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Abstract

:

Foam-based soft actuators are lightweight and highly compressible, which make them an attractive option for soft robotics. A negative pressure drive would complement the advantages of foam actuators and improve the durability of the soft robotic system. In this study, a foam actuator was designed with a negative pressure pneumatic drive comprising bellows air chambers, a polyurethane foam body, and sealing layers at the head and tail. Experiments were performed to test the bending and contraction performances of the actuator with the foaming multiplier and air chamber length as variables. At air pressures of 0–90 kPa, the bending angle and contraction of the actuator increased with the foaming multiplier and number of air chamber sections. The designed actuator achieved a bending angle of 56.2° and contraction distance of 34 mm (47.9% of the total length) at 90 kPa, and the bending and contraction output forces were 3.5 and 7.2 N, respectively. A control system was built, and four soft robots were constructed with different numbers of actuators. In experiments, the robots successfully completed operations such as lifting, gripping, walking, and gesturing. The designed actuator is potentially applicable to debris capture, field rescue, and teaching in classrooms.
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1. Introduction


Soft robots have become a hot topic of research in the robotics field owing to their unconstrained degrees of freedom, excellent deformation effect, relatively simple control, higher safety, and low cost. In contrast to the traditional rigid robotics, soft robots can quickly adapt to unstructured environments in high-tech fields such as medical rehabilitation [1,2,3,4], rescue detection [5,6,7], and bionics [8,9,10] and are more convenient for human–robot interactions in everyday environments such as classroom education [11,12] and recreation [13]. Soft robots are potentially applicable to a wide range of industries.



The actuator is the core part of a soft robot, and its performance is mainly determined by the materials and driving method. The materials determine the structural shape and deformation mode of the actuator, while the driving method is closely related to the materials, working environment, and efficiency. One of the most common and widely used driving methods is the pneumatic soft actuator. In recent years, pneumatic actuators with various shapes [14], materials [15], manufacturing methods [16] and driving methods [17] have been developed such as soft grippers [18,19], wearable devices [20,21], and artificial muscles [22,23], which has greatly advanced the field of soft robotics. These actuators are based on flexible materials, which are stretched and bent by the expansion of the elastic cavity for various operations. However, the high density of these materials means that the actuator is greatly affected by its own weight at low air pressure, which hinders its deformation. At high air pressures, the use of silicone and other softer materials will cause a balloon expansion effect. This needs to be limited by the addition of fiber enforcement.



The high porosity and low density of foam materials offer unique advantages for their application to actuators. Compared with other flexible actuators, foam actuators are significantly lower in mass and easier to control. In addition, porous foams are highly compressible with large deformability. Foam actuators can achieve a unique contraction deformation that gives soft robots excellent flexibility beyond bending actuators in tight spaces. In addition, foam materials have a high strain-to-stress ratio that allows the actuator to achieve a large deformation with a small amount of power [24], which reduces the requirements and power consumption of the driving system.



Currently, only limited research has been conducted on applying foam actuators to soft robotics. Kastor et al. [24] and Donatelli et al. [25] both developed tendon-driven polyurethane (PU) foam soft robots. The former has rigid parts such as motors sewn into the robot body to perform compression and folding actions and can generate large deformations of about 70% at low torques of less than 0.2 N/m. Meanwhile, the latter is a soft PU foam robot with 85% softness that can mimic the gait of a caterpillar at a speed of 0.052 body lengths per second to cross obstacle and climb hills. King et al. [26] used the open-mold method to fabricate a tendon-actuated foam hand and performed tests investigating its repeatability, gripping force, and durability, which demonstrated that the hand could reach a maximum gripping force of 5.8 N. Somm et al. [27] proposed a soft robot prototyping technique that integrates sensing and actuation based on expanded PU foam. Their technology simplifies the manufacturing process by integrating user-defined transmission routing points through cable drives to manufacture customized soft robots. However, foam robots driven by tendons are too complicated because of the need for cooperating motors, and integration of the motors with the robot body makes the whole system huge and heavy. Thus, some scholars have designed foam-based soft robotics by using pneumatic driving methods. Figure 1 shows some examples from the literature. Mac Murray et al. [28] used a method similar to the lost-salt process to prepare a silicone skin-coated silicone foam fluid elastic actuator. They fabricated a soft fluid pump with a complex internal and external structure that was capable of pumping liquid at a flow rate of about 430 mL/min at a differential pressure of 14 kPa. Futran et al. [29] proposed a silicone rubber foam actuator driven by traveling waves, which they validated by fabricating a millipede-mimicking robot, with a forward speed of about 1.1 mm/s. Argiolas et al. [11] used a silicone rubber porous elastic foam to sculpt bending actuators, grippers, and other 3D-shaped products that could apply a force of 5 N at the end-effector and pick up objects with a mass of 200 g. In other respects, Peters et al. [30] proposed a hybrid fluid-driven Polyvinyl Alcohol (PVA) foam soft actuator and investigated the actuator displacement and output force characteristics under different air pressure and hydraulic ratios. The results show that a higher percentage of hydraulic action increases the output force and deformation rate of the actuator. Van Meerbeek et al. [31] designed a bicontinuous foam composite comprising a low-melting-point alloy and elastomer that can achieve variable stiffness and self-healing because the composite properties are dominated by the metal and the elastomer at high and low temperatures, respectively. Thus, the previous research on foam actuators has greatly promoted the development of flexible materials, actuation methods, and preparation techniques of soft robots. However, the previous applications of pneumatic drives all used positive-pressure actuators.



Foam actuators can also be driven by negative pressure. In contrast with foam actuators driven by positive pressure, actuators driven by negative pressure (i.e., vacuum) can take better advantage of the foam material to give the soft robot better durability and impact resistance while avoiding the risk of overpressure. Robertson et al. [32] designed a low-cost negative pressure-driven soft actuator that is quickly fabricated and that can perform various operations, such as suction manipulation and vertical window climbing. However, their actuator uses the pores of the foam itself as air chambers, which limits the deformation and the angular travel to only 27.3° for a single module. Thus, the above actions require more than three actuators and other rigid components in series to complete which leads to a complex system that is difficult to control. The vacuum and flexural strength limit the amount of deformation of the soft material, so special care needs to be taken regarding the structural design to increase the deformation and degrees of freedom. Joe et al. [33] developed a hybrid pneumatic artificial muscle based on the bellows structure and negative pressure that could achieve a contraction rate of up to 50% and had a payload of 3 kg. However, their focus was on increasing the contraction rate, and their pneumatic artificial muscle could only achieve a single contraction deformation. In complex operating spaces, actuators often need multiple degrees of freedom for increased flexibility.



This research focuses on exploring an actuator design enabling two deformation modes that is capable of applications in a variety of environments, such as debris grasping, field rescue, and classroom teaching. A lightweight and multi-chamber foam actuator with a negative pressure drive was designed comprising four bellows air chambers, open-cell PU foam as the deformable body, and a flexible material as the seal to realize dual-mode deformation of bending and large contraction. The design amplified the deformation effect by minimizing the mass and maximizing the contraction rate. The compressive mechanical behavior of PU foam was characterized, and the main influencing factors were identified. Then, foam actuators with different material and structural parameters were prepared, and their motion characteristics and output forces were characterized. Finally, a drive control system was built, and soft robots with different numbers of actuators were fabricated and applied to lifting heavy objects, grasping objects, walking, and making gestures. This research shows the potential of designed actuator and opens up more possibilities for the development of foam soft robots.




2. Materials and Methods


2.1. Compressive Properties of Foam Materials


The actuator comprising PU foam (HBS905, Hagibis, Beijing) and thermoset PU (HBS870, Hagibis, Beijing) was fully flexible. PU foam has an adjustable density of 55–70 kg/m and has a high resilience and low cost compared with other foam materials. The density of the PU foam and the strain rate of the loading test are important influencing factors of the mechanical properties [34,35]. The density of the selected material was related to the ratio between the two foaming liquids A and B in the foaming process. For a foam with a fixed volume, reducing the foaming liquid increases the foaming multiplier and lowers the density, and vice versa. Therefore, the density was defined in this study in terms of the foaming multiplier. Three foam samples with foaming multipliers of 5/1.15, 5/1.30, and 5/1.50 were prepared for uniaxial compression tests. These tests were performed by using a small universal testing machine (model: INSTRON500N) at three different compressive strain rates of 0.001, 0.01, and 0.1 s−1 (corresponding to displacement rates of 0.05, 0.5, and 5 mm/s, respectively) to simulate the deformation of the material at different inflation rates. These samples were compressed to 80% of their original height, and repeated three times at each strain rate for different foaming multiples and averaged. The compression tests were performed according to the ASTM-3574 standard.



Figure 2 shows the stress–strain curves of the foam samples at different compressive strain rates. The curves all went through three stages: the initial linear elastic region (magnified in the inset), a plateau, and dense region at the end of compression. These curves are expected for the compression of soft porous materials. Table 1 presents the modulus of elasticity E and maximum stress σ measured at 80% strain of the samples at each foaming multiplier. The strain range in the plateau region was proportional to the foaming multiplier, which may be due to the larger cell size of foams with low density, the corresponding deformation space was also larger, so the strain range was wider than for denser foams [36]. The modulus of elasticity and maximum stress increased with the compressive strain rate at the same foaming multiplier except for the 5:1 sample, which showed a decrease in the modulus of elasticity at a strain rate of 0.01 s−1. The decrease in the modulus of elasticity may be because the sample was soft with this foaming multiplier, and the change in strain rate did not have a noticeable effect at the initial stage of compression. However, the stress–strain curves of foam samples with the same foaming multiplier at different strain rates were closer than those for the same strain rate at different foaming multiplier. Therefore, the foaming multiplier (i.e., density) was the main influencing factor for the mechanical properties of PU foam under a compressive load.




2.2. Structural Design of the Actuators


The design of the actuator was based on two main requirements. First, the actuator should have multiple degrees of freedom and can realize two deformation modes of omnidirectional bending and contraction. Second, the deformation effect should be obvious during bending and contraction, and the actuator has good elasticity when resetting. Figure 3 shows the designed negative pressure-driven foam actuator, which comprised a cylindrical foam body, four bellows-type air chambers, and end caps and sealing layers for the air chambers. The four air chambers were made of commercially available thermoplastic polyurethane thin-walled straw and were symmetrically distributed around the actuator in a square. Four air chambers were used to increase the degrees of freedom. When the air pressures in the four chambers were equal, the actuator contracted; when they were not equal, the actuator bent. End caps were glued to the ends of each chamber to connect the chambers to the extraction line. Sealing layers were placed at each end of the actuator to secure and seal the air chambers, and the foam body was wrapped around the air chambers. The center of the actuator was a hollow structure designed to allow airway to pass through without obstructing deformation when multiple actuators were combined.




2.3. Fabrication of the Actuators


Figure 4 describes the fabrication of the foam actuator. The actuator is made by the mold casting method. All molds and the end caps were made by 3D printing.



	
Bellows air chambers: The thin-walled PU bellows was selected from commercially available drink straw and cut into the required number of sections. Two small rings are used to pass through the first and last ends of the bellows, and a solder glue (WJ-106S, WEIJISEN, Huizhou, China) is applied to the inside of the end cap and fits into the small ring to achieve bonding with the bellows. The small rings and end caps were made of polylactic acid and fabricated by Fused Deposition Modelling (I-A, CoLiDo 1.0, PRINT-RITE, Zhuhai, China);



	
Sealing layer: The A and B components of the thermosetting PU were mixed uniformly at a ratio of 1:1. The inner two sealing layers were obtained by combining the four air chambers with the upper and lower two molds (II-A, made of photosensitive resin and fabricated by Digital Light Processing: Form3, formlabs, Engitype, Gig Harbor, WA, USA) and then casting and demolding. The preparation of the sealing layers is completed one at a time. After the first sealing layer is casted and demolded, the whole is turned over and another sealing layer is prepared in the same way. The outer two sealing layers were casted and demolded separately. Trim the edges of each sealing layer after demolding to ensure sealing. The outer two sealing layers were bonded individually to the inner sealing layer by applying thermosetting PU to the sealing layer surface to complete the actuator skeleton;



	
Foam: A hollow cylindrical foam body was wrapped around the air chambers, and the tops of the four air chambers were connected to the airway. Specifically, the actuator skeleton obtained in the second part was combined with the top, bottom, left, right, and occupancy mandrel five molds (III-A, made of polylactic acid and fabricated by Fused Deposition Modelling: CoLiDo 1.0, PRINT-RITE, Zhuhai, China) to form a cylinder. The foaming liquid was poured into the square hole reserved in the upper mold. The foaming was allowed to complete before the mold was cooled. The whole process lasted about 20 min.






The above preparation process was used to fabricate actuators with different foaming multipliers for a given number of air chamber sections and different air chamber sections for a given foaming multiplier, as given in Table 2. These were used in the subsequent tests.





3. Experimental


3.1. Motion and out Force Characterization


The actuator performance was judged in terms of the motion characteristics and output force. Once the actuators were prepared, the motion characteristics were first analyzed to determine the optimal parameters. Then the output force of the actuators was tested.



The test setup for bending and contraction is shown in Figure 5a. The actuator was fixed vertically on the stand, and a negative pressure of 20–90 kPa was applied. A digital camera (D700, Nikon, Tokyo, Japan) was connected to the computer via control software to capture images in real time at 10 kPa intervals. Adjust the height and position between the actuator and the digital camera to ensure that the main part of the actuator is fully visible in the middle of the computer screen and the end of the actuator is initially in a horizontal position. Each process was repeated three times to ensure accuracy and the bending angle and contraction distance of the actuator were measured by image processing software. For the bending test, the performance of the actuator was analyzed with two air chambers pumping equal air pressure. For the contraction test, all four chambers pumped equal air pressure. Figure 5b,c shows the bending deformation with two chambers and contraction deformation with four chambers at 90 kPa of the actuators with different foaming multipliers and lengths.



The output force determines the load capacity of the actuator. The output force of the end of the actuator during bending and contraction was measured with the setup shown in Figure 6. Specifically, the actuator was fixed horizontally to the bracket so that its end touched the bottom of the force transducer just as the bending output force was measured, at which point the transducer showed no indication. When negative pressure was applied, the end of the actuator was bent upward, and the sensor was squeezed. Measurements could be read directly from the digital display platform. When the contraction force was tested, the center of the actuator and digital display push-pull meter was aligned horizontally to minimize the error. The initial state was to keep the string in tension. Then, the same negative pressure was applied to all four chambers, and the positions of the actuator and push-pull gage were kept constant throughout the measurement process.




3.2. Practical Application


A control system was developed to precisely control the air pressure for practical applications. Referring to the way in the literature [9], Figure 7a shows the control system and its structure. The best-performing actuators in terms of motion characteristics and output force were integrated in two sections to create a soft robot with eight air chambers in total, each of which could be controlled independently. Specifically, each air chamber was connected to two miniature three-way solenoid valves (JS0520L-DC6V), and one end of each solenoid valve was connected to a vacuum pump (JBL-550W) to provide a negative pressure drive. The two solenoid valves allowed each chamber to achieve three states: inflation, maintenance, and pressure regulation. Each air chamber was inflated and bent when both solenoids were open at the same time. When the second solenoid valve was closed, the airflow was disconnected, and the robot was in a motion-hold state. The second solenoid valve was reopened when the pressure needed to be increased further. To lower the air pressure, the first solenoid valve was closed after the second solenoid valve was opened, which allowed the air to flow through the speed control valve into the atmosphere. Figure 7b shows the three states and the control strategy. The airflow was controlled by a microcontroller (Arduino Mega 2560) and computer. A control program was written to drive each chamber. A sensor detected the air pressure of each chamber in real time, which was adjusted dynamically to achieve the target pressure.



The concept of modularity is often used in soft robotics. Four different experiments were conducted using the actuator module and control system constructed above: lifting heavy objects, grasping, walking, and making gestures. Two, three, or four modules were integrated to represent different soft robots. The bending and contraction performances of the actuators were tested to demonstrate the range of practical application.





4. Result


4.1. Motion and Output Force Characteristics


Figure 8 shows the relationships of the air pressure with the bending angle and contraction. We defined a parameter  θ  and  d  as the bending angle and contraction distance of the actuator, respectively. When the actuator deforms under a given negative pressure and reaches stability, the bending angle refers to the angle between the end face of the actuator to the horizontal plane, and the contraction distance refers to the distance between the end face of the actuator to the end face at the initial 0 air pressure. Figure 8a,c shows that increasing the foaming multiplier (i.e., decreasing the density) caused the bending and contraction of the actuator to increase more with the air pressure. This is because a lower density increased the cell spacing, which reduced the interaction force between the cells and made them easier to squeeze when an external force was applied. However, this does not mean that a lower density was better; decreasing the density caused the actuator to become softer, which degraded its resilience and stability. This can be observed for the contraction curve of the actuator at a foaming multiplier of 5:1. The bending and contraction curves at this multiplier showed greater nonlinearity than at the other multipliers. The best bending and contraction characteristics of the actuator were obtained at a foaming multiplier of 5:1.15.



Figure 8b,d shows the bending and contraction curves of the actuators at different lengths. The bending angle and contraction showed a positive correlation with the input air pressure. This is because a longer air chamber increased the stroke by which the bellows could be contracted. Except for the 16-section actuator, which exhibited a large nonlinearity, all other sections showed some linearity. In particular, the 14-section actuator showed good linearity at 30–90 kPa compared with the other lengths. This corresponded to a total length of 71 mm for the actuator, which achieved a bending deformation of 56.2° and contraction of 34 mm in the length direction at 90 kPa. The contraction rate reached 47.9% of the original length, which is beneficial for operations in some special environments. Although the 16-section actuator had a greater bend angle and contraction distance, the linearity of the actuator was greatly affected; the actuator was misaligned on both end surfaces during compression, and the stability is reduced. Therefore, the length of the actuator was set to 71 mm.



Figure 9a shows the bending output force of the actuator with one, two, and three chambers activated. The output force increased with the air pressure, and the maximum output force of 3.35 N was generated with two chambers activated at 90 kPa. This was a significant increase from the output force of 1.75 N with one air chamber activated. The output force of the actuator with three air chambers activated is approximately equal to one air chamber activated when the air pressure is less than 50 kPa; as the air pressure increases, the output force increases more significantly to 3.1 N at 90 kPa. This is because when the actuator is activated in three air chambers, the two air chambers in parallel position provide a certain contraction force, which is not apparent until the air pressure is greater than 50 kPa. However, this is also the reason why the output force with three air chambers activated is less than the activation of two air chambers, because the contraction of the actuator limits the bending deformation.



Figure 9b shows the variation in the contraction output force of the actuator with the air pressure. The output force grows faster when the air pressure exceeds 45 kPa, which is in accordance with the actuator contraction becoming faster at the same stage. The actuator has a maximum contraction output force of 7.2 N at 90 kPa.




4.2. Practical Application


4.2.1. Lifting Experiment


A simple lifting device was built in accordance with the principle of leverage. As shown in Figure 10, two integrated actuators were placed vertically side by side, and they lifted the lever by contracting when negative pressure was applied, where F1 is the gravitational force of the load and F2 is the contraction force of the actuators. To demonstrate the device performance, gradually increase the mass of the weight in the small bowl at the front of the lever to increase the load until the small bowl fell to the table. The device easily lifted the lever above the horizontal line when no weights were added (Figure 10c). The lever gradually lowered as the weight was increased (Figure 10d,e). The device was able to lift over 255 g (Figure 10f), and the results proved the contraction performance of the actuator. For lifting operations in tight environments, more actuators can be integrated to improve the performance.




4.2.2. Gripping Experiment


Pneumatic soft grippers are a common form of soft robots. A foam soft gripper was fabricated with three integrated actuators and designed fixtures. To adapt the gripper to a wide range of object sizes, the fixture was designed to be adjustable in distance. Figure 11 shows that the fabricated gripper could grip objects of different shapes, sizes, and weights with different grasping methods. The results proved the bending performance of the actuator and that it can be applied to gripping tasks (Video S1). In addition, the soft gripper had a high load capacity and offered some cushioning protection, which can be used to grip various objects. As the foam actuator is based on contraction deformation driven by negative pressure, a new gripping mode is proposed: inward wrapping after gripping (Figure 11j–m). First, a suitable negative pressure is applied to bend the actuator to grip an object. Second, the actuator is gradually wrapped around the object as tight as possible depending on the actuator length and object size (Video S2). Compared with traditional inflatable actuators, this unique gripping mode of negative pressure-driven actuator and the reduced space it takes up when gripping objects allow it more flexibility and potential to be applied in tight environments such as space debris capture or fishing operations.




4.2.3. Quadruped-Like Soft Robot


A quadruped-like soft robot was formed by using four actuator modules and 3D printed bases. Different air chambers were controlled to let the quadruped-like robot walk and avoid obstacles, as shown in Figure 12. Walking was achieved by controlling the section of each actuator that touched the ground. Specifically, negative pressure was applied to the two air chambers in the target direction of the two actuators in crossed positions to bend them and maintain contact with the bottom surface. The robot’s center of gravity shifts backward and creates a backward movement. Then, the pressure was removed to return the actuators to the initial state. This generated friction between the actuator and bottom surface, which caused the robot to move forward. Compared to the backward movement caused by the change in center of gravity, the forward movement is much greater, enables the robot to complete the walking process. In the test, the robot could move 40 mm per round (Video S3). Because of the contraction characteristics of the actuator, the robot could also perform specific obstacle avoidance maneuvers. For example, when there was an obstacle in front, the robot’s height could be lowered so that it could pass beneath. This required driving each air chamber to contract to the proper height. These results proved that the foam actuator has good synergistic controllability, which would be beneficial for field rescue and other applications in difficult environments.




4.2.4. Claw-Like Soft Robot


Finally, four actuators are combined to obtain a claw-like soft robot. As shown in Figure 13, the robot was able to signal numbers 1–5 as well as make the “okay” and “orchid finger” gestures. In addition, different fingers can cooperate to easily grip some objects. Because of the low cost of the actuator, this robot would be suitable for classroom teaching and science activities.






5. Discussion and Conclusions


A lightweight PU foam actuator driven by negative pressure has been successfully developed. The driving mechanism comprises four thin-walled bellows air chambers, which bend and contract to deform the wrapped foam body. The actuator is capable of two deformation modes: multi-angle bending and vertical contraction. The effects of the foaming multiplier and number of air chamber sections on the bending and contraction performances of the actuator were investigated. The experimental results showed that the bending angle and contraction distance of the actuator increased with a decreasing foaming multiplier and increasing number of air chamber sections. The bending angle and contraction distance of the actuator gradually increased as the air pressure was increased from 0 to 90 kPa. At 90 kPa, the actuator achieved a bending deformation of 56.2° and contraction distance of 34 mm. The output force experiment showed that the bending output force was greater with two chambers than with one or three chambers, and the maximum bending and contraction output forces were 3.35 and 7.2 N, respectively, at 90 kPa.



A comparison of this study with other soft actuators is presented in Table 3. Compared with existing foam soft actuators [30,32,33], the actuator in this study is superior in terms of deformation modes and application prospects. The foam actuator driven by negative pressure in this study had an output force of 7.2 N and a deformation effect of 47.9%, which is one of the largest among the soft pneumatic actuators based on the research by us and other scholars [6,9]. The foam actuator driven by negative pressure can achieve bending and contraction under reduced overall length without concern for the risk of overpressure which makes them more suitable for operation in tight environment. The designed actuator was integrated into various soft robots to demonstrate its wide applicability, including space debris capture, deep-sea exploration, field rescue, and classroom teaching.



The design presented here has the following limitations: (1) The method of structure optimization through experiments has certain errors due to the defects in the manufacture of foam actuators; (2) the actuator lacks feedback and information exchange and cannot be regulated in time. Future work will focus on theoretical research and integrating flexible sensors to build more practical soft robots. Theoretical modeling based on the first generation of actuators will help us better optimize the structure and more accurately characterize the motion. Integrating flexible sensors into a soft robot system will allow it to measure stress and bending deformation.
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Figure 1. Soft foam actuators: (a) silicone foam bending actuator manufactured by the lost-salt process [28]; (b) silicone foam bending actuator [29]; (c) traveling wave-driven soft robot made of silicone foam that was inspired by a millipede [11]; (d) hybrid driven PVA foam actuator [30]; (e) composite foam actuator comprising a low-melting-point alloy and elastomer [31]. 
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Figure 2. Stress–strain curves of foam materials under uniaxial compression. The inset shows the liner elastic region. 
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Figure 3. 3D model of the foam actuator. 
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Figure 4. Actuator fabrication process. 
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Figure 5. Actuator motion characteristics test: (a) Bending and contraction testing device. Bending and contraction at 90 kPa with (b) different foaming ratios and (c) different actuator lengths. (θ and d are introduced in Section 4.1). 
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Figure 6. Actuator output force test: (a) bending force testing device and (b) contraction force testing device. 
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Figure 7. Robotic system: (a) configuration of the control system and (b) principle of air chamber control. 
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Figure 8. Experimental results from bending and contraction tests: (a,b) relationship between the bending angle and air pressure and (c,d) relationship between the contraction distance and air pressure. 
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Figure 9. Curve of output force vs. air pressure: (a) measured bending force when one, two, and three chambers of the actuator are activated; (b) measured contraction force when four chambers of the actuator are actuated. 
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Figure 10. Soft robot used as a lifting device: (a) mechanism force analysis diagram. (b,c) Lifting without a load; (d–f) lifting 50, 100, and 255 g loads at an air pressure of 90 kPa. 
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Figure 11. Soft robot used as a soft gripper: (a) adjustable clamps; (b–e) gripping square, circular, cylindrical, and irregularly shaped objects; (f–i) gripping objects by the side, fingertips, suspension, and outward pressure; (j–m) gripping and wrapping plush toys. 
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Figure 12. Quadruped-like soft robot: (a) Walking process and the corresponding pumping sequence; (b) obstacle avoidance process and the corresponding pumping sequence (yellow: pumping, white: no air pressure). 
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Figure 13. (a) Claw-like soft robot; (b–d) gestures for numbers 1–3; (e,f) gestures for “okay” and “orchid finger”; (g,h) gripping a plastic bottle and transparent tape. 
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Table 1. Statistical data of different foams at three strain rates.
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Foaming Multiplier

(1/A:B)

	
Strain Rate v (s−1)

	
Modulus of Elasticity E (kPa)

	
Maximum Stress   σ   Measured at 80% Strain (kPa)






	
5/1.15

	
0.001

	
461.70

	
106.97




	
0.01

	
454.00

	
110.29




	
0.1

	
520.94

	
144.53




	
5/1.30

	
0.001

	
551.61

	
119.39




	
0.01

	
645.31

	
143.06




	
0.1

	
703.42

	
164.73




	
5/1.50

	
0.001

	
832.70

	
144.35




	
0.01

	
967.11

	
175.79




	
0.1

	
993.73

	
182.62
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Table 2. Actuators with different materials and construction parameters.
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	Sample Number
	R1
	R2
	R3
	R4
	R5





	Foaming multiplier

(1/A:B)
	5:1.00
	5:1.15
	5:1.35
	5:1.45
	5:1.60



	Sample number
	S1
	S2
	S3
	S4
	S5



	Number of air chamber sections
	8
	10
	12
	14
	16







R1–R5 are the condition of 10 air chamber sections; S1–S5 are the condition of foaming multiplier of 5:1.15.
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Table 3. A Comparison of Different Pneumatic Soft Actuators.
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	Literature
	Material and Driving Method
	Deformation Mode
	Body Length (mm)
	Output Force

(N)
	Bending Angle

(°)
	Contraction

/Elongation Distance

(mm)





	This study
	PU foam; Negative pressure
	Bending; Contraction
	71
	Bending of 3.35 N; Contraction of 7.2 N
	56.2
	34



	Wang et al. [6]
	Silicone;

Positive pressure
	Bending; Elongation
	50
	Bending of 5 N
	47
	20



	Zhang et al. [9]
	Silicone;

Positive pressure
	Bending; Elongation;

Expansion
	80
	Extension of 4.5 N
	120
	9



	Peters et al. [30]
	PVA foam;

Positive pressure and Hydraulic
	Elongation
	70
	Extension of 23.14 N
	/
	12



	Robertson et al. [32]
	PU foam; Negative pressure
	Bending
	45
	/
	27.3
	/



	Joe et al. [33]
	PU foam; Negative pressure
	Contraction
	72
	Contraction of 6.8 N
	/
	36
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