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Low velocity impact behavior of auxetic
CFRP composite laminates with in-plane
negative Poisson’s ratio

Wenhua Lin and Yeqing Wang

Abstract
Introducing auxeticity or negative Poisson’s ratio is one potential solution to mitigate the low velocity impact damage of
fiber reinforced polymer matrix composites, which can be achieved by tailoring the layup of an anisotropic composite
laminate. This study aims to investigate the effect of laminate-level in-plane negative Poisson’s ratio on the low velocity
impact behavior of carbon fiber reinforced polymer (CFRP) matrix composites using numerical simulations. The layups of
the auxetic composites that allow them to produce negative Poisson’s ratios are identified based on the Classical
Lamination Theory and verified through fundamental coupon-level experimental tests. To ensure meaningful comparisons,
the non-auxetic counterpart composites are designed by allowing them to produce positive in-plane Poisson’s ratio while
closely matching the longitudinal effective modulus of the auxetic laminate. The simulation results indicate that the auxetic
laminates suffer smaller (12.6% on average) delamination area in top and bottom interfaces, much smaller (38% on average)
matrix compressive damage in the top and bottom plies, and smaller (14.6% on average) fiber tensile damage area in each
ply of the laminate at relatively higher impact energies (5 and 8 J).
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Introduction

Carbon fiber reinforced polymer (CFRP) matrix compos-
ites, owing to their superior properties, such as high specific
stiffness and specific strength, excellent fatigue and cor-
rosion resistance, and low coefficient of thermal expansion,
have continuously gained interests across various industries
including aerospace, marine, automotive, energy, civil in-
frastructure, and high-end sports. However, CFRP com-
posites are not without their drawbacks, one of which is the
susceptibility to low velocity impact damage which, for
aircraft, can be results of tool drop, runway debris, and bird
strike during takeoff and landing.1,2 These impact events
could lead to external and internal damages of a CFRP
composite structure in various damage modes, such as fiber
breakage, delamination, matrix cracking, which will sig-
nificantly compromise the structural integrity.3–6

One solution to mitigate the low velocity impact dam-
ages of CFRP composites is to introduce laminate-level
auxeticity or negative Poisson’s ratio into the composite
structure,7–11 which can be achieved by varying the indi-
vidual constituent lamina orientations of a CFRP com-
posite.12 For instance, works of Aziz13 investigated the
effect of in-plane negative Poisson’s ratio on the indentation

and low velocity impact responses of IM7/8552 CFRP
composites with specially designed layup orientations to
produce in-plane Poisson’s ratios of�0.134 and 0.446, with
closely matched tensile modulus. The low velocity impact
tests revealed that the damage for CFRP laminates with the
in-plane negative Poisson’s ratio was localized and directly
under the impactor nose region with smaller extents of
delamination. Moreover, the peak load and energy absorbed
were found to be consistently higher at all impact energies
of 3.15, 12.1, and 31.4 J. Results from the quasi-static
indentation tests showed a 19% increase in peak load and
27% increase in energy absorbed, and a 29% reduction in
the extent of damage for CFRP laminates with an in-plane
negative Poisson’s ratio of �0.134.

Despite the existing experimental evidence of improved
impact resistance of CFRP composites with a negative
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Poisson’s ratio, the underlying damage mechanism of such
enhancement remain to be explored. To investigate the
dynamic impact response of CFRP composites, many re-
searchers have favored numerical simulation methods over
experimental testing since: i) it can be costly and time-
consuming to perform experimental tests on CFRP com-
posites given the high material and equipment costs and
long processing times, ii) it can be difficult to capture the
progressive damage developments of CFRP composites
during an impact event, especially during low velocity
impact tests where the damages could be barely visible at
low impact energy levels, and that the instantaneous dy-
namic response of the impact can be over within the
magnitude of several milliseconds. Many studies have been
conducted by researchers worldwide to investigate the low
velocity impact response of CFRP composites using nu-
merical simulation methods where the failure modes of
CFRP composites can be categorized into interlaminar
damage and intralaminar damage and can be simulated by
exploiting various combinations of damage initiation cri-
teria and damage progression methods.6,14–27 The aim of
this study is to utilize the well-validated, state-of-the-art,
numerical simulation methods to explore the underlying
mechanisms of enhancement of impact resistance imparted
by the introduction of in-plane negative Poisson’s ratio into
CFRP composites.

In the current work, laminate layup schedules were
identified based on the classical lamination theory (CLT)
to produce both CFRP composites with in-plane auxetic
behavior, and counterpart CFRP composite with non-
auxetic behavior. Two matching configurations were
used to select the layup schedules of non-auxetic CFRP
composites where Configuration 1 closely matched the
effective longitudinal modulus with extremely tight tol-
erance to that of the auxetic CFRP and Configuration
2 matched effective moduli in all three principal directions
with relatively higher tolerance. These identified layup
schedules were then used in low velocity impact modeling
of CFRP composites implemented with finite element
analysis.

Layups of CFRP composite laminates that
allow to produce negative Poisson’s ratios

Laminate-level (or effective) negative Poisson’s ratio can be
achieved by manipulating the individual constituent lamina
layup orientations which determines the anisotropy of in-
dividual lamina and the strain mismatch between adjacent
plies. It can be expressed in terms of the J matrix, which is
derived based on the CLT in functions of the A, B, and D
stiffness matrices. The detailed derivations can be found in
author’s previous works.28,29 The final expression for the
laminate-level in-plane Poisson’s ratio, νe12, is shown below,

νe12 ¼ �J21
J11

, (1)

where J11 and J21 are elements of the J matrix,

J ¼ A�1 þ A�1B
�
D� BA�1B

��1
BA�1, (2)

where A, B, and D are the extensional stiffness matrix,
extensional-bending coupling stiffness matrix, and bending
stiffness matrix according to the CLT.

A MATLAB code was developed based on the above
expressions to identify laminate layup schedules that allow
the laminate to produce negative in-plane Poisson’s ratio.
The engineering constants of the IM7/977-3 CFRP com-
posite lamina14,15,30 used for calculating the A, B and D
matrices is shown in Table 1. Figure 1 shows the calculation
results for the in-plane Poisson’s ratio, νe12, given the
specified laminate layup schedule of [θ2/652/θ2/652/θ2]
while the ply angle, θ, is allowed to vary within ranges of 0–
90 degrees. It can be seen that the negative in-plane
Poisson’s ratio can be produced when the ply angle is
between 5 and 40 degrees and that the highest negative in-
plane Poisson’s ratio is obtained when the ply angle is
15 degrees with the restriction of fixed ply angle of
65 degrees in plies 2 and 4.

Layups of non-auxetic CFRP counterpart
laminates with positive Poisson’s ratios

It is very important to note that there is a “side effect”
associated with tuning the laminate layup schedule to
produce the negative Poisson’s ratio, that is the simulta-
neous change of the effective moduli of the laminate.7

Therefore, to ensure that the change in the low velocity
impact behavior is caused by the auxeticity and not due to
the change of the effective moduli, it is important to
properly choose the counterpart CFRP laminates for
meaningful comparisons. Thus, the layup schedules of the
counterpart CFRP laminates are identified such that
the laminates exhibit positive in-plane Poisson’s ratio and at
the same time have similar if not identical effective moduli
to those of the auxetic laminates, where the well-validated
method proposed by Sun and Li31 are used to calculate the
effective moduli of the laminates. Note that there exist no
layup schedules that would produce non-auxetic counterpart
laminates that have identical effective moduli in all three
principal directions (i.e., Eeff

1 , Eeff
2 , and Eeff

3 ) to those of the
auxetic composite laminate at the same time. Therefore, two
matching configurations were used to identify layup
schedules of the non-auxetic counterpart laminates, of
which Configuration 1 strictly matches the longitudinal
effective modulus, Eeff

1 , with extremely low tolerance and
through-thickness modulus, Eeff

3 , with intermediate toler-
ance, and high tolerance on the transverse effective modulus
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(Eeff
2 ). Whereas Configuration 2 identifies the best layup

schedule available that matches all three effective moduli at
the same time with relatively higher tolerance.

Table 2 shows the layup schedules and the effective
tensile and shear moduli of the non-auxetic counterpart
composite laminate identified based on Configurations
1 and 2 and the tolerances calculated for each effective
modulus, where the tolerance here refers to the percentage
difference between the modulus of the auxetic laminate and
the modulus of the non-auxetic counterpart laminate in
corresponding directions. By considering the two config-
urations of the non-auxetic laminates, both the effect of
negative Poisson’s ratio and the coupling effects between
the negative Poisson’s ratio and the effective moduli, in
particularly the transverse effective modulus, Eeff

2 , can be
investigated. Figure 2 shows a schematic of the layup
orientations identified for the auxetic and non-auxetic 1 and
2 configurations. These laminate layup schedules that
produce in-plane auxetic and non-auxetic laminates will be
used in the numerical studies described in Section 5 to

investigate the effect of in-plane negative Poisson’s ratio on
the low velocity impact behavior of CFRP laminates. To
briefly mention again, the layup schedule of the auxetic
laminate is chosen to be [152/652/152/652/152] since it
produces the highest negative in-plane Poisson’s ratio as can
be seen in Figure 1, which is expected to provide the most
significant enhancement in the low velocity impact
resistance.

Table 3 shows the results of the in-plane Poisson’s ratio
and the laminate-level longitudinal effective modulus for
the auxetic and the non-auxetic Configuration 1 CFRP
laminates obtained through fundamental coupon-level
tensile tests in our prior work.32 The results showed
good agreement between the predicted and measured values
where the in-plane Poisson’s ratio was measured to
be �0.41 with a standard deviation of 0.0117 and
0.159 with a standard deviation of 0.0048, and the longi-
tudinal effective modulus was measured to be 52.14 GPa
with a standard deviation of 0.896 GPa and 52.12 GPa with
a standard deviation of 0.774 GPa for the auxetic and non-
auxetic Configuration 1 CFRP laminates, respectively.

Low velocity impact model for CFRP
composite laminates

To study the effect of negative Poisson’s ratios on the low
velocity impact behaviors of the composite laminates, a
well-validated impact damage modeling approach is
used. 6,14–21,33–42 The detailed modeling approach, in-
cluding the choices of the damage initiation criteria, the
damage evolution law, the degradation of the stiffness
matrix, and the delamination model, have been well
discussed and presented in numerous existing
papers6,15,17 and are omitted here for brevity. The primary
components of the low velocity impact model adopted
throughout this study include: 1) the Hashin damage
criterion, which is used to predict the initiation of the fiber
tensile and compressive failure and the matrix tensile and

Table 1. Material properties of IM7/977-3 CFRP composites.14,15,30

Density ρ = 1600 kg/m3

Composite lamina properties Elastic moduli E11 = 159 GPa, E22 = E33 = 9.2 GPa
G12 = G13 = 4.37 GPa, G23 = 2.57 GPa

Poisson’s ratio ν12 = ν13 = 0.253, ν23 = 0.456
Strength XT = 2275 MPa, XC = 1680 MPa,

YT = 64 MPa, YC = 168 MPa.
Sxy = 121 MPa, Syz = Szx = 127 MPa

Fracture actenergy Gft = 133 N/mm, Gfc=40 N/mm
Gmt = 0.6 N/mm, Gmc = 2.1 N/mm

Interface properties Modulus E = 5 GPa
Strength N = S = 30 MPa
Fracture energy GC

n = 0.6 N/mm (normal), GC
s = 2.1 N/mm (shear)

Figure 1. Predicted layups to produce laminate-level in-plane
negative Poisson’s ratios in IM7/977-3 CFRP composite laminate
with a layup of [θ2/652/θ2/652/θ2] as the ply angle, θ, changes from
0 to 90 degrees.
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compressive failure;43 2) the linear stiffness degradation
function based on the equivalent strain method,15 which
is used to track the damage evolution in each failure
mode;15 and 3) the Benzeggagh and Kenane (B-K) de-
lamination criterion along with mixed-mode fracture
energy laws, which are used to model the initiation and
evolution of the delamination damage.44

In this study, the low velocity impact model is im-
plemented using finite element analysis (FEA) with general
purpose FEA software, ABAQUS. Specifically, the
above-mentioned stiffness degradation law, damage

initiation, and damage evolution are implemented using a
VUMAT subroutine while the delamination damage is
modeled by defining cohesive surface contacts between
adjacent laminate plies. Such numerical implementations
are also well described in many existing papers.6,15,18 The
VUMAT subroutine is available from the corresponding
author upon request.

Before the model is used to study the effect of the
negative Poisson’s ratio, it was verified using a benchmark
low velocity impact problem reported by ref.18 The com-
parison between the experimental results reported in ref.18

Table 2. Layups and effective tensile and shear moduli of the auxetic laminate and the corresponding non-auxetic counterpart
composite laminates in two configurations.

In-plane auxetic CFRP
laminate

Configuration 1: Non-auxetic counterpart
CFRP laminate (with strictly matched Eeff1 and
Eeff3 )

Configuration 2: Non-auxetic counterpart
CFRP laminate (with weakly matched Eeff1 , Eeff2 ,
and Eeff3 )

Layup [152/652/152/652/152] [352/602/-52/602/352] [402/652/02/652/402]
νe12 �0.409 0.160 0.020
Eeff1 (GPa) 51.29 51.29 (+0.013%) 45.33 (�11.6%)
Eeff2 (GPa) 25.53 21.03 (�17.6%) 25.23 (�1.2%)
Eeff3 (GPa) 9.95 10.26 (+3.1%) 10.26 (+3.1%)
Geff
12 (GPa) 6.16 11.02 (+78.9%) 9.86 (+60.1%)

Geff
13 (GPa) 3.47 3.35 (�3.5%) 3.25 (�6.3%)

Geff
23 (GPa) 3.03 3.13 (+3.3%) 3.23 (+6.6%)

Figure 2. Schematic of layup orientations for the (a) auxetic laminate, (b) non-auxetic configuration 1 laminate, and (c) non-auxetic
configuration 2 laminate.

Table 3. Predicted and experimentally measured mechanical properties of auxetic and non-auxetic Configuration 1 CFRP laminates.

In-plane auxetic CFRP laminate Configuration 1: Non-auxetic counterpart CFRP laminate

Layup [152/652/152/652/152] [352/602/-52/602/352]
νe12 predicted �0.409 0.160
νe12 experimental �0.410 ± 0.0117 0.159 ± 0.0048
Eeff1 predicted (GPa) 51.29 51.29
Eeff1 experimental (GPa) 52.14 ± 0.896 52.12 ± 0.774
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and our simulation results is shown in Figure 3. Specifically,
Figure 3(a) shows the comparison between the stacked
delamination areas obtained using C-scan (left figure) re-
ported in ref.18 and our simulation results (right figure). The
color legend for the C-scan represents the location of the
delamination along the thickness direction, where the green
color represents the delamination at the top interface while
the red color represents the delamination at the bottom
interface. The color legend for our simulation indicates the
degree of delamination, where the red color represents a
complete delamination while the blue color represents no
delamination. The overall delamination patterns predicted
are found to be in good agreement with the experimental
data. The force displacement and force history plots shown
in Figure 3(b) and (c) also show good agreement between
our simulation results and the reported experimental data.
Further details of the model verification can be found in our
prior work.45 Figure 4 shows the schematic of the problem
setup which consists of the CFRP laminate with a dimension
of 150 × 100 × 4.16 mm, the impactor which is made of steel
and has a semi-spherical shape with a diameter of 16 mm
and a velocity of 5 m/s that represents an impact energy of

25 J, and the supporting plate with a dimension of 150 ×
100 mm and a cutout window of 125 × 75 mm at the center
that rests the CFRP laminate. The impactor and the sup-
porting plate are modeled as discrete rigid bodies using
R3D4 elements, while the CFRP composite laminate is
modeled using the C3D8R elements. A global seed sizes of
0.5 mm and 3 mm are defined for the impactor and the
supporting plate, respectively. For the CFRP laminate, a
refined mesh size of 0.9 × 0.9 mm is used in a 72 × 36 mm
region located directly under the impactor, whereas the
remaining regions are meshed with a global seed size of
3.5 mm to reduce computational time. Moreover, since the
layup has paired plies (i.e., adjacent plies with same angles),
only one element through the thickness of each paired ply
was created to further reduce the computational time. The
meshing leads to a total of 85625 elements. To model the
delamination, the interfaces between each adjacent ply pairs
are assigned using cohesive surface contacts. The layups of
the laminates follow those identified in Table 2. The ma-
terial properties used in the simulation studies are shown in
Table 1. The simulations were conducted at three elevated
impact energy levels, i.e., 3, 5, and 8 J. The choice of these

Figure 3. Comparison between the experimental (data from ref.18) and simulation results at impact energy of 25 J for model
verification: (a) comparison of stacked delamination areas between experimental data obtained through C-scan reported in ref.18 and
simulation, (b) force displacement plot, (c) force history plot.
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three energy levels is because they were found, from pre-
liminary trial-and-error simulation studies, to produce
minimum, intermediate, and maximum damage without
causing the laminates to penetrate.

Results and discussions

Figure 5 shows the comparison of the global impact re-
sponse between the in-plane auxetic and the corresponding
non-auxetic CFRP composite laminates at 3, 5, and 8 J. For
the impact force shown in Figure 5(a), no consistent pattern
can be identified regarding the role of the in-plane negative
Poisson’s ratio in influencing the impact force. It can be
observed that, although the auxetic laminate has a higher
transverse effective modulus in comparison to the non-
auxetic Configuration 1 laminate, the impact force at 3 J
is still 10.5% lower. As the impact energy increases to 5 and
8 J, the impact forces become higher than those of the non-
auxetic Configuration 1 laminate, which are consistent with
findings reported by Aziz.13 When compared to the non-
auxetic Configuration 2 laminate, the auxetic laminate
shows lower impact forces at 3 and 5 J and a slightly higher
impact force when the impact energy increases to
8 J. Overall, the results show that the auxetic laminate
exhibits a higher increase rate of the impact force than the
non-auxetic laminates as the impact energy increases. This

is closely related to the damage behaviors during the impact
and is discussed in the following sections.

The effects of the in-plane negative Poisson’s ratio on the
impact time, maximum displacement, and the dissipated
energy are illustrated in Figure 5(b)–(d). The results of the
impact time and the dissipated energy share one similarity
(see Figures 5(b) and 5(d)), that is, at 3 J, the auxetic
laminate shows a higher impact time and a higher dissipated
energy than the non-auxetic laminates, but, when the impact
energy increases to 8 J, an opposite pattern can be observed,
where the impact time and the dissipated energy of the
auxetic laminate become much lower than those of the non-
auxetic laminates. Specifically, at 8 J, the impact time is
12.0% and 6.0% lower than that of the non-auxetic Con-
figurations 1 and 2, respectively. For the dissipated energy,
at a lower impact energy of 3 J, the dissipated energy for
the auxetic laminate is 16.6% and 48.9% higher than that
for non-auxetic Configurations 1 and 2, respectively.
While at higher impact energies, the dissipated energy of
the auxetic laminate is 27.3% and 1.8% lower than the non-
auxetic configurations at 5 J, and 20.4% and 16.1% lower
than the non-auxetic configurations at 8 J. This finding
may suggest that the in-plane auxetic laminate has lower
increase rates of the impact time and dissipated energy than
the non-auxetic laminates as the impact energy increases.
For the maximum displacement during the impact, as

Figure 4. Low velocity impact model setup for finite element analysis.
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shown in Figure 5(c), the effect of the in-plane negative
Poisson’s ratio is insignificant.

Effect on the delamination damage

A comparison of the predicted delamination patterns in each
interface of the in-plane auxetic laminate and the

corresponding non-auxetic laminates is provided in Figure 6.
The delamination propagation is approximately parallel to the
fiber orientations of the ply below the corresponding interface,
except for the bottom interface. This is consistent with
findings reported by refs.15,46 Overall, no clear role of the in-
plane negative Poisson’s ratio in influencing the shapes of the
delamination areas can be identified.

Figure 6. Comparison of predicted delamination damage patterns in each interface of the in-plane auxetic CFRP laminate and the
corresponding non-auxetic laminates, subjected to an impact energy of 8 J.

Figure 5. Predicted parameters reflecting the global response of the in-plane auxetic and corresponding non-auxetic CFRP composite
laminates during low velocity impact: (a) impact load, (b) impact time, (c) maximum displacement, and (d) dissipated energy.
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To further examine the effect of the in-plane negative
Poisson’s ratio on the delamination damage, the quantitative
comparison of the predicted delamination area in each in-
terface of the auxetic and non-auxetic laminates is plotted in
Figure 7. As shown in Figure 6, regions with dark blue color
represent no delamination damage and regions with red
color represent complete delamination damage. The de-
lamination areas are obtained using the imageJ software by
measuring the areas with colors other than the dark blue.
Same methods are used for obtaining the quantitative
damaged areas from the contour plots of the fiber and matrix
damage in following discussions. The top and bottom

interfaces of the auxetic laminates exhibit generally lower
delamination areas than those of the two non-auxetic
laminates at three impact energy levels, with one excep-
tion for the case at the bottom interface at 3 J. At 8 J, the
reductions of the delamination areas are 17.0% and 13.7% at
the top and bottom interfaces, respectively, in comparison to
those of the non-auxetic Configuration 1 laminate, while the
reductions are 9.9% and 9.8%, respectively, in comparison
to those of the non-auxetic Configuration 2 laminate. Unlike
the top and bottom interfaces, the middle two interfaces
exhibit delamination areas in between those of the two non-
auxetic laminates at 3 and 5 J. At 8 J, the auxetic laminate

Figure 7. Comparison of the predicted delamination area in each interface of the in-plane auxetic and corresponding non-auxetic CFRP
composite laminates at different impact energies: (a) 3 J, (b) 5 J, and (c) 8 J, where “int” in the horizontal axis denotes interface.

Figure 8. Comparison of predicted matrix tensile damage in each ply of the in-plane auxetic CFRP laminate and corresponding non-
auxetic laminates, subjected to an impact energy of 8 J.
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shows almost identical delamination areas to those of the
two non-auxetic laminates. The results suggest that pro-
ducing the in-plane negative Poisson’s ratio is beneficial for
reducing the delamination areas at the top and bottom in-
terfaces, especially at relatively higher impact energies.

Figure 8 shows the comparison of matrix tensile damage
patterns in the in-plane auxetic laminate and the corre-
sponding non-auxetic laminates at an impact energy of
8 J. As one can see, the patterns of the damaged areas are
similar in the auxetic and non-auxetic laminates, where the
top two plies exhibit localized damage, while the back
three plies show damage propagations along the fiber
direction. Such matrix tensile damage patterns are com-
mon for CFRP composites under low velocity impact.15

No apparent effect of the in-plane negative Poisson’s ratio
on the patterns of the matrix tensile damage can be
identified.

A quantitative comparison of the matrix tensile damaged
area in each ply of the in-plane auxetic laminate and the
corresponding non-auxetic laminates at three impact energy
levels is provided in Figure 9. For the non-auxetic Config-
uration 1 laminate, one consistent pattern can be observed
where the lowest matrix tensile damaged areas are found to be
at ply three at all energy levels, whereas the largest matrix
damaged area is found to be at ply four for impact energy of
3 J, and at ply five for impact energy of 5 and 8 J. For the

non-auxetic Configuration 2 laminate, the distribution of the
matrix tensile damaged areas in the five plies shows a
consistent pattern at all energy levels, that is, the damaged
area decreases from ply one to ply three where the lowest
damaged area is observed and then increases from ply
three to ply 5, except for the case of 3 J, of which the
lowest damaged area is located at ply 2. This pattern is
also true for the in-plane auxetic laminate, except for the
case at 3 J, where the damaged area continuously in-
creases from the impact side to the back side. This could
be due to the unique triaxial state of stresses produced in
the auxetic laminate. At 5 J, the in-plane auxetic laminate
exhibits generally lower matrix tensile damaged areas
than those of the two non-auxetic laminates, except for
ply 3, where the damaged area is nearly identical to that of
both non-auxetic laminates. At 3 and 8 J, there exists no
clear or consistent pattern as of how the in-plane negative
Poisson’s ratio affects the matrix tensile damaged areas,
in comparison to those of the non-auxetic counterparts.

As mentioned in previous studies,6,15,20 the fiber tensile
damage and matrix compressive damage are comparatively
much smaller than the matrix tensile damage. They are
negligible at low energy levels at 3 and 5 J. Figure 10 il-
lustrates the comparison of the predicted fiber tensile damage
patterns in each ply of the in-plane auxetic laminate and the
corresponding two non-auxetic laminates, at an impact

Figure 9. Comparison of the predicted matrix tensile damaged area in each ply of the in-plane auxetic CFRP laminate and non-auxetic
laminates at different impact energies: (a) 3 J, (b) 5 J, and (c) 8 J.
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energy of 8 J. The three laminates all exhibit very localized
damage on the impact point, especially in the top two plies
and in the bottom ply. Only limited damage has propagated in
plies 3 and 4. This finding is consistent for both the auxetic
laminate and the non-auxetic laminates. Therefore, the in-
fluence of the in-plane negative Poisson’s ratio on the shape
of fiber tensile damage is considered insignificant.

Figure 11(a) provides a quantitative comparison of the
fiber tensile damaged area in each ply of the in-plane
auxetic and the two non-auxetic CFRP laminates at
8 J. The in-plane auxetic laminate exhibits consistently
lower damaged area in each ply, when compared to the two
non-auxetic laminates. Specifically, the reductions are
32.7%, 16.2%, 30.2%, 7.6%, and 4.7%, in five plies, re-
spectively, in comparison to the non-auxetic Configuration
1 laminate, while the reductions are 25.1%, 4.1%, 8.7%,
7.2%, and 10.0%, in comparison to the non-auxetic
Configuration 2 laminate. Recall that the transverse ef-
fective modulus of the non-auxetic laminate Configuration
1 is 17.6% lower than that of the auxetic laminate, while
the longitudinal effective modulus of the non-auxetic
laminate Configuration 2 is 11.6% lower than that of
the auxetic laminate. A lower modulus typically delays the

increase of the stresses, which is expected to produce
smaller damage based on the Hashin damage criteria.
However, in this case, the fiber tensile damaged areas in the
two non-auxetic laminates are still higher than those of the
auxetic laminate. This indicates that the unique triaxial
state of stresses produced in the in-plane auxetic laminate
could lead to smaller fiber tensile damage in comparison to
the non-auxetic counterparts.

As for the matrix compressive damage, it is relatively
much less significant than the other damage modes.
Figure 11(b) illustrates the comparison of the predictedmatrix
compressive damaged area in each ply of the in-plane auxetic
laminate and the corresponding non-auxetic laminates. It can
be noticed that the auxetic laminate shows much smaller
damaged areas in the top two plies and the bottom ply,
whereas no clear trend can be found in plies 3 and 4.

To briefly summarize, the simulation results suggest that
producing the in-plane negative Poisson’s ratio in the
laminate may result in a higher increase rate of the impact
force as the impact energy increases. For the damage be-
haviors, the in-plane negative Poisson’s ratio generally
exhibits more influences on the top and bottom plies than
the middle plies. Particularly, the results suggest that the

Figure 10. Comparison of predicted fiber tensile damage patterns in each ply of the in-plane auxetic CFRP composite laminate and the
corresponding two non-auxetic CFRP composite laminates at an impact energy of 8 J.

Figure 11. Comparison of the predicted damage areas in each ply of the in-plane auxetic and corresponding non-auxetic CFRP
composite laminates at an impact energy of 8 J: (a) fiber tensile damaged area and (b) matrix compressive damaged area.
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in-plane negative Poisson’s ratio contributes to (i) smaller
delamination areas in the top and bottom plies, especially at
a relatively high impact energy, (ii) smaller matrix tensile
damage areas in the top two and bottom two plies at an
intermediate impact energy, and (iii) consistently much
smaller fiber tensile damage area in each ply of the laminate.
In comparison to the effect of the in-plane negative Pois-
son’s ratio, the effect of the out-of-plane negative Poisson’s
ratio on the low velocity impact damage is quite different,
which has been studied in our previous work.45 To briefly
summarize, the delamination areas for the laminates with
out-of-plane negative Poisson’s ratio (with a layup of [252/-
252/252/-252/252]) at 8 J impact were found to be 6.5%
lower than the non-auxetic configuration 1 laminates (with a
layup of [502/02/502/02/502]), but 107.7% higher than the
non-auxetic configuration 2 laminates (with a layup of [202/
102/52/102/202]), on average across four interfaces. More-
over, significantly reduced matrix tensile and fiber tensile
damaged areas were found. Specifically, the matrix tensile
damaged areas for the auxetic laminates with out-of-plane
negative Poisson’s ratio were 54.8% and 36.6% lower than
the non-auxetic configurations 1 and 2 laminates, while the
fiber tensile damaged areas were 43.2% and 41.7% lower
than the non-auxetic configurations 1 and 2 laminates, both
on average across five plies (adjacent two plies with same
angles were treated as one single layer) and at impact energy
of 8 J.

Conclusion

The effect of laminate-level in-plane negative Poisson’s
ratio on the low velocity impact behavior of the CFRP
composite laminate is investigated using numerical simu-
lations. The layups of the auxetic laminates (i.e., laminates
that produce laminate-level negative Poisson’s ratio) are
identified based on the Classical Lamination Theory. The
identified layup of the in-plane auxetic laminate allows it to
produce a νe12 of �0.409, which has been verified through
fundamental coupon-level tensile tests.

The auxetic laminate with an in-plane negative Poisson’s
ratio generally exhibit a higher increase rate in the impact force
and lower increase rates in the impact time, maximum dis-
placement, and the dissipated energy, as the impact energy
increases. However, no consistent effect has been identified on
the global impact response at a fixed impact energy level. As for
the damage behaviors, the in-plane negative Poisson’s ratio
contributes to reduced (12.6%on average) delamination areas in
the top and bottom interfaces and reduced (38% on average)
matrix compressive damaged areas in the top and bottom plies,
at relatively higher impact energies (5 and 8 J). No consistent
effect has been found on the matrix tensile damage, except that
the top two plies and bottom two plies show much reduced
matrix tensile damaged area at an impact energy of
5 J. Additionally, the in-plane auxetic laminate also exhibits
greatly reduced (14.6% on average) fiber tensile damaged areas.
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