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Abstract

This paper presents a novel method for rapid fabrication and prototyping of low-density carbon fiber sandwich panel cores based on
laser beam cutting (LBC). Using LCB, sandwich panels with lattice core constructions with oblique and vertical strut morphologies were
fabricated from two fiber-orientation architectures. Scanning electron microscopy images illustrate the relatively small extent of damage
from laser cutting. The shear strength of the lattice cores was improved by eliminating core-to-face sheet bond failures. Crushing and
shear responses of fabricated truss cores were measured, and analytical models are presented to predict the stiffness, strength and dom-
inant failure modes under each loading condition. The sandwich-panel cores investigated appear to be promising candidates for light-
weight systems and multifunctional applications.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The multifunctional application of cellular structures
has been accelerated by the emergence of novel manufac-
turing techniques that enable fabrication of low-density lat-
tice structures from a variety of engineering materials,
including aluminum alloys [1–3], steel wires [4], fiber rein-
forced polymers [5–8], self-propagating polymer [9], rapid
three-dimensional printing materials [10] and hollow-tube
microlattices [11]. In this context, fiber reinforced compos-
ite cellular structures provide a unique opportunity to
develop lightweight multifunctional structural systems,
owing to their unique structural and thermal properties.
The effort to fabricate composite sandwich panels with
low-density lattice core construction has led to the develop-
ment of several manufacturing techniques, including hot
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press molding [12–14], pultruded unidirectional fiber-rein-
forced composite rods without helical forming [15] and
water-jet cutting [16]. Two key challenges that limit the
application of composite sandwich panels are the slow
and costly processes associated with the current manufac-
turing techniques, and the low quality of the core-to-face
sheet bonding [12–16], which is generally the “weakest
link” of the panels. Indeed, the design of the core-to-face
sheet bond is of great importance, as it dictates the maxi-
mum shear load that can be transferred from the face
sheets to the core [17–19]. When the node–face sheet inter-
facial strength is compromised by poor joint design or
inadequate bonding methods, premature failure of the
sandwich panel occurs. Indeed, bond failure has been iden-
tified as a common failure mode for composite sandwich
structures [12,13,16,20–22].

Here, a novel and practical method of fabricating
composite sandwich panels with lattice cores is introduced,
which addresses both challenges discussed above. The
method is based on laser-perforating carbon fiber
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Fig. 1. Schematic of the manufacturing process of the pyramidal truss-like
core using the LBC method. The dimensions of removed pieces are also
included in the figure. (a) Oblique pyramidal truss-like core. (b) Vertical
pyramidal truss-like core.

Table 1
Properties of unidirectional lamella (T700/epoxy composites).

Properties Value

0� Tensile strength (MPa) 1400
0� Tensile modulus (GPa) 123
90� Tensile strength (MPa) 18
90� Tensile modulus (GPa) 8.3
0� Compression strength (MPa) 850
0� Compression modulus (GPa) 100
90� Compression strength (MPa) 96
90� Compression modulus (GPa) 8.4
In-plane shear strength (MPa) 16.0
In-plane shear modulus (GPa) 4.8
Interlayer shear strength (MPa) 60
Poisson’s ratio 0.3
Volume fraction of fibers 57% ± 3
Density (kg/m3) 1550
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corrugated core with large, flat upper and lower bonding
surfaces. This method results in composite sandwich panels
with lattice cores and high node-to face sheet bond strength.
A key advantage of this method is the high rate of cutting
and manufacturing, which provides an economic way of
manufacturing all-composite sandwich panels. As an exam-
ple, a pyramidal lattice core with 3 � 3 unit cell can be cut in
half an hour, compared with hot press molding and electro-
discharge machining methods, which require 4 h and 8 h,
respectively, for manufacturing a same-size specimen. The
application of laser cutting in fabricating metallic triangular
honeycombs was demonstrated by Wei et al. [23]. The pres-
ent paper extends the application of this technique to com-
posite lattice cores, while also addressing another critical
manufacturing issue related to composite panel perfor-
mance, namely the weak bonding area. Moreover, analyti-
cal models are presented to predict the stiffness, strength
and dominant failure modes under each loading condition
and to provide the insight required for designing high-per-
formance composite sandwich panels.

The details of fabricating the lattice cores with two dif-
ferent strut morphologies, and scanning electron micros-
copy (SEM) images showing the extent of damage to the
composite due to laser beam cutting (LBC), are presented
in Section 2. In Section 3, analytical models are developed
for the crushing (i.e. out of plane compression) and shear
response of pyramidal-like cores with either “oblique” or
“vertical” strut morphology. In Sections 4 and 5, the
mechanical properties and failure modes are studied exper-
imentally and compared with analytical predictions. Sec-
tion 6 discusses the specific stiffness and specific strength
of fabricated composite lattice cores. A comparison with
the shear strength of composite pyramidal truss cores made
by other methods is presented in Section 7. Conclusions are
drawn in Section 8.

2. Fabrication method

The details of the laser cutting method for rapid fabrica-
tion and prototyping of composite lattice core structures
are presented in this section. Here, the method is applied
to create sandwich panels with pyramidal truss-like cores.
However, the approach is readily extendable to tetrahedral
and multilayer lattices. Fig. 1 illustrates the manufacturing
of “oblique” and “vertical” strut morphologies. The pre-
cursor carbon fiber composite corrugated cores were lami-
nated in a heated mold from unidirectional carbon fiber/
epoxy prepreg sheets with thickness 0.15 mm (T700/epoxy
composite; Beijing Institute of Aeronautical Materials,
China). The properties of a multilayer flat sheet of 0� fibers
cured in optimal conditions are listed in Table 1. The
mechanical properties of struts were obtained by testing a
composite laminate with a similar stacking sequence. The
composite was cured in a hot press at a constant pressure
0.5 MPa and temperature 130 �C for 1.5 h. The composite
corrugated cores were detached from the mold after the
solidification of the resin.
For “oblique” pyramidal truss-like cores, where strut
azimuthal planes are at an angle to the corrugation ridges,
corrugated carbon fiber core was manufactured by the hot-
press molding method in two styles. Design 1 (half of the
fibers aligned with the strut) used a carbon/epoxy layup
with [�35�/+35�/�35�/+35�/�35�/+35�]. Owing to the
oblique angle of the strut, one family of fibers is always ori-
ented along the strut axis. Design 2 (no fibers aligned) used
a layup with [0�/90�/0�/90�/0�/90�]. In this case, no fibers
are aligned with the strut axis. For the “vertical” (non-obli-
que) case, with the strut’s azimuthal plane perpendicular to
the corrugation ridges, the carbon fiber composite corru-
gated cores used a layup with [0�/90�/0�/90�/0�/90�], i.e.
with half of the fibers aligned with the struts, for direct
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Fig. 2. SEM picture of strut’s edge affected by LBC.
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comparison with design 1 of the oblique construction.
(However, a purely uniaxial layup might be stronger for
sandwich panel shearing perpendicular to the corrugation
ridges.)

In either case, the corrugated core is then cut vertically
by a high-energy laser to form the struts. Fig. 1a and b
illustrates the resulting truss-like core and Fig. 3a defines
the geometry of the cut holes when projected horizontally
on a vertical plane aligned with the corrugation ridges.
During cutting, the core is not touched physically by the
laser. In principle, this process is capable of holding quite
close tolerances, as dictated primarily by the mechanical
rigidity of the laser translation stage and specimen support
table; however, the depth of the damaged zone makes
dimensions relatively imprecise.

The following process parameters were used to cut
the carbon fiber composite materials: laser energy 2–
3 J pulse�1; laser frequency 22–30 Hz; cut speed 1–2 mm s�1

and pulse width 1.7–2.5 ms. Fig. 2 shows SEM images
acquired from the cut edge of a vertical-style strut. The
SEM images of the edge show that�0.4 mm of the compos-
ite adjoining the cut is damaged. In the strongly affected
(a) (b)

Fig. 3. (a) Sketch of the unit cell of the oblique pyramidal truss-like core. (b)
sandwich structure (design 1). The core relative density is 4.99%.
zone, the matrix is almost gone, and carbon fibers are
exposed without any epoxy matrix. The carbon fibers are
almost intact, as they have a very high melting point and
are therefore not affected significantly by laser cutting.
Flame damage, caused by laser sparks, was observed
approximately through the whole width of struts, with most
damage close to the strongly affected zone. It was assumed
that the adverse effect of the flame damage on mechanical
properties is negligible and, therefore, this effect was
neglected in the analytical models.

After being cut, the cores were bonded to both face
sheets with epoxy adhesive (08-57; Heilongjiang Petro-
chemical Institute). The adhesive layer was cured in a hot
press at constant pressure of 0.5 MPa and temperature
60 �C for 1.5 h. The process results in a sandwich panel
in which the sheet-to-core adhesive area is enlarged to
improve the node–face sheet interface strength. The unit
cells of each pyramidal truss cores are shown in Figs. 3a
and 4a. The relative densities (i.e. volume fraction) of
near-pyramidal, cut-from-corrugated truss core in oblique
configurations, denoted by �q, are given by

�q ¼ 2tW ½h= sin h� l� t tanðh=2Þ� þ 4tbW þ 4tdl= cos a
WLðhþ tÞ ð1Þ

where b, d, h, t and h are geometrical parameters shown in
Figs. 3a and 4a. The vertical struts morphology is a special
case of oblique struts morphology, where a = 0�. l and a

are shown in Fig. 3(a). (Note that d is measured perpendic-
ular to a strut, not horizontally.) L = 4b + 2h/ tan h � 2t
tan (h/2) is the corrugation wavelength from trough to
trough, and W = 2a + 2d/ cos a + 2l tan a are the widths
along the corrugation ridge direction of oblique and verti-
cal pyramidal truss-like cells.

Figs. 3b and 4b show photographs of the oblique and
vertical pyramidal truss-like core sandwich structures.
The illustrated sample of oblique has dimensions t = 0.9
mm, a = 8 mm, b = 4.75 mm, d = 4 mm, h = 12 mm, l =
14 mm, h = 45� and a = 35�, resulting in predicted relative
densities of 4.99% (Fig. 3b), and the vertical pyramidal
12 mmm

Photograph of a carbon fiber composite oblique pyramidal truss-like core
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12 mm 

Fig. 4. (a) Sketch of the unit cell of the vertical pyramidal truss-like cores. (b) Photograph of a carbon fiber composite vertical pyramidal truss-like core
sandwich structure. The core relative density is 4.77%.
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truss-like core sandwich structures with relative core den-
sity 4.77% shown in Fig. 4b has a = 20 mm, a = 0�, and
each strut of the pyramidal truss is made of six slender laps.
3. Analytical models for core crushing and shear responses

Sandwich structures are typically subjected to significant
shear and bending loads. The flexural stiffness and strength
of the panel are determined by the core shear properties
[25]. In addition, core compressive strength may be impor-
tant in supporting concentrated loads [26–28]. In this
section, analytical models for the crushing and shear
response of pyramidal truss-like cores are developed by
analyzing the elastic deformation of a single strut of a pyra-
midal truss-like core. The stiffness models are based on
both axial and flexural stiffness of the core struts [29,30].
The strength models are based on the axial loads applied
to each strut when the panel is subjected to a shear or com-
pressive load. Euler buckling and compressive fracture of
the composite struts are the two competing failure modes.
The framework for analysis of individual struts of a pyra-
midal-like core with oblique strut morphology is shown in
Fig. 5a: the vertical strut morphology is a special case with
a = 0�.
Fig. 5. (a) Unit cell of a oblique pyramidal truss-like core subjected to comp
oblique pyramidal truss-like core.
Because of unit-cell symmetry, loads along any coordi-
nate axis will result in displacement along that axis.
Therefore, calculations can be made by considering dis-
placements along the coordinate directions, in which case
each strut contributes exactly 1/4 of the total stiffness.

For A(xo, yo, zo), xo = yo = zo = 0. (See Fig. 5b.)
For B(x1, y1, z1), x1 = l cos h, y1 ¼ l sin hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
csc2h sec2 a� 1� ctg2h

p
,z1 = l sin h.

The length of the single strut lAB and the deformation of
the single strut DlAB are found as follows:

lAB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx1 � x0Þ2 þ ðy1 � y0Þ

2 þ ðz1 � z0Þ2
q

¼ l sec a ð2Þ

DlAB ¼ dx dy dz½ � x1�x0

lAB

y1�y0

lAB

z1�z0

lAB

� ��1

¼ dx
x1 � x0

lAB
þ dy

y1 � y0

lAB
þ dz

z1 � z0

lAB
ð3Þ
3.1. Compressive stiffness and strength

For an imposed displacement dz in the z direction,
dx = 0, dy = 0dz – 0. The analytical calculations are similar
to previous work [13], and the details are provided in the
Appendix A for the sake of brevity. The results are summa-
rized below.
ressive and shear loading. (b) Schematic of a single strut deformation of
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The effective Young’s modulus of the pyramidal truss
structure is

Ez ¼ 4Es sin h cos2 a
dt

WL

� hþ t
l

sin h cos aþ t2 cos að1� sin2 h cos2 aÞ
l2 sin h

� �
ð4Þ

Two failure mechanisms for the core struts under crushing
are elastic buckling and fracture. The analytical models for
predicting the failure stress associated with each failure
mechanism are provided in Appendix A, and yield

rzE ¼
p2

3

t2

l sin hðhþ tÞEz ð5Þ

rzC ¼
Ez

Es

l
hþ t

1

sin h cos2 a
rC ð6Þ

where rzE and rzC are the nominal strength of the core
associated elastic buckling and fracture of struts under
crushing, respectively.

3.2. Shear stiffness and strength

3.2.1. Shearing in x direction
In this case, dx – 0, dy = 0, dz = 0. The effective shear

stiffness of the lattice core, denoted by Gx, can be estimated
from (see Appendix A for details)

Gx ¼ 4Es cos h cos3 a
dt

WL

� hþ t
l

cos hþ t2ð1� cos2 a cos2 hÞ
l2 cos h

þ d2

l2 cos h

� �
ð7Þ

To estimate the collapse strength of the pyramidal core
under shear along the x direction, two different failure
mechanisms were considered, similar to those in Section
3.1. The Euler buckling load of an end-clamped strut sub-
jected to an axial load can be estimated from FA = FxE =
p2Esdt3 cos2a/3l2, where Es is the strut’s compressive stiff-
ness. The nominal shear strength of a pyramidal truss core
can be estimated from

sxE ¼
p2

3 cos h
t2

lðhþ tÞGx ð8Þ

The fracture load of a composite strut is FA = FxC =
rCdt, where rC is the strut’s fracture strength. The shear
stress associated with the onset of strut fracture, sxC can
be estimated from

sxC ¼
Gx

Es

1

cos h cos2 a
l

hþ t
rc ð9Þ
3.2.2. Shearing in y direction

In this case, dx = 0, dy – 0, dz = 0. Following the same
approach as in the previous sections gives an estimate of
the shear stiffness
Gy ¼
4Es

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2 h cos2 a

p
cos2 h cos2 a

sin a
dt

WL

� hþ t
l

cos hþ t2ð1� cos2 h cos2 aÞ
l2 cos h

þ d2

l2 cos h

� �
ð10Þ

The collapse strength under shear along the y direction
associated with Euler buckling and crushing of struts can
be calculated in a similar way to the previous section. These
yields

syE ¼
p2

3 cos h
t2

lðhþ tÞGy ð11Þ

syC ¼
Gy

Es

1

cos h cos2 a
l

hþ t
rc ð12Þ

The estimated shear strengths in the x and y directions are
different from each other, in contrast to the behavior of
other pyramidal truss cores [31,32]. For the oblique struts,
since syE < sxE and syC < sxC, shear stiffness and strength
were measured in the x direction only. Also for the vertical
pyramidal truss-like cores, syE = syC � 0. Since syE� sxE

and syC� sxC, in the following experimental section, shear
stiffness and strength were measured in the x direction
only. Failure maps of lattice cores are plotted in Section 6,
to provide a quantitative comparison between different
failure mechanisms of lattice cores and the relationship
between the dominant failure mechanisms and lattice core
design and geometrical configuration.

4. Experimental protocol

Uniaxial compression and shear tests were carried out
using a screw-driven testing machine (INSTRON 5569) fol-
lowing ASTM C365 and C273 [33,34]. The applied load
was measured via the load cell of the test machine, while
a laser extensometer was used to measure the nominal axial
strain in the specimens. The shear test set-up with pyrami-
dal truss-like cores is shown in Fig. 8. The specimen size
was at least 3 � 6 unit cells. All the tests were carried out
quasi-statically with a nominal displacement rate of
0.5 mm min�1, and at room temperature. Unloading–
reloading curves were used to determine the apparent elas-
tic properties and collapse strength.
5. Summary of the measured responses

Feih et al. [24] suggested that, when a composite lami-
nate is heated beyond a critical softening temperature, both
stiffness and strength decrease with increasing temperature
to a minimum value that is generally negligible. The
increase in temperature induced by laser cutting is much
higher than the critical softening temperature of the com-
posite laminates. Thus, it is assumed that the remaining
strength and stiffness of the composite in the strongly
affected zone is negligible. The original width of the strut
d is 4 mm, and the strongly affected zone is measured as
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0.4 mm so, accounting for both sides of the cut, the effec-
tive width “de” is �3.2 mm. The effective width was used
in the analytical models of lattice structure mechanical
properties. However, the original width was used in calcu-
lating the lattice core relative density.

5.1. Compressive responses

Under compressive loading (crushing), the core-to-
sheet adhesive bond is in compression (except perhaps
in bonds close to the panel edges), and therefore is
not expected to fail. Indeed, no bond failure was
observed.

5.1.1. Oblique-strut pyramidal truss-like cores (design 1)

The compressive stress–strain response of sandwich pan-
els with oblique-style cores, with half the strut fibers
aligned with the strut axis (design 1), are shown on the left
of Fig. 6a, and the corresponding failure modes are shown
Fig. 6. Compressive behavior of carbon fiber composite pyramidal truss-like
vertical/horizontal fibers in the strut plane: (a) stress vs. strain curve; (b) comp
in the left photograph of Fig. 6b, including Euler buckling,
delamination and fracture. Three different core relative
densities were investigated. The peak stress for �q ¼ 3:41%
occurs at 0.32 MPa before any visible failure, followed by
Euler buckling and the subsequent large bending deforma-
tion of struts, as shown in the first pictures. The analytical
compressive stiffness and collapse strength of oblique struts
can be estimated from Eqs. (4) and (5) as 33.38 MPa and
0.32 MPa. For cores with relative density 4.99% and
7.91%, fracture and delamination of struts are the domi-
nant failure modes shown in the second and third pictures
on the left of Fig. 6b. The theoretical stiffness and applied
stress associated with the onset of strut fracture can be cal-
culated from Eqs. (4) and (6), as shown in Table 2. For
some specimens, the experimental strength results are
somewhat higher than the theoretical values. This is prob-
ably related to neglecting the residual strength of the lam-
inated composite in the strongly affected zone, as discussed
above.
cores: Design 1 has half the fibers along each strut, while design 2 has
ressive failure mechanisms (Euler buckling, delaminating and fracturing).



Table 2
Dimensions of the specimens and the predicted and measured failure loads and collapse modes. The failure modes under compression and shear in this
table are abbreviated: E = Euler buckling mode; C = crushing mode (delamination and fracturing).

Specimen q (kg/m3) a (mm) t (mm) a (�) Analytical Experiment

Fail. mode fail. stiffness/strength (MPa) Fail. mode fail. stiffness/strength (MPa)

Out of plane compression

Oblique truss (Design 1) 52.86 8 0.6 35 E 33.38/0.32 E 26.34 ± 2.03/0.32 ± 0.03
C 33.38/0.32

77.35 8 0.9 35 E 51.71/1.08 C 32.68 ± 2.99/0.91 ± 0.04
C 51.71/0.97

122.61 8 1.5 35 E 92.16/6.38 C 63.68 ± 3.18/1.78 ± 0.09
C 92.16/1.65

Oblique truss (Design 2) 52.86 8 0.6 35 E 23.94/0.23 E 16.94 ± 1.21/0.21 ± 0.04
C 23.94/0.65

77.35 8 0.9 35 E 37.09/0.78 C 23.89 ± 2.31/0.54 ± 0.08
C 37.09/1.06

122.61 8 1.5 35 E 66.10/3.66 C 40.29 ± 3.87/1.01 ± 0.05
C 66.10/1.79

Vertical truss 50.53 20 0.6 0 E 58.21/0.55 E 46.76 ± 3.13/0.50 ± 0.03
C 58.21/0.74

73.94 20 0.9 0 E 90.13/1.88 C 67.88 ± 2.36/1.03 ± 0.04
C 90.13/1.13

117.03 20 1.5 0 E 160.23/8.87 C 117.23 ± 9.59/1.92 ± 0.09
C 160.23/1.91

Shear

Oblique truss (Design 1) 77.35 8 0.9 35 E 60.11/1.26 C 34.90 ± 3.44/0.91 ± 0.06
C 60.11/1.13

122.61 8 1.5 35 E 106.98/5.93 C 60.24 ± 4.54/1.83 ± 0.08
C 106.98/1.91

Vertical truss 73.94 20 0.9 0 E 104.67/2.18 C 70.15 ± 5.73/0.95 ± 0.09
C 104.67/1.30

117.03 20 1.5 0 E 185.57/10.28 C 105.47 ± 7.93/1.52 ± 0.12

For Design 1, Es = 34.3 GPa and rs = 278.8 MPa were obtained from the compressive test of a relatively similar laminate with [0�/90�/0�/90�/0�/90�]4. For
design 2, Es = 24.6 GPa and rs = 303.5 MPa were also measured from laminate with [45�/�45�/45�/�45�/45�/�45�]4. Here, Es and rs are the unloading
Young’s modulus and the crushing failure strength of the face sheet.
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5.1.2. Oblique-strut pyramidal truss-like cores (design 2)

The stress–strain behavior of the three relative densities
of composite oblique struts with no axial strut fibers
(design 2) is shown on the right-hand side of Fig. 6a. The
structures showed linear elastic behavior initially, reaching
a peak stress at relatively small strain. The peak was fol-
lowed by a sharp stress drop associated with fiber-direction
fracturing (see the right-hand side of Fig. 6b) and progres-
sive crushing. As with design 1, Euler buckling, delamina-
tion and fracture of the struts were observed for three
different relative densities. From Table 2, the peak mea-
sured strengths are considerably below the analytical pre-
dictions. This is because none of the fibers aligns with the
struts, and the resulting short, angled fibers cannot trans-
mit much axial load. It is clear that design 1 is much better
than design 2, because half the fibers are axially aligned
with struts. The compressive failures clearly depend
strongly on the fiber orientation within the struts.

5.1.3. Vertical-strut pyramidal truss-like cores
Vertical pyramidal truss-like cores were designed with

an expectation that the out-of-plane compressive strength
would be enhanced, due to a reduced buckling length,
and a reduced angle between each vertical strut and flat
bottom face sheet, and this turned out to be correct. The
compressive stress–strain responses of the vertical pyrami-
dal truss-like sandwich panels with three different relative
densities are shown in Fig. 7a. The structures exhibited
characteristics similar to those of oblique-geometry design
1, including an initial elastic response followed by a peak
strength associated with truss Euler buckling, delamination
and fracture (Fig. 7b). The peak stress for the vertical pyra-
midal truss-like core occurred at 0.50 MPa with no visible
failure, followed by Euler buckling. The calculated com-
pressive stiffness and collapse strength of the vertical pyra-
midal-truss core due to the elastic buckling or fracture of
its constituent struts can be estimated from Eqs. (4)–(6)
with a = 20 mm and a = 0�. For specimens with relative
densities 4.77% and 7.55%, the struts failed by fracturing
and delaminating in the middle.

From Table 2, it can be seen that vertical geometry is
theoretically much better than oblique geometry under
out-of-plane compression. Experimentally, the improve-
ment is not so great but is still significant.



Fig. 7. Compressive behavior of vertical pyramidal truss-like cores
sandwich structures: (a) stress vs. strain curve; (b) compressive failure
mechanisms.
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5.2. Shear response

Fig. 9 shows the measured and predicted shear response
in the x direction, as well as photographs of the oblique
(design 1) and vertical struts. The red dashed arrows mark
the shear direction. For the oblique (design 1) struts, an ini-
tial linear response was followed by a non-linear regime.
Subsequently, the stresses decreased with increasing strain,
with the serrations in the load curve being caused by a ser-
ies of failure events. For the core with vertical struts, the
initial linear response is similar to the response of the obli-
que struts core. However, there was no sudden decrease in
the stress and, instead, a relatively wide plateau-like
response. In this experiment, it was observed that the fibers
Fig. 8. Schematic of the shear test set-
were peeled from the face of struts and the back of the
adhesive area. This observed failure mode was denoted as
“peeling failure”. The comparison of analytical predictions
and measured values are shown in Table 2.

5.2.1. Oblique-strut pyramidal truss-like cores (design 1)
For the specimens with relative density 4.99% and

7.91%, the peak stresses were 0.91 MPa and 1.83 MPa,
and strut delamination was the dominant failure mode,
with failure initiating along the strut plies near the ends
of struts. The measured failure stress and stiffness (Table
2) for both specimens were lower than the predicted values.
It is speculated that the stiffness deviation could be due to
imperfect contact with the loading platens, and the strength
deviation could be due to mold pressure and temperature
inconsistencies in fabricating the composite corrugated
cores. Also, the damage due to laser cutting of the struts
was not precisely modeled and considered in the analytical
models.

5.2.2. Vertical-strut pyramidal truss-like cores

The x direction shear strength was expected to be larger
than the strength with oblique struts. For the specimens
with core relative densities 4.77% and 7.55%, the peak
stresses were 0.95 MPa and 1.52 MPa and, after each peak
stress, a plateau was observed. Delamination near the strut
end is the dominant failure mode. Some fibers were pushed
out from the behind the adhesive area, this is because these
peeling fibers are in continuum with the fibers aligned with
the struts, and the struts transmit the load from the lower
end to behind the adhesive area directly under shear load-
ing. Table 2 shows that the predicted failure stiffness and
stress (obtained using Eqs. (7)–(9) with a = 20 mm,
a = 0�) are almost twice as high as the measured values,
owing to imperfections in the manufactured specimens
and perhaps the unusual failure mode. The shear properties
of vertical-strut cores turn out to be worse than oblique-
strut properties. The main reason is that the peeling failure
of surface layers of struts reduced the overall mechanical
properties.

6. Specific stiffness and specific strength of lattice truss cores

In Fig. 10, the specific stiffness and specific strength of
fabricated core constructions are plotted under both core
up with pyramidal truss-like cores.



Fig. 9. (a) Shear stress vs. strain curve of oblique and vertical pyramidal truss-like cores. (b) Shear failure mechanisms of both pyramidal truss-like cores
(peeling and delaminating). The red dashed-line arrows mark the shear direction. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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compression and core shear loadings. The results are plot-
ted as a function of lattice truss core angle a, as defined in
the insets of Fig. 3. The theoretical values of specific stiff-
ness and specific strength are plotted based on the analyti-
cal predictions provided in Section 3 and by considering
20% reduction in the width due to the laser-induced dam-
aged to the struts. The analytical solutions for different
strut thickness, t and strut spacing a are plotted as solid
lines. The specific compressive stiffness and specific
strength under both compression and shear loadings
decrease with increasing angle a of lattice truss cores.
Increasing the truss angle from 0� to 90� results in lower
values of density, stiffness and strength, resulting in overall
lower specific stiffness and strength (i.e. increasing the truss
angle has considerably more effect on the stiffness and
strength values compared with its effect on the reduction
in core relative density). It should be noted that the
strength of the core is dominated by fracture of the struts,
not Euler buckling. The experimental values for lattice
structures with a = 0� and 35� from Section 5 are also
shown on the same graphs for comparison. In general,
the analytical predictions and experimental results are in
good agreement. Some experimental values are larger than
the analytical predictions, and because the residual strength
and stiffness of the strongly affected zone are assumed to be
negligible.
Fig. 11 shows the specific compressive and shear
strength vs. the strut thickness t for lattice cores with two
different geometrical configurations. As expected, buckling
is the dominant mechanism for thin struts, while cores with
thick struts fail as a result of strut fracture or delamination.
For composite lattice core with a = 0� and a = 35�, this
critical strut thickness is 0.7 mm and 0.85 mm, respectively,
as shown in Fig. 11. Here, the specific shear strength is a
little higher than the specific compressive strength for both
truss lattices considered in Fig. 11. The experimental results
are shown using average values and error bars. The critical
thickness that denotes the transition between two mecha-
nisms is the same for both compression and shear loading.
In general, the specific strength of vertical struts is higher
than the strength of lattice cores with oblique struts. The
exception is the experimental results denoted by the blue
area as “peeling failure”, where the strength of vertical
struts is compromised by the peeling failure induced in
individual struts.

The specific stiffness and specific strength of lattice struc-
tures with a = 35� are plotted in Fig. 12, based on the ana-
lytical expressions presented in Section 3. If the angles are
smaller than the critical angle, the specific shear stiffness
and strength are larger than the specific compressive stiff-
ness and strength values. For the specific stiffness and spe-
cific strength, this critical angle is 47.2� and 50.2�,



Fig. 10. The plots of (a) specific compressive stiffness, (b) compressive specific strength, (c) specific shear stiffness and (d) specific shear strength as
functions of lattice truss core angle. The analytical predictions are plotted as solid lines for lattice structures with different a and t. Experimental data are
also shown. The data bars denote the maximum and minimum values for different lattice cores. The color of the data bar matches the color of the solid line
plotted based on the analytical prediction (example: the red data bar and the red solid line are both associated with the lattice structure with t = 1.8 mm
and a = 8 mm). Here, the following parameters are constant: b = 4.75 mm, de = 3.2 mm, h = 12 mm, l = 14 mm, h = 45�. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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respectively. It should be noted that this critical strut angle
is different for the specific stiffness and specific strength
plots. However, the critical angle of lattice truss cores with
different strut thickness t is the same for specific stiffness or
specific strength. In the current work, all the specimens
have a strut angle smaller than the critical angle, and thus
the shear stiffness and strength of the fabricated lattice
structures are larger than the compressive stiffness and
strength values.

7. Comparison with other lattice truss cores

Carbon fiber composite pyramidal truss cores made by
the hot press method and by the snap-assembly method
suffer from core-to-sheet bond failure under out-of-plane
compressive and shear loading. These failures initiate at
defects or in the small face-sheet to truss-core bonding
area under shear loading. The fabrication method
described above yields carbon fiber composite sandwich
panels in which the truss core–face sheet adhesion area
has been increased. Modifying the pyramidal truss config-
uration to increase the adhesion area results in an
increase in the overall weight of the lattice core at the
same relative density. Fig. 13 shows the modified Ashby’s
chart for both compressive strength and shear strength
vs. density. The chart is only plotted for materials with
low-density materials with density <2000 kg m�3 or so.
The results from the current work are shown by a blue
area marked “Composite pyramidal truss-like core”.
The compressive strength of the fabricated structure is
located in the middle of the chart. As expected, there is
no gain from increasing the adhesive area in the compres-
sive strength of the lattice cores. In the shear strength vs.
density plot, the existing data for composite lattice cores



Fig. 11. The plots of (a) specific compressive strength, (b) specific shear
strength as functions of struts thickness t, including buckling and fracture
failure. Here, it was assumed that b = 4.75 mm, de = 3.2 mm, h = 12 mm,
l = 14 mm, h = 45�. The analytical predictions are plotted as solid lines for
lattice structures with different a and a. The oblique truss core (design 1)
and vertical truss core are considered in the figure. Experimental data are
also shown.

Fig. 12. The plots of (a) specific stiffness and (b) specific strength as
functions of angle h for lattice truss core. In this case, b = 4.75 mm,
de = 3.2 mm, h = 12 mm, l = 14 mm, h = 45� and a = 35�.
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other than the current work were grouped [12,13,20] and
marked “Composite lattice truss core (past)”. The data
points are located mainly in the very low-density region
of the chart. In the current study, the pyramidal truss-
like core is heavier and stronger compared with the pre-
viously studied composite lattice truss cores. The large
adhesion area created in the current manufacturing tech-
nique can transfer larger forces from the face sheets to
the truss cores without damaging the face sheets or fail-
ing the bonds. Fig. 14 compares the shear strength of
composite lattice structures reported in the literature.
The results are presented in the form of shear strength
vs. density, and different failure mechanisms are identi-
fied. Experimental results are also presented when avail-
able. As shown in Fig. 14, the composites lattice cores
made using the LCB method provide no advantage over
lattice cores fabricated using other techniques at low core
relative densities. However, lattice cores with density
>4.5% made using the LCB method have significantly
improved shear strength compared with their counterpart
lattice core made using other techniques. Thus, the pres-
ent method provides a novel fabrication and prototyping
method for carbon fiber composite lattice cores with high
relative density, without comprising lattice core strength
and performance.

8. Concluding remarks

A novel method for fabrication and prototyping of car-
bon fiber composite lattice cores using LBC was presented.
Corrugated carbon fiber composite core is cut to form a
near-pyramidal truss-like structure by high-energy laser.
The bonding area is greater than previous pyramidal com-
posite core structures. Out-of-plane compression and shear
experiments were conducted to explore the mechanical
properties and failure mechanisms, and analytical models
were presented. In general, good agreement between the
measurements and predictions was observed. Under crush-
ing, Euler buckling, delamination and strut fracture were
identified to govern the lattice structure strength. Delami-
nation and fracturing of struts were observed under shear
loading for the struts incorporating axial-direction fibers
(namely, “oblique design 1” and “vertical”). No evidence



Fig. 13. An Ashby-style plot of (a) compressive strength and (b) shear
strength as functions of density for a range of engineering materials. The
data for the oblique and vertical pyramidal truss from this study are
included along with comparable measurements for other competing
cellular material.

Fig. 14. Comparison of the shear strength for different carbon fiber
composite pyramidal truss cores made by other method subjected to shear
loading. Here, Euler buckling is shown by a dashed line, bonding failure
by a solid line, and strut fracture by dotted lines. Wang et al. [12] and Li
et al. [20] provided only one experimental result. In both cases, the shear
strength was governed by bonding failure.
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of bond failure was observed during compression or shear
loading.

It was demonstrated that laser cut cores can substan-
tially increase the upper limit of shear strength for higher
relative density pyramidal truss core. In the vertical case,
it might be possible to improve the overall mechanical
properties by placing more fibers parallel to the strut direc-
tion, since only half the fibers are currently so aligned. The
present method can be used to fabricate carbon fiber
composite panels with lattice cores for lightweight and
multifunctional applications.
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Appendix A. Derivation of compressive and shear stiffness

and strength

A.1. Compressive stiffness and strength

For an imposed displacement dz in the z direction,
dx = 0, dy = 0, dz – 0. The axial force FA and shear force
FS in a strut are given by elementary beam theory as

F A ¼
EsdtDlAB

lAB
¼ Esdt sin h cos2 a

l
dz;

F S ¼
12EsI cos3 a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2 h cos2 a

p
l3

dz ðA1Þ
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where Es denotes the apparent elastic modulus of individ-
ual struts and I = dt3/12. Here it is assumed that the appar-
ent length is l sin h under buckling. It should be noted that
the apparent length for a thin composite struts depends on
the end condition, and the fiber ply sequence is generally
longer than the length assumed above and needs to be mea-
sured experimentally or using detailed finite element analy-
sis. The total resisting force of the truss structure against
compression Fz can be obtained using the equilibrium of
forces.

F z ¼ 4F A½sin h cos aþ ðF S=F AÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2 h cos2 a

p
� ðA2Þ

The nominal stress in the pyramidal truss-like core struc-
ture is rz = Fz/A, and the nominal strain of the structure
is ez = dz/(h + t). The area of the unit cell is A = WL.

A.1.1. Euler buckling of the struts
The Euler buckling load of an end-clamped strut sub-

jected to axial load can be estimated from

F A ¼ F zE ¼
p2Esdt3 cos2 a

3l2
ðA3Þ

A.1.2. Fracture of the struts

An upper limit for the failure load of the composite
struts is FA = FzC = rCdt, where rc is expected to vary sub-
stantially as a function of fiber angle for narrow composite
struts [16], and was measured experimentally in our study.

A.2. Shear stiffness and strength

Applying a unit deflection dx in direction x and con-
straining dy and dz to be zero, gives rise to a shear angle
cx and a resultant force Fx. These forces can be estimated
using the classical beam theory as

F A ¼
Esdt cos2 a cos h

l
dx;

F St ¼
12EsIt cos3 a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2 a cos2 h
p

l3
dx;

F Sd ¼
12EsId cos3 a

l3
dx ðA4Þ

where FSt and FSd are force components under shear defor-
mation, It = dt3/12 and Id = td3/12. The total resisting
force of the truss core under shear was obtained using
the energy method.

F x ¼ 4F A cos h cos aþ F St

F A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2 h cos2 a
p

þ F Sd

F A

� �
ðA5Þ

The nominal shear stress in the pyramidal truss structure is
sx = Fx/A. The nominal shear strain of the structure is
cx = dx/(h + t).
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