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Abstract
Additive manufacturing has allowed producing various complex structures inspired
by natural materials. In this research, the bio-inspired suture structure was 3D
printed using the fused deposition modeling printing technique to study its bending
response behavior. Suture is one of the most commonly found structures in biological
bodies. The primary purpose of this structure in nature is to improve flexibility by
absorbing energy without causing permeant damage to the biological structure. An
interesting discovery of the suture joint in diabolical ironclad beetle has given a great
opportunity to further study the behavior of these natural suture designs. Inspired
by the elliptical shape and the interlocking features of this suture, specimens were
designed and 3D printed using polylactic acid thermoplastic polymer. A three-point
bending test was then conducted to analyze the flexural behavior of each suture
design, while digital image correlation and numerical simulation were performed to
capture the insights of deformation process.
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1. Introduction
Throughout the years of evolution, nature has developed and optimized complex
structures to achieve specific functions in every biological body. These complex structures
inspire the development of materials and structures with enhanced performances[1,2].
Three-dimensional (3D) printing or additive manufacturing (AM) has made it possible
to recreate these complex natural structures and adapt them into engineering applications
to improve their functionalities[3-7].
Among various natural structures, suture interfaces are visible in a wide range of
species and have independently evolved to optimize the performance of diverse biological
systems. Suture structures can be found in mammal crania, deer skull, turtle carapace,
red-bellied woodpecker beak, boxfish armor, diatoms, and insect cuticles[8-14]. They
provide flexibility to the structure to allow large deformations to absorb impact energy
and damp shocks while maintaining structural integrity[15-17]. Depending on the species,
the complexity, interlocking features, and sutures’ geometry vary to achieve targeted
properties[18,19]. For example, triangular sutures can be found in woodpecker beak and
interlocking complex suture designs can be found in ammonite shells and diatoms, while
elliptical shape interlocking sutures are visible in diabolical ironclad beetle[20]
1
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The recent discovery of the suture structure in diabolical
ironclad beetle (Phloeodes diabolicus) has attracted many
researchers to study its behavior under different test
conditions[24]. This beetle species acts dead to protect from
predators since they are unable to fly. The flying beetles
have hardened forewings, which act as a protection layer
for underlying hindwings[25-28]. The elytra of the diabolical
ironclad beetle perform remarkable crush resistance from
predators in nature. The tough exoskeleton is a result of
fusion of two elytra by a suture joint, which runs along the
whole length of the abdomen. These interlocking sutures with
ellipsoidal geometry, known as blades, are tougher than the
triangular and hemispherical blades, which are commonly
found in other terrestrial beetles. Figure 1D-F shows the
diabolical ironclad beetle, a cross-section of the elytra
and the suture connection between two elytra. The suture
joints in diabolical ironclad beetle help to resist bending
moments to protect vital internal organs. By incorporating
interlocking suture interfaces into a biological system, the
energy dissipation of the structure is regulated[24,29-31].

structures and understanding the mechanical responses
and their governing mechanisms[37-39]. FDM printing is a
material extrusion technique where thermoplastic material
is melted and extruded through a hot end to create the
printing layers[40]. Performing mechanical testing on 3D
printed bio-inspired structures is beneficial in developing
guidelines for future modifications and optimizations of
the designs. While AM materials have different properties
than natural materials, continuous structural design
optimizations and mechanical testing would help to
understand the failures, deformations, and damages in
biological structures[41,42].
In this research work, diabolical ironclad beetle’s
suture-inspired designs were printed using polylactic acid
(PLA), one of the most popular thermoplastic materials
used in FDM printing due to their biodegradability and
ease of printing, good strength, and stiffness[43-46]. The
flexural behavior was then analyzed using a three-point
bending test, followed by digital image correlation (DIC)
and numerical simulation to provide more insight into the
bending response of the suture structure. As mentioned
before, since the suture joint helps resist bending moments
in the beetle structure to protect internal organs, the
research is focused on understanding the flexural
properties of this bio-inspired suture structure. This suture
interlocking mechanism would be greatly beneficial in
connecting dissimilar materials without any external
joining techniques and connecting small parts could
develop large modular parts through interlocking without
limiting to the small print volume in many 3D printers.

Most biological structures contain complex hierarchical
arrangements that are difficult to fabricate through
conventional manufacturing techniques[32,33]. Due to the
design freedom, quality of the product and process control
ability, 3D printing has the potential to develop lightweight
complex structures[34-36]. Among various AM techniques,
fused deposition modeling (FDM) – a trademark of
Stratasys or fused filament fabrication – a commonly
used term by open hardware community/RepRap is a
convenient printing method for developing bio-inspired
A
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Figure 1. (A) Skull of a domestic shorthair cat[21], (B) cranial suture in white-tailed deer[22], (C) alligator internasal suture[23], (D) Phloeodes diabolicus,
(E) cross-section of the elytra, (F) suture that connects two elytra (with copyright permission from the journal)[24]
Volume 1 Issue 2 (2022)

2

https://doi.org/10.18063/msam.v1i2.9

Materials Science in Additive Manufacturing

Flexural behavior of bio-inspired sutures

2. Materials and methodology

force. Due to the high dimensional accuracy in the printer,
two pieces were printed with the exact dimensions without
including gap tolerance. Finally, the pieces were easily fitted
together like a jigsaw puzzle without affecting the strength
of the final part. The S3 design was further subjected to
testing to analyze the effect of the positioning angle of
the suture interface since, in nature, suture structure
does not always follow a precise straight path, as shown
in Figure 1A-D. Nearly straight suture lines are visible in
infant skull, but in many cases, sutures create complex
arrangement[47-49]. The schematic and PLA specimens
with slanted suture interface by 2°, 5°, and 8° are given
in Figure 3D-F, respectively. Dimensions of S1, S2, and
S3 specimens are given in Table 1. Dimensions of S3-2°,
S3-5°, and S3-8° are also similar to the dimensions of S3.
The areas covered by the suture interfaces in all three sizes
are maintained to be ~3.65 cm2, which are calculated by
the complete elliptic integral of the second kind, multiplied
by the thickness of the specimen.

2.1. Specimen fabrication
The shape of the suture is designed to be elliptical where
the ratio between “a” (minor radius) and “b” (major
radius) is 1:1.8, while the angle (Ɵ) between two ellipses
is maintained to be 25° as shown in Figure 2A. Design
parameters were selected from the literature, where
researchers have analyzed the dimensions of the diabolical
ironclad beetle’s suture structure[24]. All the specimens were
fabricated using a FDM technique with 45°/−45° print
orientation. In comparison to 0°/90° print orientation,
45°/−45° print orientation contains less porous areas in the
printed structure as per the X-ray micro-CT scan images
in Figure 2B and D. The curved edges in the sutures are
perfectly covered in each layer by 45°/−45° print orientation.
Still, in 0°/90° print orientation, the 90° layers could not
completely cover the curved edges of the printed structure
as shown in microscopic images in Figure 2C and E. PLA
specimens are printed using the Prusa Mk3i printer. The
suture pattern is inspired by the interlocking connection
between the two elytra in the diabolical ironclad beetle (P.
diabolicus).


2

c  4  a 2 cos 2 ‚  b2 sin2 ‚ d‚ 

(Eq. 1)

0

t

Three different sizes of sutures were printed using
PLA as S1, S2, and S3; schematic diagrams are given in
Figure 3A-C.

c‘   a 2 cos2 ‚  b2 sin2 ‚ d‚ 

(Eq. 2)
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(Eq. 3)
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Specimens were configured by connecting the two
separate parts, printed together without any additional
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Figure 2. (A) Schematic of the suture design, (B) X-ray micro-CT scan of 45°/-45° print orientation, (C) microscopic images of 45°/-45° print orientation,
(D) X-ray micro-CT scan of 0°/90° print orientation, (E microscopic images of 0°/90° print orientation.
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Figure 3. (A) S1 Schematic and PLA Specimen, (B) S2 Schematic and PLA Specimen, (C) S3 Schematic and PLA Specimen, (D) S3-2° Schematic and PLA
Specimen, (E) S3-5° Schematic and PLA Specimen, (F) S3-8° Schematic and PLA Specimen, (G) three-point bending test setup, (H) three-point bending
setup with specimen.

Table 1. Dimensions of the 3D printed PLA specimens
Specimen

Length (mm)

Width (mm)

Thickness (mm)

Minor radius,
a (mm)

Major radius,
b (mm)

Print layer
height (mm)

Infill
density

Number of
print layers

S1

200

44

4

1.5

2.7

0.2

100%

20

S2

200

44

4

2

3.6

0.2

100%

20

S3

200

44

4

2.5

4.5

0.2

100%

20

Eq. 1 can be utilized to calculate the total circumference,
C of the ellipse, while Eq. 2 and 3 can be utilized to calculate
the arc length C´ of the ellipse at a given angle. Minor
radius – a, major radius – b, and the angle are shown in
Figure 2A. Once the repeat length, as given in Figure 2A,
is calculated, the total area can be obtained by multiplying
the whole length by the thickness (T), which is 4 mm in all
the specimens.
Volume 1 Issue 2 (2022)

2.2. Flexural test
A three-point bending test was conducted according to
ASTM D790 to analyze the behavior of the suture structures
under flexural loading[50]. A 5900R Instron universal testing
machine with a 5 kN load cell and span length of 20 mm
were utilized to perform the test. The length, height, and
width of all the specimens were maintained to be 200 mm,
4
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44 mm, and 4 mm, with a span length of 100 mm. The
test setup without and with a PLA specimen is given in
Figure 3G and H. The crosshead displacement rate was
maintained to be 1 mm/min, and a 1 N preload was applied
to ensure proper contact between the test specimen and
the impactor. Five specimens were tested for each design.
The centered cylindrical roller with 10 mm diameter and
two supporting rollers at the bottom with 10 mm diameter
were utilized to perform the three-point bending test.

It is worth mentioning that the material anisotropy and
localized defects that occur due to the 3D printing process
are not considered in this analytical model. Through
displacement boundary conditions, loading was applied
to the top roller, while two bottom supporting rollers
were encastered. Hard contact formulation was utilized to
create normal contact behavior between the rollers and the
test specimens, and tangential behavior was defined using
penalty friction formulation with a friction coefficient
of 0.3. A two-dimensional model was developed to save
the cost and time of the simulation for S1, S2, S3, S3-2°,
S3-5°, and S3-8° with 38029 linear quadrilateral elements
of type CPS4R. The load of the top roller was further
analyzed, and the bending stiffness of each specimen is
calculated by the slope of the linear part of the forcedisplacement curve.

2.3. DIC
DIC was conducted using Ncorr open source 2D Matlab
software to analyze the strain field generation during the
flexural test[51]. The region of interest (ROI) for the DIC
was carefully selected to obtain the maximum results. As
the specimen was built by connecting two parts, during
three-point bending, the two parts started to separate, and
creating a gap between the parts; hence, to eliminate the
negative impact on the DIC results, selecting the ROI was
done separately for the two parts.

3. Results and discussion
3.1. Experimental results
The force-displacement curves of S1, S2, and S3 are given in
Figure 4A. The number of suture ligaments in each design
decreased with the increment of the size of the suture unit,
thereby affecting the maximum load the structure can
withstand before the failure. As per the force-displacement
curves, it is evident that the S1 specimen withstand the
highest load while the S2 specimen indicates the lowest
maximum load. When it comes to the S3 specimen, the
maximum load it can withstand had increased compared
to S2 but was still lower than the S1. In all three cases, the
force-displacement curves exhibit a similar pattern. Once
the lowest suture ligament fails, the load suddenly drops,
then starts to increase again and experiences another

2.4. Numerical simulation
A finite element model to simulate the suture inspired
structure under a three-point bending test was developed
using ABAQUS/Explicit 2020 (Dassault Systems Simulia
Corp., Providence, RI). Three rollers having 10 mm
diameter were modeled, and the test specimen was placed
between the rollers according to the actual experimental
setup. Metal rollers are treated as rigid bodies for the
simplification of the simulation since they are significantly
rigid compared to the PLA specimens. The constitutive
behavior of the suture inspired test specimens is considered
to be elastic-perfectly plastic based on the literature[52-55].
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Figure 4. (A) Force-displacement curves of S1, S2, and S3. (B) Force- displacement curves of S3, S3-2°, S3-5°, and S3-8°; the failure points highlighted in
yellow for (C) S1- first & second points, (D) S2 - first & second points, (E) S3 - first & second points (F) S3-2, (G) S3-5°, (H) S3-8°
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sudden drop, it continues with a plateau until the failure of
the whole structure.

Flexural strength, bending stiffness, and energy absorbed
by each design are given in Figure 5. As shown in Figure 5A,
the flexural strength is significantly higher in the S1 sample
than in S2 and S3. With the increment of the positioning
angle, the flexural strength gradually decreases compared
to the original S3 sample. The bending stiffness of each
design is calculated using the force-displacement curve
slope. Energy absorption is calculated using the area under
the force-displacement curve. The bar charts indicate that
bending stiffness decreases gradually with the increment of
the positioning angle. Compared to S1, the absorbed energy
of S2 and S3 is increased by 20% and 48%, respectively.
Compared to S3, the energy absorption of S3-2°, S3-5°,
and S3-8° is reduced by 4.2%, 1%, and 20%, respectively.
Considering the flexural strength, bending stiffness, energy
absorption, and failure pattern, different suture structures
can be employed to achieve the desired performances. For
example, the S1 design would perform better than S2 or S3,
where higher flexural strength is required, and S3 would
perform better than S1 or S2 in absorbing higher energy.

As S3 exhibits the highest displacement, it implies that
the S3 structure can absorb more energy by deforming than
S1 and S2. Further studies on the effect of the positioning
angle of the suture structure on flexural properties are
conducted using the S3 specimen design. The positioning
angles are varied by 2°, 5° and 8°. The positioning angles
were varied by 2°, 5°, and 8° as given in Figure 3D-F.
The maximum loads of S3-2°, S3-5°, and S3-8° designs
were decreased, respectively, and all three maximum
load values were lower than the maximum load of the
S3 specimen. The total displacement of the S3-2° before
the failure is almost similar to the S3, while S3-5° exhibits
a larger displacement than S3. When it comes to S3-8°,
the displacement significantly reduces compared to all the
above-mentioned test specimens. The force-displacement
curves are given in Figure 4B. These results indicate that
the position of the suture components with respect to the
applied load is a critical factor, and there is a possibility for
further improvement of S3 by allocating the most suitable
positioning angle.

3.2. DIC results
DIC results of strain fields () for S3, S3-2°, S3-5°, and
S3-8° when the fracture starts to propagate are given in
Figure 6A-D, respectively. Strains fields generated in both
parts of the specimens are given in the images. The ROI
was selected separately for the interlocked parts in the
same specimen to obtain clear strain filed contour plots.
Higher strain along y-direction was visible in the weaker
semi suture module at the bottom of the test specimen,
which implies high-stress generation.

In all the cases, failure first occurred at the semi suture
module located at the bottom end of the suture component,
indicated by first yellow square in Figure 4C-H. In all
S3 samples, the second fracture point occurred in the
middle of the suture module. In contrast, in S1 and S2,
the second fracture point occurred closer to the first one,
which implies in S3 specimens, stress is distributed evenly
among all suture modules.
A

B

Figure 5. (A) Flexural strength, bending stiffness and energy absorption of S1, S2 and S3. (B) Flexural strength, bending stiffness and energy absorption
of S3-2º, S3-5º and S3-8º.
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S2, and S3 are shown in Figure 7A. The numerical simulation
results show a good agreement with the experimental results
with slight discrepancy due to the assumption of elasticperfectly plastic material constitutive model. Figure 7B-D
exhibits the deformation comparison of simulation and
experimental results of S1, S2, and S3. Simulation results
have captured the deformation of each suture design till the
specimens reach their maximum loading conditions.

From all DIC results, it is visible that one side of the
necking area is under compression in every suture module
while the other side of the necking area experiences
tension. The force exerted by the top suture module causes
tension on the necking area of the bottom suture module.
Meanwhile, the top suture module gets compressed by the
bottom suture module in return due to the interlocking
feature. DIC contour plots of the S3 specimen show highstress concentration in the suture modules, while with
the increment of the inclined angle, stress is distributed
more uniformly across all suture modules. This could be
the reason for S3-2° and S3-5° specimens to have a slight
increment in the displacement before the failure compared
to the S3 one, as given in Figure 4B. In S3-2° and S3-5°
specimens, stress is uniformly distributed among all
the suture modules. Still, in the S3-8° specimen, stress is
mainly concentrated at the weaker semi suture module at
the bottom, causing failure at a lower displacement.

Compared to S1 and S2, sample S3 shows higher
deformation, implying that the structure is more flexible.
The number of interlocking points directly affects the
structure’s flexibility and strength. Fewer interlocking
points allow the structure to deform in a larger
displacement, while many interlocking points make the
structure stiffer. Force-displacement graphs from the
experiment and simulation model for S3-2°, S3-5°, and
S3-8° are given in Figure 8A. Numerical simulation results
show good agreement with the experimental results up
to the point of maximum load. Similar to the previous
section, the slight difference between the experimental
and simulation results is caused due to not considering the
porosity effect of 3D printed structures and assuming the
model behavior to be elastic perfectly plastic.

3.3. Comparison between experimental and
numerical simulation results
The comparison between force-displacement curves obtained
from numerical simulation and the experimental results for S1,
A

The deformation captured by the simulation and the
experimental deformation for S3-2°, S3-5°, and S3-8° are
shown in Figure 8B-D.

B

3.4. Parametric study
C

Many biological structures with sutures do not contain
a single suture line throughout the whole structure,
but rather a network of suture lines to create complex
arrangements[9,49,56]. Here, a simple parametric study was
conducted to investigate the influence of two suture lines in
the structure. For all three sizes, S1, S2, and S3 symmetrical
suture lines with inclined angles of 0, 2, 5, and 8 degrees
were incorporated in two different configurations as shown
in Figure 9A and B. Specimens are created by connecting
three separate parts to include two suture lines. The two

D

Figure 6. DIC contour plots of ϵyy strain fields for the two interlocked
parts just before the fracture. (A) S3, (B) S3-2º, (C) S3-5º, and (D) S3-8.
Region of interest (ROI) is selected separately for the two parts of the
same interlocked specimen.
A

B

C

D

Figure 7. (A) Numerical simulation and experimental force-displacement results comparison of S1, S2 and S3. Von Mises stress distribution comparison at
the maximum load of each design: (B) S1 simulation and experiment, (C) S2 simulation and experiment, and (D) S3 simulation and experiment.
Volume 1 Issue 2 (2022)
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B

C

D

Figure 8. (A) Numerical simulation and experimental force-displacement results comparison of S3-2º, S3-5º and S3-8º. Von Mises stress distribution
comparison at the maximum load of each design: (B) S3-2º simulation and experiment, (C) S3-5º simulation and experiment, and (D) S3-8º simulation
and experiment.
A
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C

D
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F

Figure 9. (A) Design configuration one, and (B) design configuration two; red circles indicate the placement of the interlocking suture modules on the
side part and the middle part of the specimen, and green circle shows the weaker semi suture module. (C) Von Mises stress comparison of 0º, 2º, 5º and
8º inclined angle designs in configuration one. (D) Scatter plot of peak forces in each design. (E) Von Mises stress comparison of 0º, 2º, 5º and 8º inclined
angle designs in configuration two. (F) Scatter plot of peak forces in each design.

design configurations are shown in Figure 9A and B. In
configuration one, many numbers of interlocking suture
modules were printed in the middle part of the specimen,
and in configuration two, many interlocking suture
modules were printed in the side parts of the specimen
as highlighted in red circles. Figure 9C and E show the
completed specimens of the two design configurations at
their maximum load. Figure 9D and F show the scatter
plots of the maximum force encountered by each design.

even though in all three cases, the areas covered by sutures
are equal. Parametric results from design configuration
one show that the maximum force gradually increases
with the increment of the inclined angle. Despite small
fluctuations in the maximum loads in design configuration
two, the overall results present similar behavior to design
configuration one. This implies that design configuration
one could provide a more stable and predictable structure,
as the force gradually increases with the increment of the
angle without any fluctuations in the results, compared to
configuration two.

In all the cases, S1 yields the highest maximum force
due to its many interlocking points compared to S2 and S3,
Volume 1 Issue 2 (2022)
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as 2 J, 2.5 J, and 3 J. Bending stiffness values indicate that
compared to S1, both S2 and S3 designs are harder to bend.

Table 2 . The percentage increments of the maximum
loads in design configuration one compared to the design
configuration two
S1

S2

S3

0°

13 %

18 %

15 %

2°

14 %

16 %

16 %

5°

15 %

18 %

19 %

8°

14 %

21 %

19 %

(i) When changing the positioning angle of the
suture component, the total displacement before
the failure was slightly increased compared to the
S3, in both S3-2° and S3-5°. Further increment in
the angle up to 8° has noticeably reduced the total
displacement at failure compared to S3 specimen
as the stress is concentrated mainly in the weaker
semi suture module at the bottom rather than
uniformly distributing through the whole suture
structure. In all three cases, flexural strengths and
energy absorptions were slightly reduced compared
to S3. The variation in bending stiffness values
suggests that by changing the positioning angle of
the sutures, the stiffness of the whole structure could
be improved.
(ii) DIC results indicate that adjacent interlocking suture
modules exert tension and compression on each
other due to their interlocking feature. When the top
suture modules exert tension on the necking area of
the bottom suture module, the head of the bottom
suture module curls up and compresses the top suture
module, and instead of moving down before fracture
occurs in its necking area.
(iii) Numerical simulation showed good agreement with
the experimental results. The model was assumed to
be elastic-perfectly plastic, even though FDM prints
contain defects due to the printing process. The model
reveals that introducing larger suture modules with
less interlocking points allows more uniform stress
distribution along the suture structure compared to
S1 and S2, where the stress was mainly concentrated
to the suture modules at the bottom of the specimen.
(iv) The parametric study was performed on beam samples
with two symmetrical suture lines, which considerably
enhanced the ability to withstand a higher load. The
load-bearing ability of the structure was further
improved with the increment of the inclined angle. The
simulation results also confirm that positioning of the
interlocking suture modules plays an important role in
enhancing the load-bearing properties of the structure.
The parametric study concluded that the position of
the suture components has a significant impact on the
mechanical performance of the whole structure.
(v) These sutures could be beneficial in many ways
when developing a structural design. Incorporating
a suture joint creates a pre-established crack path
which would help to predict the fracture behavior
by analyzing the suture pattern while maintaining
flexibility. As the suture joint is developed without
any adhesive materials, this interlocking mechanism

Comparing the results of design configurations one and
two, as given in Figure 9A and B, the maximum load obtained
by samples S1, S2, and S3 in configuration one is higher
than in configuration two. The percentage increment of the
maximum loads in design configuration one compared to
the design configuration two is given in Table 2.
Similar to the experimental results, higher stress occurs
in the bottom semi suture module in every design where
the first failure occurs. In design configuration one, weaker
bottom semi suture modules (highlighted in green circle in
Figure 9A) are attached to the bigger side parts, where they
gain support for the stress distribution; hence, this design
configuration can withstand a higher load. In configuration
two, weaker bottom semi suture modules (highlighted in
green circle in Figure 9B) are connected to the middle part of
the specimen, where it gains support only from the middle
part for the stress distribution, as shown in Figure 9B. This
leads the design configuration two to withstand a lower
maximum load compared to the configuration one.
This parametric study showed that the maximum
load the structure can withstand could be improved by
combining symmetrical suture lines, correlating with the
inclined angle increment. The placement of the weaker
link within the suture structure also significantly impacts
the highest load the structure can withstand.

4. Conclusion
The research was conducted to investigate the flexural
behavior of bio-inspired suture structures. The specimens
were developed with three different sizes as S1, S2, and S3
using 3D printing of PLA thermoplastic while maintaining
the ratio between the minor and major radii of the elliptical
suture shape to 1:1.8. S3 design was used to develop S3-2°,
S3-5°, and S3-8°, varying the positioning angles by 2°, 5°,
and 8° to analyze the effect of the positioning angle. The
S1 specimen withstood maximum load during the threepoint bending test but failed within short displacement,
whereas S3 showed higher displacement before the failure
but with a lower maximum load. The flexural strengths of S1,
S2, and S3 were noted to be 28 MPa, 24 MPa, and 26 MPa,
while the energy absorption of each design was calculated
Volume 1 Issue 2 (2022)
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could be utilized to join dissimilar materials without
any external joining treatments. Finally, large modular
parts could be manufactured by connecting small
pieces through the interlocking technique without
limiting to the small part volume in many 3D printers.
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