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A B S T R A C T

Biomaterials are porous and three-dimensional (3D) templates, which are used as biological substitutes in tissue
engineering. Targeting the optimal design of biomaterials requires a synergy between mechanical, porous, mass
transport, and biological properties. To address this challenge, we propose a non-periodic meta-biomaterial in
the form of an out-of-plane auxetic nonwoven scaffold that possesses a 3D interconnected highly porous structure
with remarkable mechanical properties corresponding to conventional nonwoven material. A design strategy of
utilizing larger fiber diameters to enhance the porosity and permeability characteristics successfully devised the
nonwoven scaffold with an extraordinary out-of-plane auxetic effect. In situ tensile-X-ray microcomputed tomog-
raphy (microCT) analysis has been carried out to monitor the variation in the morphological characteristics.

1. Introduction

Porous biomaterials are used as templates in tissue engineering that
revive the damaged tissues and organs by combining biological knowl-
edge and engineering principles. These templates are three-dimensional
(3D) in structure, usually seeded with cells and growth factors (Grif-
fith and Naughton, 2002; O'brien, 2011). Ideally, the engineering
design of 3D porous biomaterial scaffolds should leverage the cell den-
sity, extend the cell proliferation period, and enhance the cell differ-
entiation activity (Li and Yang, 2001). Catering these requirements
would demand the 3D scaffolds to possess sufficient mechanical proper-
ties for surgical handling. In addition, these scaffolds should be highly
porous along with a high level of interconnectivity amongst the pores to
warrant cellular infiltration and sufficient diffusion of nutrients to cells.
However, it is an open challenge for a highly porous structure to re-
tain good mechanical properties (Karageorgiou and Kaplan, 2005).
To address this challenge, the presented work aims to introduce an
out-of-plane auxetic 3D nonwoven scaffold that exhibits a highly inter-
connected porous structure with striking mechanical properties in com-
parison to conventional nonwoven material.

Auxetic meta-biomaterials exhibit negative Poisson's ratio, and ac-
cordingly, these materials tend to expand in one of the transverse direc

tions in response to stretching (Kolken and Zadpoor, 2017). Although
the majority of the investigated meta-biomaterials consist of periodic
and well-ordered structures (Kolken et al., 2020), the non-periodic
materials such as nonwovens have been rarely investigated. Nonwo-
ven materials are a unique class of 3D scaffolds that not only offers
high porosity but allows a sufficiently strong and mechanically stable
structure (Soares et al., 2017). To develop a library of the nonwo-
ven scaffolds with a wide range of geometrical and mechanical proper-
ties, it is essential to exploit the out-of-plane auxetic characteristics that
allow material expansion in the thru-thickness direction upon stretch-
ing. Recently, auxetic scaffolds with tunable negative Poisson's ratio dis-
played the unusual cell division, and structural reorganization yielded
distinct sets of biophysical signals (Yan et al., 2017; Zhang et al.,
2013). Therefore, the central goal of the research work was to develop
out-of-plane auxetic polypropylene-based nonwoven scaffolds, followed
by their morphological and mechanical analyses. Particularly, the mor-
phological and transport characteristics of out-of-plane auxetic nonwo-
ven have been unfolded by in situ monitoring of 3D structure via X-ray
microcomputed tomography (microCT) analysis. A comparison has also
been made between various properties of corresponding conventional
and auxetic nonwoven scaffolds.
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2. Materials and methods

Two needlepunched nonwoven materials were prepared using
polypropylene fibers with distinct fiber dimensions. Similar to our ear-
lier works (Rawal et al., 2019, 2017), these nonwoven materials were
fabricated by opening the fibers, followed by carding and cross-lapping
processes that resulted in anisotropic web structures. The webs were
then made to pass through two sets of needle boards in a needlepunch-
ing process by setting the punch density and depth of needle penetra-
tion as 150 punches/cm2 and 15 mm, respectively. Here, the samples
A and B have been assigned to the scaffolds prepared from coarser and
finer fibers, respectively (see Table 1). Further, the tensile properties
of nonwoven scaffolds with specimen dimensions of 100 mm × 50 mm
were determined on an Instron Testing System 3365 that had a load cell
of 5 kN. Here, the specimen grip moved under a constant strain rate
of 10 mm/min. In addition, on-line Poisson's ratios were determined by
capturing the images using two high-resolution digital cameras placed
in the width-wise and thru-thickness directions. Here, the virtual rectan-
gles were drawn at the center of the specimen, and the changes in their
dimensions were recorded under a 5% level of strain with respect to
the unstrained state. Subsequently, ImageJ® was used for the post-pro-
cessing of captured images in determining the in-plane and out-of-plane
Poisson's ratios. Further, the porosity of nonwoven scaffolds was deter-
mined by measuring thickness under defined compressive stresses (2.45,
4.9, 9.8, and 19.6 kPa). Table 1 shows a key set of fiber and nonwoven
scaffold characteristics.

The morphological analysis of nonwoven scaffolds was primarily car-
ried out using an X-ray micro-computed tomography technique (Bruker
SkyScan 2211). In this technique, the nonwoven specimens of dimen-
sions 25 mm × 5 mm were mounted in the strain cell of the X-ray mi-
croCT equipment and were scanned at unstrained and 5% strain level.
The X-rays were focused using a tungsten target with a 50 kV source
voltage and 600 μA current. The sample stage was rotated up to 180°
in 1200 steps of 0.15°each to obtain 2300-2400 projected images af-
ter 600 ms of X-ray exposure. The projections obtained were then re-
constructed using the commercially available NRecon (SkyScan, Bruker,
Belgium) software. The artefacts in the projections were removed us-
ing beam hardening correction, defect pixel masking, and ring arte-
fact reduction techniques. 3D volumes of the specimens were created
using CTVOX® (Bruker, Belgium) and AVIZO® (evaluation version).
The reconstructed images were analyzed for fiber orientation distrib-
ution using CTAN® software (Shukla et al., 2020). Pore intercon-
nectivity, pore volume distribution, air permeability of nonwoven scaf-
folds in the thru-thickness direction were determined using Avizo®

Table 1
Nonwoven scaffolds and their fiber characteristics.

Properties Sample A Sample B

Fiber diameter (μm) 48 30
Fiber length (mm) 60 51
Nominal mass/area (gm −2) 600 600
Thickness (mm) 5.30 7.6
Elastic modulus (MPa) 3.03 ± 0.37 1.44 ± 0.13
Specific modulus (MPa kg −1m 3) 0.03 ± 0.003 0.02 ± 0.002
Tensile strength (MPa) 5.00 ± 0.23 3.80 ± 0.63
Breaking strain (%) 147.15 ± 14.31 84.87 ± 11.72
Toughness (MPa) 4.45 ± 0.46 1.35 ± 0.35
In-plane Poisson's ratio 2.13 ± 0.13 0.99 ± 0.28
Out-of-plane Poisson's ratio −3.99 ± 0.23 1.52 ± 0.70
Initial porosity 0.88 0.91
Porosity at 5% strain 0.90 0.91
Change in Volume (%) 12.52 −4.39

(evaluation version). Specifically, the air permeability of nonwoven scaf-
folds was determined under a pressure drop of 100 Pa.

3. Results and discussion

In the past, the importance of 3D microporous scaffolds has been
highlighted to promote 3D cell-cell interactions that effectively modu-
lated the cell-specific function (Li and Yang, 2001). With the aid of
X-ray microCT analysis, we unravel the 3D structure of a needlepunched
nonwoven scaffold, as illustrated in Fig. 1a and b. In a nonwoven scaf-
fold, some of the fibers are aligned in the thru-thickness direction that
can potentially allow the 3D cellular migration and reorganization (Li
and Yang, 2001). Though, the majority of the fibers are aligned in
the in-plane direction, as depicted in Fig. 1c and d, and Fig. S2. In-
triguingly, the sample A prepared from larger fiber diameters displayed
large negative Poisson's ratio in the thru-thickness direction, as shown in
Table 1. Here, the larger fibers present in the thru-thickness direction
can generate a significant level of transverse forces on the in-plane fibers
leading to the ‘bulging’ effect (Rawal et al., 2019, 2017). Given the
fact that there is a marginal increase in the porosity, the tensile prop-
erties of sample A are still significantly higher than that of a conven-
tional scaffold produced under similar process conditions (see Table 1
and Fig. S1). However, sample A maintained its structural integrity sim-
ilar to sample B under compression loading. Since the reduction in the
porosity of sample An under compression loading is similar to that of
sample B, as shown in Fig. S3.

Porosity is an established determinant for creating any scaffold suc-
cessful for tissue engineering applications (Soliman et al., 2011). Fig.
2a demonstrates greater coverage of pore volume in an out-of-plane
auxetic nonwoven scaffold. Under the unstrained state, the porosity
of sample B appears to be higher than that of an auxetic nonwoven
scaffold (see Table 1). Though, the porosity value of sample A ap-
proaches to that of a conventional scaffold at a 5% level of tensile strain.
Upon stretching, there is an overall increase in the volume of sample A
whereas there is a reduction in the volume of sample B. Sample A has an
added advantage that they are made up of fibers with significantly larger
diameters (~60%) than the fibers used in sample B. According to Taka-
hashi and Tabata (2004), relatively more mesenchymal stem cells
were found to be attached to the nonwoven fibers with larger diameters
than the thinner ones. Another demand of the state-of-art in scaffolds is
to choose a uniform nonwoven in order to avoid fewer cells attached in
the regions that are loose or circumvent the formation of cell aggregates
in pockets with densely packed fibers (Li and Yang, 2001). To address
this challenge, we analyzed the variation in local porosity of nonwoven
scaffolds, as shown in Fig. 2b and Fig. S4. Sample A maintains a higher
magnitude of porosity along the thickness direction during tensile load-
ing. Such views have also been substantiated based upon the distribu-
tion of pore volumes in sample A, as illustrated in Fig. 2c. In sample B,
there is a significant reduction in smaller pores (<100 μm) followed by
a marginal increase in larger pores (>400 μm) upon stretching. How-
ever, the pore space is uniformly maintained in an auxetic nonwoven
scaffold even on application of tensile strain.

The uniformity of pore space should ensure that these pores are
highly interconnected not only to allow cellular penetration and ade-
quate diffusion of nutrients to cells but a way forward to extract the
waste products from scaffolds (O'brien, 2011). Accordingly, the inter-
connectivity of pores has been analyzed, and generally, the nonwoven
scaffolds displayed a highly interconnected porous structure (see Fig.
2d). The permeability of scaffolds also plays a key role in the nutrient
and waste transportation within the structure (O'Brien et al., 2007).
This has directed us to compute the thru-plane permeability characteris-
tics of nonwoven scaffolds, as shown in Fig. 3.

High magnitude of porosity is expected to yield better permeability
characteristics; accordingly, sample B showed higher thru-plane perme-
ability than sample A. On stretching, there is a dramatic change both in
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Fig. 1. X-ray microCT analysis of sample A (a) 3D rendered image (b) Cross-sectional view in the YZ plane (c) In-plane fiber orientation distribution (d) Out-of-plane fiber orientation
distribution. Here, 90° represents machine and planar directions in the in-plane and out-of-plane fiber orientation distributions, respectively.

Fig. 2. Pore morphology of nonwoven scaffolds (a) Pore volume (indicated by blue color) (b) Variation of porosity along with the thickness (c) Pore volume distribution of samples A and
B under unstrained and strained states, and (d) Pore network model of sample A represented by spheres (end or connection point with another pore) and segments (pore body). The pore
volume distributions and pore network models have been generated via Avizo® (Evaluation version). Here, normalized thickness refers to the proportion of the total thickness.

the trend and the magnitude of thru-plane permeability of auxetic non-
woven scaffold. Interestingly, the magnitude of the thru-plane perme-
ability of sample A approaches to that of sample B at a 5% level of

strain. Besides the improvement in the thru-plane permeability of
out-of-plane auxetic nonwovens, these scaffolds possess significantly
higher magnitudes of mechanical properties while preserving the highly
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Fig. 3. Thru-plane permeability of samples A and B under unstrained and strained states.

porous architecture and interconnected pore network. In the past, the
nonwoven scaffolds have established as excellent templates for tis-
sue-engineered bone or cartilages, but the key challenge is to attain
similar mechanical properties as that of host bone or cartilage (Hut-
macher, 2000). The interplay between the mechanical properties and
porous characteristics of out-of-plane auxetic nonwoven is a step to-
wards achieving these goals.

4. Conclusions

In this research work, the polypropylene-based out-of-plane auxetic
nonwoven scaffold was successfully developed using a larger fiber di-
ameter. The insights about the morphological and transport character-
istics of nonwoven scaffolds were obtained via X-ray microCT analysis.
Subsequently, the merits of out-of-plane auxetic behavior were mani-
fested in terms of enhancement in porosity, mechanical properties, and
thru-plane permeability characteristics corresponding to the conven-
tional nonwoven scaffolds. In an out-of-plane auxetic nonwoven scaf-
fold, the pores are not only highly interconnected but maintain pore vol-
ume distribution and uniform porosity upon stretching. The versatility
provided by these scaffolds can endeavor into bone and cartilage regen-
eration applications.
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