
6324 |  Mater. Adv., 2022, 3, 6324–6334 © 2022 The Author(s). Published by the Royal Society of Chemistry

Cite this: Mater. Adv., 2022,

3, 6324

Towards textile metamaterials: a pathway to
auxeticity and tensegrity in a needle-punched
nonwoven stiff felt†

Prateek Verma, Casey L. Smith, Anselm C. Griffin and Meisha L. Shofner *

Auxetics are a class of mechanical metamaterials that show a negative Poisson’s ratio, which has been

of interest as a mechanism to provide enhanced performance in, for example, composite materials and

energy dissipation structures. Given this interest, there is a need to realize this behavior in a practical

fashion. In this work, we move towards identifying and understanding such materials by examining the

out-of-plane auxeticity of fiber networks contained in stiff felt nonwovens. The network contains fiber

connections that provide a structure which is intermediate to a physically entangled nonwoven and a

composite. The results show that these nonwovens display an out-of-plane auxetic response that is at

least partially reversible. Additionally, it was found that the elastic-plastic behavior seen at larger strains

can be described using concepts of multistable tensegrity structures, supporting the suggestion that

tensegrity and auxeticity can coexist in some metamaterial structures.

Introduction

Mechanical metamaterials are those materials/structures
whose properties are determined not by their specific chemical
constitution but by their larger scale structural/topological
organization. Among metamaterials and materials with ‘‘nega-
tive’’ properties,1 auxetic materials and structures are a sub-
category that has been studied extensively to elucidate the
underlying structure–property relationships that drive their
mechanical response.2,3 Specifically, auxetics possess a nega-
tive Poisson’s ratio,4 meaning that in the simplest case they
show an expansion in at least one transverse direction when
deformed in tension. The auxetic response is present in some
natural materials like certain types of skin,5 in some metals
along certain crystallographic directions,6 as well as in engi-
neered materials in purposefully designed structures.7,8 One of
the most recognized engineered materials to display auxeticity
is Lakes’ reentrant foam.9 Auxeticity is imparted to these foams
through a post-processing heat compression step, which col-
lapses the foam cell walls into a reentrant structure which
produces an auxetic response in both transverse directions
upon deformation. This mechanism for auxeticity has been
described in models for reentrant honeycomb structures.10,11

Beyond reentrant structures, several other structures have been

identified that would produce auxetic behavior,2 including
chiral lattices,12,13 arrays of rotating squares14 and triangles,15

and networks of fibrils and nodules.16,17 Additionally, other
types of auxetic engineered structures have been designed and
fabricated including knitted structures,18–20 polymer fibers
consisting of fused particles,21 microporous polymers,22–24

and helical fibers consisting of an assembly of two dissimilar
fibers.25–27 Modeling approaches have also shown pathways to
producing composite materials with tunable auxeticity.28,29

While the application space for auxetics is potentially large,
many studies focus on applications in energy dissipation such
as absorbing impact in sports30 and acoustic dampening,31,32

which take advantage of this unusual material response.
Within the family of auxetic materials and structures, net-

worked fiber structures have emerged as a category of materials
with robust auxeticity. While certain materials within this
category have shown an in-plane auxetic response,33,34 fiber
networks often show an out-of-plane auxetic response, i.e., an
increase in thickness when loaded in uniaxial tension. In these
structures, the fiber arrangements and connectivities are
thought to be responsible for the auxetic response. One of the
first fiber networks to demonstrate this capability was
paper.35–38 This behavior has also been seen with stiffer mate-
rials. Jayanty et al. examined the auxetic character of sintered
stainless steel fiber networks as well as their composites.39 In
the absence of a polymer matrix, the fiber network showed a
negative out-of-plane Poisson’s ratio that varied in magnitude
as the open space in the network varied. The Poisson’s ratio
became more negative as the porosity in the network increased.
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The addition of a soft polymer matrix decreased the magnitude
of Poisson’s ratio, but it remained negative. Extension of these
studies to a carbon nanofiber composite showed qualitatively
similar results. Modeling results have shown that auxeticity can
be expected for certain fiber networks and that the magnitude
of this auxetic response correlates to the degree of fiber
entanglement.40

Nonwoven materials and other textile structures have also
been studied as potential auxetics.41 The authors have pre-
viously investigated the auxeticity of different types of nonwo-
vens, including needle-punched nonwovens made from
polyester42,43 and felted nonwovens made from wool.44,45 For
the needle-punched nonwovens, a heated compression treat-
ment was used to impart an auxetic character to the fabric.
Prior to the heated compression treatment, these fabrics con-
sisted of an entangled web of polymer fibers with interspersed
vertical columns of aligned fibers spanning the thickness of the
fabric. Micro-computed tomography imaging showed that the
heated compression treatment distorted the columns. Since
the attachments of the columns to the top and bottom surfaces
of the fabrics were maintained, in-plane tensile loading of the
fabric acted to straighten the columns toward their original
vertical orientation, leading to an auxetic response through an
increase in the fabric thickness. The process variables used
during the heated compression (temperature, time, and pres-
sure) were found to affect the magnitude of Poisson’s ratio,
with more severe conditions producing a more negative value.
Conversely, the wool felt was auxetic in its as-received condi-
tion, likely due to compression of the fiber network during its
manufacture. Further treatment with heated compression
enhanced the auxetic response. Since this wool felt nonwoven
construction is not needle-punched, it does not contain fiber
columns. We suggested that the mechanism for the auxetic
response was similar to that observed for paper in that the
thickness increase during tension was a cooperative effect of
the network structure. As fibers oriented roughly in the loading
direction straightened under load, neighboring fibers above
and below these fibers moved vertically, resulting in a thickness
increase under tension. While our work has shown that heated
compression can enhance the auxetic effect in nonwovens,
Rawal et al. have also examined the effect of process parameters
during the needle punching operation for nonwovens and
found that increasing the punch density (decreasing the spa-
cing between fiber columns) can increase the auxetic effect in
these fabrics.46,47 Extending the auxetic behavior of needle-
punched nonwovens, work by Dubrovski et al. have produced
in-plane auxeticity in needle-punched nonwovens by using
laser cutting to produce a rotating square pattern in the
fabric.48

This paper builds on what is known about auxetic nonwo-
vens by examining the auxetic character of a stiff felt nonwoven.
This type of nonwoven is of interest since its network structure
includes elements of more than one type of auxetic nonwoven,
and therefore, its auxeticity could result from multiple mechan-
isms. Stiff felts incorporate the structural characteristics of
needle-punched nonwovens and paper in the sense that their

network structure contains both, through-thickness fiber bun-
dles as well as interfiber bonding. The stiffness arises from
chemically bonded connections between the fibers that com-
prise the network. They are denser than the nonwovens pre-
viously studied and would be approaching a fully dense
structure which may suggest routes for producing auxetic
polymer composites. Additionally, it is of interest to investigate
whether such interfiber bonding imparts tensegrity character-
istics to the structure,40,49–54 since the bonding provides con-
tinuity to a structure made up of discrete elements (fibers,
fiber-bundles, fiber entanglements, etc.) that remain connected
over large strain regimes. To elucidate the network deformation
behavior of this material type and understand its auxetic
behavior, mechanical testing and imaging studies were per-
formed to characterize this bonded network and distinguish
any unique features as compared to other nonwoven fiber
networks.

Experimental
Materials

Stiff felt (PE-F-32125-48), a needle-punched nonwoven felt
made of polyester fibers with a low melting component, was
purchased from Sutherland Felt Company (Madison Heights,
Michigan, USA). According to the manufacturer, the fibers are
heat-compressed to ‘activate’ the low-melt component during
processing, giving it a board-like rigidity.55 Felts used in this
study were 0.125 inches thick, obtained as a sheet with dimen-
sions of 48 inches � 60 inches. This material was chosen for
study since the low melt fibers provided a fiber network held
together by physical entanglements (needle punched columns)
and fused network points (melted material at fiber junctions).

Methods
Treatment protocol

Stiff felt samples were subjected to a simultaneous heat and
pressure treatment, similar to the protocol used previously with
polyester needle punched nonwoven fabrics42,43 and wool
felts.44,45 Square samples measuring 6 inches � 6 inches were
cut from the as-received sheet. These samples were compressed
in a benchtop press (Carver auto series, model 4386) at a
pressure of 2.5 MPa (a force of 6 metric tons applied over an
area of 36 square inches, and assuming acceleration due to
gravity to be 9.8 ms�2), at a temperature of 70 1C for a period of
24 hours. This temperature was near the glass transition
temperature of PET, and hence was chosen for the treatment,
like previous work,42,43 in order to make the PET fibers more
compliant under pressure. Heat flow data from a differential
scanning calorimetry (DSC) measurement is given in Fig. S1
(ESI†) and shows the glass transition temperature of the as-
received fabric. During the first heating cycle, the glass transi-
tion temperature is near 70 1C. In a subsequent heating cycle
following programmed cooling, the glass transition tempera-
ture is below 70 1C. After treatment, the samples were stored in
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sealed plastic bags under ambient laboratory conditions. As-
received samples are identified as AR, while treated samples are
identified as TR.

Measurement of thickness and recovery over time

Before and after the heated compression treatment, the thick-
ness of the material was measured. The thickness of the fabric
was measured using a digital micrometer (Mitutoyo, model
369-350) having flat circular platens of diameter 2 cm. The
shape and size of the platens compensated for the heterogene-
ity in the surface of the felt. Additionally, the platens consis-
tently exerted a pressure of 20–25 kPa on the sample (according
to the manufacturer), which was important in defining thick-
ness of compressible materials. Thickness measurements pro-
vided information about how much compression was achieved
and if any significant recovery was occurring following the
heated compression. In this material, recovery would be
observed through an increase in thickness, and this behavior
has been observed previously.42–45 To establish the time during
which treated fabrics experienced recovery, the square sample
was marked with four circles (of diameter 2 cm each) close to
the corners of the square (approximately 5 cms from the edges),
and the thickness was measured at each of these four locations
over a period of 20 days. Samples were stored in sealed plastic
bags in ambient laboratory conditions; samples were taken out
for the measurement and put back into the bag after the
measurement. Environmental conditions such as temperature
and relative humidity were not actively monitored over the
20 day measurement period. Thickness was expressed as a
percentage of original sample thickness (before treatment),
averaged over the four regions, and plotted against time.
Uncertainty in this measurement was given as the standard
deviation of the data. From a visual observation of the plot, the
number of days after which thickness recovery had sufficiently
slowed to a near constant value, was noted.

Mechanical testing

Mechanical testing protocols were used to characterize several
aspects of the deformation and auxetic behavior of the stiff felt
materials. In all cases, a universal testing frame (Instron model
5566) was used to apply a uniaxial tensile deformation at
ambient laboratory conditions. The samples tested had a gage
length of 100 mm and a testing speed of 1 cm/min was used.
Sample strain was measured using the crosshead displacement.
These protocols are described below.

Thickness change with extension

To obtain the out-of-plane auxetic response of stiff felt samples
(both AR and TR), variations in thickness with respect to axial
deformation of the sample were examined. For TR samples,
this experiment was performed after the sample had sponta-
neously recovered and attained the steady thickness value.
Rectangular specimens with a length of 15 cm and a width of
2 cm were cut (with their lengths being in the long direction of
the obtained sheet) and loaded into the mechanical testing
frame and then subjected to uniaxial tensile deformation in

displacement control. The test was paused at regular strain
intervals, allowing the thickness to be measured at the center of
the specimen (marked with a circle). The specimen length and
the corresponding thickness values were recorded. From this
data, thickness strain (with respect to thickness before loading)
and axial strain (with respect to gage length) were calculated.
This measurement took approximately 30 seconds. During this
time, there was some drop in the applied load which was
recovered when the test was started again. Instantaneous
Poisson’s ratios were obtained at each pause, from the ratio
of thickness to axial strain with respect to those measured at
the previous strain level. Six specimens for each sample type
were tested, and the average value and standard deviation were
calculated from the data.

Reversibility experiment

The reversible components of the deformations leading to
thickness changes in TR were determined in a manner similar
to that used previously for wool and polyester non-
wovens.44,45,56 Samples were allowed spontaneous thickness
recovery over time before being tested for reversibility as
described above. After this time period, rectangular strips were
subjected to uniaxial tensile deformation to 1, 2, 3, 5, 10 or 20%
strain maxima. Once the sample achieved the desired max-
imum strain, the test was paused, and the thickness was
measured, similar to the procedure described for the thickness
change experiments above. Subsequently, the sample was
returned to the gage length separation of 10 cm (same 0%
strain). Thickness was measured again. This process of loading
and unloading the sample, along with measuring the thickness
at each pause, was repeated over 5 cycles for each of the
maximum strain values. Thickness changes were reported as
a percentage, with respect to the original specimen thickness.
Reversibility was expressed as the ratio of thickness decrease
during return, to the thickness increase during loading step of
the first cycle. Two samples were examined at each strain level
for this experiment. These values were reported as the average
of the two measured values with uncertainty given as the spread
in the data.

Imaging

Scanning electron microscopy (SEM) was conducted using a
Hitachi SU8010 electron microscope. Specimens were cut into a
cube of a few millimeters in dimensions and mounted on an
SEM stage using carbon tape. They were sputtered with about a
10 nm thick coating of gold–palladium alloy (using Quorum
Q150T ES), prior to being introduced into the microscopy
chamber. Additionally, micro-computed tomography (mCT) of
both the AR and TR samples, was used to observe the three-
dimensional arrangement of the fiber network. mCT was per-
formed using a Scanco Medical mCT50 instrument. Disk-shaped
specimens were cut using a biopsy punch (of diameter 5 mm)
and positioned into a scanning tube of inner diameter 5 mm.
Samples were then scanned using an X-ray source of energy
45 kVp at a resolution of 2 mm voxels. A cylindrical subsection
(diameter slightly smaller than 5 mm and height of about
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1 mm) of the specimen was digitally selected for scanning and
subsequent computational construction yielding a 3D image,
which could be viewed at various angles and sections.

Results and discussion

Fig. 1a shows the thickness recovery data for the TR sample.
These results were used to establish the time frame over which
significant recovery occurred and to identify the conditioning
time after processing that would be needed prior to character-
ization experiments. Using a standard conditioning time
allowed us to conduct characterization experiments at a time
point where structural changes had effectively ceased, and the
structure had attained a stable configuration.

For the TR sample, the initial compression achieved was
approximately 45%. While the data indicated that the fabric’s
thickness increased slightly in the first day following the heated
compression step, the change in percent compression values
did not change significantly over the 20 day observation period.
This trend suggested that limited structural relaxation
occurred, which could have resulted from existing fiber junc-
tions in the as-received material and possibly from additional
fiber fusion caused by the heated compression process in the
TR sample. Based on these results, a conditioning time of 7
days was used in further testing. In other fabric structures that
we have characterized previously, heat compressed needle-
punched PET nonwoven fabrics showed more relaxation, but
only on the order of a few percent42 (Fig. 1b). In the heat-
compressed wool felt, which did not have needle-punched
columns, more significant relaxation was observed44,45

(Fig. 1b). While the majority of the relaxation in the wool felt
occurred by day 5, a smaller amount of relaxation continued to
occur at later time points beyond B10 days. This small amount
of relaxation at longer times could be related to the structure of
the fiber network or potentially due to water absorption, though
this effect was not specifically investigated. In order to compare
the initial thickness recovery for these three types of nonwo-
vens, thickness increase was calculated with respect to the
compressed thickness (thickness measured right after the
sample was taken out of the press) and plotted in Fig. 1c. It
was observed that treated stiff felt showed the lowest thickness
recovery, both, during the first few hours, and over the entire
period of 20 days, indicative of the presence of inter-fiber
bonding as well as distorted through-thickness fiber bundles.

Fig. 2 shows the out-of-plane auxetic character of the AR and
TR samples. Unlike other needle-punched nonwoven fabrics
that we have examined previously, the stiff felt fabric was
auxetic in the as-received state, and this response was
enhanced with the heated compression treatment. The auxetic
response was shown from the measured data as a thickness
increase with uniaxial tensile deformation (Fig. 2a). While the
TR sample experienced substantial thickness expansion, it did
not attain the same final thickness as the AR sample, suggest-
ing that the heated compression step imparted some perma-
nent changes to the fiber network that limited the thickness

expansion. As expected, the auxetic response was influenced by
heated compression. At most axial strain values, the

Fig. 1 (a) Thickness recovery over time for treated stiff felt (TR). Thickness
has been expressed as the percentage of original (prior to treatment)
sample thickness and was measured over a period of 20 days. Each
datapoint represents an average of thickness measured at four corners
of a square sample. Vertical bars indicate standard deviation in the
measurement at these four points. (b) Comparison of thickness recovery
over time (20 days) for TR (stiff felt) along with heat-compressed needle-
punched PET (NW1)42 and wool (F1) nonwoven fabrics44,45 – all treated
similarly. (c) Initial thickness recovery comparison, where y-axis expresses
the percent thickness increase from the compressed thickness after the
sample was taken out of the press. Data for the first 5 hours has been
shown.
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magnitudes of the thickness strain values and the instanta-
neous Poisson’s ratio values, shown in Fig. 2b and c, respec-
tively, were larger for the TR samples than the AR samples.
Considering the average values of the instantaneous Poisson’s
ratio, both the AR and TR samples were auxetic at strain values
up to 25%, but the trends observed for instantaneous Poisson’s
ratio were different. For the AR sample, the values for instanta-
neous Poisson’s ratio showed less variation as the axial strain
increased, suggesting that the network structure and mechan-
isms that were responsible for the auxetic response did not
change substantially over the strain range. For the TR sample,
the auxetic response decreased, as indicated by the values of
the instantaneous Poisson’s ratio becoming less negative and
approaching zero as axial strain increased. However, at 25%
axial strain, the instantaneous Poisson’s ratio values were
similar for the AR and TR samples. These trends are similar
to those observed previously for PET needle-punched
nonwovens42 and wool felts,44,45 in that the value of the
instantaneous Poisson’s ratio was large and negative at smaller
strains and became more similar to the as-received fabric at
higher strains. Overall, these trends indicated that the structure

of the treated sample was undergoing changes and was pro-
gressing toward its untreated structure with the application of
tensile strain.

To investigate structural changes that may have occurred
during the heated compression treatment, the stress–strain
curves for the AR and TR samples from these experiments were
also examined. As shown in Fig. 3, the TR felts required higher
stresses to deform, indicating that the TR felts had a higher
strength, but since the felts were not fully dense materials and
the overall cross sectional area was used to calculate the stress,
the load values associated with these stress values were also
examined. At strain values up to 20%, the load experienced by
the TR felt was higher than that for the AR sample, though the
increase in load was lower than the increase in stress. For
example, at 15% strain, the average load values for TR vs. AR
samples were 539 (� 18) vs. 432 (� 30) N while the average
(engineering) stress values were 16.6 (� 0.6) vs. 6.6 (� 0.5) MPa,
respectively. Considering that increases in load were also
observed and in general the strain associated with failure was
reduced for the TR felt, it is likely that the heated compression
step did produce some structural change in the network, such

Fig. 2 (a) Thickness vs. extension plots for as-received and treated stiff felts – AR and TR. (b) Thickness strain vs. axial strain plots for AR and TR felts.
(c) Instantaneous Poisson’s ratio vs. axial strain for AR and TR felts. In each of (a), (b) and (c), every datapoint represents the average y-axis value of six
specimens and vertical bars indicate the standard deviation in its measurement over these six specimens.

Fig. 3 Load-extension data for select extensions (a) and stress–strain data (b) obtained from the thickness change with extension experiments. Error
bars on load-extension plot are standard deviations calculated on load for the six specimens tested. Shaded area in the stress–strain plots envelope the
maximum and minimum stress values.
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as increased interfiber entanglement/bonding. Another feature
seen in the stress–strain plots is the effect of pausing the test to
measure the sample thickness at prescribed strain values. For
the AR and TR fabrics, the load (and corresponding stress)
decreased when the experiment was paused at a fixed deforma-
tion, indicating some relaxation of the fabric during the
measurement time. However, upon resuming the test, the
stress increased, and after a small stress overshoot, the stress
values appeared to be approximately continuous to the stress
values before the pause.

Reversibility experiments were conducted to evaluate the
auxetic response with repeated tensile strain. The thickness
increases observed at each strain level and at each cycle as well
as the percent reversibility are shown in Fig. 4. The overall
trends were consistent with what might be expected for low
strain levels (1% and 2%) and strain levels in the plastic regime
(3% and greater). Additionally, the results were qualitatively
consistent with previous results obtained for wool felt, though
some differences in the behavior at 20% strain were
observed.44,45 Elastic-plastic strain regimes were estimated
from the stress–strain plots obtained during the ‘thickness
change with extension’ experiments (shown in Fig. 3). In all
cases tested here, the thickness increase increased with axial
strain, i.e., 10% strain produced a larger thickness increase
than 5% strain. This behavior was expected based on the results
of the tests to measure Poisson’s ratio. In those tests, the
thickness of the TR samples continued to increase up to 20%
strain (Fig. 2b). Strain levels of 1% and 2% demonstrated nearly
full reversibility, with a larger thickness increase seen at 2%
strain. For these strain levels, the thickness increased to near
constant values over the course of five cycles and upon the
release of deformation, the thickness returned to values near
the original thickness. This behavior would be indicative of
elastic deformation. It should be noted that a slack correction
was not applied to these data, so the strain values include

machine slack and should be considered approximate for these
lower strain values.

The next highest strain level, 3%, showed similar behavior,
but the thickness remained larger than the original thickness
when the strain was removed, indicating that some permanent
changes to the network structure had occurred. Additionally,
the reversibility decreased after the first two cycles, suggesting
that damage accumulation (irreversible structural change) was
occurring.

Samples tested at higher strain values (5%, 10%, and 20%)
showed even larger deviations from the starting thickness as
the cycles proceeded, which would be expected as the amount
of plastic deformation during the first cycle increased. How-
ever, the behavior of samples tested at 5% and 10% were more
similar in character. The thickness values at each of these
strains were not similar in their values, but the thickness
increase difference between loading and unloading was similar
until the third unloading step. Both sets of samples showed a
difference of about 20% in the thickness values between load-
ing and unloading, suggesting that the same structural features
might be responsible for the recovery at these strain levels.
Likely, these features were the needle punched columns.

At the highest strain level used in this work, the thickness
increase data indicated a different behavior. The overall thick-
ness increase was the largest observed, but the amount of
recovery in cycles 2 through 5 was small, approximately 5% of
original thickness. A lesser amount of recovery suggested that
the needle-punched columns were likely damaged at this strain
level and the structural features which were left intact, primar-
ily inter-fiber bonds, could only provide small amounts of
recovery.

Analogous trends were observed in the percent reversibility
data shown in Fig. 4b: (1) reversibility decreased as the applied
strain increased, for any given cycle and (2) reversibility
decreased as the number of cycles increased for any given

Fig. 4 (a) Change in thickness over five loading-return cycles of TR sample. Each datapoint represents average thickness percent change at each strain
and for each cycle for two specimens. Error bars denote the range of values for the two specimens. (b) Percentage of reversible component of thickness
changes with respect to thickness change during the first loading. Error bars denote the range of values for the two specimens.
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strain level. There were a couple of exceptions where average
reversibility of 2% data was higher than that of 1% strain
(second and third cycles), but the error in 2% strain data was
large in these instances. The negative reversibility for 20%
strain (second cycle onwards) was a mathematical artefact
arising from the reversibility being calculated with respect to
the first cycle and, in the case of 20% strain, the minimum
thickness attained for second cycle and onwards was still
higher than the maximum thickness obtained during the
first cycle.

Additionally, trends observed in reversibility were reflected in the
trends observed in the loading stress. These data are shown as
adjusted stress vs. strain plots in ESI† (Fig. S2). For 2% and higher
strain level experiments, a gap between the first cycle stress and
subsequent cycles appeared and kept increasing in magnitude –
consistent with irreversibility trend. Furthermore, as the number of
cycles increased in a particular experiment, the stress levels
decreased but were also observed to approach an asymptotic value
(suggesting approach towards a ‘settled’ structure) at the 5th cycle.
This behavior has been observed in other porous materials such as
foams and described by the Mullins effect.57,58 The Mullins effect,
which describes stress softening upon cyclic loading, was originally
observed in elastomers59 but is present in porous materials as well.
In elastomers, the Mullins effect is correlated with a change in the
structure of reinforcement particle clusters. For porous materials,
the Mullins effect would be correlated to a change in a different
structural feature or features, such as fiber entanglements or at
higher strains, changes to the buckled columns. This stress soft-
ening is likely related to the trends seen in reversibility.

Structural characterization of the AR and TR fabrics was
performed using SEM and mCT. The SEM imaging focused
primarily on the compressed surfaces, whereas the mCT pro-
vided information about the internal structure. SEM images of
the AR and TR fabrics are shown in Fig. 5. The fabric surface
did not show large differences in appearance following heat
compression treatment. Both fabrics showed some fusion of
individual fibers, which would be expected since the fabrics
were produced from fibers containing a low melting compo-
nent. It appeared that additional melting occurred during the

heated compression treatment. Additionally, the fibers in the
TR fabric showed some flattening and exposure of the inner
fiber. While this feature was also observed in the AR fabric, the
effect was more pronounced after heat treatment, suggesting
that additional inter-fiber bonds may have been produced by
the heat treatment through fiber fusion and increased entan-
glement. This result is consistent with the reduced thickness
recovery of the TR fabrics and overall mechanical behavior.

The mCT imaging provided some complementary informa-
tion about the structure and insight into the effect of heat
compression on the structure of the needle punched columns.
The images for the AR and TR fabrics are shown in Fig. 6.
Considering the surface of the fabric, which in these images
was an internal ‘‘surface’’ and not the outer surfaces as shown
in the SEM imaging, the AR fabric showed the expected
features. Specifically, the cross section of the needle punched
columns were visible as roughly circular collections of fibers in
the in-plane view and relatively vertical fiber assemblies as seen
through the cross section, though some tilting of the fiber
columns was seen. The TR fabrics showed a greater deforma-
tion of the needle punched columns, with rotated and distorted
structures visible in the cross section. The individual fibers also
appeared to be packed more densely in the TR fabric, as would
be anticipated. The microstructural features observed were
similar to those seen for the needle punched polyester fabrics
studied by the authors previously.42,43

Considering the results of structural characterization and
mechanical properties together, we propose that the stiff felt
structure in its AR and TR states combines aspects of auxeticity
and tensegrity in a manner similar to the reentrant tensegrity
structure recently described by Oster et al.60 Tensegrity is a
structural design concept employed in engineering, science,
and art and is generally described as having compressed
elements contained inside of a network of tensioned elements.
The elements are connected to one another, and this network is
stabilized by prestress.

In Oster et al., the reentrant tensegrity structure was built
and studied computationally and then subsequently validated
experimentally using a 3D printed structure. While the

Fig. 5 SEM images of AR fabric (a–c) and TR fabric (d–f) The images suggested that additional inter-fiber bonding occurred during heat treatment.
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reentrant tensegrity structure was periodic and element con-
formations were more regular than what would be expected for
the stiff felts, the similarities in the reentrant tensegrity struc-
ture and the stiff felt structure are compelling. The reentrant
tensegrity structure contained a three-dimensional, periodic
arrangement of cylinders which were deformed from a linear
conformation to a curvilinear conformation, though still
oriented in the same direction. These fibers were connected
to those around them through rigid bars. Integrating buckled/
wavy elements into the prestressed network allowed for auxe-
ticity and tensegrity to be present in a single structure.

In order to check the applicability of the model in Oster et al.
to our materials, one could consider a possible mapping of its
structural features to the stiff felt. The cylinders with a curvi-
linear conformation resembled the distorted fiber columns in
the stiff felts, though the reentrant tensegrity structure had
these columns regularly arranged and oriented in three ortho-
normal directions. The fiber columns in the stiff felt were
present in the thickness direction of the fabric only and were
not arranged regularly. The function of the rigid bars in the
reentrant tensegrity structure would be performed by the fibers
connecting columns in the felt. The fibers connecting the
columns were not perfectly rigid or short, but they were con-
strained and connected to one another in a network of fibers,
though the level of constraint may be different in different
areas of the fabric. For the stiff felts, the inter-fiber bonds could
be in the form of bonded connections as seen in the SEM image
or physical entanglements. The former is specific to the stiff
felts, while the latter could be present in most any nonwoven

structure. The reentrant tensegrity model described by Oster
et al. also contains structural chirality which does not seem to
be present in the same way in the stiff felts. Though, some
asymmetry could be present due to slight tilting of the fiber
columns observed with mCT. This tilting in the AR sample is
expected to occur during manufacturing since the needle-
punching operation is performed on a moving fiber web.
Beyond these structural features, another element of tensegrity
is prestress in the structure. For the stiff felts and other
nonwoven structures, prestress can be imparted to the fiber
network during manufacturing and maintained since the net-
work contains connections that prevent or hinder fibers slip-
ping past each other when loaded.40 The degree of prestress
would be affected by the processing steps used to produce the
nonwoven as well as any post-processing steps like the heated
compression steps used to make the stiff felt (AR) and enhance
the auxetic response (TR). Aside from the structural similari-
ties, the modeling results for the reentrant tensegrity structure
has shown that the auxeticity is reversible under cyclic loading,
similar to what we have shown in this work.

The implications of these similarities in structure and
performance between the stiff felt and the reentrant tensegrity
structure further suggest that nonwoven and other textile
structures are a powerful platform for realizing unique struc-
tures in a scalable, accessible fashion. Specifically, the current
work has achieved substantial auxeticity with a common mate-
rial arranged in an imprecise structure that was produced by
large scale manufacturing. It is likely the small-scale network
irregularity (for example: variations in fiber orientation and

Fig. 6 mCT images of the AR fabric (a) and TR fabric (b).
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configuration; fiber bundle size and tilt; differing strength of
fiber connectivity) in these stiff felts that contributes to their
ability to undergo gradual morphing of the average network
arrangement as strain is increased – at first reversible and later
elastic-plastic network configurations – followed by removal of
load and specimen relaxation. In the elastic-plastic regime the
interplay of these factors in the locally inhomogeneous, but
globally homogeneous network results in the macroscopic
sample being able to realize a ‘stable’ relaxed arrangement
for each maximum strain value. In this way, the behavior is
analogous to what has been described as multistable tensegrity
structures in which there exists a barrier to interconversion
among the stable states.61,62 In our case, we feel it is mechanical
energy (subsequent strain cycle) that activates this conversion to a
new network configuration. These results support the assertion
that highly entangled/connected fiber networks can behave as
tensegrity structures and suggest pathways for understanding
how auxeticity and tensegrity can be used together in material
constructs such as mechanical metamaterials and composites.

Conclusion

In this research, a stiff felt nonwoven fabric was characterized
to establish its out-of-plane auxetic response in the as-received
state (AR) and following post-processing treatment with heated
compression (TR). This nonwoven fabric provided additional
insight about the auxeticity of fiber networks since its structure
was intermediate to a physically entangled nonwoven and a
composite. In the stiff felt, the fibers were connected to one
another through a low melting component as well as through
physical entanglements (purposefully included needle-
punched columns and entangled fibers between columns),
but the open space in the fiber network was not completely
filled by a matrix, allowing further consolidation of the fiber
network with heated compression. This combination of net-
work attributes may provide a stepping-stone or transition
material to guide similarly motivated research with polymer
composites.

The results of the mechanical characterization performed in
this study indicated some similarities in the auxetic character
of stiff felt and other nonwovens with different structures,
specifically, needle-punched nonwovens and felted nonwovens.
Unlike previously studied needle-punched nonwovens, the stiff
felt was slightly auxetic in the as-received state, likely due to the
heated compression step used to activate the low melting
component in the fiber system which would impart some
deformation to the needle-punched columns. As with other
work with nonwovens, the heated compression step was able to
impart a greater auxetic character to the fiber network, and the
magnitude of Poisson’s ratio at lower strains was comparable to
what had been achieved previously. The effect was found to be
at least partially reversible up to strain values near the fracture
strain, suggesting that elements of the network that contribute
to the auxetic response remained intact through the
deformation.

Overall, these results provided an improved understanding
of how nonwoven structures fit into the family of mechanical
metamaterials and how they can be designed to produce an
out-of-plane auxetic response with applications in composites
and structures for multiple types of energy dissipation. While
the commercially available fabrics studied so far have been
made from commodity polymers and natural fibers, this man-
ufacturing process is also applicable with high performance
fibers, providing guidelines for working with high performance
fibers and other materials of interest. Beyond examining the
auxeticity, the stiff felt structure may also be useful to elucidate
connections between auxeticity and tensegrity. This connection
has been intimated by some studies and shown computation-
ally. However, practical examples of structures that may show
the connection are more difficult to obtain. Similarities
between the stiff felt structure and the reentrant tensegrity
structure are compelling and could be explored further to
establish relationships between auxeticity and tensegrity and
provide performance parameters that define when auxeticity
and tensegrity are present simultaneously and when they
are not.
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