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Introduction: Designing footwear for comfort is vital for preventing foot injuries and promoting foot health. This study explores the impact of auxetic structured shoe soles on plantar biomechanics and comfort, motivated by the integration of 3D printing in footwear production and the superior mechanical properties of auxetic designs. The shoe sole designs proposed in this study are based on a three-dimensional re-entrant auxetic lattice structure, orthogonally composed of re-entrant hexagonal honeycombs with internal angles less than 90 degrees. Materials fabricated using this lattice structure exhibit the characteristic of a negative Poisson's ratio, displaying lateral expansion under tension and densification under compression.

Methods: The study conducted a comparative experiment among three different lattice structured (auxetic 60°, auxetic 75° and non-auxetic 90°) thermoplastic polyurethane (TPU) shoe soles and conventional polyurethane (PU) shoe sole through pedobarographic measurements and comfort rating under walking and running conditions. The study obtained peak plantar pressures (PPPs) and contact area across seven plantar regions of each shoe sole and analyzed the correlation between these biomechanical parameters and subjective comfort.

Results: Compared to non-auxetic shoe soles, auxetic structured shoe soles reduced PPPs across various foot regions and increased contact area. The Auxetic 60°, which had the highest comfort ratings, significantly lowered peak pressures and increased contact area compared to PU shoe sole. Correlation analysis showed that peak pressures in specific foot regions (hallux, second metatarsal head, and hindfoot when walking; second metatarsal head, third to fifth metatarsal head, midfoot, and hindfoot when running) were related to comfort. Furthermore, the contact area in all foot regions was significantly associated with comfort, regardless of the motion states.

Conclusion: The pressure-relief performance and conformability of the auxetic lattice structure in the shoe sole contribute to enhancing footwear comfort. The insights provided guide designers in developing footwear focused on foot health and comfort using auxetic structures.
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1 Introduction

Comfort is paramount in the manufacture of footwear, often subjectively assessed by the wearer. While subjective opinions of wearers can offer valuable insights into the comfort levels of shoes, this feedback is typically limited to descriptive terms, failing to quantify the reasons behind comfort or discomfort. However, footwear designers need to explore the relationship between perceived comfort and physical measurements, such as the contact pressure at the foot-shoe interface, to identify the impact of specific design features on footwear comfort. Many aspects of foot health can be altered by the distribution of plantar pressure and the sensation of comfort, with numerous studies suggesting that comfortable footwear may serve as a clinical intervention tool rather than merely a means to protect the foot and prevent foot-related diseases (1). In sports medicine, researchers used polarography to measure biomechanical parameters such as peak plantar pressure (PPP) and contact area, analyzing the impact of different types of footwear on foot (2). Measuring plantar pressure is crucial for assessing foot load and predicting the onset and progression of diseases. Pedobarography is the method that enables measurement of pressure between the foot and the shoe during dynamic loading. Pedobarographic measurement systems offer a better understanding of the impact of adjustments in footwear product design on foot mechanics (3, 4) and perceived comfort (5), aiding designers in optimizing footwear products.

With the application of parametric design and additive manufacturing in shoe production, the creation of footwear involves the design of form, lattice structures, and material textures. 3D-printed footwear can reduce material waste, enhance structural stability, and improve wearing comfort (6), catering to consumers' personalized needs (7). Various materials suitable for this manufacturing technology are increasingly used, including thermoplastic polyurethane (TPU), widely applied in the footwear industry. 3D-printed TPU soles are known for their resistance to wear and abrasion and deformation stability. According to the DIN EN ISO 10993-5 and 10993-10 standards, TPU also meets the requirements for cytotoxicity and skin sensitization for medical devices. The primary objective of employing 3D printing technology in shoe soles is to mitigate foot injuries caused by the uneven distribution of plantar pressure and excessive regional pressures and to enhance the comfort of the footwear. However, research on the performance of specific lattice structures, such as auxetic structures in shoe soles, still needs to be completed. Numerous studies have demonstrated the exceptional potential of auxetic materials in sports protection (8, 9). Auxetic structures possess high energy absorption capabilities and superior lightweight characteristics (10). Given the energy absorption and dissipation, compressive and decompressive properties, fatigue toughness, and fracture resistance of auxetic materials (11–13), they present significant potential application value in footwear product design.

This study explores whether auxetic lattice-structured shoe soles can optimize foot pressure distribution and enhance footwear comfort. The designs of the proposed shoe soles are based on the three-dimensional re-entrant auxetic lattice structure as Figures 1A, B, orthogonally constructed from two-dimensional re-entrant hexagonal honeycombs with internal angles <90 degrees. The material fabricated using this lattice structure exhibits the characteristic of a negative Poisson's ratio, showing expansion laterally under tension and densification under compression. Therefore, such materials are also considered auxetic materials. The research design involves experimental testing of three different lattice-structured shoe soles produced through 3D printing (two auxetic lattice structures with varying internal angles and one non-auxetic lattice structure), with conventional polyurethane (PU) soles as controls. Given the potential differences in the load-bearing functions of the foot during walking and running (14), this study compares the differences in biomechanical parameters and comfort ratings when wearing different soles under both conditions. By exploring the correlation between biomechanical parameters and comfort ratings and identifying physical measurements representing changes in perceived comfort between soles, the study suggests footwear design based on physical causality rather than solely subjective evaluations.
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FIGURE 1
 Design of three-dimensional structure and geometric characteristics of each unit cell: (A) auxetic 60°, (B) auxetic 75°, and (C) non-auxetic 90°.




2 Footwear comfort, plantar pressure, and contact area

Comfort is among the most crucial evaluation factors for footwear products, primarily measured through subjective assessment methods (15–17). Subjective comfort assessments can be based on a sense of comfort or focus on specific localized areas. Thanks to the development and application of biomechanical sensing devices, researchers have observed parameters such as peak pressures and contact areas at the foot-shoe interface, identifying causes of discomfort when wearing shoes. Consequently, various scientific fields, including sports science, have attempted to explore the relationship between footwear comfort and factors such as plantar surface pressure and foot-shoe contact area, providing a basis and methods for optimizing shoe design.

Some studies have shown a correlation between PPP and footwear comfort. Research by Yung-Hui and Wei-Hsien (18) explored the effects of shoe inserts and heel height on the plantar pressure during women's walking and found significant correlations between peak pressures in the medial forefoot and midfoot regions and evaluations of plantar comfort. Mei et al. revealed that the measurements of peak plantar pressures (PPPs), in the first metatarsal head, medial midfoot, and hindfoot regions, are closely related to the comfort of the footwear in long-distance running tests (19). A study on the role of insoles with various wedges during marching revealed a negative correlation between PPP, in second and third metatarsal head, and the midfoot regions, and perceived plantar comfort (20). However, some studies have shown that the impact of PPPs on the assessment of footwear comfort is minimal (21, 22) or even nonexistent (23, 24). Numerous studies have sought to identify the relationship between overall or localized PPP measurements and subjective self-reported comfort ratings, yet results remain primarily inconsistent. However, factors such as age, gender, and BMI that cause differences in bodily sensitivity may influence subjective comfort ratings (25), such as a broad age range of participants or mixed test result data from male and female participants, leading to varied analysis outcomes.

In ergonomics-related research, the relationship between the contact area of body-touching parts and subjective comfort ratings is frequently discussed, particularly in the context of products such as seat cushions (26, 27), exoskeletons (28), and pillows (29). Goonetilleke (30) posited that within the maximum pressure tolerance range, the contact area of a region correlates positively with perceived comfort. Research on footwear products has also consistently discussed the role of plantar contact areas in the comfort of shoes. For instance, the comfort of casual shoes may be related to the contact area in the midfoot region (31). Similarly, studies on high-heel shoe sole morphology have indicated a close relationship between contact area and perceived comfort (32), suggesting that increasing the contact area between the insole and the arch through extra mid-foot support can enhance footwear comfort (33). Focusing on the foot structure changes in early-old adults, Puszczalowska-Lizis, Koziol (34) noted that designing shoes with an appropriate profile and construction can increase the contact area between the foot and the shoe, effectively improving comfort perception for individuals with specific foot shapes. Increasing the contact area between the plantar surface and the insole may enhance the perception of plantar comfort.

Therefore, the study compares the results of four types of shoe soles to understand the impact of peak pressure and contact area on different plantar regions on the perception of comfort, providing a reference for the comfort design of shoe soles with auxetic structure.



3 Methods


3.1 Participants

This study recruited 20 healthy male volunteers, all customarily wearing EU-size 42 shoes. The criteria for participant inclusion were as follows: (1) no history of lower limb fractures or surgeries; (2) absence of pain or discomfort while walking; (3) no deformities such as hallux valgus, flat feet, or bow legs in the lower limbs; and (4) normal walking posture. Based on these criteria, participants aged between 19 and 23 years old, with an average height of (171 ± 1.9) cm, average mass of (69 ± 4.6) kg, and foot length of (253 ± 1.0) mm.



3.2 Design and fabrication of the shoe soles

The study compared four shoe soles comprising two material types: shoe soles with a three-dimensional lattice structure made of TPU and commonly used Polyurethane (PU) shoe soles as controls. The TPU shoe soles featured three different lattice structures: auxetic lattice structures with internal angles of 60° and 75° and a non-auxetic structure with an internal angle of 90° (Figure 1). This lattice structure adopts the typical auxetic lattice structure proposed by Evans, et al.—the re-entrant hexagonal honeycomb structure (35), the characteristics of which are still being explored in various fields (36). According to the analytical model described in the study by Evans et al. the Poisson's ratio is negative when the internal angle of the hexagon is <90°, which ensures that the samples with internal angles of 60° and 75° in this study can exhibit auxetic behavior. Due to the softness of the TPU material and the limitations of FDM 3D printing with TPU material, collapse often occurs when the angle between the ribs on both sides of the lattice unit and the horizontal plane is <60° (i.e., internal angle <60°), making sample fabrication impossible. Therefore, the minimum internal angle of the lattice structure was set to 60° in the experiments. The three-dimensional structure and geometric characteristics of each unit cell are illustrated in Figure 1. Each lattice unit featured ribs with a diameter of 2.4 mm and a height of 12 mm. Based on multiple attempts at sample fabrication, it is determined that setting the rib height of the lattice unit to 12 mm provides sufficient space for lattice deformation when the shoe sole is under compression. The lattices within the shoe soles were uniformly arranged, with each sole comprising two units of lattices arranged longitudinally. The study aimed to control the volume of the lattice structure in the three 3D printing shoe soles as consistently as possible (material volume of 124.84 ± 0.88 cm ∧ 3), maintaining a similar volume-to-total space ratio (approximately 22.92%) to minimize the impact of relative density on the mechanical properties of the shoe soles. The 3D models of the lattice-structured elastic shoe soles were constructed using Rhino 7® and Grasshopper® 3.5 software. Subsequently, the A60, A75, and N90 shoe soles were fabricated using Fused Deposition Modeling (FDM) 3D printing technology.

This study utilized the UP300 model 3D printer from Tiertime (China, Beijing) for sample fabrication, with the shoe sole models designed and imported into the printer using the configured UP Studio software. The nozzle displacement precision of the device on the x, y, and z axes is 2, 2, and 0.5 micrometers, respectively. The printing accuracy is 0.1 MM. The printing process involves setting the layer thickness to 0.2 mm and the print quality to the highest setting. As shown in Figures 2A–C, each sample to compared with PU shoe sole as Figure 2D, was printed using durable and elastic 95A TPU material. The FDM 3D printing process is shown as Figure 2E.
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FIGURE 2
 The four different types of shoe soles used in this study: (A) A60, (B) A75, (C) N90, (D) PU, (E) 3D printing process and (F) the rubber overshoe used to secure the soles.




3.3 Procedures

Participants were required to walk and run 20 meters wearing each of the four types of shoe soles. During the experiment, each shoe sole was secured to the foot by a rubber shoe cover, as shown in Figure 2F. The experiments were conducted on a straight and flat track to effectively collect biomechanical data from various regions of the plantar foot. However, through multiple experimental attempts, it was found that beyond a distance of 10 meters between the data collector and the signal receiver, the wireless signal becomes unstable, leading to potential data loss. Therefore, the signal receiver was placed in the middle of the track, and the track distance was set to 20 meters, exceeding the 10-meter walkway tested in a study by Chatrenet et al. (37) and the 16-meter runway tested in a study by Hamzavi and Esmaeili (38). Therefore, the study considers a distance of 20 meters sufficient to measure plantar pressure distribution during walking and running effectively. Since walking and running speeds can influence plantar pressure and ground reaction forces (39–41), the experiment required the participants to warm up on a treadmill for 3 min prior to walking and running tests, with walking speeds set at 110 cm/s and running speeds at 280 cm/s. After becoming accustomed to the walking and running speeds, participants conducted the plantar pressure system experiment and subjective plantar comfort ratings. A 3-min rest was allotted between each test to prevent fatigue. Finally, the study obtained 160 valid experimental results (20 subjects, 4 types of soles, and 2 modes of movement), each including plantar pressure data, foot-shoe contact area, and plantar comfort ratings for subsequent data analysis.



3.4 Pedobarographic measurements

The Pedar-X in-shoe pressure measurement system (Novel Co., Munich, Germany) was utilized to collect plantar pressure data. The Pedar insole, insole-shape data collector of the system, contains 99 pressure sensors with a pressure range of 15–1,200 kPa placed below the foot. One side of the insole is connected to the A/D conversion electronics worn around the waist by a data cable. Plantar pressure data were wirelessly transmitted to a connected computer through the A/D conversion electronics, ensuring the measurement process did not interfere with gait characteristics. The reliability and effectiveness of the Pedar-X system have been verified in multiple studies (18). The experiment used the Pedar insole sized 42/43 EU with a thickness of 1.9 mm and recorded foot pressures at a frequency of 50 Hz. Before testing, the experiment divided the plantar foot into seven regions in the pressure measurement system: the hallux, toes 2-5, metatarsal heads (MTH) 1, MTH 2, MTH 3-5, midfoot, and hindfoot (Figure 3). After testing, the Pedar-X system software (Pedar online) calculated the PPP and contact area across plantar regions during the gait cycle.
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FIGURE 3
 Plantar regions selected for measuring peak pressure and contact area: (A) Hallux. (B) Second–fifth toe (Toes 2–5). (C) First metatarsal head (MTH 1). (D) Second metatarsal head (MTH 2). (E) Third–fifth metatarsal head (MTH 3–5). (F) Midfoot. (G) Hindfoot.




3.5 Subjective comfort measurements

Participants rated the comfort of their feet on a 10 cm visual analog scale (VAS) after each experimental test. Participants evaluated not only the overall comfort of the foot but also the comfort of specific areas (toe area, forefoot, and heel). This study's VAS, adapted from Bousie, Blanch (15), was anchored with “not comfortable at all” (0) and “most comfortable imaginable” (10). The experiment required participants to evaluate only the comfort of the plantar surface, excluding characteristics such as the appearance and breathability of the overshoe from the assessment of plantar comfort.



3.6 Data analysis

The test result data were first subjected to Shapiro-Wilk and Kolmogorov-Smirnov tests to confirm normality analysis. Subsequently, one-way ANOVA was used to study the effects of different types of shoe soles on plantar pressure. Tukey's HSD test was employed for post hoc comparison to evaluate pairwise differences among the four tested shoe soles. A p < 0.05 was set for statistical significance. Pearson correlation coefficients were calculated to evaluate the relationship between comfort ratings and variables of PPP and contact area. All statistical analyses were conducted using IBM SPSS ver. 23.0 (IBM Corp., Armonk, NY, USA).




4 Results


4.1 Peak plantar pressures

Figure 4 compares PPPs in different plantar regions of the foot while wearing various shoe soles in walking and running states.
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FIGURE 4
 PPPs in different plantar regions with four different types of shoe soles during walking and running. (A) Walking. (B) Running.


The F-value is one of the most critical statistics in ANOVA, representing the ratio of between-group differences to within-group differences. If the F-value exceeds the critical F-value (2.70), it indicates differences between the groups. A higher F-value suggests more significant differences between groups. The study validated differences in intergroup (A60\A75\N90\PU) data, demonstrating the influence of shoe sole lattice structures on pressure in various plantar regions. Based on the ANOVA results, the type of shoe soles had a significant effect on the peak pressures in the hallux [F(3, 76) = 234.5, p < 0.001], Toe 2-5 [F(3, 76) = 23.0, p < 0.001], MTH 2 [F(3, 76) = 143.7, p < 0.001], MTH 3-5 [F(3, 76) = 33.2, p < 0.001], midfoot [F(3, 76) = 15.4, p < 0.001], and hindfoot [F(3, 76) = 90.2, p < 0.001] regions of the foot during walking. Post hoc comparisons using Tukey's HSD test revealed that auxetic structured shoe soles (A60 and A75) significantly reduced peak pressures in most plantar regions (including hallux, Toe 2-5, MTH 2, midfoot, and hindfoot) during walking compared to the non-auxetic structured shoe sole N90. Additionally, for running, shoe soles' type significantly affected the peak pressures in the hallux [F(3, 76) = 378.0, p < 0.001], Toe 2-5 [F(3, 76) = 114.8, p < 0.001], MTH 1 [F(3, 76) = 363.9, p < 0.001], MTH 2 [F(3, 76) = 182.7, p < 0.001], MTH 3-5 [F(3, 76) = 280.4, p < 0.001], midfoot [F(3, 76) = 147.7, p < 0.001], and hindfoot [F(3, 76) = 218.0, p < 0.001] regions. Post hoc comparisons using Tukey's HSD test also indicated that auxetic structured shoe soles (A60 and A75) significantly lowered peak pressures in all plantar regions during running compared to the non-auxetic structured shoe sole N90. Table 1 compares the mean values of peak pressures in various foot regions for different shoe soles and calculates the differences in mean comparisons, with p-values indicating the significance of pairwise comparison results of sample means. The percentages in brackets in Table 1 represent the extent to which the pressure in the first sample decreases compared to the second sample in paired comparisons. According to Table 1, for both walking and running conditions, 3D-printed lattice shoe soles with auxetic structures significantly (or non-significantly) reduced peak pressures in various plantar regions compared to non-auxetic shoe soles, optimizing foot pressure distribution. Among them, A60 significantly reduced peak pressures in the hallux, MTH 2, and hindfoot regions during walking and significantly reduced peak pressures in the hallux, MTH 2, MTH 3-5, midfoot, and hindfoot regions during running. Therefore, it can be inferred that the auxetic A60 sole exhibits superior pressure reduction capabilities.


TABLE 1 The mean differences in PPPs between four different types of shoe soles.
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4.2 Contact area

Furthermore, ANOVA analysis revealed that the sole type significantly affected the contact area in various plantar regions during walking and running (p < 0.01). Table 2 compares the mean values of contact areas in various foot regions for different shoe soles and calculates the differences in mean comparisons, with p-values indicating the significance of pairwise comparison results of sample means. Post hoc comparisons presented in Table 2 demonstrated that auxetic structured shoe soles (A60 and A75) significantly increased the contact area in the MTH 1, midfoot and hindfoot regions during walking compared to the non-auxetic A90 shoe sole and significantly increased the contact area in the hallux, MTH 1, MTH 2, MTH 3-5, and midfoot regions during running. Among the auxetic structures, A60 showed a significantly larger contact area in the Toe 2-5, MTH 1, and MTH 3-5 regions during walking and all metatarsal heads of the forefoot regions during running, compared to A75. Thus, it can be inferred that the internal angles within the auxetic concave structures influence the deformation of lattice units and the contact area across different regions of the plantar surface. Compared to the PU shoe sole, the A60 shoe sole significantly increased the foot-shoe contact area in all plantar regions while walking and running.


TABLE 2 Mean differences in contact areas (cm2) between four different types of shoe soles.
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4.3 Plantar comfort ratings

Figure 5 illustrates the comparisons of comfort ratings for each test condition. ANOVA results indicated that the type of shoe sole had a significant effect on comfort ratings not only during walking [F(3, 76) = 12.7, p < 0.01] but also during running [F(3, 76) = 15.2, p < 0.01]. Post hoc comparisons revealed that, in both walking and running scenarios, the comfort ratings of auxetic shoe soles (A60 and A75) were significantly higher than those of the non-auxetic N90 shoe soles within the 3D printed shoe soles. Furthermore, the comfort of the A60 shoe sole was significantly higher than that of the A75 shoe sole. In walking scenarios, the comfort of the A60 shoe sole was also significantly higher than that of the PU shoe sole.


[image: Figure 5]
FIGURE 5
 Comparisons of comfort ratings for each test condition.


Table 3 lists the coefficients of correlation between measures of biomechanical variables and comfort ratings. Under the condition of significant correlation (p < 0.05), higher absolute values of the correlation coefficients in Table 3 indicate a stronger relationship between comfort ratings and peak pressure or contact area in specific foot regions. The positive or negative values indicate the positive or negative impact of peak pressure or contact area on comfort ratings. From Table 3, peak pressure in various foot regions negatively impacts the comfort ratings, while contact area positively impacts the comfort ratings. In walking state, comfort rating showed a significant negative correlation with peak pressures in the Hallux (−0.327), MTH 2 (−0.647), and Hindfoot (−0.359) regions. In running state, comfort rating was also significantly negatively correlated with peak pressures in the MTH 2 (−0.337), MTH 3-5 (−0.322), Midfoot (−0.285), and Hindfoot (−0.316) regions. However, comfort ratings were positively correlated with the contact area in various plantar regions at a significance level of 0.01, regardless of whether walking or running.


TABLE 3 Coefficients of correlation between measures of biomechanical variables and comfort ratings.
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5 Discussion

The results of this experiment support our hypothesis that auxetic structured shoe soles (A60 and A75) reduce PPPs more effectively than non-auxetic soles (N90). In specific movement states, effectively reducing the peak pressures across different areas of the plantar surface indicates a better distribution of foot pressure (42). According to Table 1, the post hoc comparisons showed that the peak pressure mean differences between different 3D-printed shoe soles were significant across various plantar regions. Under walking conditions, A75 reduced the pressure by 9.42% to 27.31% compared to N90, and A60 reduced it by 7.75% to 43.26% compared to N90. Under running conditions, A75 reduced the pressure by 24.27% to 48.11% compared to N90, and A60 reduced it by 32.57% to 59.80% compared to N90. These findings align with existing research on the energy absorption capabilities (8–10) and auxetic materials' pressure reduction characteristics (43). However, due to the inherent rigidity of the TPU material, only the auxetic A60 sole demonstrated better pressure reduction across all regions of the plantar surface compared to the existing PU soles in this study. Referring to the mean differences and post hoc comparisons of peak pressure between the A60 and PU across various plantar regions, the A60 shoe sole effectively reduced pressures by 8.98% to 48.02% under walking conditions and by 15.49% to 64.14% under running conditions.

Furthermore, results from Table 2 indicate that the plantar contact area for auxetic soles (A60 and A75) is generally more significant than that for non-auxetic soles (N90 and PU). Notably, the A60 shoe sole showed a significant increase in the contact area across all regions of the plantar surface compared to the PU shoe sole. A higher contact area confirms that soles with an auxetic lattice structure conform better to the plantar shape (44). In particular, shoe soles with an internal angle of 60° auxetic lattice structure exhibit higher conformability and adaptability to the plantar surface (45). Consistent with current viewpoints on the application of auxetic structures, auxetic materials can conform to curved surfaces through the formation of synclastic curvature, such as the human body surface (46). Existing research has demonstrated that personal protective equipment with auxetic elements embedded in sports apparel offers better fit and comfort (44) and more effectively prevents bodily injuries (8) than non-auxetic alternatives. By increasing contact area, the form-fitting characteristics of auxetic lattice structures can effectively uniformize pressure distribution and reduce peak pressures. Based on this principle, robotic grippers employing auxetic structures have seen enhanced stability in grasping objects (47). Similarly, shoe soles utilizing auxetic lattice structures are better able to conform to the contours of the plantar surface, increasing the force distribution area on the foot, thereby improving plantar pressure distribution and reducing peak pressures.

Evidence suggests that shoe sole designs that reduce pressure and enhance comfort are paramount in maintaining foot health (7, 48, 49), revealing several potential applications of auxetic lattice structures in various types of shoe soles in the future. Table 3 shows a correlation between peak pressures in certain plantar regions and the perception of comfort. Identifying correlations between comfort ratings and the measurements of peak pressures in different plantar regions can provide references for optimizing sole design. Based on the results of correlation analysis (Table 3), the A60 auxetic structured shoe sole proposed in this study aids in improving footwear comfort and ensuring foot health, especially when applied to the sole areas of the hallux, MTH 2, and hindfoot in casual everyday footwear, and the MTH 2, MTH 3-5, midfoot, and hindfoot areas in running shoes. For instance, previous studies have shown that females tend to exert more pressure on the front and medial side of the foot during walking (50), causing higher pressure in the Hallux region and increasing the likelihood of developing Hallux Valgus (HV) (51).

Consequently, the study posits that footwear applying auxetic 60° lattice structures in the shoe sole be a potential method to prevent HV in females, as Martínez-Nova, Sánchez-Rodríguez (52) suggested, by relieving plantar pressure in the forefoot and Hallux region. Metatarsalgia is often caused by pressures exceeding the pressure tolerance of the tissue beneath the metatarsal heads due to factors such as tight ankle plantar flexors, wearing high-heeled shoes, claw- or hammertoes, and dysfunction of the first metatarsal phalangeal joint (53). Existing solutions primarily include custom insole shapes or placing metatarsal pads on the sole (54), or employing the Hunt Metatarsal External Shoe Cut-out (HMESC) method (54), which are challenging to implement in mass production. Therefore, Utilizing the A60 shoe sole may represent a potential means to alleviate metatarsalgia while also being amenable to mass production. Moreover, given the outstanding pressure-relieving performance of the A60 shoe sole in the heel area, it could also apply to diabetic foot treatment shoes, footwear for old age, or orthotic shoes with hindfoot relief functions (4). The efficiency of shock absorption in the heel tissues of diabetic patients and the suppression of gait impact forces are diminished, making the protection of heel tissues in diabetic patients and the prevention of diabetes-related foot ulceration (DFU) a long-standing significant topic in footwear product optimization research (55, 56). Similarly, many older adult individuals experience hyperkeratosis and region-specific foot pain due to the loss of elastin and collagen fibers in the plantar surface (57). To avoid overloading damage to bones and soft tissues or to cause adverse sequelae (e.g., ulcers, gait abnormalities) in pre-existing tissue disabilities, shoe soles must also reduce pressure and protect the heels of old age. The A60 lattice structure could meet the shock-absorbing design requirements of running shoes by attenuating peak pressures in the heel and forefoot regions, increasing the contact area in the midfoot, and thereby reducing the likelihood of calf injuries during running (58).



6 Conclusion

This study introduces the concept of incorporating auxetic lattice structures into shoe sole design. Experimental findings confirm that such integration effectively enhances pressure-reducing performance and conformity of the sole to the foot, consequently improving plantar comfort. The study evaluated plantar biomechanical parameters (peak pressures and contact areas across various regions of the foot) and comfort by experimentally comparing auxetic lattice soles (A60 and A75), non-auxetic lattice soles (N90), and conventional PU soles in walking and running states. As result, auxetic lattice structured shoe soles (A60 and A75) are more effective in reducing plantar pressure compared to non-auxetic N90. Additionally, the plantar contact area is generally more substantial for auxetic soles (A60 and A75) than for non-auxetic soles (N90 and PU). Based on experimental data, the study analyzed the correlation between plantar biomechanical parameters and comfort ratings. In both walking and running states, comfort ratings exhibit significant negative correlations with peak pressures in specific foot regions, including the Hallux, MTH 2, MTH 3-5, Midfoot, and Hindfoot, while demonstrating consistent positive correlations with contact area across various plantar regions. The correlation analysis between plantar parameters and comfort ratings provides significant references for optimizing sole structures. Furthermore, leveraging the exceptional characteristics of auxetic structured shoe soles, the study discusses the potential applications of auxetic design structured shoe soles (A60) in preventing foot diseases such as hallux valgus, metatarsalgia, and diabetic foot.

Although the study has gained valuable insights through rigorous experimental research, some limitations remain. The study exclusively recruited male participants for experiments and only conducted short-term mechanical performance tests of the soles. To further refine the design of auxetic structured shoe soles, it is imperative to incorporate gender factors into the experiments and conduct long-term experiments on the specific footwear design with auxetic lattice structure in future research.
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Variable A6 A60—-N90 A60-PU A75-N90 A75-PU PU
Walking
Hallux —36.718"* —46.977*** —56.910"* —10.259*** —20.192%** —9.934**
(37.34%) (43.26%) (48.02%) (9.45%) (17.04%) (8.38%)
Toes 2-5 —7.441 —20.268** 211517 —12.827** —13.710%* —0.883
(6.03%) (14.89%) (15.43%) (9.42%) (10.00%) (0.64%)
MTH 1 —6.208 —9.291** —6.947 —3.084 —0.0740 2344
(5.33%) (7.78%) (5.93%) (2.58%) (0.63%) (2.00%)
MTH 2 —51.422%* —102.862*** —51.799"** —51.400** —0.377 51.064***
(26.11%) (41.41%) (26.25%) (20.71%) (0.19%) (25.88%)
MTH 3-5 —5.051 —11.484* —40.441 —6.798 —35.390"* —28.593%*
(3.46%) (7.75%) (22.29%) (4.45%) (19.51%) (15.76%)
Midfoot —1.665 —11.334** —7.648™ —9.669"* —5.984* 3.686
(2.10%) (12.76%) (8.98%) (10.89%) (7.03%) (4.33%)
Hindfoot —14.942% —74.429%* —41.043*** —59.488*** —26.102%** 33.386%*
(9.44%) (34.17%) (22.25%) (27.31%) (14.15%) (18.10%)
Running
Hallux —33.678*** —98.257*** —118.158* —64.579" —84.480%** —19.901%**
(33.77%) (59.80%) (64.14%) (39.30%) (45.86%) (10.80%)
Toes 2-5 ~7.845 —56.179*"* —56.974" —48.334" —49.129"* —0.796
(6.32%) (32.57%) (32.88%) (28.03%) (28.36%) (0.46%)
MTH 1 —3.519 —113.773*** —92.456™* —110.254*** —88.937** —21317*"
(2.96%) (49.64%) (44.48%) (48.11%) (42.79%) (10.26%)
MTH 2 —66.520*** —144.069*** —37.112%** —77.549*** 29.408*** 106.957***
(27.49%) (45.08%) (17.46%) (24.27%) (13.83%) (50.31%)
MTH 3-5 —21.489* —150.659*** —60.521*** —129.170*** —39.032%** 90.138**
(12.68%) (50.44%) (29.02%) (43.25%) (18.72%) (43.23%)
Midfoot —22.814"* —78.660*** —22.661*** —55.847*** 0.153*** 55.999**
(20.41%) (46.93%) (20.30%) (33.32%) (0.14%) (50.17%)
Hindfoot —21.496"* —119.867*** —29.177"+ —98.371** ~7.681 90.691**
(11.90%) (42.95%) (15.49%) (35.25%) (4.08%) (48.14%)

*the mean difference is significant at the 0.05 level.

**the mean difference is significant at the 0.01 level.
***the mean difference is significant at the 0.001 level.
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Variable A6 A60-N90 A60-PU 0-PU
Walking

Hallux 0.001 0.206 1.096** 0.205 1,095 0.891**
Toes 2-5 2.160%** 3.370"+ 4353 1.210%* 2.194 0.984*
MTH 1 L7217 34500 3762 17319 20414 0.310
MTH 2 0.503 1.022%%* 1.042%* 0519 0.539 0.020
MTH 3-5 2,030 2.490"* 3.023"* 0.460 0.993** 0.533
Midfoot 0.806 5.989%" 9.093*** 5.183** 8.287"* 3104
Hindfoot 1.597 6.913* 6.694*+* 53174 5.098*+ —0.219
Running

Hallux 0.099 1.795%* 2.092%** 1.696** 1.993%* 0.298
Toes 2-5 0.058 0.465 1.102%* 0.408 1.045%% 0.637
MTH 1 0.773* 1.805** 2.189"* 1.032%* 1.416"* 0.384
MTH 2 0.740% 1.510%* 1.903** 0.770** 1.163* 0.393
MTH 3-5 L727** 2,509 3.103** 0.782* 1.376" 0.594
Midfoot 1.685 53414 6.384%+* 3.656** 4.699** 1.043
Hindfoot 0.676 2.797 3737 2121 3.061* 0.940

*the mean difference is significant at the 0.05 level.
**the mean difference is significant at the 0.01 level.
***the mean difference is significant at the 0.001 level.
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Variables Correlation coefficient Variables Correlation coefficient

Walking Running Walking Running

Peak pressure by regions Contact area by regions

Hallux —0.327* —0.183 Hallux 0312* 0.381%
Toes 2-5 —0.155 —0.048 Toes 2-5 0.586* 0.321%
MTH 1 —0.004 —0215 MTH 1 0.590* 0.475%
MTH 2 —0.647* —0.337"* MTH 2 0.637* 0.477*
MTH 3-5 0.053 —0.322** MTH 3-5 0.619** 0.502*
Midfoot —0.156 —0.285* Midfoot 0.479* 0.466*
Hindfoot —0.359* —0.316" Hindfoot 0.636* 0.395*

**correlation is significant at the 0.01 level. *correlation is significant at the 0.05 level.
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