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Abstract

Advanced lightweight structural materials require both high stiffness and energy-absorption capacity for
demanding protective applications. Low-density polymer foams offer excellent specific energy absorption
but have inadequate stiffness and structural stability for load-bearing applications. Stiff structural materials,
on the other hand, provide load-bearing capacity at the expense of deformability and energy absorption
capacity. Here, we overcome this trade-off by creating lattice—foam interpenetrating phase composites
(IPCs) via in-situ foaming that integrate stochastic polymeric foam with elastomeric gyroid lattices
featuring robust interfacial integration and precisely controlled architecture and density profile. This hybrid
design couples the high specific energy absorption of foam with the tunable stiffness and structural integrity
of architected lattices, leading to synergistically improved mechanical performance that neither standalone
constituent achieves. Introducing a density gradient to IPC enables spatially programmed deformation and
gradient-governed load transfer. Under impact loading, the IPCs exhibit dynamic synergy beyond the
response of each individual component, markedly reducing transmitted peak stress and acceleration while
simultaneously increasing energy absorption at low strain levels. The gyroid lattice—foam IPCs offer a
versatile strategy for designing lightweight structural materials that integrate load-bearing capacity with

impact-mitigation capability.
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1. Introduction

Many critical engineering applications demand lightweight materials capable of dissipating large
amounts of energy while maintaining sufficient load-bearing capacity and structural integrity. Porous
materials such as open or closed-cell polymeric foams are widely utilized across diverse industries—
including automotive, aerospace, sports, and personal protection—owing to their ability to absorb and
dissipate energy under impact and vibration at lightweight [1-6]. Their stochastic porous microstructure
imparts several advantageous properties, including low density, high specific strength, high mechanical
energy absorption, and effective thermal and acoustic insulation [3,6]. This energy absorption in polymeric
foams primarily arises from the intrinsic viscoelasticity of polymer matrix, together with microstructural
deformation mechanisms such as cell-wall bending, buckling, collapse, and fracture under loading. These
mechanisms result in a characteristic stress—strain response featuring a plateau regime, during which the
foam maintains nearly constant stress while accommodating large strains—typically a desired feature for
impact and crash energy absorption [7-11]. However, inherently low modulus of these polymeric foams
limits their load-bearing capability, motivating efforts to overcome this limitation by increasing the foam
density [12], integrating different foam types [13], and adding high-performance reinforcing phases [14—
16]. For instance, polymeric foams are integrated as low-density core materials in sandwich or hybrid
composites, where the eventual composite system improves structural stability, stiffness-to-weight
efficiency, multifunctionality, and impact energy absorption [17-20]. However, despite their high
deformability, recoverability, and ease of fabrication, controlling their mechanical properties in polymeric
foams remains challenging because their stochastic cellular microstructures arise from random void
nucleation, growth, and coalescence during chemical blowing or gas expansion, rather than from

deterministic patterning [6,7,11,21,22].

On the other hand, additive manufacturing (AM) enables precise fabrication of large-scale architected
materials with complex, controllable topologies [23-28]. Due to this controllability, additively
manufactured architected lattice structures are emerging as effective lightweight, energy-absorbing
materials for impact mitigation and structural applications [28-31]. 3D-printed architected lattices such as
octet-truss [32,33], honeycomb [34,35], and gyroid architectures [36,37] have demonstrated enhanced
specific strength and stiffness while providing design-driven control over deformation and failure modes
[38,39]. Among these, triply periodic minimal surface (TPMS)-based lattices, such as gyroids, feature
continuous, smoothly curved surfaces that generate an interconnected network throughout the material. This
nodal-free topology effectively reduces stress concentrations and mitigates sensitivity to manufacturing

imperfections, such as voids and surface roughness [40,41]. Moreover, introducing structural gradient into



3D-printed elastomeric gyroid lattices enables spatially controlled deformation mode and tunable

mechanical properties, including stiffness and energy absorption [28].

A key limitation of such lattice structures is their susceptibility to buckling, a structural instability that
can induce abrupt large deformation or even catastrophic failure under applied load [32,33]. To overcome
this, lattice-based composites are proposed—in which the porous lattice is infiltrated with a secondary phase
to form interpenetrating-phase composites (IPCs). IPCs provide an effective and elegant pathway to couple
lattice’s high stiffness and strength with the host matrix’s energy absorption capacity, while the matrix also
stabilizes the lattice struts and prevents abrupt lattice buckling [13,29,42—44]. Studies on additively
manufactured metallic body-centered cubic (BCC) trusses infilled with elastomeric matrix have shown high
structural stiffness and enhanced energy absorption from the prolonged, smooth plateau stress [45].
However, IPCs with spatially tunable lattice architectures, such as structurally graded foam-lattice IPCs,
remain largely unexplored for programming deformation patterns and thereby tailoring the overall
mechanical response of the system. Also, the mechanical behavior of IPCs across quasi-static to dynamic
loading regimes remain elusive, limiting their rational design and application in variable loading

environments.

Here, we developed lattice-foam IPCs by integrating SLA 3D-printed elastomeric gyroid lattices,
featuring tunable bulk relative densities (RDs) and spatial RD gradients, with soft polyurethane foam
through an in-situ foaming process. We investigate how different RDs and RD gradient—enabled by graded
architectures—govern deformation mechanisms and tailor the mechanical response across quasi-static to
dynamic compression regimes. SEM and micro-computed tomography (micro-CT) analyses confirmed
uniform foam infiltration and a well-bonded lattice—foam interface for the structural integrity of the
interpenetrating architecture. Under compressive loads, the foam phase provides lateral constraint to the
gyroid struts, enabling the hybrid composites to combine the stiffness tunability of architected gyroid
lattices with the high specific energy absorption and large deformability of porous foams. Modulating the
lattice RD spatially by introducing structural gradients, regulates the deformation spatially, delays
instability, and promotes more effective load transfer during compression, ultimately enhancing specific
energy absorption and dissipation. As a result, our IPC designs overcome the stiffness-energy absorption
trade-off commonly observed in standalone foams and soft lattices more effectively, delivering enhanced
stiffness, high energy absorption through sustained deformability and tunable mechanical responses.
Importantly, the drop-weight impact tests further demonstrate markedly reduced transmitted stress and
acceleration alongside increased dynamic energy absorption at low strains, confirming the outstanding

impact-mitigation capability of the IPCs. This work establishes a versatile design framework for architected



lattice—foam IPCs that enables tailorable stiffness, enhanced energy absorption, and impact protection,

highlighting their strong potential for advanced protective, automotive, and aerospace applications.
2. Design and Fabrication of Gyroid Lattice-Foam IPCs

We fabricated the elastomeric polymeric foams through a reactive foaming-and-curing process, in
which the liquid precursor was mixed, cast into a mold, and allowed to expand and solidify. During curing,
gas generated within the reacting matrix drives bubble nucleation and growth, leading to the formation of
a stabilized cellular structure. The resulting foam consists of a 3D porous network with inherently irregular
cell sizes, shapes, and wall thicknesses, characteristic of conventional polymeric foams (Fig.2a). The
density of the foam is approximately ~121 £+ 2 kg/m? and it exhibits a soft texture with excellent post-
compression recoverability. However, due to its highly porous and stochastic architecture, the foam alone

provides limited resistance to mechanical deformation.
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Figure 1. Schematic illustration of the fabrication process for lattice—foam interpenetrating phase
composites (IPCs).

In contrast to the stochastic polymeric foams with random porosity, 3D-printed lattices provide a
deterministic architecture whose mechanical response can be programmed through geometry[28,36,46].
We selected the gyroid topology (a TPMS structure) as the lattice skeleton for our IPCs due to its continuous,
non-self-intersecting surface, which promotes more uniform stress distribution and delays localized
collapse. Accordingly, a family of gyroid lattices was designed using the trigonometric approximation of

the gyroid surface (Eq. 1).
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Here, a denotes the unit-cell size (a = 3 mm), and the lattice consists of 10 unit cells along the longer z-

direction, giving a total height of 30 mm. The RD of the structure is controlled by varying the parameter t

spatially within the lattice. Over the range |f| < 1.5, RD scales approximately linearly with t according to:

RD = 0.3325t + 0.501, |[t| < 1.5 [47,48]. Uniform-density lattices were generated by assigning a constant
t to obtain RDs of 20%, 40%, and 60%. These RD values were selected based on SLA manufacturability
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constraints: at very low RD, struts become too thin to print reliably, leading to discontinuous or broken
features, whereas at very high RD, the reduced pore connectivity hinders drainage and removal of uncured
resin trapped within the lattice. Graded lattices were created by defining ¢ as a spatial field, 1 =f(x, y, z); a

linear profile = Az was used to impose an RD gradient along the z-axis from 20% to 60% (Fig. 1a).

We fabricated all the gyroid lattices using a Formlabs Form 3 SLA printer with Elastic 50A resin (Fig.
1b). The fully cured resin provides high elongation (~160%) and an ultimate tensile strength of ~3.4 MPa,
making it suitable for soft, deformable lattice structures. We first prepared STL files in PreForm, oriented
with flat faces parallel to the build platform, and supported only on external surfaces to preserve internal
features. After printing, we removed the printed part with the support structure from the building platform,
cleaned in IPA using two 10 min sonication baths (fresh IPA for the second bath), air-dried for 3 h, post-
cured at 70 °C for 10 min, and finally de-supported to obtain the target lattice architectures.
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Figure 2. SEM images and corresponding digital photographs of (a) polymeric foam, (b) IPC with a
20%-lattice, and (¢) IPC with a 60%-lattice at increasing magnifications. Dashed grey lines indicate the
locations where the sample was sectioned and imaged. Dashed black lines mark the interfacial regions
between the foam matrix and the lattice, demonstrating an excellent foam infiltration and interfacial
bonding. (d) Micro-CT reconstructions of IPCs containing 20-60%-lattice, along with representative
volumes showing lattice RD of 20% and 60% within the composite.

This design strategy of using SLA 3D printing to fabricate elastomeric gyroid lattices with diverse
architectures, can enable a broad range of mechanical responses depending on the RDs as well as RD
gradients (equation 1). Additionally, when integrated with a soft polymeric foam matrix, gyroid lattices are
expected to establish a continuous load-bearing framework within the IPCs, thereby enhancing structural
stiffness and regulating deformation, while the foam matrix contributes to improved energy absorption. To
obtain such lattice-foam IPCs, the printed gyroid lattices with varying architectures were placed in a sealed

container that defined the composite geometry (Fig.1c), and the foam precursor mixture was later
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introduced to infiltrate the interconnected lattice and wet the internal surfaces, ensuring intimate interfacial
contact between the two phases. Foaming and curing proceeded in situ within the confined architecture,
producing a porous foam matrix that expanded to occupy the lattice pore volume. We ensured that the
amount of foam precursor used was precisely measured to match the density of the standalone foam, thereby
maintaining comparable porosity and composition. After ~60 min, we demolded the IPCs and removed the
excess surface foam (Fig. 1d). The foam density, calculated from the lattice-to-composite mass gain and
foam volume, averaged ~135 + 12 kg/m*—slightly (11%) higher than the pure foam, due to the constrained

bubble growth and enhanced gas retention—with no systematic variation across different gyroid RDs.

We performed a detailed SEM analysis to evaluate the structural integrity and interfacial quality in
cross-sectional IPC specimens with two lattice volume fractions—20% and 60%—and included pure foam
as a baseline (Fig. 2a—c). No clear trend in foam cell opening was observed across the specimens. Samples
were sectioned to expose the foam and lattice regions, and the interfaces were examined across multiple
magnifications. SEM images show a uniform, well-integrated microstructure: foam cells are tightly packed
against the gyroid struts, with no observable voids, delamination, or interfacial debonding. The intimate
contact between the gyroid strut surface and surrounding foam indicates strong interfacial compatibility
and efficient load-transfer pathways, confirming that in-situ foaming yields continuous interpenetrating
architecture in the IPCs. These observations were corroborated by micro-CT reconstructions (Fig.2d and
Supplementary Video), which reveal fully infiltrated, defect-free internal structures. For graded lattices (RD
= 20-60%), 3D reconstructions show a homogeneous architecture with smooth transitions in density,
continuous gyroid connectivity, and uniform foam filling from the low-RD (20%) to high-RD (60%) regions
(Fig. 2d). No unfilled zones, cracks, or interfacial separations were detected across any RD configuration,
indicating that RD variation did not compromise resin infiltration or phase continuity. Collectively, SEM
and micro-CT analyses validate the fidelity and robustness of our in-situ foaming fabrication route and

establish that the IPCs are well-suited for systematic mechanical study and failure analysis.

3. Results and Discussion
3.1 Quasi-static Compression Mechanics of the IPCs

We performed uniaxial quasi-static compression tests on the standalone foam, gyroid lattices, and
lattice—foam IPCs to elucidate their synergistic mechanical response, with emphasis on deformation modes,
load-bearing capacity, and energy-absorption performance relative to the individual constituents. Figure 3a,
b compares the nominal stress—strain responses of the polymeric foam and 3D-printed gyroid lattices. The
foam exhibits the classic three-stage compression response of cellular solids: an initial linear regime
dominated by cell-wall bending, a near-constant plateau associated with progressive cell collapse, and a

densification stage characterized by a rapid stress increase as pores close (Fig. 3a). The loading—unloading



curves show pronounced hysteresis, arising from viscoelastic dissipation in polymer skeleton, accompanied
by cell-wall bending, buckling/collapse, and frictional contact during foam compression and recovery [49].
In contrast, the 3D-printed pure gyroid lattices exhibit distinct mechanical responses, however they can be
tuned by varying RD and RD gradients, arising from their deterministic periodic topology (Fig. 3a, b). At
RD = 20%, the gyroid lattice shows a low initial modulus and a smooth, continuously increasing stress—
strain response with only a weakly defined plateau. The modulus measured at 5% strain is 0.15 + 0.03 MPa
for the RD = 20% lattice, which is lower than that of the standalone foam (0.27 = 0.01 MPa), but increases
sharply with RD, reaching 1.94 + 0.11 MPa at RD = 60% (Fig. 3c), highlighting strong RD-dependent
stiffening of the lattice architecture. Consistent with this near-elastic structural response, the loading—
unloading hysteresis is markedly narrower than that of the polymer foam, indicating reduced energy
dissipation under similar quasi-static loading-unloading cycle (Fig. 3a). Notably, the mechanical tests on
lattices with different RDs are terminated at different maximum strains, selected based on post-deformation

visual inspection to avoid strut fracture at each RD. Within these strain limits, the lattices remain damage-
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Figure 3. (a) Compressive stress—strain responses of the standalone foam and the pure gyroid lattice
with RD = 20%. (b) Comparison of compressive stress—strain responses of gyroid lattices with RD =
20%, 40%, and 60%, in comparison with the standalone foam. (¢) Compressive modulus of the foam
and gyroid lattices as a function of RD. (d) Energy absorption and (e) energy dissipation of the foam
and gyroid lattices. Error bars represent the standard deviation of three replicates (n = 3). Lines are
included only as visual guides and do not represent fitted curves.



free, and unloading shows full recoverability, confirming viscoelastic bending/buckling-dominated and

largely reversible deformation without strut damage.

The gyroid lattices also demonstrate pronounced RD-dependent energy absorption and dissipation (Fig.
3d,e), where the energy absorption is evaluated from the area under the loading stress—strain curves while
the energy dissipation is evaluated from the area enclosed by the loading-unloading curves. Across the
tested strain range (5-50%), the RD = 20% lattice exhibits energy absorption comparable to that of the
standalone foam (Fig. 3d), but at approximately twice the mass of standalone foam, resulting in reduced
mass-normalized performance. As RD increases, the lattices sustain higher stresses at a given strain and
absorb more energy, as indicated by the larger area under the loading curve (Fig. 3b), consistent with a
transition from bending-dominated deformation toward a mixed bending—stretching mode [48,50,51].
Energy dissipation (Fig. 3e) remains high for the standalone foam, even exceeding that of the RD = 40%
gyroid despite its ~4-fold lower mass. This behavior is attributed to the foam’s heterogeneous cellular

microstructural morphology, which promotes distributed viscoelastic deformation and frictional dissipation
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across length scales (Fig. 2a). In contrast, the gyroid lattices show progressively higher energy dissipation
with increasing RD across the tested strain range as higher RD architecture engages more material enabling

higher viscoelastic dissipation at a given strain.

To further program the deformation sequence and enable spatially graded mechanical behavior, we
introduced a linear density gradient (RD = 20-60%) along the loading direction of the gyroid, creating a
graded gyroid that had a similar bulk density as the RD = 40% gyroid. The stiffness gradient emerging from
the density gradation produces a nonlinear stiffening stress—strain response under compression (Fig. 4a).
This behavior arises from progressive local strain concentration within the graded architecture: deformation
initially accumulates in the low-RD region, where local densification occurs earlier, and subsequently
redistributes toward higher-RD regions at larger global strains (Fig. 6¢). Consistently, the modulus of the
graded gyroid increases with strain as sequential densification engages progressively denser regions of the
architecture (Fig. 4b). In contrast, the uniform RD =40% lattice, with similar bulk density shows a reduction
in modulus before densification, associated with spatially uniform deformation governed by simultaneous

strut bending and buckling (Fig. 6b).

For energy absorption (Fig. 4¢), both the uniform (RD = 40%) and the graded (RD = 20-60%) gyroids
absorb more energy than the standalone foam as strain increases, owing to their higher load-bearing
capacity during compression. The graded lattice exhibits lower absorbed energy at small strains because its
initial response is governed by the compliant low-RD region. However, the graded architecture remains
mechanically stable even at larger strains, whereas the uniform lattice develops strut damage and instability
at such high strain, requiring earlier termination of the test (¢ = 40% for the uniform lattice vs. € = 50%
for the graded lattice). As a result, when evaluated over the larger accessible strain window, the graded
gyroid accumulates greater total absorbed energy than the uniform gyroid. The energy dissipation follows
a similar trend (Fig. 4d). At the same strain level, the graded gyroid generally dissipates less energy than
the uniform RD = 40% gyroid since its early-stage deformation is governed by the low-RD region. However,
as discussed, its improved deformation stability enables sustained energy dissipation up to higher strains,

resulting in greater total dissipated energy over the full loading range.

Energy absorption efficiency (EAE) is an important parameter for evaluating cellular materials
performance because it relates the absorbed energy to the maximum stress required to achieve a given strain,
thereby reflecting how effectively a material absorbs energy without imposing excessive transmitted stress

under different loading conditions [52—54]. The EAE is defined as:
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where 0,4, denotes the maximum stress reached before the specified strain and ¢ is the strain applied.
Compared to the standalone foam, both uniform and graded gyroids exhibit lower EAE with increasing
strain (Fig. 4e), mainly because their stress—strain responses deviate from the ideal foam’s plateau-like
response (Fig. 4a). The progressive stress increase during lattice deformation raises the maximum stress,
thereby reducing the EAE despite increased total energy absorption [38,44]. When the applied strain
exceeds 20%, the efficiency of the graded gyroid decreases further and becomes lower than that of the
uniform gyroid, which can be attributed to localized densification (Fig. 6 b,c), that sharply increases the

stress level in the graded sample without a proportional increase in absorbed energy.

Overall, stochastic foam and deterministic gyroid architectures exhibit complementary attributes: the
foam exhibits high specific energy absorption and dissipation, whereas gyroid lattices show higher, RD-
tunable stiffness and architecturally controlled deformation response. These trends motivate the integration
of foam with gyroid lattices in an IPC framework, coupling foam-like energy absorption and dissipation
with lattice-derived stiffness, structural stability, and RD-tunable deformation control. In addition,
introducing a density gradient within the gyroid phase provides a further design lever to locally tune the

foam-to-lattice ratio and deformation sequence, thereby tailoring the effective bulk response.
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Building on these complementary mechanical behaviors, we fabricated a series of lattice—foam [PCs
by integrating polyurethane foam into 3D printed gyroids through in-situ foaming. We fabricated 4 [PC
variants comprising uniform gyroid architectures with RDs of 20%, 40%, and 60% (Fig. 5a), as well as a
graded gyroid architecture spanning 20-60% RD (Fig. 6a). Relative to the standalone constituents, all [PCs
sustained higher stresses within the plateau-like region and exhibited enlarged loading—unloading hysteresis,
indicating enhancement in both structural stiffness as well as energy dissipation (Fig. 5b). In the IPCs, the
gyroid network serves as a continuous load-bearing skeleton, whereas the foam phase occupies the lattice
pores, mechanically coupling the neighboring struts. This critical coupling not only improves the load
transfer between struts but also provides lateral support to struts, preventing premature strut bending and
buckling within the gyroid framework. This increases the initial modulus of the IPC system beyond that of
either standalone constituent. As compression proceeds, the confined foam contributes to additional
dissipation through viscoelastic deformation and cell-wall collapse, while restraining excessive strut
bending and buckling. These synergistic mechanisms stabilize the deformation of low-RD lattices and
transform their strain-softening, instability-prone response into a more stable, strain-stiffening behavior
(Fig. 5¢). This enhancement is most pronounced in the low-RD IPCs, where the compliant lattice benefits
most strongly from foam-mediated support. For example, at 50% strain, the standalone RD = 20% gyroid
has a modulus of only 0.08 + 0.01 MPa, whereas the corresponding IPC reaches 1.54 + 0.03 MPa,
representing an enhancement greater than 1800% with a ~50% mass increase (Fig. 5c¢). At higher relative
density (RD = 60%), the modulus enhancement is more modest but still substantial, increasing by ~69%
from 1.62 + 0.20 MPa for the standalone gyroid to 2.73 £ 0.10 MPa for the IPC at 30% strain, while adding

only ~10% mass.

Energy absorption and dissipation exhibit similar RD-dependent significant enhancements in the IPCs
(Fig.5 d,e). Relative to the standalone RD = 20% gyroid, the corresponding IPC increases total energy
absorption by 385%, whereas the RD = 60% IPC shows a modest 9% increase (Fig. 5d). For energy
dissipation, RD = 20% IPC exhibits a 336% increase relative to its standalone gyroid, compared with a 78%
increase for the RD = 60% IPC (Fig. 5e). Moreover, at low strains, the IPCs exhibit higher EAE than the
corresponding standalone lattices, indicating that foam integration effectively increases energy uptake
without a comparable rise in peak stress. This improvement is critical for impact mitigating materials and
structures, where high energy absorption must be achieved while limiting the stress transmitted to protected
components or users [11,55]. This lower-strain efficiency enhancement is attributed to foam-mediated
lateral constraint of the sparse low-RD gyroid framework, which stabilizes strut deformation and increases
absorbed energy without a proportional increase in peak stress. At larger strains, however, foam
compression and lattice densification progressively elevate the stress level, reducing the normalized

efficiency and causing the EAE to fall below that of the standalone lattices. This efficiency benefit becomes
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less pronounced with increasing RD, as the response is increasingly governed by the denser gyroid

framework.
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Figure 6. (a) Representative photographs and compressive stress—strain curves of IPCs incorporating
gyroid lattices with uniform and graded RD. Deformation sequences at increasing compressive strain
showing the distinct compression modes of (b) uniform RD =40% gyroid lattices and the corresponding
IPCs, and (¢) graded RD = 20-60% gyroid lattices and the corresponding IPCs. Comparison of (d)
energy absorption and (e) energy dissipation characteristics of the IPCs relative to the standalone gyroid
lattices and foam. Error bars represent the standard deviation of three replicates (n = 3). Lines are
included only as visual guides and do not represent fitted curves. (f) Ashby plot of specific modulus
versus specific energy absorption for the foam, lattice and IPCs.

Introducing a density gradient within the gyroid phase further tailors the deformation behavior and
enhances [PC performance relative to uniform-RD architecture (Fig. 6a). The foam-to-lattice ratio gradient
along the loading direction promotes sequential deformation in the graded IPC (Fig. 6¢), in contrast to the
spatially uniform deformation observed in the uniform RD = 40% IPC (Fig. 6b). At lower strain levels,
deformation is concentrated in the compliant low-RD region, where the gyroid framework and
interpenetrated foam deform cooperatively and provide early-stage energy dissipation. As compression
proceeds, local compaction of the low-RD region increases its resistance, causing deformation and load
transfer to become progressively shared with higher-RD regions. This deformation sequence engages stiffer
load-bearing segments while maintaining foam-assisted dissipation throughout the structure. This gradient
architectural effect is reflected in the mechanical performance. At 40% strain, foam interpenetration

increases the modulus of the uniform gyroid (RD = 40%) architecture by 343%, whereas the graded RD =
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20—60% architecture shows a 136% increase under the same condition. Despite this smaller relative
stiffness gain, the graded IPC achieves a 149% increase in total energy absorption, compared with 74% for
the uniform RD = 40% IPC, highlighting the added benefit of density grading within the IPC architecture
(Fig. 6d). Energy dissipation shows a related trend. While the graded standalone gyroid dissipates less
energy than the uniform RD = 40% gyroid at the same global strain (Fig. 4d), foam interpenetration
compensates for this difference, enabling the graded IPC to reach moderately higher dissipation relative to
the uniform RD = 40% IPC (Fig. 6e). This result highlights that the optimal spatial tailoring of the backbone
gyroid architecture is critical for fully exploiting the performance enhancements enabled by foam

interpenetration in foam—gyroid lattice IPC systems.

Figure 6f presents an Ashby plot of specific modulus versus specific energy absorption for the
standalone foam, gyroid lattices, and lattice—foam IPCs. These mass-normalized metrics are critical for
practical energy-absorbing structures, where performance is often constrained by weight. High specific
modulus reflects load-bearing capacity and structural stability per unit mass, whereas high specific energy
absorption indicates efficient energy uptake without excessive weight penalty. Tuning the RD of standalone
gyroids increases specific modulus but provides only limited improvement in specific energy absorption,
revealing a stiffness—energy absorption trade-off. The stochastic foam shows high specific energy
absorption but low stiffness. Thus, neither constituent alone, nor RD tuning of standalone lattices, can
simultaneously maximize both properties. In contrast, lattice—foam IPCs shift upward and to the right in
the Ashby space, achieving concurrent gains in specific modulus and specific energy absorption. This shift
indicates that foam interpenetration complements each constituent phases and activates coupled
deformation mechanisms: the gyroid skeleton provides load-bearing continuity, while the confined foam
stabilizes strut deformation and dissipates energy. By decoupling stiffness enhancement from the usual
energy-absorption penalty, the IPCs access an otherwise inaccessible property space, not only effectively
overcoming the conventional stiffness—energy absorption trade-off but also the density-dependent scaling
limitation of the standalone architectures. Notably, the graded IPC exhibits the most pronounced
enhancement, significantly surpassing the expected rule-of-mixtures response through deformation
programming enabled by the spatially graded lattice architecture. This result further shows that IPC
performance is governed not only by the overall RD, but also by its spatial distribution, thereby expanding

the design space beyond conventional bulk RD tuning.
3.2 Impact Mechanics of the IPCs

To evaluate the dynamic mechanical synergy between the lattice and foam phases and the resulting
impact-mitigation performance, we performed drop-weight impact tests on standalone gyroid lattices and

lattice—foam IPCs at a fixed impact energy of 5 J with an impact velocity of 1.33 m/s (Fig. 7a). Unlike
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strain-controlled quasi-static compression, drop-weight loading imposes a prescribed impact energy and
allows the specimen response to evolve according to its intrinsic architecture and material properties. This
approach enables direct comparison of key impact metrics, including maximum strain, peak stress,

acceleration attenuation, and absorbed impact energy, across different architectures.

Upon impact, the standalone gyroid lattices deform primarily through strut bending and yielding,
followed by buckling and densification. Their periodic architecture enables relatively homogeneous
deformation under dynamic compression (Fig. 7b,d). Increasing RD enhances the stiffness and load-bearing
capacity of the lattice backbone; therefore, under fixed impact energy, denser gyroid architectures exhibit
lower maximum strain and reduced peak stress (Fig. 8c,d). This trend reflects improved deformation control

and impact-load attenuation rather than premature structural collapse.
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Figure 7. (a) Schematic diagram of the drop-weight testing setup. High-speed image sequences of (b)
the uniform RD = 20%, (¢) RD =40% gyroid lattice and (d) graded RD =20-60% gyroid lattice during
impact at the indicated times/strains. Digital image correlation (DIC) maps showing the strain fields of
the corresponding IPCs at the indicated times/strains: (e) 20% IPC, (f) 40% IPC and (g) graded 20-60%
IPC (scale bar: 5 mm).

Foam interpenetration substantially modifies the dynamic response of the gyroid architectures,
consistent with the quasi-static compression results. The impact stress—strain curves show that, compared
with the standalone lattices, the IPCs develop higher stresses at smaller compressive strains, indicating
stronger early-stage impact resistance and effective dynamic mechanical coupling between the lattice and
foam phases (Fig. 8a). The enlarged hysteresis in the IPCs further suggests the activation of additional
energy-dissipation pathways during impact. As a result, foam interpenetration reduces the maximum

compressive strain across all RDs (Fig. 8c), demonstrating that the coupled lattice—foam architecture
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constrains excessive deformation, thereby premature densification under the same impact energy. This
deformation suppression is accompanied by a reduction in peak transmitted stress, a key metric for impact-
mitigation systems because it represents the maximum load delivered to the protected component and often
governs damage or injury thresholds (Fig. 8d). The effect is most pronounced for the RD =20% architecture,
where the standalone lattice is highly compliant and susceptible to large deformation, eventually leading to
structural densification (Fig. 8a). In this low-RD architecture, the foam laterally supports the slender struts,
suppresses localized buckling and premature densification, and promotes cooperative deformation between
the two interpenetrating phases. Consequently, the peak stress decreases from 10.2 + 0.4 MPa for the
standalone gyroid to 6.5 = 0.3 MPa for the IPC, corresponding to a 37% reduction. As RD increases, the
lattice backbone becomes intrinsically stiffer and more stable, reducing the relative contribution of the foam

phase to peak-stress attenuation; accordingly, the reduction decreases to 7% and 6% for the RD = 40% and

RD = 60% IPCs, respectively.
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Figure 8. Impact compressive stress—strain curves of (a) uniform gyroid lattices and corresponding
IPCs with different RDs and (b) graded RD =20-60% gyroid lattices and the corresponding IPCs. Foam
interpenetration leads to (¢) lower maximum strain and (d) lower peak stress in IPCs than standalone
gyroid lattices. Error bars represent the standard deviation of three replicates (n = 3).

The DIC-derived strain fields provide direct evidence for this mechanism by showing that foam
interpenetration promotes a spatially distributed strain field within the IPCs (Fig. 7b,d). Rather than

deforming as an unconstrained stochastic foam, the foam phase is confined by the continuous gyroid

15



backbone, while the lattice is laterally stabilized by the surrounding foam. This mutual constraint delays
localized instability and supports the observed reductions in both maximum strain and peak transmitted
stress. Upon unloading, both the standalone lattices and IPCs show nearly complete shape recovery,
consistent with non-catastrophic deformation and viscoelastic rebound of the polymeric constituents (Fig.
7c,e).

The acceleration—time responses provide a complementary measure of impact-mitigation performance
(Fig. 9a). Reducing peak acceleration is essential for protective materials because short-duration
acceleration spikes, often associated with abrupt densification and rapid stress rise, can transmit damaging
impulse loads to protected components or biological tissues [56,57]. In the standalone uniform gyroid
lattices, increasing RD reduces peak acceleration and broadens the deceleration history, indicating more
stable momentum transfer over a longer time window. For example, peak acceleration decreases from 438
m s2at RD=20% to 128 m s2 at RD = 60% (Fig. 9a). This trend is accompanied by greater energy uptake
at lower strains, as the stiffer lattice backbone engages earlier and sustains higher loads during compression
(Fig. 8a).

500
(a) (b) s00
— 0, Vil
i 20-60% IPC

400 1 i —— 20%IPC —~400 ——AH%IEC
= T - 60% gyroig \; 20-60% gyroid
= _ ¢ ===+ 40% gyroi ——40% id
g 300 ;A —— = 20% gyroid 2 300 - ETOL
2 {0 )
I { \ s
5 200 + ! p 5 200 A
8 / i)
2 ]

100 - < 100 |

0 i T T T T
0

5 0 15 20 25 30
Time (ms)

(c) 1000 -

.60% 1PC

-~
o S
:E § g 0.4 4 Optimum
\M/ 100 5 *g_ Lattice-foam
£ g So3{ A IPC
I *é_ £ 60% gyroid 50_60% TPC
2 9] > 40% IPC
3 a 560.2 A g
= — 9 5 20% IPC
S 104 e — —— 60%IPC - 2 o
25 7din( é — 40%IPC 23 20-60% IPC 5] Lattice
. —— 20%IPC b —40% _ .
E ﬁ/’ L =ZZT60% gyroid E [,-/l:" 404 I:C — t.% 0.1 40% gyr()idA A 20-60% gyroid
= o % —llivigred| 8 é 20-60% gyroid B A 20% gyroid
=== 20% gyroid ===-40% gyroid =T
1 T T T T 1 T . . , ©n T T
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100% 0 5 10 15
Strain, € Strain, & Peak stress (MPa)

Figure 9. Acceleration—time histories under impact for the (a) uniform standalone gyroid and its IPC
counterpart and (b) graded standalone gyroid and its IPC counterpart. (¢) Energy absorption versus
compressive strain for the (c¢) uniform standalone gyroid and the corresponding IPC and (d) graded
standalone gyroid and the corresponding IPC. Error bars represent the standard deviation of three
replicates (n = 3). Lines are included only as visual guides and do not represent fitted curves. (f) Ashby
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all architectures.
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Foam interpenetration further moderates the acceleration response, with the strongest benefit observed
at low RD. For the RD = 20% architecture, peak acceleration decreases from 438 to 236 m s72,
corresponding to a 46% reduction, whereas the RD = 60% architecture changes only slightly from 128 to
124 m s or approximately 3% (Fig. 9a,b). This RD-dependent effectiveness arises from the distinct
deformation mechanisms of each architecture: the low-RD lattice is highly compliant and prone to early
localized collapse and rapid densification, whereas the high-RD lattice is already sufficiently stiff and stable
to dominate the early-stage response. By providing distributed constraints, additional load paths, lateral
strut stabilization, and viscoelastic energy dissipation, the foam phase delays abrupt densification and
suppresses acceleration transients, particularly in the low-RD IPC. Consistently, foam interpenetration
shifts energy absorption toward the early strain regime, with the RD = 20% IPC achieving the highest
energy absorption at low strains (Fig. 9c). For example, at 40% strain, energy absorption increases from

9.85 + 3.05 KJ/m? to 46.93 + 0.9 KJ/m?, corresponding to an approximately 376% increase.

Density grading further reshapes the deceleration response by altering when and where the dominant
resistance develops during impact. In the standalone graded gyroid, deformation first localizes within the
compliant low-RD region, delaying the onset of the major acceleration peak (Fig. 7f and Fig. 9b). As impact
deformation proceeds, strain localization and densification extend toward the stiffer high-RD region, where
the rapidly increasing resistance produces a delayed deceleration pulse. Consequently, the graded lattice
can exhibit a higher peak acceleration than the uniform counterpart, despite shifting the peak to a later time
(Fig. 9b). Foam interpenetration markedly modifies this response. Unlike the more distributed strain field
observed in the uniform IPCs (Fig. 7e), the graded IPC retains a gradient-guided deformation pattern, with
the DIC strain fields showing progressive local strain evolution from the low-RD region toward the high-
RD region (Fig. 7g). This behavior indicates that foam interpenetration preserves the programmed
deformation sequence of the graded gyroid backbone while suppressing abrupt localization and premature
densification. As a result, the delayed acceleration spike is suppressed, and the graded IPC shows a lower
peak acceleration and broader acceleration—time history (Fig. 9b). Notably, foam interpenetration brings
the impact response of the graded IPC closer to that of the uniform IPCs, demonstrating that the foam phase
mitigates the acceleration penalty associated with graded densification while preserving the deformation-

control benefits of the gradient.

The overall impact-mitigation performance is summarized by plotting specific energy absorption at 40%
compressive strain against peak transmitted stress (Fig. 9¢). Movement toward the upper left represents the
preferred combination of higher mass-normalized energy absorption and lower transmitted load. The fixed
strain of 40% enables direct comparison across all architectures. Under the present drop-weight condition,

the total absorbed energy is bounded by the imposed impact energy and the test endpoint; therefore, the
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critical distinction among designs is how efficiently energy is absorbed at early strains and what peak stress
is required to achieve that absorption. In this performance space, IPC formation shifts the response toward
the upper left by simultaneously increasing early-strain energy absorption and reducing peak transmitted
stress. This benefit is most pronounced at low RD and diminishes with increasing RD, as the denser lattice

backbone increasingly governs the response.

Together, these results demonstrate that foam interpenetration and density gradation act as
complementary design strategies for impact mitigation. Foam interpenetration introduces distributed
constraint, lateral strut stabilization, additional load paths, and viscoelastic dissipation, which suppress
abrupt densification and reduce transmitted acceleration and stress. Density grading further controls the
spatial progression of deformation, extending the deceleration process and promoting more gradual
momentum transfer. By combining these effects, lattice—foam IPCs decouple energy absorption from
transmitted load, enabling lightweight architected materials that dissipate impact energy efficiently while

limiting the mechanical impulse delivered to protected personnel and structures.
4. Conclusion

This study demonstrates that gyroid lattice-foam IPCs provide a robust and versatile route to overcome
the intrinsic trade-offs that limit conventional cellular and architected materials for load bearing and impact
mitigation applications. Polymeric foams exhibit high specific energy dissipation but low stiffness, whereas
gyroid lattices provide RD-dependent stiffness and load-bearing capacity but comparatively limited
dissipation. Integrating these phases yields synergistic performance that cannot be achieved by either
constituent alone. For uniform gyroid lattices, mechanical response is readily tuned through relative density,
and foam interpenetration further elevates performance by providing lateral constraint, stabilizing strut
deformation, delaying buckling, and increasing energy absorption and hysteretic dissipation. These benefits
are most pronounced in low-density lattices, where the foam plays a dominant role in suppressing localized
instability and moderating densification-driven transients. Incorporating a density gradient along the
loading direction further expands the attainable response space by promoting spatially programmed
deformation and more effective load redistribution as crushing progresses. Under impact loading, the IPCs
exhibit substantially reduced peak transmitted stress and peak acceleration together with enhanced early-
strain energy absorption, indicating improved impact-mitigation capability and more controlled
deceleration. Overall, gyroid lattice—foam IPCs emerge as a scalable platform for designing lightweight,
high-performance energy-absorbing materials, offering tunable stiffness, an extended plateau regime,
controlled densification, and superior impact attenuation. By strategically leveraging the rapidly advancing

capabilities of additive manufacturing, IPCs offer unprecedented design flexibility for developing next-
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generation aerospace structures, automotive crashworthy components, and advanced personal protective

systems.
5. Materials and Methods

The polymeric foam phase was prepared using a flexible polyurethane casting foam (PolyFoam F-5,
Polytek Development Corp.), mixed at a 1A:1B ratio by weight, poured into the molds, and allowed to cure
at room temperature for 60 min before demolding. Gyroid lattice samples with uniform RDs of 20%, 40%,
and 60%, as well as gradient-density structures—with the bottom region had RD 20% and the top region
had RD 60%—were fabricated using a Formlabs Form 3 SLA printer with Elastic 50A resin. All 3D-printed
lattice structures were rectangular prisms in shape with a 15 mm X 15 mm square base and 30 mm height.
We produced lattice-foam IPCs by in-situ foaming using PolyFoam F-5. The printed gyroid scaffolds were
placed into molds, and a two-part foam precursor was mixed, poured into the structures, and allowed to

expand and cure for 1 h at room temperature.

We performed scanning electron microscopy (SEM) using Phenom XL Desktop SEM on sputter-coated
cross-sections to thoroughly examine the microscale foam—lattice interfaces and strut morphology. Micro-
computed tomography (micro-CT; Rigaku CT Lab HX-130) was used to verify complete foam infiltration

and to characterize the internal architecture of both uniform and graded structures.

We performed the quasi-static compression tests on a Shimadzu AGS-J universal testing machine at a
strain rate of 0.01 s™' up to 50% engineering strain. Engineering strain was calculated from actuator
displacement normalized by sample height, and nominal stress was obtained by dividing the measured load
by the sample’s cross-sectional area. For dynamic impact tests, we used an Instron CEAST 9350 drop-
weight impact system equipped with a flat-tup striker. A fixed impact kinetic energy level of 5J was selected
for all tests based on preliminary trials conducted at three distinct energy levels. All the impact experiments
used the same sample nominal dimensions as in quasistatic experiments (15 mm x 15 mm x 30 mm). The
impactor mass was 5.67 kg, and the impact velocity was obtained as 1.33 m/s for the 5J of kinetic energy.
Force, displacement, and energy were recorded over time using the CEAST DAS 8000 Junior data
acquisition system, at a sampling rate of 500 kHz. We employed high-speed imaging, using Photron
FASTCAM Nova S6 camera, equipped with a Nikon AF-S NIKKOR 105mm lens, to capture the impact at
a frame rate of 12,000 frames per second. The schematic illustration of the set-up is shown in Figure 7a.
The automated trigger system relied on detecting a load increment, which introduced a delay in capturing
the initial contact event for the soft samples. Therefore, the true impact duration and displacements were
extracted from high-speed video footage, and these corrected values were used to update the force-
displacement and energy-time datasets. Then the engineering strain was computed by normalizing the

corrected displacement by the initial height of the lattice structure, while stress values were obtained by
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dividing the measured force by the cross-sectional area of the sample. We adopted the same protocol across
all tested samples, enabling direct comparison of stress—strain behavior, peak stress, acceleration response,

energy absorption, and energy dissipation among the foam, gyroid lattices, and IPC structures.

DIC analysis was performed using the open-source MATLAB-based software Ncorr (v1.2.2) [56],
which employs a region-growing DIC (RG-DIC) framework combined with an inverse compositional
Gauss—Newton iterative solver for robust full-field displacement tracking. For the large-deformation
compression of IPCs, high-strain analysis was enabled using seed propagation with automatic propagation
to incrementally update the reference image and maintain correlation robustness under severe deformation.
We ensured that the sample’s imaging surfaces were uniformly speckled with consistent speckle size
distribution. A subset-based correlation approach was employed, where the subset radius and strain radius
were selected as the smallest values that minimizes noise while preserving spatial resolution. We computed
the displacement gradients using a least-squares plane fit over a local circular neighborhood. We then
calculated the Euler—Almansi finite strain tensors from the displacement gradients in the current
configuration, enabling accurate characterization of the large compressive strains and localized deformation

fields that evolved during IPC densification [57].
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