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Abstract 

This study presents a composite material that combines shape-memory function with a thermal self-

fusing mechanism, designed for use in semi-rigid wearable structures. The material was prepared 

using a polyurethane-based matrix containing heat-activated bonding agents. When heated to 70 °C, 

the stiffness changed from 2.8 MPa to 24.5 MPa. A total of 30 samples were tested. The shape recovery 

reached over 96% within three minutes, and the bonding strength after fusion reached 4.8 MPa. 

Mechanical tests showed that the material maintained stable stiffness and bonding performance after 

100 heating cycles, with less than 5% change in stiffness and less than 10% loss in bonding strength. 

Compared to control samples without bonding function, the proposed system showed better 

structural recovery and durability. These results suggest that this material may be used in wearable 

systems such as exoskeleton joints or support devices that require repeated stiffness changes and 

reliable reattachment between parts. 

Keywords: shape-memory material; self-fusing composite; semi-rigid wearable; stiffness change; 

bonding strength; thermal response; repeated use 

 

1. Introduction 

Semi-rigid wearable systems demand structural components that are both strong and adaptable 

to accommodate body motion while maintaining stability [1]. In recent years, shape-memory 

materials have been widely adopted in smart devices and soft robotics because they can reversibly 

change shape or stiffness in response to thermal, optical, or electrical stimuli [2,3]. Shape-memory 

polymers (SMPs), in particular, offer lightweight and low-cost alternatives to shape-memory alloys 

(SMAs), providing improved flexibility and design freedom for wearable applications [4]. Their 

tunable stiffness and low actuation temperature make them promising for next-generation assistive 

or biomedical devices [5]. At the same time, self-healing and self-fusing materials have gained 

increasing attention for their ability to restore mechanical integrity or rejoin separated components 

under heat or pressure [6]. These materials can extend device lifetime, reduce maintenance 

requirements, and support sustainable design goals. Recent research has demonstrated their 

application in flexible electronics, coatings, and energy devices [7]. However, relatively few studies 

have investigated their use as load-bearing or structural components within wearable systems. The 

potential of combining self-fusing capability with active stiffness control for reconfigurable 

exoskeletons or adaptive supports remains largely unexplored [8]. Wearable exoskeletons and 

support frameworks often involve a trade-off between comfort and rigidity. Soft designs offer 

flexibility but lack sufficient strength for load transfer, whereas rigid architectures provide stability 

but hinder natural motion [9]. Most current prototypes cannot dynamically adjust stiffness or recover 

from disconnection during use. Experimental reports often focus on film-scale tests rather than full-

scale structures and seldom evaluate both stiffness range and bonding durability across repeated 

cycles [10]. Moreover, integration of self-fusing behavior into hybrid structural systems has not yet 

been systematically studied within wearable robotics [11]. A notable contribution introduced 
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mechanically and electrically self-healing materials for sensing and actuation interfaces, establishing 

an early foundation for embedding self-repair and reconfiguration directly into interactive devices 

[12]. Building on this idea, the present work extends self-healing principles from two-dimensional 

interface films to three-dimensional semi-rigid structures capable of mechanical fusion and stiffness 

modulation. The integration of shape-memory and self-fusing functions creates a dual-responsive 

composite that can autonomously adapt to external conditions. 

This study develops a composite system combining shape-memory function with self-fusing 

ability for semi-rigid wearable applications. The proposed material can switch stiffness between 2.8 

MPa and 24.5 MPa and activate fusion at 70 °C. Mechanical testing confirms rapid recovery and 

reliable bonding after separation. From a scientific perspective, this work elucidates how dual-

responsive mechanisms—shape recovery and thermal fusion—can be co-designed to balance 

adaptability and durability. From an engineering standpoint, it provides a scalable path toward 

wearable exoskeleton components that self-repair, self-stiffen, and maintain long-term mechanical 

integrity, supporting the broader goal of sustainable, resilient wearable systems. 

2. Materials and Methods 

2.1. Sample and Study Area Description 

A total of 30 composite samples were fabricated for testing. Each sample measured 80 mm × 

10 mm × 3 mm and consisted of a bilayer structure: a shape-memory polymer (SMP) matrix reinforced 

with thermally activated bonding particles. All samples were prepared under controlled lab 

conditions (22 ± 1 °C, 45 ± 3% RH) using a standardized casting method. The target application 

scenario was wearable joint support, so samples were designed to mimic segmental structures in 

exoskeleton limbs. Materials were conditioned for 48 hours before testing to eliminate residual stress 

and ensure baseline stability. 

2.2. Experimental Design and Control Setup 

Samples were divided into two groups: the experimental group with self-fusing SMP composites 

(n = 15), and the control group with non-fusing SMPs (n = 15). Both groups underwent identical 

thermal cycles and mechanical loading procedures. The control group was used to evaluate baseline 

shape recovery without bonding. In contrast, the experimental group was tested for recovery, 

bonding strength, and stiffness change after induced segment separation and thermal fusion. The 

experiment was designed to simulate real-world wearable operation, including bending, extension, 

and heat-induced reconfiguration. 

2.3. Measurement Methods and Quality Control 

Stiffness was measured using a three-point bending test on a universal testing machine (Instron 

3369) at a crosshead speed of 5 mm/min. Shape recovery ratio was recorded by heating samples to 

70 °C, deforming them to 90° curvature, and allowing them to recover at room temperature. The 

recovery angle was measured at 1-minute intervals until full stabilization. Bonding strength after self-

fusion was assessed by lap-shear testing following ASTM D1002 standards [13]. Quality control 

included equipment calibration, repeated trials (n = 3 per condition), and the exclusion of samples 

with surface defects or inconsistent curing profiles. 

2.4. Data Processing and Model Equations 

Data were processed using MATLAB R2024a. The shape recovery ratio (SRR) was calculated as 

[14]: 

SRR= (
θ0-θr

θ0
)×100% 

where θ0  is the initial deformation angle and θr  is the angle after recovery. To analyze the 

relationship between bonding time and shear strength, a nonlinear regression model was used [15]: 

σ=σmax(1-e
-kt) 
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where σ is the bonding strength at time t, σmax is the theoretical maximum strength, and k is the 

bonding rate constant fitted from experimental data. The goodness of fit was evaluated by the 

coefficient of determination (R²). 

2.5. Material Composition and Interface Design 

The base polymer was a commercially available polyurethane SMP with a glass transition 

temperature of ~45 °C. Thermally activated bonding agents were embedded as 5 wt% microspheres 

within the matrix, selected for their melting point near 70 °C. The interface between structural 

segments was treated with a textured surface to enhance fusion upon activation. The composite was 

molded in two separate parts and joined during the heating stage to simulate segmented wearable 

construction. Final interfaces were examined using scanning electron microscopy (SEM) to assess 

bond quality and failure modes. 

3. Results and Discussion 

3.1. Stiffness Transition under Thermal Activation 

The shape-memory composite showed a reversible stiffness change from 2.8 MPa at 25 °C to 

24.5 MPa at 70 °C. This wide range of stiffness modulation confirms the effectiveness of the polymer 

matrix and embedded bonding particles. The recovery process occurred smoothly within 180 s after 

thermal activation, and no structural delamination was observed. The stiffness–temperature 

relationship followed a near-linear trend in the glass-transition region, similar to previously reported 

SMP composites used for soft robotic joints [16]. Figure 1 illustrates the stiffness recovery profile 

during heating and cooling cycles, showing consistent mechanical reversibility. 

 

Figure 1. Change in stiffness of the composite material during heating and cooling. 

3.2. Shape Recovery and Fusion Efficiency 

After deformation to 90°, all self-fusing samples recovered more than 96% of their original shape 

within 3 minutes, while non-fusing controls recovered about 82%. The fusion efficiency, measured by 

lap-shear tests, increased with activation time and reached its maximum bonding strength of 4.8 MPa 

after 180 s. Microscopic observation revealed uniform fusion at the segment interfaces without voids 

or incomplete bonding. Compared with similar SMP systems without self-fusing properties [17], the 
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present composite showed faster recovery and higher interface strength. These results indicate that 

the fusion mechanism enhances both recovery completeness and joint integrity during cyclic 

deformation. 

3.3. Mechanical Stability during Repeated Cycles 

The semi-rigid composite maintained stable performance under 100 repeated heating–cooling 

cycles. Stiffness variation remained below ± 5%, and bonding strength degradation was less than 10%. 

The microstructure after cycling showed minimal crack formation, suggesting that the bonding agent 

effectively repaired micro-defects generated during mechanical loading. Similar cyclic durability was 

reported in thermoplastic polyurethane-based shape-memory systems [17], though those materials 

exhibited slower recovery kinetics. The improved cyclic stability in this study can be attributed to the 

synergistic effect of shape-memory recovery and thermal fusion. 

 

Figure 2. Strength and bending results after repeated heating cycles. 

3.4. Comparison with Previous Studies and Application Implications 

Compared with existing shape-memory composites, the proposed material combines high 

stiffness contrast with self-fusion capability, which is rarely achieved in wearable frameworks [18,19]. 

Its reversible modulus range (2.8–24.5 MPa) and repeatable bonding make it suitable for adjustable 

exoskeletons, soft braces, and reconfigurable joint supports. The material’s response time is shorter 

and bonding strength higher than in conventional epoxy-based SMPs, which typically require long 

heating durations. However, limitations remain: all tests were performed under controlled indoor 

conditions, and long-term stability under outdoor temperature and humidity cycles has not been 

verified. Future studies should include environmental aging tests and large-scale fabrication to 

evaluate its feasibility in practical wearable systems. 

4. Conclusions 

This study developed a composite material that combines shape-memory behavior with a self-

fusing mechanism for use in semi-rigid wearable structures. The material demonstrated a reversible 

stiffness range from 2.8 to 24.5 MPa and achieved full segment recovery and bonding within three 

minutes under 70 °C activation. Mechanical testing confirmed stable performance over repeated 

cycles, with less than 5% variation in stiffness and under 10% reduction in bonding strength. These 

results show that the combination of shape recovery and autonomous fusion can improve both 

adaptability and durability in wearable frameworks. Unlike previous approaches that focused only 

on shape control or self-healing in isolation, this system offers integrated stiffness control and 

structural reconfiguration. It is well suited for exoskeleton joints, support braces, and reconfigurable 

protective gear. However, further work is needed to test long-term behavior under real-world 

temperature and humidity changes, and to evaluate the material's performance at larger structural 

scales and in dynamic human–device interaction scenarios. 
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