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Abstract: This research explores the enhancement of mechanical properties in material architectures,
such as strength-to-weight ratio and resilience, through the inspiration of natural systems. Historically,
designs for additive manufacturing have relied on simple, repetitive structures like honeycombs, often
leading to unnecessary material expenditure. This study aims to examine the compressive mechanical
attributes of designs inspired by natural systems, including bird nests, cocoons, and the layered
structure of skull bones. Through a comparative analysis, we assessed peak load capacity, strength-to-
weight ratio, and resilience between these bioinspired architectures and a standard 3D infill pattern
utilized in additive manufacturing. Findings indicate that structures inspired by sandwiched bone
layers excel in resilience and peak load, whereas those based on bird nests are notably lighter and,
in some cases, exhibit the highest strength-to-weight ratio. The insights provided here will help
design engineers with empirically backed mechanical properties of bioinspired architectures, offering
a novel methodology for the development of material systems influenced by biological paradigms.

Keywords: bioinspired design; additive manufacturing; material architecture; material analysis

1. Introduction

The additive manufacturing market is expected to be a powerful force in the manufac-
turing industry, with a heavy focus on infill patterns as a key field of growth [1]. A rising
issue in materials science is that these patterns create more of a challenge to provide for both
the strength and resilience of the parts [2]. The aspects of bioinspired design can be used
as a gateway to incorporate sustainable design into material structure functionalities [3].
Currently, there are limited concepts designers can use to design or construct material
structures with bioinspired designs [4]. While bioinspired infill designs have become more
widespread, there needs to be more exploration into this area of additive manufacturing [5].
This creates the opportunity for designing, creating, and testing bioinspired infill patterns
for material structures that achieve desired values for the strength and resilience of the
structures [6]. And adds value to the industry of additive manufacturing through material
architecture design [7].

Bioinspired design can be described as learning from nature’s concepts and design
principles to derive inspiration for a problem [8,9]. Recent research is driving a shift in
modern materials sciences and additive manufacturing [10-12]. Yang et al. formulated
many different areas within additive manufacturing that could be expanded with the use
of bioinspired designs, yet only provides a general context to the industry of additive
manufacturing, with not much focus on the aspects of bioinspired design on infill pat-
terns [13]. Infill patterns are the patterns that conform to the interior of a 3D-printed object,
and have a significant effect on the object’s print time, filament consumption, flexibility,
strength, weight, and what the object can be used for [2]. Studies based on current 3D
material structures have been conducted using different infill patterns [2,14-19]. These
studies compare different infill patterns to each other through simulated and experimental
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analysis across a range of properties, such as tensile strength, compressive strength, and
surface roughness, as well as for different materials such as ABD, PLA, and cPLA. While
these studies provide a general understanding of the relationships between different infill
patterns and the properties of each, they do not take into consideration infill patterns
derived using bioinspired design.

PodrouzZek et al. performed a comparison test of 14 different infill patterns for additive
manufacturing and structural applications to determine the compression strengths relative
to one another [20]. In their study, they illustrate the differences between the classical 2D
structures such as honeycomb structures and the Gyroid 3D structures. In the findings of
the study, they determined that the 2D structures provide greater compression and strength
along one axis compared to the 3D patterns, yet offer less support along all dimensions
due to the nature of the patterns [20]. One study that focuses on bioinspired infill pattern
designs provides details on optimization for specific properties such as strength and
resilience through the use of cellular or lattice structures, but does not provide information
on the opportunities for more bioinspired infill pattern designs and how they can be used
to increase strength of structures [3]. The work of Hmeidat et al. addresses this gap by
investigating the physical properties of different infill patterns, both bioinspired and non-
bioinspired patterns, showing that stiffness varied by up to 22% between different infill
patterns and that failure load varied by up to 426% between structures printed with various
infill patterns [6]. These percentages indicate the variability associated with each infill
pattern, but offer insight into what patterns perform the best and how they compare against
certain bioinspired designs.

Inspired by lightweight but strong bone structures found in nature, Wu et al. exam-
ined bone-like porous structures as a model for additive manufacturing infill patterns [7].
One important aspect gained from this study is that the material distribution across the
design was optimized for external loading conditions which maximizes the stiffness of the
structures [7]. This resulted in an irregular variational density in the porous infill pattern.
Inspired by the properties of wood, Zorzetto et al. investigated the mechanical performance
of 3D-printed helical composites and determined that failure resistance can be enhanced by
enclosing a main helicoidal layer with a minimum amount of thin fibrils, as observed in
nature through wood fibers [21].

Industries that have the potential to benefit from bioinspired design within additive
manufacturing include architecture and aerospace. On a larger scale, bioinspired design
could have a positive impact on the architectural industry through 3D concrete printing.
du Plessis et al. investigated how bioinspired design could improve structural properties,
minimize material usage, and enhance the potential for structures manufactured by 3D
concrete printing [22]. The aerospace industry could benefit from 3D printing of lightweight
but strong sandwich structures. Zaharia et al. examined the mechanical performance
of additively manufactured lightweight sandwich structures using three different infill
patterns—honeycomb, diamond-celled, and corrugated core—and found that the required
mechanical properties could be obtained [23]. Ashok and Bahubalendruni developed a
2.5-dimensional lemon-inspired structure and compared it to other nature-inspired infill
structures, and showed improvement in mean crash force and specific energy absorption
over the turtle-inspired honeycomb-infilled structures [24]. Mora et al. took cacti species as
a source of bio-inspiration and developed tubular metamaterials and found that the shape
of the tubular metamaterials cross section has a larger influence on their stiffness compared
to the void distribution [25]. Xiao et al. designed horsetail-bionic thin-walled structures
and studied their crashworthiness under axial dynamic loading by optimizing the design
through an ensemble metamodel-based multi-objective optimization method [26]. Wen
et al. created a pomelo peel-inspired hierarchical honeycomb structure and tested the crush
resistance and energy absorption and found that it can be enhanced up to 1.5 and 2.5 times
than its counterpart for traditional honeycomb under out-of-plane and in-plane crushing,
respectively [27].
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Many of these studies demonstrate that bioinspired design advances additive manu-
facturing and motivates further research. While there are currently many different designs
of infill patterns for additive manufacturing within the software, we see an opportunity
to expand the set to include bioinspired infill patterns. The aim of this research is to in-
corporate designs seen in nature into the additive manufacturing industry for material
architecture and create bioinspired infill pattern designs that have the desired mechanical
properties and utilize fewer materials. Our objectives are to

e Develop bioinspired infill patterns through the use of Computer-aided Design
(CAD) software;
Use additive manufacturing to fabricate the bioinspired infill patterns;
Perform a variety of material performance tests on the bioinspired infill patterns; and
Compare the results obtained to classic infill patterns.

2. Materials and Methods

The bioinspired design process depicted in Figure 1 was used in this research. The
first step in the process is Problem Definition, which describes the purpose of the design.
In this work, the problem is defined as designing a 3D printing infill pattern that uses less
material and has the same or better mechanical properties as current infill patterns. The
second step is Functions Definition, which is when the problem is reframed as a set of
functions the design should achieve. In this work, the three major functions are lightweight,
load resistant, and resilient under compressive environments. These functions are selected
because of their comparability with parts that are manufactured using other approaches.
Measuring the load resistance and resiliency of the material structures in comparison with
the weight affords analysis of strength-to-weight values.

Problem Functions ;ﬁzbﬁ:lsgmim Sketches Concept
Definition Definition e i Creation Generation
Identification

Figure 1. Bioinspired design process used in this research.

Step three is Database Search and Biological Systems Identification. During this step,
inspiring biological systems were found using keyword searches that matched the set of
desired functions. In this work, three biological systems were selected for the comparative
study and are a bird nest structure, a cocoon structure, and a sandwich structure as shown
in Figure 2. These were selected due to their prevalence in nature, as well as previous
research investigating similar bioinspired structures.

Compact
bone

Spongy
bone (diplod)

(a) (b) (c)

Figure 2. Images of the selected biological concepts and example 3D models used in this research.
(a): bird nest structure; (b) cocoon structure; (¢) bone sandwich structure [28].
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The Sketches Creation step involves hand drawing ideas whereas the final step of
Concept Generation involves transitioning the sketches into 3D design platforms such
as AutoCAD’s Fusion 360 V.2.0.15050 [29] or nTop [30]. In this work, nTop was used for
concept generation. nTop can be used for multiple design tasks including generative design,
simulation, and topology optimization. This software was selected because it contained the
necessary infill patterns that were needed for the comparative study.

2.1. Bioinspired Structures

The first infill pattern structure that was designed was the bird nest structure. As the
name suggests this design is inspired by a bird’s nest and consists of intertwining branch-
like beams. Beams shape are the structures shaped by the beams inside the part. Each
beam is characterized by its length, angle, connectivity, and thickness. The connection of
beams forms the bioinspired infill structures in this study. This design meets the functional
objectives because the max load is spread across the branch-like beams while reducing
weight. Three variables for the bird nest-inspired infill pattern that were tested are the
beam shape, thickness, and edge length. The second infill pattern structure designed was
the cocoon structure, which is designed to house two different structures in one. This
design is inspired by the cocoon’s rigid inner structure and a more flexible outer structure.
The inner structure provides vertical support for the cylinder and the two-structure shape
reduces material use and weight. The inner pattern and outer pattern can be designed with
different densities and beam shapes. It meets the functional objectives because the max
load is spread across the flexible outer layer (similar to a bird nest) while reducing weight.
Two variables for the cocoon-inspired infill pattern that were tested were the inner layer
pattern and outer layer pattern.

The third infill pattern structure is the sandwich structure, and is inspired by the
alternating hard /compact and soft/porous layers of biological systems such as trees, turtle
shells and skulls. The typical orientation of these layers is the soft/porous layer between
hard /compact layers. The design consists of multiple layers of alternating fill densities and
meets the functional objectives because the max load is spread across many material layers
while reducing weight. Three variables for the bone-inspired infill pattern that were tested
were the number of layers, the orientation, and the type of infill pattern that was used.

The cylinders were designed with solid outside layers with a top, bottom, and side.
The size of the cylinders was originally 25.4 mm tall with a diameter of 12.7 mm to
follow ASTM D695-15 which is the standard for measuring the Compressive Properties
of Rigid Plastics [31]. The 3D models in Figure 2 show what the bioinspired structures
look like in nTop. In this study, an experimental lab test was applied instead of using finite
element analysis (FEA) because there is a standard test environment and all the tests can
be conducted in the lab with the equipment available. The results from these tests also
allow comparison with other similar studies. Due to print complexity and failures, the
3D-printed parts were scaled 300%. Each design had multiple variables that were altered to
understand how the different combinations of the variables and the relationship between
them affect strength and resiliency while considering weight.

2.2. Experiment Design

For the bird nest-inspired infill structure, a total of 24 specimens were fabricated to
test for the influence of the three variables. Table 1 outlines how the beam shape, thickness,
and edge length were changed for each of the designs. The bean shapes were selected from
commonly available 3D printing infill patterns.

The cocoon-inspired infill structure design consists of nine different specimens with
two variables as shown in Table 2. The inner cylinder pattern and the outer cylinder pattern
were selected from commonly available 3D printing infill patterns.
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Table 1. Bird nest-inspired infill pattern parameters.

Design Beam Shape Thickness (mm) Edge Length (mm)
BN1 Triangle 0.3 2
BN2 Triangle 0.3 3
BN3 Triangle 0.3 4
BN4 Triangle 0.3 5
BN5 Triangle 0.4 2
BN6 Triangle 0.4 3
BN7 Triangle 0.4 4
BN8 Triangle 0.4 5
BN9 Triangle 0.5 2

BN10 Triangle 0.3 4
BN11 Quad 0.3 2
BN12 Quad 0.3 3
BN13 Quad 0.3 4
BN14 Quad 0.3 5
BN15 Quad 0.4 2
BN16 Quad 0.4 3
BN17 Quad 0.4 4
BN18 Quad 0.4 5
BN19 Quad 0.5 2
BN20 Quad 0.5 3
BN21 Quad 0.3 4
BN22 Quad 0.5 5
BN23 Triangle 0.4 4
BN24 Quad 04 4

Table 2. Cocoon-inspired infill pattern parameters.

Design Inner Pattern Outer Pattern
CN 1 (QD-QD) Quad-Dom Quad-Dom
CN 2 (QD-T) Quad-Dom Triangle
CN 3 (QD-Q) Quad-Dom Quad
CN 4 (Q-Q) Quad Quad
CN 5 (Q-QD) Quad Quad-Dom
CN 6 (Q-T) Quad Triangle
CN 7 (T-QD) Triangle Quad-Dom
CN 8 (T-Q) Triangle Quad
CN 9 (T-T) Triangle Triangle

For the sandwich-inspired infill structure, a total of 18 specimens were fabricated to
test for the influence of the three variables. Table 3 outlines how the orientation, number of
layers, and infill patterns varied for each of the designs. A standard orientation refers to the
design having the same layering as natural systems with harder layers on the outside and
softer layers on the inside. A reverse orientation is the opposite with softer layers on the
outside and harder layers on the inside. As the number of layers increases, the alternation
continues. For example, design S8: S5G has the following structure from top to bottom:
fully dense layer, Gyroid layer, fully dense layer, Gyroid layer, and fully dense layer. The
infill patterns were selected from those commonly available for 3D printing.

A control group was also included in the study. Three control group designs were
fabricated using the commonly available line infill pattern at three different fill percentages
(40%, 60%, and 80%). No other variables were changed.

2.3. Printing Parameters and Material

For this study, we 3D printed all designs using a Dremel Digilab 3D printer using the
parameters in Table 4.



Machines 2023, 11, 1081

6 of 19

Table 3. Sandwich-inspired infill pattern parameters.

Design Orientation Number of Layers Infill
S1: R3S Reverse 3 Schwartz
S2: S3S Standard 3 Schwartz
S3: S55 Standard 5 Schwartz
S4: S7S Standard 7 Schwartz
S5: R5S Reverse 5 Schwartz
S6: R7S Reverse 7 Schwartz
S7: S3G Standard 3 Gyroid
S8: S5G Standard 5 Gyroid
S9: S7G Standard 7 Gyroid
S10: R3G Reverse 3 Gyroid
S11: R5G Reverse 5 Gyroid
S12: R7G Reverse 7 Gyroid
S13: R3D Reverse 3 Diamond
S14: S3D Standard 3 Diamond
S15: S5D Standard 5 Diamond
S16: S7D Standard 7 Diamond
S17: R5D Reverse 5 Diamond
S18: R7D Reverse 7 Diamond

Table 4. Printer parameters.

Printer Variable Value
Printing Temperature 220 °C
Build Plate Temperature 35°C
Layer Height 0.2 mm
Wall Thickness 0.8 mm
Top and Bottom Layer Thickness 0.8 mm
Speed 60 mm/s

The material used in the experiment was Polylactic Acid (PLA) which is made from
organic and renewable resources such as corn starch, tapioca roots or sugar cane. It is one
of the common 3D printing materials.

2.4. Experimental Setup

Each design was printed and then weighed before destructive testing as shown in
Figure 3. Compression tests of all specimens were conducted with an Instron machine that has
a maximum load of 30,000 Newtons. However, to protect the machine, the maximum loading
was limited to 25,000 Newtons. The rate of load was 40% and the extension was 60 mm.

(b) (© (d

Figure 3. Instrumentation and equipment used for data collection. (a) Example of printed specimen;
(b) measuring specimen weight; (c) compression test; (d) specimen after compression test.
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3. Results and Analysis

This study aims to understand the functions of lightweight, load resistant, and resilient
bioinspired infill structures. The following equations were used to analyze the data collected
against the functional objectives. The first equation is used to determine strength to weight
ratio and compares the weight of the specimen to the amount of weight it can support
without collapsing, or the peak load value as determined from the compression test. The
equation for the strength-to-weight ratio is

« = Peak Load /Weight €))

The second equation is used to determine the resilience of the design. Resiliency can
be described as the ability of a part to absorb energy during elastic deformation, or simply
the ability of an object to spring back into shape. The resilience equation is

Resilience = @ )
where oy = yield strength and ey = yield strain. It is calculated by multiplying the yield
strength and strain values for a specimen as collected from the compression test and
dividing by two.

3.1. Results Summary of the Designs

This section provides the results and analysis of the study to show how all the designs
compared to each other. Table 5 lists the data collected and used for the analysis and
Figures 4-6 provide comparative plots of all the designs. The full experiment result dataset
can be found in Appendix A.

Table 5. Summary of collected data for bioinspired and control group infill structures.

Design Weight (g) Max Load (N) Yield Load (N)
40% Line 48.00 17,162.25 313.77
60% Line 65.00 24,517.5 331.01
80% Line 83.00 24,517.5 259.23

S1: R3S 89.64 24,517.5 14,710.5

52: 535 86.74 24,517.75 20,594.7

53: 555 86.84 24,518.11 21,575.4

54: 575 98.74 24,518.91 22,556.1

S5: R5S 91.39 24,518.37 19,614

S6: R7S 82.9 24,518.73 19,614

57: S3G 88.12 24,517.59 17,651.97

S8: S5G 91.53 24,518.18 19,613

S9: S7G 81.27 24,518.08 18,636.69
S10: R3G 90.7 24,518.08 20,593.96
S11: R5G 90.61 24,518.08 17,651.97
S12: R7G 98.56 24,518.38 19,613.3
S13: R3D 93.35 24,518.09 23,536.8
S14: S3D 91.85 24,517.52 22,065.75
515: S5D 91.9 24,517.9 18,633.3
S16: S7D 85.94 24,517.98 20,594.7
517: R5D 94.92 24,517.6 21,575.4
S18: R7D 99.87 24,517.62 21,575.4

BN1 39.62 12,820.69 7845.6

BN2 39.46 12,917.01 9807

BN3 38.86 12,768.06 8335.95
BN4 39.45 13,365.71 9316.65
BN5 45.96 24,518.09 12,258.75
BN6 45.62 14,660.49 10,787.7
BN7 45.54 14,497 .4 12,258.75

BNS8 46.54 15,5779 12,749.1
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Table 5. Cont.

Design Weight (g) Max Load (N) Yield Load (N)
BN9 52.56 24,517.74 13,239.45
BN10 37.76 17,403.4 10,787.7
BN11 36.6 13,662.91 10,297.35
BN12 4591 24,517.6 13,729.8
BN13 36.17 13,052.44 9316.65
BN14 36.37 13,169.35 9316.65
BN15 41.16 15,400.5 11,768.4
BN16 52.84 21,240.87 15,691.2
BN17 36.22 13,452.53 10,297.35
BN18 39.71 14,553.12 9316.65
BN19 44.61 15,910.93 12,258.75
BN20 57.06 22,545.79 17,652.6
BN21 34.87 13,048.61 9807
BN22 43.47 15,677.21 11,278.05
BN23 46.12 14,477.49 10,297.35
BN24 41.34 16,506.85 12,258.75
CN 1 (QD-QD) 45.38 17,177.84 11,768.4
CN 2 (QD-T) 45.47 19,075.3 10,297.35
CN 3 (QD-Q) 45.9 18,805.41 10,787.7
CN 4 (Q-Q) 43.55 16,506.84 9807
CN 5 (Q-QD) 43.1 13,648.7 8826.3
CN 6 (Q-T) 4391 14,249.58 9807
CN 7 (T-QD) 42.17 12,536.76 8826.3
CN 8 (T-Q) 42.63 13,201.93 9807
CN 9 (T-T) 429 12,705.92 8090.77

As shown in Figure 4, the sandwich-inspired structures perform similarly but also
reach the maximum load limit on the Instron machine. The cocoon and bird nest-inspired
structures perform similarly, except for the four outlier bird nest structures. The control
group structure at 40% is similar to the cocoon and bird nest-inspired structures, while the
60% and 80% are similar to the sandwich-inspired structures. Focusing on the relationship
between max load and weight, the results show that the sandwich-inspired structures have
the highest weights and max loads, whereas the bird nest and cocoon-inspired structures
are tightly grouped together at the midway point for loading but are half the weight of
the sandwich inspired structures. From this, we learn that there is a positive relationship
between the weight of a structure and the maximum load that it can handle. This trend is
also evident in the control group.

30,000

25000 oo, - INENE
20,000 A ®
9 "A\g M Sandwich
£ 15,000 o) .
9 .)!/A ® Birdnest
<
= 10,000 A Cocoon

5,000 e Line
0

0.00 20.00 40.00 60.00 80.00  100.00  120.00
Weight (gram)

Figure 4. Maximum load vs. weight for all tested structures.
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Strength to weight ratio (MPa/kg)
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350
300
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200
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$3: S5S  ———
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S6: R7S I ———

S7: S3G n————
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The comparison of strength-to-weight ratios of all the structures is shown in Figure 5.
The sandwich structure is orange, the bird nest is blue, the cocoon is purple, and the control
is green. Each bar represents one structure design name which can be found in Table 5. The
sandwich-inspired structures have lower values than the rest due to those structures being
heavier than all the other designs. The four outliers in Figure 4, bird nest-inspired structures
5,9, 11, and 14, show high performance for strength-to-weight ratio. When comparing the
strength-to-weight ratios of all the specimens together, the bird nest and cocoon-inspired
structures perform better than the sandwich-inspired structures and similar or better than
the control group. Both the bird nest and cocoon-inspired structures have a much lower
weight value while having relatively high strength values. We can learn from this that
the amount of weight a structure can handle per unit of weight could be a lot higher for
lightweight structures, or that strength can be increased while weight is decreased.

S10: R3G ne——
S11: RS5G n—
SI2:R7G e ——
SI3:R3D —
S14: S3D | ————————
S15: S5D ——
S16:S7D T ——
S17:R5D | —
S18:R7D E———
80%Line e ——
—
———
== ]

o o SO T VL XSO S NMTNe S ® S o S A AAARCAS

e gz gecgaTeoerEx2 8 s 8 N AT AN

S50 fGiGAREARARZZZZZZZZ 2722222042308 0¢ ¢

S ° MMM MMMMM Mm A & A o o

) 8223 Esa

< © gNmszI\ZZ
- Z z 0Oz O ZOO
z OO0 -0 S}
o

Design

Figure 5. Comparison of the strength-to-weight ratio for all tested structures.

Figure 6 shows the calculated resilience of all the tested structures plotted against
weight. The sandwich-inspired structures demonstrate higher resilience than the bird nest
and cocoon-inspired structures but also higher weight. The reasoning for this result is that
the sandwich-inspired structures have more solid layers internally compared to the bird
nest and cocoon structures. Thus, it is expected that their resiliency will be higher due to
having a higher elasticity. We learn that for a lighter specimen, some of the resilience is
sacrificed due to less material and weight being present. The bioinspired structures seem
to follow a linear relationship; however, the control group seems to follow a parabolic
relationship with 60% having the highest resilience.
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Figure 6. Comparison of resilience to weight for all tested structures.

3.2. Bird Nest

Analysis of the bird nest-inspired infill structures started with the weight-to-max-load
ratio. This relationship reveals outliers in Figure 7. For example, at roughly 45 g, BN5 and
BN12 show higher max load results in comparison to those that follow the trendline of
weight to max load. Both are similar in weight but differ in beam shape (triangle vs. quad).
We also see that there is a relatively even distribution across Figure 7 for the triangle and
quad beam shapes. Thus, for max load, the variables of thickness and edge length have a
greater impact on the performance.

26,000
BNI2
24,000 % BNs A BNO
22,000 H BN20
7 ® BN16
Z.20,000 BN7A
o]
& 18,000 Ll BN22 A9 .
= A \ A Triangle
g BN15
< 16,000 .t nE o ® Quad
'y
14000 | BNI7— & T DpNg M
m & 4
12.000 BN21— =\ A2—BNI1 BN11
’ BN13 BN14 BN DV BN
10,000
30 35 40 45 50 55 60
Weight (gram)

Figure 7. Bird nest-inspired infill structure weight vs. maximum load results.

The strength-to-weight ratio analysis for the bird nest-inspired structures is shown in
Figure 8. The same color coding of Figure 7 is used to distinguish between the beam shape
is used. Orange represents a triangle, while blue represents a quad. The results indicate
that structures with a quad beam shape have a slightly higher strength-to-weight ratio,
but that they are all relatively close in value. The two outliers of BN5 and BN12 as seen
in Figure 7, also appear in Figure 8. BN5 has a triangle beam shape of 0.3 mm thickness
and BN12 has a quad beam shape of 0.3 mm thickness and smaller edge lengths, which
makes them nearly equal in weight but close to the average weight across all the specimens.
Overall, the bird nest-inspired structures had relatively equal strength-to-weight ratios,
and this is due to the lightweight design.
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Figure 8. Bird nest-inspired infill structure strength-to-weight ratio results.
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Figure 9 shows the weight vs. resilience analysis for the bird nest-inspired structures.
The same color coding and shapes used in Figure 7 to distinguish between the two beam
shapes are also used. Again, we see a relatively even distribution for the two beam shapes.
However, the spread of the quad beam shape specimens is wider. Clustering of the results
for the triangle beam shape is directly related to the beam thickness with smaller on the
left (lighter) and larger on the right (heavier). The middle thickness of 0.4 mm shows the
highest resilience for the triangle beam shape.

0.35
BN24 BNS -
0.30 = .
BN7 4L e

0.25 BN2° " BN6 m BN20
3 PN
2020 BNI- /s mBNI2 , BN9
= BNI3- g “4 BN22 '
Qﬂ? 0.15 BN21 ... A_BN10 o ‘TBN19 B BN16 ATrlangle

pNi7® W BN2 = Quad
0.05 “BN14"-BN18
0.00
30 35 40 45 50 55 60
Weight (gram)

Figure 9. Bird nest-inspired infill structure weight vs. resilience results.

Opverall, the bird nest-inspired infill structure data analysis provides multiple insights
based on the variables that were changed for the design. When considering which beam
shape provides a greater relationship for strength, load, and resilience, the triangular shape
provides better results as it provides more branching connections in the lattice. A greater
number of connections between branches provides more direct support from the bottom
and center of the design which makes it stronger, whereas the quad beam shape has fewer
branching connections which reduces strength and is higher in mass. The variable of beam
thickness demonstrated that higher thickness provides greater strength and resilience to the
design. It was found that the smaller the value of edge length, the better the performance.
This was evident for the outstanding outliers in the data collection.
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3.3. Cocoon

Analysis of the maximum load-to-weight relationship reveals a gap between the Quad—
Dominant inner pattern specimens and the rest of the specimens as shown in Figure 10.
These specimens have the highest weight of all the cocoon-inspired infill structures as listed
in Table 5. Of the lighter cocoon-inspired structures, the CN 4 (Q-Q) design which has
Quad inner and outer patterns (not Quad-Dominate) has a relatively high maximum load
while having a lower weight, respectively.

25,000
CN 2 (QD-T)
20,000 N8 () . CN3(QD-Q
’ CN 4 (Q-Q) (N
3 000 CN7 (I—QD) o
;‘g ’ \‘ 0e® “ [} CN 1 (QD-QD)
% 10,000 . CN6(Q-T)
> CN9(T-T)
5,000 CN 5 (Q-QD)
0
41 42 43 44 45 46 47
Weight (gram)

Figure 10. Cocoon-inspired infill structure weight vs. maximum load results.

The strength-to-weight ratio analysis for the cocoon-inspired structures is shown in
Figure 11 and uses the same color coding as Figure 10. A similar trend to the weight
and maximum load relationship is seen for the strength-to-weight ratio. The Quad-Dom
structures have the largest strength-to-weight ratio followed by the Quad—Quad structure.
Although the Quad-Dom structures have a higher weight, they allow for more connections
between the inner and outer structures which increases the overall strength. We learn that
having a solid connection between the inner and outer layers is a key aspect that affects the
strength of the specimen.

400
350
300
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200
150

Strength to weight ratio
(MPa/kg)
38
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CN 2 (QD-T) I
CN 3 (QD-Q) | |
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Design

Figure 11. Cocoon-inspired infill structure strength-to-weight ratio results.
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Figure 12 shows the weight vs. resilience analysis for the cocoon-inspired structures,
and uses the same color coding as Figure 10. Analysis of resilience again shows a gap
between the Quad-Dominant inner structures and the rest of the specimens. The structure
with the highest resiliency factor was the CN 3 (QD-Q) specimen, and the structure with the
worst resiliency factor was the CN 7 (T-QD) structure. These results are not as surprising
given the fact that the overall weight of the cocoon structures is relatively low compared to
some of the other bioinspired infill structures designed.

0.18 N3 (QD-Q)
0.16 CN 1 (QD-QD)
0.14 @
0.12 o s (g N HQQ /
g e CN 2 (QD-T)
§010 1 cN7(TQD) g @
% 0.08 © o CN 6 (Q-T)
% 0.06 CN 5 (Q-QD)
0.04 CN 9 (T-T)
0.02
0.00
41 42 43 44 45 46 47

Weight (gram)

Figure 12. Cocoon-inspired infill structure weight vs. resilience results.

Overall, the cocoon-inspired infill structure data analysis provides some insights based
on the two variables that were changed for the design. A key aspect of the design is that
the shape of the layers and how the layers form connections affect the max load and yield
strength. This is shown throughout the data by the Quad-Dominate infill patterns having
higher strength and max load values. Another key finding is that using two vertical layers
(inner and outer) leads to an increase in the strength values, with a partial increase in the
weight value. This is seen when comparing the data from the cocoon-inspired structures to
the bird nest-inspired structures.

3.4. Sandwich

As shown in Figure 13, analysis of the sandwich-inspired infill structures” weight-to-
max load ratio indicates that almost every single specimen performed similarly. All the
sandwich-inspired structures were very close to the maximum load limit of the testing
machine; thus, we were not able to figure out an exact value for each due to machine
constraints. The high max load capability is due to high weight and good connections
between layers. We learn that there is a positive relationship between the weight of a
specimen and the maximum load it can withstand.
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Figure 13. Sandwich-inspired infill structure weight vs. maximum load results.

The strength-to-weight ratio analysis for the sandwich-inspired structures is shown
in Figure 14 and uses the same color coding as Figure 13. This analysis indicates that
the structures with the highest and lowest ratios also had the highest number of layers
across all infill pattern types. The Schwartz infill pattern structures on average had the best
strength-to-weight ratio; however, the ratios of all the specimens have relatively similar
values. Because each sandwich-inspired structure had similar max and yield loads, the
only variable that affected the performance was the weight. We learn that withstanding a
higher maximum load does not mean greater performance on a unit basis.
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Figure 14. Sandwich-inspired infill structure strength-to-weight ratio results.

Figure 15 shows the resilience-to-weight relationship of the sandwich-inspired infill
structures. Again, the highest-performing designs were those with the Schwartz infill
pattern as well as a standard orientation. The Gyroid and diamond infill pattern structures
showed the most consistency.
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Figure 15. Sandwich-inspired infill structure weight vs. resilience results.

Analysis of the sandwich-inspired infill structures reveals a key trade-off. The higher
number of layers increases strength but also weight. The Schwartz infill pattern outper-
formed the Gyroid and diamond patterns in resilience and strength-to-weight ratio. In
contrast, the diamond infill pattern performed the worst of the three. Changing the orienta-
tion increases the material resiliency. We see that the infill pattern variable has the highest
influence on meeting the functional objectives for the sandwich-inspired infill structure.

4. Discussion

The results of this study provide insights into the functional performance of the
designed bioinspired infill structures. Notably, the data reveal that sandwich-inspired
structures exhibit a direct correlation between weight and maximum load-bearing capac-
ity, underscoring the adage that strength often comes at the expense of increased mass.
However, this trend does not hold uniformly across all designs. Bird nest and cocoon-
inspired structures present an intriguing anomaly wherein they maintain considerable
strength while significantly reducing weight, challenging traditional design paradigms
that equate mass with capacity. Specifically, these lightweight designs demonstrate a favor-
able strength-to-weight ratio, indicating that strategic design can indeed lead to material
efficiency without compromising structural integrity.

The resilience measurements further delineate the trade-offs inherent in material
distribution within the structures. Sandwich-inspired structures offer superior resilience,
likely attributable to their increased mass and internal solid layers, which facilitate elastic
deformation and energy absorption. In contrast, while bird nest and cocoon-inspired
structures exhibit lower resilience, this is compensated by their reduced weight and efficient
load distribution, which is a critical consideration for applications where weight is a limiting
factor such as aerospace components and wearable technology.

The outliers identified, particularly within the bird nest-inspired structures, highlight
the impact of geometric variations on the performance metrics. The superior performance
of these outliers suggests that specific design variables, such as beam thickness and edge
length, can significantly enhance structural performance. This finding advocates for a more
nuanced approach to infill design, moving beyond a one-size-fits-all strategy to a tailored
optimization that accounts for the unique demands of each application. Thus, the findings
of this study are as follows:

e  Not one bioinspired infill structure excelled at all three functional objectives—lightweight,
load resistant, and resilient under compressive environment;
e  Structures inspired by sandwiched bone layers excel in resilience and peak load resistance;
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Structures inspired by bird nests and cocoons excel in being lightweight;
Bird nest-inspired structures exhibited the highest strength-to-weight ratio, which
shows the potential for meeting multiple functional objectives;

e  The performance of the bioinspired infill structures is sensitive to the unique variables
associated with each design (e.g., beam thickness, edge length) and could be tailored
to the needs of an application.

In summary, the study’s findings advocate for a paradigm shift in infill design, with a
move towards structures that leverage the inherent geometrical strengths of bioinspired
patterns to achieve both lightness and load-bearing capability. The implication of this
research is clear: through intelligent design inspired by nature, it is possible to create
structures that defy traditional weight—strength trade-offs, paving the way for innovative
applications in fields demanding high-strength, lightweight materials.

5. Conclusions

In this study, the experimentally measured values of mechanical properties of 3D-
printed specimens (cylinders) produced using a desktop 3D printer were presented. These
specimens were printed in PLA using the Fused Deposition Molding method and tested
following the ASTM D695-15 standard. The performance of the specimens across three func-
tional objectives—maximal supported load in compression, resiliency, and strength-to-
weight ratio—was analyzed. Three bioinspired infill structures were designed using
inspiration from a bird nest, a cocoon, and the sandwiched alternating hard and soft layers
found in trees, turtle shells, and bone. For comparison, a control group of three specimens
using the commonly available line infill pattern was fabricated and tested.

A limitation of this study is that the curved geometries found in nature for the bird
nest, cocoon, and skull bone were adapted to a small, cylindrical shape to meet the ASTM
D695-15 testing standard. A turtle shell and skull are closer in geometry to a sphere than a
cylinder and may be lighter and perform better than the engineered infill patterns if the
geometry and testing conditions were different. Bird nests, cocoons, and porous layers of
bone are not perfectly repeated cellular units; rather, they have variance and imperfections.
Thus, the CAD software limits how the bioinspired design is embodied.

Strength, weight, and resilience were compared to each other and a control group for
the three different bioinspired designs. However, when it comes to real-world applications
more research must be carried out in order to bring this work into engineering practice.
Thus, future research would involve replicating all the specimens and tests multiple times
to achieve an average value for each design but also calculate descriptive statistics. This
would also assist with determining design attributes that could be explored in more detail.
Additional future work involves developing and executing a procedure to test different
geometries that are closer to the biological geometries.

This work demonstrates the effectiveness and limitations of three bioinspired designs
to achieve lightweight, strong, and resilient additively manufactured parts. We believe the
findings of this study contribute to the expansion of bioinspired design applied in the area
of additive manufacturing.
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Appendix A
Compression test data for each specimen.

Specimen Weight (g) Max Load Yield Stress Yield Load Yield Strength Extension Yiel.d
(kgf) (MPa) (kgf) (MPa) (mm) Strain

S1: R3S 89.64 2500.00 411 1500.00 12.91 2.30 0.03
S2: S3S 86.74 2500.03 5.76 2100.00 18.07 6.40 0.08
S3: S5S 86.84 2500.06 6.03 2200.00 18.93 5.90 0.08
S4: S7S 98.74 2500.14 6.30 2300.00 19.79 3.20 0.04
S5: R5S 91.39 2500.09 5.48 2000.00 17.21 3.18 0.04
S6: R7S 82.90 2500.13 5.48 2000.00 17.21 3.30 0.04
S7: S3G 88.12 2500.01 493 1799.94 15.49 2.35 0.03
S8: S5G 91.53 2500.07 5.48 1999.90 17.21 2.10 0.03
59: S7G 81.27 2500.06 5.21 1900.35 16.35 2.50 0.03
S10: R3G 90.70 2500.06 5.76 2099.92 18.07 2.40 0.03
S11: R5G 90.61 2500.06 493 1799.94 15.49 2.40 0.03
S12: R7G 98.56 2500.09 5.48 1999.93 17.21 2.25 0.03
S13: R3D 93.35 2500.06 6.58 2400.00 20.66 3.40 0.04
S14: S3D 91.85 2500.00 6.17 2250.00 19.36 3.15 0.04
515: S5D 91.90 2500.04 5.21 1900.00 16.35 3.05 0.04
S16: S7D 85.94 2500.05 5.76 2100.00 18.07 3.10 0.04
S17: R5D 94.92 2500.01 6.03 2200.00 18.93 3.30 0.04
S18: R7D 99.87 2500.01 6.03 2200.00 18.93 3.00 0.04
Line: 40% 48.00 1750.00 3.97 1450.00 12.48 2.25 0.03
Line: 60% 65.00 2500.00 5.76 2100.00 18.07 2.20 0.03
Line: 80% 83.00 2500.00 6.85 2500.00 21.52 1.40 0.02
BN1 39.62 1307.30 2.19 800 6.89 3.75 0.05
BN2 39.46 1317.12 2.74 1000 8.61 4 0.05
BN3 38.86 1301.93 2.33 850 7.32 3.75 0.05
BN4 39.45 1362.87 2.60 950 8.18 3.75 0.05
BN5 45.96 2500.06 3.43 1250 10.76 4 0.05
BN6 45.62 1494.90 3.01 1100 9.47 4 0.05
BN7 45.54 1478.27 3.43 1250 10.76 4 0.05
BNS8 46.54 1588.45 3.56 1300 11.19 4 0.05
BN9 52.56 2500.02 3.70 1350 11.62 2.5 0.03
BN11 37.76 1774.59 3.01 1100 9.47 25 0.03
BN13 36.6 1393.18 2.88 1050 9.04 2.75 0.04
BN14 4591 2500.01 3.84 1400 12.05 2.5 0.03
BN15 36.17 1330.93 2.60 950 8.18 2.75 0.04
BN16 36.37 1342.85 2.60 950 8.18 1.5 0.02
BN17 41.16 1570.36 3.29 1200 10.33 1.75 0.02
BN18 52.84 2165.89 4.39 1600 13.77 1.75 0.02
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Specimen Weight (2) Max Load Yield Stress Yield Load Yield Strength Extension Yield
P ghtle (kg (MPa) (kgf) (MPa) (mm) Strain
BN19 36.22 1371.73 2.88 1050 9.04 1.75 0.02
BN20 39.71 1483.95 2.60 950 8.18 1.75 0.02
BN21 44.61 1622.41 343 1250 10.76 1.75 0.02
BN22 57.06 2298.95 493 1800 15.49 2.5 0.03
BN23 34.87 1330.54 2.74 1000 8.61 2.5 0.03
BN24 43.47 1598.57 3.15 1150 9.90 2.25 0.03
BN25 46.12 1476.24 2.88 1050 9.04 2.25 0.03
BN26 41.34 1683.17 3.43 1250 10.76 4.25 0.06
QD-QD 45.38 1751.59 3.29 1200 10.33 2 0.03
QD-T 45.47 1945.07 2.88 1050 9.04 2.3 0.03
QD-Q 45.9 1917.55 3.01 1100 9.47 2.5 0.03
Q-Q 43.55 1683.17 2.74 1000 8.61 1.8 0.02
Q-QD 43.1 1391.73129 247 900 7.75 1.9 0.02

QT 43.91 1453.001 2.74 1000 8.61 1.9 0.02
T-QD 4217 1278.349 247 900 7.75 1.5 0.02
T-Q 42.63 1346.175 2.74 1000 8.61 1.6 0.02
T-T 429 1295.598 2.26 825 7.10 1.8 0.02
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