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a b s t r a c t 

Nickel (Ni) foam with hollow struts, as one type of ultralight stochastic cellular material, can be simply 

manufactured by electroplating on a thermally or chemically removable template. A fundamental under- 

standing is required to create a consistent lattice model with capability to capture its mechanical behav- 

ior. Herein, an unprecedented hollow pentagonal dodecahedron (HPD) model is proposed with a novel 

3D packing architecture. HPD model reveals the scaling of Young’s modulus (E) to relative density ( ρ ′ ) in 
the factor of 2, which agrees well with uniaxial compression tests. This simplified model paves a way to 

investigate the cellular material with hollow struts. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Mechanical metamaterials, either periodically or stochastically

architected from nanoscale to microscale, are able to combine

structure and host material together and thus enable a wide range

of material properties not commonly found in nature [1] . Cel-

lular metallic material is one such subset, which attracts enor-

mous attention in applications ranging from structure supporting

frames to passive heat dissipation, battery electrodes, automotive,

railway, and etc. [2] . The increased interests in cellular metallic

materials is attribute to their exceptional characteristics including

high strength-to-weight ratio, light weight, super large surface area

combining with excellent thermal and electrical properties [3] . 

These cellular metallic materials can be manufactured through

precision casting [4] , powder metallurgy [5] , injection molding

[6 , 7] , polymer templated deposition [8] , or additive manufacturing

[9] , and can either be closed or open cell, stochastic, or periodic in

architecture [10] . It is noteworthy that in recent years the versatil-

ity of manufacturing for various metal alloys (Ni-P, Ni-Cu, Ni-W-P)

[11] with electroless-electroplating and additive manufacturing

for polymer templates [12] engenders unbound potential design

space by which new cellular metallic material can be created, in-

cluding both stochastic and topology-optimized architectures. For

instance, Queheillalt et al. [13] manufactured stochastic open cell
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etal foam through polymer templated physical vapor deposition.

he deposition process is based on an open-cell polymer foam

emplate, e.g., polyurethane (PU) foam, upon which a conformal

etal alloy layer is deposited onto the surface of the struts. Using

 similar strategy, but with cost-effective electroless-electroplating

ethod, Schaedler et al. [11] created a novel periodical Nickel

Ni) based micro-lattice with structural hierarchy spanning from

anometers to millimeters. The author showed that the archi-

ected structure can achieve efficient material utilization, with the

oung’s modulus scaling as E~ρ2 , and was able to recover from

ore than 50% compression deformation at ultralight densities

relative densities of < 0.1%), which demonstrates large kinetic

nergy absorption ability upon cyclic loading. Additionally, this

lectroless-electroplating method has been utilized to manufacture

tochastic Ni foam by Jung et al. [14] , during which the authors

oncluded that the polymer template core only had a marginal

ffect on the mechanical properties and hence can be neglected

or performance analysis. 

Despite a number of studies have been conducted, there are

till challenges related to the structural interpretation of those cel-

ular metallic materials, especially with hollow struts. For example,

ew studies delve into the stochastic architecture enhancement

f metal alloy structure on the polymer template, how the metal

lloy enhancement occurs, and to what extend the enhancement

ould be. And, few guiding principles exist for designing the
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Fig. 1. (a) Optical image of the open-cell Ni foam, insert is the architecture of the copper coated PU foam as the template. (b) Representative SEM image of a single strut 

in copper coated PU foam template, insert is the hollow Ni strut after template removal. (c) A unit cell of HPD model and its lattice parameters. (d) 3D packing of the HPD 

unit cells. 
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oam-like architecture that efficiently integrates the structure and

icrostructural deformation mechanisms [4 , 10] . Most previous

tudies concentrate on the modeling of cellular metallic materials,

ut with solid struts, such as Kelvin structures [15] and Weaire-

helan structures [16] , both of which were developed on the idea

f the surface area minimization. Kwon et al. [17] , developed a

etrakaidecahedral frame structure as a representative unit-cell

hat can predict the stiffness of metallic foam agreeing well with

xperimental data. X-ray computed tomography is also used for

ellular solids modeling, though prior studies reported that the

rediction leads to a systematic overestimation of the elastic

roperties [18] . To the authors’ knowledge, an architected model

hat can describe the elastic behavior of cellular metallic material

ith hollow struts remains rare. In addition, unlike topology

ptimized structures, stochastic structures bring extra challenges

ue to not only the uncertainty combination of their underline

attice but also the reticulation and the redundancy of these

ombinations. Nevertheless, understanding the complex interplay

etween the topology of the hollow strut foam structure and

he constituent materials is crucial for optimizing and designing

omplex topological structures with tunable mechanical properties.

In this work, an unprecedented hollow pentagonal dodecahe-

ron (HPD) lattice model is developed to study the mechanical

ehavior of the stochastic metallic foam with hollow struts,

hich is manufactured by PU foam templating and Ni electroless-

lectroplating as shown in Fig. 1 (a). This templated Ni foam

ormally possesses a uniform three-dimensional reticulated struc-

ure that is comprised of various unit cells with different size and

hape suggesting an isotropic architecture. Fig. 1 (b) shows the ge-

metrical size and shape of a single strut (insert shows the hollow

i strut, more details seen in supporting materials). To mimic the

rchitecture of this as-manufactured stochastic foam, a pentagonal
odecahedron (PD) model following prior studies [19–21] has been

eveloped, but with an innovative strategy to create hollow struts

or the first time (more details seen in supporting materials) in

ig. 1 (c). This HPD unit cell is chosen as a representative volume

lementary (RVE), while a novel 3D packing architecture for HPD

attices is proposed to enable a potential periodic boundary con-

ition (PBC) as shown in Fig. 1 (d). Then, Finite Element Method

FEM) simulations are applied on the as-built monolithic unit cell

ith Ni as the constituent material to assess its capability of in-

erpreting the mechanical behavior of Ni foam with hollow struts.

he simulation results are validated by comparing to both the ex-

erimental compression tests and the theoretical power coefficient

aw drawn from an analytical model considering the bending,

tretching and shearing behavior of representative strut as Timo-

henko beam subject to the uniaxial compression stress. Moreover,

he stress distribution on struts are studied to understand the po-

ential mechanical failure (fracture) of the HPD lattice architecture.

Fig. 2 shows the compression behavior of an HPD unit cell in

he wall thickness of 25 μm. Stress contours of 0.2%, 1%, 2% and

% volume averaged strain are shown in Fig. 2 (a) – (d). At a small

train of 0.2%, it is clear to observe the stress concentration in the

PD lattice starts to appear near the end of the struts, implying the

ollapse of the struts always tend to occur near the clamped area.

his is corresponding to the theory that plastic deformation always

riginates near or at the “node” region [22] . As the deformation

ontinues to larger strain, plastic deformation will propagate

hrough the whole struts indicating the whole structure reaches

he plastic deformation stage and the struts may start to collapse

y the plastic localization (i.e. buckling and necking) [23 , 24] . Be-

ides, the uneven stress distribution across different struts implies

hey will not fail at the same time leading to the consecutive

ailure of the lattice structure. This phenomenon has been demon-
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Fig. 2. (a)-(d) The stress contour of the HPD unit cell deformed under a series of volume averaged strains; (e) a cross-section view of the inner surface of a hollow strut 

deformed under 5.3% volume averaged strain; (f) engineering stress-strain curve of the HPD unit cell with wall thickness of 25 μm , note: the modulus is derived from the 

first 0.2% effective strain assumed to be linear. The inset image shows the struts of the HPD unit are classified to three different types; (g) Statistical analysis showing the 

maximum equivalent stress on the outer surface around the center of the three different types of struts. 
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strated by prior experiments as well. For example, Torrent et al.

[10] showed that the failures on the strut structure were a main

reason leading to the decrease of the mechanical strength of

cellular metallic material. Whereas, for this hollow structure, the

outer surface generally exhibits larger deformation than the inner

surface. As a result, the breaks will occur on the outer surface

first followed by the inner surface; therefore, there won’t be a

steep stress drop during compression, which contrasts with solid

counterpart materials. As the deformation continues to around

4.6% volume averaged strain as shown in Fig. 2 (e), the inner

surface and the outer surface will be in contact with each other

resulting in a reinforcement on the strength of the beam. These

results demonstrate that a superior mechanical property could be

achieved by applying a hollow strut structure compared to a solid

strut, especially at the same relative density level, which agrees

well with Queheillalt’s results [13] . 

To interpret which strut initiates the mechanical failure in our

HPD architecture, we classified all the struts into three types with

respect to their position considering the symmetry and ignoring

the PBC boundary struts, as shown in Fig. 2 (f). For a quick refer-

ence, these struts are labeled as [1,1], [ −1,1] and [1, −1]. The sign

and the number are not the Cartesian coordination while only im-

plying their rough position. The maximum stress on the surface of

each strut is extracted based on different strain levels shown in

Fig. 2 (g). The [ −1, −1] strut normally possesses largest stress level

among all strut. From above, it can be concluded [ −1, −1] strut is

the start position for the peak stress to reach and the stress on the

plane orthogonal to [ −1,1] direction contributes to the formation

of a shear band and eventually a macroscale slip bands evolved.

This phenomenon is also observed by E. Amsterdam [23] . Note this,

for the bending dominated HPD lattice, bending rigidity generated

with the compression of the inner surface and tension of the outer

one, makes it feasible to only consider the stress distribution on

the outer surface of the struts. 

In order to derive the effective modulus of the Ni foam with

hollow struts, the stress-strain relationship of the HPD lattice ar-

chitecture in the wall thickness of 25 μm is plotted in Fig. 2 (f).

Typically, for a cellular metallic structure with the elastic deforma-

tion strain less than 0.2%, the plot tends to be in linear shape. The

slope of the linear curve could be extracted to reflect the effective

modulus of the material. Applying this strategy, the slope of the

linear curve in Fig. 2 (f) is extracted to be 123 MPa, which is com-
arable to the normalized result of Torrent’s study [10] . Note that

he deviation of the modulus results of HPD with prior studies of

i micro-lattice is owing to the topology difference between them.

or example, the octet-truss lattice architecture in Torrent’s study

as node connectivity of 12, however, the node connectivity is 6

or the 3D packing HPD lattice architecture, suggesting a weaker

echanical response. 

The z direction compressive stress-strain response for five rep-

esented HPD unit cells we considered with wall thickness from

0 μm to 50 μm is shown in Fig. 3 . The maximum stress value on

he struts, at elastic average volume strain of 0.2%, apparently rises

long with increasing wall thickness in Fig. 3 (a). More prominent

tress concentration occurring on the HPD unit with larger wall

hickness can be ascribe to lower strut aspect ratio and larger

aterial (Ni) mass loading, which induce more significant node

lamping effect. When the wall thickness increases, the mechani-

al enhancement of the compressive modulus and strength on the

PD lattice architecture, also can be observed in Fig. 3 (b) which is

he stress – strain plots for five different PD units. It is found that

he rate of mechanical enhancement exceeds the rate of Ni mate-

ial mass increase as shown in Table 1 with wall thickening. This

an be explained in two folds. One reason can still be ascribed

o the fact mentioned above, that the lower strut aspect ratio

nducing more significant node clamping effect. Another reason is

ttribute to the bending dominated deformation behavior of the

ollow strut. In details, for a given strain ɛ , a well-defined stiffness

s around Et, t is the wall thickness, E is Young’s modulus of the

onstitute material, the tension rigidity and bending rigidity of the

ollow strut can be derived as Et/ ( 1 − ν2 ) and E t 3 / [ 12( 1 − v 2 ) ] ,
espectively, where ν is the Poisson ratio. This qualitatively ex-

lains why the compressive modulus of PD lattice architecture

ncreases much faster comparing to the wall thickness increment. 

HPD unit cells with wall thickness from 10 μm to 50 μm as

isted in Table 1 are simulated to derive the relationship between

he compressive modulus and relative density of the metallic foam.

ote that the FEM simulations for PD unit cell with wall thickness

ess than 10 μm have not been conducted here. This is due to the

xtreme thin strut wall in combination with the macroscopic size

f the PD structure, which will induce large computation error. In

ddition, usually with such thin strut wall, the roughness and de-

ects will inevitably reduce the foam mechanical strength, and also
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Table 1 

Summary of geometry properties of HPD lattices. 

Thickness (um) Volume (10 −9 m 

3 ) PD Model Edge Length (mm) Unit Cell Side Length, L (mm) Compressive Modulus, E (MPa) Relative Density, ρ/ ρs 

10 0.196056 1.149520 3.00948278 21.3572 0.007192909 

15 0.310754 1.154010 3.02123849 49.9231 0.011268386 

20 0.436357 1.158501 3.03299419 80.8553 0.015639657 

25 0.572835 1.162991 3.0447499 123.8139 0.020294328 

30 0.710157 1.167481 3.0565056 176.2733 0.024870172 

35 0.868253 1.171972 3.06826131 244.1481 0.030058635 

40 1.037143 1.176462 3.08001701 327.5959 0.035495990 

45 1.216795 1.180952 3.09177272 424.7712 0.041171315 

50 1.407177 1.185442 3.10352842 542.0802 0.047074048 

Fig. 3. (a) Schematic diagram of the deformation and stress distribution in HPD unit cell with wall thickness ranging from 10 μm to 50 μm ,showing the strain localization 

(stress concentration) and local buckling of the PD truss; (Note: the stress distribution is rendered at 0.2% effective strain.) (b) The stress-strain curves of HPD model with 

Ni as the constituent material. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Modulus and relative density relation: (a) Stress-Strain curves of manufactured Ni foams as a function of the coating thickness; (b) Relative compressive modulus 

(defined as the measured Young’s modulus, E, divided by the Young’s modulus of the constituent solid, E S ) of selected cellular materials at low relative density comparing to 

HPD model results; (c) Quadratic regression fitting for the HPD Model. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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ead to a prominent difference for the simulation and experiment

esults [10] . 

To validate the as-developed 3D packing HPD lattice architec-

ure for describing mechanical behavior of stochastic metallic foam

ith hollow struts, the simulation results of effective com pressive

odulus in Table 1 have been plotted as a function of foam densi-

ies and compared to experimental measurements (from both prior

tudies and this work) in Fig. 4 . Fig. 4 (a) shows the stress – strain

urves of the Ni foam with hollow struts which are manufactured

hrough PU foam templating and electroless-electroplating. The

lastic modulus is the maximum slope value obtained by fitting

he linear response at small strains found at up to 2.35%, during

hich the compression and bending of the struts are assumed to
ominate the mechanical deformation. The drop of the compres-

ive strength thereafter results from the continuous buckling and

ailure of struts. [23–26] As observed, both the compressive modu-

us and strength of the HPD lattice are increasing along with larger

all thickness, which agrees well with the result in Fig. 3 . On

ontrary to thin wall architecture, a distinct stress drops appears

n the nickel foam with larger density corresponding to higher

all thickness in Fig. 4 (a). To interpret this with our HPD lattice

odel, as shown in Fig. S1, the maximum stress of the [ −1, −1]

truts with different wall thickness ranging from 10 to 50 μm are

resented. Apparently, the struts with thicker wall bears larger

train localization under same effective engineering strain, which

s typically attributed to the surface tension of neighbor circle
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and a shorter effective beam length (due to larger nodal volume)

resisting the deformation [24] . Moreover, the nanocrystalline (NC)

nature of electro-chemical deposited bulk nickel indicates a strong

mechanical strength, following the Hall–Petch relation. As small

grain size help reducing the strain accumulation. However, under

large deformation, dislocations can pile up at the grain boundary

eventually resulting a brittle behavior of the NC structure [27 , 28] .

The modulus of the as-manufactured Ni foam is extracted and

compared with the simulation results in Fig. 4 (b). In contrast,

other materials with relative density < 10 mg/cm 

3 are plotted,

such as CNT foams [29 , 30] , silicon aerogel [31 , 32] and aluminum

honeycombs [33] . As shown, the obtained compressive modulus

from the HPD models with wall thickness ranging from 10 μm to

50 μm , performs a nonlinear mechanical property scaling in the

factor of two, which is in great agreement with the experimental

results. Within the low relative density region ( ρ/ ρs < 0.01),

a small transition tendency to a different, topology-dependent

scaling relation is observed, resulting in an overestimation of the

compressive modulus of relative foam. This deviation is ascribed

to the neglected defects in HPD model, which exist in the actual

metallic foam, such as waviness in the struts [34] , non-uniformity

of the cross sections [35] , misalignment of the nodes, possible

defects induced during electroplating procedure, such as small

notches, impurities, oxide layer on the strut outer surface and

precipitates in the cell wall [23 , 25 , 26] . 

For the HPD lattice architecture, a transition of the foam stiff-

ness scaling from two to one when the struts decrease slenderness

of λ ≈ 20 ( ρ/ ρs ≈ 0.1) to λ ≈ 1 ( ρ/ ρs ≈ 0.01) is identified,

where the slenderness is defined as λ = 

√ 

A L 2 /I , with A is the

cross-section area, and I is the area moment of inertia of the

beam. Ignoring the combination effects of bending and stretching

in the beam, mechanical properties of lattice architecture normally

modeled with either bending or stretching behavior by assuming

one dominate the other. To understand this transition and address

the complex entanglement of stretching-bending effects as well

as the shear deformation, we developed an analytical model

based on both Euler and Timoshenko beam theory for accurately

capturing the young’s modulus of the non-rigid HPD lattice in Fig.

S2. Fitting our model with FEM simulation result, the effective

young’s modulus can be expressed with 

E 

E s 
= 

1 

0 . 5652 

1 

ρ ′ 2 + 5 . 462 

1 
ρ ′ 

(1)

Full derivation of this equation is provided in the supple-

ment material. The stiffness transition is similar to the Gibson

and Ashby’s (GA) bending dominant model [36] , which only has

a squared term in the fit for modulus of elasticity. Moreover, in a

very recent paper, Tereza et al. [37] also numerically calculated the

young’s modulus of the GA open cell based metamaterial model

and claims essentially, for the young’s modulus, the perfect three

dimensional strut-based metamaterials constructed on open GA

cell don’t obey the Gibson-Ashby power law prediction, especially

in the low relative density region. Beside of that, comparing to ex-

perimental results, there are several reasons may affect the stress

and strain behavior of the HPD model at low relative density re-

gion: (1) in HPD model, the struts are defect free and pristine

and thereby bring about the overestimation of the modulus,; (2)

as the thickness increases the node becomes larger and stronger,

which increases the convergence of strength and stiffness in the

lattice at higher density region. Therefore, both simulation artifacts

as well as real structure contribute to the overestimation of the

HPD model for describing the stiffness of the cellular metallic foam

structure in the low density region. 

In summary, a new approach to modeling and investigating the

mechanical response of hollow Ni foam with periodic 3D packing
PD lattice architecture is proposed. The elastic response results

rom the numerical simulations on the uniaxial compression of

he foam were compared to experiments with good agreement. An

n-depth exploration of the mechanical properties using analytical

odel assuming Timoshenko beam are provided. Our model not

nly provides an insight explanation of the parameter space of

ollow struts-cellular architecture, but also establishes mechanism

f the strength and the stiffness governed by the intricate entan-

lement of geometry and structure. Moreover, it provides a simple

ay to accurately predict the mechanical properties of open-cell

ellular foam structure. During our discussion, we postulate that

he convergence of strength and stiffness in the lattice at high

ensity is caused by the increased influence of the beam intersec-

ions at the node. As the thickness increasing, the node becomes

arger and stronger. However, the strength and stiffness parameter

pace of hollow lattices is highly complex and depends not only

n the beam length, radius and thickness but also on the space

opology organization for the full-scale foam. Overall, this work

rovides a new prospect to estimate the mechanical properties of

he stochastic cellular structure. 
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