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Abstract

:

Twisted and coiled polymer (TCP) actuators are becoming increasingly prevalent in soft robotic fields due to their powerful and hysteresis-free stroke, large specific work density, and ease of fabrication. This paper presents a soft crawling robot with spike-inspired robot feet which can deform and crawl like an inchworm. The robot mainly consists of two leaf springs, connection part, robot feet, and two TCP actuators. A system level model of a soft crawling robot is presented for flexible and effective locomotion. Such a model can offer high-efficiency design and flexible locomotion of the crawling robot. Results show that the soft crawling robot can move at a speed of 0.275 mm/s when TCP is powered at 24 V.
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1. Introduction


Soft robots have lately received great attention from both academia and industry due to their high safety and strong environmental adaptability [1,2]. Traditional rigid-bodied robots are made of hard materials and are used extensively in manufacturing because of their high efficiently and high accuracy in performing single tasks. While they are lack of compliance and adaptability due to their rigidity. Different from those rigid robots, soft robots that are made of elastic materials partly or entirely (such as silicone or other functional polymers), are capable to change their structures and work effectively in unstructured environments with excellent resilience [3]. Their high compliance and infinite degrees of freedom make them ideal for mimicking the behavior of natural creatures [4,5].



Lots of the soft robots are inspired by natural creatures, such as octopus [6,7], fish [8,9], elephant trunk [10,11], and inchworms [12,13]. Those bionic soft robots are capable of achieving adaptive and complex motion patterns such as grabbing [14], climbing [15], swimming [16], crawling [17], and jumping [18]. While crawling is one of the motions that has been studied intensely, as it is particularly suitable for tasks such as drug delivery, rescue, and infrastructure inspection [19]. Classical crawling robots driven by DC motor suffer from bulky and complicated structures, making them unsuitable for interaction with humans and unstructured environments [1], even though they have the advantages of fast respond speed and high accuracy. Soft crawling robots that are compliant, load-carrying, lightweight, and low-cost are capable of completing these tasks. However, by far, the performance of these robots (such as robot step, speed and load capacity) are still far away from real application and their performance is highly dependent on both actuator materials and configuration design. Lots of studies employed emerging soft actuation materials to drive crawling robots: dielectric elastomers (DEs) [20], ionic polymer–metal composites (IPMCs) [21], and shape memory alloys (SMAs) [22]. The DEs is a popular choice for its high-power density. Cao et al. designed a crawling robot with two paper-based feet, using electro-adhesion force for stable locomotion, showing a crawling speed of 0.02 body length/s (about 1.7 mm/s) [23]. Ji et al. developed crawling robot driven by relatively low-voltage (450 V) DE actuators reaches speed of 30 mm/s [24]. The unique merits of IPMC such as lightweight, high flexibility and low voltage (<5 V) were explored to design soft crawling robots too [19]. Those robots usually consist of IPMC legs and an elliptically shaped body, which is capable of expanding and contracting along with gripping of legs for locomotion, allowing the robot to move at a speed of 0.157 mm/s [25]. Aside from DEs and IPMCs, the SMAs have also been used in actuating soft crawling robots because of their high power density (50 W/g) [26], high stress (up to 200 MPa) [27] and silent operation. Kim et al. used SMAs to fabricate a crawling robot by mimic the muscular activations of caenorhabditis elegans [28]. Taking advantage of the large-strain smart actuators, the crawling robot can move at a speed from 0.157 mm/s to 30 mm/s. However, limitations of those materials exist: large voltage (10–100 MV/m) is required for DEs, and it is difficult to produce electrodes [26]; IPMCs have low work density (0.02 W/g) and low stress (up to 0.3 MPa) [29]; SMAs show small contraction (up to 5% for NiTi SMA) and significant hysteresis during actuation [30].



Recent studies proposed a novel type of actuator named twisted and coiled polymer (TCP) actuators. Those actuators possess high work density (5.3 W/g), inherent compliance, relative high actuation strain (over than 30%), high stress (over 32 MPa), long durability (up to 1 million working cycles), and nonhysteretic stroke that proved by Haines under actuation temperature of 20–120 °C, making it possible to design a more compact and effective robot [31,32].



TCP actuators have been preliminarily researched for crawling robot applications [33,34]. Yang et al. developed a crawling robot based on a supercoiled polymer artificial muscle (SCPAM) made from silver coated nylon fiber. In Yang’s design, a slippery part made of resin is located at its edge to form a variable-friction leg. Leg contraction was provided by the SCPAM. On wooden surface ground, inching locomotion with speed of 0.245 mm/s was achieved [33]. Similar crawling robot was presented by Tang et al., while in their design, only a single TCP actuator was used [34]. Paper clips and hot melt glue were served as robot feet to obtain anisotropic friction. Paper clips have less friction force than the hot melt glue (higher friction coefficient). When crawling, the bar-like soft body can generate inchworm-liked bending deformation by heating nickel-wound TCP actuators. The velocity of the crawling robot is 1.2 mm/s when the range of actuation temperature is 60–100 °C with a cycle of 5 s. However, this crawling robot has a poor load capacity.



It is still lack of study that could accurately describe TCP actuation through mathematical model especially when such materials combine with extra components to form functional units. The study is critical as the development of control system for TCP based actuator and robot relying on it. In this paper, we introduced leaf springs to provide pre-stretch for TCP actuators to be functional. The advantage of leaf springs is the rapid, stable resilience for the TCP actuators to recover their initial states. The deformation and recovery force of leaf springs are designable to ease the manufacturing and control procedure. Leaf springs have been modeled well by Chen et al. [35]. Our previous work proposed a model to describe the actuation behavior of TCP. Both models fully explained the relationship between force and displacement. A new model could be obtained if we use force and displacement to combine them. That means leaf springs and TCP actuators can be set parallelly to create a unit and a precise model can be easily deducted.



Those units can be sequentially aligned to form robots. A simplified crawling robot was demonstrated to testify such concept. In order to support crawling motion, feet with tiny spikes are installed to the unit because spikes could provide asymmetry force. Different locomotion modes are designed by simply adjusting the actuating temperature range and heating rate. The deformation-force curve of leaf springs is designable and complemented with TCP actuators compared with other recovery structure (such as silicone shell) to form a controllable and effective locomotion unit. Development of the leaf springs model and TCP actuator model can ease and improve the design of the control system. The performance of the robot (such as speed, step and load capacity) can be predicted and improved by these models.




2. Inchworm-Inspiration for the Soft Crawling Robot


Inchworm is a type of caterpillar that has a smooth body and a novel gait. As shown in Figure 1a, it can be divided into four main parts: legs, head, thorax, and abdomen. In contrast to most caterpillars, inchworms do not have legs throughout their body. At their rear end, there are two or three pairs of prologs while at front there are pairs of true legs. They are capable of deforming their soft bodies with a large degree of freedom, which enable them to propel through various environments. This remarkable adaptability and biologically simple structure make them good models for designing soft crawling robots.



The looping locomotion of the inchworm can contract their body to achieve relatively high speeds [37]. In our bio-mimic soft robot prototype, the TCP actuators will provide contraction and driving force, making the leaf springs deform like inchworms. Then, the ability to anchor to the ground is necessary to compel the robot to move through the ground. The leaf springs will deform horizontally with a constant body height and go through low passages. This working mechanism can also provide body stabilization and is good for carrying loads. Inspired by the special vibration behavior of setaria viridis spikes as shown in Figure 1b, the robot feet could be designed like the spike to generate an asymmetric force so that the robot can move in the desired direction [36]. This special behavior depends on the material’s elastic property and the structure of its spikes. The diameters and length of slant awns are 60–110 mm and 6–10 mm respectively, with an inclination angle of 40–60°. The forward direction is not equivalent to the backward direction because of the spike’s slant awns. The normal force FN between the awn and the sawtooth can be expressed as FN = G*A*α, where G is the awn’s shear modulus, A represents the contact area between the awn and the sawtooth, α is the awn’s deflection angle. The asymmetry friction force can be generated by the interaction between the awns and the ground. Therefore, a higher speed can be obtained by increasing the interacting area.



2.1. Soft Crawling Robot Design


3D model of the proposed soft crawling robot is shown in Figure 2c. The body and the robot feet are connected by the connection part. When subjected to voltage, the TCP actuators contract along the axial direction. Two TCP actuators allow the fast contraction of the robot body. The passive cooling speed in the cooling stage is improved by exposing the main part of the TCP actuators. Two leaf springs provide pre-tension for TCP actuators and a quick recovery for the robot body to its original state after the voltage is removed.




2.2. Fabrication Process


The Shieldex conductive fiber (PN: 40024104600, Nylon 6, Shieldex®, Newark, NY, USA) was used to produce TCP actuators. This conductive fiber can be heated expediently without the help of other treatment because Joule heat would be generated when it is electrically activated. The fabrication process of the TCP actuators included two major steps:




	(a)

	
Twist insertion and coiling. The process parameters are similar to our previous works [38,39]: A DC motor was attached to one end of the fiber sample to insert twist continuously by motor rotating. A hanging weight of 300 g was fixed to the other end. Then the twisted fibers were winded around a 1.38 mm diameter tribolet to form a helical structure.




	(b)

	
Annealing and training. To relieve residual stress and prevent the untwist of samples, the TCP actuators were annealed at a temperature of 140 °C for 90 min in previous fabrication steps. Then, the TCP actuators were trained with the electric input (24 V, 10 cycles). During training, a hanging weight of 120 g was attached.









The crawling robot feet was made by silicon rubber (EcoflexTM 00-50, Smooth-On, Inc, Macungie, PA, USA), which is cured in a 3D-printed mold; such a process is shown in Figure 2a. Bubbles in liquid silicon was eliminated by vacuum. The shear modulus of Ecoflex-50 silicone can reach up to 82 KPa, which is helpful to enhance the asymmetry friction force of robot feet. The general micro-structure of robot feet was closed to the setaria viridis spike, while the size is larger. The inclination angle of robot feet is set as 45° according to the structure of spikes. The diameter of robot feet is set as small as possible to increase the interacting area and asymmetry friction force. The constrain is mainly from the manufacturing resolution of 3D printer. Connection parts was also 3D printed and the design of leaf springs (65 Mn steel alloy) is described in Section 3.2.




2.3. Experimental Conditions


The crawling robot was controlled by a microcontroller (AT89C51, Microchip Technology©, Chandler, AZ, USA). Upon actuation, a laser displacement meter (HG-C1100, Panasonic©, Osaka, Japan) and a micro force sensor (JLBS-M2, Jnsensor©, Bengbu, China) was used to measure the displacement and contraction force of the crawling robot respectively. The data were collected with a sampling frequency of 100 Hz through a DAQ modules (USB-4716-AE, Advantech©, Shanghai, China).





3. Model Formulation


3.1. Modelling TCP Actuator


Our previous work presented an elastic-rod-theory-based model to explain the quantitative relationship between stroke and fabrication load [38,39]. The elastic rod theory was used in the model to describe the relationship between twist-coiling process of TCP actuators and fabrication parameters (such as fabrication load). In the model, the tensile actuation can be accurately predicted when fabrication parameters are determined.



The stroke of TCP actuators can be described as:


    Δ L  L  = −   8   1 + μ    l c     π   3 2     E   1 2     d 2  N L    F   α t  Δ  T ′   



(1)




where E denotes Young’s modulus,   Δ  T ′    means the change of temperature, μ denotes Poisson’s ratio, αt is coefficient of thermal expansion, L represents unloaded coil length, F denotes fabrication load, N means number of coil turns, d is fiber diameter, and lc is fiber length in the coil.



The relationship between TCP temperature and actuation time could be derived from Newton’s law of cooling:


   C  t h     d T  t    d t   = P  t  − λ   T  t  −  T  a m b      



(2)




where   P  t    represents the power of electrical supply,    C  t h     is heat capacity,  λ  represents the absolute thermal conductivity,   T  t    means the temperature of TCP actuators, and    T  a m b     denotes the ambient environment temperature.



The actuation process of our crawling robot mainly consists of two stages: heating-pull stage and cooling-push stage. In the heating-pull stage, the TCP actuators driven by the input electrical power   P  t    will contract and pull the latter part of the robot. For the given input voltage, the input electrical power   P  t    can be expressed as:


  P  t  =    U 2   R   



(3)




where  U  denotes the input voltage, and  R  represents the electrical resistance of actuators. If we combine Equations (2) and (3), we get


    d T  t    d t   +  λ   C  t h     T  t  −    U 2    R  C  t h     =  λ   C  t h      T  a m b    



(4)







According to Equation (4), the temperature of TCP actuators    T r    in heating-pull stage can be expressed as:


   T r  =    U 2  −  U 2   e  −  λ   C  t h     t   + R λ  T  a m b     R λ    



(5)







Combine Equations (1) and (5), the relationship between tensile strain and actuation time will be:


    Δ L  L  = −   8  l c   U 2    1 + μ     1 −  e  −  λ   C  t h     t        π   3 2     E   1 2     d 2  N L R λ    F   α t   



(6)







The displacement–time curve of TCP under varied actuation voltage can be seen in Figure 3. In the cooling-push stage, the electrical power supply will be turned off, and the TCP will return to initial length to push the front section of the robot. Hence, in the cooling-push stage, the input electrical power   P  t    will be:


  P  t  = 0  



(7)







Combine Equations (2) and (7), the temperature of TCP actuators    T d    in the cooling-push stage can be expressed as:


   T d  =  T  a m b   + 95  e  −  λ   C  t h     t    



(8)








3.2. Modelling Leaf Spring


Two elastic leaf springs are designed to produce pre-tensions of the TCP actuators, and also provide rapid, stable resilience for the TCP actuators to recover their initial states, as shown in Figure 4.



Unlike commonly used linear springs, the readily bendable leaf springs radially expand when linearly compressed. The radial expansion improves the linear motion range, however, the large deformation is difficult to analyze and thus restricts the application of the leaf spring. According to our prior works [35,40], the integrated leaf springs can be approximated by a number of serial-connected small segments. Then, a 6-DOF linkage, composed of rigid bodies and elastic joints, can be constructed to approximate each small segment, based on the principal axes decomposition of structural compliance matrix [41]. Thereafter, the force-deflection behavior can be analysed based on the kinetostatics of the equivalent linkages. Using the POE formula for kinematic modelling [42], the configuration of the tip frame of the constructed mechanism glt, as well as the balance of the elastic deformation can be represented as


       g  l t   =   ∏  i = 1   2 n    exp (    ξ ^   i   θ i  )    g  l t , 0       τ =  K θ  θ −  J θ T  F → 0      



(9)




where    θ i    represents the joint variables of the approximated spring.    ξ i    are the joint twists.     g   l t , 0     is the spring’s initial pose in the local frame. 2n denotes the number of the joints.     K  θ  = diag ( 1 /  c  1 , 1   , 1 /  c  1 , 2   , 1 /  c  2 , 1   , 1 /  c  2 , 2   , ⋯ , 1 /  c  n , 1   , 1 /  c  n , 2   )   corresponds to the overall joint stiffness matrix, where    c  i , 1   = δ / E  I  x x     and    c  i , 2   = δ / G  I  z z     are the compliance for bending and torsion, respectively. E, G, δ, Ixx, and Izz are the elastic modulus, the shear modulus, the length of the small segment, and the moments of inertia in the bending and the torsion direction. Jθ is the Jacobian matrix. F represents the external wrench applied to the tip of the leaf spring.



Later, an optimization model to accomplish the force-deflection analysis can be expressed as


  min c ( x ) =     log   (  g t  − 1    g  l t   ( θ ) )  ∨       K θ  θ −  J θ T  F      



(10)




where   x =   [ θ , F ]  T  ∈  ℝ  ( 2 n + 7 ) × 1     relate to the variables of the optimization problem.    g t  ∈ S E ( 3 )   denotes the target pose for the tip-frame of each leaf spring.



Thus, the gradient of the objective function can be written as


  ∇ =     ∂ c   ∂ θ   ,   ∂ c   ∂ F     =        J θ     0       K θ  +  K  J       −  J θ T         



(11)




where     K   J   ∈  ℝ  2 n × 2 n     is a configuration-dependent stiffness item.



Thereafter, the update theme for the variables in this equilibrium problem can be expressed as


   x  j + 1   =  x j  +  ∇  − 1    c j   



(12)




which should be iteratively repeated until c approaches zero and the variables converge stably. Consequently, the force generated under the equilibrium configuration and the displacements of all the approximated joints can be simultaneously obtained, in terms of the resultant F and θ. Hence, the radial expansion and the resilient force of the leaf spring during the linear compression can be evaluated. Figure 5 illustrates the deformation statuses, as well as the generated force of a single leaf spring under different compression levels. With these predictable parameters, the TCP actuator, the leaf spring, can be designed in an appropriate manner to ensure the crawling process.




3.3. System-Level Model of the Crawling Robot


The model of TCP actuators and leaf springs in Section 3.1 and Section 3.2 can be incorporated into a system level model for designing and optimizing soft robotics utilizing TCP actuators. The total force of the crawling robot    F R    can be represented as


   F R  =  F T  −  F E  − f  



(13)




where    F T    represents the contraction force of TCP muscles,    F E    denotes the recovery force of the leaf spring and can be obtained in Equation (12), f is the friction force.



The contraction force of TCP muscles    F T    can be represented as [39]:


   F T  =    d 4    8  D 3  N       29090  T  − 0.812     2   1 + μ       Δ L + 0.015   T − 25    



(14)




where d denotes fiber diameter,  μ  is Poisson’s ratio, D represents coil diameter of TCP, N means the number of coil turns, ∆L presents the change of coil length, T means the TCP temperature.



The material of the robot feet is silicone (friction coefficient:    μ f  = 0.45 )  . For constant mass, the friction force can be represented as:


  f =  μ f   G g   



(15)




where Gg denotes gravitational force and    μ f    means the friction coefficient.



The robot step S can be calculated as:


  S = Δ L   1 −  α  s l i p      



(16)




where   Δ L   represents the length change of TCP actuators defined in Equation (1) and    α  s l i p     is the probability of slippage.



According to ref [43], the probability of slippage    α  s l i p     can be defined as:


   α  s l i p   =  1 2    1 + e r f      F c     F s    − 1      



(17)




where erf() denotes the error function,    F c  =  F T  −  F E    is the contraction force of the robot, and Fs represents the static friction between the robot and the ground.



The contraction force of TCP muscles    F T    should be larger for quick pulling of the crawling robot in the actuation stage. The leaf spring provides a recovery force    F E    to return to the original state of robot body in the recovery period. The leaf spring can also offer pre-tension of TCP muscles in the original state for their free contraction. In the actuation stage, the total force of the crawling robot    F R    has to stay above zero to keep the robot crawl. Figure 6 illustrates the total force of the crawling robot and three separate components. The total force can be designed by adjusting the contraction force of TCP muscles    F T    and the recovery force of the leaf spring    F E   . The total force of the crawling robot    F R    is always larger than zero, as shown in Figure 6. Thus, when the slip of the robot feet is neglected, the displacement of the crawling robot can be approximately calculated by Equation (6).



To summarize, performance prediction of the robot can be accomplished as follows: by nailing fiber type, TCP diameter and processing parameters, the force and stroke are fixed (through Equations (1) and (14)). Thus, for the chosen TCP fibers, by only adjusting the input voltage and its applying time, the speed can be easily calculated (Equations (1)–(8), (16) and (17)) and the load capacity can be estimated through Equations (13)–(15). Hereby, the overall performance of the TCP—leaf based soft crawling robot can be deducted from those basic parameters. Twisting those basic parameters will receive a different output.





4. Results


4.1. Model Validation


The crawling robot was placed on the table for model validation. The heating power was offered by a DC power supply. When the electrical power was applied, the measurement of the displacement and force were completed by a laser displacement meter and a micro force sensor, respectively.



Figure 7 shows the displacement and force comparison between the prediction results and the experimental data of the crawling robot. The calculated results fit the fact precisely. For the displacement-actuation time model, the small discrepancy mainly comes from the restoring force generated by the leaf springs. The maximum step and force are around 5 mm and 0.7 N respectively when TCP actuators is actuated at 24 V electrical power. According to Equations (6) and (13), the displacement and force of the crawling robot can be optimized for desired performance requirements by selecting the ideal design parameters of the leaf springs and TCP actuators. It shows that our model can accurately predict the movement of the robot, making it feasible to control the speed of the robot and design different modes of locomotion.




4.2. Multicycle Performance Optimization


The TCP actuator is thermally driven to produce tensile actuation. Generally, the period of heating is longer than that of cooling stage, which bring about an asymmetric locomotion of crawling robots [33,34]. It can present difficulties with robot control and stability of crawling. According to Equations (5) and (8), actuation temperature difference can be adjusted to obtain a near-symmetric actuation period. It is not difficult to achieve approximate symmetry by carefully programmed actuation cycles.



As shown in Equations (5) and (8), the real temperature of TCP actuators is determined by the actuation time and cooling time. Thus, they will influence the speed and displacement of the crawling robot according to Equation (1). To design multiple locomotion modes of the crawling robot, we set up experiments to test the characteristics of the robot under different temperature ranges with wide amplitude changes. The actuation period for different temperature ranges of TCP actuators is programed by TCP models in Section 3.1, as shown in Table 1 and Figure 8. Cooling speed is influenced by the temperature of the environment and TCP actuators. When the ambient temperature is constant, the cooling speed will increase with the temperature of TCP actuators. Thus, the TCP actuators have a faster cooling speed and a shorter actuation period in the high-temperature phase, which brings about a faster crawling speed.



The crawling robot was actuated under temperature from 30 °C to 120 °C (as shown in Figure 9 and Video S1). Although the amplitude for different temperature ranges is constant (50 °C in this paper), the step displacement of the crawling robot become larger when it was actuated in a higher temperature range. The reason has been explained in previous work [31,32,39,44]: for Nylon fibers, the tie molecules tend to contract when they are expanded, while the crystalline bridges will show approximately equal resistance to keep the inter-crystal separation distance [31,44]. This distance is determined by the phase proportion and moduli of those two parts. When the temperature of TCP actuators become larger than the glass transition temperature (76 °C for Nylon material), the compression force becomes larger to shorten the inner separation distance because of the increasement of the amorphous tie molecules modulus, while the crystalline bridges show little variation in the modulus [31]. Thus, the contraction procedure of TCP actuators will be accelerated at a temperature above the glass transition temperature. For the same magnitude of the temperature rising, the high-temperature phase will bring about a larger contraction and robot step. A faster crawling speed of the proposed robot could be achieved by adjusting the actuation temperature difference.



The recovery force offered by the leaf springs is also important when improving the speed of the crawling robot. When the voltage is applied, TCP actuators will contract to pull the rear part of the crawling robot and to compress the leaf springs. Meanwhile, the strain of TCP actuators increases with temperature before inter-coil contact, which brings about a greater compression of leaf springs [31]. After the deformation of the leaf springs reaches its maximum, the electrical power will be turned off, then the leaf springs will recover to their initial state to push the front part of the crawling robot. Leaf springs can provide a larger and controllable recovery force to obtain a faster crawling speed. The deformation and force of the leaf springs is predictable, which is complex and hard for traditional silicone body and springs [33,45]. Furthermore, when using springs as a pre-tension supplier, the actuation strain will be limited because of inter-coil contact. The leaf springs can offer external stress to provide room for contraction during actuation.



The velocity of the crawling robot increases from 0.062 mm/s to 0.275 mm/s when the range of actuation temperature changes from 30–80 °C to 70–120 °C as shown in Figure 9b. The maximum velocity could be further improved by employing the electrical power of a higher voltage to shorten the heating time. However, high actuation temperature will also impact the capacity of crawling through a narrow space. TCP actuators will show more contraction in high temperature, and bring about larger deformation of the leaf springs. The minimum traversable spacing will change from 6 mm to 8 mm when the range of actuation temperature changes from 30–80 °C to 70–120 °C. There is a contradictory between crawling velocity and minimum traversable spacing. This means that the crawling velocity may be sacrificed when the robot travels through a narrow space.




4.3. Load Capacity Testing


The load capability tests of the robot were conducted to test the locomotion under different payloads, as shown in Figure 10.



When the load increases from 0 g to 10 g, the speed of the robot shows a small increase. This may be attributed to the reduction of feet slips that is caused by the augmented pressure between robot feet and the ground. However, a heavier load will decrease the velocity of the robot due to an excessive friction force, which limits the contraction of the TCP actuators. The maximum load that can be carried by the robot is 40 g with a speed of 0.068 mm/s (as shown in Video S2). Considering that the total weight of the robot is 25 g with only 3 g weight of TCP actuators, the carry load reaches 1.6 times more than its body weight. It is sufficient to meet the requirements of an untethered soft robot to carry functional equipment.





5. Conclusions


In this paper, we presented a novel kind of inchworm-inspired soft crawling robot driven by TCP muscles with a quick recovery structure. The robot feet inspired by a spike can be easily manufactured, and anchor on the ground without obvious slippage to improve the locomotion efficiency. The model of the leaf springs and TCP actuators are proposed and validated through experiments. The performance of the crawling robot is improved by optimizing the design parameters of those models. Different locomotion modes with variable speed and minimum traversable spacing are obtained by these models. Experiment results showed that the soft crawling robot reaches a crawl speed of 0.275 mm/s when TCP is powered at 24 V. This robot is cheap and the manufacturing procedure of this robot is very easy. The loading capacity is encouraging compared with the current crawling robot driven by TCP actuators [33,34].



A comparison of the different soft crawling robots was shown in Table 2. The proposed crawling robot driven by TCP actuators showed a moderate load capacity compared with other robots. This low-cost robot can be easily manufactured and actuated without the requirements of rigid accessories (pumps) or conditions (high voltage), which means that it is suitable for rapid deployment to improve the efficiency of search and rescue tasks.



The model of TCP actuators and leaf springs are beneficial for locomotion mode design and speed improvement. A proper recovery force is very important for crawling robots to achieve a fast movement. Researchers prefer to use silicone bodies and springs to offer recovery force [34,45,54]. However, excessive recovery force will also weaken the actuation force of the robot during the actuation period, which impacts on the movement of the robot [45,54]. The deformation and recovery force of our leaf springs and TCP actuators are easier to control.



We have also shown that the locomotion efficiency of our crawling robot can be improved by properly setting the actuation period through our model. However, there is still some work to be done. The speed of the crawling robot is relative slow and is not fast enough to accomplish a mission that needs a fast reaction. The robot can only move in a straight line and it has a lack of steering capability. Improving these drawbacks requires fast thermal management in the system. For locomotion efficiency improvement, more TCP actuators can be employed to offer a larger contraction force. Besides, the actuation period could be shorted by decreasing the heating time (higher actuation voltage) or the cooling time (cool fluid or fan). Multiple joints will allow much more flexibility and will be the future approach to design various types of robots [17,55,56].
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Figure 1. Structure of a bio-inspired soft crawling robot (a) Inchworm-inspired leaf spring used in proposed soft crawling robot. (b) Spike-inspired robot feet [36]. 
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Figure 2. Fabrication process of proposed soft crawling robot. (a) Fabrication process of the robot feet. (b) Fabrication process of the TCP actuators. (c) Fabrication process of proposed soft crawling robot. 
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Figure 3. Displacement–time curve of TCP under varied actuation voltage. 
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Figure 4. The crawling mechanism of the proposed soft crawling robot. 
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Figure 5. Predicted deformation and force of a single leaf spring. (a) Deformation statuses under four compression levels. (b) Force-deformation curve during axial compression. 
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Figure 6. Predicted force of the crawling robot. 
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Figure 7. Predicted and experimental results of the crawling robot. (a) Displacement-time curve. (b) Force-actuation time curve. 
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Figure 8. Temperature of the TCP actuators during heating and cooling period. The red line shows the heating stage while the blue line means the cooling stage. 
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Figure 9. Locomotion characteristics of proposed soft crawling robot. (a) Displacements of the crawling robot under varied temperature ranges. (b) Velocity and minimum traversable spacing at different temperature ranges. (c) Linear locomotion of the crawling robot at 70–120 °C without active cooling. 
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Figure 10. Locomotion characteristics of proposed soft crawling robot under different payloads. (a) Displacements of the crawling robot under different payloads. (b) The velocity of the robot under different payloads. (c) Linear locomotion of the crawling robot at 60–110 °C with 40 g payload. 
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Table 1. Actuation period of TCP actuators under different working temperature ranges.
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	Temperature (°C)
	30–80
	40–90
	50–100
	60–110
	70–120





	Period (s)
	30
	23
	19.5
	17.6
	16.9



	Heating time (s)
	6
	7
	7.5
	8
	8.9



	Cooling time (s)
	24
	16
	12
	9.6
	8
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Table 2. A comparison of different soft-crawling robots.
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	Actuation
	Tethered
	Payload/Weight
	Speed (mm/s)
	Refs.





	DC motor
	Yes
	66.7–178%
	189–206
	[46,47]



	Pneumatic
	Yes
	32–130%
	5–18.12
	[48,49]



	DEs
	Yes
	54–253%
	0.24–2
	[23,50]



	IPMC
	Yes
	N/A
	0.14
	[51]



	SMA
	Yes
	82.2%
	0.1–0.6
	[52,53]



	Current TCP work
	Yes
	160%
	0.275
	N/A
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