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Abstract

Wire-woven bulk kagome (WBK) materials are a new class of cellular metallic structures possessing desired me-
chanical performance and can be fabricated easily by assembling metallic wires. In previous studies, the WBK materi-
als were shown to have high strength and weak sensitivity on imperfections under compressive loads. In this paper, we
present numerical simulation results on the mechanical performance of WBK and its sensitivity on imperfections under
shear loads. Two types of statistical imperfections on geometry and material property were introduced in the simulation
models as likewise the previous studies. The simulation results were compared with the experimental measurement on
the WBK made of stainless wire (SUS304). The WBK were shown to have a good isotropic mechanical strength under
various orientations of shear loadings.

Keywords: Cellular metal; PCM (Periodic Cellular Metal); Kagome truss; Imperfections; PBC (periodic boundary condition); Random
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1. Introduction

A new type of periodic cellular metal (PCM) termed
kagome truss[1] has gained considerable attention for
its superior mechanical, electrical, thermal perform-
ance than any other type of PCMs [2-7]. The mass
production method has been intensively studied for its
potential applications, and a variety of fabrication
techniques have been suggested in many studies.
Among them, a new-type of fabrication technique
using wires (WBK) [8] was recently suggested by one
of the authors [9]. In the WBK technique, continuous
helical wires are systematically assembled in six dif-
ferent directions based on the kagome lattice structures
[10]. Due to the ease of construction with helical wires,
this fabrication process has demonstrated a strong
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possibility for the mass production of robust kagome
truss cores [11]. In addition, the strength and stiffness
of WBK can be easily improved by specific heat
treatment after the assembling process.

Analytic predictions of the mechanical behaviors of
bulk periodic cellular metals, however, have been
considered extremely difficult due to the possible im-
perfections in realistic models such as irregular wire
windings and defects at brazed joints. Thus, numerical
approaches are generally employed to predict the me-
chanical properties of the WBK, such as elastic coeffi-
cient and strengths, in a systematic manner. Due to the
huge number of cells composing a WBK, effective
simulation techniques have been sought to minimize
the computational effort. In our previous studies [12,
13], a new simulation approach using finite element
method and random network analysis was developed
to investigate the mechanical performance of WBK
under compressive loads. In the studies, the finite ele-
ment method was employed for the analysis on a sin-
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gle unit cell under periodic boundary conditions,
which allowed us to determine the elastic and plastic
behavior of single WBK truss. By utilizing the mate-
rial properties of single truss obtained from the finite
element analysis, the random network analysis was
performed to analyze the effect of imperfections on
the mechanical behavior. The generic form of the ran-
dom network analysis [14, 15] has been widely used to
analyze a variety of characteristics (e.g., mechanical,
electrical, thermal) for various lattice structures con-
sisting of a spring or truss.

To simulate the imperfections in realistic truss struc-
tures, we considered two types of feasible defects as
introduced in the previous studies [12, 13]. One was
geometric defects corresponding to the deviation of
the joints from the ideal lattice points. The other was
material property defects corresponding to the irregu-
larities generated at the brazed joints or truss elements.
We introduced these types of imperfections in the
ideal WBK structures in a statistical manner following
Gaussian distribution functions.

In the current study, the mechanical behavior of the
WBK models subjected to shear loads has been ana-
lyzed in a wide range of imperfection levels. The iso-
tropic characteristics of the WBK were also examined
in three selected shear orientations. The numerical
results were validated by being compared to the result
of experimental measurement in a specific orientation.

2. The topology and preparation of the specimen

The idea of the wire-woven bulk kagome (WBK)
stems from a two-dimensional kagome structure
which is assembled simply by tri-axial weaving of
wires, as shown in Fig. 1(a). To construct a 3-
dimensional version of the structure, a pair of trian-
gles indicated by the solid line and the parallelogram
indicated by the dotted line in Fig. 1(a) should be
converted into a pair of tetrahedrons and a parallele-
piped, as shown in Figs. 1(b) and 1(c), respectively.
Consequently, the three-dimensional version of the
structure shown in Fig. 1(a) would be a structure like
that shown in Fig. 1(d), which is composed of parallel
wire groups in six directions. Of the parallel wire
groups in six directions, three groups are in-plane and
the remaining three groups are out-of-plane. The
wires cross each other at an angle of 60° or 120°. The
pair of tetrahedrons or a parallelepiped shown in Fig.1
(b) or (c), respectively, is a unit cell of WBK.

To investigate the orientation dependency of the

Fig. 1. Configurations of (a) two-dimensional kagome truss
woven by three directional wires, in which the triangles sur-
rounded by the solid line and the parallelogram surrounded
by the dashed line are, respectively, converted into (b) tetra-
hedrons and (c) parallelepiped in (d) the three-dimensional
kagome truss woven by six directional wires (WBK).

0]

Fig. 2. (a) Definitions of shear load directions, (b) a picture of
the WBK specimens with a pair of shear test jigs mounted to
material test system, and (c) the enlarged view of deforma-
tion of the WBK specimen after the test.
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shear strength, finite displacements in three different
directions were applied on the unit cell of the WBK
as shown in Fig. 2(a). These are positive (orientation
I) and negative (orientation II) directions in the 2 axis
and positive (orientation III) direction in the 1 axis.
The experimental shear test shown in Figs. 2(b) and
2(c) was performed in the orientation I according to
the ASTM standard (ASTM C273) [16]. The test
specimen has 25 unit cells in length, 3 unit cells in
width. The SUS304 stainless steel WBK cores were
assembled and then brazed with Nicrobraz®LM
(BNI-2 paste, Wall Colmonoy Corp.) pastes in all the
closing point of the wires. The pitch of the helix was
P = 16.2 mm, the helical radius was A = 0.46 mm, and
the wire radius was R = 0.78 mm.

3. The definition of imperfections and simula-
tion models

Each truss element in the network model is mod-
eled by the stainless wire (SUS304) of the same size
with the real WBK strut (see Fig. 2). A typical net-
work model consisting of 6 unit cells both in the pla-
nar directions (x and y) and 5 unit cells in the normal
direction (z) was used in the simulation. The number
of nodes and truss elements was 828 and 2177, re-
spectively. To remove the boundary effect under the
planar deformation, periodic boundary conditions
were imposed in the x-y directions. The simulation
was first performed with a perfect lattice model with-
out any imperfection, and the result was compared
with the experimental result in a specific orientation
(D). Later, the simulations were performed on the
models with geometric imperfections and material
imperfections in the three shear orientations.

3.1 Periodic boundary conditions (PBC)

When a structure consisting of many uniform cells
like WBK is to be analyzed, numerical analysis for
the whole structural system can be severely inefficient
or even impossible. An alternative is to use the perio-
dicity of the structure expressed by periodic boundary
condition. Mills [17] successfully simulated large
compressive deformations of an open cell foam by
applying the 3-dimensional periodic boundary condi-
tion to a representative unit cell with multi point con-
straint (MPC) coded in a commercial software
ABAQUS.

In a truss PCM, a constant unit cell is repeated in

Fig. 3. The configuration of (a) a unit cell under compression
and tension, and (b)an idealized form of the lower tetrahe-
dron.

three-dimensional space to construct a bulk structure.
Figs. 1(b) and (c) show the configurations of two
different unit cells of WBK. In the macroscopic view-
point, WBK can be regarded as a bulk material. If a
sample of WBK is composed of an infinite number of
unit cells, the effect of the outer surfaces on the bulk
material properties can be ignored and the mechanical
behavior can be estimated by analyzing the inner
material. Suppose that all the cells in the inner mate-
rial deform uniformly under the external force acting
on the bulk sample. The deformation of the cells
should be compatible with each other, namely, the
deformed shape of a unit cell must be matched with
that of the neighbors.

To apply the periodic boundary condition on the
unit cell of WBK in the finite element analysis, the
following scheme was used. Eq. (1) expresses the
constraint equations of the unit cells as the periodic
boundary conditions.

ul|/ _ul|j' =up (Co)

wl, —ws], =u(C) o= 2n) (D)

M3|] _u3|j' =u3(Co)

where u;, uy, u; and Co denote the displacements in
the x, y and z directions and the reference point, re-
spectively. The subscript, j, denotes the nodes on the
upper surface, while ;' denotes the corresponding
nodes on the lower surface. Every pair of nodes de-
noted by j and j’ is displaced with a constant differ-
ence u(C,) (i=1, 2, 3) in the x, y and z directions.
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3.2 Estimation of force-displacement relation of a
single strut

The perfect lattice model consists of all equal-size
truss elements and all nodes at precise kagome lattice
points. To model the nonlinear property of a realistic
elasto-plastic strut, finite element analysis was per-
formed on the unit cell model of WBK. The result of
finite element simulation was used to construct the
force-displacement curve of a single strut following
the conversion procedure. Since either tensile or
compressive reaction force can be applied in the struts
under shear loads, two separate force-displacement
relations are required for both tensile and compressive
loads.

Fig. 3(a) shows the external loads and the reaction
forces in the unit cell used in the finite element analy-
sis. First, a compressive or tensile load, P, was ap-
plied to the unit cell model, and the displacement,
0, , was generated in the normal direction. The result
of the unit cell was used to estimate the force-
displacement relation of a single strut on the basis of
the argument as follows [12]: Fig. 3(b) shows the
lower regular tetrahedron truss of idealized form of
the unit cell of Fig. 3(a). The equilibrium of forces
leads to the relations P = \/EF and G = % . Con-

sequently, the elastic energy can be expressed as

2

U=3UF+3UG=% )

& Tension {4,=0.1)
Compression {3,=0.1)
s Tension {FE M)
m m m Compression (FEM)

L. 1 | IR | P I RPN R
] 0.1 a.z i8] 0.4 05 0.6 0.7

Displacement, &.(mm})

Fig. 4. Force vs. displacement curves (in tension and com-
pression) with Gaussian defects (4 ,) obtained by FEM on a
unit cell. The symbols of circle and delta represent possible
distributions of the curves when the Gaussian defects (4 ,=
0.1) are considered.

where the strength of the truss element & can be ex-

pressed as k=

. According to Castigliano’s
a

second theorem, the displacement generated in the
whole unit cell can be expressed as

2 _ 40aP
9%  9mEd?

Op=2X 3)

The deformation of one unit cell can be expressed
as

_F _ 4aF
k  zEd?

Q)

F

BecauseP:JgF , the relation between 5F and
0, canbe given by

5 % (5)
" ode

Then, the force-displacement relation of the single
strut F'vs. & can be determined from the relation of P
vs. dp . Fig. 4 shows the two curves of F' vs. dr, ob-
tained for the struts under tensile (solid) and compres-
sive (dotted) forces. To cover the wide range of dis-
placement, we interpolated and extrapolated the
curves of F vs. & by using 6™ order polynomials in

Eq. (6).

6
F(8y)= ZC,.api (6)

i=0

where C; are the fitting coefficients. The fittings were
done in three separate regions for each curve. The
fitted curves were used to model the nonlinear charac-
teristics of each strut in the network models.

3.3 Definition of imperfections

To simulate the realistic models, we introduced two
types of imperfections to the perfect lattice model:
geometric imperfection and material property imper-
fection. The distributions of both imperfections were
prescribed in the form of Gaussian functions. To
achieve good statistics for the random network analy-
sis, we generated a reasonable size (828 nodes and
2177 trusses) of truss models including random de-
fects. We present a typical geometry of the network
simulation model used in the network analysis. Fig.
5(a) shows the initial (red) and deformed (green) ge-
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ometry of a perfect network model, and Fig. 5(b)
shows another deformation model with geometric
imperfections.

The distribution of the normalized truss length
(dr/a) of a defect model with geometric imperfections
(a=8.1mm) is defined by

X=X, +aA, (7)

Fig. 6 shows the distribution of truss length of the
imperfection models (4, = 0 and 0.1) before and after
the shear deformation. Note the distribution of perfect
lattice model has single peak at dr/a = 1.

The distribution for the geometrical defects before
the deformation shows a single sharp peak at dr/a = 1
with a Gaussian width. After the deformation, how-
ever, a wide distribution of truss length can be ob-
served around the initial peak. It is shown that some
struts are stretched, while some others are compressed
under the shear deformations.

Another type of imperfection of material property
is introduced. Since some imperfect shapes (e.g.,
curvature) and defects can be included in the struts

Shear loading
Undeformed — mmmmp Deformed

‘.3&(0,..0‘,{0‘,2\0‘,21'0"
KX

Y‘YY"Y
N0 G0N BO

AWN4
0600
(a)

&
(X
A

Shear loading + Imperfection(Ay=0.1)

Undeformed ‘

Deformed

Fig. 5. Geometry of random network models under shear
loadings: (a) a perfect network model without imperfection,
and (b) a network model with geometrical imperfections( 4,
=0.1).

and joints during the manufacturing process, it is rea-
sonable to expect an inhomogeneous modulus of the
struts. To model this type of imperfection, we added
random variations on the force (F) vs. displacement
(d) curves (see Fig. 4). We prescribed the standard
deviation (4,) of the Gaussian distributions and added
it to the curve by the following equation:

F(d)=Fy(d)(1+A,) ®)

In Fig. 4, the compressive and tensile response
curves of the perfect truss model were transformed to
cover the wide regions (triangular and circular points)
by introducing the material property imperfections
with Gaussian distributions.

4. The effects of imperfections

Fig. 7 presents the stress/strain curves of the perfect
WBK core under the three shear deformations (see
Fig. 2(a)). The experimental result measured on a
specimen under the shear orientation I was added for
a comparison. The figure shows similar responses in
all three orientations before reaching the maximum
stress points. Namely, all the cores yield at a stress
(7 =0.08 ) followed by strain hardening.

The maximum stress in orientation I is given by
T m=0.18, which is 11% higher than that of orienta-
tion III, and the maximum strain in orientation I is
given by ¥,.« =0.13. By comparing with the ex-
periment, the simulation result slightly overestimates
the peak load (possibly due to the open boundary and
the imperfections of the experimental specimen), but
in the overall behavior it captures all aspects of the
shear stress/strain curves.

L —&— =00 (no defecty A&
L= =0 | ) ]
| — O & =0.1 [defolrned}l

Fig. 6. The distributions of normalized truss length for WBK
truss model before and after the shear loadings.
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We examined the dependence of the strength on the
imperfections of geometry and material property for
the imperfection level from 0 to 0.2. The stress/strain
curves for the specified imperfections under shear
orientation I, II, III are summarized in Fig. 8. Both
imperfections of geometry and material property
minimally affect the mechanical behaviors of the
WBK before the maximum stress. The numerical
result (a) and (b) in the orientation I is compared with
the experimental result. The defect model with some
degree of imperfection can show better agreement
with the experimental result. It is suspected that the
actual specimen may possess some types of defects
generated in the fabrication process. In the other shear
directions (II, III), the figures (c)~(f) show that the
peak stress stays nearly unchanged up to a certain
strain, dropping significantly afterward. In addition,
orientation II shows faster drops beyond the maxi-
mum stress than the other orientations I and III. We
noted that the stress drop after the peak stress could
be more severe for tensile load than compressive load
(see Fig. 4).

Thus, this fast stress drop in orientation II is par-
tially due to the pure tensile load applied on one strut
in the tripod. Note that none of trusses is not under
pure tensile load in other orientations. In addition, the
stress drop for the defect free cases is also significant,
in which all of the trusses yield same time after the
yield. Nevertheless, in the post yield regime, all of the
stresses tend to approach to certain values independ-
ently on the defect levels. In addition, the WBK struc-
tures with defects were found slightly more robust to
the imperfections in orientation I than the other orien-
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Fig. 7. Stress vs strain curves of the perfect WBK in three
shear deformations and an experimental result.
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tations (11, III).

Fig. 9 shows the sensitivity curves of the maximum
stress as a function of imperfection levels (4,, 4,), for
the three shear orientations. All the peak stresses of
the defect models with geometric and material imper-
fections gradually decrease when the defect levels
increase. However, no rapid drop of maximum
stresses was observed as the imperfection levels in-
creased, demonstrating the WBK can be robust to the
imperfections.

The figure also shows relatively good isotropic
characteristics (defect sensitivity as well as material
strength) of the realistic WBK core under shear de-
formations, which is a prominent advantage of the
WBK as a structural material.

5. Conclusions

This paper addressed the shear characteristics of the
WBK structures and defect sensitivities of strengths,
by using random network analysis incorporated with
the finite element analysis. We summarize the con-
clusions as follows.

(1) The WBK under shear loads in the specified
three orientations generally shows similar stress/strain
behaviors in pre-yield regimes and similar maximum
stresses.

(2) The simulation result for shear orientation I
shows good agreement with the experimental meas-
urement. It is suggested that the actual specimen may
possess some degrees of geometric and material
property defects generated in the fabrication process.

(3) The result from shear orientation I shows the
highest maximum stress compared to the other orien-
tations (II and III). It is relatively robust in the post-
yield regime, too. In contrast, shear orientation II
shows significant stress drops in the post-yield regime
compared to other orientations.

(4) Before reaching the maximum stresses, no sub-
stantial effects of the imperfection were observed.
However, as the geometrical and material imperfec-
tions increased, the strengths decreased slightly be-
yond the peak values.
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