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ABSTRACT

Triply periodic minimal surfaces (TPMSs) offer customizable geometric and mechanical prop-
erties, making them highly suitable for bone tissue engineering. This study numerically an-
alyzed five multi-surface TPMS lattice designs — PDL, PNG, PLG, SDL, and DNG - combined
from six types of TPMSs: P (Primitive), D (Diamond), L (Lidinoid), G (Gyroid), S (Split-P), and
N (Neovius), considering Ti6AI4V as the material. Geometric features, such as surface area
(SA) and surface area-to-volume ratio (SA/VR), as well as mechanical properties, including
elastic modulus (E), yield stress (Y), maximum compressive strength (CM), and energy ab-
sorption (EA), were evaluated through a quasi-static compression test. The multi-surface
lattices exhibited smoother failure patterns, higher EA, and enhanced geometric features,
including higher SA/VR compared to single lattices. PLG achieved the highest EA, while SDL
demonstrated superior CM and the highest SA and SA/VR, highlighting its superior geometric
complexity. Single lattices, such as D and S, exhibited higher E but showed brittle failure. These
results underscore the potential of combining TPMSs for optimized scaffold designs in
biomedical engineering.

1. Introduction

Bone tissue engineering addresses the limitations of conventional bone replacement
methods, such as autografts and allografts, by utilizing engineered scaffolds that
mimic the hierarchical structure of natural bone (Liu et al. 2024). These scaffolds
require precise control over porosity, mechanical properties, and biocompatibility to
ensure successful integration with native tissue (Musthafa et al. 2023; Liu et al. 2024).
Triply periodic minimal surfaces (TPMSs) have emerged as promising scaffold de-
signs due to their unique geometrical properties, such as high surface area-to-volume
ratios and interconnected porosity (Rezapourian et al. 2022; Rezapourian et al. 2023),
which facilitate nutrient transport, vascularization, and mechanical stability (Lu, Y.
et al. 2022; Lv et al. 2022; Rasheed et al. 2023). Recent advancements in computa-
tional design have enabled the development of tailored TPMS architectures, offering
enhanced control over mechanical and biological properties (Yin et al. 2021; Verma
et al. 2022; Rezapourian et al. 2024; Vigil et al. 2024).

Titanium alloys, particularly Ti6Al4V, are widely recognized as ideal materials
for bone scaffolds due to their biocompatibility, corrosion resistance, and mechanical
strength (Wang et al. 2023; Zhang et al. 2023). The elastic modulus of Ti6AI4V closely
matches that of natural bone, minimizing stress shielding and ensuring effective load
transfer during physiological activities (Su et al. 2022; Zhang et al. 2023). Additive
manufacturing techniques, such as selective laser melting (SLM), allow for the precise
fabrication of complex TPMS-based scaffolds from Ti6Al4V, ensuring high fidelity
and reproducibility (Zhu et al. 2022; Jiang et al. 2024). Furthermore, the fatigue
resistance of the material and its ability to endure cyclic loading make it highly
suitable for long-term orthopedic applications (Lei et al. 2022; Wang et al. 2023).

Finite element analysis (FEA) plays a critical role in evaluating the mechanical
reliability and failure mechanisms of TPMS-based scaffolds under quasi-static
loads (Rezapourian et al. 2021; Lei et al. 2022; Lu, Y. et al. 2022; Rezapourian and
Hussainova 2023). By simulating stress distribution, deformation patterns, and po-
tential failure mechanisms, FEA enables a comprehensive assessment of scaffold
performance (Jin et al. 2022; Lu, S. et al. 2022). This study utilizes FEA to investigate
the mechanical behavior of multi-surface TPMS architectures fabricated from
Ti6Al4V under quasi-static compression loads, offering valuable insights into their
potential applications in bone tissue engineering (Zhu et al. 2022; Yang et al. 2024).
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2. Materials and methods

The multi-surface TPMS lattice structures analyzed in this
study were designed using five unique combinations of dif-
ferent TPMS lattices, including P (Primitive), D (Diamond),
L (Lidinoid), G (Gyroid), S (Split-P), and N (Neovius), as fol-
lows: PDL (Primitive-Diamond-Lidinoid), PNG (Primitive-
Neovius-Gyroid), PLG (Primitive-Lidinoid-Gyroid), SDL
(Split-P-Diamond-Lidinoid), and DNG (Diamond-Neovius-
Gyroid). Figure 1 shows the generated multi-surface lattices.
The base geometries for these combinations were selected
to explore diverse architectural configurations. Each lattice
structure was enclosed within a cubic volume measuring
20 x 20 x 20 mm in the X, Y and Z directions, with a unit cell
size of 4 X 4 x 4 mm in each direction.

To generate the designs, remapped fields of the individual
TPMS surfaces were initially created. These fields were then
combined to form the multi-surface TPMS structures. The
thickness of the final multi-surface lattices was determined
based on a target relative density (RD) of 30%. The thickness
of each lattice was adjusted to achieve this RD, resulting in
the following thickness values: PDL: 0.123, PNG: 0.103,
PLG: 0.135, SDL: 0.147, DNG: 0.138 mm.

The designs were created using nTop software (version
5.11.2), which also facilitated the calculation of key geo-
metric features, such as surface area (S4) and surface area-
to-volume ratio (SA/VR), through built-in analysis blocks. The
field-driven design tool was employed to generate mapping
fields for individual TPMS surfaces, while Boolean oper-
ations and thicken surface modules were used to combine
TPMS surfaces and define shell thickness. Additionally, sur-
face area analysis and volume analysis functions within nTop
blocks were used to compute SA and SA/VR, ensuring accu-
racy and reproducibility in geometric feature assessment.

PDL
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PLG

SDL

DNG

= i =)

This systematic approach ensured that each lattice design
met the desired structural and geometric criteria, enabling a
robust foundation for subsequent mechanical analysis. The se-
lected lattice combinations were chosen to explore the in-
teraction of distinct TPMS architectures, leveraging their
unique geometric and mechanical properties. These combina-
tions were strategically selected based on their potential to
optimize structural and mechanical performance for diverse
applications. They provide a broad range of architectural prop-
erties, enabling meaningful insights into their mechanical
behavior under quasi-static loads. By leveraging the comple-
mentary attributes of individual TPMS surfaces, these designs
aim to achieve enhanced performance in bone tissue engi-
neering and other advanced applications.

3. Finite element analysis

Once the geometry was finalized, a linear tetrahedral mesh
with an element size of 0.5 mm was applied to the lattice
structures in nTop software. The resulting mesh files were
then exported in .inp format and imported into ABAQUS for
FEA. Each lattice structure was positioned between two rigid
plates: the bottom plate was fixed in all directions, while the
top plate was constrained in all directions except along the
loading direction (Z-axis). A displacement of 20 mm was ap-
plied to the top plate over 2 seconds, resulting in a displace-
ment speed of 1000 mm/s. This displacement speed controlled
the movement of the plate and was used to evaluate the mech-
anical response of the TPMS structures. The force evolution
over time was extracted from the simulation results to assess
the actual loading rate. The elastic-plastic material model and
the Johnson—Cook failure model were adopted for the simu-
lations, with material parameters obtained from a previous
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Fig. 1. Multi-surface TPMS lattices designed in this study: surface-based and thickened structures.
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Fig. 2. Geometric features (SA and SA/VR) analysis of single TPMS lattices and multi-surface lattice combinations.

study (Wang and Li 2018). This simulation setup enabled a
detailed analysis of the failure behavior and mechanical
response of the multi-surface TPMS lattices under quasi-static
loading conditions.

4. Results and discussion
4.1. Geometric features analysis
The analysis of S4 and SA/VR revealed significant differences
among the individual lattice structures and their combina-
tions. Among the individual lattices, L demonstrated the high-
est SA and SA/VR, making it the most effective for applica-
tions requiring maximum surface exposure and porosity, such
as tissue engineering and fluid flow. S followed closely, with
high S4 and SA/VR, indicating its suitability for similar ap-
plications where surface contact is critical. D, with moderate
SA and SA/VR, offers a balance between SA and structural
integrity, making it versatile for load-bearing applications. In
contrast, P and N showed significantly lower performance,
limiting their suitability for high-performance applications.
For multi-surface lattice combinations, SDL emerged as
one of the best-performing configurations. The combination of
S, D, and L provides a balance of high S4 and moderate SA/VR,
making it suitable for applications where both porosity and
structural robustness are required. Similarly, PLG demon-
strated moderate performance, combining the geometrical
features of P, L, and G, though its SA and SA/VR values are
lower compared to SDL, which might limit its effectiveness
in demanding applications. PDL offers a reasonable combi-

nation of S4 and porosity, making it a viable option for gen-
eral applications, though it falls behind SDL and L in terms
of performance. DNG and PNG ranked lower in both metrics,
with PNG being the least effective combination due to its
limited S4 and porosity.

In conclusion, L is the most effective individual lattice for
maximizing S4 and porosity, followed by S and D. Among
the combinations, SDL emerges as the best-performing con-
figuration, followed by PDL and PLG, while DNG and PNG
are the least favorable. These rankings highlight the import-
ance of selecting appropriate lattice structures or combina-
tions based on the specific requirements for bone applica-
tions. Figure 2 compares geometric features of single TPMS
and multi-surface lattices.

4.2. Comparative analysis of lattice structures: failure
mechanism and mechanical properties

The mechanical behavior of the multi-surface and single
TPMS lattices was analyzed under a compression test. Their
performance was evaluated based on elastic modulus (E), yield
stress (Y), maximum compression strength (CM), and energy
absorption (EA), providing insights into failure mechanisms,
plateau stress regions, and breakage patterns. Table 1 presents
the mechanical properties of multi-surface and single TPMS
lattices.

According to Fig. 3, the SDL lattice demonstrates superior
load distribution and a more gradual failure mechanism, while
the PLG lattice, though capable of higher energy absorption,
exhibits localized failure at stress-concentrated regions. These

Table 1. Mechanical properties of multi-surface and single TPMS lattices under a compression test

‘ PDL ‘ PNG | PLG | DNG ‘ SDL ‘ p | D | L ‘ N ‘ G ‘ S
E[MPa] 795422 991432 9078.16 5069.60 1072829 8887.65 13733.96 4561.84 580242 10684.93 14106.80
Y [MPa] 12619 13313 133.86 9885 12632 9265  109.05 198.10 17546 13681  141.90
CM[MPa] 16113 22455 201.89 19226 25345 18229 25776 290.12 23037  247.65 31624
EA[J] 26679 26178  291.19 21823 28671 26745  271.61 20896  263.16  271.54  269.13
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Fig. 3. Stress-strain curve of single TPMS lattices and multi-surface lattice combinations.

differences underscore the impact of lattice geometry on stress

and strain distribution, as well as the mechanical stability of

the structures under compression.

e PDLvs.P,D,andL: PDL exhibited lower £ and CM com-
pared to P and D, but demonstrated smoother failure and
greater plateau stress than L, showcasing intermediate
properties.

e PNGvs. P, N, and G: PNG outperformed P and G in CM,
with comparable £4 to N, and smoother failure than P
and N.

e PLGvs. P L,and G: PLG surpassed L and G in £ and EA4,
with a prolonged plateau region, offering the highest £4
among all configurations.

e DNG vs. D, N, and G: DNG demonstrated lower £ but
showed balanced strength and ductility. It exhibited early
failure but remained suited for lightweight designs.

e SDLvs. S, D, and L: SDL achieved comparable CM to S
and D, with superior £4 and smoother failure behavior,
making it ideal for gradual load-bearing applications.
Multi-surface lattices, such as PLG and SDL, exhibited

smoother failure patterns and extended plateau regions, dis-

sipating more energy before collapse. Single lattices, espe-
cially D and S, showed higher strength but displayed brittle

failure behavior. The pronounced plateau regions in SDL, D,

and S supported sustained loading without abrupt collapse.
In summary, multi-surface lattices such as PLG and SDL

offer balanced strength, energy absorption, and gradual fai-

lure, while single lattices such as D and S excel in strength
but show brittleness. These results highlight the potential of
combining lattice architectures for optimized performance.

The von Mises stress (S) and plastic strain (PEEQ) dis-
tributions for the SDL and PLG lattices under 25%, 50%, and
75% strain (corresponding to 5, 10, and 15 mm compression),
as shown in Fig. 4, reveal key deformation and failure mech-
anisms. At 25% strain, stress concentrates at the unit cell
connections, particularly in thinner regions, marking the onset
of deformation. Plastic strain is minimal and localized to
these areas. At 50% strain, stress spreads across the layers
and connections, with significant plastic strain indicating pro-
gressive weakening. By 75% strain, stress peaks lead to crit-
ical failures, with plastic deformation concentrated at key
junctions. The SDL lattice shows a more uniform failure pro-
gression, while the PLG lattice undergoes abrupt, localized
collapses in stress-concentrated regions. These differences
highlight the impact of geometry on stress distribution and
structural stability under compression.

The PDL lattice exhibited moderate properties in terms of
E and Y but showed the lowest CM and EA. In contrast, PNG
demonstrated higher £ and CM but lower £4. The PLG lattice
showed balanced performance, achieving the highest £4 and
exhibiting gradual failure after CM. The DNG lattice had the
lowest E, moderate CM, and limited energy absorption. SDL
outperformed the other multi-surface lattices, with high CM
and significant EA4.
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Fig. 4. Von Mises stress distribution and plastic strain for SDL and PLG multi-surface lattice samples.

5. Conclusions

This study evaluated the geometric and mechanical properties
of multi-surface TPMS lattices and single lattices under a
compression test. The findings highlight significant differ-
ences in performance, with multi-surface lattices offering a
balance between strength, energy absorption, and failure be-
havior, while single lattices excelled in load-bearing capacity
but exhibited brittle failure. The results underscore the poten-
tial of combining lattice architectures to achieve optimized
mechanical properties tailored to specific applications.

e Geometric features: Multi-surface lattices such as PLG
and SDL exhibit higher S4/VR values, enhancing energy
absorption and load distribution. Single lattices such as D
and S achieve high surface areas, contributing to their
superior strength.

e Mechanical properties: Multi-surface lattices provide a
balance of mechanical performance, with SDL and PLG
excelling in energy absorption and smooth failure be-
havior. Single lattices such as D and S demonstrate higher
elastic moduli and maximum compression strengths but
exhibit brittle failure. PLG achieved the highest energy
absorption among all lattices, making it ideal for appli-
cations requiring resilience and gradual failure. SDL com-
bined high strength and a well-defined plateau region,
making it suitable for load-bearing applications with sus-
tained energy dissipation.

e Failure behavior: Multi-surface lattices generally showed
smoother failure patterns and extended plateau regions,
enhancing energy dissipation and stability. Single lattices
exhibited sharper failures post-maximum compression
strength, indicating brittleness but higher load-bearing
capacity. These findings emphasize the potential of multi-
surface lattices for applications requiring balanced mech-
anical properties and smooth failure behavior, while single
lattices remain suitable for strength-critical tasks.
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Luurakenduste mitmepinnaliste TPMS-vdrede mehaaniline anallius

Mansoureh Rezapourian ja Irina Hussainova

Minimaalse energiaga kolmikperioodiline pind (TPMS) véimaldab tdnu oma kergesti kohandatavatele geo-
meetrilistele ja mehaanilistele omadustele kasutada seda luukoe asendusstruktuuride loomiseks. Uuringus
viidi 1abi viie kombineeritud pinnatlilibiga ja minimaalse energiaga kolmikperioodilise pinnaga véreplaani -
PDL, PNG, SDL, DNG ja PLG — mehaaniline analliiis. K&nealused vdreplaanid on kuue minimaalse energiaga
kolmikperioodilise pinna (P — Primitiivne, D — Diamond, L - Lidinoid, G - Giroid, S - Split-P ja N — Neovius)
kombinatsioonid, mis valmistati sulamist Ti6AI4V. Analllsi eesmark oli hinnata geomeetrilisi tunnuseid,
nagu pindala (SA) ja pindala-mahu suhe (SA/VR), ning mehaanilisi omadusi, kaasa arvatud elastsusmoodul
(E), voolepinge (Y), maksimaalne survetugevus (CM) ja energia neeldumine (EA), rakendades kvaasistaatilist
survekatset. Tulemused naitasid, et kombineeritud pinnatiilpi voredel oli purunemine sujuvam, elastsusmoo-
dul k6rgem ja geomeetrilised parameetrid tugevamad vorreldes tksikpinnatltpi voredega. PLG-I oli kdrgeim
EA vaartus, samal ajal kui SDL-il oli vdga hea CM vaartus ning kdrgeimad SA ja SA/VR vaartused, mis néitab
selle Gilimat geomeetrilist keerukust. Uksikpinnatiilipi véredel, nagu D ja S, oli kiill suurem E v&artus, aga need
purunesid hapralt. Need tulemused demonstreerivad minimaalse energiaga kolmikperioodiliste pindade kom-
bineerimise potentsiaali optimeeritud karkass-struktuuride konstrueerimiseks biomeditsiinitehnikas.




