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Abstract 

This study presents the design and development of a wearable lower-limb exoskeleton 

system aimed at supporting motion assistance in monoplegia-related conditions. The pro-

posed approach integrates a simplified sensing configuration with a data-driven neuro-

fuzzy control framework based on an Adaptive Neuro-Fuzzy Inference System (ANFIS). 

Motion data are acquired from the healthy limb using bend flex sensors and are used to 

generate control signals for the actuation of the impaired limb through an Arduino-based 

embedded platform. The mechanical structure is developed using a lightweight 3D-

printed design combined with high-torque DC motors and gear transmission mecha-

nisms. Experimental evaluation conducted under controlled conditions demonstrates that 

the system is capable of capturing and reproducing fundamental motion patterns, with 

the ANFIS model providing a consistent mapping between sensor inputs and actuator 

responses. The obtained results indicate a satisfactory level of performance for motion 

pattern reproduction, particularly in terms of temporal behavior and transition between 

movement states. The presented system emphasizes low-cost implementation, computa-

tional efficiency, and practical implementation, making it suitable as a proof-of-concept 

framework for wearable assistive technologies. While the results demonstrate the feasibil-

ity of the proposed approach for motion reproduction, further studies involving extended 

testing and user-specific adaptation are required to assess its potential applicability in 

real-world scenarios. 

Keywords: wearable robotics; lower-limb exoskeleton; neuro-fuzzy control; ANFIS;  

monoplegia rehabilitation; embedded systems; Arduino 

 

1. Introduction 

Assistive robotic technologies have gained significant attention in recent years as 

promising solutions for improving mobility and rehabilitation outcomes in patients with 

neurological impairments. Among these conditions, cerebral palsy and related motor dis-

orders frequently result in monoplegia, a condition characterized by impaired control of 

a single limb, often affecting gait and overall functional independence [1]. Conventional 

rehabilitation approaches primarily rely on physiotherapy and orthotic aids; however, 

these methods may be limited in their ability to provide continuous, adaptive, and per-

sonalized assistance [2]. In this context, wearable lower-limb exoskeletons have emerged 
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as an effective means of supporting locomotion and enhancing motor recovery through 

repetitive and controlled movement patterns [3–5]. 

Current research in lower-limb exoskeletons includes a wide range of control strate-

gies, from model-based approaches to data-driven techniques such as machine learning 

and artificial intelligence [6]. In particular, neuro-fuzzy systems, such as Adaptive Neuro-

Fuzzy Inference Systems (ANFIS), have demonstrated strong capability in modeling com-

plex nonlinear relationships while maintaining interpretability through fuzzy rules [7]. 

Despite these advances, several challenges remain, including the high cost of commercial 

systems, the complexity of control algorithms, and the difficulty of achieving intuitive hu-

man–robot interaction [8,9]. In addition, while some studies focus on sensor-driven con-

trol, there is ongoing debate regarding the most effective sensing modalities and control 

architectures for reliable and adaptive assistance during gait [10]. While motion mirroring 

and adaptive control strategies have been previously explored, there remains a lack of 

systems that effectively combine minimal sensing, data-driven control, and low-cost em-

bedded implementation within a unified wearable platform, particularly for monoplegia-

oriented rehabilitation. 

To address these challenges, this study proposes a wearable lower-limb exoskeleton 

incorporating a sensor-driven neuro-fuzzy control framework for the development of a 

wearable assistive system targeting motion support in monoplegia conditions. The system 

captures motion data from the user’s healthy limb using flex sensors and employs an AN-

FIS-based model to generate control signals for actuating the impaired limb. The mechan-

ical design integrates 3D-printed structures with high-torque actuation, while control is 

implemented using a low-cost embedded platform. The main objective is to develop a 

practical and accessible system capable of reproducing basic motion patterns through a 

data-driven approach. 

It should be noted that the present study focuses on system-level validation and 

proof-of-concept implementation rather than clinical evaluation. The results demonstrate 

that the proposed system can successfully map human motion data to actuator response 

and reproduce representative movement patterns under different conditions. These find-

ings support the feasibility of combining low-cost sensing, neuro-fuzzy modeling, and 

embedded control in wearable rehabilitation devices, while also highlighting areas for 

further improvement in sensing accuracy, ergonomics, and system robustness. 

This paper presents the design, development, and experimental evaluation of a wear-

able lower-limb exoskeleton for monoplegia rehabilitation, integrating sensor-based mo-

tion acquisition with a neuro-fuzzy control framework. The proposed system utilizes 

bend flex sensors placed on the healthy limb to capture motion patterns, which are pro-

cessed through an ANFIS to generate control signals for actuating the impaired limb via 

an Arduino-based embedded platform. The mechanical structure is realized using 3D-

printed components combined with high-torque actuation to ensure functional support 

and reproducibility. The key contributions of this work can be outlined as follows: 

• The development of a sensor-minimal motion mirroring framework that relies exclu-

sively on flex sensors, enabling intuitive human-in-the-loop control while reducing 

sensing complexity compared with multimodal approaches. 

• The formulation of a data-driven ANFIS-based mapping strategy, which directly 

learns the relationship between healthy-limb motion and actuator commands with-

out requiring predefined trajectories or explicit biomechanical modeling. 

• The implementation of an integrated embedded control architecture, where the 

trained ANFIS model is coupled with real-time sensing and actuation on a low-cost 

Arduino-based platform. 
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• The co-design of mechanical structure and control strategy, focusing on function-ori-

ented actuation at the knee and ankle joints and ensuring consistency between sensor 

inputs and actuator outputs. 

• The experimental validation of a fully functional wearable prototype, demonstrating 

the feasibility of combining simplified sensing, adaptive modeling, and low-cost 

hardware for rehabilitation applications. 

This paper is organized as follows. Section 2 reviews the related work on lower-limb 

exoskeleton systems, sensing technologies, and adaptive control approaches. Section 3 

presents the proposed system design and methodology, including the mechanical struc-

ture, sensing architecture, embedded control hardware, and the ANFIS-based modeling 

framework. Section 4 outlines the experimental framework, including the experimental 

setup, data acquisition process, and the ANFIS training procedure. Section 5 presents the 

experimental results, including sensor signal characterization, ANFIS performance eval-

uation, and the response of the exoskeleton system. Finally, Section 6 discusses the main 

findings, outlines the limitations of the study, and concludes the paper with directions for 

future work. 

2. Related Work 

Recent research on lower-limb rehabilitation exoskeletons has increasingly focused 

on three interconnected directions: the development of adaptive control strategies, the in-

tegration of wearable sensing technologies, and the design of lighter and more affordable 

robotic systems for clinical or home-based rehabilitation. Comprehensive recent reviews 

indicate that the field is progressing toward more intelligent and user-centered systems; 

however, several challenges remain, including limited long-term validation, lack of stand-

ardization in evaluation, high implementation cost, and difficulties in translating ad-

vanced control methods into practical wearable platforms [11–14]. 

Yao et al. [11] presented a comprehensive review of sensor technologies and control 

strategies for lower-limb rehabilitation exoskeletons, covering physiological sensors, in-

ertial and force sensors, environmental sensing, and a broad range of control architec-

tures. Their review is particularly useful because it highlights how sensor selection 

strongly affects the responsiveness, safety, and usability of the exoskeleton, while also 

emphasizing the trade-off between richer sensing and increased system complexity. Τhe 

review identifies the importance of user-centered sensing, but it does not specifically re-

solve how simpler, lower-cost sensing configurations can be effectively coupled with 

adaptive control in experimentally implemented wearable systems. This leaves open an 

important research gap for practical platforms that avoid the complexity of multimodal 

sensing while still enabling meaningful motion assistance. 

Hasan and Alam [12] provided a broader comparative review of lower-limb exoskel-

eton research, spanning control strategies, design, sensing modalities, human–robot inter-

action, and evaluation approaches across rehabilitation, mobility assistance, pediatric ap-

plications, and terrain adaptation. Their work shows the field’s transition from rigid, pre-

defined systems toward adaptable, user-specific and data-driven exoskeletons. The re-

view also reveals a core weakness in the literature: although many systems claim adapta-

bility, a large proportion of studies are still difficult to compare because they use different 

performance metrics, different validation settings, and heterogeneous target populations. 

The study in [15] systematically examined robotic exoskeletons developed for cere-

bral palsy and found a clear trend toward personalized rehabilitation interfaces and user-

specific device adaptation. The authors also reported major unresolved issues, including 

insufficient long-term evaluation, limited evidence on sustained therapeutic effects, and 

the continuing need for user-friendly designs that can support engagement over time. The 

review underscores that the cerebral palsy literature is still relatively sparse in terms of 
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practical, experimentally validated, lightweight systems that can be adapted to different 

impairment patterns. This is especially important for monoplegia-oriented concepts, 

where unilateral impairment may benefit from control approaches that explicitly exploit 

the asymmetry between the healthy and affected limbs. 

A broader rehabilitation perspective is provided by Bartloff et al. [13], who reviewed 

wearable technologies for gait rehabilitation, including robotic exoskeletons, neuromod-

ulation platforms, and sensory augmentation systems such as biofeedback and VR/AR. 

Their analysis places exoskeletons within the wider rehabilitation ecosystem and shows 

that effective gait recovery depends not only on hardware but also on task specificity, 

adaptability, portability, and integration into clinical workflows. The critical point raised 

by this review is that even technically promising devices may fail to achieve widespread 

adoption because of usability challenges, fragmented clinical evidence, high cost, and lim-

ited clinician training pathways. In this respect, the paper indirectly supports the need for 

simpler and more accessible exoskeleton solutions. However, it does not deeply examine 

how low-cost embedded implementations can realize adaptive control without relying on 

highly instrumented clinical infrastructures. 

From the viewpoint of original system development, Zhu et al. [16] proposed a 

lower-limb rehabilitation exoskeleton with active hip and knee joints, passive ankle be-

havior, and motion control for multiple scenarios, including walking, standing up, sitting 

down, and stair negotiation. The study presents a complete robotic platform with experi-

ments showing angular response and trajectory tracking performance. The control strat-

egy is primarily based on trajectory tracking and closed-loop position control, which pro-

vides reliable operation; however, it offers limited adaptability compared with more user-

driven or intelligent control approaches. Furthermore, the validation is mainly conducted 

at the prototype level and on healthy participants, which, while appropriate for initial 

assessment, leaves room for further investigation in clinical conditions involving the tar-

get patient population. 

Patricio et al. [17] developed a lightweight, high-torque, and comparatively low-cost 

hip exoskeleton using 3D-printed materials, embedded electronics, and high-torque actu-

ation. Their system explicitly addresses accessibility and reproducibility and demon-

strates encouraging experimental performance in walking and sit-to-stand tasks. The con-

trol approach follows a conventional structure focused on trajectory tracking, which en-

sures stable performance but provides limited support for incorporating biologically in-

formed or adaptive, patient-specific assistance. As such, the study does not explicitly ex-

plore the integration of real-time human motion sensing into intelligent actuator decision-

making, which is an important aspect of sensor-driven rehabilitation systems. 

Hamza and Abdullahi [18] proposed an adaptive neuro-fuzzy fractional-order PID 

controller for a two-degree-of-freedom hip–knee exoskeleton. Their results indicate that 

ANFIS-based control can improve tracking accuracy, robustness, and energy efficiency 

under disturbances and parameter uncertainties. The study is primarily validated through 

nonlinear modeling and simulation rather than physical implementation. This provides 

strong methodological evidence for the effectiveness of the approach. To evaluate its per-

formance under practical conditions, further work is required including real sensing hard-

ware, human–device interaction, actuator constraints, and embedded system implemen-

tation. 

In addition to trajectory-based and data-driven control approaches, recent research 

in robotics has increasingly focused on compliant and interaction-aware control strategies, 

particularly in systems operating in dynamic and uncertain environments. For instance, 

recent work on variable admittance control has demonstrated how robotic systems can 

adapt their dynamic behavior in response to environmental constraints, enabling stable 

motion–manipulation coordination and safe interaction with external forces [19]. Such ap-
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proaches are especially relevant in applications requiring close physical interaction, as 

they allow robots to modulate stiffness and damping characteristics in real time. However, 

these methods typically rely on accurate dynamic modeling and advanced sensing, which 

may increase system complexity and cost. In contrast, the proposed approach adopts a 

data-driven ANFIS-based framework that captures motion behavior without requiring 

explicit dynamic models, prioritizing simplicity and practical implementation. 

To provide a clearer and more structured comparison of existing lower-limb rehabil-

itation exoskeleton systems, Table 1 summarizes representative studies in terms of sens-

ing approach, control strategy, system complexity, real-time capability, and application 

focus. This comparative overview highlights the diversity of design choices and identifies 

key trade-offs between performance, complexity, and accessibility. 

Table 1. Comparative overview of representative lower-limb exoskeleton systems. 

Study Sensing Modality 
Control Strat-

egy 

System Com-

plexity 

Real-Time Im-

plementation 
Cost Level Application 

Zhu et al. [16] Joint encoders 
Trajectory track-

ing control 
High Yes High Walking, ADL 

Patricio et al. 

[17] 
Sensors + encoders Position control Medium–High Yes Medium 

Assistive walk-

ing 

Hamza & Ab-

dullahi [18] 
Simulation-based ANFIS + FOPID 

High (model-

based) 
No (simulation) N/A 

Control optimi-

zation 

Nacarino et al. 

[10] 
EMG-based 

EMG-driven 

control 
High Yes High Rehabilitation 

Marinou et al. 

[6] 
Multi-sensor system 

Sensor fusion 

control 
High Yes High 

Gait analy-

sis/control 

Proposed work Flex sensors (minimal) 
ANFIS mapping 

(data-driven) 
Low–Medium 

Yes (embedded 

Arduino) 
Low 

Monoplegia re-

habilitation 

The comparison presented in Table 1 reveals several important trends in the design 

of lower-limb exoskeleton systems. First, most existing approaches rely on complex sens-

ing configurations, including multimodal systems combining inertial, force, or EMG sen-

sors, which increase system cost and integration complexity. In contrast, the proposed 

system adopts a minimal sensing strategy based solely on flex sensors, significantly re-

ducing hardware requirements while maintaining functional motion reproduction. 

Second, many prior studies utilize trajectory tracking or model-based control strate-

gies, which require predefined motion profiles and detailed system modeling. While ef-

fective, these approaches may limit adaptability to user-specific motion patterns. The pre-

sent work instead employs a data-driven ANFIS-based mapping, enabling the system to 

learn motion relationships directly from experimental data without explicit biomechani-

cal modeling. 

Third, although advanced control techniques such as ANFIS have been explored in 

the literature, they are often evaluated only in simulation environments. The proposed 

system extends this work by demonstrating real-time implementation within a physical 

wearable platform, including sensor acquisition, model deployment, and actuator control 

using an embedded microcontroller. 

From a practical perspective, the proposed approach offers a favorable trade-off be-

tween cost, control complexity, and real-time capability. While high-end systems provide 

greater precision and richer sensing, they are often difficult to deploy in real-world reha-

bilitation settings due to cost and system complexity. In contrast, the presented system 

prioritizes accessibility, simplicity, and reproducibility, making it suitable for low-cost re-

habilitation applications and early-stage assistive support. 
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Overall, the literature indicates a clear trend toward more adaptive and intelligent 

exoskeleton systems, accompanied by increasing sensing and control complexity. How-

ever, a gap remains in the development of experimentally validated, low-cost, and sim-

plified systems that can be readily deployed in practical rehabilitation scenarios. In this 

context, the proposed framework addresses this gap by integrating minimal sensing, data-

driven ANFIS control, and embedded real-time implementation within a unified wearable 

platform, specifically targeting monoplegia rehabilitation. 

3. System Design and Methodology 

This section presents the design and implementation of the proposed wearable 

lower-limb exoskeleton system, including its mechanical structure, sensing architecture, 

control strategy, and data processing framework. The overall objective is to develop an 

integrated platform capable of assisting the impaired limb by exploiting motion infor-

mation derived from the healthy limb. 

3.1. System Overview 

The proposed system follows a sensor-driven, human-in-the-loop architecture, in 

which motion information acquired from the healthy limb is used to control the exoskel-

eton-assisted movement of the impaired limb. Human-in-the-loop control frameworks 

have been shown to improve synchronization between user intention and exoskeleton 

motion, enabling more natural and ergonomic gait assistance [20]. The system consists of 

four main subsystems: (i) sensing module, (ii) data processing module, (iii) control mod-

ule, and (iv) actuation and mechanical structure. 

The sensing module captures joint motion through bend flex sensors, while the data 

processing module converts and prepares the acquired signals for modeling. The control 

module implements an ANFIS to generate actuator commands based on the input sensor 

data. Finally, the actuation system executes the desired motion through DC motors con-

nected to the knee and ankle joints of the exoskeleton. 

This architecture enables a direct mapping between human motion and robotic actu-

ation, reducing the need for complex biomechanical modeling and facilitating intuitive 

operation. 

The mechanical design of the proposed wearable exoskeleton aims to provide a light-

weight, structurally robust, and functionally adaptable platform for assisting lower-limb 

motion in monoplegia rehabilitation. The design follows a modular and anthropomorphic 

configuration, replicating the primary segments of the human lower limb, namely the fe-

mur, tibia, and foot, to ensure kinematic compatibility with natural gait patterns. A CAD 

representation of the main structural components of the exoskeleton designed using Solid-

Works 2021 is shown in Figure 1. 

A key feature of the mechanical architecture is its modular 3D-printed construction, 

which enables rapid prototyping, cost reduction, and ease of customization. The struc-

tural components are manufactured using a combination of PLA–ABS materials and rein-

forced carbon-based elements, achieving a balance between mechanical strength and re-

duced weight. This approach allows the device to be adapted to different users with min-

imal redesign effort, contributing to improved accessibility compared with conventional 

rigid exoskeleton systems. 
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(a) (b) 

 
(c) 

Figure 1. CAD representation of the exoskeleton structure, illustrating (a) femur, (b) tibia, and (c) 

foot modules. 

The actuation system is designed to provide sufficient torque to support joint move-

ment under assisted conditions while maintaining stability and safety. A detailed CAD 

representation of the overlap-type knee–ankle joint and its constituent mechanical com-

ponents is presented in Figure 2. The knee and ankle joints are actuated using high-torque 

DC motors coupled with gearbox systems, incorporating a worm gear transmission mech-

anism. This configuration introduces several important advantages, including increased 

torque amplification, compactness, and inherent self-locking capability, which prevents 

unintended joint movement when the system is not actively driven. Such characteristics 

are particularly relevant in rehabilitation scenarios where controlled and stable motion is 

essential. The complete mechanical configuration of the joint actuation system, including 

the motor, gearbox, and worm gear transmission, is illustrated in Figure 3. 
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Figure 2. CAD design and detailed component breakdown of the overlap-type knee–ankle joint. 

 

Figure 3. Mechanical design of the knee and ankle joints with integrated DC motor, gearbox system, 

and worm gear transmission. 

In contrast to fully actuated multi-degree-of-freedom systems, the proposed design 

adopts a function-oriented actuation strategy, focusing on essential joint movements 

(knee flexion–extension and ankle dorsiflexion–plantarflexion). This simplification re-

duces mechanical complexity and system weight while preserving the functional motions 

required for basic gait assistance and rehabilitation exercises. The resulting design reflects 

a deliberate trade-off between kinematic completeness and practical implementation fea-

sibility. 

Another important aspect of the design is the integration of mechanical–control com-

patibility, ensuring that the mechanical structure supports the proposed sensor-driven 

control strategy. The joint alignment, transmission layout, and mounting interfaces are 

configured to enable smooth coupling between actuator output and human limb motion. 

Additionally, the structure incorporates adjustable connection elements (e.g., straps and 

alignment guides) to facilitate proper fitting and load distribution across the limb, enhanc-

ing user comfort and reducing localized stress. 
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Finally, the mechanical system is conceived as part of an integrated mechatronic 

framework, where structural design, sensing placement, and actuation are co-developed 

to support the overall control methodology. In particular, the placement of joints and ac-

tuators is coordinated with the sensing strategy based on the healthy limb, enabling a 

consistent mapping between measured motion and assisted actuation. Alternative joint 

configurations and detailed actuator integration components are illustrated in Figure 4. 

An overall view of the assembled exoskeleton structure is presented in Figure 5. 

 

Figure 4. Alternative joint configuration and detailed actuator integration, including Type_2 joint 

design and gearbox–motor assembly components. 
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Figure 5. Assembled CAD model of the proposed lower-limb exoskeleton, illustrating the integra-

tion of structural components and joint mechanisms. 

To further support the evaluation of the proposed exoskeleton system from an engi-

neering perspective, key mechanical and actuation specifications are summarized in Table 

2. These parameters describe the physical characteristics, actuation capabilities, and func-

tional performance limits of the developed prototype. 

Table 2. Key design and performance specifications of the proposed exoskeleton. 

Parameter Value/Description 

Total system weight ~3–5 kg (estimated, including structure and actuators) 

Actuator type DC motor with gearbox 

Rated motor voltage 12 V 

Gear reduction ratio ~27:1 (Type_2 configuration)/worm gear transmission 

Estimated joint torque (knee) ~15–25 Nm (based on gearbox and motor specs) 

Estimated joint torque (ankle) ~10–15 Nm 

Range of motion (knee) Approximately 0° to 90° (flexion–extension) 

Range of motion (ankle) Approximately −20° to +20° (dorsi/plantar flexion) 

Structural material PLA/ABS with reinforced elements 

Target user body mass ~80–90 kg (design reference) 

Joint alignment strategy Anatomical alignment with adjustable mounting 

Power source Battery-operated (LiPo) 

Estimated operating time ~20–30 min 

Payload assistance capacity Partial limb support (not full body load-bearing) 

Control platform Arduino Uno 

Sampling frequency ~20 Hz 
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The presented specifications correspond to a prototype-level assistive device de-

signed to reproduce basic lower-limb movements rather than provide full load-bearing 

support. The actuation capability is sufficient for controlled joint assistance during reha-

bilitation exercises, while the selected gear transmission mechanisms (including worm 

gear configurations) ensure adequate torque delivery and inherent joint stability. The de-

fined range of motion is aligned with typical gait and seated movement requirements, 

supporting the intended experimental scenarios. The mechanical design also incorporates 

an alignment strategy that ensures compatibility between the exoskeleton joints and the 

anatomical joints of the user, improving motion consistency and comfort during opera-

tion. In addition, the selected power supply supports short-duration operation appropri-

ate for experimental trials, reflecting the prototype-oriented nature of the system. Overall, 

these design choices reflect a balance between functional performance, system simplicity, 

and low-cost implementation. 

Based on the above design characteristics and specifications, the proposed mechani-

cal design contributes to the innovation of the system through the combination of low-

cost fabrication, modular architecture, targeted actuation, and integration with sensor-

driven control, providing a practical foundation for wearable rehabilitation applications. 

3.2. Sensing and Control Hardware 

The sensing and control hardware of the proposed system is designed to provide a 

cost-effective, compact, and integrated platform for real-time acquisition and actuation, 

supporting the implementation of the sensor-driven control strategy. The hardware archi-

tecture combines simple wearable sensing components with an embedded control unit 

and actuator interface, enabling synchronized motion between the healthy and impaired 

limbs. 

The control loop operates at an approximate frequency of 20 Hz, corresponding to 

the sensor sampling rate, ensuring continuous acquisition of motion data and timely ac-

tuator response. This update rate is sufficient to capture the dynamics of human gait un-

der normal walking conditions while maintaining stable system operation within the com-

putational limits of the embedded platform. 

3.2.1. Sensing Hardware Configuration 

Motion acquisition is achieved using bend flex sensors positioned on the healthy limb 

at the knee and ankle joints. These sensors provide a direct measurement of joint defor-

mation by varying their electrical resistance as a function of bending angle. This configu-

ration enables the capture of representative motion patterns associated with gait cycles 

and postural transitions. 

The use of flex sensors represents a deliberate design choice that prioritizes simplic-

ity, low cost, and ease of integration compared with more complex sensing modalities 

such as inertial measurement units (IMUs) or electromyography (EMG) systems. Flex sen-

sors have been successfully used in wearable exoskeleton systems for capturing joint mo-

tion and enabling intuitive control through mirrored limb movement [21]. Although these 

advanced alternatives may offer higher precision and richer biomechanical information, 

they typically require more sophisticated signal processing, calibration procedures, and 

hardware integration. In contrast, flex sensors provide a practical solution for capturing 

joint motion trends with minimal system overhead, making them suitable for wearable 

rehabilitation applications. 

Each sensor is interfaced with the control unit through analog input channels, allow-

ing continuous monitoring of joint motion during operation. The sensor placement and 

attachment are designed to ensure consistent response while maintaining user comfort 

and minimizing interference with natural movement. 
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3.2.2. Embedded Control Platform 

The core of the control hardware is an Arduino Uno microcontroller, based on the 

ATmega328P architecture, which serves as an embedded processing unit for both data 

acquisition and actuator control. The microcontroller is responsible for acquiring sensor 

signals, processing input data, and generating actuator commands in real time. Its func-

tionality is supported by built-in analog-to-digital conversion, which allows direct sam-

pling of the sensor outputs within the range of 0–5 V. The implementation of the sensing 

and control hardware, including the Arduino-based interface and actuator connections, is 

illustrated in Figure 6. 

 

Figure 6. Experimental hardware setup illustrating the Arduino-based control unit, sensor interface, 

relay modules, and actuation system. 

The Arduino platform is selected due to its low cost, ease of programming, and wide 

compatibility with sensors and actuators, making it well suited for rapid prototyping and 

experimental validation. Additionally, its ability to operate with standard voltage levels 

(0–5 V) ensures direct compatibility with the flex sensor outputs, simplifying the signal 

acquisition process. 

To facilitate sensor connectivity and signal routing, a sensor interface configuration 

is used, allowing stable connections between analog inputs, power supply, and ground 

references. The microcontroller communicates with external software for data logging and 

processing via serial communication, enabling efficient transfer of experimental data. 

3.2.3. Actuation and Control Interface 

The actuation subsystem consists of high-torque DC motors responsible for driving 

the knee and ankle joints of the exoskeleton. These motors are controlled through relay 

modules that act as an interface between the low-voltage control signals of the microcon-

troller and the higher-power motor supply. By switching the polarity of the supply, the 

system enables bidirectional motion, supporting both flexion and extension of the joints. 

The control process is implemented within a continuous loop, in which sensor read-

ings are acquired, evaluated, and translated into actuator commands. The decision logic 

combines threshold-based conditions with the outputs of the trained ANFIS model, al-

lowing the system to respond dynamically to changes in the motion of the healthy limb. 

The overall hardware configuration reflects a design approach that emphasizes sys-

tem compatibility and real-time responsiveness while maintaining low implementation 

complexity. The integration of sensing, control, and actuation components within a uni-

fied embedded platform enables efficient data flow and synchronized operation. At the 
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same time, the selected architecture supports scalability, allowing future enhancements 

such as additional sensing modalities or more advanced control techniques to be incorpo-

rated without fundamental redesign. 

Overall, the proposed approach results in a low-cost and accessible exoskeleton pro-

totype that integrates mechanical structure, sensing, embedded control, and actuation 

within a unified system architecture for rehabilitation-oriented applications. 

3.3. ANFIS Modeling 

To establish a mapping between the motion of the healthy limb and the correspond-

ing actuation of the impaired limb, an ANFIS is employed as the core modeling and con-

trol component. ANFIS combines the learning capability of artificial neural networks with 

the rule-based reasoning of fuzzy logic, allowing it to approximate nonlinear relationships 

without requiring an explicit analytical formulation [22]. ANFIS has been successfully ap-

plied to lower-limb exoskeleton control, demonstrating its ability to approximate nonlin-

ear gait dynamics and improve trajectory tracking performance [23]. 

In the present study, ANFIS is used to model the relationship between the sensor 

inputs obtained from the healthy limb and the control signals driving the exoskeleton ac-

tuators. The inputs to the model consist of the processed signals from the flex sensors 

placed at the knee and ankle joints, while the output corresponds to a control signal that 

defines the activation state and direction of the actuators driving the knee and ankle joints. 

In physical terms, this output does not directly represent torque or position, but rather an 

abstract control variable that is mapped to discrete actuator commands (e.g., forward ro-

tation, reverse rotation, or idle state) through the relay-based motor interface. This map-

ping enables the transformation of continuous sensor inputs into actionable motor control 

decisions. This configuration enables a data-driven representation of motion transfer, in 

which the behavior of the system is directly inferred from experimental observations. 

The adopted ANFIS structure follows a Takagi–Sugeno fuzzy inference framework, 

consisting of a set of fuzzy if–then rules that define the mapping between input variables 

and output responses. The model architecture comprises multiple layers, including fuzz-

ification of inputs, rule evaluation, normalization, and output generation. The structure 

of the implemented ANFIS model is illustrated in Figure 7. During the training phase, the 

parameters of the membership functions and the rule consequents are adjusted using a 

hybrid learning approach that combines least-squares estimation with gradient-based 

tuning. This allows the model to capture the nonlinear characteristics of the input–output 

relationship while maintaining computational efficiency. 

The training data used for the ANFIS model are derived from experimental measure-

ments of the healthy limb during different motion scenarios, such as walking and sitting. 

These datasets are organized into input–output pairs, where the sensor readings corre-

spond to joint positions and their changes over time. Prior to training, the data are pre-

processed through scaling to ensure consistent input representation and improve model 

convergence. 

Once trained, the ANFIS model is used in inference mode within the control loop. In 

this phase, real-time sensor inputs are fed into the model, which generates corresponding 

output values that are used to determine the actuation commands for the motors. This 

approach enables the system to respond dynamically to changes in the motion of the 

healthy limb, providing an adaptive control mechanism that does not rely on predefined 

trajectories. 
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Figure 7. Structure of the ANFIS model used to map flex sensor inputs to actuator control com-

mands. 

It should be noted that the ANFIS model is trained offline using MATLAB 2024a 

based on experimentally collected datasets. Due to the computational limitations of the 

embedded platform, the full ANFIS inference model is not deployed directly on the Ar-

duino microcontroller. Instead, the trained model is used to derive control thresholds and 

decision rules, which are then implemented within the Arduino control loop for real-time 

execution. This approach enables the system to retain the benefits of data-driven modeling 

while ensuring compatibility with low-cost embedded hardware and maintaining real-

time responsiveness. 

A key advantage of the proposed ANFIS-based approach is its ability to handle non-

linear system behavior and uncertainty without requiring detailed knowledge of system 

dynamics. At the same time, the relatively low computational requirements of ANFIS 

make it suitable for implementation in embedded systems with limited processing capa-

bilities. While the training process is performed offline, the resulting model enables con-

sistent and reliable control performance during real-time operation, with adaptability in-

herently captured through representative training data. 

Overall, the use of ANFIS provides an effective compromise between model simplic-

ity, adaptability, and computational efficiency, supporting the development of a sensor-

driven control framework that is compatible with low-cost wearable rehabilitation de-

vices. 

4. Experimental Procedure 

This section describes the experimental methodology followed to validate the pro-

posed wearable exoskeleton system. The main objective of the experimental procedure is 

to assess the system’s ability to acquire motion data from the healthy limb, process these 

signals for model training, and reproduce corresponding movements through the exo-

skeleton. To this end, a series of controlled experiments were conducted, including data 

acquisition, preprocessing, model training, and real-time system evaluation. 

The procedure was designed to ensure repeatability and consistency of measure-

ments while maintaining simplicity in the experimental setup. Particular emphasis was 

given to capturing representative motion patterns associated with basic rehabilitation ac-

tivities, such as walking and seated positioning. The collected data were subsequently 

used to train and validate the ANFIS-based control model, as well as to evaluate the dy-

namic response of the exoskeleton during operation. 
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4.1. Experimental Setup 

The experimental setup consists of the wearable exoskeleton prototype, a sensing 

system based on bend flex sensors, an embedded control unit, and a data acquisition in-

terface. The exoskeleton is mounted on one lower limb and is equipped with actuators at 

the knee and ankle joints, designed to reproduce basic flexion–extension and dorsiflexion–

plantarflexion movements. 

Motion acquisition is performed using two bend flex sensors positioned at the knee 

and ankle joints of the healthy limb. The sensors are connected to an Arduino Uno micro-

controller, which performs real-time analog data acquisition. The analog signals are sam-

pled using a 10-bit analog-to-digital converter, resulting in digital values within the range 

of 0–1023, corresponding to an input voltage range of 0–5 V. 

The data acquisition process is performed at an approximate sampling frequency of 

20 Hz, which was found to be sufficient for capturing the dynamics of human joint motion 

during walking and stationary conditions. The acquired data are transmitted to a host 

computer via serial communication for storage and further processing. 

The actuation system consists of high-torque DC motors supplied at 12 V, coupled 

with gearbox mechanisms to provide sufficient torque for joint movement. The motors are 

interfaced with the microcontroller through relay modules, which enable bidirectional 

control of joint motion. 

All experiments were conducted in a controlled indoor environment to minimize ex-

ternal disturbances. Particular attention was given to maintaining consistent sensor place-

ment across trials, ensuring stable attachment to the limb and minimizing signal variabil-

ity due to sensor displacement. 

4.2. Experimental Framework 

The experimental protocol was designed to evaluate the functionality of the pro-

posed exoskeleton system and to generate representative data for training and validation 

of the ANFIS model. The procedure focuses on capturing motion patterns from the 

healthy limb and assessing the system’s ability to reproduce corresponding movements 

through the exoskeleton. 

Data acquisition was performed using bend flex sensors placed at the knee and ankle 

joints of the healthy limb, ensuring consistent measurement of joint deformation during 

motion. The subject executed representative movement tasks, including walking and 

seated positions, in order to capture both dynamic and static behavior relevant to rehabil-

itation scenarios. Detailed acquisition conditions and trial parameters are provided in Sec-

tion 4.3. 

The raw sensor data, obtained through the Arduino-based acquisition system, were 

transmitted to a computer and recorded using serial communication. The recorded signals 

were then processed and converted into voltage values, ensuring consistent scaling before 

being used in the modeling stage. The dataset was organized into input–output pairs, 

where sensor signals served as inputs and corresponding actuator responses were defined 

as target outputs for the ANFIS training process. 

Model training and validation were conducted using the prepared datasets. The 

training phase aimed to establish a reliable mapping between the motion of the healthy 

limb and the actuation signals required for the exoskeleton, while the validation phase 

evaluated the model’s ability to generalize across different motion patterns. The perfor-

mance of the model was assessed using the testing error and by observing the consistency 

of the generated control signals. 

Finally, the trained model was incorporated into the control loop, and the system was 

operated under real-time conditions to assess its response. The real-time control imple-

mentation is based on decision logic derived from the trained ANFIS model. The model 
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output is interpreted as a control signal governing actuator direction and activation state 

within the Arduino-based system, ensuring consistent mapping between sensor inputs 

and actuator responses during operation. The evaluation focused on the ability of the ex-

oskeleton to reproduce basic motion patterns and maintain stable operation during tran-

sitions between different movement states. The experimental protocol is intended as an 

initial validation of system feasibility rather than a comprehensive clinical assessment. 

4.3. Data Acquisition Protocol 

The data acquisition protocol was designed to capture representative motion patterns 

of the healthy limb under controlled and repeatable conditions. Two types of motion were 

considered, namely walking and seated positioning, in order to include both dynamic and 

static joint behavior relevant to rehabilitation scenarios. 

The data acquisition was performed using a single voluntary participant for the pur-

pose of system development and preliminary validation. The participant was an adult 

individual with no known musculoskeletal impairments, allowing the capture of repre-

sentative motion patterns under controlled conditions. The experimental procedure in-

volved non-invasive wearable testing, in which flex sensors were attached to the knee and 

ankle joints of the healthy limb. No clinical intervention, external assistance, or patient-

specific rehabilitation protocol was involved, and no personal or sensitive data were col-

lected during the experiments. 

During the walking trials, the subject was instructed to move at a constant and com-

fortable pace along a short path of approximately 5 m. Each trial lasted approximately 20–

30 s, resulting in a dataset of approximately 400–600 samples per trial, which is consistent 

with the selected sampling frequency of approximately 20 Hz. 

A total of five walking trials were performed to ensure sufficient data coverage and 

improve repeatability. These trials enabled the recording of periodic signals correspond-

ing to knee and ankle flexion–extension cycles during gait. 

In addition to walking, seated-position trials were conducted to capture static joint 

configurations and transitions between movement states. For these trials, the subject re-

mained seated for approximately 15–20 s while sensor data were continuously recorded. 

These measurements provided a baseline reference for joint position and helped distin-

guish between active and inactive movement conditions. 

Throughout the acquisition process, sensor signals were continuously recorded and 

stored without interruption. Care was taken to avoid sudden movements or disturbances 

that could introduce noise into the measurements. The resulting dataset comprises both 

periodic signals corresponding to gait cycles and steady-state signals corresponding to 

stationary positions, providing a comprehensive representation of joint motion. 

4.4. Data Processing and Preparation 

The raw sensor signals obtained from the Arduino microcontroller were converted 

into voltage values using a linear transformation, mapping the digital range (0–1023) to 

the corresponding voltage range (0–5 V). This preprocessing step ensures consistent scal-

ing of the input signals while preserving their physical interpretability. 

Following conversion, the recorded signals were organized into structured datasets 

representing the motion of the knee and ankle joints. The complete dataset consisted of 

approximately 2000–2500 samples, combining data from both walking and seated trials. 

Each data sample includes synchronized input values from the two sensors, forming a 

two-dimensional input vector for the ANFIS model. Minor preprocessing steps were ap-

plied to remove inconsistent or corrupted samples, while preserving the overall structure 

and variability of the data. 
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The dataset was then divided into two subsets: 70% for training and 30% for valida-

tion. The training subset was used to identify the nonlinear mapping between sensor in-

puts and actuator outputs, while the validation subset was used to evaluate the generali-

zation capability of the model. This division ensures that the model is not limited to mem-

orizing specific patterns but can respond effectively to new input conditions. 

The resulting datasets provided a reliable and well-structured input for the ANFIS 

training procedure, supporting the development of a stable and consistent control model. 

4.5. ANFIS Training Procedure 

The ANFIS model was trained using the processed datasets obtained from the exper-

imental measurements. The training process was carried out in an offline environment, 

where input–output data pairs were used to establish the nonlinear mapping between the 

sensor signals and the corresponding actuator control commands. 

The ANFIS structure was implemented using a first-order Takagi–Sugeno fuzzy in-

ference system with two input variables, corresponding to the flex sensor signals from the 

knee and ankle joints of the healthy limb. The output of the model represents the control 

signal associated with the actuation of the exoskeleton joints. 

Each input variable was described using three Gaussian membership functions, re-

sulting in a total of nine fuzzy rules in the inference system. The use of Gaussian member-

ship functions was selected due to their smoothness and suitability for modeling contin-

uous nonlinear relationships. The number of membership functions was defined empiri-

cally in order to achieve a balance between approximation capability and model complex-

ity. 

The training process employed a hybrid learning algorithm, combining least-squares 

estimation for the consequent parameters and gradient descent for the membership func-

tion parameters. The model was trained over 50 epochs, which was found to be sufficient 

for convergence based on the observed reduction in the training error. 

The dataset was divided into training (70%) and validation (30%) subsets, allowing 

the evaluation of the model’s generalization capability. After training, the ANFIS model 

was deployed in inference mode within the control framework. In this configuration, real-

time sensor data are processed by the trained model to generate control signals for the 

actuators. This enables the exoskeleton to respond dynamically to variations in the motion 

of the healthy limb while maintaining low computational requirements suitable for em-

bedded implementation. The performance of the ANFIS model was assessed using the 

prediction error between the estimated and target outputs. 

During real-time operation, control commands are updated at the same rate as the 

sensor acquisition (approximately 20 Hz), resulting in a command update period of about 

50 ms. The processing time required for each control cycle is minimal due to the use of 

pre-defined decision logic, allowing near-instantaneous actuator command generation 

within each loop iteration. 

5. Results 

The results of the experimental evaluation are presented in this section, focusing on 

the analysis of the acquired sensor signals, the performance of the ANFIS model, and the 

response of the exoskeleton system. The objective is to assess the ability of the proposed 

framework to capture human motion patterns and reproduce corresponding movements 

through the wearable device. 
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5.1. Sensor Signal Characterization 

The recorded sensor signals from the knee and ankle joints exhibit clear and con-

sistent patterns during both dynamic and static conditions. During walking trials, the sig-

nals present periodic variations corresponding to the gait cycle, with alternating phases 

of flexion and extension captured by the flex sensors. Representative sensor signals from 

the knee and ankle joints are presented in Figure 8 and Figure 9, respectively. 

 

Figure 8. Knee joint sensor output during walking and seated conditions, presented in discrete sam-

ples acquired from the flex sensor. 

 

Figure 9. Ankle joint sensor output during walking and seated conditions, illustrating periodic mo-

tion and static behavior phases. 

The knee sensor values typically ranged between approximately 180 and 750 ADC 

units, while the ankle sensor values showed a slightly narrower variation, generally 

within 200 to 680 ADC units, reflecting the lower range of motion at the ankle joint. These 
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variations confirm that the sensors are capable of capturing meaningful joint motion 

trends during locomotion. 

In contrast, during seated-position trials, the signals remain relatively stable with 

minimal variation, typically confined within narrow ranges (e.g., ±20 units), indicating the 

absence of active movement. This distinction between dynamic and static signal behavior 

is important for the subsequent modeling stage, as it enables the identification of different 

motion states. 

Overall, the sensor signals demonstrate sufficient repeatability across trials, with sim-

ilar waveform patterns observed in successive walking cycles. An additional response un-

der increased walking speed conditions is presented in Figure 10, demonstrating higher-

frequency variations consistent with faster gait dynamics. This consistency supports the 

reliability of the data acquisition process and provides a suitable basis for model training. 

 

Figure 10. Knee joint sensor output under increased walking speed, demonstrating higher-fre-

quency signal variations associated with faster motion. 

5.2. ANFIS Modeling Performance 

The performance of the ANFIS model was evaluated based on its ability to approxi-

mate the nonlinear relationship between the sensor inputs and the corresponding actuator 

control signals. The model was trained using the experimental dataset and validated on 

unseen data, as described in Section 4.4. 

The training process converged within 20 epochs, with a gradual reduction in the 

prediction error across iterations. The evolution of the training error over the epochs is 

illustrated in Figure 11. The convergence behavior indicates a stable learning process, 

where the root mean square error (RMSE) decreases consistently across training epochs. 

The final trained model achieved an average testing error of approximately 0.39564, 

expressed as the root mean square error (RMSE) computed between the predicted and 

target outputs using scaled sensor data derived from ADC-to-voltage conversion. This 

value reflects deviations in the signal space used for model training and provides a con-

sistent measure of approximation performance for the learned sensor–actuator mapping. 

Therefore, the reported error quantifies the model’s ability to capture the temporal and 

nonlinear characteristics of the mapping, which are essential for effective motion transfer 

within the proposed framework. 
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Figure 11. Convergence of the ANFIS training process, illustrating the evolution of the root mean 

square error (RMSE) over training epochs. 

The predictive capability of the trained model is illustrated in Figure 12, where the 

estimated outputs closely follow the target values, confirming the effectiveness of the 

learned nonlinear mapping. Although small deviations are observed in certain regions, 

particularly during rapid transitions in the input signals, the overall response remains 

stable and consistent. 

 

Figure 12. Comparison between ANFIS-predicted and target outputs during validation, demon-

strating the model’s ability to approximate the underlying sensor–actuator mapping. 

These results demonstrate that the selected ANFIS configuration provides an effec-

tive balance between approximation accuracy and computational efficiency, supporting 

reliable and consistent functional motion reproduction. 

5.3. Exoskeleton Motion Response 

The response of the exoskeleton system was evaluated by examining the behavior of 

the actuators under the control of the trained ANFIS model. The fabricated exoskeleton 

prototype and its application during experimental evaluation are shown in Figure 13. The 

results indicate that the system is capable of translating sensor inputs from the healthy 

limb into corresponding actuator commands for the impaired limb. 
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(a) 

  
(b) 

Figure 13. Fabricated exoskeleton prototype: (a) assembled mechanical structure and (b) application 

on the human lower limb during experimental evaluation. 

During walking trials, the motors exhibited continuous and coordinated motion, re-

flecting the periodic nature of the input signals. The joint movements followed a con-

sistent pattern of flexion and extension, corresponding to the captured gait cycle. The re-

sponse was stable throughout repeated trials, with no abrupt or irregular behavior ob-

served in the actuation. 
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In addition, the system demonstrated the ability to transition between movement 

states. When the sensor signals indicated a stationary condition, the actuators remained 

inactive or held a stable position, preventing unintended motion. This behavior confirms 

the ability of the system to differentiate between active and inactive states based on sensor 

input. 

To ensure stable and safe operation, transitions between motion states are governed 

by threshold-based logic derived from the ANFIS model. This approach prevents rapid 

switching or oscillatory behavior by introducing consistent decision boundaries between 

movement states, thereby improving control robustness and avoiding unintended actua-

tor activation. 

Overall, the actuation response is characterized by smooth and repeatable joint mo-

tion, which is essential for safe and effective rehabilitation support. 

5.4. Validation of Motion Reproduction 

The overall performance of the proposed system was assessed by evaluating its abil-

ity to reproduce motion patterns of the healthy limb through the exoskeleton. The results 

demonstrate that the system can effectively replicate the general behavior of knee and 

ankle movements during the tested scenarios. 

During dynamic motion, the exoskeleton produces joint movements that follow the 

temporal characteristics of the input signals, maintaining synchronization with the motion 

of the healthy limb. While the reproduced movements do not perfectly match the exact 

amplitude and timing of the input signals, they capture the essential features of the mo-

tion pattern, which is sufficient for assisted rehabilitation purposes. 

For static conditions, the system maintains stable joint positions, avoiding unneces-

sary actuation and ensuring safe operation. The ability to handle both dynamic and static 

scenarios highlights the versatility of the proposed approach. 

The results confirm that the integration of sensor-based motion acquisition with AN-

FIS modeling and embedded control enables a functional and adaptive system for repro-

ducing basic lower-limb movements. These findings support the feasibility of the pro-

posed framework as a foundation for wearable rehabilitation applications. 

6. Discussion 

The results of the present study demonstrate the feasibility of implementing a sensor-

driven, neuro-fuzzy-controlled wearable exoskeleton for lower-limb rehabilitation. The 

proposed system successfully establishes a functional mapping between motion acquired 

from the healthy limb and the assisted movement of the impaired limb, supporting the 

concept of human-in-the-loop rehabilitation through motion mirroring. From a practical 

standpoint, this approach provides a simple and intuitive mechanism for generating as-

sistive motion without requiring complex biomechanical modeling or high-dimensional 

sensing. 

A key strength of the proposed framework lies in the integration of low-cost sensing 

and adaptive control, which addresses a notable limitation in current exoskeleton systems 

where advanced control strategies are often coupled with complex and expensive sensor 

configurations. In contrast, the use of flex sensors enables a simplified acquisition of joint 

motion patterns, while the ANFIS-based model provides sufficient flexibility to capture 

the nonlinear relationship between sensor inputs and actuator commands. This combina-

tion allows the system to achieve adaptive behavior while maintaining a relatively low 

implementation complexity. 

The experimental results further indicate that the ANFIS model is capable of gener-

ating consistent control outputs based on recorded motion data, as reflected in the ob-

tained testing error and the corresponding actuator response. Although the achieved ac-
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curacy is modest compared with high-end model-based or deep learning approaches, it is 

important to note that the proposed system prioritizes practical implementation and com-

putational efficiency over maximum precision. Within this context, the observed perfor-

mance can be considered satisfactory for early-stage rehabilitation assistance, where the 

primary objective is to facilitate basic movement rather than achieve highly precise trajec-

tory tracking. 

From a mechanical perspective, the modular 3D-printed design, combined with tar-

geted actuation at the knee and ankle joints, contributes to the overall accessibility and 

reproducibility of the system. The use of worm gear transmission enhances torque deliv-

ery and improves joint stability, which is particularly relevant for safe operation during 

assisted movement. At the same time, the decision to limit actuation to essential degrees 

of freedom reflects a deliberate design compromise that reduces system complexity and 

weight while preserving functional capability. 

Despite these promising outcomes, several limitations should be acknowledged. 

First, the experimental validation is conducted at a prototype level and primarily under 

controlled conditions, without extensive testing on patients with monoplegia or other 

neurological impairments. As a result, the clinical effectiveness of the system cannot yet 

be fully assessed, and further user studies are required to evaluate its rehabilitation im-

pact, usability, and safety in real-world scenarios. 

Second, the sensing approach, although simple and cost-effective, is subject to limi-

tations related to signal quality and robustness. Flex sensors can be influenced by factors 

such as sensor placement, skin contact variability, and motion artifacts, which may intro-

duce noise and reduce measurement accuracy. These effects can propagate through the 

ANFIS model, affecting the stability and consistency of the control output. Future work 

may therefore consider incorporating additional sensing modalities, such as inertial or 

muscle-based sensors, to improve reliability while maintaining system simplicity. 

Third, the current implementation of the ANFIS-based control strategy relies on of-

fline training using pre-recorded datasets, which limits its adaptability to dynamic 

changes in user behavior. Although the model demonstrates acceptable performance un-

der the tested scenarios, the integration of online learning or adaptive updating mecha-

nisms could enhance responsiveness and enable personalization across different users 

and rehabilitation conditions. 

Although the proposed system demonstrates the ability to reproduce motion pat-

terns and provide assistive joint actuation, the current study focuses on engineering vali-

dation rather than clinical evaluation. The experimental results are obtained under con-

trolled conditions using a voluntary participant, and therefore the findings should be in-

terpreted as a proof-of-concept demonstration of system feasibility. 

Within this context, the proposed system can be viewed as a platform that highlights 

the potential of combining simplified sensing, neuro-fuzzy control, and low-cost mechan-

ical design for wearable assistive applications. The results demonstrate the capability of 

the system to reproduce motion patterns under the examined conditions, supporting the 

effectiveness of the proposed framework at a prototype level. 

Further investigation, including studies involving patient populations, will be neces-

sary to assess clinical effectiveness and validate the system in real-world rehabilitation 

scenarios. 

Finally, the mechanical design, while effective for demonstrating feasibility, presents 

opportunities for further refinement. Improvements in ergonomics, weight distribution, 

and integration of more compact actuation units could enhance wearability and long-term 

usability, particularly for extended rehabilitation sessions. 

 

https://doi.org/10.3390/act15070359


Actuators 2026, 15, 359 24 of 26 
 

https://doi.org/10.3390/act15070359 

7. Conclusions 

This study presented the design, implementation, and experimental validation of a 

wearable lower-limb exoskeleton system for assistive motion support in monoplegia-re-

lated conditions, integrating simplified sensing with a data-driven ANFIS-based control 

framework. The proposed approach demonstrates that meaningful motion assistance can 

be achieved through a minimal sensing configuration combined with adaptive modeling, 

without requiring complex biomechanical formulations or high-dimensional sensor in-

puts. 

The experimental results confirm that the ANFIS model is capable of capturing the 

nonlinear relationship between sensor signals from the healthy limb and the correspond-

ing actuator commands. As reflected by the obtained performance metrics, including the 

reported RMSE, the model achieves a satisfactory level of approximation, allowing the 

system to reproduce consistent motion patterns and transitions between movement states. 

While the system does not target high-precision trajectory tracking, it effectively preserves 

the temporal characteristics of joint motion, which is essential for rehabilitation-oriented 

applications. 

From a practical perspective, the proposed framework offers a favorable balance be-

tween control performance, system complexity, and cost. The use of flex sensors and an 

Arduino-based embedded platform enables a lightweight and accessible implementation, 

making the system suitable for early-stage rehabilitation support and experimental de-

ployment. The real-time control behavior, derived from the trained ANFIS model, demon-

strates stable operation and consistent mapping between sensor inputs and actuator re-

sponses. 

The results also highlight the potential of data-driven strategies in wearable robotics, 

particularly in scenarios where simplicity, robustness, and ease of implementation are pri-

oritized over high-fidelity dynamic modeling. In this context, the proposed system can be 

considered a proof-of-concept platform that bridges the gap between advanced computa-

tional intelligence techniques and practical rehabilitation devices. 

Future work will focus on enhancing the system in several directions. Improvements 

in sensing accuracy and robustness, including the integration of complementary sensing 

modalities, could increase reliability and motion fidelity. The incorporation of adaptive or 

online learning mechanisms may further improve the system’s ability to adjust to individ-

ual users and evolving motion patterns. In addition, further optimization of the mechan-

ical design and actuator integration is expected to improve ergonomics, weight distribu-

tion, and overall usability. Finally, extended experimental validation, including studies 

involving target patient populations, will be essential to assess clinical effectiveness and 

long-term applicability. 

In conclusion, the proposed system demonstrates that the integration of simplified 

sensing, ANFIS-based modeling, and low-cost embedded control represents a promising 

and practical approach for the development of next-generation wearable rehabilitation 

technologies. 
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