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Abstract


The increasing aging population and the rise in sports injuries have led to greater demand for elbow function rehabilitation and daily assistance. To address the limitations of traditional rigid rehabilitation aids and existing flexible assistive systems, this paper designs a wearable elbow-assist robot that arranges pneumatic muscles based on the distribution of human elbow muscles. By integrating bionic design, experimental research, and mathematical modeling, the proposed approach determines the optimal scheme through comparative experiments on material structures and provides supporting data, while the mathematical model describes the force characteristics of the pneumatic muscles. Final experiments verify that the system can effectively assist elbow movement and significantly enhance flexion torque.
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1. Introduction


In recent years, the prevalence of upper-limb functional impairments has increased due to population aging and the rising incidence of sports-related injuries. Approximately one-quarter of stroke survivors experience persistent upper-limb dysfunction, such as limited elbow flexion–extension or spastic rigidity, which significantly affects daily activities and independent living [1]. In addition to stroke, postoperative elbow rehabilitation, sarcopenia, amyotrophic lateral sclerosis [2], and radial nerve injuries also require long-term mechanical assistance.



Conventional rigid exoskeletons can provide strong structural support but often lack adaptability, wearing comfort, and stability, particularly when accommodating diverse body geometries while preserving natural joint motion [3]. In contrast, soft robotic technologies have emerged as a promising alternative. For example, Mao et al. developed a biomimetic flexible defecation robot system that demonstrates the advantages of soft robots in safe human–machine interaction and biological compatibility [4]. Related studies have further shown that soft pneumatic actuators can successfully reproduce complex organ-level deformation, underscoring the suitability of soft actuators for simulating intricate biological motions in biomedical applications [5]. Soft wearable devices are also better suited for prolonged daily use; however, they still face limitations in actuation capability, dynamic response speed, and control precision due to strong nonlinearities and external disturbances, which may reduce clinical effectiveness [6,7].



Among various soft actuation approaches, McKibben pneumatic artificial muscles (PAMs) are considered highly promising for wearable assistive systems owing to their high power-to-weight ratio, intrinsic compliance, and muscle-like contraction behavior [8,9]. Significant progress has been made in PAM modeling, materials, and control, with several studies exploring their application in elbow and upper-limb assistance [10,11]. Nevertheless, existing systems still face challenges, including imperfect anatomical alignment, limited durability, and insufficient adaptability to individual anthropometry. Moreover, current models and control methods struggle to balance real-time performance and mechanical accuracy during complex motions, limiting long-term comfort, clinical reliability, and widespread adoption. Building upon the aforementioned clinical needs and technological gaps, this study proposes a bio-inspired flexible elbow assistive system actuated by McKibben pneumatic artificial muscles. Unlike previous McKibben-based elbow assistive systems, this work introduces hybrid-material actuators and a four-node weaving design to enhance durability, torque stability, and anatomical alignment. The research focuses on the systematic design and evaluation of an elbow-assist device. First, the actuator configuration was optimized according to anatomical muscle distribution and elbow biomechanics, ensuring that the actuation pathway aligns with natural joint motion. Subsequently, through structural refinement and material comparison experiments, improvements were made in flexibility, sealing integrity, and long-term durability of the McKibben actuators, which in turn directly enhanced usability metrics. Specifically, the optimized fabric weaving and compliant actuation increased wearer comfort by reducing localized pressure and improving conformity to the arm. Improved sealing and consistent torque gain ensured high repeatability across multiple inflation–deflation cycles. Furthermore, the robust sealing and reinforced materials decreased the likelihood of air leakage and material wear, thereby reducing maintenance requirements. An adjustable attachment mechanism was also designed to accommodate diverse user anthropometrics and further enhance comfort and wearability. Experimental results demonstrated that the proposed system can provide stable elbow flexion assistance with a controllable output torque ranging from 5 to 50 N·m, confirming its operational effectiveness and application potential. Overall, this work aims to deliver a soft, wearable rehabilitation device with muscle-like compliant actuation, specifically designed to support elbow flexion–extension recovery. The proposed system provides assistive rehabilitation for individuals with impaired upper-limb motor function, particularly stroke survivors experiencing muscle imbalance and older adults with age-related neuromuscular decline.




2. A Review of McKibben Pneumatic Muscle Research


2.1. Development History of McKibben Pneumatic Muscles


McKibben pneumatic artificial muscles were first introduced in the 1950s by J. L. McKibben in the context of prosthetic research. Their basic structure consists of an inner rubber bladder encased within an outer braided sleeve. When pressurized, the bladder expands radially, inducing axial contraction of the actuator. With ongoing advances in materials science, manufacturing techniques, and control strategies, the application scope of McKibben muscles has expanded from early prosthetic studies to biomimetic robotics and wearable assistive devices.



The effective utilization of McKibben PAMs relies heavily on a thorough understanding of their mechanical behavior and the development of appropriate control strategies. Soleymani and Khajehsaeid proposed a continuum mechanics-based model that describes the stiffness characteristics, free contraction behavior, blocked force output, and dead-zone pressure effects of McKibben muscles, while also capturing the Mullins softening phenomenon observed during initial inflation–deflation cycles [12]. Owing to the pronounced nonlinear and hysteretic characteristics of McKibben muscles, achieving precise control remains challenging. Closed-loop feedback control systems typically improve performance by adjusting the inflation pressure in real time according to motion states and load demands, while machine learning–based approaches further optimize control parameters to enhance adaptability and robustness. Chou and Hannaford analyzed the length–tension relationship of McKibben muscles and derived linearized models that facilitate controller design [13]. Meanwhile, Mao et al. demonstrated that data-driven approaches can significantly improve control precision in rehabilitation applications, indicating that combining classical modeling techniques with modern algorithms is an effective strategy for managing the complex dynamics of McKibben muscles.



Experimental studies play a critical role in validating control methods and optimizing structural design. By measuring force–displacement characteristics, dynamic responses, and energy consumption, theoretical models and control strategies can be systematically evaluated. Numerical simulation methods, such as finite element analysis, are widely employed to predict mechanical behavior and guide structural optimization. Antonelli et al. developed a three-dimensional nonlinear model and validated it through quasi-static experiments [14]. In addition, the development of prototype systems and user trials is essential for practical deployment. Jeong et al. demonstrated that a soft wearable elbow robot significantly improved joint torque output and range of motion, providing valuable guidance for subsequent design refinement [15].




2.2. Progress of McKibben Pneumatic Muscles


Wearable assistive devices driven by McKibben muscles generally outperform traditional systems in terms of output force, range of motion, and response speed, with applications spanning robotics, biomedical engineering, and industrial automation. Representative examples include the Pneuborn robots developed at Osaka University and the soft rehabilitation gloves and humanoid robots produced by FESTO. Peng et al. proposed a biomimetic forearm wearable system termed Funabot-Sleeve, which integrates McKibben PAMs to deliver natural proprioceptive feedback and seamless human–machine interaction [16]. Building on this concept, the Funabot-Suit further extended McKibben-based actuation to the torso by integrating thin artificial muscles directly into conventional garments, allowing users to perceive bending and twisting motions in a natural and intuitive manner. This line of work highlights the scalability and configurational flexibility of McKibben-driven wearable systems across different body segments [17]. In addition, several compact pneumatic muscle sleeves and bending actuators are capable of generating torques exceeding 4 N·m while maintaining thin, wearable form factors [18], further demonstrating the versatility of McKibben-driven systems in both single-joint and whole-limb assistive applications. Despite their many advantages, McKibben pneumatic artificial muscles still exhibit inherent limitations. Their nonlinear deformation behavior and time-dependent characteristics complicate precise control, while end constraints can make contraction behavior difficult to predict accurately. Consequently, the design of biomimetic joints based on McKibben muscles requires careful trade-offs in material selection and mechanical configuration, which inevitably increases the overall complexity of system design and control.





3. System Design and Concept


3.1. Overall Structural Design Concept


In the design, the arrangement of muscles involved in human elbow movement was fully utilized, mimicking the coordinated action of multiple muscle groups to enable flexible and precise elbow movement. The robot adopts McKibben pneumatic muscles arranged according to the human elbow structure, designed to closely replicate natural human elbow motion and provide intuitive assistance.



Considering the significant variation in users’ body shapes, the bionic design of the wearable robot based on McKibben muscles, and to ensure the elbow assistance system can accommodate diverse users, was informed by extensive literature and case studies on wearable devices. Through comparative analysis, an optimal scheme was identified. Adjustable connection methods were implemented to link the McKibben pneumatic muscles, allowing the joint connections to accommodate variations in arm circumference, length, and individual wearing preferences. This ensures proper fit across various body types without discomfort or overly tight fixation that could compromise user experience. Moreover, the design allows the McKibben pneumatic muscles to better conform to human motion. During elbow movements, these connections automatically make fine adjustments in response to body motion, enabling the pneumatic muscles to deliver assistance that aligns with the user’s posture. This enhances both the effectiveness of the robotic assistance and the wearing experience, accommodating diverse user requirements.



Antagonistic McKibben Tendon Design


The elbow assistance system based on McKibben muscles generally consists of two antagonistically arranged McKibben muscles, simulating the synergistic operation of human elbow muscles [19]. As shown in Figure 1, elbow flexion and extension are produced by the coordinated work of the biceps brachii and triceps brachii muscles, with the biceps acting as the flexor and the triceps as the extensor. The precise coordination between these muscle groups allows humans to perform diverse multi-degree-of-freedom (DoF) movements.



This study employs a bionic design based on McKibben muscles, inspired by the structure and movement patterns of human muscles. Previous work by Gong and Yu demonstrated a 7-DoF humanoid robotic arm based on McKibben PAMs, where reverse-symmetric PAM structures and Bowden cables were used to replace the human muscle-tendon-ligament arrangement. By setting appropriate degrees of freedom and properly arranging the Bowden cables, the shoulder, elbow, and wrist joints intersect at a single configuration without interference between joint motions, facilitating humanoid motion control.



Building on this concept, a wearable elbow flexion and extension assistive exoskeleton for upper-limb rehabilitation was developed, and its mechanical structure is shown in Figure 2. Each end of the McKibben muscles is fixed using iron bands to replace human muscle attachments and mounted onto a wearable layer made of flexible, waterproof material, facilitating comfortable donning and removal. This wearable layer provides comfort during use while preventing pressure points during normal movement. The material’s inherent waterproof properties further allow operation in diverse environments, expanding the product’s usability.



Each muscle unit in the McKibben wearable robot consists of four woven McKibben muscles. A single McKibben muscle is primarily composed of a long balloon or stretchable rubber tube, encased in a nylon braided sleeve. For operation, air is supplied to this assembly via a pump, with precise control of airflow provided by solenoid valves. Pressure sensors installed in the air circuit monitor the internal pressure of each McKibben muscle, providing critical data for system operation and informing subsequent control strategies, ensuring stable and reliable muscle performance under varying conditions.



Importantly, to address the inability of McKibben muscles to provide support under tensile conditions, the muscle groups are arranged antagonistically to achieve coordinated elbow flexion and extension. During common assisted arm flexion, one muscle group relaxes while the opposing group contracts. This synergistic pattern mirrors the functional principle of human flexors and extensors, providing effective elbow assistance and improving the user’s overall movement experience.





3.2. Mathematical Model


3.2.1. Modeling of the McKibben Pneumatic Muscle Actuator


Ideal static model and geometric parameters. According to reference [20] an ideal static mathematical model of the braided pneumatic muscle is established based on the law of energy conservation:


  F = p ( α   ( 1 − ε )  2  − b )          



(1)






     α =    3 π  D 0 2    4  tan 2   θ 0     ,  b =    π  D 0 2    4  sin 2   θ 0         



(2)







In the equation,  ε  represents the contraction ratio of the pneumatic muscle; F is the contraction force of the pneumatic muscle; and p is the internal air pressure of the pneumatic muscle.



In practical actuators, force equilibrium of the braided structure and geometric constraints must be considered to eliminate internal variables such as fiber tension and instantaneous radius. By combining these effects, the static force of the pneumatic muscle can be expressed as


  F =   p  4 π  n 2      3  L 2  −  l 2   +  σ z     V B  L   −     σ x  t  L 2    2 π  n 2  R     



(3)







Material nonlinearity and parameter identification. The strain-energy equation structure can be represented as a polynomial equation with constant stress [21], then the axial and circumferential stresses of the bladder are:


   σ z  =  ∑  k = 1  M   E k   ε  0  k   



(4)







In the equation, M is the highest order of the polynomial;   ε 0   is the strain of the bladder; and   E k   is the empirical coefficient.



In Equation (4), the empirical coefficient needs to be optimized. The least-squares error between the theoretical output force of the braided pneumatic muscle and the experimental output force is:


  Δ  F W  =  ∑ i        F i  −  F  r i     F  r i      2   



(5)







In the equation,   F i   represents the output force at time i from the model, and   F  r i    represents the output force at time i measured experimentally.



To minimize the least-squares error between the theoretical output force of the pneumatic muscle and the experimentally measured output force, the empirical coefficient   E k   is designed using a trust-region algorithm with global convergence properties [22]. The initial values of the empirical coefficients were selected within physically reasonable ranges reported in prior pneumatic muscle studies to ensure numerical stability. The optimization process was considered converged when the relative change in the objective function between successive iterations became sufficiently small or when the trust-region radius was reduced to its minimum allowable value. This procedure provided stable convergence and consistent parameter identification across repeated experiments.



Substituting the material model into the static force expression yields


  F =   p  4 π  n 2      3  L 2  −  l 2   +     V B   L 0     ∑  k = 1  M   E k      L  L 0    − 1  k  −    t  L 2    2 π  n 2  R     ∑  k = 1  M   E k      R  R 0    − 1  k    



(6)







Equation (6) can be written as:


  F =  F G  +  F N   



(7)







Friction and dead-zone pressure effects. The friction between the braided mesh and the bladder during the inflation and deflation of the braided pneumatic muscle is an important factor contributing to its hysteresis. Experimental results show that the magnitude of the friction force is related to the axial force applied to the pneumatic muscle. The empirical friction coefficient is considered to be 0.12 [23]. The friction force is given by:


   F f  = −  k f   (  F G  +  F N  )   sgn  ( V )   



(8)







In the equation,   k f   is the empirical friction coefficient, and sgn(V) is the sign function.



During the initial inflation of the braided pneumatic muscle, the presence of a dead zone causes the internal air pressure to counteract the elastic resistance of the inner bladder, resulting in no muscle contraction or output force. The portion of air pressure that offsets this elastic effect is referred to as the dead-zone pressure [24]. Then,


   p c  = p −  p d   



(9)







In the equation,   P c   is the correction pressure in the pneumatic muscle model, and   P d   is the dead-zone pressure. In summary, considering the friction between the braided mesh and the bladder as well as the dead-zone pressure, the more complete static driving model of the braided pneumatic muscle (i.e., the improved McKibben-type pneumatic muscle model) is given by:


  F =  F G     p c   +  F N  +  F f   



(10)








3.2.2. Kinematic Modeling of the Entire Exoskeleton Robot


Figure 2 illustrates the geometric distribution of the actuator. Human muscle distribution follows a similar pattern: the upper arm is thicker than the forearm at the proximal end, while the lower arm is thicker at the distal end. “In a relaxed state, the pneumatic muscle group links the upper ring of the upper arm to that of the forearm, and the lower ring of the upper arm to its corresponding forearm ring. Through the wearable layer, this forms a truncated cone structure with a larger upper section and a smaller lower section. Assuming that radial deformation of the pneumatic muscle group does not affect the wearable layer or alter its diameter, and that non-working torque may induce unobservable tangential micro-displacements at the fixed ends, the two rings can be treated as infinitesimally small using the differential element method. Here, dx represents the infinitesimal arc length. Thus, we can consider the pneumatic muscle group as being fixed at a pair of rings, each with a differential length dx, and modeled as an idealized line with no area, thickness, or volume. The focus of the study is to treat the pneumatic muscle group as the projection of the cutting plane and analyze its bending action during the execution of movements.



In the initial straightened state, the arm is extended, and the pneumatic muscle group forms an angle   θ 1   with the vertical direction. At this point, the length of the pneumatic muscle group is   L 1  . When the arm is bent to an angle  α , the pneumatic muscle group forms an angle   θ 2   with the vertical direction, and its length becomes L.



Based on the geometric relationship of the truncated cone and trigonometric functions, the projection length of the pneumatic muscle group on the side view of the truncated cone can be calculated using the Pythagorean theorem.


   l 0  =    h 1 2  +   (  R 1  −  r 1  )  2  +  h 2 2  +   (  R 2  −  r 2  )  2     



(11)







In the initial state, the length of the pneumatic muscle group is given by:


   L 0  =    l 0   cos  θ 0      



(12)







When the arm isbent at an angle of  α , the relative positions of the upper arm and forearm truncated cones change. On the developed side view of the truncated cone, the new projected length l of the pneumatic muscle group is calculated as follows:


  l =     (  h 1  cos α )  2  +    (  R 1  −  r 1  )  +  (  R 2  −  r 2  )  cos α  2  +   (  h 2  cos α )  2  +   (  R 2  −  r 2  ) sin α  2     



(13)







The total length of the pneumatic muscle assembly is expressed as:


  L =   l  cos θ     



(14)







The contraction amount is given by   l =  L 0  − L  . Substituting Equations (2) and (4) yields:


     Δ L =      h 1 2  +   (  R 1  −  r 1  )  2  +  h 2 2  +   (  R 2  −  r 2  )  2     cos  θ 0            −       (  h 1  cos α )  2  +    (  R 1  −  r 1  )  +  (  R 2  −  r 2  )  cos α  2  +   (  h 2  cos α )  2  +   (  R 2  −  r 2  ) sin α  2     cos θ        



(15)




where   R 1   and   r 1   denote the upper and lower base radii of the conical section of the upper arm, respectively, and   h 1   represents its height;   R 2   and   r 2   denote the upper and lower base radii of the conical section of the forearm, respectively, and   h 2   represents its height.


  ε = 1 −   L  L 0     



(16)







As noted by M. G. Antonelli [14], the stiffness behavior of the actuator can be divided into three regions: within the working range, the stiffness exhibits an approximately linear trend; under certain conditions, the stiffness increases rapidly in a nonlinear manner; while under others, it decreases rapidly in a nonlinear fashion. Therefore, the measurement data corresponding to tensile forces ranging from 0 N to a specified value are fitted using a first-order polynomial, whereas the remaining data are fitted using a third-order polynomial:


  F =       k  l 1   ε + C ,     if  ε ≥ 0        k  n l 3    ε 3  +  k  n l 2    ε 2  +  k  n l 3   ε + C ,     if  ε < 0       



(17)







Here, F denotes the tensile force exerted by the McKibben muscle, k represents the elongation stiffness, and C is the tensile force at a given moment. To ensure continuity of the function, the constant C is set to be equal in both cases. By employing a lower bending stiffness, the McKibben muscle element can bend immediately when subjected to compressive loading, thereby exhibiting a more rapid decrease in stiffness.






4. Prototype Fabrication


4.1. Design and Fabrication of a Single Pneumatic Muscle


4.1.1. Sealed Connection Design for Pneumatic Muscle


According to both the literature and engineering practice, fluid leakage within McKibben pneumatic muscles is a major drawback. To mitigate the risk of leakage, the structural design of the system aims to minimize the number of connection points and enhance sealing performance. Accordingly, a 4.8F-type five-way barbed connector is employed at the interface between the McKibben pneumatic muscle and the air pump.



The 4.8F-type five-way barbed connector is widely used in various industrial fluid transport systems. Its unique structural design makes it highly suitable for pneumatic muscle systems, with the most prominent advantages being its simplicity of connection and excellent compatibility. During installation, the expansion layer of the McKibben pneumatic muscle is placed over the narrow end of the barbed connector and secured tightly with a cable tie, preventing slippage caused by axial forces after assembly. As illustrated in Figure 3a, the 4.8F-type five-way barbed connector exhibits outstanding sealing performance. When the internal fluid pressure increases, the expansion layer of the pneumatic muscle presses tightly against the upper end of the connector, creating a self-sealing effect. This self-sealing capability can be further enhanced by increasing the number of expansion layers, thereby significantly improving sealing reliability. Furthermore, the 4.8F-type five-way barbed connector enables both the distribution of a single inlet flow into five outlets and the convergence of five outlet flows into a single passage. This characteristic aligns well with the gas mixing and distribution requirements of multi-unit McKibben pneumatic muscles. On one hand, it reduces the need for additional fittings and joints; on the other, it shortens the overall pipeline length, enhances system integration, simplifies the structure, and facilitates manufacturing. Additionally, it improves the overall reliability of the system. This component is fabricated from high-quality engineering plastics, offering advantages such as lightweight construction, low cost, and corrosion resistance. Owing to these material properties, the connector can operate reliably under pressurized gas conditions for extended periods while resisting chemical corrosion and wear damage, thereby greatly extending the service life of the connection assembly and enhancing the overall reliability and performance of the pneumatic system.



Four unbraided pneumatic artificial muscles were mounted in parallel and connected to a 4.8F five-way connector, and multiple force measurement tests were conducted independently for each channel (as shown in Figure 3b). Owing to the symmetric geometric design of the 4.8F five-way connector and the identical inner diameters of all branch channels, pressure losses and flow distribution discrepancies among the branches were effectively minimized.




4.1.2. Selection of Constraint Layer and Expanding Bladder Materials


When selecting materials for the McKibben pneumatic muscle actuator, factors such as mechanical properties, physical characteristics, and environmental conditions must be comprehensively considered. Based on extensive literature review, material testing, and design validation, the PET flame-retardant nylon braided mesh tube (with flattened widths of 6 mm and 10 mm) was selected as the constraint layer material, while a thickened latex balloon and a medical-grade rubber hose (inner diameter 5 mm, outer diameter 7 mm, wall thickness 1 mm) were chosen as the expansion bladders. According to manufacturer data, the PET flame-retardant nylon braided mesh features a braiding angle of less than 25° and a diameter expansion ratio of 1.5, offering excellent elasticity, high tensile strength, and strong abrasion resistance. These properties make it well-suited for use as the constraint layer of the McKibben pneumatic muscle actuator. Although medical rubber tubing can also serve as an actuator bladder, its open-ended structure results in poor air tightness. Moreover, the wall thickness of the medical rubber tube is significantly greater than that of the thickened latex balloon, leading to higher actuator stiffness. Consequently, achieving a given output force requires more time. Through analysis of relevant literature and open-source projects, it was observed that the thickened latex balloon exhibits superior expansibility and air tightness, with a lower elastic modulus that allows it to reach the desired force output more easily. Under constant pressure, it achieves large contraction ratios and higher force outputs. However, due to its relatively thin wall, it cannot withstand high internal pressures and tends to lose force under sustained contact loads. For simple elbow flexion movements (e.g., slowly lifting the forearm), the required muscle torque typically ranges from 5 to 15 N·m. For more forceful flexion tasks (e.g., lifting an object), the torque may reach 20–50 Nm or higher. In this study, an elbow flexion and extension assistive system was developed using a hybrid McKibben pneumatic muscle configuration, in which actuators composed of two different bladder materials—medical rubber tubing and thickened latex balloons—are braided together and operate cooperatively. This design leverages the high mechanical strength of medical rubber to ensure system stability, while the latex balloon’s high elasticity enhances rapid response performance. The physical prototype is shown in Figure 4.



It is important to note that pneumatic systems inherently exhibit response delays. Figure 5a,b illustrate the dynamic pressure responses of pneumatic artificial muscles fabricated with medical rubber tubing and balloon-type bladders, respectively, during pressure control experiments. In each test, a step pressure command was applied at t = 0.5 s. The black dashed line denotes the target pressure (Command), while the colored solid lines represent the measured pressure responses obtained from four repeated trials conducted under identical conditions.



For the medical rubber tube–based actuator, the artificial muscle demonstrates a relatively rapid pressure rise during the inflation phase, reaching the target pressure of approximately 0.2 MPa within 1.5 s. During the steady-state phase, the pressure remains stable, and the response curves from repeated trials almost completely overlap, indicating excellent pressure tracking performance and repeatability. During deflation, the pressure decreases rapidly, with only minor hysteresis observed near zero pressure.



In contrast, the balloon-type actuator is also capable of achieving the commanded pressure, and the overall response trends remain consistent across repeated trials. However, both the inflation and deflation processes exhibit longer response times. Noticeable pressure fluctuations are observed during the pressure rise and steady-state phases, and more pronounced hysteresis appears during deflation. These behaviors can be primarily attributed to the lower effective structural stiffness of the balloon bladder, the viscoelastic properties of the material, and its non-uniform expansion characteristics, which collectively result in more pronounced nonlinear dynamics during pressure response.



The durability of the materials under cyclic pressurization was evaluated. The medical-grade rubber tubing showed excellent structural stability during repeated inflation–deflation cycles. No leakage, rupture, or noticeable degradation was observed within the tested pressure range, indicating high fatigue resistance and long service life. In contrast, the latex balloon-based muscle exhibited a clear pressure-dependent fatigue behavior. As shown in Figure 6, the sustainable life cycle decreased with increasing internal pressure, from approximately 105 cycles at 150 kPa to around 104 cycles at 350 kPa.




4.1.3. Single Pneumatic Muscle Contraction Experiment


Contraction characteristic. To accurately evaluate the influence of different bladder materials on the performance of McKibben pneumatic muscles, a series of pressurization experiments were conducted as described in this section. Identical 4.8F-type straight barbed connectors made of the same material, with uniform diameter and length, were used to connect individual McKibben pneumatic muscle samples (without inclusion in the braided assembly). This ensured that all samples had identical joints, thereby eliminating connection-induced discrepancies and minimizing experimental error. For each type of bladder material, ten independent experiments were performed (n = 10), and the mean value of repeated measurements was used as the final experimental result. This approach reduced the influence of random factors, enhancing the accuracy and reliability of the results.



As shown in Figure 7a,b,d,e, during testing, one end of the actuator with the barbed connector was placed horizontally on a smooth foam board to maintain alignment. The actuator was fully extended, and a ruler was positioned alongside it to measure its initial length. Pressurization was then initiated gradually, with the valve regulating the air supply to increase pressure at a controlled rate. Throughout the process, the actuator’s length change was continuously observed and recorded. When the actuator length stabilized and no longer exhibited noticeable variation, the corresponding gas pressure value was immediately read and recorded as the maximum effective deformation pressure. Subsequently, the actuator’s length at this pressure was compared to its initial length to determine the contraction ratio. Pressurization was then continued, and the deformation behavior of the actuator was monitored until localized abnormal bulging appeared at the distal end (as illustrated in Figure 7c,f). The corresponding gas pressure at this point was recorded as the critical pressure of the material. Further experimental details and quantitative results are presented in the subsequent figures and tables.



As shown in Table 1 and Figure 8, the average critical pressure and average maximum effective deformation of the thickened latex balloon McKibben pneumatic muscle actuators are lower than those of the rubber hose McKibben actuators; however, the average contraction ratio of 29.58% is significantly higher than the 20.83% observed for the rubber hose actuators. This outcome aligns with mathematical modeling: bladders with greater wall thickness exhibit higher stiffness, resulting in lower contraction ratios but greater load-bearing capacity. According to studies by Chou, Hannaford, and others, the tension–length relationship of McKibben muscles possesses the following characteristics: 1. Hysteresis: The tension–length curve exhibits a hysteresis loop due to Coulomb friction, independent of actuation speed, with the loop’s width and height depending on the loading history. 2. Pressure Dependence: Tension is approximately linearly proportional to internal pressure; higher pressure results in higher tension. 3. Stiffness Characteristics: Actuator stiffness increases with pressure and remains nearly constant within a certain length range. 4. Passive Elasticity: Even in the absence of applied pressure, the actuator exhibits intrinsic elasticity due to the material properties of the bladder and shear forces between the constraint fibers.



Because the rubber hose bladder has a significantly greater wall thickness than the latex balloon, it exhibits slower response and higher passive elasticity.



Based on these performance differences, for elbow flexion and extension movements that require mimicking muscle groups with relatively low load but large displacement, the thickened latex balloon McKibben actuators are preferable. Conversely, when rubber hose McKibben actuators are used as tendons or joint sleeves, their higher pressure tolerance allows them to contract tightly around the elbow joint under external forces or load-bearing conditions, providing strong anti-slip performance, as illustrated in Figure 2. The anti-slip mechanism is similar to the aforementioned analysis: the sufficiently high friction not only prevents slippage but also stabilizes joint motion, effectively simulating the functional characteristics of natural muscle groups.



Output force–pressure characteristics of a single pneumatic muscle. To investigate the output force–pressure relationship of a single pneumatic muscle and to validate the proposed static model, quasi-static experiments were conducted on a single McKibben-type pneumatic artificial muscle actuator. Under different input pressure levels, the output force was measured while the corresponding muscle length variation was synchronously recorded.



Force prediction was based on the improved McKibben static model proposed earlier, whose general form is given in Equation (10). The model comprehensively incorporates geometric constraint relationships, nonlinear terms associated with the bladder material (Equation (4)), friction effects (Equation (8)), and dead-zone pressure compensation (Equation (9)). The measured dead-zone pressures for the two flexible bladder materials—medical rubber tubing and latex balloon-type bladders—were 0.0072 MPa and 0.0036 MPa, respectively. The stress–strain behavior of the bladder material was approximated using a first-order polynomial, and the equivalent material parameter (  E 1  ) was identified by minimizing the error function defined in Equations (3)–(14) via a least-squares method. For different bladder materials, the model structure and friction coefficient remained unchanged, while only (  E 1  ) varied with material type ((   E 1  ≈ 0.91  ) MPa for the medical rubber tube bladder and (   E 1  ≈ 1.39  ) MPa for the latex balloon-type bladder). Other geometric parameters, including the initial length (  L 0  ), initial braid angle (   θ 0  =   25°), inner and outer diameters, as well as the friction coefficient ((  k f   = 0.12)), were determined through structural design or experimental calibration and kept constant throughout the analysis. Figure 9 compares the model-predicted output force with the experimental measurements as a function of input pressure. For the medical rubber tube bladder, the model exhibits excellent agreement with the experimental data over the entire pressure range, achieving a coefficient of determination (  R 2   = 0.993) and a root mean square error (RMSE) of 0.62 N. For the balloon-type bladder, after recalibration of the dead-zone pressure and material parameter, the model similarly maintains strong predictive performance, yielding (  R 2   = 0.991) and an RMSE of approximately 0.69 N. These results indicate that the output force of a single pneumatic muscle is predominantly governed by the pressure–geometry relationship, while differences in bladder materials can be effectively captured by a single equivalent material parameter (  E 1  ). This confirms the robustness and general applicability of the proposed model across different flexible bladder configurations.





4.2. Design and Fabrication of the McKibben Pneumatic Muscle Fabric Assembly


In this study, the plain-weaving method was employed to achieve a contraction of less than 10% for a single McKibben pneumatic muscle actuator. Building on the multiple possibilities offered by plain weaving, multi-strand weaving schemes will be further explored and optimized. Beyond the McKibben pneumatic muscle discussed here, the plain-weaving approach can also be applied to other types of pneumatic muscles, such as the Kappler air-gripper and the Leiber tubular pneumatic belt actuator, enhancing certain performance characteristics and providing an effective strategy for future structural design and application.



From a structural stability perspective, the specific configuration formed by plain weaving effectively constrains the expansion direction of the actuator during inflation. The weaving angle and pattern influence the deformation behavior under pneumatic pressure, thereby limiting excessive radial expansion and ensuring that the actuator contracts or extends primarily along its axial direction while maintaining a stable working form. These characteristics underscore the critical role of plain weaving in ensuring actuator stability and operational accuracy. Regarding mechanical performance, plain weaving significantly enhances the tensile strength of the actuator. Materials commonly used for weaving, such as nylon and other fibers, possess high inherent strength, preventing rupture or damage under substantial tensile loads. Furthermore, the weaving method imparts flexibility to the actuator, allowing it to undergo compliant deformation during complex movements without compromising its structural integrity. From a force transmission efficiency perspective, plain weaving improves the ability of internal pneumatic pressure to be converted into external output force. It ensures a more uniform pressure distribution, mitigating localized stress concentrations and contributing to stable actuator performance. These properties enable the actuator to better emulate biological muscle motion, making it highly suitable for applications in bionic robots and rehabilitation devices. Additionally, plain weaving enhances abrasion resistance, preventing surface damage caused by friction with external components during prolonged operation.



From the standpoint of wearable device development, fabric-based McKibben actuators offer improved conformity to the body and are suitable for integration into wearable systems. According to related studies, the efficacy and comfort of wearable assistive devices, such as passive orthoses, require maintaining an appropriate distance between the device and the human body—generally not exceeding 30 mm. For integration under clothing, a distance of less than 20 mm is preferable to ensure both comfort and aesthetic appearance.



Multiple experiments have demonstrated a strong correlation between the contraction performance of McKibben pneumatic muscle fabric assemblies and the weaving tightness. In this study, all McKibben pneumatic muscle fabric assemblies were hand-woven. To quantitatively analyze this influence, the weaving tightness was measured as follows: a reference segment of length (  L = 18.5   mm  ) was selected. During plain weaving, the intersecting structure of the McKibben actuators forms a diamond-like pattern (Figure 10), with the vertices of the diamonds defined as nodes. By counting the number of nodes within the reference segment, the tightness of the fabric can be assessed: a higher number of nodes indicates a denser weave, whereas fewer nodes correspond to a looser weave.



Fabric Group Performance Testing Experiment


The fabric assembly was placed parallel to a ruler on a flat surface, with the inlet end fixed to the table and the opposite end connected to a freely movable, vertically aligned metal rod capable of horizontal motion. Using a hand-weaving method, the initial length (  L 0  ) of the fabric assembly was constrained to (  19 ± 0.5   cm). After measuring the initial length, the assembly was pressurized to the maximum effective deformation pressure. Once stabilized, the length (L) of the fabric assembly was measured, and the contraction ratio ( ε ) was calculated according to Equations (3)–(27). The resulting data are presented in the following table:



As can be observed from Table 2 and Figure 11, the effect of different node counts on fabric contraction was evaluated through four groups of McKibben pneumatic muscle fabric assemblies with 2, 3, 4, and 5 nodes, respectively. Each group underwent 10 repeated trials. One-way ANOVA and Tukey HSD multiple comparison analyses yielded the following conclusions: the average contraction ratios for 3-node and 4-node fabrics were 28.34% and 31.47%, respectively, both significantly higher than the 23.58% observed for 2-node fabrics (p < 0.05), indicating that increasing the node count to 3–4 effectively enhances contraction performance. In contrast, the 5-node fabric exhibited an average contraction ratio of only 25.33%, showing no significant difference compared with the 2-node fabric (p > 0.05), suggesting that further increasing the number of nodes can actually reduce contraction efficiency. Multiple comparison results indicate that although the 3-node and 4-node fabrics differ numerically, the difference is not statistically significant (p > 0.05). These findings demonstrate that, under the present experimental conditions, 3–4 nodes are optimal for enhancing the contraction performance of McKibben pneumatic muscle fabrics, and that simply increasing the number of nodes does not necessarily improve performance.



Considering factors such as load capacity, durability, and conformity, the 4-node weaving pattern was selected as the standard and applied in the elbow flexion/extension assistive exoskeleton robot.






5. Complete System Assembly


To address the versatility challenges of wearable exoskeleton robots, the overall structure can be adjusted according to individual anatomical characteristics, accommodating users with different body sizes and muscle distributions. The main framework is made from 210T taffeta waterproof fabric and secured to the wearable layer using hook-and-loop fasteners. This design leverages the fabric’s tensile strength and stiffness to meet garment requirements while maintaining adjustable looseness for comfort.



The base mounting frame employs iron straps to secure the McKibben pneumatic muscle fabric assemblies, which are then cross-stitched onto the wearable layer to allow pivoting around the arm axis. The McKibben fabric assemblies are further fixed to the wearable layer either via a crisscross method or by wrapping once around the iron strap. The ends are looped and secured with cable ties around the metal strap, ensuring that excess muscle length does not participate in contraction while maintaining airtightness and allowing sliding freedom along the strap. Different fabric materials are selected for sections corresponding to specific muscle groups to accurately simulate their function.



Anatomically, the upper arm muscles controlling elbow motion are divided into anterior and posterior groups. The anterior group includes the flexors—the biceps brachii and brachialis—while the posterior group consists of the extensor, primarily the triceps brachii. Contraction of the biceps brachii enables elbow flexion and forearm supination, and also assists shoulder flexion. Its functional contribution is maximal when elbow flexion approaches 80–90°. The brachialis, located deep to the biceps brachii, contributes to elbow flexion and contracts around the elbow joint under external load to prevent overextension.



Contraction of the triceps brachii enables elbow extension. When fully extended, the generated muscle force decomposes into radial and tangential components, which could cause posterior displacement of the ulna; however, extension relies primarily on the tangential force component.



To achieve large contraction displacements during motion, long-strip balloon-type McKibben pneumatic muscle fabric assemblies are selected to simulate muscles such as the biceps brachii and brachioradialis. The brachialis, which bears higher loads, is simulated using rubber-hose-type McKibben pneumatic muscle fabric assemblies due to their greater load capacity. Similarly, the triceps brachii, which requires both load-bearing and contraction efficiency, is simulated using a combination of the two McKibben actuator types, forming the extensor group. The final assembly drawing of the complete machine is shown in Figure 12.




6. Physical Experiments


6.1. Model Tests


6.1.1. Experimental Design


To prevent subconscious human responses from affecting the test results, this experiment employed a plastic human model to evaluate the wearable exoskeleton robot. At the start of the experiment, air at 0.150 MPa and 0.200 MPa was supplied to the two pneumatic muscle assemblies in the flexor region, causing the model to assume the corresponding bent posture. The air supply to both channels was then sequentially shut off, reducing the pressures to zero, followed by venting the tubing. Subsequently, air at 0.150 MPa was supplied to the pneumatic muscle fabric assemblies of the extensor group, causing the arm to extend, as illustrated in Figure 12.



To investigate the relationship between bending angle and pneumatic pressure, an experiment was designed based on the quasi-static characteristics of McKibben pneumatic muscles reported by Michele Gabrio Antonelli.



Given that the average measured critical pressure and maximum effective deformation pressure of rubber-hose McKibben artificial muscles are significantly higher than those of long-strip balloon McKibben muscles, a multi-channel adjustable pressure valve was used to supply different pressures to the two types of McKibben muscles, while keeping the pressure increment   Δ P   identical for both. The distal end of a mannequin arm model was fixed to the table, with the upper-arm axis maintained parallel to the horizontal plane. The initial posture of the wearable robot on the mannequin arm was measured and calibrated with no power input to obtain a reference angle of   0 ∘  . Air at (   P 0  = 100  kPa  ) was supplied to the rubber-hose McKibben muscle, and air at (   P 0  = 75  kPa  ) to the balloon-type McKibben muscle, and the initial data were recorded. The input pressure was then gradually increased in increments of   Δ P = 10  kPa  . After each pressure increment, the pneumatic muscle actuator was allowed to reach a quasi-static state before measuring and calibrating the arm posture, producing (  θ i  ), where (i) denotes the number of pressure increments. After completing one cycle of measurements, the muscles were depressurized to restore the original posture before proceeding with the next increment. This procedure was repeated 10 times. Each experiment was conducted three times (  n = 3  ). The bending angle data showed an average standard deviation of   1 .  56 ∘    and a mean coefficient of variation of   11.12 %  , indicating considerable dispersion. Therefore, the median value was used for data processing, as summarized in Table 3.




6.1.2. Characterization Results and Discussion


As shown in Figure 13, each bar represents the average bending angle at a specific pneumatic pressure, while the error bars indicate the data variability. With increasing pressure, the bending angles of both types of pneumatic muscles exhibit an upward trend, indicating that higher pressure results in greater bending. The rubber-hose pneumatic muscles display lower variability at certain pressures, suggesting more stable performance under these conditions. In contrast, the long-strip balloon muscles show greater variability at higher pressures, indicating potential performance instability.



A comprehensive analysis indicates that pneumatic pressure is the primary factor affecting muscle bending angle, yet the response characteristics differ between materials. Rubber-hose muscles demonstrate better stability within specific pressure ranges, whereas long-strip balloon muscles exhibit noticeable fluctuations at high pressures. The scatter observed in the high-pressure region suggests that, besides pressure, factors like inherent material nonlinearity and manufacturing-induced structural variations can complicate the bending response. In practical applications, for stable bending performance, rubber-hose muscles with pressure controlled in the mid-to-low range are preferable. For larger bending angles where some performance variability is acceptable, long-strip balloon muscles perform better at high pressures.



Overall, the experimental trends align with Equations (3)–(17), showing a positive correlation between pressure and bending angle, with distinct phases of linear stiffness increase, rapid stiffness growth, and stiffness reduction.





6.2. User Trials


6.2.1. Experimental Design with Human Participants


To validate the effectiveness and safety of the proposed pneumatic exoskeleton for elbow flexion assistance, user experiments were conducted from two perspectives: enhancement of elbow torque and reduction in biological muscle load, assessed via electromyography (EMG).



Figure 14 illustrates the experimental control setup, comprising a pressure control unit for adjusting air pressure, an oil-free air compressor (Model OTS-550, rated pressure 0.7 MPa, Taizhou Aotusi Industry and Trade Co., Ltd., Taizhou, Zhejiang, China), a PC controller (equipped with a space bar for emergency depressurization), pneumatic tubing, and the wearable elbow exoskeleton. The control workflow proceeds as follows: The PC sends a pressure command, after which the control unit and pump supply air, causing the exoskeleton to generate the assisted motion.



Torque Enhancement Test. Eight healthy university students of similar age (20–25 years) were recruited as participants. The statistical results of the forearm length of the sample individuals are shown in Table 4. To eliminate potential gender-related effects, the cohort consisted of four male and four female subjects. A single-blind experimental design was adopted. All participants were informed of the experimental procedures prior to testing and provided written informed consent.



This experiment was designed to evaluate the improvement in elbow flexion torque provided by the exoskeleton under assisted conditions. The experimental protocol was adapted from established user testing procedures [15], and age-matched participants were selected to reduce inter-subject variability. During the experiment, participants were seated, with the upper limb wearing the exoskeleton placed naturally on a table. The distal end of the forearm was fixed using a single-degree-of-freedom force sensor, and a non-extensible fabric strap was used to connect the hand to the sensor endpoint, ensuring stable and reliable force transmission. Under the unassisted condition, participants were instructed to generate elbow flexion torque under isometric conditions for 5 s. After completing the trial, a 15 min rest period was provided to minimize the influence of muscle fatigue. Subsequently, the same experimental procedure was repeated five times under the exoskeleton-assisted condition.



EMG Test. To further assess the influence of exoskeleton assistance on users’ biological muscle load, a surface electromyography (EMG)–based user experiment was conducted. As the exoskeleton primarily provides elbow flexion assistance, EMG measurements focused exclusively on the biceps brachii muscle.



During the experiment, participants stood upright with the upper arm naturally hanging close to the torso. Following experimental cues, they performed elbow flexion until the forearm reached a horizontal position relative to the ground and maintained this posture for 5 s, followed by 5 s of relaxation. This sequence constituted one cycle and was repeated five consecutive times. Three experimental conditions were evaluated: wearing the exoskeleton with pneumatic assistance, wearing the exoskeleton without pressurization, and not wearing the exoskeleton. A 15 min rest interval was provided between conditions to reduce the effects of muscle fatigue on EMG measurements.



Under the assisted condition, the driving pressure was adjusted according to the characteristics of the artificial muscle materials: 175 kPa for the balloon-type actuator and 200 kPa for the medical rubber tube–based actuator. Throughout the experiment, the pneumatic system was controlled via a computer interface, and participants were able to trigger an emergency stop to enable rapid depressurization, ensuring experimental safety. The acquired EMG signals were subsequently analyzed to quantify changes in biceps brachii activation levels across different experimental conditions.




6.2.2. Functional Performance Results and Discussion


Torque Enhancement. To quantitatively evaluate the practical assistive effect of the exoskeleton, torque outputs measured under unassisted and assisted conditions were compared, and the averaged results are reported in Table 4. The torque enhancement was defined as   Δ M =  M 1  −  M 0    where (M1) denotes the elbow flexion torque with assistance and (M0) denotes the torque without assistance. This definition minimizes the influence of the wearable robot’s self-weight on the measured outcomes.



Elbow flexion torque data from eight participants (including unassisted torque, assisted torque, and torque enhancement) were analyzed using one-way analysis of variance (ANOVA). The results indicate a significant difference in elbow flexion torque between the unassisted and assisted conditions. As shown in Figure 15a, the inter-group F-statistic corresponds to a p-value < 0.05 ( α  = 0.05), demonstrating a statistically significant increase in elbow flexion torque when the assistive device is worn. As further illustrated in Table 5 and Figure 15a–c, each individual trial exhibits a significant difference, with torque enhancement accounting for 9.838–23.091% of the unassisted torque. These results confirm that the exoskeleton provides effective assistance for elbow flexion–extension movements.



Notably, the most pronounced torque enhancements were observed in Participants 4 and 6 (one male and one female in their twenties), suggesting that the assistive performance of the wearable robot is minimally affected by gender differences. Consistent with prior findings reported by Wang Youhua et al. [16], the carrying angle (defined as the angle between the forearm and upper arm when the elbow is fully extended) decreases with increasing elbow flexion angle, and at the same elbow flexion posture, the average carrying angle in females is significantly larger than that in males (p < 0.05). Moreover, dominant and non-dominant limbs, as well as limbs of different sexes, exhibit noticeable differences in carrying angle. During elbow deformity correction or prosthetic and assistive device fitting, preserving an appropriate carrying angle is essential for restoring limb appearance and elbow function. The McKibben muscle–based bio-inspired elbow flexion/extension assistive system proposed in this study explicitly accounts for such individual anatomical differences, thereby improving adaptability and wearability.



The torque augmentation was calculated as   Δ M =  M 1  −  M 0   , where   M 1   represents the torque with robotic assistance and   M 0   represents the baseline torque. This approach minimizes the influence of the exoskeleton’s own weight on the experimental results.



A one-way analysis of variance (ANOVA) was performed on the elbow flexion torque data from the eight participants under three conditions: without assistance, with assistance, and torque augmentation. The analysis revealed significant differences in elbow flexion torque between the unassisted and assisted conditions. As shown in Figure 15c, the F-statistic corresponding p-value is less than   0.05   (  α = 0.05  ), indicating a statistically significant difference. These results demonstrate that the wearable exoskeleton effectively increases elbow flexion torque.



As shown in Figure 15a,c, each experimental group exhibited statistically significant differences. The torque augmentation, expressed as a percentage of the unassisted torque, ranged from 9.838% to 23.091%, indicating effective assistance for elbow flexion and extension. The most pronounced effects were observed in Groups 2 and 4, each including one male and one female participant, suggesting that the wearable exoskeleton is minimally affected by gender differences.



According to Wang Youhua et al., the carrying angle (the angle between the forearm and upper arm when the elbow is fully extended) decreases with increasing elbow flexion. At the same elbow flexion angle, females typically have a larger carrying angle than males (p < 0.05), and significant differences exist between dominant and non-dominant limbs as well. When designing elbow deformity correction devices or prosthetic assistive equipment, it is important to maintain an appropriate carrying angle to optimize limb morphology and elbow function.



The McKibben-muscle-based bionic design of the present study, along with the elbow flexion and extension assistive system, explicitly accounts for individual anatomical differences, enhancing overall adaptability. As shown in Figure 15 and Figure 16, while within-group variability is small, inter-group differences are substantial, indicating significant individual effects. This suggests that further improvements in user-specific adaptation are possible through more detailed individual parameter collection to enable precise personalized fitting. It is noteworthy (Figure 16a) that when the pressure increases from (0.18, 0.155) to (0.2, 0.175), the torque increment becomes significantly smaller. This is mainly because the contraction ratio of the woven muscles reaches its limit, resulting in an increase in the overall exoskeleton stiffness and thus producing a certain antagonistic effect.



Overall, multiple experimental trials confirmed the assistive efficacy of the wearable exoskeleton for elbow movements, with minimal influence from gender and generally good adaptability. However, individual variability significantly affects adaptation outcomes. These results demonstrate the practical value of McKibben-muscle-based bionic designs in assistive systems and provide guidance for future iterations, emphasizing the need to optimize individualized fitting mechanisms to accommodate diverse users.



EMG Analys. To further validate the effectiveness of the exoskeleton, muscle activation trends under different wearing conditions were compared. Surface electromyographic (sEMG) signals were acquired using a high-precision surface EMG recording system (Model ErgoLAB EMG, Product No. KF2025XM-01, Beijing Kingfar International Inc., Haidian District, Beijing, China). Figure 17 presents the EMG signals after full-wave rectification and temporal smoothing. Three conditions were analyzed: wearing the exoskeleton with pneumatic assistance, wearing the exoskeleton without pressurization, and not wearing the exoskeleton. The results show that, under the assisted condition, the overall activation level of the biceps brachii is markedly lower than in the other two conditions, confirming that the exoskeleton effectively reduces biological muscle load while providing mechanical assistance.



Notably, when wearing the exoskeleton without pressurization, biceps brachii activation does not decrease compared to the baseline and even shows a slight increase during certain phases. This phenomenon is likely attributable to the mass of the exoskeleton itself (approximately 0.59 kg) and the structural constraints it imposes on arm movement. In the absence of effective assistance, these factors may increase the muscular effort required to perform elbow flexion tasks.A short delay and hysteresis during flexion–extension transitions were also observed, with a characteristic time scale on the order of 1–2 s.






7. Discussion


This study presents a systematic investigation of a wearable elbow assistive system actuated by McKibben pneumatic artificial muscles, encompassing structural design, material selection, and experimental validation. Through torque enhancement experiments, electromyography (EMG) analysis, and dynamic response and repeatability tests, the assistive effectiveness, muscle load reduction capability, and pneumatic performance of the device were evaluated from multiple perspectives. The results demonstrate that the proposed wearable robot can reliably provide effective assistance, confirming its feasibility and engineering practicality for upper-limb assistive applications. As summarized in Table 5, the overall structural weight and contraction capability of the proposed system fall within the typical performance range reported for recent PAM-based joint and wearable systems, while emphasizing a simplified and lightweight mechanical design. Table 6 provides a performance comparison with representative PAM-based joint and wearable assistive systems reported in the literature.Most existing systems employing conventional PAM actuators achieve contraction ratios in the range of approximately 20–30%, with reported system weights typically around 1.0–1.5 kg and response times of about 2 s. In comparison, the proposed joint prototype using a braided PAM achieves a higher contraction ratio (30.81%) while substantially reducing the overall system weight to 0.59 kg and shortening the system-level response time to 1.5 s. Although differences in application scenarios, structural designs, and evaluation protocols may affect direct numerical comparison, the results indicate that the braided PAM configuration enables a favorable balance between contraction capability, lightweight design, and responsiveness, which is particularly beneficial for wearable joint assistance applications.



Nevertheless, the experimental results also reveal inter-subject variability in assistive performance. As shown by the above experimental results, data dispersion within each group is relatively small, whereas differences between groups are more pronounced, indicating that system performance is influenced by individual factors such as forearm length, muscle strength, and device fitting quality. The forearm lengths of the eight participants are shown in Table 4. At the same time, the results suggest that the system exhibits low sensitivity to gender-related differences and maintains overall good adaptability. However, individual variability remains a key factor affecting assistance effectiveness, highlighting the potential for further optimization in wearable structure adjustability and parameter personalization. The PET flame-retardant braided mesh performs well as a constraint material, but alternative materials (e.g., Kevlar, UHMWPE) could be considered for higher tensile strength and lower creep. Future work will incorporate more refined anthropometric data and biomechanical modeling methods to enhance individualized system adaptation.



In addition, the current study primarily evaluates system performance under quasi-static elbow joint tasks. Although consistent dynamic responses and good repeatability were observed across multiple inflation–deflation cycles, comprehensive modeling of transient dynamic behavior remains a challenge. It should be noted that the current evaluation focuses on externally prescribed joint motions and does not explicitly account for user motion intent or voluntary neuromuscular interaction. As indicated by the system-level response time reported in Table 5, the present design prioritizes stable torque amplification and structural simplicity over rapid transient response. Therefore, the reported dynamic performance reflects a baseline assessment under intention-independent conditions. Moreover, the current study does not implement an active control strategy; future work could incorporate a feedback-based control algorithm, such as a pressure–angle loop or EMG-based control, to enable user-intent-aware assistance. Research will also focus on transient response characteristics, hysteresis, and nonlinear mechanisms of the pneumatic system to further improve real-time performance.




8. Conclusions


Based on the above research, this study conducted the systematic design, fabrication, and preliminary validation of a McKibben pneumatic muscle–driven elbow flexion/extension assistive system, achieving the intended outcomes. In terms of system design, the actuator layout was optimized according to the anatomical distribution of elbow muscles, and an adjustable attachment mechanism was employed to enhance adaptability across different users. Regarding material selection, comparative experiments identified PET flame-retardant nylon braided sleeves as the constraint layer, with thickened latex strips and medical-grade rubber tubing serving as the inflatable bladder, thereby ensuring a balance between stability, rigidity, and flexibility. Structurally, analysis of multi-node McKibben actuator contraction revealed optimal performance with three to four nodes; accordingly, the prototype adopted a four-node planar braided configuration, and a 4.8F five-way “pagoda” connector was used to address gas leakage in the prototype. Validation using both anthropomorphic models and human participants demonstrated that the system could smoothly perform elbow flexion and extension while enhancing elbow joint torque during flexion, providing effective assistance for rehabilitation training.



Despite achieving these foundational functions, several limitations remain. The current system is limited to elbow flexion/extension and does not extend to shoulder abduction/adduction or multi-degree-of-freedom hand movements, restricting its application in complex upper-limb rehabilitation and daily assistance. The control strategy has not fully incorporated the user’s voluntary motion intent, which may lead to asynchrony between assisted and actual movements during high-intensity, rapid, or non-standard actions, potentially affecting user experience and training outcomes. Additionally, the system relies on an external air supply, limiting its portability in outdoor or mobile scenarios, and pressure fluctuations may affect motion accuracy and stability. Future work will focus on optimizing control algorithms to achieve more precise recognition of user intent, exploring lightweight, high-strength, and wearable-friendly materials to enhance overall system performance and comfort, and improving attachment mechanisms and fabrication techniques to accommodate diverse user anatomies and usage scenarios. Furthermore, additional experimental validation across different user populations and multi-scenario applications will be conducted to continuously refine system performance and clinical applicability.
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Figure 1. Anatomical diagram of human arm muscles. 
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Figure 2. Geometric configuration of the McKibben pneumatic muscle actuator. 
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Figure 3. (a) Actual Image of F-Type Pagoda Head. (b) Force balance test of the four-channel output of the 4.8F five-way connector. 
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Figure 4. Two types of McKibben pneumatic muscle actuators: (a) the elongated balloon McKibben actuator, which uses a thickened latex balloon as the inner tube and a PET flame-retardant nylon braided sleeve as the constraint layer; and (b) the rubber hose McKibben actuator, which uses a medical-grade rubber hose as the inner tube and a PET flame-retardant nylon braided sleeve as the constraint layer. 
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Figure 5. (a) Pneumatic response of the medical rubber tube-based expandable bladder actuator. (b) Pneumatic response of the elongated balloon-type expandable bladder actuator fabricated from thickened latex material. 
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Figure 6. Life cycle of the artificial muscle with a thickened latex balloon bladder. 
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Figure 7. (a) Rubber-tube McKibben pneumatic muscle actuator before inflation. (b) rubber-tube McKibben pneumatic muscle actuator after inflation. (c) The pneumatic artificial muscle actuator with a medical rubber tube bladder exhibits deformation and bulging at the end effector when the applied pressure reaches the critical limit of the introduced material. (d) elongated-balloon McKibben pneumatic muscle actuator before inflation. (e) elongated-balloon McKibben pneumatic muscle actuator after inflation. (f) The pneumatic artificial muscle actuator with a latex elongated balloon bladder exhibits deformation and bulging at the end effector when the applied pressure reaches the critical limit of the introduced material. 
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Figure 8. Error bar chart of performance test data, where SBPM represents the strip-type pneumatic muscle and RTPM represents the rubber-tube pneumatic muscle. 






Figure 8. Error bar chart of performance test data, where SBPM represents the strip-type pneumatic muscle and RTPM represents the rubber-tube pneumatic muscle.



[image: Actuators 15 00021 g008]







[image: Actuators 15 00021 g009] 





Figure 9. (a) Force–Pressure diagram of Artificial muscle with a rubber tube bladder. (b) Artificial muscle with a thickened latex balloon bladder. 
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Figure 10. Schematic Diagram of the Quantitative Regulation of Fabric Tightness in McKibben Pneumatic Muscles. 






Figure 10. Schematic Diagram of the Quantitative Regulation of Fabric Tightness in McKibben Pneumatic Muscles.



[image: Actuators 15 00021 g010]







[image: Actuators 15 00021 g011] 





Figure 11. (a) ErrorBar Chart of Fabric Contraction Ratio Test Data for Different Node Numbers. *** indicates p < 0.001, demonstrating a highly significant difference in contraction ratio under different numbers of nodes. (b) Analysis of contraction ratio differences for braided structures with different numbers of nodes. 
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Figure 12. Human Body Model Experiment: (a) Initial State; (b) Flexed State; (c) Extended State. 
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Figure 13. (a) Error bar plot of the bending angle of the latex balloon–bladder artificial muscle under different air pressures. (b) Error bar plot of the bending angle of the medical rubber–bladder artificial muscle under different air pressures. (Red lines indicate the confidence interval, and black lines indicate the standard deviation.). 
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Figure 14. Experiment Control Procedure. 
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Figure 15. Torque test results. (a) Comparison of Elbow Torque Before and After Wearing the Elbow Flexion/Extension Assistive System. ** indicates p < 0.01, indicating that the torque difference between the “Assisted” and “Unassisted” conditions is highly significant. (b) Trend of elbow torque enhancement before and after wearing the elbow assistive system. (c) Paired t-test performed on five repeated measurements for each participant. 
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Figure 16. (a): Effect of pneumatic pressure on the torque of different participants. (b): 3D scatter plot of torque enhancement across participants.—Intergroup Differences and Intragroup Data Dispersion. 
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Figure 17. Scatter plots of experimental data for each group. 
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Table 1. Comparison of Performance Parameters for Different Types of McKibben Pneumatic Muscle Actuators.
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	Type of Pneumatic Muscle Actuator
	Average Measured Critical Pressure (kPa)
	Average Maximum Effective Deformation Pressure (kPa)
	Average Contraction Ratio (%)





	Strip Balloon McKibben
	
	
	



	Pneumatic Muscle Actuator
	189
	175
	29.58



	Rubber Hose McKibben
	
	
	



	Pneumatic Muscle Actuator
	250
	200
	20.83










 





Table 2. Contraction ratio measurements of braided groups with different numbers of nodes.
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Number of Nodes

	
Contraction Ratio in i-th Trial (%)

	
Average Contraction Ratio (%)






	
2

	
26.31

	
25.26

	
24.73

	
24.21

	
26.84

	
25.47




	
3

	
29.72

	
27.56

	
28.10

	
28.64

	
27.02

	
28.21




	
4

	
30.27

	
30.48

	
31.35

	
32.43

	
30.81

	
31.07




	
5

	
25.94

	
25.41

	
24.32

	
24.86

	
24.94

	
25.29











 





Table 3. Bending Angle of Two Types of Pneumatic Muscle Actuators under Different Inflated Pressures.
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	Bending Angle (°)
	4
	12
	14
	18
	20
	23
	29
	36
	38
	42
	46





	Strip Balloon Pneumatic Muscle Inflation Pressure (kPa)
	75
	85
	95
	105
	115
	125
	135
	145
	155
	165
	170



	Rubber Hose Pneumatic Muscle Inflation Pressure (kPa)
	100
	110
	120
	130
	140
	150
	160
	170
	180
	190
	200










 





Table 4. User data.
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	Subject
	Subject 1
	Subject 2
	Subject 3
	Subject 4
	Subject 5
	Subject 6
	Subject 7
	Subject 8





	Forearm Length (cm)
	23.7
	27.4
	26.8
	24.1
	23.9
	25.3
	26.1
	24.6










 





Table 5. Torque Comparison Between Assisted and Unassisted Conditions.
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	Subject ID
	Unassisted Torque (N·m)
	Assisted Torque (N·m)
	Torque Enhancement (N·m)





	1
	9.20
	10.80
	1.60



	2
	14.53
	16.85
	2.32



	3
	13.62
	14.96
	1.34



	4
	10.87
	13.38
	2.51



	5
	10.11
	11.94
	1.83



	6
	11.50
	14.07
	2.57



	7
	11.65
	13.62
	1.97



	8
	10.78
	12.89
	2.11










 





Table 6. Performance comparison with representative PAM-based joint and wearable systems.
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	Wearable Devices
	Application
	Actuation
	Contraction (%)
	Weight (kg)
	Response Time





	Xiloyannis et al. [25]
	Wearable/Exoskeleton
	PAM
	∼25
	∼1.5
	2 s



	Caldwell et al. [26]
	Wearable assist
	PAM
	20–30
	–
	2 s



	Al-Fahaam et al. [27]
	Joint actuator
	PAM
	20–25
	∼1.0
	2 s



	Zhang et al. [28]
	Soft joint system
	PAM
	∼30
	–
	2 s



	This work
	Joint prototype
	Braided PAM
	30.81
	0.59
	1.5 s
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