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ARTICLE INFO ABSTRACT

Handling Editor: Dr Uday Vaidya Chiral kerf structures are formed by arranging chiral and coiled unit cells which allows for multi-dimensional and
multi-scale shape configurations under mechanical loadings. In this study, we investigate how the mechanical
properties of materials and microstructural topologies interact to control the flexibility, toughness, and load
bearing of 3D-printed chiral kerf structures. We explore chiral kerf structures with two different kerf patterns, i.
e., square and hexagon, and three coiling densities. We consider three materials, namely brittle Polylactic Acid
(PLA), compliant thermoplastic polyurethane (TPU), and a ductile composite made by alternating PLA and TPU,
referred to as a programmable composite. The chiral kerf structures undergo two deformation mechanisms when
subjected to mechanical loadings. The first one results from reconfigurations of kerf cells such as uncoiling,
rotation of cells, and cell packing, and the second mechanism arises from nonlinear and inelastic material re-
sponses. The use of brittle material limits cell reconfigurations before material failure, reducing the overall
flexibility and toughness of kerf structures. While the compliant material enables full cell reconfigurations, it
results in low load bearing. The use of PLA:TPU composite allows for cell reconfigurations and inelastic material
response, enhancing flexibility and toughness while maintaining a relatively high load bearing. We demonstrate
that stress distribution in kerf structures can be controlled by using multiple materials or coil densities. This
strategy can delay failure and improve the toughness and load-bearing capabilities of kerf structures.
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Reconfigurable freeform structures can potentially be used in robotics
and stretchable electronics as well as for controlling wave propagation

1. Introduction

Advances in computer-aided design and computer graphics have
facilitated freedom in structural design towards complex geometries,
referred to as freeform structures. Freeform structures are not merely
intended for their aesthetic appeal, but they can offer substantial func-
tionality. A classic example is a dome that displays an elegant shape
while demonstrating higher stiffness and load bearing than a flat plate.
Freeform structures can be designed to promote shape reconfigurations
upon external stimulation, further enhancing their functionality. Given
their aesthetic and functional features, freeform structures find potential
uses in various engineering applications in architecture, aerospace, civil,
mechanical, and biomedical engineering [1-4] as well as in arts and
crafts. For example, reconfigurable freeform structures are suitable for
deployable antennas and stents [5-10], adaptive thermal insulation,
shading facades [11,12], and morphing aircraft [13-15].
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under dynamic loadings.

One particular interest is in creating reconfigurable freeform struc-
tures out of planar surfaces. Origami and kirigami approaches (Fig. 1a
and b) have been used to create complex geometries through the folding
and/or cutting of planes [16]. For example, Zirbel et al. [17] developed
origami-based deployable foldable rigid panels with finite thickness to
maximize the ratio of deployed to stowed dimension. The main chal-
lenge in the origami structure resided in the fabrication process to create
crease lines out of structural materials with a finite thickness [18-20]. Li
et al. [21] used the kirigami approach to fabricate reconfigurable met-
amaterials with multiple shape transformations. Since the kirigami
approach relies on structural instability mechanisms to attain shape
reconfigurations, they are typically in the form of slender structures to
easily trigger instability [22]. Lattice and chiral structures (Fig. 1c) have
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Fig. 1. Freeform structures out of origami and kirigami structures (a and b
[16], 'Y, lattice structure (c [33], %2 and kerf structure (d).

been used to create reconfigurable freeform structures [23-26]. Typical
lattice reconfigurable structures are formed by arrangements of closed
cells, whose reconfigurability is dominated by in-plane cell
deformations.

Another approach to generating complex 3D shapes out of rigid
planar surfaces that enable the creation of freeform structures is by relief
cutting or kerfing. Kerfing is a subtractive manufacturing process that
involves removing material from relatively stiff planar structures out of
engineered woods [27,28], polymer [29], metals, and alloys (Fig. 1d).
Within kerf structures, various cut patterns can be designed not only to
induce panel flexibility but also to incorporate other functionalities. For
example, kerf patterns could control dynamics responses and wave
propagations [11,12] and tuned room acoustic characteristics [30-32].
The multi-dimensional and multi-scale flexibility of kerf structures al-
lows for in-plane and out-of-plane shape reconfigurations at different
length scales, which potentially be used for adaptive structures without
compensating their load bearing.

Recent studies have adopted the traditional square Archimedean kerf
patterns and used 3D printing polymers to study their deformations. Kerf
patterns belong to a class of chiral and fractal structures owing to their
repeated orders of microstructures and asymmetric cell arrangements.
Chiral patterns allowed for cell reconfigurations when subjected to
mechanical loading [34]. The arrangement of the elements in the chiral
pattern enabled coupling deformations such as converting uniaxial force
into a twisting motion [35,36]. Zhang et al. [37] investigated the
bending behavior of kerf structures with a square Archimedean pattern
out of polymer. Through three-point bending tests and finite element
analysis, they showed that the introduction of kerf fractal cuts altered
the energy dissipation, shape recoverability, and compliance. Increasing
the order of kerf fractal cuts decreased the bending stiffness while
sharply improving the recoverability when the load is removed. Wang
et al. [38] 3D printed kerf fractal structures out of polymers with the
stretchability of up to 360 % strain for applications in soft electronics
and soft robotics. The high stretchability was attributed to the
multiple-order uncoiling of the square Archimedean kerf pattern.

Many efforts in investigating chiral, fractal, and kerf structures have
centered on finding proper geometrical patterns to tune structural
functionalities such as increasing flexibility and energy dissipation. The
materials used in the chiral, fractal, and kerf structures play crucial roles
in shape reconfigurations and functional performances of the structures.
A recent study by Darnal et al. [28] highlighted how the viscoelastic
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deformations of wood and plastic deformations of stainless-steel kerf
structures affected shape reconfigurations. In this study, we investigate
the interplay of different mechanical behaviors of materials and
microstructural topologies in controlling the flexibility, toughness, and
load bearing of 3D-printed chiral kerf structures. We consider three
different materials, i.e., Polylactic Acid (PLA), Thermoplastic Poly-
urethane (TPU), and a programmable composite with a 50PLA:50TPU
volume ratio. These materials have significantly different mechanical
properties. PLA is brittle with relatively high load bearing and stiffness
while TPU is stretchable with significantly low load carrying ability.
Recent efforts on developing programmable filaments [27] suitable for
low-cost FDM printing have shown the ability to tune the mechanical
properties of printed objects out of PLA:TPU programmable filaments
that enabled achieving new mechanical performance, i.e., high strength,
stiffness, and toughness and increased damping ability [39-41]. As for
the kerf pattern, we study kerf cells of square and hexagon chiral pat-
terns with three different coil (spiral) densities. Although varying cell
sizes alter cell flexibility, in this study we consider a constant cell size.
The organization of this paper is as follows. Section 2 presents kerf
patterns and material properties. Section 3 discusses testing kerf unit
cells and modeling the mechanical performance of kerf unit cells. Sec-
tion 4 presents analyses of kerf panels under uniaxial tension and
bending. Section 5 presents conclusions from this study and future
explorations.

2. Kerf patterns and materials used for chiral kerf structures
2.1. The effect of cell geometrical parameters on cell deformability

We consider two kerf patterns, namely square interlocked Archi-
medean spiral [42] and hexagon spiral [43], as building blocks, see
Fig. 2. These patterns are relatively easy to arrange to form large-scale
structures. A detailed discussion of various kerf topologies and their
corresponding deformability can be found in Refs. [44-46]. Most pre-
vious studies focused on the use of wood-based materials. Kerf cells with
different coil (revolving spiral or cutline) densities in both patterns,
namely low density (LD), medium density (MD), and high density (HD)
are examined. The LD cell has the smallest number of coiling to create a
kerf cell within the specific pattern, while the MD and HD increase the
number of coiling by a factor of 1. The number of coiling can be referred
to as fractal order. The studied cells with square and hexagon patterns
have a side length of 1 in. and a thickness of 0.125 in. The kerf cells are
formed by arrangements of straight prismatic bars with a rectangular
cross-section of dimension t x w. The slenderness ratios of the prismatic
bars, measured by the ratio of the length to the cross-section dimensions
of the bar, in the cells govern the flexibility of the cells, hence the
flexibility of the overall kerf structures.
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Fig. 2. Square Archimedean (top) and hexagon (bottom) kerf patterns.

o

L

c

HD



A. Darnal et al.

The studied square kerf cells are stiffer compared to the hexagon kerf
cells. This is because each bar segment in the square kerf cells has a
smaller slenderness ratio compared to those of the hexagon kerf cells for
the same fractal order. Table 1 summarizes the geometrical parameters
of kerf cells and Table 2 lists the total length of the beam segments in
each kerf cell. A higher total length of the kerf cells can increase
toughness and extensibility attributed to the uncoiling of the cells,
which we will discuss later. To examine the influence of geometrical
parameters of the load transfer in kerf cells under uniaxial tension, we
determine a geometric tortuosity, rg, which is defined by the ratio of the
total length of the beam segment to the shortest length for load transfer
in the kerf cell (see Table 3). The shortest length of the square cell is 1”
and for the hexagon cell is 1.65”. A higher value of r¢ leads to higher
flexibility (lower stiffness) and a longer path of load transfer along the
beam segments in the kerf cells, which is attributed to the ability of the
kerf cell to uncoil.

2.2. The effect of elastic moduli of materials on cell deformability

The materials used for fabricating the kerf cells are PLA, TPU, and
programmable polymer out of PLA:TPU with a volume ratio of 50:50.
Detailed information on the materials is given in Appendix A. The elastic
moduli of the PLA, TPU, and 50PLA:50TPU printed polymers are 522,
1.85, and 261 ksi, respectively. Fig. 3 shows the 3D-printed square and
hexagon kerf cells for all three coil densities.

We examine the interplay of the cell geometrical parameters
(Table 1) and elastic modulus of the cell material on the bending flexi-
bility parameter of the kerf cells, as illustrated in Fig. 4. The bending
flexibility of the beam segments is represented by the ratios of L3/EIyy
and L3/EIZZ where L, I,y and I, are the length of the longest beam
segment in the kerf cell, second moment of area about the y and z axes,
respectively. The kinematic representation of the beam segment of the
kerf unit cells is shown in Figure A2 of Appendix A. The in-plane bending
of the beam segments of kerf cells is controlled by the value of L/w and
L3/EIZZ, while the out-of-plane bending is by the value of L/t and L3/EIyy.

Table 1
Geometrical properties of the beam segment in kerf cells (size of cells is 1 inch).
Kerf Coil Area (in%) The second moment of Slenderness
Pattern Density txw the area ratio
I, ( x Iy ( x L/ L/t
107% in%) 107%in%) w*
Square LD 0.125 x 1.042 1.628 4.8 3.84
0.10
MD 0.125 x 0.225 0.976 8 3.84
0.06
HD 0.125 x 0.067 0.651 12 3.84
0.04
Hexagon LD 0.125 x 1.042 1.628 8.5 6.8
0.10
MD 0.125 x 0.357 1.139 12.1 6.8
0.07
HD 0.125 x 0.130 0.814 17 6.8
0.05

# From the longest beam segment.

1 Reprinted with permission from “From flat sheets to curved geometries:
Origami and kirigami approaches” by Callens, S. J., & Zadpoor, A. A., (2018).
Materials Today, 21(3), 241-264, Copyright [2018] by Elsevier.

2 Reprinted with permission from “Shape-shifting structured lattices via
multimaterial 4D printing” by Boley, J.W., Van Rees, W.M., Lissandrello, C.,
Horenstein, M.N., Truby, R.L., Kotikian, A., Lewis, J.A. & Mahadevan, L.,
(2019). Proceedings of the National Academy of Sciences, 116(42),
20856-20862., Copyright [2019] by PNAS.
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Table 2

Total length of the beam segments in square and hexagon kerf cells.
Geometry LD MD HD
Square 6.92" 11.29" 15.23"
Hexagon 20.14" 30.71" 40.61"

Table 3

Geometric tortuosity for square and hexagon kerf cells.
Geometry rG

LD MD HD

Square 6.92 11.29 15.23
Hexagon 12.21 18.61 24.61

The TPU kerf cells are the most flexible owing to the higher value of L3/
EIl,, and L3/E1yy. The above kerf cells are easier to deform out-of-plane
than in-plane. Within a linear behavior, the deformation of kerf cells
is inversely proportional to their modulus and second moments of area
of beam segments.

3. Testing and modeling of kerf unit cells under uniaxial tension
3.1. Experimental testing of kerf unit cells

We performed a uniaxial tensile test until failure to the kerf cells in
an Instron 5984 Floor Standing Universal Testing Machine with 5 kN
load cell. One arm of the unit cell was fixed, and the opposite arm was
stretched at a displacement rate of 0.04 in/s. To ensure the repeatability
of these tests, we performed three repeated tests for each kerf cell. Fig. 5
summarizes the experimental results for the square and hexagon cells.
The tensile responses correspond to the cell reconfiguration and me-
chanical behaviors of the materials, as depicted in Fig. 6. The brittle PLA
limits cell uncoiling, and failure is dominated by PLA breakage. The
compliant TPU undergoes full uncoiling without material failure. Using
ductile composites facilitates simultaneous geometrical and material
responses, i.e., cell uncoiling, out-of-plane rotation, and inelastic
straining of the beam segments.

The correlation between deformed shapes and force-displacement
responses is depicted in Fig. B1 of Appendix B. The different deforma-
tion mechanisms of kerf cells of various materials have pronounced
impacts on the toughness, maximum load, final displacement, and initial
stiffness of the kerf cells, summarized in Fig. 7. A table presenting the
quantitative values is added in Table B1 in Appendix B. For the PLA and
programmable composite kerf cells, the toughness was determined until
the failure displacement, and for the TPU kerf cells, it was determined at
the last recorded displacement value as TPU kerf cells did not fail during
the testing. The square and hexagon kerf cells out of programmable
composite show the highest toughness. The square LD kerf cells out of
the PLA exhibit the highest stiffness and maximum load. The hexagon
kerf cells with the compliant TPU and ductile programmable composite
demonstrate the highest cell extensibility (final displacement). The
hexagon cells generally have higher toughness and final displacement
than the square kerf cells. The square cells have a higher maximum load
and stiffness for a brittle PLA than the hexagon cells.

The combination of cell uncoiling and inelastic straining along the
beam segments can significantly enhance the toughness, maximum load,
and final displacement of kerf cells as observed in the hexagon kerf cell
with the programmable composite (see Fig. 8).

3.2. Modeling kerf cells

We present finite element (FE) analyses of kerf cells to gain insight
into the mechanisms governing the geometrical and material responses
of kerf cells under uniaxial tension. Each segment in the kerf cells is
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Square Kerf Pattern Hexagon kerf pattern

TPU PLA

TPU S0PLA:50TPU

Fig. 3. Kerf cells with PLA, TPU, and PLA:TPU composite and different coiling densities (from top to bottom: LD, MD, and HD).
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Fig. 4. Variation of elastic bending flexibility parameter of kerf cells with material and geometry.

modeled using a nonlinear beam element (B31) in ABAQUS CAE anal-
ysis. The B31 beam element in ABAQUS incorporates axial stretching,
transverse shearing, bending, and twisting of a noncircular cross-section
where warping can occur. A more detailed discussion of the FE analyses
of kerf cells is given in Appendix C.

Fig. 9 compares tensile behaviors between the experimental and
simulation results of kerf cells with the square and hexagon patterns. For
the PLA Kkerf cells, the responses are fairly linear before failure and the
beam element model with the material softening strategy captures the
brittle failure. Figures C2 and C.3 in Appendix C depict the corre-
sponding deformed shapes, from the experiment and simulation, of the
PLA kerf cells with square and hexagon patterns, respectively. Higher
coiling densities result in larger deformations before failure attributed to
the lower stresses of the beam segments and partial uncoiling before the
breaking of the segments when the stress exceeds the tensile strength of
the PLA. The hexagon kerf cells fail in stages from the consecutive
breaking of the stressed vertexes.

For the TPU kerf cells, the beam model with the Yeoh hyperelastic
material captures the uniaxial tensile deformation. For the LD cells, at
higher displacement magnitudes, noise is seen in the experimental data
due to the friction between the segments of the kerf cell. This is not
captured by the beam model. For the LD kerf cells, the overall defor-
mation before uncoiling is dominated by the elastic deformation of the
TPU polymer. The uncoiling process causes fluctuation in the forces.
Figures C4 and C.5 show the deformed shapes of the TPU kerf cells.

Figure C6 depicts microstructural changes in TPU LD kerf cells during
loading and unloading, indicating that the kerf cells return to their
initial configuration.

For the kerf cells with 50PLA:50TPU programmable composite, the
heterogeneous nature of the programmable composite leads to a com-
plex failure mechanism attributed to cell uncoiling, cascading material
failure, and out-of-plane cell rotations. In the FE analyses, the pro-
grammable composite is treated as a homogeneous material with elastic-
plastic deformation. The homogenized material model captures the
overall force-displacement behaviors, as depicted in Fig. 9, but was
limited in capturing the cascading material failure and cell rotations
during the uncoiling stage. Figures C7 and C.8 show the deformed
shapes of kerf cells with the programmable composite.

3.3. Discussion on the tensile response of kerf cells

The deformations of the kerf cells with a relatively stiff material like
PLA or a compliant material like TPU are governed mostly by the
geometrical parameters (kerf patterns and coil densities) of kerf cells. In
the case of PLA kerf cells, the beam segments exhibit a linear elastic
response until the fracture initiates, which occurs at a later stage of
deformations. In the case of TPU kerf cells, the low elastic modulus of
TPU facilitates easy cell reconfiguration within a linear elastic material
region that allows for the cells to fully uncoil. In our study, the testing
fixture reached the maximum spans before we could push the TPU to
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Fig. 5. Force-displacement curves for square and hexagon kerf cells of different coil densities and materials.

Square Kerf Pattern Hexagon kerf pattern

Fig. 6. Microstructural changes in square and hexagon kerf cells with MD cut out of PLA (top), TPU (middle), and 50PLA:50TPU (bottom).

exhibit nonlinear deformations and failure.

composite. The heterogeneous composite leads to cascading material
In the kerf cells with ductile programmable composite, the de-

failure, i.e., sequential load transfer from brittle PLA breakage to
formations are due to simultaneous geometrical and inelastic material compliant TPU, altering the cross-sectional geometries of the beam
responses. The initial deformation is governed by the elastic responses of segments. The changes in the cross-sectional geometries result in out-of-
the composite to promote cell uncoiling. Further straining causes more plane cell rotations.

cells to uncoil and inelastic deformation of the programmable The initial stiffness of kerf cells is influenced by their geometrical
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Fig. 7. Mechanical properties of kerf cells for square (left) and hexagon (right) patterns. Top

displacement, and initial stiffness.
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Fig. 8. Force-displacement curves for kerf cells with 50PLA:50TPU programmable composite.

parameters (Tables 1-3) and the elastic modulus of the material. The
final displacement is governed by the ability of cells to uncoil and the
failure strength of the materials. The elastic modulus and failure
strength of the material and cell uncoiling ability control the toughness.
The maximum load depends on the stress distribution in the cells. Cell

reconfigurations such as uncoiling can lead to stress redistribution,
delaying failure and enhancing maximum load.

to bottom properties are: toughness, maximum load, failure
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Fig. 9. Model and experiment comparisons for square and hexagon kerf cells (solid line refers to model and dashed line refers to experiment).

4. Analyses of kerf structures

We study the deformations of the planar kerf structures under uni-
axial tension and bending. We explore the deformation mechanisms and
their effects on the flexibility, toughness, and load bearing of kerf
structures by varying kerf topologies and materials.

4.1. Uniaxial tension of kerf structures

We simulate planar kerf structures with square and hexagon kerf
patterns under uniaxial tension. The square kerf structures have a
dimension of 2 in x 5 in x 0.125 in and the hexagon kerf structures are 5
in x 8.6 in x 0.125 in (see Fig. 10). The design explorations of kerf
structures are based on the following kerf topologies.

1) uniform coil density and uniform material.

2) uniform material with varying coil densities, i.e., HD cut for regions
of highest flexibility and MD or LD cut for regions of lower flexibility,
as discussed in Ref. [42].

3) uniform coil density, e.g., MD, and varying materials, i.e., TPU for
regions of higher flexibility and programmable composite for other
regions.

Fig. 11 presents the simulation results from the uniaxial tension of
kerf structures. A displacement control was applied until material failure
occurs, i.e., fracture of PLA and ductile failure of the programmable
composite. In the kerf structures of uniform coil density and uniform
material, at early loading (represented by a nearly linear force-
displacement response) the tensile responses are mainly governed by
cell rotations towards the loading axis with a linear elastic material
response. Increasing loading demonstrates the interplay of geometrical

Square pattern of uniform coil density Varying coil density

C

Varying material

Fig. 10. Various designs of kerf structures with square and hexagon kerf pat-
terns. For the varying materials, the green region indicates TPU and the yellow
region indicates Programmable polymer. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

topology and nonlinear material responses. The nonlinear responses of
materials, whether from brittle fracture in PLA, plastic deformation in
programmable composite, or large stretch in TPU, alter cell reconfigu-
rations and force-displacement paths (Fig. 11 a and b for the MD coil
density).



A. Darnal et al.

a) Uniform square cells

12

Square MD PLA
10
=8r
s
g6
£ Square MD Programmable
£, 1
2 -
Square MD TPU
0 L T T )
0 2 4 6 8
Displacement (inch)
c¢) Varying coil densities
7 ¢
6
Square MD-HD PLA
5
84t
8
8 3T Hexagon MD-HD PLA
2 b
1 -
0
0 2 4 6 8

Displacement (inch)

Composites Part B 284 (2024) 111685

b) Uniform hexagon cells
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Fig. 11. Uniaxial tension force-displacement curves for kerf structures with: a) square pattern of MD coil density, b) hexagon pattern with MD coil density, ¢) varying
coil densities of HD (central region) and MD (top and bottom regions), and d) varying TPU and programmable polymer.

For the kerf structure with square programmable composite, the
waviness in the force-displacement response is due to the shear banding,
indicated by nonuniform plastic deformations of the beam segments
causing rotation and uncoiling of kerf cells that started from uncon-
straint regions of the kerf structure (Fig. 12a). The contour is shown for

a) Square pattern with programmable polymer
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Fig. 12. Cell uncoiling of the square and hexagon programmable kerf struc-
tures under uniaxial tension.

von Mises stress and the yield limit for the programmable polymer is 3
ksi. The shear banding effect is not seen in the case of hexagon kerf
topology with programmable composite. The hexagon kerf topology
results in localized stresses on the vertices of kerf cells and uniform cell
uncoiling (Fig. 12b). The same deformation mechanisms are shown for
the kerf structures with LD and HD uniform coil densities (see Fig. D1).

In the kerf structures of varying coil densities in Fig. 10, the flexible
cells (i.e., higher coil density) respond to the mechanical deformation at
early loading (nearly a linear response depicted in Fig. 11c). At a later
stage of loading, all cells deform, resulting in nonlinear responses. In the
kerf structures of varying materials, adding compliant TPU locally
within the programmable composite reduces stresses and alters stress
patterns as illustrated in Fig. 13, which can be used to tune the overall
responses i.e., stiffness, toughness, and load bearing, of kerf structures.

Fig. 14 summarizes the stiffness, toughness, and maximum load of
kerf structures with square and hexagon patterns under uniaxial tension
from the simulation. The square pattern results in higher stiffness under
tension when compared to the hexagon pattern, while the hexagon
pattern gives higher toughness. Like in the kerf cells discussed in Sec-
tion 3, the stiffness is controlled by the geometrical properties (Table 1
and 3) and the elastic modulus of the material. Microstructural changes
from uncoiling cells contributed to increasing the toughness of the
structures at moderate tensile deformations. The limited prescribed
displacement prevents the complex failure mechanism of the program-
mable material from taking place, which could otherwise enhance the
toughness and load bearing of the structures similar to the responses of
the kerf cells.

To validate the simulation of the kerf structures under uniaxial ten-
sion, we performed experimental tests on selected 3D-printed kerf
structures. We used a universal testing machine (Instron) with a 5 kN
load cell using displacement control at a rate of 0.04 in/s. The lower
handle of the kerf structure was fixed to the grip and the upper handle of
the kerf structure was pulled uniaxially. Fig. 15 shows examples of 3D-
printed planar kerf structures and experimental setups.

The force-displacement data from the experiment and simulation are
compared, as shown in Figs. 16 and 17. A good correlation between the
simulation and experimental data is observed, indicating that the beam
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a) Square pattern with programmable polymer and TPU
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Fig. 13. Deformation behaviors of the kerf structures with programmable
polymer and TPU.

element model is sufficient in describing the mechanical response of kerf
structures with different kerf topologies and material behaviors. The
deformation patterns of the kerf structures with square and hexagon kerf
cells under the uniaxial tension are depicted in Figs. D2 and D3,
respectively, of Appendix D. The deformed shapes of the kerf structures
from the simulation and experiment agreed well. The deformed shapes
confirm the shear band behaviors of the kerf structure with a square
pattern out of programmable polymers (see Fig. D2c). The experiment
indicates the out-of-plane cell rotations in addition to the cell uncoiling
which is not captured by the simulation. The discrepancy is because the
model assumes a homogeneous inelastic deformation for the program-
mable composite ignoring its heterogeneity nature.

4.2. Bending of kerf structures

For bending analyses, we consider kerf structures of dimension 5 in x
5in x 0.125 in for the square pattern while for the hexagon pattern 8 in.
x 8.6 in x 0.125 in. The information on the FE model is given in Appendix
D. We examine several designs for kerf structures (see Fig. 18).

1) uniform coil density and uniform material.

2) uniform material with varying coil densities, i.e., HD for the region
with higher curvature and MD with the region of lower curvature.

3) uniform density, i.e., MD, with varying materials, i.e., TPU for re-
gions of higher curvature and PLA for regions of lower curvature.

The force-displacement responses of the uniform material and me-
dium coil density with square and hexagon kerf patterns are illustrated
in Fig. 19a and b, respectively. The hexagon kerf structures overall show
more flexible deformations under bending as compared to the corre-
sponding square kerf structures, owing to the geometrical parameters.
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Similar bending behaviors are observed for the kerf structures with
square and hexagon patterns of different coil densities for PLA, TPU, and
programmable composite, as shown in Fig. D5 in Appendix D.

When using a stiff PLA, cell packing leads to a stiffening of the kerf
structure under bending. The hexagon cells result in uniform stress
transfer along the cell sides that prevents stress concentration unlike in
the square cells (see Fig. D6). Varying coil density in the kerf structures
with stiff PLA improves the bending flexibility while maintaining the
relatively high load bearing (Fig. 19¢) and reduces localized stresses as
depicted in Fig. D7. When using soft TPU the overall stiffening of the kerf
structures is attributed to the hyperelastic deformations of the material.
The high flexibility of the hexagon TPU kerf structure causes the wavi-
ness in the force-displacement curves from the local uncoiling of the
cells, shown in Fig. D8. Varying the material in the kerf structures, i.e.,
using TPU within a stiff PLA, increases bending curvature. However, the
deformation is mostly localized in the TPU regions. When using the
programmable composite, we can see the interplay of inelastic material
responses and cell packing of the kerf structures (Fig. D9), but the
stiffening responses are not observed.

Fig. 20 summarizes the stiffness, toughness, and maximum load of
kerf structures with square and hexagon patterns under bending. The
square pattern results in higher stiffness of kerf structures when
compared to the hexagon pattern, owing to the geometrical factor of kerf
cells (Tables 1 and 3). For the toughness and maximum load, the square
and hexagon patterns are comparable with slightly higher toughness in
the hexagon pattern and slightly higher maximum load in the square
pattern. Under bending, the microstructural configurations are due to
cell packing. Better packing of cells of hexagon kerf structures improves
load bearing. Varying coil density in a kerf structure with a stiff material
is shown effective in maintaining good stiffness, toughness, and load
bearing under bending, which was due to better control of stress
distribution.

To validate the numerical results, we performed bending experi-
ments on selected 3D-printed kerf structures, as illustrated in Fig. 21. We
considered a 3-point bending test, following the specifications of ASTM
D790-17 which recommends an overhang on each end of at least 10 %
of the support span [47]. The three-point bending experiments were
carried out using a universal testing machine (Instron) with a 5 kN load
cell using displacement control at a rate of 0.0033 in/s. The experi-
mental setup is illustrated in Fig. 22. The distance between the sup-
porting pins was set such that they were equidistant from the center of
the kerf structures. A cylindrical indenter, printed using PLA, was
attached to the upper grip of the Instron Machine to displace the central
region of the kerf panel. The diameter of the indenter was 0.6 in. The
indenter was displaced by 0.75 in. to deform the kerf structure and the
reaction force on the upper grip was recorded. Pushing the indenter
larger than 0.75 in. resulted in significantly large rotation and slipping
of the samples.

The simulation and experimental results show good agreement in the
quantitative response and bending shapes (see Fig. 22). The limited
testing setup precluded applying a much larger bending displacement to
push the loading in the nonlinear regime as shown in the simulation.

4.3. Discussion on tensile and bending responses of kerf structures

In both brittle and compliant kerf structures under tensile loading,
the deformations are mostly governed by cell uncoiling with a linear
elastic material response, and only at a later stage of deformations, the
material fracture or nonlinear deformations are observed. In kerf
structures out of ductile programmable composite and square kerf cells,
a continuous axial stress along the loading direction under uniaxial
tension creates ductile shearing which gives rise to shear banding. The
shear banding can be avoided by eliminating continuous axial stress, like
in the hexagon kerf pattern, as depicted in Fig. 12.

In kerf structures out of materials with relatively high elastic
modulus like in PLA and programmable composite, bending leads to cell
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Fig. 15. Experimental setup for square and hexagon kerf structures under
uniaxial tension.

packing from high resistant contact stresses among neighboring cells. A
similar response is seen in other studies out of PMMA and VeroWhite
Resin [37,48,49]. A better packing deformation into curved surfaces is
seen in the hexagon kerf topology (i.e., hexagons can better fit into a
dome shape without overlaps or gaps). The hexagon cells lead to more
uniform stress transfer along the cell sides that prevents stress concen-
tration unlike in the square cells. When using brittle materials, cell
packing leads to stiffening in the overall bending deformation due to
increasing contact stresses with increasing bending curvatures. When
using a ductile material like in the programmable composite, cell
packing induces plastic deformation in the material, preventing stiff-
ening behavior. In kerf structures out of a compliant material, cell
uncoiling and stretching of the material dominate the bending
responses.

The beam segments that link different kerf cells exhibit localized
stresses, which can lead to segment failures. The localized stresses can be
redistributed and minimized by varying coil density or material across
the kerf structures. The idea is to enable easy cell reconfiguration with
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Fig. 16. Force-displacement responses of kerf structures with square kerf pattern under uniaxial tension. a) MD of PLA; b) MD-HD of PLA, ¢) MD programmable
polymer. The red solid line represents the simulation and the black dashed line represents the experimental data. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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loading, which can enhance the load bearing and toughness of kerf
structures.

5. Conclusion

We have investigated the interplay of mechanical behaviors of ma-
terials and microstructural topologies in controlling the flexibility,

11
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of kerf structures under bending for square and hexagon patterns. Top-to-bottom properties are initial stiffness, toughness, and

Fig. 21. Kerf structures for bending: a) square MD out of PLA; b) square LD programmable material; c) hexagon varying coil density MD-HD out of PLA; d) hexagonal

MD with varying PLA-TPU material.

toughness, and load bearing of 3D-printed chiral kerf planar structures.
We have considered two chiral kerf patterns, i.e., square and hexagon,
with different coil densities and explored three materials, which are
brittle PLA, soft TPU, and ductile programmable composite having PLA:
TPU with a volume ratio of 50:50.

From purely geometrical parameters, the studied hexagon kerf cell
has higher flexibility (lower stiffness) and extensibility (final displace-
ment) compared to the square kerf cell. This is due to the higher slen-
derness ratios of beam segments that increase cell deformation and the
higher total length of the beam segments that enable more cell uncoil-
ing. The hexagon kerf cell has higher toughness compared to the square
kerf cells, which is attributed to the higher geometric tortuosity that
increases the load transfer pathways within cells in the hexagon kerf

12

cells.

When using a relatively stiff material like brittle PLA or a relatively
compliant material like TPU, the deformation mechanism of the kerf
cells is governed in most part by the geometrical parameters of kerf cells.
The brittle PLA limits the uncoiling of kerf cells, especially in those with
lower coil density, resulting in low toughness. TPU kerf cells exhibit
complete uncoiling; however, the compliant TPU causes low load
bearing and toughness. The toughness, extensibility, and load bearing
could be significantly improved by the combination of uncoiling and
complex inelastic deformation of materials, which is the case of using a
programmable composite. The initial deformation is governed by the
elastic responses of the composite to initiate cell uncoiling. Further
straining causes more cells to uncoil and material failure, i.e., sequential
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load transfer from broken PLA to compliant TPU, altering the cross-
sectional geometries of the beam segments. The changes in the cross-
sectional geometries result in out-of-plane cell rotations.

We have studied kerf structures under uniaxial tension and bending.
The ability of kerf cells to undergo reconfiguration, as a means to
redistribute stresses, depends on the mechanical behavior of the mate-
rials. For example, uniaxial tensile loading induces shear banding in kerf
structures with a square kerf pattern and ductile programmable com-
posite, which is not seen in other materials and kerf structures with a
hexagon kerf pattern. The shear banding is due to ductile shearing from
continuous axial stress along the loading direction, which can be miti-
gated by breaking the stress continuity like in the hexagon pattern. Cell
uncoiling delays failure, which can enhance load bearing, toughness,
and extensibility. Using brittle material, while providing high stiffness,
limits cell reconfigurations. The bending of kerf structures with rela-
tively stiff materials such as PLA and programmable composite leads to
cell packing from high resistant contact stresses among neighboring
cells. Cell packing can result in enhancing load bearing and toughness
under bending. Disrupting the uniform kerf topology with changing coil
density or material enabled tuning the overall mechanical response and
local stress magnitude and distribution, which can be used to delay
failure and push the toughness and load-bearing ability of the structures.

The present study has provided some insights into the prominent
feature of chiral kerf structures. Their coiled cells and kerf patterns lead
to unconventional load transfer paths and cell reconfigurability with
loading which are influenced by the mechanical behaviors of materials.
This feature allows continuous stress redistribution to delay failure and
improve loading resistance. We have demonstrated that in program-
mable composite kerf structures, the combination of cell reconfiguration
and complex deformation of the composite enables tuning the overall
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mechanical responses of kerf structures to enhance load bearing,
toughness, and final displacement. The kerf structures are promising for
reconfigurable freeform structures, such as architectural facade,
morphing structures, soft robotics, and implants.
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Appendix A. Material Properties and Kinematic Representation of Kerf Cells

Three 3D printed materials, namely PLA, TPU, and programmable composite, are considered. The programmable filament has a parallel
arrangement of PLA and TPU layers, see Figure Al. PLA is brittle and has relatively high stiffness and strength, while TPU is compliant with low load-
bearing ability. The filaments used in this study were manufactured by OVERTURE 3D. The printing parameters were chosen as suggested by the
manufacturer, see Table Al.

Fig. Al. Programmable filament with TPU top layer and PLA bottom layer

Table Al
Printing process parameters of kerf unit cells with different materials

Process Parameters PLA TPU PLA:TPU
Print Temperature (°C) 210 220 235

Bed Temp (°C) 60 60 60

Print Speed (mm/s) 40 20 30

Infill Density (%) 100 100 100
Flowrate (%) 100 100 100
Layer Height (mm) 0.2 0.2 0.2
Raster Angle 45° 45° 45°

The kinematic representation of the beam elements is shown in Fig. A2. The x-axis is in the axial direction, and the y and z axes are in the lateral
direction (in the local coordinate). The deformations in the beam segments are classified as in-plane bending (x-y plane), out-of-plane bending (x-z
plane), transverse shearing in in-plane and out-of-plane, and axial stretching in the x-axis.

X Z |

(a) (b) (c)

Fig. A2. Modeling kerf unit cell: a) Kinematic representation of the cross-sectional area of the beam element, b) Square kerf cell, ¢c) Hexagon kerf cell.

Appendix B. Mechanical Properties of Kerf Cells

The mechanical properties, namely toughness, maximum load capacity, final displacement, and initial stiffness of square and hexagon kerf cells for
all three materials are listed in Table B1.

Table B1
Mechanical properties of kerf unit cells with different materials
Geometry Material Cut Density Toughness (Ibf-in.) Max. Load (1bf) Final Displacement (in.) Initial Stiffness (Ibf/in.)
Square PLA LD 5.67 £ 0.83 30.67 £ 1.05 0.27 £ 0.03 225.46 £+ 5.31
MD 3.53 £ 0.09 9.15 £+ 0.20 0.62 + 0.04 28.94 + 1.68
HD 3.56 + 0.63 3.86 = 0.12 1.29 +£0.32 7.44 + 0.28
TPU LD 4.96 £ 0.16 5.39 £0.17 1.84 £ 0.11 2.28 £ 0.03
MD 4.59 + 0.66 2.82 + 0.40 4.96 + 0.06 0.27 £ 0.02
HD 1.72 £ 0.19 1.03 £ 0.07 5.92 +0.14 0.10 £ 0.006
Programmable LD 14.36 + 2.46 12.25 +1.87 1.65 + 0.06 75.57 £ 9.69
MD 21.23 £1.90 9.73 £ 0.39 4.36 £ 0.12 10.78 + 0.89

(continued on next page)
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Table B1 (continued)
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Geometry Material Cut Density Toughness (Ibf-in.) Max. Load (Ibf) Final Displacement (in.) Initial Stiffness (Ibf/in.)
HD 16.18 + 1.99 7.03 £ 2.52 5.59 £ 0.25 3.91 £ 0.54
Hexagon PLA LD 5.58 + 0.20 12.74 £ 0.29 0.73 £ 0.05 32.03 £ 0.77
MD 4.41 £+ 0.67 4.41 £+ 0.67 1.61 +0.37 6.04 +1.89
HD 4.43 £0.11 1.57 £ 0.03 3.94 £ 0.40 1.04 £ 0.14
TPU LD 16.68 + 0.10 11.07 +0.38 9.03 £ 0.06 0.23 £+ 0.01
MD 4.16 + 0.79 1.03 £ 0.10 13.95 +0.11 0.05 =+ 0.004
HD 1.47 £ 0.25 0.88 + 0.09 18.43 £ 0.79 0.01 £ 0.0007
Programmable LD 74.81 + 4.26 18.37 + 2.93 6.84 +£1.10 19.97 + 0.94
MD 67.46 + 3.68 16.86 + 1.28 13.07 + 0.44 3.38 +£0.22
HD 40.05 £+ 1.99 5.87 +£1.32 16.97 + 0.57 2.29 +£0.21
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Appendix C. Finite Element Analyses of Kerf Cells

Figure C1 shows the beam element models of kerf cells. The square unit cells mesh with LD, MD, and HD consisted of 353, 532 and 732 elements,
respectively, and the hexagon unit cells mesh consisted of 648, 961, 1177 elements, respectively. One arm of the unit cell was fixed, and an axial
displacement was prescribed at the opposite arm. We modeled PLA as a linear elastic and isotropic material, TPU as a hyperelastic incompressible

material following the Yeoh constitutive model with a strain energy function W = Zle Cio(Ii — 3)', and the programmable composite as elastic-plastic
material. The elastic modulus and Poisson’s ratio for the PLA are 522 ksi and 0.3, respectively, [50]. For capturing the brittle failure of the PLA, we
considered material softening. The ultimate (complete failure) stress of PLA is 8.8 ksi [50] and the stiffness reduction starts at 7.2 ksi stress. For the
programmable composite, the elastic modulus, Poisson’s ratio, and yield stress are 261 ksi, 0.35, and 3 ksi, respectively. The Yeoh material parameters
C10, C20, and Csg for the TPU are 1121.621 psi, —230.980 psi, and 26.887 psi, respectively. The computational time to simulate the uniaxial tension for
all kerf cells varied between 5 and 25 s.

2 2 =
2 @

Fig. C1. Models for LD, MD, and HD square and hexagon kerf cells using beam elements.
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Fig. C2. Deformed shapes of square PLA kerf cells of various cut densities
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Fig. C3. Deformed shapes of hexagon PLA kerf cells of various cut densities
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Fig. C5. Deformed shapes of hexagon TPU kerf cells of various cut densities

Fig. C6. Changes in the microstructure of TPU square (top) and hexagon (bottom) kerf cell during loading-unloading

20



A. Darnal et al.

LD

B 3ksi
Bas
Bo

Composites Part B 284 (2024) 111685

MD

B 3 ki
Bas
Bo

HD

B 3 ksi
Bas
Bo

]

0in 0.207 0.471 1.003 1.531

Fig. C7. Deformed shapes of square programmable kerf cells of various cut densities
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Fig. C8. Deformed shapes of hexagon programmable kerf cells of various cut densities

Appendix D. Kerf Structures Under Tension and Bending

This Appendix summarizes responses of kerf structures under uniaxial tension and bending. Figure D1 shows the overall force-displacement results
from uniaxial tensile simulations.
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Fig. D1. Uniaxial tensile force-displacement curves of kerf structures with uniform coil densities for square (left) and hexagon (right) patterns with PLA (top), TPU
(middle) and programmable material (bottom)

Figures D2 and D3 display deformed shapes comparing experimental and simulation results for selected kerf structures with square and hexagon
patterns, respectively, under uniaxial tension. For the kerf structures with a uniform coil density, i.e. Figs. D2a, D3a, and D3b, there is a uniform
uncoiling of the beam segments throughout the kerf structures whereas for the kerf structures with varying coil density, e.g., Fig. D2b, the HD region
undergoes the uncoiling first and the failure stress occurred in this region as evident by the stress contour while the MD region undergoes much lower
stresses and negligible deformations. For the kerf structure with varying material, e.g., Fig. D3c, only the TPU region of the kerf panel undergoes
deformations, owing to the significantly low stiffness of the TPU when compared to the one of the PLA.

In case of the kerf structure with a square uniform coil density out of a programmable composite, the plastic deformation in a narrow region of the
kerf structure caused shear banding, followed by the in-plane cell rotation and uncoiling in this region. The experiment also indicated out-of-plane
rotation (bending) of kerf cell in addition to uncoiling which is not captured by the simulation. The out of plane rotation of the programmable
kerf structure is due to the heterogenous material failure of the programmable composite. Under the tensile force, the PLA part of the programmable
polymer breaks while the presence of TPU prevents cell breakage and allows for continuous deformations. The overall response of the programmable
compiste is modeled as a homogeneous plastic deformation ignoring its heterogeneity nature.
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Fig. D2. Deformed shape of experiment and simulation of kerf structures with square kerf pattern under uniaxial tensile force: a) MD of PLA; b) MD-HD of PLA, and
¢) MD programmable polymer
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Fig. D3. Deformed shape of experiment and simulation of kerf structures with hexagon kerf pattern under uniaxial tensile force. a) MD PLA, b) MD TPU, and c¢) MD
PLA TPU

For the bending analyses, the kerf structures were meshed with quadratic B31 beam elements, depicted in Figure D4. The indenter and supports
were meshed with linear hex-dominated 8-node bricked solid elements (C38DR). The indenter had 16 elements, and the supports had 1863 elements.
A general contact model based on Coulomb friction was defined with a frictional penalty coefficient of 0.4 along the tangential directions, as well as a
hard normal contact. Support 1 and 2 were fixed in all degree of freedoms (no translation and rotation) and a displacement of 0.75 inches in negative y-
direction was applied to the indenter. The arrow on the indenter indicated the direction of displacement.

‘Suppor‘t 2

Indenter Indenter.

Z =7
S

Support 1 upport 1

Fig. D4. Finite element model of the kerf structures with square (left) and hexagon (right) patterns under three-point bending test setup.

The bending responses are depicted in Fig. D5 and the corresponding deformed shapes for kerf structures with medium coil density are shown in
Figs. D6 - D9.
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Fig. D5. Bending force-displacement curves of kerf structures with uniform coil densities for square (left) and hexagon (right) patterns with PLA (top), TPU (middle)
and programmable material (bottom)
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Fig. D6. Bending behavior of kerf structure with uniform medium coil density for square and hexagon pattern with PLA material.
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Fig. D7. Bending behavior of kerf structure with medium-high coil density for square and hexagon pattern with PLA material.
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Fig. D8. Bending behavior of kerf structure with uniform medium coil density for square and hexagon pattern with TPU material.
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Fig. D9. Bending behavior of kerf structure with uniform medium coil density for square and hexagon pattern with programmable material.
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