


Appendix A. Sigmoid transition of hybrid TPMS structure
[bookmark: _Hlk204104436]The smooth transformation of TPMS structures preserves their initial geometric characteristics, thereby providing new directions for functional development[1]. By introducing weight functions, various TPMS structures can be systematically distributed across subdomains of hybrid grids[2]. The level-set equation for hybrid TPMS can be formulated as the weighted sum of subdomains. The visualization of surface curvature in hybrid TPMS structures reveals the influence of increasing the transition rate coefficient k on the mean curvature H (see Fig. S1).
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Figure S1 The influence of the transition rate coefficient k on the smoothness of the biphasic transition region.
As the transition rate coefficient k increases from 0, the mean curvature H initially demonstrates a decreasing trend before gradually rising. At a transition rate coefficient k of 0.6, the mean curvature H reaches its minimum value of 0.087. Statistical analysis indicates that maintaining the transition rate coefficient k close to 0.6 achieves optimal smoothness in curvature transitions, ensuring both continuity and stability of the geometric structure during parametric variations.
In the context of TPMS structures, the implementation of a smooth curvature transition significantly enhances the mechanical properties of the structure[3, 4]. Firstly, the smooth transition effectively reduces stress concentration phenomena, thereby improving the structure’s fatigue resistance. Secondly, the gradual variation in curvature promotes structural uniformity, which enables the TPMS structure to exhibit greater stability and a more uniform stress distribution under external loads. Furthermore, the optimized curvature distribution may further augment the stiffness and strength properties of the structure, allowing it to demonstrate superior mechanical characteristics in high-load scenarios.
The transition shapes between different regions are described by the spatial coordinate set function Gi (x, y, z) in the Sigmoid transition function. When Gi (x, y, z) =z, the transition occurs solely along the Z-axis direction; when Gi (x, y, z) =x2+y2−t2, the transition follows a circular path with constant radius t, thereby achieving two-phase or three-phase combinations. By adjusting the spatial coordinate set functions in equations (S2) - (S4), the weights of Gyroid, Primitive, and S are edited in the transition region to achieve the effect of two-phase or three-phase transitions (see Fig. S2).
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Figure S2 Control transition direction of hybrid TPMS structures.
Appendix B. The design of full contact insole for a patient with flat foot
B.1 Identify the patient
The foot pressure of the subject was measured using the AFA-50 foot pressure detector (Hong Tai Sheng Health Technology Co., Ltd., Beijing, China). The subject’s basic information is as follows: age 24 years, weight 74 kg, and height 180 cm. The subject was instructed to stand on the plantar pressure detection device with both feet evenly distributed and to remain stationary, as depicted in Fig. S3a. By analyzing the pressure distribution across different areas of the plantar surface, illustrated in Fig. S3b, and examining the plantar morphology, it was determined that the subject’s left foot exhibited a flat arch condition.
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Figure S3. Determination of flatfoot patients. a Examination of the patient’s foot abnormalities; b The foot pressure cloud map.
B.2 Foot scanning
The foot point cloud data were collected using the global 3D scanner AXE-B11 (Scantech Co., Ltd., Hangzhou, China), as illustrated in Fig. S4a. The measurement distance of the 3D scanner is 0.3 m, with a scanning accuracy of 0.02 mm. After obtaining the complete foot point cloud data through ScanViewer® software, irrelevant objects were cropped and deleted through basic processing, and incomplete areas of the target object were briefly filled in. A simplified foot model was subsequently obtained after the repair process. The processed result is displayed in Fig. S4b. The scan files processed by ScanViewer® software are saved in STL format and imported into Geomagic Studio® reverse engineering software. The subsequent steps include polygon processing, precise surface creation, and surface model formation in sequence. The processed solid model undergoes deviation analysis, with the fitted 3D deviation ranging from -0.79 to 0.24 millimeters (see Fig. S4c), thereby meeting the modeling requirements. The resulting surface model conforms to the specified criteria.
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Figure S4. The acquisition process of the foot model. a The subject involved and the scanning equipment utilized; b The collection and subsequent cleaning of the foot scanning data; c The analysis of the errors identified within the foot scanning data.
B.3 Reverse modeling
Under the same material and thickness conditions, the use of full contact insoles that accurately conform to the foot’s shape can result in approximately double the pressure reduction compared to flat insoles, thus achieving optimal pressure alleviation[5]. Utilizing the foot model depicted in Fig. S4b, a full contact orthotic insole with arch support was developed using Creo® v12.0 software. The arch height of the patient in a normal relaxed state measures 6 mm, whereas the healthy arch height typically ranges from 14 to 18 mm. Flat-footed patients wearing orthotic insoles with an arch height of three-quarters that of a normal arch can significantly diminish the peak pressure and pressure-time integral in the forefoot region, thereby attaining the most effective corrective outcome[6]. Consequently, while ensuring a complete fit of the insole model, the arch height was adjusted to 12 mm. The design process of the insole model is illustrated in Fig. S5.
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Figure S5. Design flowchart of the full contact insole model.
Appendix C. Quasi-static compression and simulation results
C.1 Mechanical performance
By converting the reaction force-displacement curve of the upper compression plate during the quasi-static compression process of TPMS structure models into an engineering stress-strain curve, the equivalent stress can be determined. The nominal stress σ of the porous structure is obtained by dividing the reaction force F exerted by the upper compression plate by the initial cross-sectional area A of the model. The nominal strain ε is calculated by dividing the deformation Δl by the initial height l of TPMS structure models[7].
When calculating the elastic modulus E, it is essential to ensure that the deformation remains within the elastic deformation range of the material. By analyzing the simulation results, the elastic modulus can be determined, and it can be calculated using equation (S5).

		(S5)
The strength of porous materials is influenced by the mechanical failure characteristics of their internal truss structures. Failure of the truss structure can manifest in several forms, including plastic yielding, brittle fracture, elastic buckling, and plastic buckling. These failure modes are primarily determined by the slenderness ratio of the truss structural units and the material’s brittleness characteristics[8].
In the design of most mechanical components, the plastic yield strength of the material is often employed as a key design criterion, with plastic deformation generally prohibited in engineering applications. Yield strength σS is defined as the stress level at which a material begins to exhibit yielding, indicating the stress that counteracts minor plastic deformation. For polymer materials, such as resins, the yielding phenomenon on the compressive stress-strain curve is not clearly evident, as it lacks distinct peaks or inflection points. Additionally, the micromechanical structures of various configurations significantly influence the mechanical and physical properties of porous structural materials. Consequently, the characteristic strain method is utilized, with a characteristic strain value of 0.2%, to analyze the yield strength of the photopolymer porous structure[9].
The stress-strain curve results from the quasi-static compression tests were subsequently post-processed, and the mechanical property parameters of the FG-TPMS structures with varying gradient forms were summarized in Table S1.
Table S1. Mechanical performance parameters of FG-TPMS structures with different gradient forms
	TPMS
	Young’s modulus (MPa)
	Yield strength (MPa)
	TPMS
	Young’s modulus (MPa)
	Yield strength (MPa)

	Gyroid
	Uniform
	0.69
	0.18
	Diamond
	Uniform
	0.743
	0.162

	
	Linear
	1.02
	0.148
	
	Linear
	0.574
	0.164

	
	Quadratic 
	0.774
	0.133
	
	Quadratic 
	0.491
	0.172

	
	Exponential
	0.643
	0.134
	
	Exponential
	0.427
	0.182

	IWP
	Uniform
	0.69
	0.182
	Primitive
	Uniform
	0.93
	0.096

	
	Linear
	1.13
	0.176
	
	Linear
	1.04
	0.104

	
	Quadratic 
	1.54
	0.216
	
	Quadratic 
	1.225
	0.094

	
	Exponential
	1.91
	0.22
	
	Exponential
	0.867
	0.065

	S
	Uniform
	1.59
	0.15
	
	
	

	
	Linear
	1.6
	0.239
	
	
	

	
	Quadratic 
	1.62
	0.258
	
	
	

	
	Exponential
	1.85
	0.279
	
	
	-


C.2 Energy absorption performance
To evaluate the energy absorption performance of uniform and gradient TPMS structures, five groups of evaluation indicators were introduced: peak loading stress (σp), plateau stress (σpl), effective stroke ratio (ESR), total energy absorption (EA), and specific energy absorption (SEA)[10-12]. These indicators were calculated at a strain of approximately 60%, at which point most TPMS structures began to densify.
The parameter σp is defined as the instantaneous maximum stress observed on the stress-strain curve prior to the onset of structural densification. Conversely, σpl is characterized as the arithmetic mean of the stresses corresponding to the strains observed during the plateau stage of the structure, which typically occurs within the strain range of 20% to 40%.
The total absorbed energy per unit volume of the TPMS structure is defined as the numerical integration of the area under the stress-strain curve up to the densification strain, denoted as εd.

		(S6)
where the densification strain εd signifies the initiation of densification, representing the strain value at which the energy absorption efficiency attains its peak.
Based on the energy absorption characteristics of elastic materials and the alterations observed in the stress-strain curve, the densification strain εd is adjusted accordingly. The final densification strain εd is defined as the strain value corresponding to the point at which the energy absorption efficiency diminishes to 90% of its maximum value following the peak.
The energy absorption efficiency, derived from the compressive stress-strain curve, is presented as follows.

		(S7)
When the energy absorption efficiency attains its maximum value, the corresponding strain at this point is referred to as ESR.

		(S8)
The parameter SEA is a critical measure of the structural behavior of an energy-absorbing system. It represents the ratio of the internal energy absorbed by TPMS structures through buffer deformation to the structural mass m within the effective stroke. The SEA characterizes the energy absorption capability of the structural unit mass.

		(S9)
Based on the energy absorption performance evaluation criteria, the results of the stress-strain curves obtained from the quasi-static compression tests were analyzed. The mechanical performance parameters of FG-TPMS structures with various gradient configurations were summarized, as presented in Table S2.
Table S2. Comparison of energy absorption performance of FG-TPMS structures with different gradient forms
	TPMS
	Gradient
	σp (MPa)
	σpl (MPa)
	ESR (%)
	EA (kJ/m3)
	SEA (J/g)

	Gyroid
	Uniform
	0.245
	0.159
	47.9
	76.15
	1.64

	
	Linear
	0.258
	0.143
	51.5
	73.65
	1.59

	
	Quadratic 
	0.27
	0.13
	54.9
	71.35
	1.54

	
	Exponential
	0.282
	0.126
	56.4
	71.05
	1.53

	Diamond
	Uniform
	0.135
	0.095
	41.6
	39.52
	0.85

	
	Linear
	0.317
	0.133
	55.2
	73.42
	1.59

	
	Quadratic 
	0.383
	0.135
	53.6
	72.36
	1.57

	
	Exponential
	0.4
	0.153
	52.8
	80.78
	1.75

	Primitive
	Uniform
	0.117
	0.082
	55
	45.2
	0.98

	
	Linear
	0.179
	0.105
	47.7
	50
	1.08

	
	Quadratic 
	0.251
	0.107
	51.6
	55.21
	1.19

	
	Exponential
	0.253
	0.123
	52.7
	64.82
	1.4

	IWP
	Uniform
	0.625
	0.29
	50.6
	146.74
	3.17

	
	Linear
	0.5
	0.254
	49.2
	124.97
	2.7

	
	Quadratic 
	0.516
	0.227
	51.6
	117.13
	2.53

	
	Exponential
	0.511
	0.217
	50.8
	110.24
	2.38

	S
	Uniform
	0.478
	0.239
	45.9
	109.7
	2.37

	
	Linear
	0.49
	0.226
	46
	103.96
	2.25

	
	Quadratic 
	0.387
	0.213
	47.7
	101.6
	2.2

	
	Exponential
	0.294
	0.167
	41.8
	69.81
	1.51
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