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Abstract: Upper limb dysfunctions (ULD) are common following a stroke. Annually, more than
15 million people suffer a stroke worldwide. We have developed a 7 degrees of freedom (DoF)
exoskeleton robot named the smart robotic exoskeleton (SREx) to provide upper limb rehabilitation
therapy. The robot is designed for adults and has an extended range of motion compared to our
previously designed ETS-MARSE robot. While providing rehabilitation therapy, the exoskeleton robot
is always subject to random disturbance. Moreover, these types of robots manage various patients
and different degrees of impairment, which are quite impossible to model and incorporate into the
robot dynamics. We hypothesize that a model-independent controller, such as a PID controller, is
most suitable for maneuvering a therapeutic exoskeleton robot to provide rehabilitation therapy. This
research implemented a model-free proportional-integral-derivative (PID) controller to maneuver a
complex 7 DoF anthropomorphic exoskeleton robot (i.e., SREx) to provide a wide variety of upper
limb exercises to the different subjects. The robustness and trajectory tracking performance of the
PID controller was evaluated with experiments. The results show that a PID controller can effectively
control a highly nonlinear and complex exoskeleton-type robot.

Keywords: exoskeleton robot; upper limb rehabilitation; passive rehabilitation exercise; PID motion
control; trajectory tracking

1. Introduction

Rehabilitation robots can significantly reduce the burden of therapists by providing
repetitive and precise therapy to people with upper limb impairment for a long duration
of time. With the increasing number of stroke occurrences, continuously more patients
incur upper limb mobility impairment [1-5]. In addition, upper limb dysfunctions (ULD)
often originate from spinal cord injuries, sports injuries, trauma or occupational injuries.
Returning lost mobility in patients with ULD is imperative as the human upper limb
involves conducting various daily activities. Many research prototypes of upper limb
rehabilitation robots have been developed to date, and they can be categorized into two
types: The end-effector type and the exoskeleton type. The end-effector-type robots are
lightweight, small in structure, and most suitable for end-point exercise only (such as
pulling/pushing or following a path). Still, this type of robot cannot provide joint-based
exercises (such as elbow/shoulder joint flexion/extension). On the other hand, exoskeleton-
type robots are relatively heavy and robust, but they can control individual upper limb
joints and mimic every variety of recommended upper limb exercises [6-10].

In early research on rehabilitation robots, the researcher proposed end-effector-based
robots to provide rehabilitation therapy in planar arm motion [11-16]. The prime limitation
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of these robots is the inability to provide controlled movement to individual joints of
the upper limb. Even though the robot workspace is larger, this constraint significantly
decreases the rehabilitation workspace. Many research groups have developed exoskeleton-
type robots that can control each joint individually to address this barrier [6,8-10,17-28].
Although several control algorithms/methods are developed to meet rehabilitation robot
control requirements, the performance of human-robot interaction is still very insufficient.

Exoskeleton-type robots for providing rehabilitation therapy are constantly subject
to unpredictable disturbances from the patient while providing therapy. The controller
must adapt to these disturbances stemming from the patient, system, and environment.
In addition, the exoskeleton robot interacts with a wide variety of patients with varying
degrees of impairment, which are almost hard to model and incorporate into the robot
dynamics due to the time-changing nature of the human-robot interaction. Most of the
existing exoskeleton robot research has designed their control approach based on the
simplified robot model [7,29-33]. Therefore, their performance is not very effective when it
comes to managing unpredictable disturbances.

Moreover, an inaccurate/simplified robot model is often considered one of the ma-
jor causes of the poor performance of the nonlinear control. Some research groups
used a model-free sliding mode control to manage uncertainty [20,29,34,35]. However,
in these cases, control input data have been chattered by a combination of uncertain-
ties. To overcome this issue, some researchers proposed hybrid control approaches
(e.g., fuzzy-sliding mode, fuzzy-neuro adaption, sliding mode with an artificial neural
network, etc.) [25,33,36,37]. The main drawback of these control approaches is that they
require heavy computation.

Motivated by the discussions mentioned above, in this paper, we hypothesize that a
model-independent controller, such as a PID controller, is most suitable for maneuvering
an exoskeleton-type robot to provide rehabilitation therapy. To test this hypothesis in this
research, we tested the developed SREx robot with a model-free PID controller to provide
every variety of upper limb exercises to the five healthy subjects. In typical rehabilitation
settings, upper limb movement therapies are provided within the velocity range of 15 to
53° /s [38,39], depending on the patients’ ULD. Furthermore, to test the robustness and
tracking performance of the controller, the SREx was tested with (a) individual and multi-
joint movement trajectories with a varying velocity ranging from 15 to 72° /s; (b) continuous
resistance force while providing therapy as a mimic of providing therapy to the individuals
with upper limb spasticity; and (c) sudden jerk/involuntary movements that are often
observed among the patients with a stroke. Experiment results guarantee that a model-
free PID controller can be most suitable for maneuvering a therapeutic exoskeleton robot
to provide rehabilitation therapy. It is worth mentioning that several researchers have
carried out simulation studies and experiments with the PID controller for maneuvering
exoskeleton robots for rehabilitation of human upper or lower limbs [40-43]. However, to
the authors’ knowledge, none of the prior work thoroughly investigated the effectiveness
of a well-established conventional PID controller to provide robot-aided rehabilitation to
human subjects’ varying conditions from the controller performance perspective.

The paper’s main contribution is two-fold, introducing a new therapeutic robot,
SREx, and its control implementation with a model-independent (i.e., conventional PID)
controller to provide every variety of upper limb rehabilitation exercises. These exercises are
designed to emulate varying conditions of stroke survivors’ upper limbs. As healthy human
subjects have been used during the experiments rather than actual patients, the different
interactions between humans and robot are presented in this paper. These interactions
during the experiments are reflected by time-series data collected from the force/torque
sensor installed on the robot. The remainder of the article is organized as follows: Section 2
presents a brief discussion regarding SREx, Section 3 discusses the kinematics of the SREx,
Section 4 depicts the fundamentals of the PID control approach, Section 5 demonstrates
the experimental setup of the overall research and illustrates the result of this study, and
finally, Section 6 draws the conclusions of the study.
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2. Smart Robotic Exoskeleton (SREx)

The smart robotic exoskeleton (SREx) presented in this research is the second pro-
totype of our previously developed ETS-MARSE exoskeleton robot [24]. The SREx was
designed based on the upper-limb biomechanics with an extended range of motion. It
is a 7 degrees of freedom (DoF) exoskeleton robot (see Figure 1a), comprised of a 3 DoF
shoulder motion support part, a 2 DoF elbow and forearm motion support, and a 2 DoF
wrist motion support part. The exoskeleton was designed for use by adults. Provisions
were included in the design to adjust the link length based on the user’s needs. The robot
is designed to be worn on the lateral side of the right upper limb [44]. Its shoulder motion
support component provides shoulder joint vertical and horizontal flexion/extension and
internal/external rotation. The elbow and forearm motion support components provide
joint elbow flexion/extension and forearm pronation/supination, and the wrist joint sup-
port component provides wrist joint radial /ulnar deviation and flexion/extension. Figure 2
illustrates the workspace of the SREx. The entire exoskeleton arm was fabricated primarily
in aluminum. Brushless DC motors (Maxon EC 90 and 45 motors) integrated with harmonic
drives were used to actuate the developed SREx. A 6-axis force/torque (F/T) sensor is
instrumented underneath the wrist handle to measure the instantaneous human-robot
interaction forces. Tables 1 and 2 summarize the technical specification and mass/inertia
properties of the SREXx, respectively.

Joint-2-<y
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Y,
/, - {_ Z
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Joint-7

(a) (b)

Figure 1. (a) Smart robotic exoskeleton (SREx); (b) SREx’s link-frame assignment, which represents
the axes of rotation.

Safety Consideration: Provision has been included in the design of SREx to add ad-
justable mechanical stoppers at each joint to limit the joints’ rotation of SREx corresponding
to the users’ range of motion to ensure the safety of the robot users. A switch is also
placed to disable the control signal in an emergency. If the emergency switch is activated
during the exercises, the robot is programmed to remain in its current location. This ac-
commodation ensures that the human user stays safe during the crisis. In addition to these
hardware safety features, software safety features were added to the control algorithm,
such as limiting the movement ranges of the joints based on the patient’s needs, limiting
the speed of the joints, limiting the joint torques, and limiting the voltage delivered to the
motor drivers.
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Figure 2. Workspace of SREx and associated human motions (a—g), (h) installed F/T sensor.

Table 1. SREx’s hardware specifications.

Actuators (Brushless), maxon precision motors, Inc., Taunton, USA
Specification EC ?0 Flat 160 W EC 45 l?lat 70 W EC 90, Flat 90 W EC 45, Flat 30 W
(Joints 1 and 2) (Joint 3) (Joint 4) (Joints 5, 6, and 7)
Nominal Voltage (V) 24 24 24 24
Nominal Speed (rpm) 2720 4860 2590 2940
Torque Constant (mNm/A) 71.2 36.9 70.5 51
Weight (g) 630 141 600 75
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Table 1. Cont.

Strain wave Gear, Harmonic Drive LLC, Beverly, USA

Specification: CSF 17-100-2UH-LW (Joints 1 and 2) 14-100-2XH-F (Joint 4) (J;ill;tl:gfﬁ{:n
Torque at 2000 rpm (Nm) 24 7.8 5
Momentary Peak Torque (Nm) 108 54 25
Repeated Peak Torque (Nm) 54 28 11
Gear Ratio 100 100 100

Anti-Backlash Gear and Ring Gear (Pressure angle: 20°, Pitch: 32), Sterling Instrument, Hicksville, USA

Anti-Backlash Ring Spur Gear (custom)

Specification Spur Gear, S1A86A-C032A062 : :
(Joints 3 and 5) Joint 3 Joint 5
Number of teeth 62 186 143
Bore Diameter (mm) 6.35 120 85
F/T Sensor: RFT60-HAO01 with EtherCAT Adapter: RFTEC-02, Robotus, Seongnam-si, South Korea
Parameters Fx, Fy Fz Tx, Ty, Tz
Load Capacity 150 N 200 N 4 Nm
Resolution 100 mN 150 mN 5 mNm
Table 2. Mass and inertia properties of the SREx.
Link Center of Gravity, CG (m) Moment of Inertia, I (kg-m?)
Link Joints Mass Segment Length (m)
(kg) CGX CGy CGz Ixx Iyy Izz
1 1-2 2.9 0.0003 0.1290 ~0.0428 0.0208 0.0136 0.0111 Base frame to o1
2 2-3 12 —0.0356 —0.1419 0.0772 0.0056 0.0033 0.0065 Shoulder joint :
3 3-4 1.9 —0.0040 0.1111 —0.0213 0.0091 0.0060 0.0071 Shoulder joint 0951 4 0033
4 4-5 0.9 —0.0443 —0.1319 0.0417 0.0037 0.0029 0.0039 to Elbow joint ’ ’
5 5-6 0.8 —0.0074 0.0942 —0.0362 0.0057 0.0018 0.0046 Elbow joint to 0281 & 0035
6 6-7 0.6 0.0003 —0.1060 0.0469 0.0036 0.0024 0.0014 Wrist Joint ’ ’
7 7-Tip 0.4 0.0777 ~0.0001 ~0.0658 0.0007 0.0011 0.0006 wist g‘ggt 0083 +0041

3. Kinematics of SREx

The kinematic model of the SREx was developed based on modified Denavit-Hartenberg
(DH) notations. To obtain the DH parameters, we assume that the origin of the coordinate
frames (i.e., the link-frames that map between the successive axes of rotation) coincide with
the joint axes of rotation and have the same order, i.e., frame {1} coincides with Joint 1,
frame {2} with Joint 2, etc. As shown in Figure 1b, the joint axes of rotation of the SREx
corresponding to the human upper limb are indicated by red arrowheads (i.e., Z;). In this
model, Joints 1, 2, and 3 together constitute the shoulder joint, where Joint 1 corresponds
to horizontal flexion/extension, Joint 2 represents vertical flexion/extension, and Joint 3
corresponds to internal/external rotation of the shoulder joint. Joint 4 represents the elbow
joint and is located at a distance d. (length of the upper arm) from the shoulder joint.
Joint 5 corresponds to forearm pronation/supination. As shown in Figure 1b, Joints 6 and
7 intersect at the wrist joint, at a distance dy, (length of the forearm) from the elbow joint.
Joint 6 is responsible for wrist joint radial /ulnar deviation, and Joint 7 provides the wrist
joint flexion/extension motion. The F/T sensor is located at a distance dt from the wrist
joint. The modified DH parameters corresponding to the link frames assignment shown
in Figure 1b are summarized in Table 3. These DH parameters are used to achieve the
homogeneous transfer matrix representing the positions and orientations of a reference
frame with respect to the fixed reference frame.
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Table 3. SREx’s workspace and modified Denavit-Hartenberg (DH) parameters.
Joint Motion and Workspace DH Parameters

Joints Motion Joint Angles o q d; a;_q 0;
1 Shoulder joint horizontal flexion/extension 20/120° 0 ds 0 01
2 Shoulder joint vertical flexion/extension 142/60° —7t/2 0 0 0,
3 Shoulder joint internal /external rotation 90/90° /2 d, 0 03
4 Elbow joint flexion/extension 145/0° —7/2 0 0 04
5 Forearm joint pronation/supination 90/90° /2 dw 0 05
6 Wrist joint radial /ulnar deviation 20/25° —7t/2 0 0 0 — 7t/2
7 Wrrist joint flexion/extension 85/85° —7t/2 0 0 07

Tip Wrist handle with Force/Torque Sensor N/A 0 0 Aip N/A

where &;_ is the link twist, 4;_; corresponds to link length, d; stands for link offset, and 6; is the joint angle of the
SREx. Link length (a;): The length measured along X;, from axis Z; to axis Z;,1; link twist (;): The angle measured
along X;, from axis Z; to axis Z;,1; link offset (d;): The distance measured along Z;, from X;_; to X;; and joint
angle (0;): The angle measured along Z;, from X;_; to X;.

Assumption 1. The fixed reference frame{0} is located at a distance ds apart from the first reference
frame{1} of SREx.

Assumption 2. Frames {1} and {2} are located at the same point at the shoulder joint.
Assumption 3. Frames {4} and {5} are at the same point at the elbow joint.
Assumption 4. Frames {5}, {6}, and {7} are located at the same point at the wrist joint.

The general form of homogeneous transformation that relates frame {i} relative to the
frame {i — 1} [45] can be expressed by Equation (1).

. i-1p3x3  i-1p3x1
T = iR i

M

01><3 1

where "*%R is the rotation matrix that describes the frame {7} relative to frame {i — 1} and
can be expressed as:

i—1p _ . .
;R = sinb;cosa; 1 cosb;cosw; 1 —sina; 1

sinf;sinx; 1 cosO;sina; | cosw; q

cos0; —sin6; 0 ]
2

and ii%P is the vector that locates the origin of the frame {i} relative to frame {i — 1} and
can be expressed as:

PPl ap g —sajadi coqd; 11 3)

Using Equations (1)~(3), the homogenous transformation matrix that relates frame {7}
to frame {0} can be obtained by multiplying individual transformation matrices (:"'T).

9T = |91 IT3T-3T-3T-8T )

The single transformation matrix thus found from Equation (4) represents the positions
and orientations of the reference frame {7} attached to the wrist joint (axis 7) with respect to
the fixed reference frame {0} attached to the SREx’s base.

4. Control

This research uses a model-free decoupled PID control to maneuver the SREx to
provide upper limb rehabilitation therapy. PID control is the most widely used control
technique in industrial applications [45]. Moreover, classical PID controller’s stability
is ensured with the second order nonlinear systems, such as SREx, specifically for the
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time-independent desired joint position. Since the desired position is time-varying in
this paper’s context, it may not be arbitrary, but should have a very particular form. In
general, it is impossible to obtain an expression in closed form for the time-varying of
the desired trajectory, thus the closed-loop must be solved numerically. However, the
controller stability can be ensured by leveraging the gain tuning procedure described by
Kelly et al. [46].

Furthermore, PID is simple in design and efficient in computation. Moreover, it is
considered a robust control technique. The general layout of the PID control approach is
depicted in Figure 3. The joint torque commands (PID controller output) of the SREx can
be expressed by Equation (5):

7 = Kp(6,—6) + Ky(0,—6) + K; / (0,—0)dt ®)

where 0;,0 € R are the vectors of desired and measured joint angles, respectively,

éd, 8 ¢ R7 are the vectors of desired and measured joint velocities, respectively, Kp, Ky, Ki
are the diagonal positive definite gain matrices, and T € R’ is the joint torque vector. Let
the error vector E and its derivative be:

E=6,—0,E=60,—0 (6)

Figure 3. Schematic diagram of PID control.

Therefore, Equation (5) can be re-formulated as an error equation:
7 = KpE + KyE + KI/Edt ?)

The Equation (7) is decoupled, therefore, the individual torque command for each
joint would be as follows:

T; =Kp,e; + KViéi + KIi/eidt (8)

wherei =1, 2,---7 represents the robot’s seven joints, 6;, 6, are measured and desired
joint angles, respectively, 0;, éd,- are measured and desired joint velocities, respectively,
e, =04 —0;, ¢ = édi — éi are position tracking errors and velocity error for joint i,
respectively, and

E=[e; eo - e 1,

. L. . T
E=[le e - e ],
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Kp = dlﬂg[ I(p1 sz s Kp7 ]T
Ky =diagl Ky, Ky, --- Ky, 1\,
K; = d:ag[ K11 KIZ s KI7 ]T

5. Experiments and Results
5.1. Experimental Setup

The experimental setup and the control architecture of the SREx system are depicted
in Figures 4 and 5, respectively. Hall sensors embedded with each joint motor of the SREx
measure the joint angle and are sampled at 100 pus and then filtered with a second order
filter (see control architecture in Figure 5) with a damping factor ¢ = 0.90 and natural
frequency wg = 30 rad/s before being sent to the PID controller. The rationale for selecting
the second order filter for the SREx system is that this filter is stable and easy to implement.
In addition, its time of response is manageable only by tuning gain, damping, and frequency
parameters. At the start of the experiments, the gains of PI controller of the current loop
have been tuned experimentally to achieve optimum response.

L Hall Effect Sensors ]—
(;re; ] Experiment
I I Data
Sensors
Brushless
PWM Servo Host
Amplifiers Computer )
. PXle-8135 f Do 4
LYY  FTSensors == RTOS :
SREXx \_ ) | Trajectory

Figure 4. Experimental setup with SREx system.

9(] E \\,‘:‘v"
|
Desired N 2 I d |
j 2 I T/Id "
Trajectory E ;
Lot
* Convert Torque
- Controller | '
to Current i
Im/o | Motor
Current Monitor Output | Drivers
0
0 ilteri — SREx
J | Filtering Hall Sensor Pulses  /
RI-PC{OuterLoop) FPGA (Inner Loop)

Figure 5. Control architecture.

As shown in Figure 5, the joint torque commands from the output of the PID controller
are converted to motor currents, and then to voltage to generate reference values that
serve as drive commands for the motor drivers (Brushless PWM Servo Amplifier, Model:
ZB12A8, AMC, block diagram can be found in Appendix A). Note that the controller (PID)
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updates the torque commands every 500 ps and is executed in RT OS (left dotted box,
Figure 5). Furthermore, to realize the real-time control of the SREx and to ensure that the
proper current commands are sent to the driver, a PI controller (right dotted box, Figure 5)
was added to minimize the differences between the desired and measured currents (i.e., the
error command to PI controller). The PI controller runs ten times faster than the torque
control loop and is executed in a field-programmable gate array (FPGA). The current
signals measured from the current monitor output of motor drivers are sampled at 50 us
and are then filtered with a second order filter (see Figure 5) with a damping factor ¢ = 0.90
and natural frequency wy = 1000 rad/s prior to being sent to the PI controller. In this
control architecture, the high-level control in RT-PC and low-level control in FPGA were
implemented. In this case, the low-level control loop (inner loop) needs to be faster than the
high-level control loop (outer loop). The secondary process (low-level control) must react to
the secondary controller’s efforts at least three or four times faster than the primary process
(high-level control) reaction to the primary controller. This approach allows the secondary
controller (low-level control) enough time to compensate for inner loop disturbances before
they can adversely affect the primary process. Note that the controller’s (PID) gains used
for the experiments were found by trial and error after establishing a basis for gain tuning
using the method described by Kelly et al. [46] and are as follows:

Kp = diag| 300 750 450 700 300 420 650 |,

Ky =diag[ 40 250 120 200 100 280 400 ],

and
Ky=diag[ 30 35 15 25 10 6 1.5 |.

5.2. Experiments and Results Analysis

Experiments were conducted with healthy male human subjects (age: 25-44 years;
height: 161.5-177.8 cm; weight: 63-82 kg; the number of subjects: 5) seated on a chair
wearing the SREx on the lateral side of the right hand, as shown in Figure 1a. Therefore,
the SREx was subjected to continuous, highly coupled nonlinear disturbance during the
exercise period. The goal of the experiments is to evaluate the PID controller’s performance
(a) to maneuver this complex SREx robot to provide passive arm movement therapy
to individual and multijoint upper limb motion, and (b) to verify the robustness and
trajectory tracking performance of the controller. It would be pertinent to mention that in
a typical rehabilitation setting, upper limb movement therapies are provided at a speed
of 15 to 53° /s [38,39], depending on the patients” ULD. To evaluate the performance of
the developed SREx system and to test this hypothesis in this research, the developed
SREx robot was maneuvered with a model-free PID controller to provide every variety of
upper limb exercises. Furthermore, to test the robustness and tracking performance of the
controller, the SREx was tested with (a) different subjects (see subject parameters in Table 4)
for individual and multi-joint movement trajectories with a varying velocity ranging from
15to 72°/s; (b) continuous resistance force while providing therapy as a mimic of providing
therapy to an individual with upper limb spasticity; and (c) sudden jerk/perturbation that
is often observed among the patients with a stroke.

Table 4. Healthy human subject parameters.

Age (years) Height (cm) Weight (kg)
Subject A 25 172.7 80
Subject B 28 177.8 82
Subject C 26 175.2 78
Subject D 44 161.5 63

Subject E 30 162.5 68
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5.2.1. Individual Joint Movement Passive Exercise

We conducted individual upper limb joint movement exercises, such as elbow flex-
ion/extension, forearm pronation/supination, and shoulder vertical flexion/extension
(F/E) motion exercises with Subjects A, B, and C. In this paper, we have included results
for elbow flexion/extension only as both shoulder vertical F/E and elbow F/E are against
the gravity.

Elbow Flexion/Extension Exercise: Figure 6 shows the experimental results of elbow
motion, where the SREx repeatedly provides elbow flexion/extension motion to Subject A
from 10 to 130° at a varying velocity from 15 to ~72°/s. The first row in the figure compares
the desired joint angles (i.e., reference trajectories/exercise, dotted line) to measured joint
angles (i.e., measured trajectories, solid line). The second row shows the tracking error; the
third row compares the desired velocity (dotted line) against the measured velocity (solid
line); the fourth row shows the joint torques. The fifth and sixth rows display human-robot
interaction forces and torques, respectively. As seen in Figure 6, the exercise was repeated
in three cycles and at different velocity ranges to show SREx’s performance in providing
passive therapies to subjects. The first cycle represents the slow velocity range (trajectory
time: ~2 to ~16 s), the second cycle represents the medium velocity range (trajectory time:
~17 to ~26 s), and the third cycle represents the fast velocity range (trajectory time: ~27
to ~32's). The peak velocity of the first cycle was observed around ~25.6° /s, and for the
second and third cycles the peak velocity was observed around 40 and 71.9° /s, respectively.
Throughout this paper, the different velocities were predefined based on current practices
and the need for rehabilitation therapies [38,39]. Note that to check/validate the robustness
of the controller, the PID gains used in this research were tuned only for the medium velocity
range (~35°/s). We hypothesized that the same PID control gains are adequate to maneuver
the complex SREx robot to provide rehabilitation therapy in all possible rehabilitation
scenarios, including exercises performed at different velocities with different subjects.

In Figure 6, the left column presents the results of Case 1, where the subject remained
passive (i.e., no voluntary movement by the subject). On the other hand, the middle column
illustrates the results of Case 2, where the subject was asked to resist the motion (see
force/torque plots, Figure 6, middle column, fifth and sixth rows) to simulate the case of
spasticity. The maximum resistive force observed in this case was around 21.03 N, detected
from the F/T sensors at the wrist joint. The right column presents the results of Case 3,
where the subject was asked to exert sudden jerk/perturbation to simulate the case of
involuntary movement (see force/torque plots, Figure 6, right column, fifth and sixth rows)
that is often observed among the patients with a stroke. The maximum jerk force observed
in this case was around 12.27 N, detected from the F/T sensors at the wrist joint. It can be
seen from the tracking plots (first row, Figure 6), that the measured and desired trajectories
are entirely overlapped in all three cases despite resistance to motion and sudden jerk.
Therefore, the tracking errors are relatively minor (see tracking error plots, second row,
Figure 6), which is less than 1° in the first and second cycles and less than 2.5° in the third
cycle (in the case of high speed). By comparing the force/torque sensor data trails for three
cases, one can recognize the differences in human-robot interaction, which stems from
emulated conditions of the same subject.

Forearm Pronation/Supination Exercise: Figure 7 shows the experimental results of
forearm motion, where the SREx repeatedly provides pronation/supination motion (see
schematic in Figure 2e) to Subject C, ranging from —70 to 70°. As seen in Figure 7, the
exercise was repeated in three cycles and performed at varying velocities. The peak velocity
of the first cycle (slow velocity cycle, trajectory time: ~0.5 to ~12.5 s) was observed around
~26.2° /s, and for the second (medium velocity cycle, trajectory time: ~22.5 to ~12.5 s) and
third cycles (fast velocity cycle, trajectory time: ~29.5 to ~32 s) were observed around 42
and 59.9° /s, respectively.
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Joint 4: Passive Elbow Flexion-Extension Excercise
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Figure 6. Passive elbow flexion (130°)/extension (10°) exercise for Subject A, where the subject exerts
no force during the exercise (left column), resists the motion (middle column), and provides sudden
jerk motion throughout the exercise (right column).

In Figure 7, the left column presents the results of Case 1, where the subject remained
passive (i.e., no voluntary movement by the subject). The middle column illustrates the
results of Case 2, where the subject was asked to resist the motion (see force/torque
plots, Figure 7, middle column, fifth and sixth rows) to simulate the case of spasticity. The
maximum resistive force observed in this case was around 12.19 N. Finally, the right column
presents the results of Case 3, where the subject was asked to exert sudden jerk/perturbation
to simulate the case of involuntary movement (see force/torque plots, Figure 7, fifth and
sixth rows) that is often observed among the patients with a stroke. The maximum jerk
force observed in this case was around 8.13 N. It can be seen from the tracking plots
(first row, Figure 7) that the controller performance was excellent despite providing the
resistance to motion, and the measured trajectory completely overlaps with the desired
trajectory, similar to the previous exercises. The tracking error was also observed to be
relatively small in this exercise (less than 1° in the first two cycles and less than 2.5° in the
third cycle). Note that although in rehabilitation robotics the trajectory tracking error is
not a vital matrix to measure control performance, but rather the chattering-free trajectory
tracking and robustness of the controller matter, the experimental results warrant the PID
controller’s excellent performance in trajectory tracking and robustness.
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Joint 5: Passive Forearm Pronation-Supination Excercise
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Figure 7. Passive forearm pronation (70°)/supination (70°) exercise where Subject C exerts no force
during the exercise (left column), resists the motion (middle column), and provides sudden jerk
motion throughout the exercise (right column).

5.2.2. Composite Passive Joint Movement Exercises (Diagonal Reaching Motion)

To further evaluate the robustness and trajectory tracking performance of the PID
control, a multi-joint movement exercise involving the simultaneous motion of the shoulder
and elbow joint, representing diagonal reaching movement exercise, was performed with
the three subjects (Subjects A, B, and C).

Figure 8 shows the Cartesian trajectory tracking plots of diagonal reaching motion
(i.e., robot/subject’s end-effector position plots) in three cases when Subject B (a) remained
passive, (b) resisted the motion, and (c) exerted sudden jerk motion. It can be seen from the
plots that the exercises were performed at three different velocity ranges (first cycle: Slow
velocity, trajectory time: ~0.5 to ~6.5 s; second cycle: Medium velocity, trajectory time: ~7
to ~11 s; third cycle: Fast velocity, trajectory time: ~11.5 to ~13.5 s). In addition, tracking
errors vary with the increase of velocity, but they are minimal.
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Figure 8. Cartesian trajectories and errors for diagonal reaching exercise with Subject B, while the
subject (a) remains passive during the motion; (b) subject resists the motion; (c) subject provides
sudden jerk force during the motion.

Figure 8a shows the experimental results of Cartesian trajectory tracking plots of diag-
onal reaching motion in Subject B, where the subject remained passive (i.e., no voluntary
movement by the subject); the corresponding shoulder (Joints 1 and 2) and elbow joint
(Joint 4) motions are plotted in Figure 9a. As seen in Figures 8a and 9a, the exercise was
repeated in three cycles and performed at varying velocities, ranging from 15 to 60°/s.
The peak velocity of the first cycle was observed around ~20°/s, and for the second and
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third cycles the peak velocity was observed at 30 and 60° /s, respectively. It can be seen
from Figures 8a and 9a, that both Cartesian and joint based tracking errors are minimal,
where the Cartesian tracking error is observed <0.9 cm in first cycle, <1.5 cm in second
cycle, and <2 cm in third cycle, whereas the joint based tracking error is found <0.5° in first
and second cycles, <1.5° in third cycle.

Joint-based Desired and Measured Trajectory for Passive Diagonal Reaching Excercise
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Figure 9. Trajectory tracking during diagonal reaching exercise (combination of shoulder vertical,
horizontal, and elbow flexion/extension) of Subject B, while the subject (a) remains passive during
the exercise motion, (b) resists the motion, and (c) provides sudden jerk force during the motion.
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Figure 8b illustrates the Cartesian trajectory tracking plots of a similar diagonal reach-
ing motion as in Figure 8a, but the subject was asked to resist the motion to simulate the
case of spasticity. The corresponding joint movements are plotted in Figure 9b. It can be
seen from Figures 8b and 9b that both Cartesian and joint based tracking errors are minimal,
where the Cartesian tracking error is observed <1 cm in first cycle, <2 cm in second cycle,
and <2.6 cm in third cycle, whereas the joint based tracking error is found <1.5° in first and
second cycles, <3° in third cycle. Figure 8c demonstrates the Cartesian trajectory tracking
plots of a similar diagonal reaching motion as Figure 8a. However, the subject was asked to
exert sudden jerk/perturbation to simulate the case of involuntary movement that is often
observed among the patients with a stroke. The corresponding shoulder and elbow joint
movements are plotted in Figure 9b. As seen in Figures 8c and 9c, similar to the previous
two trials, the exercise was repeated in three cycles and performed at a varying velocity,
ranging from 15 to 60°/s. Furthermore, both Cartesian and joint based tracking errors
are minimal, where the Cartesian tracking error is observed <1 cm in first cycle, <2 cm in
second cycle, and <3.8 cm in third cycle, whereas the joint based tracking error is found
<1.5° in first and second cycles, <4° in third cycle. From the force/torque plots vs. error
plots in Figure 10, it is evident that errors slightly increase when subjects resist the motion
and/or add sudden jerk motion.

(a) Subject Remains Passive

(b) Subject Resists Motion (c) Subject Provides Sudden Jerk

[ 2 o

v

1+

ST
o
W&@G}%;ﬁ %,
A w7

A
ANV
A

Tracking
Error [°]

A
52 4] N A
2 A EN
‘?%’ 1 L\\—V 2t
A v. A 11 N i % oy
v N v ,
Py &7@ S v § Wwv Lo SR, p B W‘"B&X ywwv £ &%@% VoA
7 7. A AR WA Ae: Y g e R & & owﬁ '\/_\’ji'r&(%&;y 7. v gA
%% PR BAY o AAAG PN ES N BETFNRTFA Sz o N
A AL " 7 K B
v B A = ©» An
4 _2 =
AA 2t A A

FIT Sensor
Force [N]

F/T Sensor
Torque [Nm]

6

8
Time [s]

140 2 4 6 8 10
Time [s]

10 12

Time [s]

Figure 10. Tracking error and associated force/torque sensor data during diagonal reaching exercise
of Subject B, while the subject (a) remains passive during the exercise motion, (b) resists the motion,
and (c) provides sudden jerk force during the motion.
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Figure 10 presents human-robot interaction force/torque plots corresponding to the
diagonal reaching exercise for the three different cases, where Figure 10a corresponds
to the first case when the subject remained passive during the motion, indicating that
the subject provided no voluntary movement during the motion provided by the robot.
Figure 10b represents the second case when the subject resisted the motion during the
motion. Figure 10c presents the third case when the subject provided perturbation or
sudden jerk force during the motion. The first row presents the joint position tracking error
for all three joints. The second and third rows show the force and torque values captured
through the force/toque sensor during three different cases. Figure 10a shows that the
tracking error of Joint 1 was at <2°, where the maximum interaction force at the wrist
handle was observed at around 3.04 N, even when the subject remained passive (first case).
For the second case, the maximum resistance to motion force was observed to be around
18.45 N (see Figure 10b, second row), which is detected from the F/T sensor. It can be
seen from the second row in Figure 10c that the maximum jerk force is around 12.18 N
for the third case. The critical difference between the second and third case is the nature
and magnitude of force and torque exerted by the subject, which can be clearly seen in
Figure 10a—c (second and third rows). The associated tracking error plots provide insight
into the correlation between the exerted force by the Subject and SREx’s capability to follow
the predefined passive therapy.

5.2.3. All Joints Simultaneous Motion (Passive)

To further evaluate the performance of the PID controller regarding dynamic trajectory
tracking and robustness, another experiment involving simultaneous movements of all
upper limb joints, i.e., shoulder, elbow, forearm, and wrist joint movements (7DoF), was
performed with Subjects D and E. In this paper, we have presented the results for Subject D.

Figure 11 shows the experimental results, where SREx provides simultaneous motion
of all upper limb joints to Subject D. The exercise was repeated for two cycles and performed
at varying velocity ranges in each cycle (slow velocity cycle, trajectory time: ~1 to ~17 s;
fast velocity cycle, trajectory time: ~18 to ~24 s), ranging from 15 to 30°/s. During this
trial, the subject remained passive (i.e., no voluntary movement by the subject). On the
other hand, Figure 12a illustrates the Cartesian trajectory tracking plots of the exercise
(maximum tracking error observed is less than 1 cm). It can be seen from the tracking error
plots in Figure 11 that the controller performance was excellent, as, again, the tracking error
was relatively small (less than 1.5°), except for Joint 3. The maximum tracking error was
observed in Joint 3, around 2.5°, which is also minimal.

To further substantiate the performance of the PID controller, a similar exercise to
Figures 11 and 12a was performed with SREx, where the same subject was asked to resist the
motion to simulate the case of spasticity/disturbances. Figure 12b illustrates the Cartesian
trajectory tracking plots of the exercise, where the Cartesian tracking error was observed as
less than 1.5 cm. It can be seen from the tracking error plots in Figure 12b that the controller
performance was excellent, as, again, the tracking error was relatively small (less than 1.5°),
except for Joint 3. The maximum tracking error was observed in Joint 3, around 2.5°, which
is also minimal.

Finally, Figure 13 presents human-robot interaction, force/torque plots, and associated
position tracking errors for individual robot joints in both cases (see Figure 13a,b). The track-
ing error and force/torque trails show that when the subject provides perturbation during
the robot’s predefined motion, the joint tracking errors increase but remain minimal and
stable throughout this complex motion. When the subject remained passive, the maximum
interaction force was observed around 3 N (see Figures 11, 12a and 13a), detected from the
F/T sensor at the wrist handle. For the case where the subject resisted the robot’s motion,
the maximum interaction/resistive force is observed around 40 N (Figures 12b and 13b).
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Figure 11. All seven joints’ passive exercise, while Subject D remains passive during the motion.
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Figure 12. Cartesian trajectories and errors for all seven joints’ passive exercise for Subject D.
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Figure 13. Force-torque interaction and associated tracking error for all seven joints’ passive exercise
for Subject D, while the subject (a) remains passive during the motion and (b) resists the motion.

As a result, the experimental results presented in Figures 613 guarantee that a model-
free PID controller can effectively maneuver the developed SREx to provide individual
and multi-joint movement upper limb exercises at a varying velocity and different exercise
scenarios, including resistance to motion exercise and sudden involuntary movement
exercise. Overall, the PID controller is found to be very robust in all cases.

5.2.4. Statistical Comparison

Table 5 summarizes and compares the experimental results of Subjects A, B, and C of
elbow joint flexion/extension motion. Note that the experimental results of only Subject
A are presented in Figure 6. Therefore, Table 5 compares the root mean square (RMS)
error and peak tracking error of elbow joint flexion/extension motion of Subjects A, B,
and C in different experiment conditions, including when the subject (a) remained passive,
(b) resisted the exercise, and (c) exerted sudden jerk motion. It can be seen from Table 5 that
for this particular exercise, the maximum RMS error is observed in the case of ‘resistance to
motion exercise’, which is 0.64°, where Subject A’s resistive force was found around 24.38 N.
The maximum peak tracking error, which is 2.06° was also observed in the case of ‘resistance
to motion exercise’, but for Subject B. The exact magnitude of peak tracking error (2.06°) was
also observed in the case of the ‘sudden jerk” event of Subject A’s flexion/extension motion,
where Subject A’s jerk force was found around 12.27 N. We can see that as the resistive
forces increase, the tracking errors also increase.

Furthermore, it is observed from the data presented in Table 5 that during ‘resistance
to motion exercise’, Subject A exerted approximately six times the forces observed in the
case of ‘passive’ motion; however, the RMS error was increased by 0.22°, and the peak
tracking error was raised by 0.45°, only. Similarly, during ‘sudden jerk motion’, Subject
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A exerted approximately four times the forces observed in the case of “passive’ motion;
however, the RMS error was increased by 0.13°, and the peak tracking error was raised
by 0.57°, only. On the other hand, during the same ‘resistance to motion exercise’, Subject B
exerted approximately 3.6 times the forces observed in the case of ‘passive’ motion; however,
the RMS error was increased by 0.13°, and the peak tracking error was raised by 0.57°,
only. Similarly, during ‘sudden jerk motion’, Subject B exerted approximately 2.5 times the
forces observed in the case of ‘passive’ motion; however, the RMS error was increased
by 0.03°, and the peak tracking error was raised by 0.11°, only. Subject C’s data also
show a similar pattern, where the RMS and peak tracking error increased slightly with the
resistive/jerk force.

Table 5. Joint 4: Elbow flexion/extension passive exercise.

"]
g Subject A * Subject B Subject C
: s
ensor:
E Force/Torque, RMS Peak {E{i\r/f)sr ]I;:raol; RMS Peak {E{i\r/f)sr ]I;::ol; RMS Peak {E{i\r/f)sr ]IE’::(};
g F/T F/T BT 00 o0 F/T F/IT 0l e F/T F/IT el a8
E (N/Nm) 4 4 4 4 4 4
Fy 2.08 3.76 2.86 6.75 3.16 7.67
Fy 0.46 1.01 0.49 1.23 0.98 2.01
.% F, 1.83 3.95 1.58 3.16 1.19 3.78
@ 0.42 1.49 0.38 1.49 0.43 1.60
& Ty 0.02 0.06 0.07 0.18 0.08 0.16
T, 0.11 0.24 0.20 0.52 0.28 0.75
T. 0 0 0 0 0.01 0.06
Fy 4.21 10.16 6.97 20.41 4.09 11.86
° Fy 1.34 391 3.40 10.37 1.70 5.53
9
_@ F, 9.94 21.03 8.63 24.38 3.85 10.75
R 0.64 1.95 0.51 2.06 0.50 1.72
4 Ty 0.12 0.36 0.32 1.17 0.14 0.54
~
Ty 0.42 1.19 0.60 247 0.37 1.24
T, 0.01 0.05 0.05 0.18 0.02 0.07
Fy 2.77 6.01 5.15 16.72 3.47 9.38
4 Fy 1.05 2.09 2.77 9.74 1.09 2.01
)
? F, 5.96 12.27 4.94 14.80 2.62 9.41
2 0.55 2.06 041 1.60 0.47 1.78
g Ty 0.08 0.16 0.28 1.16 0.08 0.22
@ Ty 0.28 0.66 0.36 0.85 0.32 0.97
T, 0.02 0.11 0.03 0.12 0.02 0.07

* The subject’s corresponding experimental data plots has been shown in Figure 6.

Table 6 summarizes and compares the experimental results of Subjects A, B, and
C of forearm pronation/supination motion. Note that the experimental results of only
Subject C are presented in Figure 7. Therefore, Table 6 compares the root mean square
(RMS) error and peak tracking error of forearm pronation/supination motion of Subjects
A, B, and C in different experiment conditions, including when the subject (a) remained
passive, (b) resisted the exercise, and (c) exerted sudden jerk motion. It can be seen from
Table 6 that for this particular exercise, the maximum RMS error is observed in the case
of ‘resistance to motion exercise’, which is 1.07°, where Subject B’s resistive force was found
around 19.55 N. The maximum peak tracking error, which is 2.69°, was also observed in
the case of ‘resistance to motion exercise’.

Furthermore, it is observed from the data presented in Table 6 that during ‘resistance to
motion exercise’, Subject B exerted approximately 9.8 times the forces observed in the case of
‘passive’ motion; however, the RMS error was increased by 0.24°, and the peak tracking
error was raised by 0.63°, only. Similarly, during ‘sudden jerk motion’, Subject B exerted
approximately 6.18 times the forces observed in the case of “passive’ motion; however, the
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RMS error was increased by 0.12°, and the peak tracking error was decreased by 0.05°,
only. On the other hand, during the same ‘resistance to motion exercise’, Subject C exerted
approximately 3.61 times the forces observed in the case of ‘passive’ motion; however, the
RMS error was increased by 0.07°, and the peak tracking error was raised by 0.29°, only.
Similarly, during ‘sudden jerk motion’, Subject C exerted approximately 2.41 times the forces
observed in the case of ‘passive’ motion; however, the RMS error remained the same, and the
peak tracking error was raised by 0.29°, only. Subject A’s data also show a similar pattern,
where the RMS and peak tracking error increased slightly with the resistive /jerk force.

Table 6. Joint 5: Forearm pronation/supination passive exercise.

[
§ Subject A Subject B Subject C *
i s
ensor:
E Force/Torque, RMS Peak g\r/f)sr ]IE’reraol; RMS Peak g\r/{)sr ]I;re:ol; RMS Peak g\r/{)sr ]I;rei)l;
B F/T F/T F/T es ©) es ©) F/T F/T es ©) es ©) F/T F/T es ©) es )
S (N/Nm) 5 5 5 5 5 5
F, 0.25 1.77 0.38 1.98 1.67 3.8
Fy 1.55 2.77 1.46 2.77 2.12 3.42
g F, 1.17 2.39 1.10 2.28 1.8 3.37
2 0.87 2.06 0.83 206 ———————————— 0% 2.18
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T, 0 0 0 0 0.02 0.07
Fy 7.79 17.13 9.46 19.55 2.40 6.46
o Fy 5.15 13.39 5.39 15.03 348  10.37
é F, 3.22 7.02 6.74 16.77 4.63 1219
7 1.05 2.35 1.07 269 ——————— 101 2.23
'z Ty 1 244 1.24 3.77 0.65 1.85
. Ty 0.56 1.24 0.65 1.45 0.45 1.41
T, 0.14 0.37 0.13 0.36 0.08 0.2
Fy 3.2 14.68 3.93 12.06 2.21 5.99
v Fy 2.84 13.90 2.96 8.44 1.5 4.51
— -
= F, 2.39 6.19 4.38 14.11 343 8.13
5 0.94 2.58 0.95 264 ———————— 1.00 2.52
s Ty 0.48 1.78 0.82 241 0.37 0.97
S T
» Ty 0.23 0.86 0.30 0.94 0.26 0.66
T, 0.04 0.15 0.05 0.21 0.06 0.19

* The subject’s corresponding experimental data plots has been shown in Figure 7.

Table 7 summarizes and compares the experimental results of Subjects A, B, and C
of diagonal reaching motion. Note that the experimental results of only Subject B are
presented in Figures 8-10. Therefore, Table 7 compares the root mean square (RMS) error
and peak tracking error of shoulder joint flexion/extension motion of Subjects A, B, and
C in different experiment conditions, including when the subject (a) remained passive,
(b) resisted the exercise, and (c) exerted sudden jerk motion. It can be seen from Table 7
that for this particular exercise, the maximum RMS error is observed in the case of ‘sudden
jerk” event, which is 0.65°, where Subject A’s resistive force was found around 11.6 N. The
maximum peak tracking error, which is 1.91°, was also observed in the case of ‘sudden jerk
event’ but for Subject B.

Furthermore, it is observed from the data presented in Table 7 that during ‘resistance to
motion exercise’, Subject B exerted approximately six times the forces observed in the case
of ‘passive’ motion; however, the RMS error was increased by 0.22°, and peak tracking
error was raised by 0.45°, only. Similarly, during ‘sudden jerk motion’, Subject A exerted
approximately 6.1 times the forces observed in the case of “passive’ motion; however,
the RMS error was increased by 0.13°, and the peak tracking error was raised by 0.57°,
only. On the other hand, during the same ‘resistance to motion exercise’, Subject B exerted
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approximately 3.6 times the forces observed in the case of ‘passive’ motion; however, the
RMS error was increased by 0.11°, and the peak tracking error was raised by 0.38°, only.
Similarly, during ‘sudden jerk motion’, Subject B exerted approximately four times the forces
observed in the case of ‘passive’ motion; however, the RMS error was increased by 0.04°,
and the peak tracking error was raised by 0.37°, only. The data for Subjects A and C also
show a similar pattern, where the RMS and peak tracking error increased slightly with
resistive/jerk force.

Table 7. Diagonal reaching passive exercise (composite motion of Joints 1, 2, and 4).

[
§ Subject A Subject B * Subject C
]
E Sensor: Mean Mean Mean RMS Mean Mean Mean
° Force/Torque, RMS Peak RMS Peak RMS Peak Error Peak RMS Peak RMS Peak
s F/T F/T F/T Error Error F/T Fe far e (()0) Error F/T F/T Error Error
s (N/Nm) e1q (°)  e124 () 12 e124 (°) e124(°)  e124 ()
F, 1.52 342 1.20 3.04 1.48 3.30
Fy 0.89 1.36 1.16 2.77 0.95 1.75
é’ F, 0.88 1.63 1.64 2.94 1.34 2.39
% 0.47 1.30 0.44 126 ——————————— 052 1.38
K Ty 0.09 0.14 0.07 0.21 0.06 0.11
Ty 0.14 0.31 0.08 0.20 0.15 0.28
T, 0 0 0 0 0 0
Fy 5.03 10.78 8.49 18.45 2.37 6.15
o Fy 3.14 5.62 411 8.34 1.99 4.56
é F, 1.03 1.87 5.52 10.86 211 5.18
@ 0.63 1.49 0.55 153 ———————— 06l 1.45
'z Ty 0.31 0.55 0.36 0.75 0.22 0.52
a Ty 0.50 1.13 0.61 1.29 0.19 0.49
T, 0 0 0.05 0.16 0 0
Fy 5.95 11.60 4.19 12.18 419 1098
v Fy 3.04 6.45 3.83 7.93 1.69 4.44
- S —
= F, 1.05 2.37 3.65 10.10 2.02 6.10
g 0.65 1.62 0.59 191 ———————— 0.0 1.57
z Ty 0.30 0.59 0.39 0.81 0.20 0.55
S o
n Ty 0.61 1.30 0.30 0.83 0.42 1.08
T, 0 0 0.02 0.07 0 0

* The subject’s corresponding experimental data plots has been shown in Figures 8-10.

A minimal RMS and peak tracking error increase is observed with a significant re-
sistive/jerk force. Therefore, we found a co-relation between the RMS tracking error vs.
resistive/jerk force, and peak tracking error vs. resistive/jerk force. Therefore, the statistical
data presented in Tables 5-7 conclude that the PID controller demonstrated an extremely
robust performance.

Table 8 summarizes the root mean square (RMS) error of each joint of the SREx for the
multi-joint movement exercise for Subjects D and E, where the subjects remained passive
during the robot’s predefined motion. The results show an excellent tracking performance
of the PID controller with the RMS tracking error around or below 0.5° for all the joints
except for Joint 3, where the maximum tracking error was observed around 1.4°, which is
still minimal.

Table 9 summarizes the root mean square (RMS) error of each joint of the SREx for the
multi-joint movement, where the subjects were asked to resist the robot’s motion. These
results also show excellent tracking performance of the PID controllers, with the RMS
tracking error observed around or below 0.7° for all the joints except for Joint 3, where the
maximum tracking error was observed at around 1.59°.

It is evident from the results presented in Figures 613 and from the statistical com-
parison shown in Tables 5-9 that a PID controller can efficiently drive the developed 7DoF
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SREx to provide single and multi-joint movement upper limb exercises. In the research
conducted by Wu et al., the authors presented the control of a 7 DoF exoskeleton-type for
providing elbow flexion/extension and forearm pronation/supination exercises with a
model-based adaptive sliding mode controller with disturbance observer (ASMCDO) [47].
The exercises were conducted with three subjects while they remained passive throughout
the motions. The authors compared the performance of their proposed controller with a
conventional terminal sliding mode controller (TSMC), which is another model-based con-
troller. Although their proposed controller showed better tracking performance compared
to TSMC, however, even in the passive condition of the subjects’, the ASMCDO produced
a maximum absolute error (MAXE) greater than 4° for elbow flexion/extension exercise
and more than 4.5° for forearm pronation/supination exercise. The authors also found
that for the trials with passive exercise experiments, the root mean square error (RMSE)
was greater than 1.7°. Whereas the conventional PID controller in this study produced
MAXE or peak error to be less than ~1.5° for elbow flexion/extension exercise and less
than ~2° for forearm pronation/supination exercise (see Tables 6 and 7). In addition, using
the conventional PID controller, the RMSE was found to be less than 0.5° and less than
0.95° for elbow and forearm exercise, respectively.

Table 8. Statistical analysis of tracking error and peak velocities, while Subjects D and E remain
passive during all seven joints” motion.

Slow Cycle (~1 to ~17 s) Fast Cycle (~18 to ~24 s)
Subject D * Subject E Subject D * Subject E
Joints RMS Peak RMS Peak RMS Peak RMS Peak
Error Velocity Error Velocity Error Velocity Error Velocity
e; (°) (/s) e; (°) (©1s) e; (°) (°/s) ; (°) ©1s)
1 0.1660 114 0.2323 11.4 0.4776 30.3 0.5244 30.3
2 0.5538 11.3 0.5484 11.3 0.6143 29.4 0.6031 29.6
3 0.5957 12.1 0.5201 11.9 1.4149 32.5 1.4130 31.9
4 0.2710 11.5 0.2545 11.5 0.1365 30.0 0.1572 29.9
5 0.2908 11.2 0.2772 11.6 0.5898 25.6 0.5465 25.6
6 0.0616 13.1 0.0616 12.9 0.1107 25.4 0.1180 25.4
7 0.0521 11.8 0.0541 11.9 0.0947 26.7 0.1035 27.3
* The subject’s corresponding experimental data plots has been shown in Figures 11, 12a and 13a.
Table 9. Statistical analysis of tracking error and peak velocities, while Subjects D and E resist all
seven joints” motion.
Slow Cycle (~1 to ~17 s) Fast Cycle (~18 to ~24 s)
Subject D * Subject E Subject D * Subject E
Joints RMS Peak RMS Peak RMS Peak RMS Peak
Error Velocity Error Velocity Error Velocity Error Velocity
e; (°) (°/s) ; (°) (©1s) e; (°) (°/s) ; (°) (©/s)
1 0.5647 11.8 0.2346 11.5 0.6027 31.2 0.3703 30.5
2 0.7123 11.4 0.5742 11.4 0.7475 29.7 0.7053 29.5
3 0.5995 11.7 0.5823 12.4 1.4478 319 1.5938 30.2
4 0.2583 11.6 0.2772 11.6 0.1598 29.9 0.2278 29.8
5 0.3195 11.6 0.3393 11.5 0.5807 25.5 0.7222 25.6
6 0.0679 12.9 0.0786 13.0 0.1044 25.4 0.1819 25.4
7 0.0487 11.7 0.0782 12.0 0.0986 27.1 0.1659 27.6

* The subject’s corresponding experimental data plots has been shown in Figures 12b and 13b.



Sensors 2022, 22, 3747

23 of 26

Moreover, the PID controller is found to be robust in providing therapy to the different
subjects at varying velocities and different passive exercise scenarios, including the sub-
ject’s relaxed state during exercise, resistance to motion exercise, and sudden involuntary
movement during exercise. Furthermore, the robustness and stability of the PID controller
are confirmed in the experimental results in Figures 6-13, where the participants’ artificially
induced resistance to motion and imitation of spasticity are often observed in patients with
stroke. The statistical data presented in Tables 5-9 also conclude that the PID controller
demonstrated extremely robust performance. With a substantial resistance/jerk force, a
slight increase in RMS, and an observed peak tracking error. Overall, the PID controller is
found to be very robust in all cases.

6. Conclusions

This study introduces the smart robotic exoskeleton (SREx), a 7 degrees of freedom
exoskeleton robot designed for use by adults in upper limb rehabilitation therapy. This
study implemented a model-free PID controller for SREx’s complicated 7 DoF. The ro-
bustness and trajectory tracking of the performance of the PID controller was evaluated
through rigorous experiments with five healthy participants simulating various therapeutic
scenarios of actual patients with upper arm impairment, including individual and multi-
joint movement exercises with varying velocities ranging from 15 to 72°/s. Experiments
were carried out in three distinct conditions: (i) The subject did not make any voluntary
movements; (ii) the subject was urged to resist the motion to represent spasticity; and
(iii) the subject was requested to exert abrupt jerk/perturbation to simulate involuntary
movements. The statistical comparison of experimental outcomes demonstrates the efficacy
of PID in robot-assisted rehabilitation. The experiment results confirm that a model-free
PID controller may be employed effectively for robot-assisted rehabilitation of real patients
by manipulating a therapeutic exoskeleton robot.
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controls (source: https:/ /www.a-m-c.com/product/zb12a8/, accessed on 9 May 2022).

References

1.

10.

11.

Benjamin, E.J.; Muntner, P; Alonso, A.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R,;
Cheng, S.; Das, S.R.; et al. Heart Disease and Stroke Statistics-2019 Update: A Report from the American Heart Association.
Circulation 2019, 139, e56—e528. [CrossRef] [PubMed]

Islam, M.R;; Spiewak, C.; Rahman, M.H.; Fareh, R. A Brief Review on Robotic Exoskeletons for Upper Extremity Rehabilitation to
Find the Gap between Research Porotype and Commercial Type. Adv. Robot. Autom. 2017, 6, 3. [CrossRef]

Louie, D.R.; Eng, ]J.J. Powered Robotic Exoskeletons in Post-Stroke Rehabilitation of Gait: A Scoping Review. J. Neuroeng. Rehabil.
2016, 13, 53. [CrossRef] [PubMed]

Maciejasz, P.; Eschweiler, J.; Gerlach-Hahn, K.; Jansen-Troy, A.; Leonhardt, S. A Survey on Robotic Devices for Upper Limb
Rehabilitation. J. Neuroeng. Rehabil. 2014, 11, 3. [CrossRef]

Mozaffarian, D.; Benjamin, E.J.; Go, A.S.; Arnett, D.K.; Blaha, M.]J.; Cushman, M.; de Ferranti, S.; Despres, J.P.; Fullerton, H.J.;
Howard, VJ.; et al. Heart Disease and Stroke Statistics—2015 Update: A Report from the American Heart Association. Circulation
2015, 131, €29-e322. [CrossRef]

Bai, S.; Christensen, S.; Islam, M.R.U. An Upper-Body Exoskeleton with a Novel Shoulder Mechanism for Assistive Applications.
In Proceedings of the 2017 IEEE International Conference on Advanced Intelligent Mechatronics (AIM), Munich, Germany,
3-7 July 2017.

Gopura, R.A.R.C,; Kiguchi, K,; Li, Y. Sueful-7: A 7dof Upper-Limb Exoskeleton Robot with Muscle-Model-Oriented Emg-Based
Control. In Proceedings of the 2009 IEEE/RS] International Conference on Intelligent Robots and Systems, St. Louis, MO, USA,
10-15 October 2009.

Islam, M.R; Assad-Uz-Zaman, M.; Brahmi, B.; Bouteraa, Y.; Wang, I.; Rahman, M.H. Design and Development of an Upper Limb
Rehabilitative Robot with Dual Functionality. Micromachines 2021, 12, 870. [CrossRef]

Liu, L.; Shi, Y.Y.; Xie, L. A Novel Multi-Dof Exoskeleton Robot for Upper Limb Rehabilitation. J. Mech. Med. Biol. 2016, 16, 1640023.
[CrossRef]

Xiao, EY.; Gao, Y.S.; Wang, Y.; Zhu, Y.H.; Zhao, J. Design and Evaluation of a 7-Dof Cable-Driven Upper Limb Exoskeleton.
J. Mech. Sci. Technol. 2018, 32, 855-864. [CrossRef]

Colombo, R.; Pisano, F.; Micera, S.; Mazzone, A.; Delconte, C.; Carrozza, M.C.; Dario, P.; Minuco, G. Robotic Techniques for Upper
Limb Evaluation and Rehabilitation of Stroke Patients. IEEE Trans. Neural Syst. Rehabil. Eng. 2005, 13, 311-324. [CrossRef]


https://www.a-m-c.com/product/zb12a8/
http://doi.org/10.1161/CIR.0000000000000659
http://www.ncbi.nlm.nih.gov/pubmed/30700139
http://doi.org/10.4172/2168-9695.1000177
http://doi.org/10.1186/s12984-016-0162-5
http://www.ncbi.nlm.nih.gov/pubmed/27278136
http://doi.org/10.1186/1743-0003-11-3
http://doi.org/10.1161/CIR.0000000000000152
http://doi.org/10.3390/mi12080870
http://doi.org/10.1142/S0219519416400236
http://doi.org/10.1007/s12206-018-0136-y
http://doi.org/10.1109/TNSRE.2005.848352

Sensors 2022, 22, 3747 25 of 26

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hesse, S.; Schulte-Tigges, G.; Konrad, M.; Bardeleben, A.; Werner, C. Robot-Assisted Arm Trainer for the Passive and Active
Practice of Bilateral Forearm and Wrist Movements in Hemiparetic Subjects 1 1 an Organization with Which 1 or More of the
Authors Is Associated Has Received or Will Receive Financial Benefits from a Commercial Party Having a Direct Financial Interest
in the Results of the Research Supporting This Article. Arch. Phys. Med. Rehabil. 2003, 84, 915-920.

Hogan, N.; Krebs, H.I.; Charnnarong, J.; Srikrishna, P.; Sharon, A. Mit-Manus: A Workstation for Manual Therapy and Training. L.
In Proceedings of the IEEE International Workshop on Robot and Human Communication, Tokyo, Japan, 1-3 September 1992.
Krebs, H.L; Volpe, B.T.; Williams, D.; Celestino, J.; Charles, S.K.; Lynch, D.; Hogan, N. Robot-Aided Neurorehabilitation: A Robot
for Wrist Rehabilitation. IEEE Trans. Neural Syst. Rehabil. Eng. 2007, 15, 327-335. [CrossRef] [PubMed]

Kwakkel, G.; Kollen, B.J.; van der Grond, ].; Prevo, A.]. Probability of Regaining Dexterity in the Flaccid Upper Limb: Impact of
Severity of Paresis and Time since Onset in Acute Stroke. Stroke 2003, 34, 2181-2186. [CrossRef] [PubMed]

Sanchez, R.; Reinkensmeyer, D.; Shah, P;; Liu, J.; Rao, S.; Smith, R.; Cramer, S.; Rahman, T.; Bobrow, J]. Monitoring Functional
Arm Movement for Home-Based Therapy after Stroke. In Proceedings of the 26th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, San Francisco, CA, USA, 1-5 September 2004.

Amabile, C.; Bull, AM.J.,; Kedgley, A.E. The Centre of Rotation of the Shoulder Complex and the Effect of Normalisation.
J. Biomech. 2016, 49, 1938-1943. [CrossRef] [PubMed]

Balasubramanian, S.; He, J.P. Adaptive Control of a Wearable Exoskeleton for Upper-Extremity Neurorehabilitation. Appl. Bionics
Biomech. 2012, 9, 99-115. [CrossRef]

Islam, M.; Assad-Uz-Zaman, M.; Rahman, M.H. Design and Control of an Ergonomic Robotic Shoulder for Wearable Exoskeleton
Robot for Rehabilitation. Int. J. Dyn. Control 2019, 8, 312-325. [CrossRef]

Islam, M.R.; Rahmani, M.; Rahman, M.H. A Novel Exoskeleton with Fractional Sliding Mode Control for Upper Limb Rehabilita-
tion. Robotica 2020, 38, 2099-2120. [CrossRef]

Jarrett, C.; McDaid, A.J. Robust Control of a Cable-Driven Soft Exoskeleton Joint for Intrinsic Human-Robot Interaction.
IEEE Trans. Neural Syst. Rehabil. Eng. 2017, 25, 976-986. [CrossRef]

Kiguchi, K.; Hayashi, Y. An Emg-Based Control for an Upper-Limb Power-Assist Exoskeleton Robot. IEEE Trans. Syst. Man
Cybern. Part B 2012, 42, 1064-1071. [CrossRef]

Kim, B.; Deshpande, A.D. An Upper-Body Rehabilitation Exoskeleton Harmony with an Anatomical Shoulder Mechanism:
Design, Modeling, Control, and Performance Evaluation. Int. J. Robot. Res. 2017, 36, 414-435. [CrossRef]

Rahman, M.H.; Rahman, M.].; Cristobal, O.L.; Saad, M.; Kenné, J.P.; Archambault, P.S. Development of a Whole Arm Wearable
Robotic Exoskeleton for Rehabilitation and to Assist Upper Limb Movements. Robotica 2014, 33, 19-39. [CrossRef]

Razzaghian, A.; Moghaddam, R.K. Fuzzy Sliding Mode Control of 5 Dof Upper-Limb Exoskeleton Robot. In Proceedings of the
2015 International Congress on Technology, Communication and Knowledge (ICTCK), Mashhad, Iran, 11-12 November 2015.
Takaiwa, M.; Noritsugu, T. Wrist Rehabilitaion Equipment Using Pneumatic Parallel Manipulator. In Proceedings of the 2010
World Automation Congress, Kobe, Japan, 19-23 September 2010.

Zhang, L.G.; Guo, S.A ; Sun, Q. Development and Assist-as-Needed Control of an End-Effector Upper Limb Rehabilitation Robot.
Appl. Sci. 2020, 10, 6684. [CrossRef]

Dalla Gasperina, S.; Roveda, L.; Pedrocchi, A.; Braghin, F.; Gandolla, M. Review on Patient-Cooperative Control Strategies for
Upper-Limb Rehabilitation Exoskeletons. Front. Robot. AI 2021, 8, 745018. [CrossRef] [PubMed]

Babaiasl, M.; Goldar, S.N.; Barhaghtalab, M.H.; Meigoli, V. Sliding Mode Control of an Exoskeleton Robot for Use in Upper-Limb
Rehabilitation. In Proceedings of the 2015 3rd RSI International Conference on Robotics and Mechatronics ICROM), Tehran, Iran,
7-9 October 2015.

Brahmi, B.; Rahman, M.; Saad, M.; Luna, C.O.; Islam, M.R. Sliding Mode-Backstepping Control for Upper-Limb Rehabilitation with the
Ets-Marse Exoskeleton Robot; RESNA: Arlington, VA, USA, 2016.

Cui, X.; Chen, W,; Jin, X.; Agrawal, S.K. Design of a 7-Dof Cable-Driven Arm Exoskeleton (Carex-7) and a Controller for Dexterous
Motion Training or Assistance. IEEE/ASME Trans. Mechatron. 2017, 22, 161-172. [CrossRef]

Fellag, R.; Benyahia, T.; Drias, M.; Guiatni, M.; Hamerlain, M. Sliding Mode Control of a 5 Dofs Upper Limb Exoskeleton Robot.
In Proceedings of the 2017 5th International Conference on Electrical Engineering—Boumerdes (ICEE-B), Boumerdes, Algeria,
29-31 October 2017.

Mushage, B.O.; Chedjou, J.C.; Kyamakya, K. Fuzzy Neural Network and Observer-Based Fault-Tolerant Adaptive Nonlinear
Control of Uncertain 5-Dof Upper-Limb Exoskeleton Robot for Passive Rehabilitation. Nonlinear Dyn. 2017, 87, 2021-2037.
[CrossRef]

Han, S.S.; Wang, H.P.; Tian, Y. Model-Free Based Adaptive Nonsingular Fast Terminal Sliding Mode Control with Time-Delay
Estimation for a 12 Dof Multi-Functional Lower Limb Exoskeleton. Adv. Eng. Softw. 2018, 119, 38-47. [CrossRef]

Wang, X.F; Li, X.,; Wang, J.H.; Fang, X.K.; Zhu, X.F. Data-Driven Model-Free Adaptive Sliding Mode Control for the Multi
Degree-of-Freedom Robotic Exoskeleton. Inf. Sci. 2016, 327, 246-257. [CrossRef]

Rahmani, M.; Rahman, M.H. An Upper-Limb Exoskeleton Robot Control Using a Novel Fast Fuzzy Sliding Mode Control. J. Intell.
Fuzzy Syst. 2019, 36, 2581-2592. [CrossRef]

Teng, L.; Bai, S. Fuzzy Sliding Mode Control of an Upper-Limb Exoskeleton Robot. In Proceedings of the 2019 IEEE International
Conference on Cybernetics and Intelligent Systems (CIS) and IEEE Conference on Robotics, Automation and Mechatronics (RAM),
Bangkok, Thailand, 18-20 November 2019.


http://doi.org/10.1109/TNSRE.2007.903899
http://www.ncbi.nlm.nih.gov/pubmed/17894265
http://doi.org/10.1161/01.STR.0000087172.16305.CD
http://www.ncbi.nlm.nih.gov/pubmed/12907818
http://doi.org/10.1016/j.jbiomech.2016.03.035
http://www.ncbi.nlm.nih.gov/pubmed/27048984
http://doi.org/10.1155/2012/136837
http://doi.org/10.1007/s40435-019-00548-3
http://doi.org/10.1017/S0263574719001851
http://doi.org/10.1109/TNSRE.2017.2676765
http://doi.org/10.1109/TSMCB.2012.2185843
http://doi.org/10.1177/0278364917706743
http://doi.org/10.1017/S0263574714000034
http://doi.org/10.3390/app10196684
http://doi.org/10.3389/frobt.2021.745018
http://www.ncbi.nlm.nih.gov/pubmed/34950707
http://doi.org/10.1109/TMECH.2016.2618888
http://doi.org/10.1007/s11071-016-3173-7
http://doi.org/10.1016/j.advengsoft.2018.01.004
http://doi.org/10.1016/j.ins.2015.08.025
http://doi.org/10.3233/JIFS-181558

Sensors 2022, 22, 3747 26 of 26

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Alt Murphy, M.; Willen, C.; Sunnerhagen, K.S. Kinematic Variables Quantifying Upper-Extremity Performance after Stroke
During Reaching and Drinking from a Glass. Neurorehabilit. Neural Repair 2011, 25, 71-80. [CrossRef]

Thielman, G.T.; Dean, C.M.; Gentile, A.M. Rehabilitation of Reaching after Stroke: Task-Related Training Versus Progressive
Resistive Exercise. Arch. Phys. Med. Rehabil 2004, 85, 1613-1618. [CrossRef]

Liang, G.; Ye, W.; Xie, Q. Pid Control for the Robotic Exoskeleton Arm: Application to Rehabilitation. In Proceedings of the 31st
Chinese Control Conference, Hefei, China, 25-27 July 2012.

Wu, Q.C.; Wang, X.S.; Du, EP,; Zhang, X.B. Design and Control of a Powered Hip Exoskeleton for Walking Assistance. Int. . Adv.
Robot. Syst. 2015, 12, 18. [CrossRef]

Wu, Q.; Wang, X.; Chen, B.; Wu, H. Patient-Active Control of a Powered Exoskeleton Targeting Upper Limb Rehabilitation
Training. Front. Neurol. 2018, 9, 817. [CrossRef] [PubMed]

Hasan, S.K.; Dhingra, A.K. Performance Verification of Different Control Schemes in Human Lower Extremity Rehabilitation
Robot. Results Control Optim. 2021, 4, 100028. [CrossRef]

Lenar¢ic, J.; Klop¢ar, N. Positional Kinematics of Humanoid Arms. Robotica 2005, 24, 105-112. [CrossRef]

Craig, J.J. Introduction to Robotics: Mechanics and Control; Pearson Educacion: London, UK, 2005.

Kelly, R.; Davila, V.S.; Perez, J.A.L. Control of Robot Manipulators in Joint Space; Springer Science & Business Media: Berlin,
Germany, 2005.

Wu, Q.; Wu, H. Development, Dynamic Modeling, and Multi-Modal Control of a Therapeutic Exoskeleton for Upper Limb
Rehabilitation Training. Sensors 2018, 18, 3611. [CrossRef] [PubMed]


http://doi.org/10.1177/1545968310370748
http://doi.org/10.1016/j.apmr.2004.01.028
http://doi.org/10.5772/59757
http://doi.org/10.3389/fneur.2018.00817
http://www.ncbi.nlm.nih.gov/pubmed/30364274
http://doi.org/10.1016/j.rico.2021.100028
http://doi.org/10.1017/S0263574705001906
http://doi.org/10.3390/s18113611
http://www.ncbi.nlm.nih.gov/pubmed/30356005

	Introduction 
	Smart Robotic Exoskeleton (SREx) 
	Kinematics of SREx 
	Control 
	Experiments and Results 
	Experimental Setup 
	Experiments and Results Analysis 
	Individual Joint Movement Passive Exercise 
	Composite Passive Joint Movement Exercises (Diagonal Reaching Motion) 
	All Joints Simultaneous Motion (Passive) 
	Statistical Comparison 


	Conclusions 
	Appendix A
	References

