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impairment, stroke patients, sliding  featuring a unique four-finger rigid design and an Actuonix linear
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insights for the development and implementation of control systems in
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applications.
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1. Introduction

Hand exoskeletons: wearable devices that are designed to apply active force to the user's fingers through
mechanical components; serve various purposes and applications. This device can be broadly categorized into
assistive technology, rehabilitation systems, augmentation exoskeletons, and haptic feedback mechanisms [1]-
[5]. Assistive devices are intended to replace impaired hand functioning, while rehabilitation systems focus on
restoring functionality lost due to injury or medical conditions [6], [7]. Augmentation exoskeletons enhance
grasping abilities beyond normal levels and haptic hand exoskeleton devices are applied in teleoperation or virtual
reality haptic systems [8]-[10]. Specifically for individuals facing hand impairments, these devices can
significantly enhance their quality of life by facilitating activities of daily living (ADLs) and aiding in rehabilitation
[11]-[16]. These impairments commonly stem from neurological conditions like stroke or musculoskeletal
disorders.

Moreover, achieving precise position control in hand exoskeletons requires the integration of sensors,
algorithms, actuators, and feedback mechanisms to accurately manage and support the position of the user's hand
and fingers. Sensors detect the hand's position and movement, with data processed by onboard electronics or a
connected computer system. Control algorithms interpret this data, calculating the necessary forces or constraints
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required to achieve the desired hand position based on user intent and task requirements. Movement mechanism;
including an actuator, then apply these forces to the user's hand. Throughout this process, feedback loops ensure
accuracy, with sensory feedback provided to the user and adjustments made based on sensor feedback to
continuously refine position control. This capability enables tasks such as object manipulation, fine motor skill
execution, assistance for individuals with hand impairments, finding applications in rehabilitation, assistive
technology, and precise industrial tasks.

As research on hand exoskeletons has significantly expanded, identifying the optimal controller for position
control has emerged as a crucial phase in hand exoskeleton development. Selecting the most suitable controller
for a particular hand exoskeleton is paramount to ensure precise movement to various angular positions
according to the user's preferences. This requires considering some factors such as responsiveness, accuracy, and
compatibility with the exoskeleton's design and intended applications. Various controllers are being used by the
researchers for their designed hand exoskeleton. Dario Marconi et al. [17] and Alberto Topini et al. [18] have
utilized conventional Proportional-Integral-Derivative (PID) control in their designs. In the HandeXos-Beta
exoskeleton, Dario Marconi et al. [17] achieved suitable position control performance using PID control with step
input. Alberto Topini et al. [18] applied PID control to manage individual finger movement in their hand
exoskeleton. Meanwhile, Cruz-Sanchez et al. [19] implemented a more advanced controller for their
electromyography (EMG) controlled hand exoskeleton, which featured 8 degrees of freedom (DOF). Results
indicated that the controller was able to trajectory-track the reference position with minimal error. Moreover,
several control strategies have been explored to achieve accurate control of finger positions and forces, aiming for
human-like ability [20]. Model-based control has been utilized to achieve desired finger position and forces with
multi-degree-of-freedom exoskeletons, demonstrating superior performance compared to conventional control
methods [21]. PID controllers have been found to effectively control the position of the index finger in exoskeleton
devices, with performance exceeding 90% accuracy [22].

Therefore, drawing inspiration from the above-mentioned project, this study provides a thorough
comparative analysis of three different controllers: Proportional Integral (PI) Controller, Fuzzy Logic Control
(FLC), and Sliding Mode Control (SMC). The comparison, summarized in Table 1, outlines the advantages and
disadvantages of each controller. The objective is to assess their efficacy in precisely regulating the position of the
user's fingers within hand exoskeletons. By evaluating these controllers comprehensively, this research seeks to
identify the most suitable control strategy for achieving optimal performance and user experience in hand
exoskeleton systems.

Table 1 Comparison table between controllers [23]-[27]

Controller Advantages Disadvantages
Proportional Integral (PI)  Simple implementation Poor performance in
Control Effective for linear systems nonlinear systems
Good stability
Fuzzy Logic Control (FLC)  Handles nonlinearities well Complex design
No need for a precise Requires extensive
mathematical model tuning

Flexible and adaptive

Sliding Mode Control Robust against disturbances Chattering effect

(SMC) Handles nonlinearities Complex design and

Fast response implementation

2. Methodology

Fig. 1 (a) shows the hand exoskeleton employed in this comparative study, featuring a unique four-finger rigid
design. Drawing inspiration from D. Esposito et al., [28] as shown in Fig. 1 (b), we enhanced the design by
simplifying and refining its components. This included minimizing linkages using a curve flange and optimizing
the attachment of the phalanges adapter to the user's fingers by eliminating the need for Velcro strips. This refined
design not only simplifies reproduction for various users but also minimizes the need for extensive adjustments
in linkage measurements to accommodate different hand sizes. By eliminating the use of Velcro strips, we
significantly enhance the comfort of users wearing the hand exoskeleton. Actuating this innovative device is the
Actuonix L12-30-100-6-R linear motor model, boasting a maximum speed of 13mm/s under no-load conditions,
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a maximum force of 42N, and a stroke length of 30mm. An Arduino Uno is utilized through serial communication
to facilitate communication between the hand exoskeleton and Matlab Simulink for position control.

(a) (b)

Fig. 1 Hand exoskeleton comparison (a) Used in this comparative study; (b) From [18]

2.1 Controller Design and Simulation

It is essential to decide the optimum controller for the movement of the hand exoskeleton. In this comparative
study, three distinct controllers are chosen which are the Proportional-Integral (PI) controller, Fuzzy Logic
Control (FLC), and Sliding Mode Control (SMC). The PI controller was chosen because of its simplicity to
implement and its well-known performance in various applications demanding continuous and precise control
modulation. Meanwhile, FLC is chosen due to its capacity to manage imprecision and uncertainty through its rule-
based system operation that mimics certain aspects of human reasoning [29]-[31]. The SMC was chosen because
of its capability to handle disturbance which makes it well-known as a robust and resilient controller [32]-[34].
Matlab Simulink serves as the focal software for designing and implementing all three controllers governing the
hand exoskeleton.

J_——>+ ¢ PI /FLC / SMC | u
Desired 7'y Controller
Position
Hand Exoskeleton
I Position Sensor I-‘.

Fig. 2 Block diagram for controller implementation

In Fig. 2, the encompassing block diagram provides a comprehensive overview of the experimental setup,
establishing a foundation for the performance analysis of each controller. The error (e) is delineated as the
disparity between the actual angle position (q) of the hand exoskeleton, as detected by the position sensor, and
the desired angle position. The controller computes the input signal (u) for the linear motor to rectify this error.
Facilitating this communication loop, the Arduino Uno functions as the data acquisition (DAQ) transitional
between Matlab Simulink and the hand exoskeleton, managing the transmission and reception of signals (v and
q)- This robust integration ensures a seamless exchange of information for precise control and analysis within the
experimental framework.

2.1.1 PI Controller

The PID controller consists of three core components: Proportional, Integral, and Derivative, which can be used
individually or in various combinations. The most common configurations include P, PI, PD, and PID control. The
mathematical expression for a PID controller is given by:
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B t de(t)
u(t) = K,e(t) + K0 | e(®)dt+ Ky T (1)
0

Here, Kp, Ki, and Ka represent the Proportional, Integral, and Derivative gains, respectively. The Proportional
term provides immediate correction based on the present error, the Integral term addresses steady-state error
by accumulating past errors, and the Derivative term predicts future error trends by evaluating the error's rate of
change. In this study, a PI controller is employed, wherein the derivative component is excluded, simplifying Eq.
(1) to:

t
u(t) = Kye(t) + Kiof e(t)dt (2)
0

The Derivative component has been omitted for controlling the position of the hand exoskeleton due to its
sensitivity to noise and rapid fluctuations in the signal, which can be detrimental in a system requiring smooth
and precise movements. In applications like hand exoskeletons, where the control must accommodate subtle and
continuous adjustments, the derivative action may introduce instability and unwanted oscillations. Therefore, the
PI controller provides a more stable and reliable approach for this particular application.

The implementation of the PI controller is executed through the PID block within Matlab Simulink, as
illuminated in Fig. 3. The Block Parameter interface for the PID controller block prominently features the
controller type, with "PI" selected to characterize its operation. Tuning the controller is facilitated through the PID
Tuner, accessed via the "Tune" button, where the dynamic adjustment of parameters is performed. The tuning
process involves manipulating the sliders for "Response Time" and "Transient Behavior," strategically shifting
them either to the right or left. The consequential impact of these adjustments is visually depicted in the preview
outcome graph at the bottom of the PID Tuner interface. Our goal is to fine-tune the PI controller, ensuring an
outcome without overshot, the fastest settling time, and minimal steady-state error. Fig. 4 provides a visual
representation of the PID Tuner interface, offering insights into the meticulous tuning process applied to optimize
the performance of the PI controller.

& Block Parameters: PID Controller X
PID 1dof (mask]} (link)

This block implements continuous- and discrete-time PID control algorithms and includes advanced features such as anti-windup,
external reset, and signal tracking. You can tune the PID gains automatically using the Tune..." button (requires Simulink Control

Design).
Controller: |PI ¥ | Form: Parallel -
Time domain: Discrete-time settings

@ Continuous-time

Sample time (-1 for inherited): -
O Discrete-time

¥ Compensator formula
P+It
s
Main Initialization Output Saturation Data Types State Attributes
Controller parameters
Source:  internal >

Proportional (P): |1

Integral (I): i 1
Automated tuning

Select tuning method: | Transfer Function Based (PID Tuner App) - Tune...

Enable zero-crossing detection

Cancel Help

Fig. 3 Block parameter interface for PID controller in Matlab Simulink
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Fig. 4 PID tuner interface

2.1.2 Fuzzy Logic Control (FLC)

The design and implementation of the Fuzzy Logic Controller (FLC) for regulating the angular position of a hand
exoskeleton are coordinated through the Fuzzy Logic Toolbox integrated into the Matlab software environment.
Accessible via the command "fuzzyLogicDesigner" in Matlab's Command Window, the Fuzzy Logic Designer
interface, shown in Fig. 5, provides a user-friendly platform for configuring the FL.C parameters. In this setup, two
input variables are selected: the error, e(t), representing the deviation of the current position, y(t) from the desired
position, r(t), as outlined in Eq. (3), and the error rate 4de(t), denoting the rate of change of the error over time as
shown in Eq. (4). These variables are carefully bounded within the ranges of -67° to 67° for the error and -120 to
120 for the error rate, ensuring compatibility with the exoskeleton's operational requirements.

4. Fuzzy Logic Designer: Untitled — ] x
File Edit View
Untitled
{mamdani)
t1 output1
FIS Name: Untitled FIS Type: mamdani
And method — e Current Variable
Or method o || Mame input1
Implication — || B
Range o1
Aggregation —i e
TR centroid hd Help Close | ‘
System “Untitlied™: 1 input, 1 output, and 0 rules |

Fig. 5 Fuzzy logic designer interface
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e(t) =r() —y®) (3)

de(t) =e(t) —e(t—1) (4)

The output variable, torque T(t), drives the movement of the exoskeleton The torque is determined by
aggregating the results of all relevant rules using the Mamdani inference method, where each rule’s contribution
is computed as the minimum of the membership functions for e(t) and 4e(t). The final output T(t) is derived
through defuzzification using the centroid method [35], as shown in Eq. (5), where u;(z:) is the membership value
of the output for rule i, and z; is the corresponding output value of rule i. This computed torque is then applied to
adjust the exoskeleton’s actuator, thereby modifying the position y(t+1), as described in Eq. (6). With a torque
output range from -5 to 5, the FLC provides precise control in response to variations in the input variables.

To enhance control effectiveness, the FLC design incorporates five distinct fuzzy subsets: Negative Big (NB),
Negative Small (NS), Zero (Z), Positive Small (PS), and Positive Big (PB). Each subset represents a specific range
of input or output values and plays a critical role in the controller’s decision-making process.

2iui(z) .z

T = 2iui(z) (5)

y+1)=y@)+T() (6)

Central to the FLC's functionality is the utilization of Gaussian membership functions, which define the degree
of membership of input and output variables to each fuzzy subset. These functions provide a smooth and
continuous transition between subsets, allowing for seamless control action across the entire operational range.
The graphical representations showcased in Fig. 6 illustrate the membership functions for both input and output
variables, offering a visual insight into the fuzzy subsets' boundaries and their corresponding degrees of
membership. This strategic design approach not only ensures robust performance but also facilitates adaptability
to varying operating conditions and precise manipulation of the exoskeleton's angular position. The integration
of FLC within Matlab's environment empowers users with powerful tools for designing and fine-tuning control
systems, paving the way for advanced applications in robotics and automation.

NB NS z PS PB 3 NS z PS P8

(@) (b)

NB NS z PS PB

(©

Fig. 6 Membership function: (a) Input error, e; (b) Input error rate, de; (c) Output torque, u
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The rule base dictating the Fuzzy Logic Controller's (FLC) operation for governing the angular position of the
hand exoskeleton is meticulously crafted through the formulation of IF-Then rules. These rules are carefully
derived from a synthesis of insights gleaned from seminal works by B. Beraoui et al,, [36] and P. Mitra et al,, [37]
alongside our team's extensive testing and experiential knowledge of the hand exoskeleton. A comprehensive
summary of these rules, totaling 25 in number, is presented in Table 2. This table serves as a structured overview
of the rule base, summarizing the conditions and corresponding actions guiding the FLC's decision-making
process. Subsequently, these rules are seamlessly integrated into the Matlab Simulink environment using the
intuitive Rule Editor interface, as exemplified in Fig. 7(a). Additionally, the Rule Viewer functionality, showcased
in Fig. 7(b), enables simulation and visualization of the outcomes generated by these rules, facilitating a deeper
understanding of their efficacy in governing the hand exoskeleton's angular position with precision and
adaptability.

Table 2 25 fuzzy rules
Torque, u Error rate, de
NB NS Z PS PB
Error, e NB NB NB NS NS VA
NS NB NS NS Z PS
Z Z Z Z Z Z
PS NS Z PS PS PB
PB Z PS PS PB PB
4| Rule Editor: Triangular_3_NR - O * 4| Rule Viewer: Triangular_5_.. — O >
File Edit View Options File Edit View Options
1. If (g i= MB) and (de iz NB) then (Torgue is NB) (1) P a=0 de=0 Torgue = -1.28e-17
2. If (g is NB) and (de is NS) then (Torgue is NB) (1) 1 = | — | B ]
3. If (2 is NB) and (de iz Z} then (Torgue is NS) (1) % = : = : = :
4_If (e iz NB} and (de iz P3) then (Torgue iz NS} (1) 4 = ] [ =] = 1
5.1f (e is NB) and (de is PB) then (Torque is Z) (1) g : : : "': :_H_*"““‘ :
5. If (e iz NS) and (de is NB) then (Torgue is NB) (1} T ,:: ] C— ] T ]
7. If (e iz N2} and (de iz NS} then (Torgue is NS) (1) 8 ] [ ] = 1
8. If (2 iz NS) and (de is Z) then (Torgue is NS) (1) 19:} = ! : == —
G e iz MS) and (de is PS) then (Torgue is 23 (1) 11 [ ] [ ] [ ]
If and Then :}%: ﬁ : :"' : 'I|'/H‘ '
gis deis Toraue is 14 C == [ =] [—a——
15 C =T—=—] [ =1 — |
-~ NB ~ NB ~ 16 [ —] [ ] = |
NS NS NS 17 [ =] = ] [ —
7z 7z 7z 18 —== —— ———
19 [ =] L | [ =1
PS PS PS 20 [ = I — I —
B Y| lpB ¥ FBE ¥ 21 [ =] = ] [ ]
Cnot [ not [ not = = —— : : e
24 [ = [ = [ —1
ConnecH Weig 25 [ =] [ = [ —1
..
Inpu [0:0 ”Ph:nt 101 | WMowi left| ri..| d...| up ‘
®. 1 | Delete .| Add rule Chang..| = = (0.0 - EEEEET
‘FLS Name: Triangular_5_NR H Help | Close | |0F_'ened system Triangular_S_NR, 25 || Help Close ‘

(a) (b)

Fig. 7 Guidelines for conditions and corresponding actions of the FLC's decision-making process:
(a) Rule editor interface; (b) Rule viewer interface

2.1.3 Sliding Mode Control (SMC)

The Sliding Mode Control (SMC) is designed to drive the error (e) to zero as time (t) approaches infinity,
specifically when the sliding surface, s = 0 [33], [38]. To realize this objective on our hand exoskeleton design, we
define the sliding surface according to Eq. (7) [35]

s = dz—it)+ Ce(t) (7)
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After defining the sliding surface, the subsequent step involves formulating a control signal capable of
reaching and maintaining the sliding surface. Following the approach presented by ].M. Kiss et al,, [33] and C.T.
Chen et al,, [38], the discontinuous controller output signal is derived using the sign function as expressed in Eq.

(8).
T= Ksgn(s) (8)

In this equation, 7 signifies the discontinuous torque control, and K is a positive constant. The utilization of
the sign function induces a swift change in the control input, steering the system toward the sliding surface. While
this abrupt change may lead to high-frequency oscillations, commonly known as chattering, it serves as a
deliberate trade-off to achieve robustness and swift convergence during the reaching phase of SMC. However,
chattering poses a potential risk to the motor, emphasizing the need to mitigate this phenomenon for the efficacy
of SMC. A strategic approach to alleviate chattering involves substituting the sign function with the pseudo
function, as depicted in Eq. (9), where § serves as a tuning parameter to reduce chattering. The SMC controller is
implemented in Matlab Simulink utilizing the block diagram, as illustrated in Fig. 8. This comprehensive design
approach ensures the effectiveness of the SMC in guiding the hand exoskeleton with precision and adaptability,
while simultaneously addressing the potential challenges associated with chattering, thereby enhancing the
overall robustness and reliability of the control system.

r= K(M%) 9)

o]

Tarque -

Jua]

v
.

2

D=lta
Fig. 8 SMC Simulink block diagram

3. Result and Discussions

Fig. 9 through Fig. 11 present the results of angular position control experiments conducted without the user
wearing the hand exoskeleton, with target angles set at 60°, 40°, and 20°, respectively. In these figures, the blue
solid line represents the output angle position for the PI controller, the green dotted line corresponds to the FLC
output angle position, and the orange dash-dot line depicts the SMC output angle position. A clear trend emerges
across all graphs: the PI controller exhibits the slowest overall trajectory in reaching the target position across all
specified angles. Despite this, the PI controller demonstrates the quickest initial response for the 60° and 40°
angles. At the one-second mark after the input signal initiation (t = 6s), the PI controller achieves 33° for the 60°
target angle and 21° for the 40° target angle, outperforming both the FLC and SMC, which reach only 20° and 22°
for the 60° target angle, and 17° and 19° for the 40° target angle, respectively.

However, as the response approaches the target angle, the PI controller's graph decelerates, making it the
slowest to reach the final position. Notably, the PI controller’s performance deteriorates as the target angle
decreases, transitioning from the fastest initial response for 60° and 40° to the slowest initial response for the 20°
target angle. In contrast, the FLC and SMC demonstrate more consistent performance across varying target angles,
with minimal variation in response time as the target angle decreases.

Moreover, upon reaching a steady state, the PI controller's graph exhibits noticeable ripples across all target
angles, particularly pronounced at the 20° target. These residual oscillations indicate a persistent steady-state
error, which could negatively impact the long-term accuracy and stability of the exoskeleton’s positioning.
Conversely, the FLC and SMC graphs display no steady-state error, maintaining the desired position with high
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precision, a critical attribute for applications demanding sustained accuracy, such as repetitive tasks or prolonged
exoskeleton usage.

T T T T T T T T T
60 w— -
50 [ .
40 [ y
=
Jib)
=
E 30 T
on
==
<
20 .
10 T
= = = Step Input
PI WOH
e FLC WOH | |
0 ===== SMC WOH
1 1 Il 1 Il Il 1 Il Il
0 2 4 ] 8 10 12 14 16 18 20
Time (s)
Fig. 9 Graph output position for target angle 60° without the user's hand
T T T T T T T T T
60 B
50 [ .
40 [ - -
="
JiB]
e
E 30 T
o
==
<
20 F b
101 7
= = =Step Input
— Pl WOH
e FLC WOH | |
0 === == SMC WOH
Il Il | Il | | Il | |
0 2 4 ] 8 10 12 14 16 18 20

Time (s)

Fig. 10 Graph output position for target angle 40° without the user's hand
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T T T T T T T T T
60 ]
50 7]
40 7]
=
D
e
E 30 - .
=]
c
<
20
10 1 = = = Step Input
— ] WOH
TTRTRTTTT] FLC WDH
[ | SMC WOH |7
I I i i i i I I I
0 2 4 G 8 10 12 14 16 18 20

Time (s)

Fig. 11 Graph output position for target angle 20° without the user's hand

The FLC and SMC responses appear quite similar, particularly at the 40° and 20° target angles, where their
graphs closely align for most of the time. However, a distinct difference emerges at the 60° target angle, where the
SMC demonstrates a significantly faster response compared to the FLC. This suggests that while the FLC is
effective, the SMC is superior in achieving rapid and precise control, especially at higher target angles. In
conclusion, for conditions without the user’s hand, the SMC outperforms the other two controllers, offering the
fastest response in reaching the target angle with zero steady-state error. This superior performance highlights
the SMC's robustness and suitability for applications requiring high-speed and accurate position control in hand
exoskeleton systems.

T T T T T T T T T
60
50 .
40 .
=
Jib}
=}
E 30 - T
=]
=
<L
20 .
10 n
- = = Step Input
s [ WH
D TLLLTTTTT] FLC WH
————— SMC WH
1 1 1 1 1 1 1 1 1
0 2 4 6 B 10 12 14 16 18 20

Time (s)

Fig. 12 Graph output position for target angle 60° with the user's hand
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10 1 7
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1 — P WH
1 CTTITTTTT FLC WH
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i i I i i i i I i
0 2 4 6 8 10 12 14 16 18 20
Time (s)
Fig. 13 Graph output position for target angle 40° with the user's hand
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0 2 4 6 8 10 12 14 16 18 20
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Fig. 14 Graph output position for target angle 20° with the user's hand

The results for the scenario in which the user wears the hand exoskeleton, targeting angles of 60°, 40°, and
20°, are illustrated in Fig. 12 to 14, respectively. Overall, all controllers successfully guide the hand exoskeleton to
the desired target angles, demonstrating the device's effectiveness in assisting the user's hand movements, both
in closing and opening the hand. This outcome highlights the exoskeleton's capability to enhance hand mobility
and functionality.
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Consistent with the scenarios where the user does not wear the exoskeleton, the Sliding Mode Controller
(SMC) exhibits the fastest response to the target position across all angles, whereas the Proportional-Integral (PI)
controller displays the slowest response. The SMC's rapid convergence to the target positions reinforces its
suitability for applications requiring swift and precise movements, a critical factor in real-time control systems
like hand exoskeletons.

Notably, when the user wears the exoskeleton, overshoot becomes evident in both the Fuzzy Logic Controller
(FLC) and SMC responses. The FLC shows overshoot at all target angles, with peak angles reaching 60.25°, 40.77°,
and 20.26° for target angles of 60°, 40°, and 20°, respectively. The SMC exhibits overshoot only at the 40° target
angle, recording a peak angle of 40.31°. Despite the presence of overshoot, the deviations are minimal, with peak
angles remaining within 1° of the target angles. These slight overshoots can be mitigated through gain adjustment
for the FLC and an increase in the Delta parameter for the SMC, enhancing their precision.

In contrast, the PI controller consistently avoids overshoot across all target angles. However, the ripples
observed in the PI controller's response when the user does not wear the exoskeleton persist even when the user
wears the device. These ripples indicate residual oscillations that could affect long-term precision. Meanwhile,
both the FLC and SMC maintain zero steady-state error, effectively handling disturbances introduced by the user's
hand movements. This consistent performance underscores the robustness of the FLC and SMC in providing
precise and stable control in dynamic environments, making them more reliable for applications where sustained
accuracy is crucial. In conclusion, under conditions where the user is wearing the hand exoskeleton, the SMC
emerges as the most effective control strategy. It offers the fastest response time coupled with high accuracy,
establishing it as the optimal choice for ensuring precise and dependable control in hand exoskeleton systems.

Table 3 Performance data for each controller

Percent . . . .
Target Condition Controller overshoot Setting time, Rise time, Tr Steady-statf
angle (%05) Ts (s) (s) error, ess (°)
Actual PI 0 3.69 2.10 0.03
without FLC 0 3.15 2.03 0
c0° user SMC 0 2.94 1.81 0
PI 0 3.92 2.03 0.04
Actual with FLC 0.41 3.45 2.04 0
user
SMC 0 3.20 1.9 0
Actual PI 0 3.83 2.10 0.10
without FLC 0 2.5 1.50 0
20° user SMC 0 2.50 1.41 0
PI 0 3.91 2.14 +0.14
Actual with FLC 1.93 2.91 1.63
user
SMC 0.78 2.55 1.43
Actual PI 0 4.93 2.22 0.18
without FLC 0 2.36 1.24
J00 user SMC 0 1.90 1.12
PI 0 4.31 2.30 0.07
Actual with FLC 1.3 2.27 1.28
user
SMC 0 2.04 1.33 0

Table 3 offers a detailed analysis of the performance metrics gathered from all conducted experiments,
providing valuable insights into the efficacy of each controller. Notably, the PI controller consistently
demonstrates zero overshoot across all experiments, while the FLC exhibits overshoot percentages of 0.41%,
1.93%, and 1.3% in experiments where the user wears the hand exoskeleton, targeting angles of 60°, 40°, and 20°,
respectively. Conversely, SMC showcases overshoot solely in the experiment where the user wears the hand
exoskeleton at a target angle of 40°, with a marginal value of 0.78%.

Across all target angles and conditions, SMC consistently displays the fastest settling and rise times, whereas
the PI controller exhibits the slowest settling and rise times, except for scenarios where the user wears the hand
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exoskeleton at a target angle of 60° where the PI controller demonstrates a faster rise time compared to FLC.
Notably, as the target angle decreases, both the settling and rise times decrease for SMC and FLC, whereas for the
PI controller, the settling time remains relatively consistent regardless of the target angle, indicating a slower
response as the target angle decreases.

Furthermore, both SMC and FLC demonstrate zero steady-state error across all conditions, indicating precise
control over the angular position of the hand exoskeleton. In contrast, the PI controller exhibits a small but
discernible steady-state error in all experiments, with values less than 0.2°, suggesting a minor deviation from the
desired position in long-term operation.

Considering the experiment objectives, which prioritize minimal overshoot (%0S), negligible steady-state
error (e), and rapid settling time (7s), SMC emerges as the optimal controller for regulating the angular position
of the shaft in the designed hand exoskeleton among the three controllers tested. This conclusion is bolstered by
the minimal presence of overshoot in only one experiment, with a negligible value of 0.78%, combined with zero
steady-state error and the fastest settling time observed across all experiments.

Conclusions

In conclusion, this study's findings highlight the superiority of Sliding Mode Control (SMC) in achieving stable and
accurate position control for hand exoskeletons, particularly in the context of assisting stroke patients. The
comparative analysis of controllers, including PI and Fuzzy Logic Control, highlights SMC's exceptional
performance in minimizing overshoot, eliminating steady-state error, and achieving rapid settling time. These
results have significant implications for advancing hand exoskeleton technology, enhancing rehabilitation
outcomes, and improving industrial applications. By providing valuable insights into the effectiveness of different
controllers, this research contributes to the ongoing development and implementation of control systems in hand
exoskeleton technology. Through severe testing and analysis, it was found that while all three controllers
demonstrated varying degrees of success in achieving precise position control, the SMC exhibited the most
promising performance for this task. The SMC showed robustness against uncertainties and disturbances,
providing stable and accurate control over the exoskeleton's movements. However, further research and
experimentation may be warranted to explore the full potential of each controller and optimize their application
in hand exoskeleton systems.

The contribution of this study lies in its comprehensive comparative analysis of three distinct controllers;
Proportional Integral Derivative (PID), Fuzzy Logic Controller (FLC), and Sliding Mode Control (SMC), for
regulating the position of the user's hand and fingers in hand exoskeletons. By systematically evaluating each
controller's performance, this research provides valuable insights into their suitability for this specific task. The
findings highlight the effectiveness of Sliding Mode Control (SMC) in achieving stable and accurate position
control, particularly in the presence of uncertainties and disturbances. This contributes to advancing the field of
exoskeleton technology by identifying a robust control strategy that can enhance the functionality and usability
of such devices, ultimately benefiting individuals with hand impairments and other potential applications in
rehabilitation and industrial tasks. In conclusion, these findings provide valuable guidance for the development
and implementation of control systems in hand exoskeleton technology, with the potential to improve the quality
of life for individuals with hand impairments and enhance applications in rehabilitation and industrial settings.
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