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Extracting Geometry and Topology of Orange Pericarps for
the Design of Bioinspired Energy Absorbing Materials

Chelsea Fox, Kyle Chen, Micaela Antonini, Tommaso Magrini,* and Chiara Daraio*

As a result of evolution, many biological materials have developed irregular
structures that lead to outstanding mechanical performances, like high
stiffness-to-weight ratios and good energy absorption. However, reproducing
these irregular biological structures in synthetic materials remains a complex
design and fabrication challenge. Here, a bioinspired material design method
is presented that characterizes the irregular structure as a network of building
blocks, also known as tiles, and rules to connect them. Rather than replicating
the biological structure one-to-one, synthetic materials are generated with the
same distributions of tiles and connectivity rules as the biological material
and it is shown that these equivalent materials have structure-to-property
relationships similar to the biological ones. To demonstrate the method, the
pericarp of the orange, a member of the citrus family known for its protective,
energy-absorbing capabilities is studied. Polymer samples are generated and
characterized under quasistatic and dynamic compression and display
spatially-varying stiffness and good energy absorption, as seen in the
biological materials. By quantifying which tiles and connectivity rules locally
deform in response to loading, it is also determined how to spatially control
the stiffness and energy absorption.

1. Introduction

Nature provides many examples of materials with desir-
able mechanical properties, such as high strength,[1–5] high
toughness,[4,6–8] and high impact resistance.[2,9–12] Some of
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these materials are periodic, like nacre,[1,4]

conch shells,[13] and beetle wings,[5] while
others have irregular structures, like tra-
becular bone[2,9,10] and citrus pericarp.[14,15]

However, periodic bioinspired materials
are more widely studied than irregular ma-
terials, as they are more easily fabricated via
additive manufacturing[16–22] and studied
computationally.[18,19,21,23–25] Conversely,
generating irregular materials often re-
quires complex biomimicking processes,
such as microcomputed tomography cou-
pled with 3D printing,[26,27] or investment
casting.[28,29] Other approaches include the
use of stochastic processes, such as virtual
growth algorithms (VGA),[30,31] Voronoi
tessellations,[32–34] and foaming[35–40] for
irregular materials generation, but these
methods are limited in their ability to
imitate the biological structure. Indeed,
biological materials are often defined
by highly complex and geometrically
irregular concave and convex internal
structures,[3,11,14,41,42] as well as spatial
density variation, optimized to respond

to specific loading conditions.[2,15,26,42,43]

Here, we propose a bioinspired material design method that
characterizes the irregular biological structure by discretizing it
into a network of tiles and rules for how to connect them. The
set of available tiles and their connectivity rules lead to materials
that, in a stochastic sense, have predetermined topology and ge-
ometry. Topology is defined as the connectivity between adjacent
tiles, and we quantify it for each tile as the topological coordina-
tion number, R, defined as the number of branches connecting to
neighbors from the central node.[44] Geometry is defined as the
shape of elements in the structure, and is relevant at different
scales: i) at the individual tile level and ii) after tessellation, at the
structural feature level, consisting of assemblies of multiple tiles.
Tiling and tessellation approaches that generate irregular geome-
tries have already been studied to achieve mechanical properties
such as stiffness and strength,[30,45–49] but these approaches often
focus on homogenization or have very limited size due to com-
putational costs,[50] whereas our approach seeks to quantify the
structure and its structure-to-property relationships at a local tile
level that can be spatially controlled and scaled.

To demonstrate the bioinspired material design method, we
focus on the pericarp of the orange, a member of the citrus
family.[41] Citrus fruits are known for their thick pericarps, which
range from 5 to 7 mm for oranges and lemons, to 15–20 mm

Adv. Mater. 2024, 2405567 2405567 (1 of 9) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
mailto:t.magrini@tue.nl
mailto:daraio@caltech.edu
https://doi.org/10.1002/adma.202405567
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202405567&domain=pdf&date_stamp=2024-07-27


www.advancedsciencenews.com www.advmat.de

for the citron (the thickest pericarp).[51] Regardless of the type of
fruit, these thick pericarps consist of an irregular, density-graded
foam-like structure, which has evolved for energy absorption and
impact resistance, key to protecting the pulp when the ripe fruit
falls from the tree.[15,51] The dense outer layer of the pericarp,
known as the flavedo, acts as a protective layer, while the less
dense internal region, known as the albedo, provides energy ab-
sorption due to the presence of large, compressible intercellular
spaces.[15] Furthermore, vascular bundles throughout the struc-
ture act as reinforcing elements, providing additional strength
and stiffness.[15] We determine the tiles and connectivity rules
of the orange pericarp and then use these as instructions for a
computer-aided virtual growth algorithm[30] to generate equiva-
lent synthetic samples with the same tile and connectivity rule
distributions as the fruit, which we then additively manufac-
ture. Under quasistatic and dynamic compression, we observe
spatially-varying stiffness and energy absorption similar to that
of the biological material, indicating that the tiles and connectiv-
ity rules are sufficient structural descriptors for the mechanical
properties. We then quantify which tiles and connectivity rules
produce a particular property by examining the local deforma-
tion to understand how to spatially control the mechanical per-
formance.

1.1. Methods, Results, and Discussion

1.1.1. Bioinspired Material Design

We begin with a 2D cross-sectional image of an orange pericarp,
acquired transversely from the external surface to approximately
5 mm into the fruit, where the pericarp transitions into the pulp
( Figure S1, Supporting Information). We use the image process-
ing software, FIJI,[52] to skeletonize[53] the structure into a sim-
plified line form of the original pericarp image (Figure 1a). This
irregular image skeleton is then broken down using a uniform
square grid into a collection of tiles (Figure 1b,c). The tile size
is determined by taking the largest possible size while ensuring
that each tile contains no more than one node, defined here as
an intersection point between branches (Figure 1b). Although
each tile contains a unique portion of the original orange peri-
carp image, all tiles can be reduced to the simplest set of five
tile types (Figure 1d). Each tile in the reduced set has the same
branch thickness, which was chosen to match the volume frac-
tion of the orange pericarp’s structure, so that the branch length
to thickness ratio is maintained when the tiles are assembled at
any scale. We perform the translation process between the orig-
inal tiles and the reduced tiles by analyzing the tile perimeter,
counting the number branch intersections, and assigning a bi-
nary code value to the left (1), top (10), right (100), and bottom
(1000), or zero otherwise (Figure 1d). By summing the perimeter
values for each unique biological tile, we can determine its coor-
dination number, as well as its orientation (Figure 1f; and Sup-
porting Information Discussion 1). Next, we determine the con-
nectivity rules governing how the tiles are assembled by examin-
ing the frequency at which two tiles are adjacent in the biological
structure (Figure 1e,g; and Supporting Information Discussion
1). The frequency of the tiles and the rules that determine their
connectivity, two parameters that can be extracted from any start-

ing structure (Figure 1h), are then supplied to a virtual growth
algorithm[30] to assemble the irregular bioinspired structure
(Figure 1i).

1.1.2. Material Generation and Fabrication

To generate samples, we divide the orange pericarp into exter-
nal and internal regions, which correspond to the flavedo and
the albedo,[15,41] respectively (Figure 2a–c). The external region
is from 0 to 0.5±0.16 mm into the pericarp and the internal re-
gion is from 0.5±0.16 to 5 mm into the pericarp, where the en-
docarp and pulp begin. Using the gridded approach on eight dif-
ferent equivalent pericarp images (Figure S1, Supporting Infor-
mation), we determine that the external region is composed of
20.6% ± 1.3% of coordination number zero (0-R) tiles, 34.8% ±
1.2% of coordination number two (2-R) tiles, 34.7% ± 1.4% of
coordination number three (3-R) tiles, and 10.0% ± 1.0% of co-
ordination number four (4-R) tiles (Figure 2d, blue). The internal
region is composed of 26.6% ± 1.6% of 0-R tiles, 36.9% ± 1.3% of
2-R tiles, 28.2% ± 1.4% of 3-R tiles, and 8.3% ± 0.9% of 4-R tiles
(Figure 2d, orange). Although all connectivity rules occur at some
point in the original orange pericarp, the current virtual growth
algorithm assembles tiles based on either allowed or disallowed
connections. As such, to help with accurately capturing the geom-
etry of the original sample and avoid defects during tessellation,
we have a limit for when to keep or remove a connectivity rule. If
the connectivity rule appears less than 5% of the time, it is auto-
matically removed, while if it appears less than 15%, it is removed
only if either of the two tile coordination types that make up the
rule appear in other connectivity rules. In the external region, all
connectivity rules are included except between 0-R tiles and 0-
R tiles, and between 4-R tiles and 4-R tiles (Figure 2e, blue). In
the internal region, all connectivity rules are included except be-
tween 3-R tiles and 4-R tiles, and 4-R tiles and 4-R tiles (Figure 2e,
orange).

With the tile frequencies and connectivity rules extracted from
the two different regions of the orange pericarp, a computer-
aided virtual growth algorithm[30] uses the set of five tile types
to generate 50×50 tile samples for the external (VGA-ext) and the
internal (VGA-int) regions (Figure 2f,g). These samples are then
combined together to form the bioinspired equivalent of the or-
ange pericarp (VGA-full): a continuous structure with interface-
free, spatially-varying density and structural features, defined as
the areas enclosed by cell walls (Figure 2h). We 3D print the VGA-
generated geometries into a two-phase composite material to cre-
ate a structure suitable for mechanical testing, image analysis and
strain mapping. We use a polyjet printer (Stratasys Objet500 Con-
nex3), with a stiff viscoelastic resin (Stratasys VeroWhite Poly-
jet Resin) for the reinforcing structure, and a soft elastomeric
resin (Stratasys TangoBlack Polyjet Resin) for the matrix, both
of whose mechanical properties fall within those reported in
literature.[54–56]

Although we exactly imitate the topology of the original sam-
ple by matching tile percentages, we must also quantify how
well the VGA-generated samples’ geometry compares with the
original orange pericarp. For this, we use two different metrics:
density, as a measure of structural feature size, and concavity,
as a measure of structural feature shape. We observe that the
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Figure 1. Bioinspired material design method. a) Orange pericarp image with right half as skeletonized structure. b) Skeletonized structure with node
locations. c) Irregular biological tiles from skeleton. d) Translation of biological tiles into reduced tile types using perimeter identification numbers
and summation. e) Connectivity rules from skeleton image. f) Reduced set of five VGA tiles and their coordination number, R. g) VGA-allowed and
-not-allowed connectivity rules. h) Example image of orange pericarp. i) Example of VGA-generated sample.

VGA-generated samples maintain the same density difference
between the external and internal regions as the orange pericarp
samples, with 3%–5% lower density in the internal region as a re-
sult of the larger structural features (Figure 2i). To compare the
concavity of the original samples with the VGA-generated sam-
ples, we examine each structural feature, using the bridge length
to Euclidean distance ratio, where the bridge length is the length
of a structural feature’s edge between 3-R and 3-R or 4-R nodes,
and the Euclidean distance is the linear distance between the 3-
R and 3-R or 4-R nodes (Figure S2, Supporting Information). A
ratio value of 1 indicates no concavity, whereas a higher ratio in-
dicates a greater degree of concavity. When compared with the
orange pericarp’s structural features, the VGA-generated sam-
ples are very similar, with average concavity values within 2%
for both regions, and with the internal region features having
significantly higher concavity than the external region features
(Figure 2j).

We also observe that the orange pericarp and the VGA-
generated samples have an isotropic distribution of structural
features, which can be shown by examining the orientation of
the structural features averaged over several samples to deter-
mine how the features are distributed. Using the orientation of
an elliptic fit in MATLAB (MathWorks, USA), we observe a uni-
form distribution of structural feature orientations in the inter-
nal region, while the distribution is more bimodal (0° and 180°)
in the external region (Figure S3, Supporting Information). This
bimodal distribution is due to the extensive presence of small,
circular cells, but it is an artefact, as circular cells are inherently
isotropic. Although the angles of orientation show a uniform dis-
tribution, they are not an independently sufficient metric to con-
firm an isotropic material distribution, because they do not con-
sider the effect of feature size. Therefore, we also verify that the
orientation angles do not correspond to a certain structural fea-
ture size to ensure isotropy. There is no correlation between size
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Figure 2. Orange pericarp characterization and VGA sample generation. a) Cross-sectional image of orange pericarp. b) Representative image of external
region. c) Representative image of internal region. d) Tile percentages for external and internal regions. e) Selected connectivity rule percentages for
external and internal regions. f) VGA-generated sample of external region. g) VGA-generated sample of internal region. h) 3D-printed composite polymer
sample with 80%+ 20% external and internal regions, respectively. i) External and internal region density for orange pericarp and VGA samples. j) External
and internal region concavity ratio for orange pericarp and VGA samples.

and angle in the orange pericarp internal and external regions, or
in the VGA-int samples, although there is a slight correlation for
angles of 0°, 45°, 90°, and 135° in the VGA-ext samples, due to the
four-sided nature of the virtual growth algorithm coupled with
higher coordination number resulting in lower polydispersity
(Figure S3, Supporting Information). Finally, it should be noted
that the VGA-int samples individually are not isotropic because
their mechanical response is dominated by a few of the largest
features, due to testing size limitations (Figure S4, Supporting
Information).

1.1.3. Mechanical Characterization: Quasistatic Testing

After establishing the topology and geometry equivalence of
the VGA-generated samples with the original orange pericarp
samples, we conduct quasistatic compression tests on additively
manufactured polymer composite samples (Supporting Informa-
tion Discussion 2). Like the original orange pericarp, which fea-
tures a stiff, protective flavedo,[15,41] VGA-ext samples prove to
be 116% stiffer than the VGA-int samples (Figure 3a,b, respec-
tively) and even when normalized for their difference in density,
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Figure 3. Quasistatic compression tests. a) VGA-ext engineering stress–strain plot for three different samples. b) VGA-int engineering stress-strain plot
for three different samples. c) VGA-full engineering stress–strain plot for three different samples. d) Example 2D DIC strain maps for 0%, 5%, and 10%
global strain for VGA-ext sample, yellow insets show coordination color coded example structural features. e) Example 2D DIC strain maps for 0%, 5%,
and 10% global strain for VGA-int sample, yellow insets show concave structural features at high strain and coordination color coded example structural
feature. f) Example 2D DIC strain maps for 0%, 5%, and 10% global strain for VGA-full sample, yellow insets show concave structural features at high
strain.

VGA-int samples prove more compliant, like the energy-
absorbing albedo of the orange pericarp.[14,15,51] The orange peri-
carp inspired samples, VGA-full, featuring a 20% external and
80% internal composition, have a stiffness that is between the
VGA-ext and VGA-int samples (Figure 3c). The constitutive
stress–strain plots for VGA-full samples with a different compo-
sition, featuring 10% external and 90% internal, as well as 50%
external and 50% internal, also have an intermediate stiffness
(Figure S, Supporting Information). We also quantify which tiles
and connectivity rules are primarily responsible for the stiffness
variations by examining the local feature deformation. We do this
by quantifying the strain field experienced by each sample up to
10% total strain, using 2D digital image correlation (2D DIC) to
identify which features are the stiffest (and undergo the least de-
formation) and which features are the least stiff (and undergo the
most deformation) (Figure 3d–f). We then break down these fea-
tures into their constitutive tiles and connectivity rules and iden-
tify which tiles and rules appear in a feature, according to the
amount of strain. 2D DIC shows that the strain field in VGA-ext
samples is more uniformly distributed, with no region exceeding
15% local strain at a global strain of 10% (Figure 3d, III) and that
the samples are more homogenously composed of many smaller

stretching-dominated[31] structural features (Figure 3d), like the
protective flavedo and reinforcing vascular bundles of the orange
pericarp.[15] These features are formed by high percentages of
high coordination tiles and by limiting large consecutive 0-R and
2-R tile connections, which results in lower polydispersity and
local structural feature coordination numbers from ≈2 up to 3.5
(Figure 3d, III, insets). The local structural feature coordination
number is calculated from the average of all tiles that compose a
given structural feature.

In contrast, VGA-int samples display a significantly more lo-
calized strain field, with certain structural features reaching up to
30% local strain, although these local regions of high strain are
uniformly distributed across the sample (Figure 3e, III, insets).
This is in contrast to the periodic and graded honeycomb samples
tested under the same loading conditions, which begin to form lo-
cal shear bands (Figure S6, Supporting Information). We can ob-
serve that the VGA-int samples are composed of larger structural
features, like the highly compressible, large intercellular spaces
of the orange pericarp,[15] formed by higher percentages of low
coordination tiles and large consecutive 0-R tile connections, as
well as by consecutively aligned tiles (such as 2-R to 2-R, or 3-R
to 3-R) or by consecutively repeating two-tile combinations (such
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Figure 4. Experimental and finite element analysis of changes in structural feature morphology under quasistatic compressive loading. a,c) Experimental
testing of VGA-full structural features from 0% to 10% global strain, insets show example features with example bending angles. b,d) Finite element
analysis of VGA-full reinforcing phase structural features from 0% to 10% global strain. e) Comparison of experimental and finite element analysis of
variations in bending angle of example structural features from 0% to 10% global strain. f) Defining elliptic fit of structural features and their resulting
eccentricity as a way to measure structural feature deformation. g) Tracking the eccentricity of all structural features from 0% to 10% global strain in the
VGA-full reinforcing phase (left) and in honeycomb reinforcing phase (right).

as repetitions of the same 2-R to 3-R pair), which prevents the
diversion of feature edges (Figure 3e, III, insets). This results in
local coordination numbers as low as 1.5, allowing for less stiff
bending and buckling mechanisms,[57] as well as higher polydis-
persity (Figure 3e, III, insets). Furthermore, the largest, most de-
formed structural features have many concave edges, formed by
the connection of diagonal 2-R tiles with 3-R tiles, which act as
less-constrained joints[58,59] that can rotate as the feature deforms
(Figure 3e, III, insets). Finally, the VGA-full sample shows the
same trends, with the internal region displaying highly localized
strain values up to 30% (Figure 3f, III, insets), while the external
region never exceeds 15% local strain.

1.1.4. Mechanical Characterization: Structural Feature Analysis

We conduct computational simulations of the samples using the
COMSOL 2D linear elastic solid mechanics module to gain fur-
ther understanding of the deformation mechanisms of the indi-
vidual structural features and their effect on the global mechani-
cal performance under compressive loading. To validate the com-
putational results, we first manually track the bending angles
of several structural features in the experimentally-tested VGA-
generated samples (Figure 4a,c) using the image processing soft-
ware, FIJI.[52] Although the experimental samples are compos-
ite materials, the simulated bending angle results on just the re-

inforcing phase are a close match because the matrix phase is
significantly less stiff and does not play a significant role in the
bending of features at low strain (Figure 4b,d,e). As the strain in-
creases, the bending angles display varying changes, with some
increasing, then decreasing, some remaining relatively constant,
while yet others only increase or only decrease (Figure 4e). We
then computationally study the distributions of all structural fea-
tures in the samples using the eccentricity in MATLAB (Math-
Works, USA) from elliptic fits of each feature as a proxy for
bending angle (Figure 4f,g, left). We observe that the distribu-
tion of eccentricities remains similar across all strains, the result
of some features becoming more elongated while others become
more circular with increasing strain, making the material locally
anisotropic but globally isotropic (Figure 4g, left). This is in con-
trast to the honeycomb, whose distribution shifts up (Figure 4g,
right) as every feature becomes more elongated with increasing
strain.

1.1.5. Mechanical Characterization: Dynamic Testing

To characterize the energy absorption capabilities of the VGA-
generated samples, drop tower tests at a strain rate of ≈100 s−1

are conducted. To quantify the energy absorption capabilities of
the VGA-generated materials, we measure the time of contact be-
tween the striker and sample, and the coefficient of restitution,
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Figure 5. Drop tower testing. a) VGA-full samples before, during and after loading. b) Time versus distance of resliced striker/sample center axis with
time in contact and angles giving striker initial and final velocities. c) Coefficient of restitution normalized for density for VGA-ext, VGA-int, VGA-full,
and honeycomb polymer composite samples as a function of concavity ratio. d) Striker time in contact with sample for VGA-ext, VGA-int, VGA-full, and
honeycomb polymer composite samples. e) VGA-full samples before and at maximum strain with highlighted large structural features. f) Highlighted
large structural features before and at maximum strain. g) Coordination color coded tiling of largest structural feature.

defined as the ratio of the average striker velocity 2 ms before
and after impact. The velocities are measured using the image
processing software, FIJI,[52] by reslicing a vertical line through
the center of each image (Figure 5a, vertical dashed line). Evalu-
ating the evolution of pixel values over the experiment duration
allows us to temporally track the striker position (Figure 5b). The
VGA-generated samples are tested along with a periodic honey-
comb sample and a 20% + 80% graded honeycomb sample, both
with the same volume fraction of reinforcing phase as the 20%
+ 80% VGA-full sample, for comparison. After normalizing for
density, we observe that the VGA-ext samples have the highest
coefficient of restitution (0.45±0.03), indicating the least amount
of energy dissipated (Figure 5c), along with the shortest time in
contact (Figure 5d). Despite having the same volume fraction
of reinforcing- and matrix phases, the VGA-full samples have a
7.5% lower coefficient of restitution (0.37±0.02) than their peri-
odic equivalent (0.40±0.01), as well as a 16% longer time in con-
tact, and a 9.8% lower coefficient of restitution (0.41±0.03) than
their graded equivalent, as well as a 25% longer time in contact
(Figure 5c,d). The similarity in behavior of the periodic honey-

comb and the graded honeycomb is because the branch thickness
is always maintained, and there is a density difference of less than
10% between the two regions. We also test the 10% and 90% as
well as 50% and 50% combination samples of external and in-
ternal regions to compare the coefficients of restitution (Figure
S5, Supporting Information). To explain these differences in en-
ergy absorption, we observe a positive correlation between struc-
tural feature size, overall sample concavity and amount of defor-
mation, noting that higher concavity leads to less constrained
strut bending and buckling in the largest structural features
(Figure 5e,f), like the large, compressible intercellular spaces of
the orange pericarp, known for their energy dissipation.[15] The
high percentages of low coordination tiles and consecutively re-
peating aligned tiles or two-tile combinations are responsible for
the large size, while the connection of diagonal 2-R tiles with 3-R
tiles are responsible for the high concavity (Figure 5g). Indeed,
the largest structural features have local coordination numbers
as low as 1.28 (Figure 5f,I) and concavity ratios as high as 1.17
(Figure 5f,IV). To quantify the strain and structural feature defor-
mation, we can also refer back to the quasistatic 2D DIC maps
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(Figure 3d–f), as well as the computational results (Figure 4e,g)
which are valid also at our drop tower strain rate since the striker
velocity is between 7 and 8 ms−1 and the elastic wave speed in the
material is ≈575 ms−1, indicating that drop tower loading occurs
slowly enough to reach a state of stress equilibrium (Figure S7,
Supporting Information).

2. Conclusions

We present a bioinspired material design method to achieve the
desirable mechanical performances of irregular biological mate-
rials in synthetic materials. Instead of mimicking the biological
structure one-to-one, our synthetic structures match the statis-
tical distributions of features to obtain structure-to-property re-
lationships similar to the biological material. Although this arti-
cle only explores the irregular structure of the orange pericarp
and its mechanical performance, the method is easily extendable
to other irregular biological materials with desirable mechanical
properties in 2D and 3D. Furthermore, this method lends itself to
spatially-controlled bioinspired materials that combine the tiles
and connectivity rules of multiple different materials simultane-
ously, to locally and globally tailor mechanical properties.
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Supporting Information is available from the Wiley Online Library or from
the author.
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