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Abstract

:

Inspired by the performance of the ostrich in terms of loading and high-speed moving ability, the purpose of this study was to design a structure and material on the forefoot and heel of the middle soles of sports shoes based on the high cushioning quality of the ostrich toe pad by applying bionic engineering technology. The anatomical dissection method was used to analyze the ostrich foot characteristics. The structure and material of the bionic shock absorption midsole were designed according to the principles of bionic engineering and reverse engineering. F-Scan and numerical simulation were used to evaluate the bionic shock absorption midsole performance. The results showed that the bionic shock absorption midsole decreased the peak pressure (6.04–12.27%), peak force (8.62–16.03%), pressure–time integral (3.06–12.66%), and force–time integral (4.06–10.58%) during walking and brisk walking. In this study, the biomechanical effects to which the bionic shock absorption midsole structure was subjected during walking and brisk walking exercises were analyzed. The bionic midsole has excellent shock resistance. It is beneficial for the comfort of the foot during exercise and might reduce the risk of foot injuries during exercise.
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1. Introduction


In the design and selection of sports shoes, the shock absorption properties have attracted increasing attention, and many shoe manufacturers now employ shock absorption as a selling point [1]. The shoe sole comprises three components, which are the insole, midsole, and outsole. The design of the soles depends very much on the mechanical characteristics of the material [2,3]. The material and structure of the midsole crucially affect the shock absorption properties of the shoes and are one of the most important bases of sports shoes [4,5]. During daily exercise, shoes are the first line of defense against the frequent impact of ground reaction force. Highly repetitious and large impact forces increase the risk of injury during exercise by generating extra vibrations in the body segments and subsequently causing head or joint damage [6].



Previous studies showed that the impact force during landing is buffered and dispersed by soft tissue, mitigating any painful sensation in the feet [7]. However, excessive impact force leads to stress fractures and knee joint injuries [8]. Therefore, the shock absorption function of sports shoes plays an essential role in protecting the body from sports injuries. Fine shock absorption properties can decrease the impact force on the feet and achieve a reasonable distribution of body weight across the plantar surface, with the benefits of preventing concussion of the brain [9], muscular system [10], and skeletal system [10,11]; minimizing sports fatigue [12]; improving comfort [10,11,12]; and enhancing sports performance [11,12].



Ostriches are the fastest biped in terrestrial locomotion [13]. They have an extraordinary speed and endurance, especially in deserts. Adult ostriches can continuously run at an average speed of 50–70 km/h for up to 30 min. Such a high-speed running ability is attributed to the muscles, tendons, legs, feet, and other anatomical structures, as well as their coordination [14]. Therefore, it is very desirable to take the ostrich foot as a bionic prototype and apply the excellent characteristics of the ostrich foot to the design of a shoe’s midsole.



The shock absorption ability of sports shoes is affected by the structure and materials, which are key factors in achieving a redistribution of plantar pressure through reasonable design [8]. Cushioning is a critical factor of a sports shoe. Wei et al. [15] reported the concept of cushion shock absorption to reduce the impact force during exercise and decrease the injury risk. A shock absorption sole is an ideal choice to decrease repeated impacts during exercise [15,16], especially in the midsole structure, which plays an important role in reducing the impact shock. Most shock absorption designs in footwear are focused on material selection or structure reform [16]. First, the research observed the ostrich toe pad anatomies, and then the toe pad parameters were applied in a shoe’s midsole design accordingly. Aside from that, the material selection and structure design of the forefoot and heel area are rarely investigated. Consequently, the shock absorption problems in this discipline remain unresolved. Nonetheless, the research and development of sports shoes with fine shock absorption properties is imperative [8,17]. Therefore, the purpose of this study was to design a structure and material on the forefoot and heel of the midsoles of sports shoes through bionic engineering.




2. Materials and Methods


There are three sections to this research: (1) the dissection method was used to analyze the anatomy of ostrich feet; (2) the structure and material of the bionic shock absorption midsole were designed according to the principles of bionic engineering and reverse engineering; and (3) physics tests and numerical simulations of the midsole performance were carried out.



2.1. Ostrich Foot Dissection


Ostrich feet were collected from an ostrich farm in Jilin province in China. In total, 3 ostrich feet were dissected for this research. After butcher processing, the feet were immediately cryopreserved at a temperature of −20 degrees until the dissection date. The dissection tools included a scalpel, surgical scissors, and tweezers. The cushioning toe pad structures of the ostrich feet were measured as a basic parameter for bionic design. Each toe pad of the feet was surveyed 3 times.




2.2. Physics Tests and Numerical Simulations


The hardness of the toe pad structure was tested with an LX-A Shore durometer according to the standard method (ISO 481984). Statics elastic tests of the ostrich toe pad structure were used in a universal testing machine (Yuxing, Inc., Shanghai, China) with an upper limit of 500 N and a 0.001-mm resolution. Corneal trephine (9 mm) was used to measure the density of the ostrich toe pad structure, and they were calculated according to the m/V formula.



A model of the midsole was constructed via the finite element method (FEM) and established based on contact and boundary loadings. The four equations of the midsole profile curves were as follows: Curve 1:   y = 2 ×   10   − 8    x 5  − 3 ×   10   − 6    x 4  + 8 ×   10   − 5    x 3  + 8 ×   10   − 4    x 2  + 0.08 x − 41.69  (   R 2  = 0.89  )   ; Curve 2:   y = 4 ×   10   − 8    x 5  − 3 ×   10   − 5    x 4  + 9 ×   10   − 3    x 3  + 1.41  x 2  − 102.11 x + 2861.9  (   R 2  = 0.91  )   ; Curve 3:   y = 8 ×   10   − 8    x 5  − 6 ×   10   − 5    x 4  + 0.02  x 3  − 2.56  x 2  + 184.09 x − 5336.9  (   R 2  = 0.91  )   ; and Curve 4:   y = − 2 ×   10   − 8    x 5  − 3 ×   10   − 6    x 4  − 7 ×   10   − 5    x 3  − 0.02  x 2  − 0.15 x − 126.63  (   R 2  = 0.88  )   . The Abaqus (Dassasult Simulia Company, Providence, RI, USA) dynamic analysis module was used to calculate the impacts on the forefoot model and heel model. Drop heights of 4, 5, 6, 7, 8, 9, and 10 cm were used, corresponding to impact energy values of 2.35, 2.94, 3.53, 4.12, 4.70, 5.29, and 5.88 J, respectively [14]. The shock absorption properties of the conventional and bionic midsoles were evaluated using the method employed by Chiu et al. [14]. The peak acceleration values (created using an impact hammer) were recorded [18], and the impact and impact energy absorbed by the midsoles were calculated on the basis of the collected peak acceleration data. The input parameters of the bionic midsole finite element are shown in Table 1.



The impact experiments were conducted using a simple self-developed drop impact test machine and a high-speed camera capture system (CASIO EX-FH25, 250 Hz). The impact experiment set-up is shown in Figure 1. For each camera, 3D global coordinates were used to determine the DLT calibration in Simi motion software (Simi Reality Motion Systems GmbH, Unterschleissheim, Germany) and then calculate the marker trajectory. The acceleration–time curve at the location of impact during the experiment was obtained by means of the second derivative from marker displacement.




2.3. Bionic Engineering Procedures


The profile of a midsole was scanned using a Handyscan 3D laser scanner system (Creaform, Levis, QC, Canada) with a 40-mm depth of field, 50-μm resolution, and 0.02-mm volumetric accuracy in three directions. The sampling rate was set to 25,000 Hz to obtain the corresponding curve equations. The shape of the midsole area was simplified based on the measurement results of the ostrich toe pad, which were used for the forefoot, and the heel area design was simplified into elliptical, cylindrically shaped structures [18]. The conventional midsoles were formed according the ostrich foot skin structure, and the bionic midsoles were made according the ostrich foot toe pad complex structure (cushioning, fascial, and skin structure) in the forefoot and heel area. When comparing the two midsoles, the conventional midsole had a greater hardness (66 C), and the bionic midsole was softer (46 C).



The test midsoles were manufactured in silicone material. The raw material was mixed with a curing agent in a predetermined ratio, poured into the mold at a given spot, and then placed in a blast air oven for curing. After that, the products were stripped from the molds, and the midsole was finally assembled. Figure 2 shows the process of midsole manufacturing.




2.4. Participants


Three male adults were recruited to participate in the foot pressure experiment (mean age: 24.7 ± 0.9 years; body mass: 71.5.3 ± 6.5 kg; height: 1.79 ± 0.35 m; body mass index: 22.2 ± 1.6 kg/m2; shoe size: 42). They were recreational runners and all rearfoot strikers. All subjects were free from lower extremity injuries for 6 months prior to testing, and written consent was obtained before testing. All procedures carried out in this study were approved by the Institutional Animal Care and Use Committee (IACUC) of Jilin University. The subjects were tested under the conditions of constant-speed walking (2 km/h) and brisk walking (4 km/h).




2.5. Plantar Pressure Test Procedures


The F-Scan (100 Hz, Tekscan, Inc., South Boston, MA, USA) was employed to collect plantar pressure data when the participants were wearing shoes with either the bionic or conventional midsole. The participants performed 5 trials in each experimental condition (i.e., bionic midsoles walking; bionic midsoles brisk walking; conventional midsoles walking; and conventional midsoles brisk walking) in a randomized order. A stopwatch was used to confirm the walking or brisk walking velocity. Four planta areas were analyzed: the metatarsal, forefoot, arch, and heel areas (Figure 3). In total, 8 s of walking or brisk walking data were collected. The peak pressure, peak force, and average pressure in the forefoot and heel areas, as well as the pressure–time and force–time integrals [19,20,21,22], were collected.





3. Results and Discussion


3.1. Ostrich Foot Dissection


After dissection, the three structural elements of an ostrich foot (Figure 4A) were confirmed: the highly elastic yellow cushioning toe pad structure, the fascial structure, and the outermost skin structure (Figure 4B). The elastic structures were assumed to buffer the counter reaction force exerted by the ground when the ostrich runs at high speed and act as a protective layer for the ostrich foot. Additionally, the elastic structures were assumed to store a certain amount of energy, which was then released when the foot was above the ground. This reduces the ostrich’s energy expenditure during running. Morphology analysis of the ostrich’s cushioning toe pad was performed through observation of a thin paraffin-embedded section. The corresponding image at 100× magnification is presented in Figure 4C. The irregular and semitransparent aggregations shown in Figure 4C are fat cells. The image indicates that the fat cells in the toe pads are clustered, and these clusters play a critical role in energy storage and shock absorption. The measurement results of the cushioning toe pad structures of the ostrich feet are shown in Table 2 and Table 3.



The animal body’s composition is divided into soft tissue and hard tissue. Except for the teeth and bones, most body structures are classified as soft tissue, such as cartilage, skin, muscle, fat, tendons, and ligaments. Due to the higher hardness and convenience in machining, bones are often used for bionic and other related biology research [23,24,25]. In contrast to bones, soft tissue is difficult to shape, which makes it much more difficult to test, leading to less research in this area. However, in the past few years, advances in measurement technology have led to significant progress in soft tissue biomechanics [26]. Nevertheless, there has been little research on the soft tissue biomechanics of ostriches. Our research measures the toe pads of ostrich feet and analyzes the structure and properties based on biomaterials and biomechanics.




3.2. Bionic Engineering Procedures


The forefoot and heel areas of the bionic midsole were designed to comprise three components, namely the internal shock absorption structure, the middle transitioning structure, and the outer pressure-bearing structure. In particular, the thickness ratio of the transitioning structure to the pressure-bearing structure was 1:1. The shock absorption structures were installed in the forefoot and heel area (Figure 5C,F, lines 2, 4), with each structure including three shock absorption components (Figure 5E). The proportions of the three shock absorption components were as follows: width dimensions of 3:6:5, thickness dimensions of 5:8:7, and length dimensions of 10:14:13. The internal shock absorption structure, middle transitioning structure, and outer pressure-bearing structure each comprised silicone material with different levels of hardness. The Shore hardness ratio for the three structures was 6:8:1. The preliminary constructed bionic shoe sole model is displayed in Figure 5.




3.3. Physics Tests and Numerical Simulations


3.3.1. Finite Element Method


The results showed that the energy absorption ability was increased with the bionic midsole compared with the conventional sole in the forefoot and heel areas. In the forefoot area, the energy absorbed increased by 22.1–24.3% when the impact energy was increased from 2.35 to 5.88 J, indicating that the extra impact energy absorbed by the bionic midsole was 14.4–21.0% greater (Figure 6A). In the heel area, the energy absorbed increased by 22.1–24.3% with the bionic midsole, which indicated that the extra impact energy absorbed was 15.8–20.4% greater than with the conventional sole (Figure 6B). In summary, the results indicate that the bionic sole had a superior shock absorption ability compared with the conventional sole and would thus be more capable of protecting the feet during exercise.




3.3.2. Impact Experiments


When the hammer drop height was increased from 4 to 10 cm (corresponding to an impact energy increase from 2.35 to 5.88 J), the results for the bionic midsole showed that the energy absorbed increased by 7.15–12.49% in the forefoot area, indicating that the extra impact energy absorbed was 7.92–16.88% greater than that for the conventional sole (Figure 7A). In the heel area, the energy absorbed increased by 7.06–8.14% with the bionic midsole, indicating that the extra impact energy absorbed was 7.59–10.45% greater than that with the conventional sole (Figure 7B). These results indicate that the bionic midsole can sustain greater impact and absorb more impact energy than the conventional midsole, thus exhibiting superior shock absorption.



The advantages of the bionic midsole were verified through physics tests and numerical simulations in this research, although discrepancies between the simulation and physics test results were found. These discrepancies may be due to experimental limitations because the impact tests were performed manually, and the test machine may also have had some limitations, such as in the hammer falling distance, frictional force between the hammer and test platform, initial tension of the elastic rope, and direction control of the impact hammer. These influenced the testing results. In addition, the input parameters of the biomaterials were somewhat different, which also influenced the testing results. However, when comparing the simulations and physics tests, the trend in the results was consistent and indicated that the bionic midsole had better shock absorption performance.




3.3.3. Plantar Pressure Tests


The results show that the highest plantar pressure was in the forefoot area under all conditions, and the peak plantar pressure was lower with the bionic midsole shoe. Except for the arch area, the peak plantar pressure in the different plantar areas was lower for the bionic midsole than for the conventional midsole. Our results show that during walking and brisk walking with the bionic midsole shoe, the peak pressure in the forefoot area decreased by 10.59% and 8.35%, respectively, and that in the heel area, it decreased by 12.27% and 6.04%, respectively, while the peak force in the forefoot area decreased by 10.31% and 8.62%, respectively, and that in the heel area decreased by 16.03% and 14.47%, respectively. The average pressure in the forefoot area during walking and brisk walking decreased by 7.95% and 7.88%, respectively, and that in the heel area decreased by 8.92% and 7.36%, respectively, while the pressure–time integral in the forefoot area decreased by 4.23% and 4.06%, respectively, and that in the heel area decreased by 10.58% and 10.29%, respectively. The force–time integral in the forefoot area during walking and brisk walking decreased by 12.66% and 6.91%, respectively, and that in the heel area decreased by 3.06% and 5.72%, respectively.



Plantar pressure is a key factor in evaluating shoe comfort which also represents the shock absorption ability of sports shoes. Such sports shoes with better shock absorption function show decreased plantar pressure and impact energy transfer to the body and joints [27]; otherwise, a larger impact force additionally increases the injury risk and makes wearing shoes feel uncomfortable [13,14,28]. Higher plantar pressure in the forefoot during running may be related to metatarsal injuries [29], and evenly distributed plantar pressure is beneficial for foot health [2,11]. The results show that the bionic midsole did show a better shock absorption ability compared with the conventional midsole, especially in the forefoot and heel areas. During the walking and brisk walking tasks, the bionic midsole showed better shock absorption performance in plantar pressure, which indicated that the bionic midsole would likely be more comfortable. For the higher impact force in forefoot area, we believe this was attributed to the reaction force during the push-off phase. The bionic midsole decreased the push-off force during the walking tasks, which needs further research to investigate the influence on exercise or sports. The present research provides a new design idea via the ostrich toe pad structure and the development of a shoe midsole to better protect the feet during daily physical activity. This represents a considerable advance in shoe manufacturing.



The pressure–time integral and force–time integral indicate the cumulative situation of plantar loading, presenting the energy consumption of foot strikes during walking and brisk walking. Exorbitant integral values indicate the poor shock absorption ability of the midsoles, increasing the risk of potential injuries in lower extremity skeletal tissues [30]. Munro et al. (1987) [31] indicated that during running, the higher force loading in the forefoot that makes the impact force swiftly rise to its peak is also believed to have a connection to running-related injuries [32]. A higher contact area or better shock absorption by the midsole could help runners to temporarily avoid lower extremity overload risks [33]. Our results indicate that the bionic midsole had better shock-absorption of the planta pressure compared with the conventional midsole. A runner’s joints may adapt to the stimulation of internal and external forces [33], but the adaptation may not be able to prevent injury factors for a prolonged period. Whether a bionic shock absorption midsole is better for sustained physical activity requires further investigation.



There are some limitations in the present research that should be mentioned. First, there were only three subjects in the plantar pressure test, which expressed only a preliminary achievement of bionic midsole design. Our research group needs to further optimize the bionic midsole. Deep learning analysis [34] to predict the distribution of the impact force on the feet may be applied, which can assist in various other shoe designs. Secondly, the foot type was not classified in terms of the arch heights, and how they affected the apportioning of plantar pressure was unknown.






4. Conclusions


In the present study, we used an innovative approach to develop new products through bionic engineering, with inspiration drawn from the high cushioning quality of ostrich toe pads when ostriches run at high speed. This was employed as a biological prototype and applied for the design of a midsole. Specifically, the critical cushioning characteristics of the ostrich toe pad were identified, and a bionic shock absorption midsole was designed according to the principles of bionic engineering. Additionally, we used plantar pressure measurement to test the midsole performance, which has value for practical applications. We believe that the results of this study could be a determinant reference for researchers that promotes the shoe manufacturing industry and provides new sustainability research directions for bionic sports equipment.
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Figure 1. The impact experiment set-up (A). Note: 1, 2 = high speed camera, 3 = ground, 4 = test object, 5 = impact head, 6 = hammer (6 kg), 7 = securing nut, 8 = hand ring, 9 = computer, 10 = elastic rope, and 11 and 12 = marker set (B). 
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Figure 2. Manufacturing process of the silicone midsole. Note: 1, 2 = middle-layer mold of the midsole; 3, 4, 5 = inner-layer mold of the midsole; 6 = end product of middle-layer construction; 7 = combination of the middle layer and inner layer; 8 = conventional midsole; and 9 = bionic midsole. 
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Figure 3. Definitions of the plantar pressure areas (A) and the 3D picture of walking or brisk walking (B). 
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Figure 4. Observation of an ostrich’s foot pad. (A) Appearance of the ostrich’s foot pad. (B) Sectional view of the ostrich’s foot pad. Note: 1–3 = elastic yellow cushioning toe pad structure, 4 = fascial structure, and 5 = skin structure. (C) Image of a thin paraffin-embedded section. 
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Figure 5. Construction of a bionic midsole model, showing (A) 3D laser scanning; (B) extraction of the profile curves; (C) midsole segmentation; (D) internal cushioning toe pads; (E) simplified internal structures; and (F) the final bionic midsole model. Note that in (C,F), 1 = metatarsal area, 2 = forefoot area, 3 = arch area, and 4 = heel area. 






Figure 5. Construction of a bionic midsole model, showing (A) 3D laser scanning; (B) extraction of the profile curves; (C) midsole segmentation; (D) internal cushioning toe pads; (E) simplified internal structures; and (F) the final bionic midsole model. Note that in (C,F), 1 = metatarsal area, 2 = forefoot area, 3 = arch area, and 4 = heel area.
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Figure 6. Energy absorption performance of the forefoot (A) and heel (B) in bionic and conventional soles in numerical simulations. 
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Figure 7. The energy absorption performance of the forefoot (A) and heel (B) in bionic and conventional soles. 
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Table 1. The parameters of the bionic midsole finite element method simulations.
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	Model
	Density ρ (g/mm3)
	Elastic Modulus E (MPa)
	Poisson’s Ratio γ





	Cushioning structure
	7.30 × 10−4
	3.8
	0.47



	Fascial structure
	7.45 × 10−4
	6.4
	0.4



	Skin structure
	8.07 × 10−4
	8.3
	0.4



	Loading
	3.56 × 10−1
	Rigid body
	--



	Ground support
	7.85 × 10−3
	Rigid body
	--
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Table 2. Descriptive data from the survey of toe pads, based on mean (M) and standard deviation (SD) values.
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	Toe Pad
	Length (mm)

M ± SD
	Width (mm)

M ± SD
	Thickness (mm)

M ± SD
	Mass (g)

M ± SD
	Density ρ (g/mm3)

M ± SD





	Cushioning structure
	--
	--
	7.57 ± 0.23
	0.35 ± 0.02
	7.30 × 10−4 ± 2.11 × 10−5



	Fascial structure
	35.23 ± 0.21
	4.99 ± 0.04
	1.71 ± 0.03
	0.23 ± 0.01
	7.45 × 10−4 ± 1.57 × 10−5



	Skin structure
	30.45 ± 0.29
	7.24 ± 0.14
	1.87 ± 0.06
	0.33 ± 0.02
	8.07×10−4 ± 3.15×10−5
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Table 3. Hardness and elasticity data from the survey of toe pad structures.
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	Toe Pad
	Hardness (Shore C)
	Elastic Modulus E (MPa)





	Cushioning structure
	31.8 ± 1.9
	3.77 ± 2.33



	Fascial structure
	41.9 ± 1.9
	6.38 ± 1.37



	Skin structure
	65.8 ± 2.3
	8.30 ± 1.76
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