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A B S T R A C T   

This work investigates the load-bearing and energy absorption capacities of hexagonal honeycombs with syn
tactic cell walls and spatial gradation of cell densities. Structures are processed and property-tuned by varying 
the volume fraction of hollow microspheres (microballoons), cell wall thickness, and spatial gradation of cell 
densities. The mechanical behavior of the structures is characterized by subjecting them to in-plane compression. 
Full-field deformation and failure responses of these structures at meso- and macro-scales are characterized by 
digital image correlation (DIC) and postmortem fracture analyses, respectively. Mesoscale analyses reveal het
erogeneous strain accumulation at the cell hinges, which leads to a fracture in the vicinity of the hinge. Failure is 
characterized by a brittle mode in all samples. It is shown that the energy absorption capacity of the structures 
can be improved with the spatially-controlled incorporation of microballoons into the cell struts, at the penalty of 
reduced overall strength. In addition, cell-density gradation offers a notable improvement to the energy ab
sorption performance over uniform density structures and a mechanism to lower structural density while 
achieving high mechanical performance.   

1. Introduction 

Architected structures have drawn notable attention in recent years 
due to their potential in offering tunable mechanical properties, 
achievable by altering their structures at the micro and meso scales. An 
example of such property-adjusted structures is honeycombs, in which 
the introduction of periodic cells with strategically adjusted unit cell 
geometries can lead to a wide range of desirable macroscopic properties. 
Some known structural benefits of honeycombs include improved 
impact energy absorption, reduced structural weight, and tailorable 
properties, such as the ability to introduce auxetic and structural 
anisotropic behaviors at various length scales [1–3]. Similar to periodic 
cellular structures, cellular composites and foams have offered attractive 
and viable design solutions in various research and industrial applica
tions with improved and tunable responses [4–10]. A few applications of 
architected structural materials include civil and aerospace panels [11], 
automotive sandwich composites [4], soft robotics utilizing embedded 
intelligence [12], and honeycomb buffering sandwiches for packaging 
[13]. In most engineering applications, the need for lower density ma
terials with adequate or improved mechanical load-bearing 

performance is essential. 
Honeycombs are among the simplest classes of architected struc

tures, whose mechanics and applications are well studied on theoretical 
and experimental grounds [14]. In general, the in-plane compressive 
response of honeycombs can be described with three deformation re
gions congruent with the mechanical behavior of other cellular solids. In 
low strain ranges, the structures exhibit linear elastic behavior, where 
the cell walls bend about the vertices of the cells, herein referred to as 
hinges. Once cellular collapse initiates, a plateau region develops and is 
exemplified in the stress–strain curve of the structure by near-constant 
stress until the opposing cell walls make contact. The latter process 
marks the onset of global densification and attributes to a rapid increase 
in the apparent stiffness of the structure. In the case of honeycombs 
fabricated from brittle base materials, cell walls bending about the 
hinges will fracture when the stresses exceed its modulus of rupture. In 
such cases, fragments may pack together upon further compression to 
display a similar phenomenon in the stress–strain curve as the plateau 
region [14,15], where confinement boundary conditions play a major 
role in the mechanical response. 

Several investigators have studied the effects of cell strut thickness 
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and length on the overall load-bearing and energy absorption behaviors 
in honeycombs [14,16–18]. For instance, [17] studied the elastic 
behavior of honeycombs by building on the modeling approaches of 
[14]; the authors reported on the role of relative cell density in stiffness 
tuning and the impact of hinges in high cell density structures. [18] 
reported on the development of a beam model for thick-walled honey
combs with a uniform thickness and showed that stiffness is strongly 
coupled to the cell thickness-to-length ratio. Generally, the densification 
of honeycomb structures significantly decreases with increasing cell 
wall thickness. At the same time, an increase in the cell wall thickness 
leads to greater stiffness and higher load-bearing performance. Specif
ically, the stiffness of regular hexagonal honeycombs is proportional to 
t3 (with t being the cell wall thickness), while the relative density is 
proportional to t [14,19]. Therefore, although primarily applicable to 
relatively small t/l ratios (t/l < 0.25, according to Gibson and Ashby 
[14]), an increase in the cell wall thickness, t, leads to a quadratic in
crease in the specific stiffness, i.e., stiffness per unit density. In both 
modeling and optimization studies, cell geometry has also been explored 
to consider irregular cells and non-uniform wall thickness [20], struc
tures with zero Poisson’s ratio [21–23], and struts with curvature as they 
approach the hinge [24]. While direct tuning of cell geometry uniformly 
through the entire structure can offer some improvements, further 
optimization of the mechanical performance could be achieved by 
density gradation [25]. 

The design limits of tuning a uniform density can be expanded upon 
with density gradation. Cell density gradation in honeycombs can be 
achieved by varying cell geometry throughout the length of the sample 
[19,26]. The fundamental idea behind density gradation is to achieve 
high mechanical strengths and energy absorption by introducing layers 
with spatially variable cell geometry. The concept of density gradation 
extends not just to honeycombs but also foams. In the literature, many 
works experimentally investigate density-graded foams of various ma
terial classes, with some works considering quasi-static loading [27] and 
others considering impact conditions [9]. For instance, Ghimire and 
Chen [28,29] studied the fracture and failure of sandwich panels with 
multi-layered functionally graded foam cores. These works demon
strated the outperformance of a layered foam structure over homoge
neous (single-layer) foam cores in enhancing the damage resilience and 
load-bearing capacity of sandwich panels fabricated from optimally 
graded foams. Exploring 2D architected materials, [26] characterized 
hyperelastic honeycombs manufactured using fused filament fabrication 
(FFF). It has been shown that controlled density gradients can signifi
cantly enhance energy absorption and damping performance over uni
form cell density designs. [19] investigated the analytical optimization 
of honeycombs with discrete and continuous gradations for various 
gradients and found that density gradation in flexible hexagonal hon
eycombs improves energy absorption at the cost of structural stiffness. 
Several studies have also considered the energy absorption capability of 
graded honeycomb structures under dynamic loading conditions for 
regular and irregular graded structures, all reporting enhanced me
chanical performance [30,31]. 

The introduction of self-similar structures inside cell struts has also 
offered new paradigms for improving the mechanical responses of 
architected structures. For instance, [32] studied the compressive 
response of hierarchical honeycombs and found improved post-yield 
crushing stress, plateau stability, strain-hardening, and improved en
ergy absorption characteristics. In another study, [33] leveraged the 
improvements in mechanical response that self-similarity can offer in 
structures and extended them to the functional grading of hierarchical 
honeycombs. However, it is recognized that conventional 
manufacturing methods offer barriers to the practical production of such 
self-similar structures. On the other hand, additive manufacturing so
lutions have led to practical strategies for microstructural tailoring of 
materials in recent years [34], specifically valuable for printing cellular 
structures. Nonetheless, the continued development of cost-effective 
fabrication solutions is vital for industry realization of such printable, 

highly energy absorbent architected structures and is, thus, still a 
limitation. 

An alternative approach to fabricating microstructure and 
architecture-controlled energy-absorbing structures has been the 
development of syntactic foams. Syntactic foams are porous composites 
in which hollow particles are embedded inside solid matrix material 
[10]. Syntactic foams are characterized by low density and tailorability, 
enhanced energy absorption, and load-bearing characteristics compared 
to single-phase (non-syntactic) foams [35]. The porous nature of syn
tactic foams yields a compressive response that mimics honeycombs, 
exemplifying linear elasticity, plateau, and densification regions 
[10,35–38]. In all aforementioned works, the microstructure of syntactic 
foams is reported to have a notable impact performance on the macro
scale response of the structure. For instance, pioneering micromechanics 
modeling studies by Bardella and Genna [39,40] discuss the role of 
microballoons volume fraction on the deformation of syntactic foamed 
sandwiches in the linear elastic regime, highlighting the possibility of 
stiffness-to-weight optimization. Syntactic foams have been studied 
using several matrix materials, including polymers [10,41] and metals 
[36]. Afolabi et al. [42] provide a comprehensive review of 
manufacturing techniques for syntactic foams and an insight into the 
scope of researched matrix and filler materials that have been used in 
syntactic foams to date. 

Novel composite structures can be developed by leveraging the at
tributes of honeycombs and syntactic foams discussed above, with 
improved energy absorption capacity and efficiency. To date, limited 
work has explored the so-called syntactic honeycomb structures. Among 
the limited work carried out on this topic is the research by Jhaver and 
Tippur [43], wherein the compressive behavior of aluminum-syntactic 
foam honeycombs was characterized. Syntactic honeycombs were 
developed by varying the volume fraction of hollow microspheres for in- 
plane loading along the length and width of the structure. It was found 
that a syntactic honeycomb can lead to improved stiffness and energy 
absorption. Zhang et al. [44] took a different approach by using a hon
eycomb structure as a reinforcing element in a syntactic foam matrix to 
study crack healing performance in the material. Researchers have also 
investigated the use of syntactic foams in honeycomb sandwich com
posites in dynamic and quasi-static loading conditions [45–47]. Lastly, 
syntactic foams with honeycomb-like structures have also been explored 
in the literature, e.g., Yu et al. [48], where the authors investigated the 
use of novel manufacturing techniques to prepare the honeycomb-like 
syntactic foams. 

In this work, we construct and characterize a novel composite hon
eycomb structure in which 1) the cell walls are composed of syntactic 
foams, and 2) density gradation is introduced through spatial gradation 
of the cell wall thickness in specific directions. Structures are realized by 
casting a mixture of an epoxy matrix embedding hollow ceramic mi
crospheres (henceforth referred to as microballoons). We consider 
samples of uniform and graded cell densities with various volume 
fractions of the filler microballoons. In doing so, we demonstrate that 
the energy absorption and load-bearing performances can be simulta
neously improved while the overall structural weight is reduced. Being 
the first work to investigate the combined effects of syntactic cell walls 
and density gradation, the main objective of the present study is to 
characterize the architected structures at the micro, meso, and macro 
scales and to report on their energy absorption and efficiency charac
teristics, as well as to understand the failure modes at large 
deformations. 

2. Materials and methods 

2.1. Honeycomb design 

Uniform density and density-graded honeycombs were designed and 
fabricated with a microballoon filler material. In this work, we consid
ered 0%, 10%, 20%, and 30% microballoon volume fractions. All uni
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form density honeycombs were designed with a constant cell edge size, l, 
of 5 mm and a depth, d, of 12 mm. The cell wall thickness, t, was varied 
to adjust density when needed. The relative density, ρ*, of an isotropic 
thin-walled honeycomb (Eq. (1)) was used in describing the variation of 
density between samples [14]. 

ρ* =
2̅

̅̅
3

√
t
l

(1) 

Cell wall thicknesses of 1 mm, 2 mm, and 3 mm were considered for 
the uniform density structures. Uniform density structures are referred 
to as those with constant cell wall thickness. Single cells of the uniform 
density structures with representative filler material are illustrated in 
Fig. 1A. 

Two discretely graded structures with 2-stage and 3-stage gradients 
were also considered in this work. The theoretical relative densities of 
the discretely graded structures were determined using Eq. (2) [19]. 

ρ* =

∑N
i=1ρ*

i ti
∑N

i=1ti
(2)  

where, ρ*
i denotes the relative density of layer i, and ti is the associated 

layer thickness. N represents the number of layers with uniform den
sities, taken to be 2 and 3 for the 2-stage and 3-stage graded structures, 
respectively. The 2-stage honeycomb was fabricated using 1 mm and 2 
mm wall thickness gradations. The 3-stage structures were produced 
with 1 mm, 2 mm, and 3 mm wall thickness gradations. Eq. (1) and Eq. 
(2) are generally used for very thin-walled honeycombs (t/l < 0.25 [14]) 
and are employed here as estimates to characterize structural density 
when later discussing trends in mechanical responses. It is acknowl
edged that the validity of model predicted values is not guaranteed for 
samples with large wall thickness, e.g., honeycombs with 3 mm cell wall 
thickness. Fig. 1B shows the design of structures with the 1 mm uniform 
honeycomb and the 2- and 3-stage graded honeycombs. Relative den
sities calculated for the samples are listed in Table 1. 

2.2. Materials 

The mechanical response of the cell wall materials and the 

microstructure of the microballoons were both characterized in-house. 
Samples were prepared by introducing proprietary ceramic micro
balloons (Fasco Epoxies, Inc., FL, USA) into a thermoset epoxy matrix 
(ProMarine Supplies Co., MI, USA). The nominal density of the micro
balloons was measured as 110 kg/m3, and the nominal density of the 
matrix material was 1080 kg/m3. 

The morphology and geometric features of the microballoons were 
characterized using scanning electron microscopy (SEM). Microballoons 
were uniformly deposited onto a carbon tape and examined using the 
scanning electron microscope (FEI Apreo 2). The mean diameter was 
determined as 44.9 ± 22.0 μm from the micrograph shown in Fig. 2A. To 
reveal and characterize the microballoons shell thickness, a small batch 
of microballoons was placed on carbon tape and subjected to pressure. 
The pressure was intentionally applied to crush some of the micro
balloons. Notably, these crushed microballoons were never used in any 
sample fabrications, i.e., solely used for micrographic analysis purposes. 
Using the SEM image taken from the broken microballoons (Fig. 2B), the 
mean wall thickness was determined as 2.7 ± 0.8 μm. Histograms 
showing the distribution of the microballoons diameter and shell 
thickness are presented in Fig. 2C and 2D, respectively. 

A careful examination of Fig. 2A & 2B reveals two observations. 
First, some small microballoons have fallen inside the larger crushed 
ones (see circled regions in Fig. 2B). This is substantiated based on a 
twofold rationale: 1) stiffness of smaller microballoons is greater than 
their larger counterparts, i.e., higher pressure is required to crack the 
microballoons with smaller diameters, and 2) smaller microballoons 
tend to congregate around and between larger ones, allowing them to 

Fig. 1. Representative unit cell and structural design scheme: (A) Variation of the cell wall thicknesses for uniform density samples, wherein cell wall thickness, t, is 
(i) 1 mm, (ii) 2 mm, and (iii) 3 mm. Uniformly distributed filler material is shown schematically in each cell. (B) Schematics for (i) 1 mm uniform design, (ii) two- 
stage graded honeycomb, and (iii) three-stage graded honeycomb. Gradation boundaries are marked by dashed lines. 

Table 1 
Theoretical relative density of the examined structures.   

Uniform Density 
Structures 

Density Graded 
Structures  

Cell Wall Thickness, t 2-stage 3-stage 
Microballoon volume fraction 1 mm 2 mm 3 mm 
0 vol% 0.23 0.46 0.69 0.36 0.59 
10 vol% 0.21 0.42 0.63 0.34 0.46 
20 vol% 0.19 0.38 0.57 0.30 0.42 
30 vol% 0.17 0.34 0.51 0.27 0.37  
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settle into the broken large microballoons. Second, some failed large 
microballoons exhibit ductile-like failure such as plastic deformation 
and wrinkles (see rectangular regions in Fig. 2B). This implies that local 
deformation heterogeneity may occur if the microballoons fail prior to 
or during sample fabrication. In general, microballoon failure did not 
occur when fabricating samples, as discussed later. Some shattered and 
wrinkled microballoons can also be seen in Fig. 2A. 

The stress–strain behavior of the cell-wall (epoxy) material with 
various microballoon volume contents was characterized in tension and 
compression. Dog bone samples and compression cubes were cast using 
a custom mold under the same environmental conditions as the cast 
honeycomb structures. Dog bones were prepared with a gauge length of 
100 mm, a width of 13 mm, and a thickness of 8 mm. Compression cubes 
were fabricated with 11 mm edge size. Tension and compression tests 
were performed under quasi-static conditions with 10 mm/min 
displacement rate on a Shimadzu test frame with a load cell capacity of 
10 kN. All mechanical tests, including the aforementioned tests and 
those performed to characterize honeycomb structures (discussed in 
later sections), were performed several times to confirm repeatability. 
Experimental curves presented and discussed hereafter represent the 
average of the independent measurements that fall within a 95% con
fidence interval. 

Fig. 3 shows the compressive stress–strain curves in the first quad
rant and the tensile response in the third quadrant. Representative 
photographs of a 10 vol% microballoon dog bone and compression cube 
are shown in their respective regions of the stress–strain plot. The rep
resentation of compressive data in positive values in this figure is for 
consistency and ease of interpretation. Consistent with previous studies, 
[49,50] higher microballoon volume fractions led to an overall reduc
tion in strength in tension and compression. Interestingly, the failure 
strain in compression improved by the introduction of microballoons 
compared to the terminal strain for the neat epoxy, i.e., enhanced 
ductility, an observation that further justifies the use microballoons as a 
strategy to improve the energy absorption performance of honeycombs 

[19]. The improvement in the compressive strain-to-failure was the 
highest for the syntactic structures with 20 vol% microballoon content. 
Despite an enhanced strain-to-failure, the introduction of microballoons 
had a negligible effect on the densification strain of the samples. For all 
samples, the onset densification strain was determined as the strain at 
maximum efficiency, described in detail in our previous works [8,19]. 
Accordingly, an onset densification strain of ~ 0.5 (in compression) was 
identified for all samples. In tension, a reduction in ultimate tensile 
strength and failure strain was observed for samples with various 

Fig. 2. Microstructural characteristics of the microballoons, showing (A) a SEM micrograph of the microballoons and (B) a micrograph of shattered microballoons 
used for the characterization of their average shell thickness. (C) and (D) show the diameter and shell thickness distribution of microballoons, respectively. 

Fig. 3. Tensile and compressive stress–strain responses of the base epoxy with 
various microballoon volume fractions. Linear elastic, stress plateau, and 
densification regions are marked with vertical dashed lines on compression 
stress–strain curves. Representative dog bone and compression cube samples 
with 10 vol% are shown as insets. 
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microballoon contents. Data shown in Fig. 3 represents the average of 
three independent measurements for each condition. The mechanical 
properties of the epoxy with various microballoon contents were used to 
evaluate the primary failure modes at cellular scales. More information 
regarding the analytical failure analyses can be found in Supplemen
tary Information. 

Last but not least, density measurements were conducted for each 
vol.% sample set (see Supplementary Information for more details). A 
slight discrepancy was observed between the estimated densities the 
measurements performed on concurrently fabricated cubic coupon 
samples. These discrepancies likely account for the apparent large drop 
in plateau stress in the 30 vol% samples and the similarity of plateau 
stresses in the 10 and 20 vol% samples. Variation in density can be 
attributed to possible void content or the presence of some shattered 
microballoons during the fabrication process. Both are revisited later 
using a post-failure analysis. 

2.3. Honeycomb fabrication and testing 

Silicone rubber molds were designed for all the structures described 
in Sec 2.1 to simultaneously cast four samples, one mold for each of the 
considered volume fractions. The material bed is elucidated in Fig. 4A. 
Negatives were fabricated using 3D printing and used for preparing the 
rubber molds. Microballoons were manually mixed with the epoxy for 
each volume fraction. The mixture was allowed ample time to gel before 
pouring into silicone rubber molds. The gelation process was required to 
make sure that the microballoons stayed suspended in the mixture 
during the curing time. Cast samples were allowed to cure for five days 
in a fume hood prior to removal from the mold and testing. The methods 
used for sample preparation are intended to be easily replicable for real- 
world applications. While not used in this work, we should emphasize 
that treating the filler materials with specific chemical/sizing agents can 
lead to higher microballoon-epoxy interface strength. A 2 mm uniform 
density structure with 20 vol% microballoon and a 3-stage graded 
structure with the same overall volume fractions are shown in Fig. 4B & 
4C for reference. 

Cast samples for all volume fractions and gradations were tested in 

quasi-static compression. A multiscale 2D DIC setup was utilized to 
characterize the meso- and macro-scale deformations of the samples 
simultaneously. Macroscale observations were conducted to enable a 
visual comparison of the macroscale deformation and failure of the 
samples. In addition, mesoscale measurements were carried out to 
provide quantitative evidence on the possible deformation and failure 
mechanisms, as discussed in the forthcoming sections. 

The multiscale image-based characterization approach was facili
tated through the design of a dual-camera setup. The schematic of the 
multiscale mechanical characterization approach and a photograph of 
the actual experimental setup are shown in Fig. 4D & 4E, respectively. 
The mesoscale region of interest is also marked in Fig. 4B for clarity. 
Prior to testing, a monochromatic high contrast speckle pattern was 
applied on the front (camera facing) surface of each sample using spray 
paint. Mechanical tests were performed immediately after pattern 
application to avoid paint flaking due to the forecasted large de
formations. The compressive load was applied at a constant rate of 10 
mm/min until failure. Imaging (for deformation observation and DIC 
analysis purposes) and load data acquisition were synchronized and 
performed at a rate of 1 Hz. Images acquired during mechanical tests 
were analyzed in the commercially available DIC software Vic-2D 
(Correlated Solutions, Inc., SC, USA). Mesoscale DIC analyses were 
performed using 15 pixels (500 µm) subset and 4 pixels (133 µm) step 
sizes. 

Specific energy absorption, W, (i.e., energy absorption per unit vol
ume) characteristics of each sample were quantified by determining the 
area under the stress–strain curve, as expressed in Eq. (3) [19,51]. In 
addition, the efficiency parameter, η, defined as the ratio of absorbed 
energy to the current stress, Eq. (4), was also determined for each 
sample configuration. 

W(ε) =

∫ ε

0
σ.dε (3)  

η(ε) =

∫ ε
0 σ.dε

σ (4) 

The efficiency parameter introduced in Eq. (4) is used to determine 

Fig. 4. (A) Material bed negative designed for the casting process. The depth, d, was 12 mm for all structures examined herein. (B) Uniform density (t = 2 mm) 20 vol 
%, and (C) 3-stage graded 20 vol% samples, prior to testing. (D) Schematic of a uniform density sample with macro and mesoscale DIC areas of interest marked with 
red and green dashed rectangles, respectively. (E) The dual-camera experimental setup used for multiscale DIC analyses. 
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the densification strain and a quantitative measure for the energy ab
sorption response of the structures. Accordingly, the global densification 
strain can be identified as the strain associated with maximum efficiency 
[19]. In Eqs. (3) and (4), σ and ε symbolize the global stress and strain. 
In the present work, stress, σ, is defined by the ratio of the compressive 
load, P, to the undeformed rectangular cross-sectional area of the ho
mogenized equivalent structure. We take the total width (all five cells 
across, as shown in Fig. 1B) and a depth, d, of 12 mm, as shown in 
Fig. 4A for the undeformed cross-sectional areas in all analyses. The 
ratio between the change in sample height and its initial height is used to 
define strain, ε, in all cases. 

3. Results and discussions 

3.1. Mechanical response of uniform structures 

Fig. 5A shows the compressive stress–strain responses of the uniform 
density structures described in Sec 2.1 with 0 vol%, 10 vol%, and 20 vol 
% microballoon. The 1 mm and 2 mm structures show a slight delay in 
global densification and a reduction in overall strength between the 0% 
and 10% volume fraction samples. This reduction in the overall strength 
is reasonable because the overall mechanical strength of the base ma
terial has deteriorated after introducing the microballoons (see Fig. 3). 
The densification strain significantly decreases for all investigated vol
ume fractions as the cell wall thickness increases. At the same time, and 
as anticipated, an increase in the cell wall thickness leads to higher 
stiffness and strength, exemplified by the apparent increase in the elastic 
modulus (initial slope of the curve) and yield stress. This observation 
agrees with the existing literature on the role of cell density on the 
mechanical response of hexagonal honeycombs [14,19] and is further 
discussed in Supplementary Information. It should be noted that the 
samples with microballoon volume fraction > 20% failed before a stress 
plateau, thus showing no discernible densification. Failure for those 
samples was observed in the form of brittle fracture initiated in the 

vicinity of the cell hinges, consistent with the background studies dis
cussed in the introduction. For brevity and their extremely low ductility 
and inferior energy absorption capacities, results obtained for these 
higher volume fraction structures are excluded from Fig. 5A but pro
vided as Supplementary Information. 

The energy absorption capacity of the structures is illustrated in 
Fig. 5B. Syntactic structures show energy offset from the neat structures 
(0 vol% microballoon), with lower specific energies at small strains. 
Thicker cell walls correspond with higher energy absorption and stiff
ness at lower strains. Fig. 5C shows the energy absorption efficiency of 
the structures with 0% and 10% microballoon volume contents. The 
introduction of the microballoons is shown to improve the efficiency 
response of the 1 mm and 2 mm structures, particularly at strains < 0.4. 
The same trend is also observed for the 20 vol% samples at strains below 
0.2. Note that due to the early development of failure in the 20 vol% 
samples, efficiency results could not be determined for larger strain 
conditions. 

Spikes observed in the efficiency curves indicate collapsing cell walls 
in the structure. As such, observation of multiple spikes in the efficiency 
curves for 2 mm wall thickness samples indicates the sequential collapse 
of the cell walls in response to the compressive load. Another important 
point worth mentioning is that in cases where multiple efficiency spikes 
are observed, the final spike represents the onset of global densifica
tions, i.e., the points where the structure saturates its energy absorption 
performance [19]. In other words, the final efficiency peak is a practical 
indicator of the global densification strain in the structure. Interestingly, 
the strains associated with the final efficiency spike in the 2 mm cell wall 
samples coincide at ε = 0.6. This observation implies that in spite of a 
reduction in density (see Table 1), the incorporation of 10 vol% 
microballoons in the 2 mm samples leads to no particular improvement 
in the densification onset strain. On the other hand, the same compar
ison made for structures with 1 mm cell wall thickness shows a slight 
increase in the densification onset strain when the microballoon content 
is increased from 0 vol% to 10 vol% (Fig. 5D). Although relatively small, 

Fig. 5. Uniform (single stage) density sample analysis showing: (A) stress–strain curves, (B) specific energy-strain, and (C) efficiency-strain plots. A comparison of the 
efficiency-strain data obtained for the 1 mm structure with 0 vol% and 10 vol% microballoon loading is shown in (D). 
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the positive improvements in densification strain and energy absorption 
efficiency and the reduction in relative density for the 10% microballoon 
content is promising. 

3.2. Mechanical response of graded structures 

The compressive stress–strain response of the graded structures is 
illustrated in Fig. 6A. For comparison, this plot also shows the stress–
strain curve of the uniform structure with 1 mm cell wall thickness. 
Regardless of the microballoon volume content, the 2-stage and 3-stage 
structures show a clear improvement in the load-bearing performance. 
The pseudo-step-wise increase in the stress–strain responses of the 
graded (2-stage and 3-stage) structures is typical of density-graded 
honeycombs and is attributed to the sequential deformation and 
collapse of layers with various relative densities [19,26]. Consistent 
with the observations discussed in Sec. 3.1, the addition of a 10% 
microballoons volume fraction to the structures has led to an overall 
decrease in strength; such strength reductions are more pronounced in 
the case of the 3-stage structures. The latter observation is most likely 
associated with the more substantial weakening of the thicker (i.e., 3 
mm) cell walls in the 3-stage structure that led to premature failure and, 
thus, deteriorated the overall load-bearing behavior of the structure. 
Nonetheless, comparing the stress–strain response of the uniform 
(Fig. 5A) and density-graded structures indicates an improvement in the 
load-bearing capacity of the structure by density gradation, especially at 
high strains. 

The enhanced load-bearing behavior is also manifested in the energy 
absorption capacity of the graded structures, shown in Fig. 6B. 
Considering energy absorption of the structures, the 3-stage graded 

structure shows a ~ 1 J/cm3 improvement in the peak energy absorption 
when compared to the 3 mm cell wall thickness samples with uniform 
density. This 1 J/cm3 increase is equivalent to an approximate 50% 
improvement in energy absorption. The significance of such enhance
ment becomes even more evident by comparing the relative density of 
the 3 mm uniform density structures with that of the 3-stage graded 
ones. Similar comparisons can be made for the 2-stage structures. While 
results are less pronounced for the 2-stage designs, the density reduction 
in the 2-stage structure compared to its 2 mm uniform counterpart could 
still be appealing in real-world applications. 

Mass-specific properties for the stiffness, the first stress plateau, and 
energy absorption are characterized for all 0 vol% and 10 vol% struc
tures and included in the Supplementary Information for brevity. The 
incorporation of microballoons leads to an overall reduction in mass- 
specific elastic modulus and plateau stress in most sample sets, which 
is consistent with the results reported in Fig. 3, Fig. 5, and Fig. 6. The 
reduction in elastic modulus and plateau stress is small but most pro
nounced with the 3-stage structures. Consistent with results from Fig. 5 
and Fig. 6, the offset in densification strain can slightly improve in 
specific energy properties. The improvement is most pronounced in the 
2-stage graded structures, while others perform roughly the same as the 
0 vol% samples of their respective sample set. The latter observation 
validates that the syntactic structures perform comparably or even 
better than neat epoxy structures without compromising their structural 
integrity. The small variations in the response of the specific properties 
indicate that cell density and the cell density distribution dominate over 
the role of the filler material for low volume fractions. This can be 
directly observed when comparing the mechanical behaviors of 0 vol% 
and 10 vol% structures, which often showed similar responses, 

Fig. 6. Mechanical test results for density-graded structures showing: (A) stress–strain, (B) specific energy-strain, and (C) efficiency-strain curves.  
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excluding the 3-stage graded structure. The significant shift in stress–
strain response is attributed to the plateau and densification of the 1 mm 
layer, which happens significantly earlier in this structure than all the 
others. Other filler materials may encourage greater influence from the 
syntactic cell walls on the specific material property responses. 

The efficiency response for the graded structures is shown in Fig. 6C. 
Again, the efficiency curves for 1 mm wall thickness uniform density 
(with 0 vol% and 10 vol% microballoon contents) are included in this 
graph for comparison. The 2-stage structures with 0 vol% and 10 vol% 
microballoons show higher efficiencies than the 3-stage samples. In 
addition, the 2-stage structures also show efficiency peaks at strains >
0.65. The improvements in both energy absorption efficiency and global 
densification strain for the 2-stage samples are essential characteristics 
that highlight the positive contribution of density gradation in the 
simultaneous improvement of the load-bearing and energy absorption 
capacities. Comparing the load-bearing and energy absorption metrics 
obtained for both uniform and graded structures with various micro
balloon loading suggests that a 2-stage gradation with 10 vol% micro
balloon may be an optimal design within the range of samples examined 
in this work. 

3.3. Multiscale DIC and failure analyses 

Image correlation analyses were conducted to study the full-field 
deformation response of the samples at macro- and meso-scales. An 
emphasis is afforded to the deformation of the 2-stage 10 vol% struc
tures, considering their overall improved performance when compared 
with other samples. For comparison, the results of the 2-stage 10 vol% 
structure are contrasted with those of the uniform density structure with 
a 1 mm cell wall thickness and the same 10% microballoon content. 

The macroscopic deformation behavior of the 2-stage 10 vol% 
structure is shown in Fig. 7A. The macroscale deformation of this sample 
is exemplified by a progressive compression and failure of the top cell 
rows of the structure, i.e., the cell rows whose wall thicknesses are 1 mm. 
The progressive deformation propagates into thicker cell rows at strains 
> 0.25. This transition marks the onset of the deformation in thick cell 
wall sections in the structure. The step-wise yielding and stress plateaus 
discussed earlier in Fig. 6A are associated with sequential deformation 
and failure progression in the 2-stage graded structure. 

Compared with the step-wise compression response of the 2-stage 
sample, deformation of the 1 mm 10 vol% uniform density structure 
(Fig. 7B) occurs in a uniform manner wherein all hexagonal cells in the 
structure start to deform upon the application of the compressive load. 
In this case, cells continue to bend uniformly about their hinges until the 
onset of global densification. A direct comparison of the energy ab
sorption against strain for the structures presented in Fig. 7 can be found 
in Fig. 6B, where the superior energy absorption of the 2-stage structure 
is quantified. 

In all examined samples, fracture occurred near the cell hinges. 
Nonetheless, the strains associated with sample failure differed and 
depended on the thickness and microballoon content in cell walls. The 
local deformation at the cell hinge vicinities depends on the thickness 
and microballoon volume content. The correlations between mesoscale 
instability and thickness have been highlighted in previous studies. In 
particular, it has been shown that increasing the cell wall thickness to 
edge ratio can lead to a transition from elastic buckling to brittle fracture 
in hexagonal honeycombs [52]. The dominance of brittle failure in the 
samples examined in this work has been discussed in Supplementary 
Information. Considering the comparably improved load-bearing and 
energy absorption responses of the 2-stage 10 vol% samples, mesoscale 
DIC analyses were performed to understand better the underlying 
mechanisms that may have led to the outperformance of this sample 
compared with others. 

The evolution of the in-plane strain components for the 2 mm 10 vol 
% structure at various global strains is shown in Fig. 8. At small global 
strains reported in Fig. 8, the shear strain, εxy, is notably lower in 
magnitude than the axial, εyy, and transverse, εxx, strains. At larger 
global deformations, the relative scale of shear strain increases. How
ever, the axial and transverse strains remain dominant over the shear 
strain. The axial and transverse strain components show heterogeneous 
distributions with high strain concentrations occurring at the cell 
hinges. The locations of these high strain regions shift towards the center 
of the cell struts at larger deformations. The expansion of these strain 
zones along the cells before complete failure attributes to the rotation of 
the cell struts, reflected at larger scales by noticeably larger macroscopic 
strains to failure. The concentration of local axial and transverse strains 
near the cell hinges possibly leads to the failure of microballoons within 
these regions, ultimately resulting in a semi-brittle failure mode in the 
cell hinge vicinity. 

High magnification post-fracture images are shown in Fig. 9 for the 
neat and syntactic foam samples. Observations from the mesoscale DIC 
analyses suggested that the accumulation of high strain regions at the 
cell hinges may be a primary instigator for structural failure. Examining 
the 0 vol% sample shown in Fig. 9A, the cell struts are shown to have 
failed in a brittle mode. The brittle failure in this case is characterized by 
clean cleavage fractured planes that are common to many thermoset 
polymers [53]. Fig. 9B & 9C show images taken from 2 mm and 1 mm 
cell struts with 10% microballoon volume fraction, respectively. Ex
amination of these syntactic honeycomb samples reveals a rough frac
ture surface. This observation indicates that the microballoons 
encompassed within the syntactic cell walls likely break at low strains 
and lead to an instantaneous reduction in the load-bearing sections of 
the cell struts. This phenomenon then leads to the fracture of the epoxy 
embedding the microballoons. Local deformation and failure behaviors 
of the hinges are also characterized by the increased porosity near the 
fracture surfaces. 

Fig. 7. Macroscale deformation of (A) the 2-stage, and (B) uniform density structure with 1 mm cell walls. Both samples have 10% microballoon volume content.  
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It is also important to address microstructural defects that may 
expedite crack initiation and propagation in the structures. Reported 
differences in the theoretical and experimental densities (provided as 
Supplementary Information) indicate the possible presence of some 
void content. It is known that void spaces in particle reinforced com
posites can lead to early material failure. For example, in studying the 
role of microballoon volume fraction, [49] found that increased volume 
fractions in syntactic materials can lead to material failure at early 
deformation stages due to the detrimental role of the particles serving as 
stress concentration zones. Moreover, the relative difference between 
the elastic moduli of the matrix and filler material (as attributes to the 
load partitioning between the two constituents) may even have a more 
prominent effect leading to stress concentration and premature failure 
[54]. In the case of syntactic honeycomb structures, the concurrent ef
fects of increased volume fraction and relatively large stiffness differ
ence between the ceramic microballoons and the epoxy matrix 
(although not quantified herein) can be superimposed on the already 
elevated stress state near cell hinges, eventually leading to semi-brittle 
failure in the vicinity of cell hinges. 

The microscale failure in samples is further studied by SEM analysis 

Fig. 8. Mesoscale DIC analysis of the 2 mm 10 vol% sample showing the evolution of the in-plane strain components, εyy, εxx, and εxy.  

Fig. 9. High magnification optical images showing the fracture zone and morphology in (A) 2 mm uniform density sample with 0 vol% microballoon content, (B) 2 
mm 10 vol% structure, and (C) 1 mm 10 vol% uniform density structure. 

Fig. 10. SEM micrograph of the fracture surface of the 2 mm 10 vol% structure.  
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of the fracture surfaces. Fig. 10 shows a representative fracture surface 
of the 2 mm 10 vol% sample shown earlier in Fig. 8 and Fig. 9. The 
fracture surface examination elucidates that microballoons are well 
bonded to the matrix material, minimizing the void space between the 
constituent materials. The latter argument is justified by the preserva
tion of areas where particles were dislodged during mechanical testing 
and failure. Nonetheless, some void space is expected given the small 
difference between theoretically determined and experimentally 
measured densities. Another interesting feature observed in Fig. 10 is 
the wrinkling of some of the microballoons, consistent with the results 
shown earlier in Fig. 2B. In addition, the textured fracture surface 
morphology of the epoxy with evident contortions around the micro
balloons emphasizes the possible role of microballoons as stress/strain 
concentration sites, leading to increased brittleness. Finally, yet 
importantly, the presence of some intact microballoons in the post
mortem fracture analysis indicates that the filler material has generally 
survived the fabrication process. 

The results presented herein highlight the potential roles of 
combining syntactic foams and cell density gradation in lightweight 
hexagonal honeycombs. Notably, the density gradation in syntactic 
foam structures can be achieved by varying the microballoon volume 
fraction and the microballoon effective density, as discussed in the 
pioneering work of Gupta [55]. Simultaneous optimization of load- 
bearing and energy absorption capacities can be achieved more effec
tively by considering the interplay between the aforementioned vari
ables, i.e., microballoons effective density and volume fraction, as well 
as cell wall thickness. While only two out of these three variables were 
considered in this work, true optimization of honeycombs with syntactic 
foam cell walls could be the ultimate goal of future research on the topic. 

4. Summary 

The load-bearing and energy absorption responses of hexagonal 
honeycomb structures with syntactic cell walls were investigated. Cell 
wall thickness, cell density gradation, and volume fraction of the 
microballoon fillers were varied to examine their individual and col
lective contributions to the mechanical behavior of the structures. The 
incorporation of microballoons in the cell walls can lead to improved 
mechanical energy absorption at the expense of overall strength. In 
addition, the energy absorption efficiency can be enhanced with the 
proposed architected structures compared to neat epoxy honeycombs. 
Spatial gradation of the cell wall thickness was leveraged to optimally 
tune structural stiffness, densification strain, and relative density. 
Mesoscale digital image correlation analyses revealed the mechanisms 
of strain concentration in the cell walls. Postmortem fracture surface 
observations further revealed the development of brittle fracture in cell 
walls as the primary failure mode in the structure. A notable limitation 
of the examined structures was found to be their susceptibility to the 
aforementioned brittle and semi-brittle fracture that initiated from the 
vicinity of the cell hinges due to strain accumulation. Nevertheless, the 
architected structures presented in this work were shown to have the 
potential to offer tunable mechanical performance with low structural 
density. 
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