviation was within 0.67°. Table 9 presents that the maximum control
error of the POFSC at 45° was within 1.29°, and the root-mean-square deviation was within
0.41°; the maximum control error of the PID was within 5.22°, and the root-mean-square
deviation was within 1.84°. Figures 17 and 18 compare the two control methods for the
elbow joint at 60° and 75°, respectively. Table 10 presents that the maximum control error
of the POFSC at 60° was within 1.35°, and the root-mean-square deviation was within 0.52°;
the maximum control error of the PID was within 3.42°, and the root-mean-square deviation
was within 1.49°. Table 11 presents that the maximum control error of the POFSC at 75°
was within 0.88°, and the root-mean-square deviation was within 0.44°; the maximum
control error of the PID was within 4.23°, and the root-mean-square deviation was within
1.92°. This experimental result shows that although the two methods can finally reach the
target angle, the error of the POFSC method proposed in this study is smaller than that of
the PID control method in the tracking process. In addition, the results of this experiment
also demonstrate the most important property of the POFSC: a smooth response to desired
angular path-tracking. During the experiment, the path-tracking also almost fit the target
trajectory. When using the POFSC, the angular path-tracking is continuous and smooth,
which is stable without a jitter for the patient’s experience. However, due to the large error
of the PID control method, generating a jittery trajectory in the process of approaching the
target is easy to produce uncomfortable and unsafe feelings for patients.

Table 7. The controller parameters of the PID experiment.

PID
Kp K; K,
0.03 0.5 0.005
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Figure 15. Comparison of fifth-order path-tracking between the POFSC and PID for the shoulder
joint flexion angle of 30°. (a) System response, (b) tracking error, and (c) control voltage.
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Figure 16. Comparison of fifth-order path-tracking between the POFSC and PID for the shoulder
joint flexion angle of 45°. (a) System response, (b) tracking error, and (c) control voltage.
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Table 8. Error comparison using the POFSC and PID for the shoulder joint (30°).

Control Method Maximum Absolute Error (°) Root-Mean-Square Deviation (°)
POFSC 0.94 0.30
PID 2.53 0.67

Table 9. Error comparison using the POFSC and PID for the shoulder joint (45°).

Control Method Maximum Absolute Error (°) Root-Mean-Square Deviation (°)
POFSC 1.29 0.41
PID 522 1.84
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b
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Figure 17. Comparison of fifth-order path-tracking between the POFSC and PID for the elbow joint
flexion angle of 60°. (a) System response, (b) tracking error, and (c) control voltage.
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Figure 18. Comparison of fifth-order path-tracking between the POFSC and PID for the elbow joint
flexion angle of 75°. (a) System response, (b) tracking error, and (c) control voltage.

Table 10. Error comparison using the POFSC and PID for the elbow joint (60°).

Control Method Maximum Absolute Error (°) Root-Mean-Square Deviation (°)
POFSC 1.35 0.52
PID 3.42 1.49

Table 11. Error comparison using the POFSC and PID for the elbow joint (75°).

Control Method Maximum Absolute Error (°) Root-Mean-Square Deviation (°)
POFSC 0.88 0.44
PID 4.23 1.92

5.4. Safety Tests and Comparisons

Consider possible emergencies that may occur in the wearable exoskeleton device
system, such as the user’s confrontational action or the sudden unexpected impact of
external force. These situations may cause a significant change in angle and pose a danger.
Therefore, this safety test is used to simulate the situation where the angles of the joint
change drastically in an instant. Firstly, use the fifth-order trajectory to track the shoulder
joint for 5 s and reach 45°. After obtaining the target, stay for 5 s, and the angle suddenly
drops to 20°. Then, verify whether the control system is safe according to the system
response. Figure 19 shows the trajectory control experiment results for simulating the
shoulder joint’s instantaneous angle changes. According to the experimental results, it can
be found that when the angle changes suddenly and instantaneously, the system response
can be smoothly tracked by the POFSC. However, the PID shows that the angles oscillate
up and down before converging and approaching the more widely varying angles. From
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the experimental results, it can also be verified that the POFSC has a damping stabilization
effect when the error is large.
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Figure 19. Safety test and comparison of the POFSC and PID in the shoulder joint of WURAES.
(a) System response, (b) tracking error, and (c) control voltage.

5.5. User Intent Detection Using the SEMG Bracelet

The WURAES is a human-machine coupling system. To ensure the coordination,
stability, and flexibility of the WURAES system, it is necessary to reduce human-machine
confrontation as much as possible. The accuracy of human motion intention recognition
has a crucial influence on controlling the WURAES. Most existing research on human
intention recognition is based on physical information, which is only an indirect reflection
of human intention and is not conducive to real-time control. Physiological signals are
the most direct reflection of the human body’s intentions. Most current methods predict
the patient’s motion intention by measuring the patient’s bio-myoelectric signal. The
traditional electrode patch method will be subject to significant noise interference, and the
sticking position and skin humidity will significantly affect the measurement results. These
problems will interfere with the patient’s rehabilitation training.

In this study, to allow patients to switch between different rehabilitation modes
easily or to determine users’ action intentions, different gestures can be set to represent
rehabilitation modes or action intentions in the designed system. EMG signals are measured
for arm muscles using an sEMG bracelet (Myo-Armband) worn on the patient’s forearm.
The sEMG bracelet uses eight sensors that wrap around the arm in a close-fitting mode
to detect the myoelectric signals of the arm muscles. Due to the characteristics of being
close-fitting and wrapping around the arm, the problems of the aforementioned electrode
patches being easily disturbed and poorly positioned have been resolved. The measured
sEMG signals are transmitted to the controller through Bluetooth. After their decoding
and analysis, the signals are matched with the set gestures and are used to control the
upper-limb exoskeleton to perform corresponding actions. The sEMG bracelet is in the
form of a wristband that fits over the patient’s forearm, and the sensor system used in the
designed WURAES contains eight sSEMG channels. The sEMG bracelet can be expanded
to fit the arm size and provides rotational symmetry to prevent motion artifacts. The
designed WURAES must be calibrated for different patient gestures before use. The signal
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recognition program of the sSEMG converts the signals obtained by the eight channels of
the sEMG bracelet into millivolts (mV), as seen in Equation (58) [48].

E=S. (58)

mH <l

where E represents the SEMG data, S is the output of the sEMG bracelet, V is 3.3 V, and
R is the resolution (8 bits = 256). The procedure for evaluating the SEMG signals of a
patient’s gesture is described in the following text. First, the SEMG bracelet is worn on the
patient’s forearm for recording sEMG signals at a frequency of 200 Hz. Second, the data
from the eight channels of the bracelet are filtered following the guidelines of the Surface
ElectroMyoGraphy for the Non-Invasive Assessment of Muscles project (Butterworth, fifth-
order, 50 Hz) [49]. Third, the characteristic waveform of the patient’s gesture is extracted
using the root-mean-square (RMS) feature extraction method after the filtered data have
been rectified and normalized [50-52].

To detect the action intentions of users of the designed WURAES, sEMG signals from
arm muscles were detected using the sEMG bracelet. The sensors in this SEMG bracelet
detected different hand movements and generated signals from different muscles. The
detected signals were then transmitted to the embedded controller through Bluetooth. After
the analysis of these signals, the WURAES was controlled to realize the actions desired by
the users. First, basic settings for general users, such as those related to starting, lifting,
and dropping the shoulder and elbow joints (Figure 20), were implemented. Alternatively,
the target angle was set according to the user’s needs, such as the desired stretch position.
These actions corresponded to five different gestures (Figure 21). To simplify the gestures
to facilitate experimentation and user operation, the essential and desired actions were
tested with the same gestures. Second, the users were provided instructions related to
gestures and exercises, and the correspondence between gestures and signals was recorded
and fine-tuned. Finally, the users could operate the desighed WURAES by themselves.

& e O ¢

Gesture 1 Gesture 2 Gesture 3 Gesture 4 Gesture 5

Elbow Elbow Shoulder Shoulder Starting
Lifting Dropping Lifting Dropping Stopping

Figure 20. Basic gesture settings for general users.

& ® e e

Gesture 1 Gesture 2 Gesture 3 Gesture 4 Gesture 5

Shoulder45° Shoulder25° Shoulder15’ Shoulder5’  Starting
Elbow 60°  Elbow 80°  Elbow 75° Elbow 5"  Stopping

Figure 21. Gesture settings for the target angle, which was selected in accordance with the user’s needs.

Among the above five gestures, gesture 1 is fist, gesture 2 is spread, gesture 3 is wave-
in, gesture 4 is wave-out, and gesture 5 is double-tap. Figures 22-25 show the captured
EMG signals and RMS of the first four gestures maintained for 10 s, respectively. Figure 26
shows the EMG and RMS of gesture 5, which performed six double taps in 10 s. The above
EMG signal graphs show that the eight EMG signal graphs are different for the five gestures,
which can be used to identify the user’s gestures. This study employs a utility program
provided by the original manufacturer to determine various user gestures to confirm the
user’s action intention.
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Figure 22. Gesture 1 (fist) maintained for 10 s. The EMG signal and RMS graph of the eight sensors

in the sSEMG bracelet.
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Figure 23. Gesture 2 (spread) maintained for 10 s. The EMG signal and RMS graph of the eight
sensors in the sSEMG bracelet.
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Figure 24. Gesture 3 (wave-in) maintained for 10 s. The EMG signal and RMS graph of the eight
sensors in the sSEMG bracelet.
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Figure 25. Gesture 4 (wave-out) maintained for 10 s. The EMG signal and RMS graph of the eight
sensors in the SEMG bracelet.
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Figure 26. Gesture 5 (double-tap) performed six double taps in 10 s. The EMG signal and RMS graph
of the eight sensors in the sSEMG bracelet.

When wearing the sEMG bracelet, one of the left or right hands can be selected
according to the user’s habits. In this experiment, the sSEMG bracelet was worn on the left
forearm, the designed WURAES was worn on the right arm, and the motion intention of
the hand was detected (Figure 27). The experimental results indicated that the designed
WURAES successfully detected the intention of the users through the SEMG bracelet sensor
according to the set gestures and realized the required corresponding actions. The basic
action and desired action experiments are illustrated in Figures 28-34, respectively.

sEMG
Bracelet

Figure 27. sSEMG bracelet worn on the forearm to detect motion intention.
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Figure 31. Basic action experiment for elbow dropping.
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Figure 32. Desired action experiment with a shoulder flexion angle of 45° and an elbow flexion angle
of 60°.
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Figure 33. Desired action experiment with a shoulder flexion angle of 25° and an elbow flexion angle
of 80°.

Shoulder 5°
Elbow 5°

Figure 34. Desired action experiment with a shoulder flexion angle of 5° and an elbow flexion angle
of 5°.

6. Conclusions

In this study, a four-DOF WURAES was designed to aid the rehabilitation of the
shoulder and elbow joints. In this system, a single FMA with a torsion spring module
drives each joint with 1-DOF through a steel wire. The adopted joint mechanism requires
half the number of FMAs and PRVs needed for the traditional dual FMA mechanism, which
pulls the pulley through an antagonistic method. The WURAES is a simple design that is
safe, lightweight, low-cost, and has portability advantages. This system exhibits upper-limb
motion compliance. The WURAES can provide a novel wearable upper-limb exoskeleton
system for patients with upper-limb musculoskeletal injuries and neurological disorders to
help the patients rehabilitate, practice, and assist at work. A POFSC is proposed to control
the nonlinear joint movements of the WURAES between extension and flexion and the
time-varying properties of FMAs. This control method can provide correct rehabilitation
assistance for the upper-limb exoskeleton and maintain smoothness and safety between the
WURAES and the patient. The POFSC enables the WURAES overdamped dynamic recovery
motion to the target trajectory without significant error overshoot due to actuator saturation.
The experimental results indicate that the proposed POFSC can observe the system’s total
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disturbance and unknown state online and effectively overcome the influences of the
nonlinear and inertial changes of a single FMA mechanism, thereby achieving high safety
and an excellent compensation effect. The results demonstrate that a single FMA with a
torsion spring module can obtain a control response similar to the dual FMA mechanism.
Moreover, sEMG signals can successfully identify users” intent, enabling patients to switch
between several rehabilitation assistance modes easily and quickly.

7. Patents

The pneumatic-driven robotic gait training system developed has obtained a Tai-
wanese invention patent and a US invention patent. These are (1) an exoskeleton apparatus
driven by pneumatic artificial muscle with functions of upper-limb assist and rehabilita-
tion training, Taiwanese patent number i584801; (2) an exoskeleton apparatus driven by
pneumatic artificial muscle with functions of upper-limb assist and rehabilitation training,
US patent number us 10,420,695 b2; and (3) an exoskeleton apparatus driven by pneumatic
artificial muscle with functions of upper-limb assist and rehabilitation training, China
patent number ZL 2017 1 0240416.4.
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