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Abstract
Gyroid sheet networks are a promising core structure for multifunctional sandwich panels, offering excellent load-bearing
capabilities alongside omnidirectional permeability. The key to exploiting their full lightweight potential is to predict the
homogenized mechanical properties based on readily available solid material parameters. This study develops material-inde-
pendent predictive models for the homogenized compressive modulus, yield strength, and strength by separating the
Gyroid’s structural response from the contribution of the base material. Numerical and experimental investigations
were carried out on Ti6Al4V and Nylon 11 at relative densities between 10% and 60%. Additional solid specimens
form the basis for the material models and for normalizing the homogenized Gyroid properties. The results validate the
material-independent modeling for the homogenized compressive modulus and yield strength across the entire investigated
relative density range. The analysis of the homogenized compressive strength in combination with plastic strain distributions
at the cellular level highlights the influence of base material strain hardening and ductility. Compared to the FE benchmark,
practical imperfections reduce the experimentally measured homogenized mechanical properties by 15% to 35%. From an
application perspective, the findings of this study establish a framework for designing load-bearing Gyroid cores for com-
pressive stiffness and strength, independent of the specific base material.
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Introduction
Gyroid sheet networks represent a promising core structure
for additively manufactured lightweight structures. As part
of the Triply Periodic Minimal Surface (TPMS) structures,
their junction-free, self-supported geometry reduces local
stress concentrations and enhances their resilience to stability
failure, resulting in high material utilization and high weight-
saving potential.1,2 The open-cell architecture with its two
interwoven internal channels not only allows the removal
of resin or unsintered powder after Additive Manufacturing
(AM) but also makes TPMS a favorable geometry for appli-
cations other than load-bearing structures. It enhances the
chemical activity of catalysts,3,4 promotes the regeneration
of damaged tissue5 and optimizes heat exchangers.6

Gyroid-based multifunctional core structures
Recent studies identify Gyroid sheet networks as a preferred
core structure for multifunctional suction panels in aerospace
applications.1,7 Combining a micro-perforated surface8 with
an integrally manufactured permeable Gyroid core,9 the
panels effectively apply boundary layer suction on aircraft
wings10,11 and also transfer loads to the primary structure.
Related studies investigate the mechanical behavior of the
Gyroid structure under compression12–14 and bending15- the

two load cases that drive the design of suction panels. These
studies distinguish between the inherent structural characteris-
tics of Gyroid sheet networks and the influence of the base
material by normalizing with the solid material properties.
This enables comparability across different base materials
and lays the foundation for predicting the homogenized mater-
ial properties of TPMS structures.

Advanced design software such as nTop and Altair inspire
facilitates the generation of cellular infill structures for com-
plex parts to a great extent. Based on implicit formulations of
the lattice in combination with spatial parameter variations,
the cellular core structure can be optimized to meet a required
compliance, minimize local stresses, and maximize material
utilization. Design against failure, however, requires a
subsequent computation to account for physical and geomet-
rical nonlinearities. Especially for complex structures,

1German Aerospace Center (DLR), Institute of Lightweight Systems,
Braunschweig, Germany
2Technische Universität Braunschweig, Institute of Mechanics and
Adaptronics, Braunschweig, Germany

Corresponding author:
Henri Kammler, German Aerospace Center (DLR) Institute of Lightweight
Systems, Lilienthalplatz 7, 38108, Braunschweig, Germany.
Email: henri.kammler@dlr.de

Special issue: MDA 2026

Proc IMechE Part L:
J Materials: Design and Applications

1–14
© IMechE 2026

Article reuse guidelines:
sagepub.com/journals-permissions

DOI: 10.1177/14644207261499555
journals.sagepub.com/home/pil

https://orcid.org/0009-0007-9477-5112
https://orcid.org/0009-0004-4123-242X
https://orcid.org/0000-0002-7814-0981
mailto:henri.kammler@dlr.de
https://uk.sagepub.com/en-gb/eur/journals-permissions
https://journals.sagepub.com/home/pil
http://crossmark.crossref.org/dialog/?doi=10.1177%2F14644207261499555&domain=pdf&date_stamp=2026-10-21


homogenizing the lattice infill and representing it as an
effective material significantly reduces the computational
cost.

Previous studies on mechanics of TPMS
The effective material properties of additively manufactured
TPMS structures (denoted with ∗) are primarily influenced by
three parameters: the mechanical properties of the 3D-printed
solid base material (denoted with s), the unit cell geometry,
and the relative density RD that describes the volumetric
fraction of the TPMS structure filled with the base material.1

To facilitate the design and dimensioning of TPMS structures
for mechanical applications, comprehensive models are
required that predict the effective properties based on these
fundamental parameters. This approach circumvents the
need to simulate or manufacture and test the TPMS core
structure of interest to derive its effective properties and
enable its homogenization for the specific application.
Motivated by the use case of multifunctional suction panels,
this study focuses on the mechanical behavior of Gyroid
sheet networks under quasi-static compression. It aims to dis-
tinguish between structural and base material effects to allow
for material-invariant modeling.

The correlation between the base material properties Ps,
relative density RD, unit cell geometry, and the effective
mechanical properties of the TPMS structure P∗ is often
described empirically using a power law:2 P∗ = Ps · α · RDn.
α and n, two dimensionless factors, are to be determined for
the specific unit cell geometry. The theoretical upper limit is
the Voigt limit α = n = 1. It requires the base material to be
free of imperfections and uniformly oriented along the load dir-
ection. It also neglects stability effects.16 The study2 provides an
overview of numerical and experimental results on different
TPMS structures. However, all values reported in2 are based
on absolute coefficients C = Ps · α. This representation obliter-
ates the influences of the base material and structural mechan-
ical effects and thus limits the comparability of the results.

Among the authors who mention their base material prop-
erties, many utilize the manufacturer’s data sheet as the base-
line, without any experimental validation.17–19 This,
however, is often error-prone, as the specific additive manu-
facturing process and environment significantly affect the
material’s mechanical behavior, resulting in deviations
from the expected design values.20 Other studies manufac-
ture solid specimens and determine Ps experimentally, but
under a different load case.21–25 Only a few align with the
best practice by manufacturing solid base material specimens
utilizing identical process parameters and testing them under
the same load case as their TPMS equivalents.26,27

Recent studies point out the value of representative rela-
tive parameters P∗/Ps.

12,13 Given that Ps and P∗ are mea-
sured for the same load case, base material, and 3D
printing parameters, Ps represents the upper limit of P∗ for
RD → 1. In this case, P∗/Ps is a valid normalization and indi-
cates the material utilization of the TPMS structure if divided
by RD.12

Designing Gyroid sheet networks against failure based on
literature results is further limited by inconsistent and partly
arbitrary mechanical property definitions in the nonlinear
deformation regime. The compressive strength in the

literature is described using varied terminology (yield
strength, fracture strength, specific compressive strength,
etc.). Some studies use multiple terms, with no clarity on
how the various terms differ from one another. However,
the definitions can be broadly categorized into two sets: those
defining the strength based on the first peak or maximum
stress,26–28 and those that utilize a parallel offset method, typ-
ically at 0.2% strain29,30 or 1% strain.19 Standards for the
compressive properties of cellular plastics31 and metallic
materials32 provide inconsistent definitions for the compres-
sive yield point and strength.

Studies by Traub et al.1,12 propose the investigation of
material-invariant characteristics related to the Gyroid’s
mechanical behavior. They assume that the relative proper-
ties of Gyroid sheet networks are solely a function of the rela-
tive density P∗/Ps = f (RD), given that the solid material
properties Ps are representative for the solid phase of the cel-
lular structure. In this case, the relative compressive modulus
E∗/Es and strength σ∗max/σmax,s obey the polynomial scaling
law derived by Gibson and Ashby33 with the native points
P∗/Ps = 0 at RD = 0 and P∗/Ps = 1 at RD = 1. Kammler
et al.13 validate the material-invariant characteristic E∗/Es =
f (RD) of Gyroid sheet networks for a limited RD range by
comparing their tested PA 11 specimens with literature
results. They highlight the prerequisite of a stable, repeatable
manufacturing process to ensure valid relative properties and
a consistent criterion for compressive strength, to enable the
validation of material-invariant parameters beyond the linear
elastic regime.

This study addresses the research gap identified in the
literature and extends the material-invariant characterization
of Gyroid sheet networks to the compressive yield strength
R∗

p, 0.2 and compressive strength σ∗max. Solid and cellular
specimens (RD = 10%, 20%, 40%) made of Ti6Al4V
and Nylon 11 were tested under quasi-static compression
to validate the predictive models for the Gyroid’s stiffness
and strength across different base material classes.
Additional Finite Element Analyses (FEA), covering
10% ≤ RD ≤ 60%, build upon the measured solid properties
to provide a benchmark for assessing the experimental cellu-
lar properties and give insights into the non-uniform stresses
at the cellular level. The results validate predictable
material-independent characteristics of the relative compres-
sive yield strength R∗

p, 0.2/Rp, 0.2,s(RD) and the relative com-
pressive strength σ∗max/Rp, 0.2,s(RD) within the
application-related relative density range for the investigated
materials.

Experimental and numerical data
acquisition
To establish material-independent correlations of the
Gyroid’s homogenized mechanical properties, quasi-static
compression tests were performed experimentally and
numerically between 10% and 60% relative density. The
base materials Ti6Al4V and Nylon 11 were chosen as repre-
sentative engineering materials for mechanically loaded
additively manufactured components and to demonstrate
the comparability of homogenized Gyroid properties through
normalization across base material classes. This section
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explains the design, specimen manufacturing, and testing
along with the numerical data acquisition.

Specimen design
Cubic Gyroid specimens for compression tests were
designed by defining their cellular parameters and main
dimensions. The number of unit cells in each dimension
nuc determines the number of fully supported unit cells in
the specimen center that scales with n3uc. The number of par-
tially supported cells at specimen faces scales with n2uc. To
ensure that the experimentally obtained results approximate
the infinite lattice with a finite specimen size, the number
of unit cells in each dimension should be nuc ≥ 4.34 In this
study, nuc = 4 is used in all experimental and numerical tests.

The unit cell length luc and the thickness t of the symmet-
rically thickened minimal Gyroid surface determine the rela-
tive density RD according to:

RD ≈ a · t

luc

( )
+ b · t

luc

( )3

(1)

with a = 3.0918, b = −4.1887, R2 = 0.99999 for the
Gyroid. The equation is based on the approach proposed
by Traub et al.12 Multiple Gyroid unit cells with varying
wall thickness t were generated and their relative density
RD was evaluated in Blender. Different regression
approaches were compared, from which equation 1 was iden-
tified as a suitable analytical representation of the relative
density as a function of t and luc. Kammler et al.13 further
visualize this relation and discuss typical combinations of
parameters that are feasible for manufacturing.

The relative densities RD = 10%, 20%, and 40% were
investigated experimentally. The parameter luc was chosen
based on a trade-off between reliable manufacturability, lim-
ited by the thinnest achievable wall thickness, and manufac-
turing costs. Furthermore, the capacity of available testing
machines must be considered, as the maximum compressive
forces scale with Aref = (nuc · luc)2. In this study, luc is 16mm
for the Ti6Al4V specimens and 22.5mm for Nylon 11 speci-
mens. The resulting main dimensions (see Figure 1) are l =
w = hG = 64mm for Ti6Al4V specimens and 90mm for
Nylon 11 specimens.

Specimens are designed using the software Blender. The
implicit Gyroid equation fG approximates the minimal sur-
face for fG = 0.

fG = sinX cos Y + sin Y cos Z + sinZ cosX (2)

with X = 2π · x/lx, Y = 2π · y/ly, Z = 2π · z/lz at the
Cartesian coordinates x, y, z with lx, ly, lz being the unit
cell length.35 Equation 2 is evaluated for fG = 0, and the
Gyroid sheet network is obtained by thickening the isosur-
face by a constant t. The specimen faces are cut to the
main dimensions nuc · luc to ensure flat contact surfaces
before STL files are exported.

Cylindrical solid specimens (RD = 1) were designed and
manufactured to determine the compressive properties of the
3D-printed base material Ps. ASTM D69536 for solid plastics
defines long specimens (M, d = 12.7mm, hM = 50.8mm) to
determine the compressive modulus and short specimens (S,
d = 12.7mm, hS = 25.4mm) for the compressive strength.

For type S specimens, DIN 5010637 for solid metallic mate-
rials defines 1 ≤ h/d ≤ 2, but does not address the investiga-
tion of the compressive modulus. In this study, ASTM D695
guides the design of Nylon 11 and Ti6Al4V solid specimens.

Additive manufacturing
The Ti6Al4V specimens were supplied by APWorks
(Taufkirchen, Germany). At the vertical edges of the
Gyroid specimens, support struts ensure manufacturability
of overhanging cell portions (see Figure 1 left). The struts
were removed manually before testing. A set of 5 specimens
was manufactured for each relative density and for the solid
specimen types S and M.

Nylon 11 specimens were manufactured using a Formlabs
Fuse 1+ (30W) SLS printer, Formlabs Nylon 11 powder,
and a layer thickness of 0.11mm. A nitrogen generator
ensures an inert atmosphere in the build chamber with an
oxygen concentration <0.2%. Unused powder was recycled
with a refresh rate of 70%. After the printing process, the
build chamber cooled down to room temperature before
loose powder was removed from the specimens using
brushes and thin rods. Finally, the specimens were sand-
blasted to remove powder that adhered to the surface. Two
Gyroid specimens were manufactured using Nylon 11 for
each relative density, rather than the five specimens origin-
ally intended. This reduced sample size was necessitated
by manufacturing constraints and limits the statistical signifi-
cance of the results. Five type S andM solid specimens com-
plement the Nylon test series.

Solid specimens and Gyroid specimens were manufac-
tured using the same printing parameters. Their printing dir-
ection (see Figure 1) aligned with the testing direction z. This
method ensures the best agreement between the base material
properties determined using the solid specimens and the
material phase in the cellular specimens. Thus, the compres-
sive stiffness Es and compressive yield strength Rp 0.2,s of the
solid specimens are considered the upper limit for the Gyroid
specimens at RD = 1.

The main dimensions (see Figure 1) were measured for
every specimen using a caliper to determine the reference
area Aref = l · w and Aref = d2 · π/4 for the stress calculation
and the initial height h for strain calculation. The mass of cel-
lular specimens m∗ and solid specimens ms was determined
using a precision scale to derive the densities ρ∗, ρs, and

Figure 1. Main dimensions of an exemplifying Gyroid specimen
(left) and solid specimens (right). hG , hM, and hS denote the initial
specimen heights, aligned with the printing and loading direction.
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the relative density RD = ρ∗/ρs. The analytical models pre-
sented in the results section refer to the measured relative
density provided in Table 1.

Experimental compression tests
The Ti6Al4V specimens were tested under quasi-static com-
pression using a hydraulic Zwick/Roell testing machine with
a load capacity of 1MN. A displacement transducer was
attached to each compression platen to measure the displace-
ment and determine the strain while accounting for machine
compliance. The upper platen was fixed, while the lower pla-
ten moved along the z-axis. Force and displacement were
recorded every 10−2 s. No additional measurement equip-
ment was used for the cellular structures and the type S solid
cylinders. To accurately determine the compressive modulus
Es of the solid Ti6Al4V, two strain gauges were attached to
the type M specimens on opposite sides.

The testing speed for the Ti6Al4V Gyroid specimens was
set according to DIN 5013438 for compressive properties of
cellular metallic structures. A strain rate of 10−3/s corre-
sponds to 3.84mm/min, which is rounded to 4mm/min.
The testing speed was constant over the entire compression
test. For the Ti6Al4V solid specimens S andM, the standards
DIN 5010637 and ASTM E932 apply. They specify strain
rates of 25 · 10−5/s and 8.3 · 10−5/s, respectively.
Considering the minimum speed of the machine
(0.25mm/min) and both mentioned standards, a testing
speed of 0.5mm/min was selected for both solid specimen
types S and M.

The Nylon 11 specimens were tested on a 250 kN Zwick/
Roell universal testing machine. The cross-head movement
was used as a measure of deformation and strain. Force
and displacement were recorded every 10−1 s or every
ΔF = 1N, whatever occurred first. A calibration curve was
recorded before testing and was applied automatically to
the following tests. The strain rate for the cellular Nylon spe-
cimens was 1.6 · 10−3/s according to31,39 and corresponds to
a speed of 9mm/min. The testing speed of solid Nylon speci-
mens was 1.3mm/min according to.36

The cross-head was moved manually to apply a small pre-
load (≈ 30N for Nylon, ≈ 100N for Ti6Al4V). The com-
pression tests were conducted and stopped automatically if
the machine limits specified above were reached or manually
in case of complete failure. No data was recorded during
unloading.

Nonlinear FE model
The Finite Element Analyses performed in this study serve
multiple purposes. On the one hand, they set a benchmark
for the best possible homogenized Gyroid properties based
on the measured solid material properties. This allows quan-
tifying the overall experimental reductions, which include,
among other effects, the influence of manufacturing imper-
fections. On the other hand, FEA provides the non-uniform
stress distributions at the cellular level that help interpret
the homogenized stress-strain responses in the context of
the respective base material. Furthermore, the numerical
models are used to investigate high relative densities that
cannot be manufactured and tested.

Based on these considerations, the FE model used for this
study consists of 4 · 4 · 4 Gyroid unit cells, analogous to the
experimental specimens. The Gyroid’s minimal surface for
fG = 0 (Equation 2) was evaluated in Blender, exported as
a fine STL mesh, and reconstructed in CATIA V5 using
the auto surface option. In HyperMesh, each unit cell surface
is split into 48 evenly sized rectangular patches that facilitate
meshing with quadrilateral elements. Following the mesh
convergence analysis described below, the minimal surface
is meshed finely using 10 · 10 shell elements per patch,
resulting in an element size of ≈ luc · 0.03.

Then, layers of fully integrated first-order hex elements
(CHEXA8) were attached symmetrically to the shell ele-
ments on the minimal surface. The total sheet thickness
was determined using Equation 1 and FE models were cre-
ated for the relative densities RD = 10%, 15%, 20%, 30%,
40%, and 60%. To minimize the effect of shear locking,
four elements are aligned along the thickness t for RD ≤
40% and six elements for RD = 60%.40 Two additional
element layers are used on the top and bottom of the FE
Gyroid lattice to ensure flat contact surfaces, analogous to
the experimental specimens. Figure 2 illustrates the mesh
for a single unit cell (RD = 30%) with two transition element
layers on the top. The initially defined shell elements on the
minimal surface were deleted before performing the analysis.
In addition to the Gyroid geometry, rigid compression pla-
tens were defined to transfer the compressive load to the
structure. The platens are discretized using CQUAD4 ele-
ments and coupled to an RBE2 reference node, which
enforces rigid-body motion and effectively provides infinite

Figure 2. FE mesh illustrated by a single unit cell (RD = 30%) at
the top surface. 10 · 10 first-order elements for each of the 48
surface patches. 4 elements along the thickness. 2 additional
element layers on the top ensure flat contact surfaces to
compression platens.

Table 1. Main dimensions and relative densities of the specimens.

Material Design Measured RD Aref /mm2 h/mm

Ti6Al4V RD = 0.1 0.096 ± 0.001 4027 ± 4 64.7 ± 0.1
RD = 0.2 0.192 ± 0.002 4015 ± 4 64.5 ± 0.1
RD = 0.4 0.394 ± 0.001 4013 ± 7 64.4 ± 0.1
Solid M 1 123.4 ± 0.5 51.2 ± 0.1
Solid S 1 123.1 ± 0.5 25.8 ± 0.1

Nylon 11 RD = 0.1 0.094 ± 0.001 8105 ± 17 89.90 ± 0.4
RD = 0.2 0.195 ± 0.001 8112 ± 1 90.1 ± 0.1
RD = 0.4 0.397 ± 0.001 8115 ± 40 90.5 ± 0.1
Solid M 1 127.0 ± 0.5 50.7 ± 0.1
Solid S 1 127.7 ± 0.3 25.3 ± 0.3
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stiffness. Frictionless contact is defined between the Gyroid
structure and the compression platens. The lower platen is
constrained in all degrees of freedom (DOF). The upper pla-
ten applies the compressive load through a displacement at
constant velocity.

The experimentally determined compressive stress-strain
curves of type S specimens (Figure 3) and compressive mod-
uli Es (typeM, Table 2) define the MAT1 andMATS1 mater-
ial cards. The linear-elastic regime is represented by Es

followed by the elasto-plastic behavior starting with Rp 0.2,s.
Before importing the curves into HyperMesh, engineering
strains are converted to true strains using the equation
εtrue = |ln(1− εeng)|. True stresses are obtained using the
equation σtrue = |σeng(1− εeng)

2ν|. Both equations take into
account the positive sign of compressive stress and strain
used in this work. The Poisson’s ratio is approximated
from literature values as ν = 0.323 for Ti6Al4V41 and ν =
0.4 for Nylon.42 The Poisson’s ratio is considered constant.
For Nylon 11 type S specimens, no distinct failure was
observed until the experiments were terminated at a true
strain of 1.6. The entire stress-strain curve is imported to
define the MATS1 card. For Ti6Al4V, brittle failure is
observed at an average true strain of ≈ 0.33 in the experi-
ments with type S solid specimens (see Figure 3). Thus, fail-
ure is incorporated in the Ti6Al4V material model using a
MATF card and enabling element deletion for equivalent
true strains reaching 0.33. Progressive damage modeling is
not employed, as the experiments for Ti6Al4V type S speci-
mens show an abrupt failure and provide insufficient reso-
lution to reliably characterize the damage evolution
between damage initiation and final failure. To investigate
the influence of fracture on the homogenized mechanical
properties of the Gyroid lattice, additional analyses are per-
formed for Ti6Al4V without considering the MATF card.

Nonlinear explicit analyses (NLEXPL) were performed
using the OptiStruct solver. As this study focuses on the
determination of the compressive strength, the analyses end
after the first maximum in homogenized stress is reached.
The plateau region and densification are not investigated in
FEA. Internal contacts are not considered, since they do
not occur for both materials and RD < 0.6 before the first
stress maximum. The displacement was applied at a strain

rate of 1/s. As no strain rate dependency is incorporated in
the material definitions, the increased loading velocity com-
pared to the experiments does not affect the material
response. To reduce the computational cost of the explicit
simulations, the material density is artificially increased by
a factor of 100. For comparison, the Ti6Al4V configuration
with RD = 30% was also analyzed without mass scaling,
which confirmed the negligible influence of the artificially
increased density on the mechanical response. The quasi-
static nature of the simulations is confirmed by the kinetic
energy remaining below 3% of the internal energy shortly
after the onset of loading. The fully integrated CHEXA8
elements do not require artificial energy control. To sup-
press dynamic oscillations, the DYREL formulation avail-
able in OptiStruct was employed. Finally, the force and
displacement at the top platen’s single-point constraint
(SPC) were exported to determine the homogenized stress-
strain curves.

Calculation of material properties
The experimental and numerical data are analyzed in a com-
mon process. The homogenized compressive stress σ and
compressive strain ε are calculated based on the initial refer-
ence area Aref and the Gyroid specimen’s initial height hG:
σ = |F|/Aref and ε = |Δh|/hG. Both compressive stress
and strain are defined to be positive in this study. The effect-
ive stress-strain values neglect inhomogeneous stress and
strain distributions at the cellular level and consider the
Gyroid structure as an effective material. In the same manner,
compressive stress and strain are calculated for the solid
specimens.

The compressive moduli of Gyroid specimens E∗ and
solid material Es (using type M specimens) are obtained
from the maximum slope during the initial rise in compres-
sive stress. For this purpose, linear regression is carried out
over successive strain intervals of Δε = 0.002 (identical to
the strain step in43). To account for the initial toe region in
the stress–strain curve resulting from settling effects, the
zero intercept of the elastic tangent is set as the new origin.

The compressive yield strength of the Gyroid R∗
p 0.2 and

solid material Rp 0.2,s (using type S specimens) is determined
using the offset method. After calculating their compressive
moduli and performing the toe compensation, the linear
elastic tangent is shifted to 0.2% plastic strain. The intercept
of the shifted linear elastic tangent with the specimen’s
stress-strain graph determines the compressive yield
strength.

The compressive strength of the Gyroid specimens σ∗max
corresponds to the first local stress maximum dσ/dε = 0 in
the compressive stress-strain graph, irrespective of the

Table 2. Properties of solid materials Ti6Al4V and Nylon 11.

parameter Ti6Al4V Nylon 11

compr. modulus Es 123 ± 2GPa 1.76 ± 0.02GPa
compr. yield strength Rp 0.2,s 1150 ± 20MPa 39.6 ± 0.5MPa
compr. fracture strain 0.33 (true) –

density ρs 4.338 g/cm3 1.017 g/cm3

Poisson’s ratio ν 0.32341 0.442

Figure 3. Normalized engineering compressive stress-strain
graphs (averaged values and scatter bands) of solid specimens type
S. Nylon solid specimens are tested up to ≈ 0.9 engineering strain
without failure. Ti6Al4V specimens fail at ≈ 0.33 true strain.
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arbitrarily defined 10% threshold in ASTM D162131 that is
discussed in.13 This decision ensures that the same strength
criterion is applied to all Gyroid specimens tested and the
shift of the compressive strength to higher strains with
increasing RD is taken into account. The plateau region,
energy absorption and densification are not investigated in
this study. The compressive strength of the solid materials
is not evaluated because the Nylon 11 type S specimens do
not exhibit a distinct maximum or failure point in their
stress–strain response (see Figure 3). To ensure comparabil-
ity between the two base materials, the clearly defined com-
pressive yield strength Rp,0.2,s is therefore used as the sole
measure of solid material strength.

Mesh convergence analysis
A mesh convergence analysis was performed for the
Ti6Al4V configuration with RD = 30%. To limit computa-
tional costs, a single unit cell was analyzed instead of the
full 4 · 4 · 4 lattice. Given the periodicity of the Gyroid struc-
ture, the mesh density identified for the unit cell is assumed
to be transferable to the larger lattice. Each of the 48 surface
patches was meshed with n · n · 4 hex elements (CHEXA8)
where 4 ≤ n ≤ 15. The homogenized compressive modulus
E∗, yield strength R∗

p 0.2, and strength σ∗max are evaluated
through nonlinear explicit analyses, and exponential curves
are fitted as functions of the mesh density. Figure 4 illustrates
the mechanical properties of the unit cell at each mesh dens-
ity P∗

uc,n relative to the limit value P∗
uc,∞. For n ≥ 10, the

exponential curves of all three mechanical properties deviate
by less than 2% from the limit value. Thus, n = 10 is consid-
ered a good trade-off between computational cost and accur-
acy. This mesh density was chosen for all numerical analyses
in this study.

Results
The homogenized compressive stress–strain curves of the
tested Gyroid sheet networks yield the mechanical properties
and validate the FEA against the experimental data. Absolute
values for stiffness and strength are provided in Table 3.

Based on normalized stress distributions at the cellular level,
the influence of the base material and its elasto-plastic behav-
ior on the homogenized strength parameters is evaluated.
Finally, predictive models for the Gyroid’s compressive
modulus and strength are defined as a function of RD.

Solid material properties
Figure 3 illustrates the experimentally obtained compressive
stress-strain response of Nylon 11 and Ti6Al4V type S speci-
mens. These measurements provide the basis for defining the
elasto-plastic material for the FE models and the values used
to normalize the cellular structure’s properties. The stress
values plotted in Figure 3 are normalized with the respective
compressive yield strength Rp 0.2,s. Both stress and strain are
engineering values. Scatter bands in the graph, representing
the standard deviation, are barely visible and indicate good
repeatability of the tests. Table 2 summarizes the measured
solid material properties.

The materials show significant differences in their plastic
behavior. While Nylon 11 is compressed up to 0.9 engineer-
ing strain without failure, brittle failure is observed for all
Ti6Al4V specimens at an average true strain of ≈ 0.33. As
the Nylon specimens show no local stress maximum, com-
pressive strength cannot be defined for this material. Thus,
the compressive yield strength Rp 0.2,s is used for normaliza-
tion. A further difference between the two materials is
observed in strain hardening. In the range ε(Rp 0.2,s) ≤ ε ≤
0.2 the engineering compressive stress of Nylon 11 increases
by ≈ 0.11 · Es. For Ti6Al4V, the increase is ≈ 0.02 · Es.

Elasto-plastic behavior of Gyroid sheet networks
Figures 5 and 6 show the engineering stress-strain curves of
Gyroid sheet networks determined through the experiments
and their corresponding FEA for both base materials. For
Ti6Al4V and RD = 40%, the experimental curve ends

Table 3. Experimental and numerical results: Absolute values
(mean and standard deviation) of the Gyroid’s homogenized
compressive modulus E∗, yield strength R∗p 0.2, and strength σ∗max .

Material &
Method RDDesign E∗/MPa R∗p 0.2/MPa σ∗max/MPa

Ti6Al4V,
FEA

0.10 3217 35.89 40.00
0.15 5235 57.82 73.52
0.20 7522 80.46 109.0
0.30 12610 131.6 186.7
0.40 19270 194.5 284.0
0.60 35990 346.7 515.7

Nylon 11,
FEA

0.10 43.63 1.19 1.31
0.15 71.83 2.10 2.62
0.20 103.2 2.92 4.19
0.30 176.4 4.92 7.67
0.40 271.9 7.36 12.34
0.60 513.5 12.84 −

Ti6Al4V,
Exp.

0.10 2440 ± 40 30.4 ± 0.2 34.2 ± 0.8
0.20 6090 ± 30 75.3 ± 0.6 93.5 ± 0.2
0.40 15500 ± 200 191 ± 2 −

Nylon 11,
Exp.

0.10 34.0 ± 0.5 0.79 ± 0.02 1.01 ± 0.03
0.20 89.9 ± 0.9 2.11 ± 0.02 3.50 ± 0.02
0.40 266 ± 1 6.07 ± 0.05 10.7 ± 0.1

Figure 4. Mesh convergence analysis of a Gyroid unit cell with
RD = 30%. Homogenized properties P∗uc,n resulting from n · n · 4
elements per surface patch are plotted relative to the limit P∗uc,∞.
The markers (•) represent sampling points, while the solid lines
represent the fitted exponential curves.
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within the elastic region due to the machine limits. To facili-
tate the comparability of different relative densities and base
materials, the stress is normalized using the compressive
yield strength of the corresponding base material Rp 0.2,s

and the measured relative density RD. As Rp 0.2,s · RD repre-
sents the theoretical upper limit for the yield strength of a cel-
lular structure (Voigt maximum), this normalization allows
an intuitive understanding of the specimen’s mechanical
efficiency.

Dashed lines represent the numerical results. They end
shortly after reaching the first stress maximum, which marks
the end of the investigated strain range in this study.
Qualitatively, the FE results reflect the experimental curves
very well. Quantitatively, the numerical method overesti-
mates the experimental values by 15%− 25% in compres-
sive modulus, compressive yield strength, and compressive
strength.

For both base materials and methods, the normalized
slope of the elastic tangent, compressive yield strength
R∗

p 0.2, and compressive strength σ∗max increase with RD.
Similarly, the compressive strength shifts towards higher
strains. This shift causes a smoother transition from the elas-
tic into the plastic plateau region. For Nylon 11, ε(σ∗max) is

about twice as high as for Ti6Al4V. The Ti6Al4V experi-
ments and simulations show a distinct drop in compressive
stress after reaching the compressive strength σ∗max. This
drop correlates with the initiation of cracks in highly loaded
regions at the cellular level.

Additional relative densities 10% ≤ RD ≤ 60% are inves-
tigated using FEA. Figures 7 and 8 present all numerical ana-
lyses performed in this study. The additional numerical
studies support the overall trends observed at RD = 10%,
20%, and 40%. For Nylon 11 and RD = 60%, no stress max-
imum is determined before the initiation of internal contacts,
preventing the calculation of σ∗max. The Ti6Al4V RD = 60%
configuration exhibits another peculiarity. Here, the com-
pressive strength followed by initiation of cracks occurs at
a lower strain than for the RD = 40% geometry. This indi-
cates a reversed trend in the intermediate RD range, with
the ultimate strength and fracture occurring at ε ≈ 0.27 at
RD = 1 (see Figure 3).

Deformation and failure mechanisms
Figure 9a-d illustrates the typical deformation and failure
behavior of Gyroid structures at low relative densities under

Figure 5. Ti6Al4V: Experimental and numerical engineering
compressive stress-strain graphs (averaged values and scatter
bands).

Figure 6. Nylon 11: Experimental and numerical engineering
compressive stress-strain graphs (averaged values and scatter
bands).

Figure 7. Ti6Al4V numerical results: Engineering compressive
stress-strain graphs. RD ranging from 10% to 60%. Dashed ”No
Damage” progression obtained with ductile material model
without element deletion.

Figure 8. Nylon 11 numerical results: Engineering compressive
stress-strain graphs. RD ranging from 10% to 60%. At RD = 60%,
no stress maximum is found before self-contact initiation.
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quasi-static compressive loads. Stress and strain values for the
depicted test are found in Figure 5 for RD = 0.1. A local max-
imum follows the linear elastic deformation and stress increase
in the compressive stress-strain graph. Then, the collapse of
the first cell layer is observed. While the first layer densifies,
the collapse proceeds towards neighboring cell layers. In the
corresponding plateau region, the compressive stress-strain
graph undulates. Generally, no clear relation between local
stress maxima and the collapse of cells can be observed as
the collapse of individual cell layers progresses asynchron-
ously. Once all layers are collapsed, the complete specimen
densifies under steadily increasing stress. This observation
also applies to Nylon 11 specimens with RD = 10%.

In contrast to the horizontal layer-wise collapse, Ti6Al4V
specimens at RD = 20% show diagonal, V-shaped or
X-shaped cracks (Figure 10) along which the cells collapse
and densify. The cracks appear after the first stress maximum
is reached. Observed from the adjacent specimen face, this
failure behavior can appear similar to the horizontal layer-
wise collapse. For Ti6Al4V and RD = 40%, no failure can
be observed because the required force exceeds the
machine’s limits of 1MN.

The FE analysis for Ti6Al4V at RD = 10% shows a
qualitatively similar failure behavior to the experiments:
The compressive strength σ∗max is reached before a horizontal
cell-layer starts to collapse. This collapse is initiated at
the interface between the specimen and the compression
platen. For Ti6Al4V RD = 15%− 20% and Nylon
RD = 10%− 30%, the FE models show a similar behavior.
Here, the collapse of cells at the contact surfaces is superim-
posed by a slight shear deformation of the complete lattice.
Only for Ti6Al4V at RD = 30%− 60% do the FEA results
show that material failure in the form of diagonal cracks
causes an abrupt first maximum in stress identified as the
compressive strength σ∗max.

Stress distributions at the cellular level
The local stress and strain distributions at the cellular level
provide the basis for assessing the influence of the elasto-
plastic base material behavior on the Gyroid’s compressive
strength properties. Figures 11 and 12 demonstrate the von
Mises stress distributions for both base materials and the rela-
tive densities RD = 10%, 20%, 40% at the homogenized
compressive yield strength R∗

p 0.2 and homogenized compres-
sive strength σ∗max, respectively. The local stresses are nor-
malized with the compressive yield strength of the solid
base material Rp 0.2,s that marks the upper end of the color

scale. Thus, the color red represents regions of yielding
material.

The depicted unit cell is taken from the core cells of the
simulated 4 · 4 · 4 lattice to exclude effects of unsupported
edges and stress concentrations at contact surfaces. For
both base materials, methods, and every investigated RD, a
homogeneous compression of the entire lattice free of cracks
is observed at both stress levels, R∗

p 0.2 and σ∗max. The stress
distributions point out highly loaded regions where the
material is oriented along the loading axis.

The comparison between both base materials highlights
almost identical relative stress distributions at R∗

p 0.2 for the
respective RD. With increasing RD, the yielding regions
expand slightly, and the lowest stresses rise. Even though
the base material starts to yield locally at a homogenized
strain ≈ 10% below R∗

p 0.2, the maximum local plastic strain
remains under 2% for both materials and the depicted RD.
Thus, the base material’s plastic behavior beyond Rp 0.2,s

has little influence on the Gyroid’s homogenized compres-
sive yield strength R∗

p 0.2. The quantitative analysis confirms
this conclusion.

At the homogenized compressive strength σ∗max, the rela-
tive stress distributions change significantly with increasing
RD. For RD = 10% the relative stress distributions at σ∗max
and R∗

p 0.2 largely agree for both base materials. For higher
RD, regions of yielding material expand over large fractions
of the unit cell, and differences between the two base materi-
als become more apparent. Nylon 11 Gyroid specimens that
exhibit first stress maxima at higher homogenized strains
than Ti6Al4V yield almost completely at RD = 40% with
local equivalent plastic strains reaching 63%. In contrast,

Figure 9. Gyroid specimen (Ti6Al4V, RD = 0.1, nuc = 4) at ε = 0.00, 0.14, 0.45 and 0.67 engineering compressive strain.

Figure 10. V-shaped cracks in a Ti6Al4V specimen (RD = 20%)
after exceeding the compressive strength.
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local plasticity is limited to 33% true strain for Ti6Al4V due
to failure. This results in σ∗max being reached at a lower homo-
genized strain and leaves small fractions of the cell below the
material’s yield strength.

Additional FEA show that the material failure of Ti6Al4V
mainly lowers the homogenized strain corresponding to the
homogenized compressive strength σ∗max at high RD. These
analyses omit the MATF card and are represented by dashed
gray lines in Figure 7. Below RD ≈ 20% the limited ductility
of Ti6Al4V does not influence σ∗max significantly. At
RD = 20%, the first maximum occurs at a strain 0.5 percent-
age points (=̂6%) lower than in the analyses without damage.
The effect on the corresponding stress (<0.1%) is negligible.
For higher RD, the differences become more pronounced. At
RD = 40%, the first stress maximum, considering damage,
occurs at a strain 33% lower than without. Due to the pro-
longed shape of the first stress peak, however, this corre-
sponds to reduced σ∗max of only 2%.

Mechanical potential as a function of the relative
density
The good agreement between relative stress distributions at
the cellular level of different base materials at the Gyroid’s
homogenized compressive yield strength underlines the
aim to predict homogenized mechanical properties using
material-independent models. This study investigates the
normalized compressive modulus, yield strength, and
strength as polynomial functions of RD. The results are pre-
sented in the order of increasing influence of plastic base
material behavior.

Figure 13 presents the normalized compressive stiffness
E∗/(Es · RD) as a function of RD. Normalizing the relative
modulus E∗/Es by RD provides the mechanical potential in
the linear-elastic region.1 The experimentally obtained Es

marks the full mechanical potential for RD = 1 and is con-
sidered a native point for the modeling. Fourth-order

Figure 11. R∗p 0.2: von Mises stress distribution for an inner cell at the effective compressive yield strength of the Gyroid structure. Color
scale adjusted to compressive yield strength of solid base materials Rp 0.2,s.

Figure 12. σ∗max : von Mises stress distribution for an inner cell at the effective compressive strength of the Gyroid structure. Color scale
adjusted to compressive yield strength of solid base materials Rp 0.2,s.
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polynomials with the constant term equal to zero were
selected for fitting the numerically determined E∗/Es

because they provide a close approximation of the available
data points while maintaining a physically plausible
response. The curve_fit() function provided by SciPy
was used, which determines the polynomial coefficients by
minimizing the sum of the squared residuals. The coefficients
are provided in Table 4. The mechanical potential shown in
Figure 13 is obtained by dividing the polynomials by RD.
The standard deviation of experimental values is not visible
in Figure 13 because it is lower than the width of the marker.

The mechanical potential of Gyroid sheet networks deter-
mined by FEA agrees very well for the base materials Nylon
11 and Ti6Al4V for all investigated RD. Differences between
the base materials are below 4.8% and diminish with increas-
ing RD. Thus, the numerical findings confirm the
material-invariant approach for the mechanical potential
E∗/(Es · RD) across the two investigated base materials for
10% ≤ RD ≤ 60%.

The fitted models follow an S-shape that predicts steadily
increasing mechanical potentials for increasing RD. While
the relative modulus E∗/Es has a native point equal to zero
at RD = 0, the mechanical potential E∗/(Es · RD)
approaches a non-zero value for RD → 0 and is undefined
at RD = 0 due to division by zero. As the models are based
on data in the range 0.1 ≤ RD ≤ 0.6, their predictive capabil-
ity outside this range cannot be assessed. However, the
mechanical potentials are known to attain a value of 1 at
RD = 1, which provides a native point for the extrapolation.

The experimental tests at RD = 10% and 20% show good
agreement in the mechanical potential of both base materials.
For both RD, the scatter bands overlap, and the average
values of Ti6Al4V and Nylon 11 specimens differ by less
than 1.7%. Thus, the experimental results confirm the
material-invariant mechanical potential of Gyroid sheet net-
works at RD = 10% and 20% for both investigated base
materials. At RD = 40%, Ti6Al4V yields a mechanical
potential 16% lower than that of Nylon 11. To investigate
this discrepancy, an additional FE study quantifies the influ-
ence of the platen compliance on the homogenized compres-
sive modulus. The experimental platens were modeled using
linear-elastic steel. For Ti6Al4V Gyroid specimens at

RD = 40%, E∗ is reduced by 1.7% compared to the idealized
rigid platens. Thus, the platen compliance has only a minor
influence on the experimental results. The origin of the
experimentally observed discrepancy remains unclear; how-
ever, manufacturing-related effects at high relative densities
may contribute to the observed deviation.

In general, the experiments exhibit lower mechanical
properties than the FE results. At RD = 10% and 20%, the
numerically determined mechanical potential is ≈ 20%
higher than the experimental values. At RD = 40%, it is
1.8% for Nylon 11. One possible explanation for this is the
sensitivity of thin-walled structures to defects caused in the
manufacturing process. The detailed characterization of
manufacturing imperfections, however, is beyond the scope
of this study. Instead, the experimental investigation focuses
on evaluating the mechanical performance of Gyroid struc-
tures under application-relevant conditions. The observed
reduction in mechanical properties relative to the idealized
FEA results is consequently expressed in terms of general
experimental reduction factors.

Predictive models for compressive strength
Figure 14 shows the numerical and experimental results
regarding the homogenized compressive yield strength
R∗

p 0.2 and compressive strength σ∗max for both base materials
as a function of RD. In contrast to the mechanical potential
E∗/(Es · RD), the strength properties are normalized by the
compressive yield strength of the corresponding base mater-
ial and the relative density, resulting in R∗

p 0.2/(Rp 0.2,s · RD)
and σ∗max/(Rp 0.2,s · RD). Rp 0.2,s provides a native point for
the normalized compressive yield strength at RD = 1. The
homogenized compressive strength σ∗max, however, can
exceed the base material’s compressive yield strength
Rp 0.2,s at high RD. Thus, no native point is defined for the
normalized compressive strength at RD = 1. Fourth-order
polynomials model the normalized strength properties. The
coefficients are provided in Table 4.

In Figure 14, the numerical results of both base materials
define envelopes for the normalized compressive strength
properties. The normalized compressive yield strength (sym-
bol▽) reflects a minor influence of the two investigated base
materials for 0.1 ≤ RD ≤ 0.6. After the two curves intersect
at RD ≈ 0.11, they span a narrow region. At RD = 0.6, the
normalized compressive yield strength of the Nylon 11 con-
figuration exceeds that of the Ti6Al4V configuration by 7%.
This difference is considered insignificant compared to the
base materials’ absolute compressive yield strengths Rp 0.2,s

that differ by a factor of ≈ 29 (Table 2). Accordingly,
Gyroid sheet networks made of the Ti6Al4V and Nylon 11
show a largely material-independent normalized compres-
sive yield strength in the investigated relative density range.
The experimentally determined values of Ti6Al4V speci-
mens confirm the numerical results with 13% deviation at
RD = 10% and less than 0.1% at RD = 40%. Nylon 11 spe-
cimens exhibit a more pronounced deviation of ≈ 35% at
RD = 20% and 13% at RD = 40%. In contrast to the numer-
ically obtained envelope, the experimentally determined nor-
malized compressive yield strength of Nylon 11 is
considerably below that of Ti6Al4V for all investigated
RD. It is assumed that the manufacturing of thin-walled

Figure 13. Mechanical potential of Gyroid sheet networks
represented by the normalized compressive modulus E∗/(Es · RD)
and fitted over RD = (0, 1] using polynomials. The asterisk
represents a native point at RD = 1.
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Nylon 11 specimens using the described process introduces
this reduction in homogenized compressive yield strength.

The normalized compressive strength σ∗max/(Rp 0.2,s · RD)
determined by numerical analyses (symbol △) is represented
by a wider range in Figure 14 and reflects a more significant
influence of base material plasticity on the Gyroid’s strength.
At RD ≈ 13%, the Nylon 11 and Ti6Al4V curves intersect,
causing minor differences <12% in the normalized compres-
sive strength for both base materials between RD = 10% and
20%. With increasing RD, the Nylon 11 configuration
exceeds the Ti6Al4V curve and ends 26% above it at
RD = 40%. This is the highest RD analyzed for which the
numerical analysis for Nylon 11 exhibits a local stress max-
imum. At RD = 60% (x-marker), internal contacts are
initiated before a stress maximum is observed. Thus, the
Nylon 11 curve and the corresponding envelope end at
RD = 40%. The experimental results for the normalized
compressive strength also reflect the intersection for both
base materials between RD = 10% and 20%, while being ≈
15% below the corresponding FE results. Accordingly, the
reduction in compressive strength is less pronounced than
in compressive yield strength.

The envelopes quantitatively verify the findings from the
cellular stress distribution. Across all investigated relative
densities and both base materials, the influence of plasticity
on the homogenized compressive yield strength is small.
Thus, the material-dependent hardening in the plastic regime
has little effect on the relative compressive yield strength
R∗

p 0.2/Rp 0.2,s, and the corresponding envelope is narrow.
The good agreement of stress distributions across both base
materials and strength properties at RD = 10%
(Figure 11a/d and 12a/d) is confirmed quantitatively, as all
four points deviate from each other by a maximum of
16%. For higher RD, the hardening of the respective base
material has a stronger influence on the homogenized com-
pressive strength as plastic strains at the cellular level
increase and differ significantly between the two base mate-
rials. Thus, the more ductile Nylon 11, with its higher hard-
ening in the plastic region relative to Es, causes a steeper
increase in the Gyroid’s normalized compressive strength
than the Ti6Al4V configuration.

Discussion
Using numerical analyses, this study underlines the
material-independent character of the Gyroid’s homogenized
relative compressive modulus E∗/Es for the base materials
Nylon 11 and Ti6Al4V between 10% and 60% relative dens-
ity. It extends and consolidates previous work, which

proposed the material-independent modeling approach12

and provided initial evidence by comparing experimental
results with literature data.13 The numerical sampling points
and a native point at 100% define polynomial models that
cover the entire RD range. Due to the lack of sampling points
for RD < 0.1 and 0.6 < RD < 1, the predictive accuracy of
the models cannot be assessed in these ranges.

The experimental results of Nylon 11 and Ti6Al4V speci-
mens with RD = 10% and 20% confirm the close agreement
of the material-normalized compressive moduli across the
two base materials. However, the limited number of Nylon
11 Gyroid specimens restricts the statistical robustness of
this agreement. Future studies should therefore consider
expanding the experimental database to further substantiate
the observed consistency.

Compared to the numerical analyses, the experiments
exhibit a reduction in homogenized compressive stiffness
of ≈ 20% at low relative densities. This overall reduction
can in part be attributed to the idealized cellular structure
assumed in the FEA, which neglects manufacturing imper-
fections, as well as to the exclusion of compliance effects
in the displacement measurements. Even though the
material-independence of the relative modulus is demon-
strated based on only two different materials, it is assumed
that the polynomial models are also applicable to other
base materials. This is because E∗ is determined as the initial
slope of the stress-strain curve that is not influenced by
material-dependent nonlinearities.

Table 4. Parameters to model relative properties according to P∗/Ps = B · RD+ C · RD2 + D · RD3 + E · RD4.

material and method rel. property
parameters

P∗/Ps B C D E R2

Ti6Al4V, FE E∗/Es 0.1824 0.8291 −1.3193 1.3079 0.9999
R∗p 0.2/Rp 0.2,s 0.2377 0.8142 −1.4652 1.4132 0.9999
σ∗max/Rp 0.2,s 0.2353 1.4776 −1.8587 1.3716 0.9999

Nylon 11, FE E∗/Es 0.1654 0.8633 −1.3195 1.2908 0.9999
R∗p 0.2/Rp 0.2,s 0.2020 1.1920 −2.0226 1.6287 0.9999
σ∗max/Rp 0.2,s −0.0433 4.8974 −13.373 15.664 0.9999

Figure 14. Normalized compressive yield strength R∗p 0.2/(Rp 0.2,s ·
RD) and normalized compressive strength σ∗max/(Rp 0.2,s · RD) as a
function of RD. Numerical and experimental results for Nylon 11
and Ti6Al4V. Envelopes visualize the influence of base material
hardening.
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The homogenized compressive yield strength R∗
p 0.2 marks

the end of the elastic deformation regime. Accordingly, R∗
p 0.2

is determined at small deformations inducing minor geomet-
rical nonlinearities. For relative densities 0.1 ≤ RD ≤ 0.6,
stresses at the cellular level exceed the base material’s elas-
ticity limit in relatively small highly loaded regions. Only
here does the base material hardening contribute to the
homogenized compressive yield strength. Due to low plastic
strains at the cellular level, which are similar for both inves-
tigated base materials, Rp 0.2,s is a suitable value for normal-
izing the homogenized compressive yield strength R∗

p 0.2. The
remaining influence of base material hardening that is not
reflected by Rp 0.2,s causes the polynomials of the FEA to
span a narrow region as a function of RD. Thus, the models
for compressive yield strength reflect an approximate
material-independent characteristic for the base materials
Ti6Al4V and Nylon 11 within the investigated relative dens-
ity range. For lower relative densities (<0.1), the applicabil-
ity of the results is unclear. It is expected that stability effects
dominate the Gyroid’s response to compression loads for low
wall thicknesses t and cause premature failure. For relative
densities beyond the investigated range (RD > 0.6), the
native point R∗

p 0.2/Rp 0.2,s = 1 at RD = 1 provides a useful
reference for estimating the compressive yield strength,
although the exact relation remains uncertain.

Compared to the absolute compressive yield strength of
both investigated base materials that differ by two orders
of magnitude (Table 2), the deviations between the normal-
ized numerical results are not considered relevant. Given
that the base material is ductile enough to allow yielding of
the Gyroid structure without initiating premature failure, it
is expected that the models for the normalized compressive
yield strength can also be applied to other base materials.
Further studies are recommended to validate this claim using
different engineering base materials. The maximum local
plastic strain of 2% can serve as a reference value to evaluate
the applicability of the normalized R∗

p 0.2 models to more brit-
tle base materials. Depending on the additive manufacturing
process, base material, and other experimental influences,
different reductions in compressive yield strength can occur
that need to be subtracted from the FE-based models. This
study suggests reductions between 13% and 35%.

Low plastic strains at the cellular level justify the normal-
ization of the homogenized compressive yield strength
by Rp 0.2,s for the entire RD range. For modeling the
homogenized compressive strength σ∗max, however, the
material-independent normalization using Rp 0.2,s is limited
to low relative densities around 10% to 20% that exhibit
similarly low plastic strains at the cellular level. As Rp 0.2,s

does not reflect the base material’s hardening in the plastic
regime, σ∗max/Rp 0.2,s is significantly material dependent for
high RD. This information is lost when comparing the rela-
tive stress distributions at the cellular level and truncating
the color scale at Rp 0.2,s (see Figures 11 and 12). For
Nylon 11 solid specimens and other potential base materials,
no distinct compressive strength based on a stress peak can
be determined that enables a more representative normaliza-
tion of the Gyroid’s homogenized compressive strength.
Therefore, this study recommends the development of a
novel compressive strength parameter generally applicable
to stress-strain curves.

Even though the models of normalized compressive
strength presented in Figure 14 are not unconditionally
material-independent, they are considered to support design-
ing Gyroid core structures against failure. It is assumed that
sufficiently ductile materials with low strain hardening can
be mapped to the lower end of the depicted envelope, while
base materials with higher strain hardening correspond to the
intermediate range or the upper end. The application-relevant
relative density of ≈ 20%9 for the proposed multifunctional
suction panels falls within the validated range, which under-
lines the practical significance of the obtained results. At this
RD, the normalized compressive strength is largely
material-independent when comparing the described base
materials with experimental reductions of ≈ 15%.

The predictive models for the homogenized mechanical
properties developed in this study enable the systematic
design of Gyroid core structures for compressive loading
and the base materials Ti6Al4V and Nylon 11. Validation
across a broader range of materials would unlock the full
potential of the proposed models: Using only the base mater-
ial properties as input, the analytical functions (Figures 13
and 14) allow the minimum relative density required to
achieve a target homogenized stiffness and strength to be
determined. Conversely, these analytical functions can be
used to derive required base material properties for a pre-
scribed relative density. This approach is particularly rele-
vant when the relative density is constrained by design
requirements associated with other functionalities of the
core structure, such as permeability in the suction panel
application considered here. For practical applications, it is
recommended to use the analytical expressions obtained
from the numerical models (Table 4) in combination with
the experimentally determined knockdown factors corre-
sponding to the respective mechanical property.

Conclusion and outlook
This study develops predictive models for the homogenized
compressive stiffness and strength of Gyroid sheet networks
to facilitate their mechanical design. The models are based on
the assumption that the homogenized cellular properties P∗

are determined by material-independent terms as a function
of the relative density RD and scale linearly with the corre-
sponding mechanical parameters of the solid base material
Ps. Once its general applicability is validated, this modeling
approach provides a significant advantage: The effort to pre-
dict the homogenized Gyroid properties for different materi-
als is reduced to the experimental investigation of additively
manufactured solid material specimens. Costly coupon tests
or FEA of the Gyroid structure for the specific base material
and relative density become obsolete.

To identify the predictive stiffness and strength models,
the homogenized mechanical properties of Nylon 11 and
Ti6Al4V were investigated using FEA and experimental
quasi-static compression tests for relative densities between
10% and 60%. The numerical results validate the material-
independence of the normalized compressive modulus,
supported by the experimental results for both base materials
within the given relative density range. Thus, polynomials
defined using FE results allow predicting the Gyroid’s
homogenized modulus E∗ based on the solid material
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stiffness Es for the investigated relative density range without
being limited to one specific base material. A reduction of ≈
20% can be applied to the FE results to account for practical
imperfections. Similarly, the homogenized compressive
yield strength R∗

p 0.2 is predictable to a good approximation
for the investigated RD range based on the solid material’s
compressive yield strength Rp 0.2,s. The analysis of normal-
ized local stresses and plastic strains at the cellular level
reveals negligible differences between the investigated base
materials and underlines the material-independent character-
istic of Gyroid sheet networks at the upper end of their elastic
regime.

At relative densities between 10% and ≈ 20%, the solid
material’s Rp 0.2,s also provides a sufficient basis to predict
the Gyroid’s homogenized compressive strength σ∗max with
reasonable accuracy. Compared to FEA, the experiments
reveal a reduction of ≈ 15%. With increasing relative dens-
ity, material-dependent plasticity that is not reflected by
Rp 0.2,s dominates σ∗max. To improve the prediction of σ∗max,
the authors suggest developing an alternative quantity for
the base material strength that incorporates plasticity and
ductility. One possibility that will be addressed in upcoming
studies is to correlate homogenized plastic strains with
equivalent local plastic strains in the Gyroid lattice to find
a representative base material stress state for normalization.

Although the present predictive mechanical models have
only been validated for Ti6Al4V and Nylon 11, their applic-
ability to other engineering materials is expected, given the
substantial differences in the material characteristics of the
two investigated materials. Further validation is required to
substantiate this broader applicability.

The results of this study enable the design and optimiza-
tion of Gyroid core structures for compressive loading. The
complete homogenized representation of Gyroid sheet net-
works in FEA, however, requires considering the nonlinear
mechanical behavior under compression, tension, and shear.
Future studies should extend the methods described in this
work to tensile and shear loading conditions. Formulated
as a function of the base material properties and RD, this
approach would allow rapid optimization of the Gyroid
core structure under multi-axial loads while keeping compu-
tational cost at a minimum.
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