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Abstract

:

Soft robots, inspired by biological adaptability, can excel where rigid robots may falter and offer flexibility and safety for complex, unpredictable environments. In this paper, we present the Omnidirectional Bending Actuator (OBA), a soft robotic actuation module which is fabricated from off-the-shelf materials with easy scalability and consists of three pneumatic chambers. Distinguished by its streamlined manufacturing process, the OBA is capable of bending in all directions with a high force-to-weight ratio, potentially addressing a notable research gap in knit fabric actuators with multi-degree-of-freedom capabilities. We will present the design and fabrication of the OBA, examine its motion and force capabilities, and demonstrate its capability for stiffness modulation and its ability to maintain set configurations under loads. The mass of the entire actuation module is 278 g, with a range of omnidirectional bending up to 90.80°, a maximum tolerable pressure of 862 kPa, and a bending payload (block force) of 10.99 N, resulting in a force-to-weight ratio of 39.53 N/kg. The OBA’s cost-effective and simple fabrication, compact and lightweight structure, and capability to withstand high pressures present it as an attractive actuation primitive for applications demanding efficient and versatile soft robotic solutions.
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1. Introduction


The field of soft robotics introduces an alternative to conventional robotics, inspired by the structural flexibility inherent in living organisms. Rigid robots, despite their unparalleled speed and precision in controlled scenarios like manufacturing, face obstacles in unstructured dynamic environments due to their intrinsic rigidity. In contrast, soft robots bring forth a set of attributes tailored to unstructured dynamic environments and thus can potentially address the challenges posed to their rigid counterparts [1,2]. First, the inherent flexibility and compliance of soft robots allow them to interact safely with humans and delicate objects, reducing the risks associated with unexpected collisions or misalignments [3,4,5]. Second, their deformability enables them to operate in complex, unstructured environments, allowing them to traverse uneven terrains or squeeze through tight spaces [6,7]. Moreover, their lightweight design reduces added inertia and decreases the compensatory actions typically required in rigid robots, enhancing energy efficiency [8,9]. Their relatively simple fabrication also makes them more cost-effective to fabricate and maintain [10,11]. In essence, soft robots challenge the paradigm of traditional robotics, offering a more versatile, safe, and adaptive approach to a wide range of applications.



Due to these inherent advantages, soft robots have experienced significant advancements across a broad range of applications, such as manipulators, locomotive robots, and wearable devices, among others [12]. While various actuation methods exist for soft robots, fluidic actuators are the most prevalent due to their cost-effectiveness and straightforward implementation [5,13,14]. Among fluidic actuators, the mainstream designs include pneumatic artificial muscles (PAMs), elastomeric actuators, and fabric-based actuators. PAMs, characterized by a cylindrical wire mesh enclosing a rubber tube, undergo uniaxial contraction upon pressurization, boasting a high tensile force-to-weight ratio [15,16]. Yet, their limited motion and surface area shift can limit their applicability [17]. Elastomeric actuators, made of hyperelastic materials, are favored for their capacity for significant deformations and safety in interaction with humans and environments [18,19,20]. However, due to their intrinsically isotropic properties, achieving intricate motions require complex designs [21], while their low force-to-weight ratio limits scalability [22]. Conversely, fabric-based actuators, crafted from layered textiles, stand out for their near-flat profile when depressurized [23,24], excellent force-to-weight ratios, and lightweight compliance [22,25]. Leveraging textile anisotropy enables diverse motions without the need for complex designs [21], and their affordability and straightforward fabrication enhance their versatility across various applications [5,10,24].



Notably, fabric soft actuators have become increasingly popular due to their inherent unobtrusiveness and large force output [5,22,25,26,27,28,29,30,31,32]. These actuators are primarily made from either knit or woven fabrics, each with distinct characteristics [12]. Woven fabric actuators, typically less stretchable and more rigid, are constructed from multiple inflatable pouches aligned linearly to facilitate motions like bending, extending, and contracting. In contrast, knit fabric actuators utilize highly deformable textiles with inherent anisotropy. They generally comprise a single chamber made of two distinct fabric layers, with the layers’ geometry dictating the type of motion. For both woven and knit actuators, multiple actuator modules can be combined to achieve complex, multi-degree-of-freedom (multi-DoF) motions [33,34,35,36]. While woven fabric actuators have been extensively researched and thoroughly characterized in terms of motion/force capabilities for various designs [1,2,10,23,28,33,35,36,37,38,39,40,41,42,43,44,45], research on knit fabric actuators is less developed [21,22,25,27,34]. Despite their simpler fabrication methods and potential for enhanced performance, studies on knit fabric actuators, especially those offering omnidirectional capabilities, remain limited [34].



In this study, we introduce the Omnidirectional Bending Actuator (OBA), a knit fabric-based, pneumatically-powered soft actuator which can potentially address the research gap in multi-DoF knit fabric actuators. The OBA stands out due to its cost-effective and streamlined manufacturing process that only require standard, easily accessible fabrication equipment and readily available off-the-shelf materials. We present a simple, repeatable, and optimized fabrication approach to enhance the OBA’s accessibility and practicality for real-world applications. A notable feature of the OBA is its design that allows for a lightweight and compact footprint with high actuation pressure, thus offering superior performance compared to other design methods. Furthermore, the OBA is capable of omnidirectional bending, as illustrated in Figure 1, and offers stiffness modulation via coordinated chamber pressurization. The remainder of this paper is structured as follows: Section 2 delves into the design and fabrication methodologies of the OBA. Section 3 offers an in-depth characterization of the motion and force capabilities of the OBA, as well as a demonstration of its stiffness modulation and load compensation features. Concluding remarks and future research directions are discussed in Section 4.




2. Robot Design and Fabrication


2.1. Design Considerations


The design philosophy of the OBA is rooted in the anisotropy of knit fabrics [21,22,25,27,34]. The OBA consists of three actuation chambers that parallel along the length and 120° apart in the cross section. Each chamber is designed with a dual-fabric architecture that consists of one uni-axially extensible fabric and one strain-limiting fabric. The extensible fabric is designed to stretch significantly in the wale direction while remaining rigid in the course direction. The wale and course directions are indicated in Figure 2a. This anisotropy in the extensible fabric is achieved by integrating rubber strings with fabric threads to allow elasticity in one axis and resistance in the other. Upon pressurization, each chamber can bend uni-directionally due to the difference in the extent of extension of the two layers. By incorporating three such chambers together and pressurizing one or more of the actuation chambers simultaneously, the OBA can demonstrate omnidirectional bending capabilities. The complete design of OBA and its components is shown in Figure 2b.



We developed multiple OBAs with varying geometrical dimensions and conducted preliminary tests to evaluate the influence of the OBA’s dimension on the working performance. Figure 2b illustrates the relationship between the length and range of motion of the OBA prototypes when a single chamber was pressurized to 414 kPa. The findings reveal a strong correlation between actuator length and bending angle: 90, 180, and 270 mm long actuators achieved a bending angle of 9.7°, 78.3°, and 136.3°, respectively. This result underscores the impact that actuator length has on the achievable range of motion, with longer actuators capable of larger bending angles under the same pressure conditions and also highlights the OBA’s ease of scalability for diverse applications. For this study, the 180 mm variant was chosen for both the demonstration of the fabrication process and OBA characterizations.



There are two potential issues that prevent the OBA from bending reliably and need to be overcome through novel fabrication approaches. The first issue involves the variability in buckling locations along the lengths of the non-pressurized chambers, where the buckling would occur at different lateral locations between the two chambers. This spatial inconsistency in buckling locations results in unintended out-of-plane bending of the OBA. The second issue is the temporal inconsistency of buckling locations across different actuation cycles, which leads to unpredictable OBA motions. As shown in Figure 3a, the same OBA has different buckling locations (red circles) between the two actuation tests.



To address these spatial and temporal inconsistencies, we invented a novel fabrication method including the following two main steps: (1) we designed the inextensible layers to be wider than the extensible layer, allowing for the inextensible layers of the three chambers to be combined in parallel by stitching along their longitudinal edges, as shown in Figure 3b, and (2) we introduced a pre-buckling mechanism by securing a rubber band around the actuator’s midsection, affecting all chambers. The diameter of the rubber band should be smaller than that of the OBA to guarantee effective compression at the interface where the rubber band contacts the fabric chambers. This compression introduces pre-buckling before actuation and thereby ensures repeatable buckling at the same locations during cyclic actuation. These adjustments successfully standardized the buckling location across repeated actuation cycles, ensuring consistent, in-plane motion as shown in Figure 3c.



In addition, we investigated the impact of material fatigue on the performance of the OBA. The difference in stiffness of the OBA components between a newly fabricated actuator and those that underwent repeated actuation cycles caused an inconsistency in the motion range between the two OBAs. This phenomenon is attributed to the inherent material properties of the OBA’s soft components (e.g., pneumatic bladder and anisotropic fabric). Initially, these materials are relatively stiff, but as material fatigue sets in, they gradually soften and become more pliable, influencing the OBA’s performance. After enduring 60 fatigue cycles, the materials reach a state of equilibrium, leading to a more consistent bending angle of the OBA. Figure 4a,b show the bending shape of the pre- and post-fatigued OBA pressurized at 414 kPa, respectively. Initially, the OBA exhibited a bending angle of 54.2°. After enduring 60 fatigue cycles, there was a notable increase in the bending angle to 88.8°. Following 120 fatigue cycles, the bending angle stabilized, showing a slight increase to 90.8°. This progression indicates that the OBA can have a substantial and consistent range of motion after 60 fatigue cycles.




2.2. Fabrication and Integration


OBA fabrication entails constructing a fabric sleeve that combines two specific fabric components: the anisotropic fabric (152.4 mm Wide White Heavy Stretch High Elasticity Knit Elastic Band, Cisone, China), extensible only in the wale direction, and an inextensible fabric (1050 Denier Coated Ballistic Nylon Fabric, Magna Fabrics, Cresskill, NJ, USA). Wale and course directions of the fabrics are indicated in Figure 2a. Both fabric components are cut to a 180 mm length along the wale direction. The inextensible fabric is wider, with a width of 76 mm, whereas the anisotropic fabric measures 50 mm in width, both along the course direction. After positioning the anisotropic fabric parallel along the length and centrally along the width on the inextensible fabric, they are sewn together using straight, polyester stitches (UV Resistant High Strength Polyester Thread #69 T70 Size 210D/3, Selric, China) from a sewing machine. Each stitch line is passed over three times and spaced 33 mm apart in width. Following this, three of these combined sleeves are produced and subsequently joined along their length with a zigzag stitch. This stitch is sewn from the inside, ensuring that upon inverting the assembly, clean seams are visible. This process is illustrated in Figure 3b.



Each sleeve houses a silicone pneumatic bladder (Silicone Tubing, 14.3 mm ID × 15.9 mm OD, Quickun, Seattle, Washington) of 210 mm in length. At both ends of these bladders, a pneumatic tube (Pneumatic Tubing 4 mm OD × 2 mm ID, Uxcell, Hong Kong, China) is attached, which connects to a 3D-printed bladder collar. This component, once secured inside the bladder, functions as the pressurized air inlet. After inserting the bladder, the open ends of the assembly are sealed with 3D-printed end caps. This end cap features a three-component, self-sealing design, comprising a pair of near symmetrical pieces on the left and right that clamp the fabric sleeve securely in place. Additionally, a threaded top piece completes the assembly by fastening onto the left and right components, ensuring the entire structure is tightly secured [46]. This ensures the bladder remains contained within the sleeve during pressurization. A comprehensive visual of this fabrication procedure can be seen in Figure 2a and the finalized OBA assembly can be found in Figure 1. The completed OBA measures 229 mm in length and 68 mm in diameter.



The pneumatic system comprises an air compressor (Silver-Line Modell L-S50-25, Planet-Air, Ahrensburg, Germany), pressure sensors (Sensor 150 PSIG 0.19″ 12 BIT 8 DIP, Honeywell, Charlotte, NC, USA) for individual OBA pneumatic chambers, and solenoid valves (SY113-SMO-PM3-F, SMC Pneumatics, Tokyo, Japan) to dictate airflow. This setup enables precise chamber pressurization monitoring and control for coordinated pressurization of the individual chambers of the OBA. The full pneumatic system setup can be seen in Figure 5a.





3. Experimental Characterizations and Demonstrations


3.1. Experimental Setup


Two experimental platforms were devised to assess the motion range and bending torque capabilities of the OBA, respectively. For all tests, the 180 mm long OBA was used. The first platform employs an electromagnetic (EM) tracking system (Aurora, Northern Digital Inc., Waterloo, Ontario, Canada) consisting of an EM field generator and a 6-DoF EM sensor as shown in Figure 5a. The OBA was vertically mounted on a static frame at one end and had the EM sensor affixed to its free end. A global coordinate frame was shown in Figure 5a with its z-axis aligned along the length of the OBA and the x-axis aligned along the width of the EM field generator. During the coordinated actuation of the OBA’s chambers, we used this platform to measure the position and orientation of the free end of the OBA.



The second platform features a 6-DoF load cell (Delta F/T Transducer, ATI Industrial Automation, Apex, NC, USA) mounted on a linear guide rail system as shown in Figure 5b. One end of the OBA was fixed to a static frame and the other end was attached to the load cell mounted on the carriage of the guide rail via 3D-printed attachments, with the orientation and positioning of the chambers being depicted in Figure 5b. A local coordinate frame was attached at the interface between the load cell and OBA attachment with its y-axis parallel to the actuator’s length and z-axis pointing upwards. When the OBA was pressurized, the torque measurements around the x-axis (  τ x  ) and z-axis (  τ z  ) were regarded as the bending torques of the OBA. However, since the OBA slightly extends when it is pressurized, a torque, which will be blended with the bending torque in the x-axis, will be generated due to the extension force and moment arm between the OBA axis and the load cell if both ends of the OBA are constrained. In this platform, due to the use of the guide rail, the OBA is allowed to slightly extend when pressurized so that   τ x   can precisely represent the torque induced by the blocked x-axial bending motion of the OBA. With this platform, we measured the direction and magnitude of torque for a specific set of pressures when pressurizing individual or combined chambers.




3.2. Load-Free Workspace Measurement


The omnidirectional bending capabilities of the OBA were assessed under load-free conditions by coordinated pressurization of the OBA’s chambers. First, we evaluated the position of the free end of the OBA when each chamber was actuated individually. We varied the pressure from 103 kPa, increasing in increments of 103 kPa, up to 414 kPa. During each actuation, the 3D position and orientation of the sensor at the OBA’s tip was recorded by the EM sensor. Next, the OBA’s position was measured when two chambers were pressurized simultaneously at equal pressures. All three combinations of two chamber pressurization were tested. Lastly, with one chamber held at the pressure of 414 kPa, the pressure in another chamber was varied from 103 kPa to 310 kPa in 103 kPa increments.



To ensure the reliability of our findings, each test for the same pressurization condition was repeated three times. Our measurements showed a maximum position difference (Euclidean distance) of ±0.70 mm and an average difference of ±0.34 mm for the three repeated tests among all workspace data. The high repeatability demonstrated the advantage of our design and fabrication method as explained in Section 2. Figure 6a shows the 2D visualization of the OBA’s tip position measurements in the x–y plane obtained by averaging results from three repeated tests. This figure is annotated with labels P1, P2, and P3, corresponding to the OBA’s individual chambers. Directional arrows are used to indicate the specific bending direction associated with each chamber. Colors denote the chamber combinations, while the shapes denote the pressure levels, as indicated in the legend in Figure 6c. This common legend applies to all subsequent characterization plots. The notation “/” signifies configurations where the pressure in the chamber listed to the left of the “/” symbol is adjusted, while the chamber on the right side of this symbol is maintained at a constant pressure of 414 kPa. It is evident that by manipulating different chamber pressures, the OBA can cover a significant area in the x–y plane with any points within the circular boundary being attainable. (P3 = 414 kPa, P2 = 103 kPa) is an outlier as it did not displace as significantly as the other symmetrically equivalent points. This may be due to the imperfect fabrication of the OBA, where the three chambers may not lay perfectly parallel with each other, as it could slightly shift its orientation during integration. Also, friction between the silicone tubing and fabric may not be perfectly equivalent across all chambers, which can cause inconsistent motions. Figure 6b further elaborates on the OBA’s omnidirectional bending capabilities in 3D space. Each data point represents the averaged x–y–z position of the OBA’s tip under specific chamber pressure configurations. The dome-like shaded surface represents the 3D workspace of the OBA’s tip. The analysis of the figure reveals that actuating a single chamber in the OBA results in larger bending angles compared to double chamber actuation at the same pressure. Specifically, the maximum bending angle achieved with single-chamber actuation was 90.80°, while for double chamber actuation, it was 79.19°. These bending angles were calculated as averages across all feasible chamber combinations for each actuation mode. The observed difference in bending performance between single and double chamber actuation can be attributed to the increased friction between the pneumatic bladder and the fabric sleeve when two chambers are activated simultaneously. This increase in friction likely arises from the intersecting and conflicting bending directions of the two chambers.




3.3. Force Output Measurement


Soft actuators can exert force on environments as they deform from their equilibrium configurations. The force output increases as the difference between the current and equilibrium configurations becomes larger. In this study, we blocked the OBA in its straight configuration using the setup in Figure 5b and measured the OBA’s torque output under different pressures of the chambers. In this study, we replicated the methodology outlined in Section 3.2, which involved altering the combination of pressurized chambers and adjusting the pressures within each chamber. Each test was repeated three times.



Figure 6c shows a scatter plot that visualizes the averaged torque values,   τ x   and   τ z  , produced by the OBA under varying pressure settings. The actuator can generate any torque value within the hexagonal boundary presented. Using the local coordinate frame defined in Figure 5b,   τ x   is the torque around the x-axis and   τ z   around the z-axis. Torque   τ y   was neglected since its maximum value is only 0.09 Nm. As indicated by the common legend, colors and shapes represent various combination of chambers and pressure variations. Notably, the maximum torque observed during single-chamber pressurization at 414 kPa was 1.69 ± 0.01 N·m. For double-chamber pressurization, it reached a higher torque of 1.87 ± 0.03 N·m. It is worth noting that the OBA can achieve higher negative torques (pressing down) around the x-axis than in the positive direction (pulling up), while around the z-axis, the torques are almost symmetrical. As stated in the previous section, misalignments during integration and frictional issues may cause this asymmetric phenomenon. Among the three repeated tests in all the cases, the maximum deviation is 0.03 N·m and average deviation is 0.006 N·m. These variances are minor relative to the overall torque measurements. Again, the high repeatability of torque output demonstrated the advantage of our design and fabrication method. The results of this characterization underscores the OBA’s capability to generate torques in various directions, with the magnitude and orientation of the torques being influenced by the combination of chamber pressurization and pressure variation.



To further evaluate the OBA’s robustness and capability for higher force outputs, a burst test was conducted to determine its maximum pressure tolerance. The results showed that each chamber of the OBA can withstand pressure up to 862 kPa without rupturing, indicating not only the OBA’s durability but also suggesting its potential for managing higher payloads effectively and producing greater force outputs than those demonstrated in the torque tests.




3.4. Stiffness Modulation


The OBA is able to change its bending stiffness through antagonistic actuation of its chambers, as outlined in prior studies for other soft actuators consisting of multiple chambers [47,48]. To characterize the OBA’s capability for antagonistic actuation, we positioned the OBA horizontally and secured it at one end. The cross-sectional view of the mounted OBA, shown in the upper-right corner of Figure 7a, is designated as the vertical orientation. Subsequently, we simultaneously pressurized its three chambers, denoted as P1, P2, and P3. For simplicity, we assumed symmetry of the three chambers and therefore incrementally increased the pressure in chamber P1 while maintaining constant pressure in chambers P2 and P3. An EM sensor was positioned at the OBA’s free end and utilized to measure the OBA’s bending angle. Figure 7b shows the methodology used to define the measurement angle, which is determined by the angular change at the actuator tip in the sagittal plane (i.e., angular displacement of the two red lines). Figure 7a displays the angular displacement per pressure combination, with the colored arrows indicating the bending directions of individual chambers. Each pressurization routine was repeated three times, and the results in Figure 7a show the average displacement and its standard deviation for each case. The observed trend reveals a decrease in angular displacement with increasing pressure in chamber P1 and thus demonstrates the OBA’s capability for antagonistic actuation.



To characterize the OBA’s capability for stiffness modulation via antagonistic actuation, an experimental setup was designed where the OBA maintained a constant equilibrium angle under increasing antagonistic forces. In this study, the pressure in all three chambers was equalized to maintain a nearly 0° equilibrium angle and a straight and rigid natural shape of the OBA throughout variations in chamber pressure, as evident from the four lowest data points in Figure 7a. The pressure within all chambers of the OBA was increased in 103 kPa increments up to 414 kPa. For each pressure setting, a 100 g payload was attached to the tip of the OBA. The resultant angular displacement was measured using the EM sensor and the same methodology as the previous study. This procedure was repeated three times for each pressure level. The upper plot in Figure 7b shows the absolute angular displacement of the OBA under the payload for each pressure scenario. The data points show the average and standard deviation of the three repeats. The two lower images in Figure 7b show the shape of the OBA in the vertical cross-sectional configuration under 100 g load when all chamber pressures are set to 103 kPa (upper image) and 414 kPa (lower image), corresponding to the points in the orange and blue boxes in the upper plot, respectively. Analysis of the plot shown in Figure 7b reveals a trend where an increase in chamber pressure leads to a reduction in load-induced displacement, signifying effective stiffness modulation. Specifically, the results evidence a substantial enhancement in stiffness, quantified as a more than threefold increase (3.22 times) from the lowest (103 kPa) to the highest (414 kPa) pressure settings.



To confirm that stiffness modulation can be achieved regardless of the actuator’s orientation, the OBA in the vertical cross-sectional orientation was rotated 90° around its longitudinal axis to the horizontal orientation (see Figure 7c) and subjected to the same experimental conditions. This alteration aimed to test the OBA’s performance under a different gravitational vector to individual chambers of the OBA. Figure 7b compares the outcomes of these tests, using blue and red data points to represent the vertical and horizontal orientations, respectively. At lower pressures, the displacement discrepancies and antagonistic stiffening between the vertical and horizontal cross-sectional orientations were pronounced. However, at elevated pressures, load-induced displacements were nearly identical, verifying the omnidirectional stiffness modulation capacity of the OBA. Figure 7c shows various cross-sectional orientations of the OBA, with the black arrows acting as reference markers to delineate the orientation. Since the 0° and 60° orientations exhibit horizontal line symmetry and the 30° and 90° orientations mirror each other vertically, it is unnecessary to conduct tests for 30° and 60° cross-sectional orientations and the results of 0° and 90° orientations represent OBA’s comprehensive behavior across all orientations.




3.5. Out-of-Plane Deformation Compensation


Due to the OBA’s omnidirectional bending capability, the OBA can mitigate unwanted out-of-plane deformations induced by payloads. This feature distinguishes the OBA from traditional bidirectional in-plane bending soft actuators, which typically can adjust for deformations along its bending plane but struggle to address deformations that extend beyond this plane. To demonstrate this ability, the OBA was mounted horizontally on one end in the horizontal cross-sectional orientation. An EM sensor was used to measure the position of the OBA’s free end. Each test was repeated three times. Figure 8(a1,b1) show the OBA’s bidirectional bending motion (left and right, respectively) from the top and front perspectives after pressurization and before any payload was applied. The applied pressures and position measurements for these states are listed in Table 1 under “Left/Pre-load” and “Right/Pre-load.” This configuration serves as the reference state to which subsequent deformations and compensations are compared.



Upon applying a 100 g payload, the OBA’s deformation is shown in Figure 8(a2,b2), reflecting the actuator’s response to external forces due to its inherent compliance. In the left bending scenario, the actuator’s free end deviated by 25.0 mm ( Δ X = 0.4 mm,  Δ Y = 7.2 mm,  Δ Z = 23.9 mm), while in the opposite direction, a displacement of 27.3 mm was observed ( Δ X= 4.8 mm,  Δ Y = 2.8 mm,  Δ Z = 26.7 mm). Detailed measurements of these displacements are listed in Table 1 under “Left/Post-load” and ”Right/Post-load.”



A notable feature of the OBA is its compensatory motion that actively counteracts load-induced deformations by modulating the chamber pressures, as shown in Figure 8(a3,b3). In both scenarios, the OBA nearly returns to its original pre-loaded state, showing minor deviations of approximately ±1.9 mm and ±2.5 mm for the left and right bending scenarios, respectively. The chamber pressures enabling this compensation are listed in Table 1 under “Left/Compensated” and “Right/Compensated.” The determination of these compensatory pressures was achieved through trial and error. In future work, we will develop an autonomous pressure modulation approach aided by sensor feedback. Figure 8(a4,b4) show the averaged tip positions across the three main deformation states: pre-load, post-load, and post-compensation. This experiment highlights the OBA’s ability to compensate for out-of-plane deformations, underscoring its potential in scenarios where the capacity to adjust to varying external loads is crucial. While the current focus is on its static response, the superior motion capabilities observed suggests a promising foundation for further exploration into its dynamic responsiveness across various load conditions.





4. Discussion and Conclusions


In this paper, we presented the development and characterization of the omnidirectional bending OBA. The design and fabrication method is straightforward and reliable, enabling large workspace and reliable motion and torque output. We also characterized and demonstrated the OBA’s capabilities for stiffness modulation and deformation compensation, which make OBA potential for practical applications under various payloads. Table 2 provides a comparative analysis of the OBA relative to two other omnidirectional fabric actuators that can be found in the literature: an omnidirectional knit fabric actuator in [34] and a woven fabric-based actuator from [33]. A notable feature of the OBA is its streamlined fabrication process, which employs a minimal set of fabrication tools to achieve efficient construction (see Video S1). This methodology enhances the accessibility and practicality of the OBA for real-world applications while ensuring it remains competitive in performance metrics when compared to similar actuators. Regarding physical attributes, the OBA demonstrates a reduced mass and volume, yet provides a range of motion (RoM) and payload capacity comparable to those of its counterparts, with the reduced mass contributing to a superior force-to-weight ratio. However, it is essential to acknowledge the unique twisting and extending capabilities of the actuator documented in [34]. While [33] shows an actuator with a higher bending payload, it has longer actuator length. Notably, the comparison includes [33], which utilizes a different fabric type (woven), making [34] a more pertinent benchmark given its use of knit fabric. In summary, the OBA distinguishes itself by its more lightweight and compact design with higher pressure capabilities when compared to the sole other actuator in its class, without compromising critical performance metrics such as RoM and bending payload capacity.



In the future, to address the potential issues of hysteresis and slow response of pneumatic systems [49,50,51], we will focus on characterizing the dynamic behavior of the actuator and build a data-driven controller for the OBA. Additionally, we will integrate sensors into the OBA to enable a feedback-controlled system, allowing real-time adjustments of OBA’s shape and stiffness. We will also optimize the design of the pneumatic system for quicker response times to compensate for the inherent latency in pneumatic actuation. The performance disparities among the three actuation chambers of the OBA will also be mitigated by transitioning from manual sewing methods, which can lead to variations in stitches and fabric dimensions to employing computerized sewing machines and laser cutters. By standardizing production processes, inconsistencies related to fabrication will be minimized, improving OBA performance. Furthermore, we will refine the OBA and integrate it into a wearable assistive robot for upper limb assistance. Its lightweight and compact nature, combined with its capable payload performance and efficient fabrication process, makes it a potential candidate for the development of wearable assistive robots. Additional actuation modes, such as contraction, twisting, and elongation, will also be explored to enhance the OBA’s applicability. These expanded functionalities, combined with the OBA’s omnidirectional motion capability and ability to modulate stiffness, will be particularly beneficial for assisting movements of intricate joints, such as the shoulder. In addition, the OBA’s design features, including ease of scalability and high pressure capabilities, contribute to its versatility and durability, which are particularly aligned with the requirements of wearable robots.
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Figure 1. Demonstration of the omnidirectional bending of a horizontally mounted OBA: (a) Top view showing lateral bending, with left bending achieved through pressurization of one chamber to 414 kPa and right bending through pressurization of two chambers to 414 kPa. (b) Front view showing the OBA’s ability to perform bending motions across 360°, achieved by pressurizing each chamber to 414 kPa for all three configurations. 
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Figure 2. Design of the OBA: (a) labeled diagram of the OBA and its components, with fabric wale and course directions indicated. (b) 90, 180, and 270 mm long actuators (descending) bend to 9.7°, 78.3°, 136.3°, respectively, while pressurizing one chamber in each actuator to 414 kPa. 
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Figure 3. Buckling challenges and solutions: (a) Inconsistent actuator bending among repeated cycles due to variability in buckling locations. (b) Diagram of integrating three pneumatic chambers. (c) Consistent and in-plane actuator bending (right) of the OBA fabricated based on the proposed method involving pre-induced buckling (left). All configurations depicted were achieved by pressurizing one chamber to 414 kPa. 
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Figure 4. Effects of fatigue on OBA performance: (a) Limited range of motion before material fatigue (54.2°) due to initial high stiffness of the fabric and bladder components. (b) Increased range of motion after 120 fatigue cycles (90.8°). All configuration depicted was achieved by pressurizing one chamber to 414 kPa. 
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Figure 5. Experimental platforms for OBA characterization: (a) Load-free workspace measurement setup, including an EM field generator, an EM sensor attached at the free end of the actuator, and pneumatic control accessories (Red and green lines represent pneumatic and digital connections, respectively). (b) Experimental setup for force output measurement, utilizing a 6-DoF load cell and a linear rail to neutralize extension forces, with each chambers denoted as P1, P2, and P3 (Pneumatic connection is equivalent to those used for workspace measurement). 






Figure 5. Experimental platforms for OBA characterization: (a) Load-free workspace measurement setup, including an EM field generator, an EM sensor attached at the free end of the actuator, and pneumatic control accessories (Red and green lines represent pneumatic and digital connections, respectively). (b) Experimental setup for force output measurement, utilizing a 6-DoF load cell and a linear rail to neutralize extension forces, with each chambers denoted as P1, P2, and P3 (Pneumatic connection is equivalent to those used for workspace measurement).



[image: Actuators 13 00112 g005]







[image: Actuators 13 00112 g006] 





Figure 6. Results of OBA characterization: (a) 2D (x–y plane) load-free workspace of the OBA (P1, P2, and P3 denote the actuator’s chambers and arrows denote the direction of bending for each chamber). (b) 3D load-free workspace of the OBA with highlighted red, green, and blue lines indicating the shape of the OBA during actuation (The OBA for the blue line is shown in the upper right corner). (c) Torque output of the OBA around the x– and z–axesunder different combinations of pressurized chambers and varying pressures. A common legend applies to all plots, with “/” signifying configurations where the pressure to the left of the “/” is adjusted from 103 to 310 kPa, while the pressure on the right remains constant at 414 kPa. 
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