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Abstract 18 

Mechanical metamaterials (MMs) are artificially designed structures with 19 

superior properties that originate from unit cells. Compared with the widely studied 20 

single-morphology MMs, multi-morphology interpenetrating MMs offer, by the virtue 21 

of their fused lattice characteristics, the potential for customizable mechanical 22 

properties and new application fields. Inspired by the fact that the isosurface of triply 23 

periodic minimal surfaces (TPMS) can divide a lattice into two independent regions, 24 

this paper proposes a novel TPMS-based strut-shell interpenetrating (TSSI) lattice 25 

metamaterial. This study demonstrates that the TSSI lattice has a larger specific surface 26 

area than traditional TPMS lattices. Compared with the volume fraction, the fusion 27 

proportion parameter is not only more conducive to effectively adjusting the 28 



mechanical properties in a wide range and controlling the anisotropy of the lattice 29 

metamaterials to achieve elastic isotropy but significantly changes the dominant 30 

mechanism of deformation under uniaxial and shear loads. Moreover, the TSSI lattice 31 

metamaterial can avoid sharp stress drops due to the mutual support and wrapping of 32 

the internal interpenetrating lattices after failure, resulting in a more stable energy 33 

absorption efficiency and a maximum increase in energy absorption of 74%. This work 34 

provides new opportunities to design lightweight components with a wide range of 35 

customizable mechanical properties and superior energy absorption. 36 

 37 
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 40 

1 Introduction 41 

Metamaterials are artificial structures or composite materials [1] that are unique in 42 

offering various customizable properties that natural bulk materials do not have. 43 

Examples include sound absorption [2,3], electromagnetic cloaking [4,5], thermal 44 

regulation [6,7], negative refractive index [8] and negative Poisson’s ratio [9,10]. With 45 

the rapid development of additive manufacturing technology, the categories of 46 

metamaterials are also continuously expanding. On the basis of their different functions, 47 

they can be divided into electromagnetic [11], acoustic [12], optical [13], thermal [14] 48 

and mechanical [15]. As an important branch, mechanical metamaterials (MMs) in 49 

particular have been widely considered and applied in the aerospace, biomedical and 50 

automotive industries due to their diverse design frameworks and customizable 51 

mechanical properties. 52 

MMs use a micro-lattice topology design or unique materials and nanoscale effects 53 

to achieve macroscopic mechanical property customization. How to rationally design 54 

or find new MMs with superior properties or multi-functional behaviours to meet 55 

industrial applications has been the focus of much research. Previous studies have 56 

investigated the design of lattice materials with strut-based [16-18], shell-based [19,20], 57 

triply periodic minimal surfaces (TPMS)-based [21-24] and bio-inspired [25,26] 58 



lattices and explored the effects of several design parameters, such as strut shape [27-59 

29], shell curvature [30,31], lattice size [32,33], volume fraction [34,35], graded density 60 

[36-38] and aspect ratio [39,40], on the functional properties of lattice materials. Most 61 

of these studies were based on single-morphology lattice materials, which limits their 62 

innovation potential. 63 

In order to broaden the design freedom and achieve excellent custom performance, 64 

more research teams, inspired by natural materials such as bone [41] and nacre [42], 65 

have begun to focus on the study of multi-morphological interpenetrating lattice MMs. 66 

A viable approach to control the performance is to adjust the constituent phase of the 67 

interpenetrating composite material. For example, Karathanasopoulos et al. [43] 68 

inserted epoxy into the strut, TPMS and stochastic spinodal AlSi10Mg lattices and 69 

studied the static and dynamic damping mechanical response of these aluminium–70 

epoxy interpenetrating phase composites. The results showed that these phase 71 

composites had excellent specific energy absorption characteristics and dynamic 72 

damping properties. Wang et al. [44] filled lattice materials prepared using polylactic 73 

acid with different proportions of thermoplastic polyurethane to obtain an 74 

interpenetrating phase composite lattice material with high strength and good toughness, 75 

which greatly improved the stress concentration and shear failure of the lattice material. 76 

Xie et al. [45] fabricated interpenetrating lattice materials for bone implantation by 77 

pressing molten PEEK into lattices built by Ti6Al4V so that they could not only 78 

maintain the bone-compatible elastic modulus and higher strength but also exhibit 79 

superior toughness and energy absorption performance. Chapkin et al. [46] filled metal 80 

lattice materials with a variety of different polymers and found that the type of polymer 81 

greatly affected the properties of the interpenetrating lattice materials. Following the 82 

same idea, Wei et al. [47] and Prajapati et al. [48] filled hollow strut lattice materials 83 

with various polymers so as to obtain properties that the original single-morphology 84 

lattice materials could not achieve. However, lattices formed by interpenetrating 85 

composite materials are difficult to fabricated directly by additive manufacturing 86 

technology and must undergo secondary filling processing to be formed, which greatly 87 

limits the design of lattice MMs. 88 



The recently proposed design concept [49] of metamaterials composed of 89 

independent and disconnected two-phase or multi-phase interpenetrating lattices 90 

addresses this limitation; such materials can be manufactured directly while achieving 91 

customized performance. However, due to their complex internal configuration, there 92 

are many difficulties designing interpenetrating lattice metamaterials with independent 93 

constituent phases. White et al. [50] and Kladovasilakis et al. [51,52] created new 94 

interpenetrating lattice metamaterials by combining existing space-complementary 95 

strut lattice metamaterials to achieve enhanced mechanical properties. However, due to 96 

the inevitable interference between the constituent phases in the space based on the 97 

above combination of interpenetrating lattices, it is impossible to cover all the volume 98 

fractions, which greatly limits the design of interpenetrating lattice metamaterials. In 99 

this regard, designing lattice metamaterials based on TPMS is one of the most effective 100 

solutions to this problem. This is because TPMS is controlled by implicit functions and 101 

can divide the space into two relatively independent and continuous regions [53]. Jin et 102 

al. [54] interpenetrated multiple strut-based gyroid lattices made of NiTi metals to 103 

improve the stress distribution of lattice metamaterials and obtain better hyperelasticity 104 

properties. Zhao et al. [55] proposed a design method for strut-based IWP 105 

interpenetrating lattice metamaterials with internal and external complementarity and 106 

realized that the deformation and performance of lattice metamaterials could be 107 

controlled via the interpenetrating parameter. However, these interpenetrating lattice 108 

metamaterials were based on struts lattices, without considering shell lattices with 109 

better mechanical properties and energy absorption properties [56,57] and without 110 

combining the advantages of strut and shell lattices derived from the same TPMS 111 

configuration for design and research. 112 

Therefore, this study proposed a novel design method for TPMS-based strut-shell 113 

interpenetrating (TSSI) lattice metamaterials and optimized the strut lattice to broaden 114 

the design space and cover all volume fractions. Next, combined with representative 115 

volume elements (RVE) based on periodic boundary conditions and theoretical surface 116 

morphological characteristics, the effects of the volume fraction and fusion parameter 117 

on the manufacturability, mechanical properties and deformation behaviour of TSSI 118 



lattices were investigated. Finally, the mechanical properties of the TSSI lattice 119 

metamaterials were verified by experiments, and the deformation behaviour and energy 120 

absorption properties of the TSSI lattice materials were more effectively explored in 121 

combination with the simulation based on the Johnson–Cook damage model. 122 

 123 

2 Methodology 124 

This section proposes an optimization design approach for TSSI lattice 125 

metamaterials with different fusion ratios. It introduces the theoretical surface 126 

morphology characteristics and describes the finite element method developed, which 127 

is based on the RVE with periodic boundary conditions and the Johnson–Cook damage 128 

model. Finally, this section describes the fabrication process and the compression test 129 

method used. 130 

2.1 Optimization design of the strut-shell interpenetrating lattice 131 

The TSSI lattice design in this study is based on the diamond lattice, which is 132 

formulated as follows: 133 

𝜑D(𝑥, 𝑦, 𝑧) = sin(𝑘𝑥𝑥)sin(𝑘𝑦𝑦)sin(𝑘𝑧𝑧) + cos(𝑘𝑥𝑥)cos(𝑘𝑦𝑦)𝑐𝑜𝑠(𝑘𝑧𝑧) = 𝑡 (1) 134 

where 𝑡 is used to offset the isosurface and control the volume fraction (𝑉𝑓) and the 135 

periodic parameters 𝑘𝑖 (𝑖 = 𝑥, 𝑦, 𝑧) are used to control the unit size of the lattice in the 136 

three directions.  137 

According to the definition of TPMS lattices, the isosurface can divide the space 138 

into two independent regions. As shown in Fig. 1 (a), the space can be composed of 139 

region 1, region 2 and the isosurface. The unit cell of the interpenetrating lattice is 140 

composed of one shell lattice and two strut lattices. The shell lattice is obtained by 141 

bilateral offsetting of the isosurface, and the two strut lattices are obtained by 142 

unidirectional offsetting of the isosurface to region 1 and region 2, respectively.. 143 

Therefore, the TSSI lattice can be defined by the following equation:  144 

𝜑𝑆𝑆𝐹(𝑥, 𝑦, 𝑧) = 𝜑D(𝑥, 𝑦, 𝑧) ≤ −𝑡1 ∪ −𝑡2 ≤ 𝜑D(𝑥, 𝑦, 𝑧) ≤ 𝑡2 ∪ 𝑡1 ≤ 𝜑D(𝑥, 𝑦, 𝑧) (2) 145 

where 𝑡1 and 𝑡2 are the offset parameters of the strut and shell lattices, respectively. 146 

Then, based on the definition of the TSSI lattice, its 𝑉𝑓 can be calculated by the triple 147 



integral method, as follows: 148 

𝑉𝑓 =
∭((𝜑(𝑥, 𝑦, 𝑧) ≤ −𝑡1) ∪ (− 𝑡2 ≤ 𝜑(𝑥, 𝑦, 𝑧) ≤ 𝑡2) ∪ (𝑡1 ≤ 𝜑(𝑥, 𝑦, 𝑧))) ∩ (|𝑥| ≤

𝐿
2
) ∩ (|𝑦| ≤

𝑊
2

) ∩ (|𝑧| ≤
𝑅𝐻
2

)𝑑𝑥𝑑𝑦𝑑𝑧

𝐿𝑊𝐻
(3) 149 

where L, W and H are the length, width and height of the lattice, respectively. In order 150 

to explore the effect of different fusion ratios on the mechanical properties of the TSSI 151 

lattice, a fusion proportion parameter 𝐹𝑝  (𝐹𝑝 =
𝑉𝑓−𝑠ℎ𝑒𝑙𝑙

𝑉𝑓−𝑇𝑆𝑆𝐼
 ) was proposed to define the 152 

volume proportion of the shell lattice in the TSSI lattice. At the same time, the volume 153 

fraction 𝑉𝑓−𝑠ℎ𝑒𝑙𝑙 plus 𝑉𝑓−𝑠𝑡𝑟𝑢𝑡𝑠 was limited to be less than or equal to 100% to avoid 154 

cross-interference between lattices. In addition, the TSSI lattice was specified as 0 < 155 

𝐹𝑝 < 1, the strut lattice as 𝐹𝑝 = 0 and the shell lattice as 𝐹𝑝 = 1. 156 

In addition, in order to better analyze the performance, this study used the 157 

minimum unit of the repeatable array of the TSSI lattice (that is, 1/8 of the complete 158 

unit) for research. Similarly, the design method is also applicable to other TPMS-based 159 

lattices, as shown in Fig. 1 (b–d). 160 

 161 

Fig. 1. (a). Design concept of the TSSI lattice metamaterial. Other TSSI lattice metamaterials 162 

designed using the same design concept are (b) IWP, (c) gyroid and (d) primitive. 163 

In order to solve the problems of rod diameter reduction and pinch-off [58] at a 164 

low 𝑉𝑓 in the strut-based TPMS lattices shown in Fig. 2 (a) and to broaden the design 165 

and manufacturing possibilities of the TSSI lattice, the rod diameter optimization 166 

parameter 𝛼 was introduced in this study to improve the morphological characteristics 167 

of the strut-based lattices. The optimized design equation of the diamond strut lattice 168 

can be expressed as: 169 



𝜑D
∗ (𝑥, 𝑦, 𝑧) = sin(𝑘𝑥𝑥)sin(𝑘𝑦𝑦)sin(𝑘𝑧𝑧) + cos(𝑘𝑥𝑥)cos(𝑘𝑦𝑦)𝑐𝑜𝑠(𝑘𝑧𝑧) − 𝛼 (𝑐𝑜𝑠(4𝑘𝑥𝑥) + 𝑐𝑜𝑠(4𝑘𝑦𝑦) + 𝑐𝑜𝑠(4𝑘𝑧𝑧)) = 𝑡 (4) 170 

where, as 𝛼 increases to 0.05, the rod diameter is connected and the transition is smooth. 171 

Therefore, the offset parameter 𝑡 for the shell lattice and the optimized strut lattice 172 

with a predefined 𝑉𝑓 can be generated by using the linear fitted equations shown in 173 

Fig. 2 (b). 174 

 175 
Fig. 2. (a) Morphological optimization process of strut lattice. (b) Relationship between 176 

parameters t and 𝑉𝑓 of strut and shell lattices. 177 

2.2 Theoretical surface morphology characteristics 178 

The surface morphology characteristics of the TSSI lattice were studied using the 179 

inclination angle (𝜃 ) and Gaussian curvature (K). The inclination angle, which is 180 

defined as the angle between the normal line and Z-axis, was calculated as follows [39]: 181 

𝜃 = sin−1
𝜑𝑧

√(𝜑𝑥
2+𝜑𝑦

2 + 𝜑𝑧
2)

 (5)
 182 

where 𝜑𝑖 is the first derivative and 𝑖 = 𝑥, 𝑦, 𝑧. The Gaussian curvature represents the 183 

local curvature of a lattice, which is expressed as follows [59]: 184 

𝐾 =

|

𝜑𝑥𝑥 𝜑𝑥𝑦

𝜑𝑦𝑥 𝜑𝑦𝑦

𝜑𝑥𝑧 𝜑𝑥

𝜑𝑦𝑧 𝜑𝑦

𝜑𝑧𝑥 𝜑𝑧𝑦

𝜑𝑥 𝜑𝑦

𝜑𝑧𝑧 𝜑𝑧

𝜑𝑧 0

|

(𝜑𝑥
2+𝜑𝑦

2 + 𝜑𝑧
2)

2
(6)

 185 

where 𝜑𝑖𝑗 is the second derivative and 𝑗 = 𝑥, 𝑦, 𝑧. 186 

2.3 Homogenization procedure 187 

In order to investigate the elastic properties and deformation behaviour of the TSSI 188 

lattices shown in Fig. 3 under different 𝑉𝑓 and 𝐹𝑝 conditions and to reduce the time 189 



and cost of experimental research, RVE based on periodic boundary conditions were 190 

applied in this research for evaluation. And RVE is a method commonly used to 191 

simulate the macro–micro response of multiscale structures. 192 

 193 

Fig. 3. TSSI lattice units with different 𝑉𝑓 and 𝐹𝑝 values for RVE. 194 

Considering the influence of the surrounding unit cells, the RVE models adopted 195 

the periodic boundary conditions and were meshed with symmetrical C3D10M 196 

elements. The periodic boundary conditions on RVE can be expressed as follows [60]: 197 

𝑢𝑖(𝐿𝑗) = 𝑢𝑖(0) + 𝐻𝑖𝑗 (7) 198 

𝐹𝑖(𝐿𝑗) = −𝐹𝑖(0) (8) 199 

where 𝑢𝑖 , 𝐹𝑖 , 𝐻𝑖𝑗  and 𝐿𝑗  (𝑖, 𝑗 = 1,2,3 ) are the displacement, force, displacement 200 

gradient and periodic length, respectively. According to the generalized Hooke’s law, 201 

the relationship between stress and strain of the TSSI lattice can be expressed as follows 202 

[27]: 203 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝜀𝑘𝑙 (9) 204 

where, 𝜎𝑖𝑗 , 𝐶𝑖𝑗  and 𝜀𝑘𝑙  are the macroscopic stress, elasticity tensors and strain, 205 

respectively. Because of the cubic symmetry of the TSSI lattice, there are only three 206 

independent parameters in the effective elastic matrix, and the constitutive relationship 207 

can be expressed as follows [39]: 208 
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(10) 209 

Note that the effective elastic matrix of lattices with cubic symmetry has 210 

𝐶11 =𝐶22 =𝐶33 , 𝐶12 =𝐶13 =𝐶23  and 𝐶44 =𝐶55 =𝐶66 . Based on these elastic matrices, the 211 

elastic modulus (𝐸), shear modulus (𝐺), Poisson’s ratio (μ) and Zener anisotropy index 212 

(A) of the cubic symmetry lattices can be calculated using the following formulae [27]: 213 

𝐸 =
𝐶11

2 + 𝐶11𝐶12 − 2𝐶12
2

𝐶11 + 𝐶12

(11) 214 

𝐺 = 𝐶44 (12) 215 

𝜇 =
𝐶12

𝐶11 + 𝐶12

(13) 216 

𝐴 =
2𝐶44

𝐶11 − 𝐶12

(14) 217 

2.4 Finite element analysis 218 

In order to simulate the mechanical properties and deformation behaviour of TSSI 219 

lattices under different 𝐹𝑝  values, finite element analysis was carried out using 220 

ABAQUS/Standard 2021 software with a dynamic explicit procedure. As shown in Fig. 221 

4 (a), the structural models were constrained between two parallel rigid plates meshed 222 

with four-node linear quadrilateral elements (R3D4) to simulate the boundary 223 

conditions in the compression process. The bottom plate remained stationary while the 224 

top plate moved downward at a constant displacement of 16 mm along the reverse 225 

direction along the z axis to compress these models by 80%. In order to adjust the 226 

loading rate to ensure the calculation accuracy, the overall loading time was set to 1 s, 227 

that is, the loading speed was 14 mm/s. As shown in Fig. 4 (b), the relationship between 228 

ALLIE and ALRKE at this loading speed met the requirement for experimental quasi-229 

static analysis. A friction coefficient of 0.1 was set between the rigid plates and the 230 

models. In addition, structural models were meshed with tetrahedral elements 231 

(C3D10M). Then, the automatic deletion of the damaged elements was considered at 232 

the same time. 233 



 234 

Fig. 4. (a) Boundary conditions for finite element analysis. (b) Energy distribution curves at 235 

14 mm/s loading speed. 236 

The bulk material of these lattices was Ti6Al4V with a density of 4.43 g/cm3 and 237 

Poisson’s ratio of 0.3. The elastic-plastic parameters of the material were obtained by 238 

testing the tensile samples (ASTM E8) manufactured by laser powder bed fusion (L-239 

PBF). According to the tensile stress–strain curves shown in Fig. 5 (a), an elastic 240 

modulus of 99700 MPa and the true plastic stress and strain parameters shown in Table 241 

1 were obtained. 242 

 243 

Fig. 5. (a) Engineering stress–strain curve of the tensile samples. (b) Convergence of stress–244 

strain curves corresponding to the four mesh numbers 245 

 246 

Table 1. True plastic stress and strain of Ti6Al4V. 247 

Yield stress (MPa) 990 1040 1064 1076 1086 1091 1094 1095 

Plastic strain 0 0.002 0.004 0.006 0.009 0.012 0.016 0.02 

To simulate the damage of lattices during compression, the Johnson–Cook damage 248 

model was applied to the material properties. The fracture strain 𝜀𝑓 is given by the 249 



following formula: 250 

𝜀𝑓 = (𝐷1 + 𝐷2𝑒𝑥𝑝(𝐷3𝜎
∗)) (1 + 𝐷4𝑙𝑛(𝜀𝑒̇𝑞

∗ )) (1 − 𝐷5𝑇
∗) (15) 251 

where 𝐷1 , 𝐷2 , 𝐷3 , 𝐷4  and 𝐷5  are the material damage parameters obtained by the 252 

experiment. 𝐷4 and 𝐷5 are neglected due to the quasi-static compression process at 253 

room temperature. 𝜎∗ , 𝜀𝑒̇𝑞
∗   and 𝑇∗ are the stress triaxiality, plastic strain rate of 254 

dimensionless equivalent and dimensionless temperature, respectively. More detailed 255 

setting parameters [61] used in the simulation are listed in Table 2. 256 

Table 2. The property parameters set in the Johnson–Cook models for L-PBF Ti6Al4V. 257 

D1 D2 D3 D4 D5 

0.005 0.43 -0.48 0 0 

To determine the effect of mesh size on the simulation results, mesh sensitivity 258 

tests were used to evaluate convergence. As shown in Fig. 5 (b), a TSSI lattice was 259 

simulated in the range of 1000 ~ 8000 mesh elements per unit cell. All simulations were 260 

carried out on an Intel(R) Core(TM) i7-12700K CPU with 12 cores and 64 GB RAM, 261 

and the calculation time of these simulation models with different mesh number ranges 262 

from 45 to 240 minutes. Smaller meshes increased the calculation time, while larger 263 

meshes led to inaccurate results. Therefore, 5000 was considered the optimal mesh 264 

number for the convergence of the calculation process, and the calculation time was 265 

about 160 minutes. This was very consistent with the research results of Zhao et al. [62], 266 

Afshar et al. [63] and Kadkhodapour et al. [64], all of whom suggested that mesh sizes 267 

of around 5000 elements per unit cell are sufficient.  268 

2.5 Fabrication and experiment 269 

To validate the homogenization simulation results and compare the effect of 𝐹𝑝 270 

on the mechanical properties, deformation behaviour and energy absorption properties, 271 

five kinds of TSSI lattices with a 𝑉𝑓 of 40% were designed as shown in Fig. 6 (a). The 272 

size of each lattice unit cell was 5 × 5 × 5 mm, and four cells were arranged in each 273 

direction, so the overall size was 20 × 20 × 20 mm. 274 



 275 

Fig. 6. TSSI lattice metamaterials: (a) designed and (b) as-built samples. 276 

As shown in Fig. 6 (b), four duplicate Ti6Al4V samples of each TSSI lattice were 277 

manufactured by an L-PBF machine (EP-M300); the relevant process parameters and 278 

material parameters are shown in Tables 3 and 4, respectively. All the samples were 279 

finally removed from the base plate by wire electrical discharge machining, cleaned 280 

using an ultrasonic bath and sandblasted to remove the remaining powders on the 281 

surface of the samples. None of the samples were subjected to any other post-processing 282 

or heat treatment. 283 

Table 3. Main parameters of the L-PBF-manufactured process 284 

Parameter Value 

Laser power 235 W 

Laser scanning speed 1100 mm/s 

Laser scanning interval 110 m 

Laser spot diameter 80 m 

Powder deposition thickness 

Angle of adjacent layers 

30 m 

57° 

 285 

Table 4. Chemical constituents of the Ti6Al4V powder 286 



Ti6Al4V Ti Al V O Fe 

Wt.% Allowance 6.11 4.06 0.098 0.037 

Uniaxial compression tests were performed on a universal testing machine (WAW-287 

600, SUNS, Shanghai, China) equipped with a 300-KN load cell. Three duplications of 288 

each TSSI lattice were subjected to the test with a compression speed of 2 mm/min and 289 

a compression displacement of 10 mm, and a camera was used to record the 290 

deformation procedure for these samples. 291 

After the compression tests, the force-displacement data were obtained and 292 

calculated. The strain (ε) equalled the length of the compression divided by the height 293 

of the sample. The stress (σ) equalled the force divided by the area of the upper surface 294 

of the sample. The elastic modulus (𝐸) was considered the slope of linear fits of the 295 

stress–strain curve at the elastic stage. Yield strength (𝜎𝑦) was based on the stress value 296 

that produced 0.2% residual deformation. First peak stress (𝜎𝑓) was measured as the 297 

first peak on the stress–strain curve. Percentage of stress drop was defined as the ratio 298 

of the reduced stress to peak stress after failure. Plateau stress (𝜎𝑝 ) referred to the 299 

average stress of strain between 0.2 and 0.4. The energy absorption (𝑊), specific energy 300 

absorption (SEA) and energy absorption efficiency (𝑊𝑒) were calculated by the stress–301 

strain curve, as follows: 302 

𝑊 = ∫ 𝜎(𝜀)𝑑𝜀
𝜀

0

(16) 303 

𝑆𝐸𝐴 =
𝑊

𝜌
(17) 304 

𝑊𝑒 = 
∫ 𝜎(𝜀)𝑑𝜀

𝜀

0

𝜎(𝜀)
(18) 305 

3 Results and discussion 306 

The morphology characteristics, deformation mechanisms and mechanical 307 

properties of TSSI lattices with different 𝑉𝑓 and 𝐹𝑝 values were investigated. Then, 308 

the results of the simulation and experiment were compared to validate the effectiveness 309 

of the simulation method and reveal the enhancement mechanism of TSSI lattices on 310 

energy absorption. 311 



3.1 Morphology characteristics 312 

The differences between TSSI lattices and conventional TPMS lattices were 313 

compared by analyzing the specific surface area and detecting the defect characteristics. 314 

As shown in Fig. 7 (a), the TSSI lattices had a larger specific surface area than the 315 

conventional strut and shell lattices. This is precisely because the fusion of two strut 316 

lattices and one shell lattice made the TSSI lattices have a better surface area. It is worth 317 

noting that the specific surface area of the TSSI lattices increased slightly with the 318 

decrease in the 𝐹𝑝. In the lattices studied, the specific surface area was the largest when 319 

𝐹𝑝 = 1/3, which can be improved by 78%~110% and 34%~42% relative to the strut 320 

and shell lattices, respectively, as shown in Fig. 7 (b). In addition, the TSSI lattices can 321 

not only retain the character of the shell lattices, allowing for heat exchange between 322 

the two fluids without mixing [65,66], but also greatly improve the specific surface area 323 

on this basis. Moreover, the porosity can be changed by controlling the volume of the 324 

strut in each independent area to achieve a change in liquid flow in either phase, making 325 

the heat transfer performance adjustable. Therefore, it is precisely because of these 326 

advantages that the proposed novel design method has great potential in the field of 327 

heat exchange. 328 

 329 
Fig. 7. (a) Specific surface area of TSSI lattices with different 𝑉𝑓 and 𝐹𝑝 values. (b) 330 

Comparison of specific surface areas between lattices. 331 

Fig. 8 shows the morphological characteristics of the lattices observed by an 332 

optical microscope (OM) and compared with the inclination angle calculated 333 

theoretically. Due to the lack of support in the horizontal region, the melted titanium 334 



alloy liquid eventually formed overhanging structures under gravity-induced motion, 335 

which increased the quality of the sample [67]. Although the surface was rough, all 336 

units were intact and continuous and had a stable rod diameter and thickness, indicating 337 

that these lattices had effective self-supporting capabilities. For the strut lattice, the 338 

overhanging structures mainly appeared in the transition position below the nodes. For 339 

the shell lattice, the overhanging structures mainly appeared in the lower part of the 340 

transverse shell. For the TSSI lattices, the position of the overhanging structures was 341 

the same as that of the strut and shell lattices, and the overhanging phenomenon was 342 

more obvious due to its high specific surface area. It is worth noting that all the 343 

overhanging structures were concentrated in the areas with small inclination angles 344 

(marked with red circles) and opposite the building direction (BD), which indicated that 345 

the distribution of inclination angles can better predict the location of the overhanging 346 

of the lattices. 347 

 348 

Fig. 8. Comparison of OM images and inclination angles of the samples: (a) strut lattice, (b) 349 

TSSI lattice and (c) shell lattice. 350 



3.2 Lattice unit cell analysis 351 

This section presents the deformation mechanism of the TSSI lattices under 352 

uniaxial compression and shear load conditions revealed by the RVE based on periodic 353 

boundary conditions. The effects of 𝑉𝑓 and 𝐹𝑝 on elastic mechanical properties were 354 

further studied. 355 

3.2.1 Deformation behaviour 356 

To reveal the deformation behaviour of the lattices, the relationship between the 357 

relative mechanical properties and volume fractions was fitted using the Gibson–Ashby 358 

model, which is expressed as follows [68]: 359 

𝐸∗ =
𝐸𝐿

𝐸𝑆
= 𝐶𝐸(𝜌∗)𝑚𝐸 (19) 360 

𝐺∗ =
𝐺𝐿

𝐸𝑆
= 𝐶𝐺(𝜌∗)𝑚𝐺 (20) 361 

where 𝐸𝐿  and 𝐸𝑆  are the elastic modulus of the lattices and solid material, 362 

respectively. 𝐺𝐿 is the shear modulus of the lattices. The coefficients (𝐶𝐸 and 𝐶𝐺) and 363 

exponents (𝑚𝐸 and 𝑚𝐺) of the Gibson–Ashby model were obtained by fitting the RVE 364 

simulation data, and the results were presented in Fig. 9. 365 

For the relative elastic modulus and shear modulus in Fig. 9 (a) and (b), the curves 366 

of the TSSI lattices became higher with the increase in 𝐹𝑝 (0 < 𝐹𝑝 < 1). In addition, 367 

the curves of the shell lattices with 𝐹𝑝 = 1 were significantly higher than those of all 368 

other lattices. 369 

 370 



Fig. 9. (a) Relative elastic modulus and (b) relative shear modulus versus 𝑉𝑓 for lattice 371 

samples with different 𝐹𝑝 values. 372 

All the Gibson–Ashby coefficients and exponents of these lattices are shown in 373 

Table 5. Almost all deterministic coefficients R2 were larger than 0.999. As given by 374 

Gibson-Ashby [68], all coefficients 𝐶𝐸  and 𝐶𝐺 were in the range of 0.1 to 4.0. The 375 

predicted exponents 𝑚𝐸  and 𝑚𝐺 were determined by whether the lattice was bending 376 

(𝑚 is ∼2) or stretch (𝑚 is ∼1) dominated. 377 

Table 5. Constants of the Gibson–Ashby model of the TSSI lattices 378 

Type 
 𝐸∗  𝐺∗ 

 𝐶𝐸 𝑚𝐸 R2  𝐶𝐺 𝑚𝐺  R2 

Fp = 0  0.274 1.968 0.999  0.211 1.829 0.999 

Fp = 1/3  0.215 1.271 0.999  0.137 1.628 0.998 

Fp = 1/2  0.245 1.174 0.999  0.126 1.523 0.999 

Fp = 2/3  0.294 1.137 0.999  0.136 1.468 0.998 

Fp = 1  0.483 1.204 0.998  0.242 1.555 0.998 

The coefficients 𝑚 , 𝑚𝐸  and 𝑚𝐺  were negatively correlated with 𝐹𝑝 . This 379 

indicates that the dominant type of deformation of the TSSI lattices could be 380 

transformed by 𝐹𝑝.  381 

Under uniaxial compression loading, 𝑚𝐸 decreased from 1.968 to 1.137 as 𝐹𝑝 382 

increased. This also means that as 𝐹𝑝 increased, the deformation behaviour of TSSI 383 

lattices gradually transitioned from bending-dominated to stretch-dominated. It is worth 384 

noting that the predicted 𝑚𝐸 of the shell lattice (𝑚𝐸 = 1.137) and strut lattice (𝑚𝐸 =385 

1.968) by RVE in this study was consistent with other reported values of the diamond 386 

shell lattice made by Ti6Al4V (𝑚𝐸 = 1.064 𝑎𝑛𝑑 1.21) [69,70] and the diamond strut 387 

lattice made by AlSi10Mg (𝑚𝐸 = 2) [71] or thermoplastic polyurethane (𝑚𝐸 = 1.947) 388 

[39], respectively. This also proves the accuracy of the elastic properties predicted by 389 

RVE. 390 

Under shear load, 𝑚𝐺 also decreased from 1.829 to 1.468 with the increase in 𝐹𝑝. 391 

This also shows that as 𝐹𝑝  increased, the deformation behaviour of TSSI lattices 392 

gradually changed from bending to stretching. 393 

To further analyze the deformation behaviour of TSSI lattices under uniaxial 394 

compression and shear loads, the Gaussian curvature distribution and von Mises stress 395 



distributions of lattice unit cells with different 𝐹𝑝  values are shown in Fig. 10. All 396 

lattices had obvious local high curvature regions, and all the stress concentration 397 

regions under uniaxial compression load corresponded to each maximum local 398 

curvature (marked with black dotted circles), while stress concentration regions under 399 

shear loads basically corresponded to the minimum local curvature. This indicates that 400 

the distribution of Gaussian curvature can well predict the stress concentration and 401 

failure position of the lattices. 402 

 403 

Fig. 10. The Gaussian curvature distribution and von Mises stress distributions of lattice unit 404 

cells with different 𝐹𝑝 values. 405 

Under the condition of a uniaxial compression load, the strut lattice was subjected 406 

to the bending-dominated deformation shown in Fig. 11, and the bending forces were 407 

along the positive and negative directions of compression, respectively. Therefore, the 408 

stress of the rod structure was mainly concentrated above or below the nodes of these 409 



rods. In contrast, the stress of the shell lattice was mainly concentrated in the vertical 410 

shell part parallel to the loading direction, and there was almost no stress transfer to the 411 

horizontal shell part, which exactly corresponded to the stretch-dominated conclusion 412 

of the previous analysis. Moreover, there was no doubt that the stress distribution in the 413 

TSSI lattices formed by the interpenetration of the two lattices corresponded to that of 414 

strut and shell lattices. Therefore, the TSSI lattice exhibited both the bending 415 

deformation of the strut lattice and the stretching deformation of the shell lattice as 416 

shown in Fig. 11 while resisting deformation. 417 

Under the condition of shear load, all lattices exhibited opposite deformation 418 

modes. For the shell lattice, due to the bending deformation in the opposite direction at 419 

both ends of the surface areas with small local curvature (see Fig. 10), these areas 420 

stretched or compressed and produced higher stress concentrations (see Fig. 11). 421 

Compared with the shell lattice, the deformation of the strut lattice was more 422 

complicated. As shown in Fig. 11, all the rods were subject to bending forces in the 423 

opposite direction along the Z axis. In addition, the two rods along the direction of the 424 

shear force were also subjected to the stretching force along the rod direction, while the 425 

two rods along the opposite direction of the shear force were subjected to the 426 

compressive force along the rod direction. Therefore, the high stress was mainly 427 

concentrated in the transition of the intersection angle between each group of rods. 428 

Similarly, the deformation behaviour of the TSSI lattice also combined all the 429 

characteristics of these two lattices. 430 



 431 

Fig. 11. The deformation mechanisms of the TSSI lattices with different 𝐹𝑝 values under 432 

uniaxial compression load and shear load. 433 

In general, both structural configuration and loading conditions could change the 434 

deformation behaviour of lattices. In this study, the deformation behaviour of lattices 435 

under different load conditions could be controlled by adjusting the dominant degree of 436 

the strut lattice or the shell lattice by fusion parameter 𝐹𝑝 so as to meet the needs of 437 

various actual working conditions. 438 

3.2.2 Elastic mechanical properties 439 

The mechanical properties of these lattices were simulated by RVE models using 440 

the homogenization method, and the elastic modulus, shear modulus, Anisotropic index 441 

and Poisson’s ratio were calculated according to Eqs. (11−14) and plotted in Fig. 12. It 442 

can be observed that 𝐹𝑝 and 𝑉𝑓 had significant effects on the mechanical properties. 443 

As seen in Fig. 12 (a), the elastic modulus increased with the increase in 𝑉𝑓 .  444 

Moreover, due to the gradual transition of the TSSI lattice from the bending-dominated 445 



strut lattice to the stretching-dominated shell lattice, the elastic modulus also increased 446 

with the increase in 𝐹𝑝. 447 

For the shear modulus in Fig. 12 (b), the curves under different 𝑉𝑓  values all 448 

showed a nonlinear relationship of first decreasing and then increasing. When 0 <449 

𝐹𝑝 < 1 , the deformation of the TSSI lattice changed from strut dominated to shell 450 

dominated with the increase in 𝐹𝑝. Moreover, the rod of the TSSI lattice (𝐹𝑝 = 1/3) 451 

deformed by the strut-dominated was smaller than that of the strut lattice (𝐹𝑝 = 0), so 452 

the shear modulus decreased. Then, as the proportion of the shell increased, the shear 453 

modulus increased with the transition to stretching-dominated deformation. 454 

The Poisson’s ratio of the TSSI lattices with different 𝑉𝑓 and 𝐹𝑝 values is shown 455 

in Fig 12 (c). It can be clearly observed that the 𝑉𝑓 and 𝐹𝑝 were negatively correlated 456 

with the Poisson ratio of the lattices. The reason why the lattice with small 𝑉𝑓 values 457 

had a larger Poisson’s ratio is that it had more slender plates and facets, which can 458 

produce higher transverse displacement when bending occurs [55]. Therefore, the 459 

Poisson’s ratio of the strut lattice (𝐹𝑝 = 0 ) dominated by bending deformation with 460 

different volume fractions decreased the most. In addition, unlike the influence 461 

mechanism of 𝑉𝑓 on Poisson’s ratio, 𝐹𝑝 mainly changed Poisson’s ratio through the 462 

transformation of structural deformation (from bending dominated to stretching 463 

dominated). Compared with the stretching-dominated lattices, the transverse 464 

displacement of the bending-dominated lattices under uniaxial load was not only caused 465 

by the effect of the material’s Poisson’s ratio but also by the rotation and bending of the 466 

struts. 467 

Fig. 12 (d) shows the effect of 𝑉𝑓  and 𝐹𝑝  on the anisotropy of the lattice. 468 

Contrary to the strut lattice, the anisotropy index of TSSI lattices ( 0 < 𝐹𝑝 ≤ 1 ) 469 

increased with the increase in 𝑉𝑓. This is because the lattices were closer to isotropy 470 

(𝐴 = 1 ) as the 𝑉𝑓  increased, so the anisotropy index of the lattice decreased and 471 

increased, respectively. In addition, it is worth noting that 𝐹𝑝 could effectively regulate 472 

the anisotropy of the lattice in a wider range than 𝑉𝑓  and could realize the elastic 473 

isotropy of the lattice. 474 



 475 
Fig. 12. (a) The elastic modulus, (b) shear modulus, (c) Poisson’s ratio and (d) anisotropy 476 

index of the TSSI lattices with different 𝑉𝑓 and 𝐹𝑝 values. 477 

To better analyze the influence of 𝑉𝑓  and 𝐹𝑝  on structural anisotropy, the 478 

effective three-dimensional (3D) elastic modulus surfaces of TSSI lattices obtained by 479 

the effective elastic matrix calculated by the RVE simulation analysis are shown in Fig. 480 

13 (a). The elastic modulus surfaces of the strut lattice and shell lattice were 481 

complementary to each other, and the maximum elastic modulus was concentrated at 482 

eight vertexes and six face centres of the lattice, respectively. Due to the effective 483 

influence of the structural configuration on the elastic modulus distribution, the 484 

maximum elastic modulus of the TSSI lattices gradually changed from the diagonal 485 

direction to the axial direction with the increase in 𝐹𝑝. Moreover, the elastic modulus 486 

curves of the two-dimensional (2D) plane shown in Fig. 13 (b) clearly demonstrated 487 

the transition process of the maximum elastic modulus position. At the same time, the 488 

elastic modulus curves of the strut lattices and other TSSI lattices tended to be circular 489 

with the increase and decrease in 𝑉𝑓, respectively, which is also consistent with Fig. 13 490 

(d). 491 



 492 

Fig. 13. (a) 3D elastic modulus surfaces and (b) 2D elastic modulus surfaces of the TSSI 493 

lattices. 494 

 495 

3.3 Experimental validation 496 

In this section, the effect of 𝐹𝑝 on the mechanical properties of TSSI lattices with 497 

the same 𝑉𝑓  was verified by comparing the results of experiments, full-scale 498 

simulations and RVE. In addition, the mechanism of enhanced energy absorption 499 

performance was revealed by analyzing the deformation characteristics of the TSSI 500 



lattices. 501 

3.3.1 Mechanical properties 502 

To validate the effect of 𝐹𝑝 on the mechanical properties, TSSI lattices with a 𝑉𝑓 503 

of 40% were analyzed by uniaxial compression tests and full-scale simulations. The 504 

mechanical compression test was repeated three times for each lattice to secure good 505 

consistency, and the stress–strain curves of all the tests are shown in Fig. 14 (a). In Fig. 506 

12 (b)–(f), the simulation curves were compared with the corresponding experimental 507 

curves, and the results showed that the simulation can effectively predict the failure 508 

behaviour of the lattices. The lattice curves increased gradually with the increase in 𝐹𝑝, 509 

which was due to the structural transformation to stretching-dominated deformation. 510 

Moreover, it is interesting to observe that the overall curves of the TSSI lattices 511 

(0 < 𝐹𝑝 < 1) were gentler than those of the strut and shell lattices. However, with the 512 

increase in the proportion of the shell lattice, the deformation behaviour of the TSSI 513 

lattice gradually changed to be dominated by the shell lattice, so a certain stress drop 514 

stage began to appear. It is also worth noting that the TSSI lattices (0 < 𝐹𝑝 < 1) with 515 

smaller 𝐹𝑝 values entered the densification stage first, so the curve rose higher in the 516 

later period. This excellent performance is of great significance for the improvement of 517 

structural energy absorption. 518 

 519 



Fig. 14. Uniaxial compression stress–strain curves of TSSI lattices with (a) different 𝐹𝑝 520 

values, (b) 𝐹𝑝 = 0, (c) 𝐹𝑝 = 1/3, (d) 𝐹𝑝 = 1/2, (e) 𝐹𝑝 = 2/3 and (f) 𝐹𝑝 = 1. EXP and FEA 521 

represent experiment and finite element analysis, respectively. 522 

The results of the mechanical properties were compared, as shown in Fig. 15. For 523 

these lattices, there was a highly consistent changing trend in their mechanical 524 

properties. Therefore, increasing the value of 𝐹𝑝 can enhance the 𝐸, 𝜎𝑦, 𝜎𝑓 and 𝜎𝑝 525 

values. 526 

For the 𝐸 in Fig. 15 (a), there was an increasing trend among experiment (EXP), 527 

finite element analysis (FEA) and RVE values. The errors of experimental values 528 

compared with FEA values and FEA values compared with RVE values were 13%~79% 529 

and 32%~36%, respectively. There were two main reasons for the error of this step 530 

trend. Firstly, the non-parallelism between the upper and lower surfaces of the samples 531 

after wire cutting caused the loading area in contact with the compression plates to be 532 

smaller than the theoretical value before the peak stress was reached [61], resulting in 533 

a smaller real stress calculated according to the theoretical area, so the EXP value was 534 

less than the FEA value. Another reason is that different unit numbers may affect the 535 

elastic modulus, and the size of the macroscale lattice assumed by the RVE based on 536 

the homogenization method is sufficient larger than that of the lattice unit [26,39], 537 

which is also much larger than the unit number of the experiment and full-scale 538 

simulations. Therefore, the RVE values were larger than FEA and EXP values. 539 

Fig. 15 (b)–(d) shows the high predictability of the simulation results of 𝜎𝑦, 𝜎𝑓 540 

and 𝜎𝑝, where the errors compared with the experiment are only 1% ~ 17%, -7% ~ 3% 541 

and -22% ~ -1%. The high consistency of the above strength results is usually used as 542 

a standard for simulation accuracy in the field of mechanical simulation of lattices. In 543 

addition, it is worth noting that the TSSI lattices can effectively reduce the stress drop, 544 

and the percentage of stress drop can be limited from 50.6% of the strut lattice and 67.9% 545 

of the shell lattice to 12.7%~32.5%. The improvement mechanism is explained in the 546 

analysis of the failure behaviour. 547 



 548 

Fig. 15. Mechanical properties of TSSI lattices. (a) Elastic modulus, (b) yield strength, (c) 549 

first peak stress and percentage of stress drop and (d) plateau stress of TSSI lattices with different 550 

𝐹𝑝 values. 551 

3.3.2 Deformation behaviour 552 

To further explore the differences in the failure behaviours of the lattices, Fig. 16 553 

presents the experimental and simulated mechanical responses of the strut, shell and 554 

TSSI lattices, respectively. The results show that the simulation model replicated the 555 

failure mode of the samples and clearly showed the plastic strain and von Mises stress 556 

distribution characteristics of the lattices, which is of great significance for 557 

understanding the mechanism of deformation and collapse. 558 

The lattices all presented obvious failure at ε = 0.1. A large area failure occurred 559 

at ε = 0.35 and began to enter the dense stage, and the lattices were completely in the 560 

dense stage at ε = 0.5 . Moreover, the equivalent plastic strain (PEEQ) of the strut 561 

lattice and the shell lattice was concentrated at the joint between the rods and the 45-562 

degree diagonal, respectively. The distribution of PEEQ in the TSSI lattice had all the 563 



above characteristics, but because of the occlusion of the model, it can only be noted 564 

that PEEQ was mainly concentrated on the 45-degree diagonal. 565 

As shown in Fig. 16 (a), the strut lattice first collapsed in the middle during 566 

deformation (ε = 0.1, marked with red boxes). Then, with the increase in strain, the 567 

lower structure provided support for the collapsed structure above (ε = 0.35, marked 568 

with red boxes). This is because the strut lattice was composed of two spatially 569 

interpenetrated struts, which could support each other and resist deformation together. 570 

Therefore, the stress drop percentage of the strut lattice was smaller than that of shell 571 

lattice. 572 

For the shell lattice in Fig 16 (b), the main deformation was shear failure along the 573 

diagonal direction (marked with red arrows). With the increase in strain, the extent of 574 

shear failure increased, and the obvious transverse slip phenomenon occurred at the 575 

same time. 576 

For the TSSI lattice shown in Fig. 16 (c), the failure behaviour combined the 577 

characteristics of the strut and shell lattices. With the increase in strain, the lattice first 578 

underwent 45-degree diagonal shear failure (marked with red arrows). Then, with the 579 

aggravation of shear failure (marked with red arrows), the internal rods and shell 580 

supported each other (marked with red boxes), so that the lattice showed a lower stress 581 

drop. Due to the mutual envelope between the internal interpenetrating lattices after the 582 

failure, the morphology could still be preserved relatively intact and stable, which 583 

enhanced the densification effect. Therefore, the stress–strain curve exhibited the 584 

characteristics of high stress and high energy absorption in the later stage. 585 



 586 



Fig. 16 Experimental and simulation deformation and failure mechanisms for the (a) strut 587 

lattice, (b) shell lattice and (c) TSSI lattice with 𝐹𝑝 = 1/2. 588 

3.3.3 Energy absorption characteristics 589 

Lattices with different design methods have the possibility to achieve enhanced 590 

energy absorption with the same volume. As shown in Fig. 17 (a), the energy absorption 591 

of the lattice can be divided into three stages. When the strain was 0.3, 𝑊 of lattices 592 

showed an increasing trend with the increase in 𝐹𝑝 , clearly indicating that it is 593 

determined by the mechanical properties of the lattice in the early stage. Then, the 𝑊 594 

between TSSI lattices was basically the same at a strain of 0.5, which was even close 595 

to that of the shell lattice. This is because the lattice with the smaller 𝐹𝑝 entered the 596 

densification stage earlier due to the better mutual support of the internal 597 

interpenetrating lattices, so that its 𝑊 in the later stage made up for the previous deficit. 598 

Moreover, the 𝑊  between the TSSI lattices (𝐹𝑝 =1/3, 1/2 and 2/3) was similar at a 599 

strain of 0.7, and their W was higher than that of the shell and strut lattices. At this time, 600 

the SEA of the TSSI lattices shown in Table 6 reached 39.22~39.51 J/g. This was due 601 

to the mutual support and envelope between the internal interpenetrating lattices inside 602 

the TSSI after failure, which maintained the stable morphology and enhanced the 603 

densification effect (see Fig. 16). Therefore, the TSSI lattices entered the densification 604 

stage first, and the curves in the later stage were higher than those of the strut and shell 605 

lattices (see Fig. 14). Note that with the increase in strain, the simulation values of 𝑊 606 

at a strain of 0.5 were less than the experimental values, which was due to the fact that 607 

the elements of the lattice based on the Johnson–Cook damage model were 608 

automatically deleted after fracture, resulting in weaker densification of the simulation 609 

results. 610 

Compared with the strut and shell lattices, the 𝑊  of the TSSI lattices with 611 

0 < 𝐹𝑝 < 1  shown in Fig. 17 (b) could be enhanced by up to 74% and 14%, 612 

respectively. This result proved that the proposed novel design method can also greatly 613 

improve the energy absorption ability of the lattice. 614 

In addition, it can be observed from Fig. 17 (c) and (d) that the general trend of 615 



the experimental and simulated energy absorption efficiency curves was similar. 616 

Furthermore, the curves of the TSSI lattices were smoother than those of the strut and 617 

shell lattices with smaller curve fluctuation, which indicated that TSSI lattices have 618 

more stable energy absorption capacity. 619 

 620 
Fig. 17. Energy absorption capacity of TSSI lattices. (a) Energy absorption under different 621 

strains. (b) Compression stress–strain curves of the simulation. (c) Energy absorption efficiency 622 

curves of the experiment. (d) Energy absorption efficiency curves of the simulation. 623 

 624 

Table 6. The SEA of TSSI lattices at a strain of 0.7. 625 

Type 𝐹𝑝 = 0 𝐹𝑝 = 1/3 𝐹𝑝 = 1/2 𝐹𝑝 = 2/3 𝐹𝑝 = 1 

SEA (J/g) 22.7 ± 0.56 39.22 ± 2.21 39.51 ± 1.07 39.51 ± 1.53 34.66 ± 0.26 

 626 

4 Conclusions 627 

This study proposed an optimization design approach for TSSI lattice 628 

metamaterials with different fusion ratios. It studied the manufacturability, mechanical 629 

properties and deformation behaviour of TSSI lattices by combining RVE based on 630 

periodic boundary conditions and theoretical surface morphology characteristics such 631 



as Gaussian curvature and inclination angle. Finally, uniaxial compression tests were 632 

carried out on the L-PBF-manufactured samples to compare and verify them with the 633 

results of the full-scale simulation based on the Johnson–Cook damage model. The 634 

main findings of this study can be summarized as follows: 635 

1. The designed TSSI lattices had superior specific surface areas compared to 636 

traditional TPMS lattices, which were 78%~110% and 34%~42% higher than 637 

those of the strut and shell lattices, respectively. Moreover, the two 638 

independent areas of the TSSI lattice allowed the two liquids to exchange heat. 639 

Being able to adjust the heat transfer efficiency can control the porosity of each 640 

phase, indicating the great potential of the design method in the field of heat 641 

transfer. 642 

2. The fusion parameter 𝐹𝑝  could significantly control the deformation 643 

behaviour of the TSSI lattices under uniaxial compression and shear loads to 644 

change from bending-dominated to stretching-dominated. By comparing the 645 

simulation results of RVE, the TSSI lattices presented the combined 646 

deformation mode of strut and shell lattices, and the stress concentration and 647 

failure position of the lattices under different loads could be precisely predicted 648 

by the surface Gaussian curvature distribution. 649 

3. Compared with 𝑉𝑓, the fusion parameter 𝐹𝑝 not only effectively adjusted the 650 

mechanical properties of the lattices in a wider range but also controlled the 651 

anisotropy index to achieve elastic isotropy. 652 

4. The influence of the fusion parameter 𝐹𝑝 on the mechanical properties of the 653 

lattices was verified by a full-scale simulation and experiments. Due to the 654 

mutual support and wrapping between the internal interpenetrating lattices 655 

after failure, the stress drop of the TSSI lattices was limited to 12.7%~32.5%, 656 

resulting in a stable energy absorption efficiency and better densification effect, 657 

which enhanced the energy absorption by up to 74%. 658 

The novel strut-shell fusion TPMS lattice metamaterials proposed in this study 659 

provide an effective reference strategy for the lightweight design of heat exchangers, 660 

impact-resistant devices and bio-bone scaffolds. In future works, we will consider the 661 



multi-performance of TSSI lattices under multi-material combinations so as to broaden 662 

the possibility of more engineering applications. 663 
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