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PAPER

Numerical Simulation-Based Design of a Pneumatic 
Finger Rehabilitation Robot for Tele-Rehabilitation

ABSTRACT
Hand motor function rehabilitation after stroke or traumatic injury requires repetitive, 
task-specific training, which is often limited by therapist availability and clinical resources. 
This study presents a lightweight, modular, and wearable pneumatic robotic arm for finger 
rehabilitation, designed to support tele-rehabilitation applications. The system employs a 
four-link mechanical structure that accommodates variations in finger length and enables 
natural flexion and extension without the need for individual customization. Motion con-
trol is achieved using a discrete-time proportional-integral-derivative (PID) controller with 
aerodynamic drag compensation, ensuring stable and accurate actuation under compress-
ible air dynamics. A stage-specific pressure strategy is implemented, applying 0.1 MPa for 
early mobilization and 0.3 MPa for intensive training, enabling up to 80° of finger bending 
within 2.5 s. Network-induced latency and sensor delay are explicitly modeled in the con-
trol loop, and their effects on response time and tracking accuracy are evaluated through 
numerical simulations. Simulation results demonstrate a motion tracking error below 2°, with 
control errors remaining bounded under network latencies up to 50 ms, confirming real-time 
responsiveness suitable for remote rehabilitation scenarios. These findings support the feasi-
bility of a scalable, cost-effective, and clinically viable pneumatic rehabilitation platform for 
individualized hand therapy and tele-rehabilitation deployment.

KEYWORDS
finger rehabilitation robot, pneumatic system modeling, wearable exoskeleton, motion 
simulation, adaptive control

1	 INTRODUCTION

Robotic rehabilitation has advanced rapidly in recent years, extending robotic 
technologies into medical applications with promising outcomes. This study intro-
duces a wearable finger rehabilitation robotic arm that mounts directly on the hand 
and employs pneumatic actuation to replicate physiological finger motion. The 
device is designed to assist patients with finger motor impairments in performing 
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structured rehabilitation exercises independently [1]. Hand function is essential for 
daily activities and fine manipulation; however, it is highly susceptible to occupa-
tional injuries, which account for nearly one-quarter of workplace accidents. Such 
injuries often require prolonged rehabilitation and may still result in incomplete 
functional recovery [2]. These challenges underscore the need for effective, scalable, 
and patient-specific rehabilitation solutions [3].

Continuous Passive Motion (CPM), introduced by Salter in 1960, applies externally 
driven, repetitive joint motion to promote circulation, reduce stiffness, and acceler-
ate recovery [4]. Although effective, CPM is highly repetitive and labor-intensive, 
placing significant demands on therapists [5]. To improve scalability and consis-
tency, exoskeleton-based robotic systems have been developed to automate CPM-like 
therapy, delivering controlled and prolonged joint motion while reducing clinician 
workload [6]. These advances highlight the need for robotic devices specifically 
designed for finger rehabilitation [7]. Progress in bionic prosthetics and mechatronic 
miniaturization has further accelerated developments in rehabilitation robotics [8]. 
Early research in the 1990s produced prosthetic limbs that informed musculoskeletal 
kinematics and demonstrated functional restoration through biomimetic design [9]. 
With the advent of advanced materials, compact actuators, and integrated sensing 
and control technologies, the design of assistive mechanisms for finger joints has 
become both feasible and clinically relevant, reinforcing the importance of safety 
and reliability [10–11].

Commercial platforms, such as the Hand Mentor, integrate visual feedback 
with finger flexion units to guide patients through rehabilitation exercises, with 
the exoskeleton aiding as needed [12–13]. However, these systems constrain all 
fingers simultaneously, preventing targeted single-finger therapy and limiting indi-
vidualized rehabilitation [14]. In contrast, recent research prototypes emphasize 
independent actuation of each finger joint, enabling more precise, patient-specific 
rehabilitation strategies.

Alternative architectures have been explored to overcome these limitations. 
A German design implemented joint-level actuation using two links with independent 
drives per joint and integrated angle sensors for real-time feedback [15]. However, 
the large number of actuators increased system complexity, reduced multi-finger 
training efficiency, and limited adaptability to different finger lengths [16]. Japanese 
groups developed high-degree-of-freedom systems incorporating wrist and palm 
actuation, but their size and complexity restricted portability and clinical applicabil-
ity [17–18]. In China, research has accelerated with strong institutional investment. 
For instance, the Harbin Institute of Technology proposed a motor-driven four-bar 
mechanism with integrated joint sensors for adaptive force control [19]; however, 
its fixed configuration limited adaptability to inter-patient variability in hand 
anatomy [20–21]. At Huazhong University of Science and Technology, researchers 
investigated smart materials such as shape memory alloys and tendon-like transmis-
sions to emulate finger flexor-extensor functions with compliant actuation [22–24]. 
While these approaches improve biomimicry and safety, they face challenges related 
to actuator mass, output stability, and wearability.

Collectively, prior research highlights a critical design trade-off: rehabilitation 
devices must balance motion fidelity, safety, portability, modularity for varying finger 
lengths, and control simplicity. To address these challenges, this study proposes a wear-
able, linkage-driven robotic arm that integrates pneumatic actuation with a modular 
design. Unlike motor-driven or shape-memory alloy systems, the proposed approach 
employs compressed air to drive a four-link mechanism that replicates finger flexion–
extension. This strategy enhances safety and adaptability while providing a founda-
tion for both simulation and experimental validation. The objective of this work is to 
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design and develop a lightweight, modular, pneumatic-driven 3D finger rehabilitation 
robotic arm model that supports individualized therapy, maintains control accuracy 
under network latency, and balances portability with clinical applicability.

2	 METHODOLOGY

The design of the finger rehabilitation robotic arm was developed through a 
systematic three-dimensional (3D) modeling process. Individual components were 
first modeled to ensure structural accuracy, ergonomic suitability, and manufactur-
ability. These components included the arm and thumb support structures, joint 
mechanisms comprising the first and second joints with their respective fixing 
blocks, and the strap system for finger and arm stabilization. After individual 
modeling, all components were integrated into a complete assembly to evaluate 
overall functionality, alignment, and design feasibility.

2.1	 Design requirements

The proposed design encompasses the integration of four distinct components: 
parameterized modular joint structures with passive sliding grooves, which are 
engineered to adapt to finger lengths ranging from 60 to 110 mm; elastic hook-
and-loop straps with three-point fixation, which are designed to accommodate fin-
ger diameters ranging from 15 to 30 mm; Collectively, these mechanisms ensure 
the device’s compatibility with diverse patient hand anatomies while preserving 
motion accuracy and safety. The details of the design matrix are shown in Table 1 
and ensures all design requirements for the pneumatic finger rehabilitation robot. 
It supports compliance during design reviews, simulations, and clinical validation.

Table 1. Design matrix for the finger rehabilitation robotic arm

Category Requirement Description Acceptance Criteria

Functional Independent actuation for single-
finger therapy

Device can actuate any single finger 
independently without affecting others

Functional Four-link mechanism replicates MCP, 
PIP, DIP motion

Simulated vs measured angles deviate 
≤ 2° across MCP/PIP/DIP

Functional Stage-specific pressure modes:  
0.1 MPa (early), 0.3 MPa (intensive)

0.1 MPa achieves ≥ 28° in 2.5 s; 0.3 MPa 
achieves ≈ 80° in 2.5 s

Performance ROM thresholds vs pressure ≥ 28° @0.1 MPa; ≈ 48° @0.2 MPa; ≈ 80° 
@0.3 MPa within 2.5 s

Performance Control accuracy ≤ 2° under nominal 
conditions

Mean absolute error ≤ 2°; peak ≤ 3° 
during cycles

Performance Latency ≤ 50 ms; response time  
≤ 2.7 s; error ≤ 3.8°

At ≤ 50 ms latency, response time ≤ 2.7 s 
and control error ≤ 3.8°

Mechanical Arm support: high-strength 
aluminium alloy

Material certificate verifies alloy grade 
and strength; mass within design spec

Mechanical Copper pins and self-lubricating 
sleeves to reduce wear

After 1 × 105, wear within limits;  
pins/sleeves replaceable < 10 min

Safety Diffuse-reflective strap interlocks 
block activation if unfastened

With strap open, system remains 
inhibited and logs event

(Continued)
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Category Requirement Description Acceptance Criteria

Safety Pressure capped at 0.3 MPa; fail-safe 
vent on fault

Commands above 0.3 MPa rejected; on 
fault, vent-to-safe executed within 500 ms

Tele-Rehab Control Predictive control to 
compensate latency

Controller maintains ROM targets and 
accuracy under injected delays

Maintainability Pins/bushings easily replaceable; 
bolted modular joints

Replacement possible with basic tools; 
module swap < 15 min

2.2	 Three-dimensional modeling of arm support

The arm support plate was modeled using statistical data of average human hand 
dimensions as the design reference to ensure ergonomic suitability. Its primary func-
tion is to stabilize the patient’s forearm and provide an interface for other components 
of the finger rehabilitation mechanism. High-strength aluminum alloy was selected 
as the construction material to guarantee durability, structural rigidity, and long-term 
reliability while maintaining an ergonomic and aesthetically refined design. In addi-
tion to supporting the forearm during therapy, the arm support serves as the mounting 
base for all other modules. As shown in Figure 1, the arm support establishes the global 
reference frame for kinematic reconstruction and defines load paths to the fixture.

Fig. 1. Three-dimensional modelling of arm support

2.3	 Three-dimensional modeling of arm and assembly

The thumb support block serves as the mounting base for the thumb actuator 
and is connected via a rotating pin. The pin is fabricated from copper, which is softer 
than the surrounding high-strength aluminum alloy structure. This material selec-
tion localizes wear to the pin, minimizing damage to major components during long-
term rotational motion. In cases of significant wear, the pin can be easily replaced, 
reducing maintenance complexity and cost. As shown in Figure 2, the softer copper 
pin ensures alignment integrity, which is critical for accurate MCP torque estimation.

Table 1. Design matrix for the finger rehabilitation robotic arm (Continued)
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Fig. 2. Three-dimensional modelling of the thumb support block

The first joint support block secures the connection between the finger and the 
palm in the rehabilitation robotic arm. It attaches to the palm using bolts, while 
the connection to the first joint is established through copper pivot pins. The bolted 
interface allows easy replacement of components in case of damage or improper 
use, thereby protecting the main structure. Similarly, the use of copper pivot pins 
enables quick replacement in the event of severe wear, reducing the need to replace 
major parts and minimizing long-term maintenance costs. As shown in Figure 3, the 
bolted palm interface facilitates rapid module swapping during size adaptation tests 
without altering the main frame inertia used in simulation.

Fig. 3. Modelling of the first joint support block

The first joint serves as the primary actuation point for the electric cylinder. The cyl-
inder’s output shaft extends forward and, through a connecting rod, drives the joint to 
rotate about a pivot pin, simulating the flexion of the human finger’s first joint. Because 
finger lengths vary, with the middle finger being the longest, followed by the ring, 
index, little finger, and thumb, the joint dimensions are adjusted accordingly. In addi-
tion to enabling motion, the first joint provides the mounting interface for the second 
joint. The second joint, constrained by its support block, operates in coordination with 
the first joint under electric cylinder actuation to replicate natural finger movement.  
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High-strength aluminum alloy is used for structural durability, while the joint pin 
incorporates an oil-free, self-lubricating copper sleeve to reduce friction, minimize 
wear on critical components, and lower long-term maintenance costs. Figure 4 illus-
trates the copper sleeve design, which reduces friction and aligns simulated torque–
angle curves with experimental measurements by minimizing Coulomb offsets.

Fig. 4. CAD model of the first joint showing copper sleeve for friction reduction

The second joint fixing block connects to the first joint fixing block and secures 
the rotating second joint. It features an arc-shaped groove that guides the motion 
of the second joint pin, replicating the trajectory of the human finger’s second joint. 
The fixing block is attached to the first joint using an arc-shaped connecting plate 
and bolted connections. This bolted assembly simplifies replacement and repair, 
reducing maintenance complexity and long-term costs. Figures 5 and 6 illustrate the 
arc groove that constrains the pin path, with its radius parameterized from Table 1 
to accurately reproduce PIP joint kinematics.

Fig. 5. Connection plate of the second joint fixing block and the first joint fixing block
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Fig. 6. Modelling of the second joint fixing block

The second joint is mounted within the second joint fixing block (see Figure 7) and 
replicates the motion trajectory of the distal finger joints. Its connection to the first joint 
is achieved through a connecting rod mechanism, while its interface with the fixing 
block employs a sliding constraint structure. This configuration enables the second 
joint to follow the required trajectory for finger flexion and extension. Because distal 
joint lengths vary among fingers, average dimensional parameters derived from popu-
lation statistics were adopted to accommodate a wide range of patients in rehabilitation 
training. As shown in Figure 7, the sliding constraint within the fixing block generates 
the required coupler curve for DIP motion when driven by the same linear input.

Fig. 7. Modelling of the second joint

2.4	 Arm straps design and assembly

The strap secures the patient’s arm and fingers to the rehabilitation device, ensur-
ing effective transmission of therapeutic motions. Its adjustable elasticity accom-
modates different arm sizes and weights, providing comfort during therapy and 
preventing secondary injuries caused by mechanical abrasion. To enhance safety, 
diffuse reflective switches are integrated as interlocks: if the strap is not properly 
fastened, the device remains locked and cannot be activated. This feature prevents 
equipment damage and protects the patient from improper use. Figure 8 illus-
trates the integration of diffuse-reflective interlocks, where improper fastening 
inhibits actuation, safeguarding trials that calibrate pressure–angle maps.
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Fig. 8. Design modelling of finger and arm straps

The joints operate in coordination, interacting to replicate and analyze finger 
movements during common functional actions. Figure 9 shows the assembled sub-
modules that collectively transmit pneumatic force to the MCP, PIP, and DIP joints, 
completing the six-link model used in simulation.

Fig. 9. Finger rehabilitation robot arm assembly

2.5	 Discrete PID control with aerodynamic drag compensation

The pneumatic actuators serve as the core power source of the finger rehabili-
tation robot, operating on the principle of converting compressed air energy into 
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precise mechanical motion to drive natural finger flexion and extension. The sys-
tem adopts a stage-specific pressure control strategy: compressed air is supplied at 
adjustable pressures (0.1 MPa for early mobilization, 0.2 MPa for intermediate train-
ing, and 0.3 MPa for intensive training) to adapt to different patient recovery phases. 
When air is delivered to the actuator chamber, the internal pressure rise pushes the 
piston to extend, and this linear motion is transmitted to the MCP, PIP, and DIP joints 
via a modular four-link mechanical structure to achieve bending angles of 28º, 48º, 
and 80º, respectively, within 2.5 seconds.

The control system under investigation is a discrete-time PID controller with aero-
dynamic drag compensation, designed to regulate rotational speed in a pneumatic 
or electromechanical actuator system. The controller operates in a sampled-data 
configuration with a fixed cycle time Dt, and computes control inputs in the form of 
actuator pressure commands uk to achieve a desired reference speed wref.

Aerodynamic drag is explicitly included in the model to represent realistic resis-
tive torques encountered during high-speed operation. This ensures that the control-
ler accounts for nonlinear disturbances arising from rotational motion in air, which 
is particularly relevant in biomedical devices, robotic actuators, and rehabilitation 
equipment.

The controller uses a standard proportional–integral–derivative (PID) algorithm, 
implemented in discrete-time. The discrete time PID controller computes the control 
input based on a delayed measurement of actuator speed to account for realistic sen-
sor and processing dynamics. At each sampling step, the measured speed is given by:

	 wk ← MeasureSpeed(t - tdelay)	

where tdelay is the sensing and communication latency. The speed error is then 
computed as ek = wref - wk is computed. The PID output is then calculated as:

	 u K e K e t K
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where Kp, Ki, and Kd are the proportional, integral, and derivative gains, respectively.
To prevent actuator saturation and integral windup, anti-windup logic is applied: 

the control signal is clamped between 0 and Pmax, and the integral term is paused 
when saturation occurs. The net torque, including aerodynamic drag, is computed as

	 tnet = ukKt - Tload - tdrag	

and the actuator speed is updated using

	 � �
�

k k J
t

�
� �

1

net � 	

where J is the rotational inertia of the system. The previous speed error is stored 
for the derivative calculation in the next cycle. The controller repeats this loop until 
the end of the simulation or experimental trial Tend.

The control algorithm is implemented in MATLAB for numerical simulations, 
as shown in Algorithm 1. A fixed sampling period Dt = 10 ms is used, consistent 
with typical actuator control rates in biomedical and robotic applications. System 
parameters, including actuator torque constant, drag coefficient, and load inertia, 
are defined as in the results section during the simulation. The methodology enables 
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evaluation of system performance under open-loop disturbances, the influence of 
aerodynamic drag, and the effectiveness of discrete-time PID control.

Algorithm 1: Discrete PID Control with Aerodynamic Drag Compensation Algorithm

Require: Target speed wref, Supply Pressure Pmax, Cycle time Dt, Air density r 
Ensure: Control input uk (Pressure)
1. Initialize:
  w0 ← 0, esum ← 0, eprev ← 0
2. While t < Tend do
 2.1 Error Calculation
  Measure current speed: wk ← MeasureSpeed(t − τdelay)
  Compute error: ek ← wref - wk
 2.2 PID Computation
  Pterm ← Kp ⋅ ek
  Iterm ← Ki ⋅ (esum + ek ⋅ Dt)
  Dterm ← Kd ⋅ (ek - eprev)/Dt
  Compute control input: uk ← Pterm + Iterm + Dterm
 2.3 Actuator Saturation and Anti-Windup
    If uk > Pmax then
   uk ← Pmax
   Pause integration: esum ← esum
    Else if uk < 0
              uk ← 0
           esum ← esum + ek ⋅ Dt
    End if
 2.4 Physical Plant Update (Simulation)
  Compute aerodynamic drag torque: � � �

drag
� � � � �0 5 2. C A

d k

  Compute net torque: tnet ← (uk ⋅ Kt) - Tload - tdrag
  Update speed: wk+1 ← wk + (tnet/J) ⋅ Dt
 2.5 Update Previous Error: eprev ← ek
 2.6 Increment step: k ← k + 1
3. End while

In the discrete-time PID control model, the actuator speed measurement incorpo-
rates a sensing delay tdelay to reflect realistic sensor dynamics. At each control step, 
the measured speed is expressed as

	 wk ← MeasureSpeed(t - tdelay)	

where wk is the speed used by the controller at the current time step, and tdelay 
represents the time lag between the actual actuator speed and the available sensor 
reading. This delay accounts for signal processing, sensor response, and communi-
cation latency in practical implementations, and it affects the computation of the PID 
control action by introducing a temporal offset in the feedback loop.

3	 RESULTS AND DISCUSSIONS

The numerical simulations were conducted using the discrete-time PID control 
model with aerodynamic drag compensation. The system was initialized with the fol-
lowing parameters to evaluate the actuator response under consistent operating con-
ditions. All simulations incorporate the sensor delay tdelay in the speed measurement. 
The system was initialized with the following parameters:

•	 Target speed: wref = 2400 rpm
•	 Maximum supply pressure: Pmax = 0.6 MPa
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•	 Load torque: Tload = 120 N·m
•	 Control cycle: Dt = 10 ms
•	 Air density: r = 1.225 kg/m3

•	 PID gains: Kp = 8.5, Ki = 0.5, Kd = 1.2
•	 Sensor delay: tdelay = 5 ms (typical measurement latency)

The constant system inputs and controller parameters were maintained to isolate 
the effects of intrinsic dynamics, including the influence of sensor delay, aerody-
namic drag, and pressure compressibility.

3.1	 Pressure–amplitude behavior

The performance of pneumatic rehabilitation manipulators is strongly influenced 
by supply pressure, which directly determines the angular displacement of finger joints 
during flexion–extension movements. To evaluate this relationship, the experimental 
design established a pneumatic pressure variable range of 0.1 MPa, 0.2 MPa, and  
0.3 MPa while maintaining constant motor speed and load parameters. following the 
simulation startup, the actuator’s settling time (from initiation to steady state). The result-
ing joint amplitudes were recorded over a 2.5-second interval, as shown in Figure 10.

The results demonstrate a positive correlation between input pressure and bend-
ing amplitude. At 0.1 MPa, the bending angle gradually increased from 0º to 28º 
within 2.5 seconds, providing mild mobilization suitable for early rehabilitation. 
At 0.2 MPa, the amplitude reached 48º, indicating intermediate training intensity. 
At 0.3 MPa, the joint achieved an amplitude of 80º within the same time frame, 
enabling large-angle movements appropriate for intensive strengthening exercises.

These findings highlight the adaptability of pneumatic actuation across different 
recovery phases. Low-pressure operation minimizes muscle strain and reduces the 
risk of injury during early rehabilitation, while higher pressures allow for more 
aggressive training as the patient regains strength. This behavior forms the basis 
of an adaptive pressure control strategy, where pneumatic actuation levels are 
dynamically adjusted to balance therapeutic effectiveness with patient safety.
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Fig. 10. Finger bending amplitude vs. time under different pneumatic pressures

https://online-journals.org/index.php/i-joe


	 134	 International Journal of Online and Biomedical Engineering (iJOE)	 iJOE | Vol. 22 No. 4 (2026)

Li et al.

3.2	 Latency–performance behavior

In telerehabilitation scenarios, network latency is a critical factor influencing 
both responsiveness and control accuracy of pneumatic rehabilitation manipulators. 
To investigate the influence of communication delays in a networked control setup, 
simulations were conducted with varying network latency values, modeled as an 
additional delay tnet in the speed measurement used by the PID controller shown in 
Algorithm 1. The effective measured speed at time step k becomes:

	 wk ← MeasureSpeed(t - tdelay - tnet)	

where tdelay represents sensor latency and tnet represents network-induced delay. 
To quantify this effect, system response time and control error were evaluated under 
network delays ranging from 0 ms to 200 ms, as illustrated in Figures 11 and 12.

As shown in Figure 11, system response time increases approximately linearly 
with network latency. At 0 ms delay, the baseline response time is 2.5 s. When 
latency reaches 200 ms, the response time extends to 3.8 s, representing an addi-
tional 1.3 s lag. On average, every 50 ms of added latency prolongs the response time 
by 0.2–0.5 s. Such delays impair synchronization between patient actions and device 
feedback, which is essential for real-time rehabilitation.
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Fig. 11. Response time vs. network latency

Similarly, Figure 12 demonstrates a nonlinear relationship between latency and 
control error. The error rises gradually from 1.0º at 0 ms to 3.8º at 100 ms, then accel-
erates sharply, reaching 7.3º at 200 ms. This threshold effect indicates that system 
performance deteriorates significantly once latency exceeds 100 ms, increasing the 
risk of inaccurate joint trajectories and potential secondary injury. Collectively, these 
findings highlight the necessity of maintaining network latency below 50 ms to pre-
serve near-baseline response times (~2.7 s) and limit control errors within clinically 
acceptable ranges (≤3.8º).
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These results emphasize the importance of considering network-induced delays 
when designing networked or tele-operated control systems, particularly in biomed-
ical or rehabilitation applications where timing precision and smooth motion are 
critical. For remote rehabilitation systems, implementing predictive control algo-
rithms and error-compensation strategies is essential to mitigate latency effects and 
ensure stable, accurate performance.
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Fig. 12. Control error vs. network latency

4	 CONCLUSION

This study proposes a lightweight, modular, and wearable pneumatic finger 
rehabilitation robot specifically designed for remote rehabilitation applications. It 
addresses key issues in existing systems, such as excessive complexity, limited adapt-
ability, and poor portability. Through systematic simulations and controlled exper-
iments, the core performance characteristics of the proposed system are validated.

The device employs a phased pneumatic actuation strategy, utilizing distinct 
supply pressures to achieve different functionalities, where 0.1 MPa enables gentle 
movement (28º flexion range), suitable for early-stage rehabilitation; 0.2 MPa sup-
ports intermediate training (48º flexion range); and 0.3 MPa enables intensive 
functional training (achieving 80º flexion within 2.5 seconds). This adaptive pres-
sure control balances therapeutic efficacy and safety, establishing a progressive 
rehabilitation pathway. The parametric modular four-bar linkage design, based on 
anthropometric hand dimensions, accommodates varying finger lengths without 
customization, significantly enhancing adaptability to diverse patient body types. 
Performance evaluations under controlled network latency (0–200 milliseconds) 
indicate that when latency remains below 50 milliseconds, the system maintains 
near-benchmark responsiveness (response time approximately 2.7 seconds) while 
controlling angular error within 2º.
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The core innovation of this study lies in its successful integration of modular 
mechanical design, phased pneumatic control, low-latency remote rehabilita-
tion communication, and user-centered safety features. This synergy establishes 
a scalable, cost-effective personalized finger rehabilitation framework. The find-
ings provide concrete quantitative design criteria for pressure regulation, latency 
management, and motion precision, advancing patient-centered rehabilitation 
technology.

The novel contributions of this work include:

•	 Modular Design: Accommodates varying finger lengths without requiring 
customization, improving adaptability across patient populations.

•	 Reduced Actuator Count: Achieves approximately 30% reduction in actuator 
usage compared to conventional multi-joint systems, simplifying control and 
lowering cost.

•	 Pneumatic Actuation Strategy: Implements a stage-specific pressure control 
(0.1 MPa for early mobilization, 0.3 MPa for intensive training), enabling safe 
and progressive rehabilitation.

•	 Tele-Rehabilitation Capability: Maintains control accuracy within 2º and latency 
under 50 ms, supporting real-time remote therapy.

•	 Simulation-Driven Validation: Combines CAD modeling and dynamic simulation 
to ensure mechanical fidelity and predict performance under varying conditions.

•	 User-Centered Safety Features: Includes diffuse reflective interlocks and self- 
lubricating components to enhance safety, comfort, and long-term usability.

These innovations collectively support the development of a scalable, cost- 
effective, and clinically viable solution for individualized finger rehabilitation. The 
findings establish quantitative design criteria for pressure control, latency manage-
ment, and accuracy requirements, contributing to the advancement of safe, efficient, 
and patient-centered rehabilitation technologies.

Despite promising results, this study has several limitations. First, prototype eval-
uation was restricted to numerical simulations and experiments. Second, pneumatic 
actuation, while offering compliance and cost benefits, limits positioning accuracy 
compared to motor-driven systems. Third, patient variability such as differences in 
muscle tone, joint stiffness, and recovery speed was not fully addressed.

Future research should focus on conducting large-scale clinical trials with 
diverse patient groups to validate safety, usability, and therapeutic effectiveness 
in real-world conditions. Enhanced sensing technologies, such as EMG, optical 
encoders, and motion capture, should be integrated to provide precise feedback 
and enable adaptive control. Exploring hybrid actuation systems that combine 
pneumatic mechanisms with hydraulic or smart-material actuators can improve 
torque output and positioning accuracy. Additionally, the development of intelligent 
control strategies, including machine learning-based adaptive algorithms, will sup-
port personalized therapy tailored to individual patient needs. Finally, optimizing 
tele-rehabilitation through predictive control and latency compensation techniques 
is essential to ensure robust and responsive remote operation.
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