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Abstract:



The surface structure of the Chinese mitten crab dactylopodite was investigated. The results indicated that the Chinese mitten crab dactylopodite has grooves with variable section structure on the surface of dactylopodite for achieving good traveling behavior on soft terrain. Surface structure plays a key role in the walking performance of the leg mechanism. Based on the bionics coupling theory, three bionic walking feet with different section shapes, including circular (Bio 1), circular with grooves (Bio 2), hexagon (Bio 3) and a cylinder foot used for comparison on the aluminum alloy, were designed and fabricated successfully. Meanwhile, comparative experiments on intrusion, extraction and propulsion for walking feet were conducted on different soil. Experimental results show that a bionic walking foot reduced the energy consumption of insertion and extraction, which topped out to 93.95% and 92.78% of cylinder foot, and Bio 2 behaves better. Propulsion is closely correlated with intrusion depth; therefore, compared with cylinder foot, the sinkage of a bionic walking foot helps to achieve a larger propulsion force with the same pressure. Furthermore, the proper depth in balancing the sinkage and propulsion was discussed, which enables us to optimize the structure and performance of a walking foot.
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1. Introduction


Severe sinkage and slipping of terrain vehicles often happens on soft terrain with low pressure-bearing capacity and low shearing strength. The discrete footfalls of a legged machine allow it to overcome obstacles with greater ease and to travel over soft terrain with less energy loss due to soil work [1]. Achieving good traveling behavior has long been an important issue. Compared with wheeled vehicles, legged mechanisms have superiority on unstructured terrain such as loose, muddy roads. The leg can pierce the soil to gain a grip [2] and pass through the places that other forms of vehicles are harder to reach. Therefore, much more research focuses on the traffic ability of legged vehicles on various terrains and the interaction between the leg and its environments.



As the contact part with soil, the walking foot plays a fundamental role in legged vehicles. Many factors contribute to the performance of the walking foot, including the shape, dimension, material and so on [3]. However the shape of the conventional walking foot for legged vehicles (robots) are not varied. Ding et al. [3] summarized the main shapes of foot: (1) flat, for increasing the contact area, such as TITAN [4]; (2) cylindrical, spherical or cambered, including crab-like robot Bigdog [5], SILO 6 [6], fits for multi-freedom legs; and (3) irregular shape. After millions of years of adaptation in the natural environment, animal legs have evolved and diversified their leg morphology into various forms [7], with feet of various shapes and functions to adjust to complex terrains [8]. Thus, more and more feet of legged vehicles are beyond the traditional shape, such as the “C” leg of RHex [9] and Sandbot [10,11]. So far, much research [12,13,14] has regarded the leg and foot as a whole, and there is little attention to the influence of the structure of the walking foot on a legged mechanism.



It is well known Chinese mitten crabs (Eriocheir sinensis) live in soft, muddy conditions, such as shore and wetland. They move fast and freely: the speed reaches greater than 0.4 m/s in trotting [15,16]. By the support of stomach, the crab can walk even though its legs sink into the mire, which is meaningful for the bionic research of a legged mechanism. The second and third paraeiopods contribute most to the walking performance [17,18,19]. Further, the dactylopodites are particularly significant during contact with soil. Surface structure plays a key role in the walking performance of the legged mechanism. Thus, the dactylopodite of the third paraeiopod was chosen as a subject and the surface structure was studied. Based on the bionics coupling theory, three bionic walking feet and a cylinder foot used for comparison on the aluminum alloy were designed and fabricated successfully. The performance of bionic samples and the cylinder foot on three kinds of soil were investigated through comparison experiments, which was evaluated by intrusion force, extraction force; energy consumption and propulsion force. The influence of the depth on propulsion was discussed. Meanwhile, the optimal depth, balancing the sinkage and propulsion, was determined further. The results are helpful to optimize the structure and improve the performance of the walking foot.




2. Design of Bionic Walking Foot


2.1. Characteristics of Chinese Mitten Crab Dactylopodite


Four pairs of paraeiopods with different lengths are distributed symmetrically around the carapace. We took the dactylopodite of the third paraeiopod as the research object and observed the structure by scanning electron microscope (SEM) (Zeiss EVO 18, Cambridge, UK). The dactylopodite curved towards the end with variable section structure, as revealed in Figure 1. The dry dactylopodite is fragile, so wet dactylopodites were chosen for sampling. In order to get a smooth observation section, structure and outline of cross-section, the dactylopodites were cut into five parts of equal length along the curve with surgical knife. The cutting placements are shown in Figure 1. The normal sections under electron microscopy are shown in Figure 2. The figures illustrate all the sections are oblate, and the hollow inside is filled by muscle tissue and body fluid. Six different depth of grooves are distributed on the surface of dactylopodite, which makes the cross-sectional shape look like a plum flower. The grooves near the root are wider and shallower (Figure 2a–c). When it reaches the end, however, grooves become narrow and deepen (Figure 2d,e).


Figure 1. Dactylopodite of Chinese mitten crab.
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Figure 2. Shapes of cross-section for dactylopodite. (a–e) The images of cross sections under SEM corresponding to the parts (a–e) of dactylopodite in Figure 1, respectively.
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2.2. Samples


Bionic models of cross-sections were built by extracting the image edges, fitting curves and pattern regularization (Figure 3). Although the profiles of sections were not identical, they displayed shapes similar to circular (Figure 3b,c) or polygon (Figure 3a,d) morphology. Hence we designed three kinds of model by referring to the curves: circular, circular with grooves, and hexagon, which were denoted by Bio 1, Bio 2 and Bio 3.


Figure 3. Cross-section of bionic models for dactylopodite. (a–d) The contour curves of cross sections (a–d) in Figure 2, respectively.
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Besides, bionic walking feet were designed into a cone according to the structure of the variable section (Figure 4a). The curved shape of dactylopodite was ignored, given the difficulty in controlling it. For comparison, a cylinder walking foot with the same length and maximum diameter was built. Thus, four foot samples made from aluminum alloy 6561T6 were fabricated for the experiment, shown in Figure 4b.


Figure 4. The dimensions and the shapes of walking feet: (a) The dimensions and outline shapes of walking feet; (b) Samples in the trials.
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3. Performance of Bionic Walking Feet


To explore the performance of the bionic walking feet, we tested the force during intrusion, horizontal motion and extraction according to the locomotion of foot in the soil. Thus, vertical forces and horizontal force were measured respectively.



3.1. Experimental Apparatus


The experimental apparatus comprise several parts: a soil bin, a universal testing machine (Qualitest, QT-1186, Dongguan, China) to produce a driver, and foot samples. The size of the soil bin is 500 mm × 250 mm × 300 mm in length × width × depth, which is large enough for the samples without boundary effects in the trials. It is shown in Figure 5 that there is something different in the layout of equipment for vertical force and horizontal force:


Figure 5. Experimental apparatus: (a) apparatus for vertical force test; (b) apparatus for horizontal force test.
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(1) Vertical force. Shown in Figure 5a, the soil bin was located under the fixture of a universal testing machine; samples were clamped and inserted in the soil to a fixed depth or extracted from a certain depth at a constant speed.



(2) Horizontal force. The soil bin was arranged in parallel with the testing machine (Figure 5b). The foot sample, fixed vertically, was dragged to move in linear horizontal motion along the rail by wire rope, which was clamped using a fixture on the testing machine. A fixed pulley was in a vertical line with a fixture to change the direction of force.



There were different views about the impact of velocity on horizontal resistance for the soil-engagement part of previous studies. Wieghardt [20] found the horizontal resistance increased with velocity (20~180 cm/s), while some studies deemed that the resistance was independent of velocity (v = 0.041~1 mm/s [21], v = 10~50 mm/s) [22]. A larger velocity may cause greater friction between the soil and soil-engagement part, which gives an illusion that the resistance increased with velocity. Therefore, in order to lower the impact on the friction coefficient and ensure the accuracy of the test, we chose a small velocity in our work. The linear velocity was selected for 10 mm·min−1, 20 mm·min−1 and 30 mm·min−1. Meanwhile, the three depths of insertion were 40 mm, 50 mm and 60 mm. Each test was repeated to obtain a minimum of three consistent data sets for each sample type, velocity and depth of insertion, and the averages and variance were calculated.




3.2. Parameters and Preparation of Soil


Three soil stimulant types—two kinds of quartz sand and one yellow clay—were utilized in the experiments. The volume weigh was tested using a cutting ring. By using the sieving method, the particle sizes of quartz sand were measured. In addition, the particle distribution of yellow clay was measured by laser particle analyzer (Better, BT-1600, Dandong, China). The data about the parameters of soil and the particle size distribution of yellow clay are summarized in Table 1 and Table 2. Coarse quartz sand, which comprises angular grains, and fine quartz sand, with rounder grains, were obtained by a commercial method. Yellow clay was obtained from the soil bed of Key laboratory of bionic engineering, Jilin University.



Table 1. Parameters of soil for the experiments.







	
Parameters

	
Coarse Quartz Sand

	
Fine Quartz Sand

	
Yellow Clay






	
Volume weigh/g·cm−3

	
1.41 ± 0.04

	
1.22 ± 0.03

	
1.69 ± 0.04




	
Particle size/mm

	
0.16–0.2

	
1–2

	
In Table 2




	
Water content/%

	
0

	
0

	
27










Table 2. Particle size distribution of yellow clay.







	
Particle Size/mm

	
>2

	
1–2

	
0.5–1

	
0.25–0.5

	
0.1–0.25

	
0.075–0.1

	
<0.075






	
Proportion/%

	
11.69

	
20.84

	
23.38

	
13.54

	
15.42

	
1.22

	
13.91










The soil depth was 20 mm. In order to avoid big errors, all soil should be of status, the materials should be fully disturbed and the surface smoothed in horizontal lines before each test. In the experiments of clay, the water content was controlled artificially in vacuum bags, and the bags were maintained for a period of time to ensure the water penetrated evenly. Each test should be carried out on new soil.





4. Experimental Results and Discussion


4.1. Intrusion


Figure 6 shows the intrusion force of the walking feet at the insert depth of 10 mm·min−1. The results indicated that it took little force for Bio 1, Bio 2 and Bio 3 to insert into the soil, in which Bio 1 and Bio 2 used less force, especially at the beginning of insertion (where the depth was less than 10 mm). In the coarse quartz sand (Figure 6a), the insertion force for the bionic feet was 86.38~92.41% lower than the cylinder foot to reach the same depth in soil. Meanwhile, the values were 90.05~94.38% and 86.20~91.25% respectively in fine quartz sand and clay (Figure 6b,c). It can be seen that there was a sharp rise after the head of foot immerged into the soil, which indicated the load-bearing capability increased largely. The bearing capacities of the bionic walking feet were poorer, especially in sand. While the difference shows a convergence trend in clay, this is a result of the water and elastic plastic enhancing the deformability of the clay. However, the bearing capacity of the bionic walking feet can meet the demands of the proper proportion load, just like the Chinese mitten crab. Therefore bionic walking feet better suit lightweight-legged mechanisms relatively.


Figure 6. Intrusion force in different soil: (a) the intrusion force in coarse quartz sand; (b) the intrusion force in fine quartz sand; (c) the intrusion force in yellow clay.
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4.2. Extraction


Figure 7 displays the extraction force of walking feet in the motion at 10 mm·min−1. It can be seen that the curves are distinctly different between the bionic walking feet and the cylinder foot. The changes of extraction force showed a characteristic of viscosity. The peak value of the cylinder foot is much higher, which means extraction caused a larger instantaneous pull force. Furthermore, the work can be inferred from the area under the curve (in Section 4.3). The data denoted that it took more force to pull out the cylinder foot from the soil than the bionic walking feet. Meanwhile, the extraction force in clay increased to the peak and then declined sharply because of the adhesive force (Figure 7c).


Figure 7. Extraction force in different soil: (a) the extraction force in coarse quartz sand; (b) the extraction force in fine quartz sand; (c) the extraction force in yellow clay.
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4.3. Energy Consumption


Besides the energy used for work in the motion of the walking foot, part of the energy lost is because of friction, adhesion and so on. What is most hoped for is a decrease in the energy cost for the duration of insertion and extraction. Irrespective of the energy going into heat, the energy consumption of the walking foot can be calculated by equation [image: there is no content], where F denotes the intrusion force or extraction force; s denotes the displacements that the walking foot moves. Figure 8 shows the energy consumption of walking feet at 10 mm·min−1. In the tests, the bionic walking feet consumed less energy both in intrusion (Figure 8a) and extraction (Figure 8b). The energy consumption of the bionic walking feet was as low as 1.19 × 10−3 in intrusion, and 0.996 × 10−3 in extraction. The energy could be reduced by as much as 93.95% (e.g., Bio 1 on fine quartz sand) in the intrusion and 92.78% (e.g., Bio 2 on fine quartz sand) in extraction, compared with cylinder foot. Moreover, Bio 2 behaved better in reducing energy cost among the bionic walking feet, because the adhesive and frictional forces between foot and soil were reduced [23] by the bionic structure (grooves).


Figure 8. Energy consumption: (a) energy consumption during intrusion; (b) energy consumption during extraction.
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4.4. Propulsion Force


The curve of propulsion force relative to displacement (Bio 1, fine quartz sand) is shown in Figure 9. The result showed data fluctuated around a mean value. There is an initial phase where the foot is accelerating and the final phase where boundary effects increase the force, which should be excluded in data gathering.


Figure 9. Raw data of propulsion force, Bio 1.
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Propulsion force is formed mainly by the drag of soil. It was investigated in [22] that the force is related to velocity, depth and cross-section. Figure 10 is the change over insertion depth and velocity of Bio 1 on fine quartz sand. It indicated that propulsion force approximately linearly increased with the increase of depth and velocity within the range shown in the figure. Meanwhile, the propulsion force is mainly correlated with depth for the bigger slope. In the experiments, the walking feet showed different performance, shown in Figure 11 (v = 20 mm·min−1, at the depth of 60 mm). The propulsion force of the cylinder foot was larger than the bionic walking feet, which increased by 48.28%. However, there was no significant difference in the propulsion forces among the bionic walking feet. It is consistent with the studies of Wieghardt [20,24].


Figure 10. Propulsion force of Bio 1.
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Figure 11. Propulsion of different walking feet in three kinds of soil (v = 20 mm·min−1, at the depth of 60 mm).
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4.5. Sinkage Versus Propulsion


Previous research on legged vehicles for soft terrain focused on increasing the ground contact area to avoid sinkage, rather than changing the structure of walking foot. It seems that the idea of a cone walking foot is contrary to the theory, but experimental results suggest that great penetrating depth was conducive to generating a larger propulsion force. On the other hand, excessive sinkage may expend more energy during intrusion and extraction, and even make vehicles trapped. Albert [21] found propulsion force was proportional to depth squared for granular material composed of spherical glass beads. For sand with non-spherical grains, it was 2.5th power of the depth. Also propulsion force was linearly associated with cross-section. Therefore, depth was a major influence factor theoretically.



Now we tried to find the balance for sinkage and propulsion in the trials. Take the motion of Bio 1 on fine quartz sand (v = 10 mm·min−1), for example (Figure 12): energy efficiency decreased with sinkage depth sharply in the deeper depth (≥40 mm). By contrast, the curve of propulsion force rose with sinkage sharply at the same point (≥40 mm) as well. It can be found that the sinkage at about 50 mm is the best point to balance the sinkage and propulsion force. Similarly, there would be an optimal value for other walking feet. Hence the cone walking foot translated the sinkage into advantages, integrating the motion of legged vehicles, and they may give larger propulsion than a cylinder foot under the same loading. Thus, it is suitable for lightweight vehicles on soft terrain.


Figure 12. Changes of energy efficiency and propulsion force versus sikage (Bio 1, v = 10 mm·min−1).
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5. Conclusions


In this research, we studied the surface structure of the Chinese mitten crab (Eriocheir sinensis) dactylopodite. Based on the bionics coupling theory, three bionic walking feet and a cylinder foot used for comparison on the aluminum alloy were designed and fabricated successfully. The comparative experiments of mechanical performance on intrusion, extraction and propulsion for walking feet was conducted on different soil. The main conclusions are as follows:



(1) The Chinese mitten crab dactylopodite has six grooves with variable section structure on the surface for achieving good traveling behavior on soft terrain.



(2) Compared with the common cylinder foot, the bionic feet manifested higher reduction of intrusion force and extraction force, reaching a maximum of 90.05~94.38%. The energy consumption in the duration of insertion and extraction were reduced accordingly, which were reduced by as much as 93.95% and 92.78%; Bio 2 behaved better than others.



(3) Propulsion is closely correlated with intrusion depth. Therefore, compared with the cylinder foot, the sinkage of the bionic walking foot helps to achieve larger propulsion force with the same pressure.



(4) The performance of the bionic walking feet were superior in improving the motion efficiency, considering the locomotion procedure of walking foot, which may be applied to lightweight vehicles on soft terrain.
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