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ABSTRACT - REZUMAT

Tensile and bending properties of flexible auxetic re-entrant honeycomb structures made by 3D
printing

The main content dealt with in the paper was to present a flexible auxetic re-entrant honeycomb fabric, which was made
of a formulated thermoplastic polyurethane material PolyFlex with super elastic properties by 3D printing technology.
The auxetic fabric shows perpendicular expansion under tension and is flexible. So, its special property makes auxetic
fabric have great potential in future functional materials. Wherein, the honeycomb cell angle is a key factor affecting
Poisson’s ratio of fabric. In this paper, flexible re-entrant honeycomb structures with different cell angle are manufac-
tured using 3D printing technology. The shape change under tension of two directions were investigated. The re-entrant
honeycomb structures presented negative Poisson’s ratio immediately when stretched. The shape change consisted of
three stages in X,-direction, the same as that in X,-direction. A noticeable discovery was that the shape change in
X -direction posed an out-plane change after the first shape change stage, while the shape change in X,-direction
always remained in-plane in the whole tension process. The tensile modulus tested was consistent with the tendency of
theoretical analysis of previous work. The bending rigidities were tested and similar to fabrics of poplin and denim. The
results indicate that the auxetic fabric is suitable for special clothing.

Keywords: flexible auxetic honeycombs, 3D printing, negative Poisson’s ratio, shape change, bending rigidity

Rezistenta la rupere si rigiditatea la incovoiere ale structurilor auxetice flexible de tip fagure, realizate
prin imprimare 3D

Lucrarea analizeaza, in principal, materialul auxetic flexibil de tip fagure, realizat din poliuretan termoplastic tip PolyFlex
cu proprietati supraelastice, obtinut prin tehnologia de imprimare 3D. Materialul auxetic prezinta expansiune pe directie
perpendiculard sub tensiune si este flexibil. Astfel, materialul auxetic prezintd un potential mare pentru produsele
functionale viitoare. In acest caz, unghiul celulelor de tip fagure este un factor cheie care influenteazé raportul lui
Poisson. In aceasts lucrare, sunt prezentate structuri flexibile de tip fagure cu unghiuri diferite ale celulelor, realizate
utilizénd tehnologia de imprimare 3D. S-a analizat modificarea formei sub tensiune pe doua directii. Structurile de
reumplere de tip fagure au prezentat un raport negativ al lui Poisson imediat dupa intindere. Modificarea formei a constat
in trei etape pe directia X, si aseméandtor pe directia X,. O descoperire vizibila a fost aceea ca modificarea formei in
directia X, s-a realizat inafara planului, dupa prima etapa, in timp ce in directia X, a ramas intotdeauna in planul
intregului proces de tensiune. Modulul de rezistenta la rupere testat a fost in concordanta cu tendinta identificata in
analiza teoretica din studiile anterioare. Rigiditatile la incovoiere au fost testate si au fost similare cu cele ale tesaturilor
din poplin si denim. Rezultatele au indicat faptul ca materialul auxetic este potrivit pentru realizarea imbracamintei
speciale.

Cuvinte-cheie: structuri auxetice flexibile de tip fagure, imprimare 3D, raportul lui Poisson negativ, modificarea formei,
rigiditatea la incovoiere

INTRODUCTION

When a sample of material is stretched, it is natural-
ly expected that a contraction in the direction per-
pendicular to the stretching direction will occur.
Poisson’s ratio is the quantity defining this funda-
mental material feature. On the contrary, a material

Poisson’s ratio can attribute a material with many
exceptional benefits [2], such as increased stiffness
[3], increased indentation resistance [4] and an abili-
ty to form synclastic doubly curved surfaces [5-6].

In recent years, the use of textile technology to fabri-
cate auxetic materials has attracted more and more

with a negative Poisson’s ratio expands in all direc-
tions when pulled, leading to an increase in its vol-
ume. Evans [1] was the first to make such materials
as auxetic materials with a negative Poisson’s ratio.
Beside the elementary scientific importance of
imparting such a fundamental property, a negative
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attention. It is reflected in the extent of research work
exploring the auxetic potential of various textile struc-
tures and subsequent increase in the number of
research papers [7]. Particularly, auxetic yarns have
been studied thoroughly. Du manufactured helical
auxetic yarns and analyzed the auxetic effect using
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finite element analysis based on ABAQUS software
and theoretical formula [8]. Hu created a new method
to manufacture auxetic yarns which had more stable
structures, and manufactured a novel auxetic textile
composites [9, 10] according to the re-entrant honey-
comb structures. Ugbolue produced knit structures
made of conventional yarns by using chain and filling
yarn inlays. They combined the principles of geome-
try, fabric structural characteristics and conventional
elastic yarn to engineer hexagonal knit structures
with auxetic effect [11]. Recently, a range of auxetic
knitted fabric had been produced by using weft flat
knitting technology [12—-13]. Based on rotating units,
auxetic fabric was produced [14]. Verma reported
that it was possible to induce out-of-plane auxetic
behaviour in needle-punched nonwovens [15]. These
auxetic textiles have great potential to be used in
many areas like biomedical field, filters, piezoelectric
sensors and actuators, medical field, seat belts and
safety harness in automobiles, ballistic protection,
reinforcement composites. Except the traditional tex-
tile technology, such as weaving [4], knitting [14,
16-18] and non-woven [19], 3D printing is a direct
and effective method to fabricate complex auxetic
structural designs. Meanwhile, auxetic materials can
be used in smart systems and enforce composite
materials [20-21].

Combinations of 3D printing with typical auxetic
structures would also change the way of auxetic tex-
tiles manufacturing [22]. Actually, for the tension
property of re-entrant honeycombs, the traditional
auxetic structures of rigid materials had been investi-
gated by scientists in the area of mechanical engi-
neering [23-24]. All these articles dealt with the
shape change under little strain and gave equations
of Poisson’s ratio and Yong’s modulus. The Poisson’
ratios of honeycombs were supposed to be deter-
mined by the geometry of their unit cells only.
However, the shape change of flexible materials was
a complex process, which call for intensive investiga-
tion in order to establish a proper understanding.
Therefore, the paper aims to produce a flexible aux-
etic re-entrant honeycomb fabric made of a formulat-
ed thermoplastic polyurethane material PolyFlex with
super elastic properties by 3D printing technology,
and to discover the tensile deformation of the auxet-
ic fabric under two directions so as to analyze effect
of cell angle on Poisson’s ratio. In addition, the shape
changes under tension of two directions were inves-
tigated in these flexible re-entrant cell honeycombs
structures.

EXPERIMENTAL DETAILS

Design of geometric unit cell parameters
of re-entrant honeycomb structures

Re-entrant honeycomb unit cell is characterized by
four indices, i.e., cell wall of length h and /, thickness
t and internal cell angle 8 as seen in figure 1. When
the length h and / are fixed, the internal cell angle has
significant effect on Poisson ratio. So, five typical
internal cell angles 6 are chosen as —45°, —-40°, —35°,
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-30°, -25°, and X
the h, I and t are
10, 5 and 0.6 mm,
respectively. The
samples of tensile 1 h
experiment were
made in 5 unit ¥
cells’5 unit cells
and two plain areas
were added to the
structures in order
to measure conve-
niently. In addition,
tensile test on two directions (X, and X, in figure 1)
were carried out and illustrations of such sample test-
ed in the two directions are shown in figure 2. For
bending rigidity measurement, the samples are
printed in 50 mm x 200 mm.

b d

v

Fig. 1. Unit cell of a model of
re-entrant honeycomb structures

Fig. 2. A typical re-entrant structural model and sample:
a — model for tensile use in X, direction; b — sample for
tensile use in X, direction; ¢ — model for tensile use in X,
direction; d — sample for tensile use in X, direction

3D Printing process

Twenty specimens were manufactured by Raise3D
N2 system based on fused deposition modeling tech-
nique (FDM). The material used in this work was
PolyFlex, which was a formulated thermoplastic
polyurethane material with super elastic properties.
The Young’s Modulus of PolyFlex is 58.57 MPa
according to ASTM D638.

The manufacturing principle was based on a multi-jet
modelling technology, where a special printing head
covered the whole working area of 305 mm x 305 mm
x 305 mm and built up the model by adding individu-
al layers of the produced geometry.

A SolidWorks parametric modeler was used to design
the sample geometry, and then it was exported to the
STL format for the 3D printing. The final samples
were produced with a layer thickness of 0.1 mm and
the total depth of each sample is 1.5 mm.
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Measurement method

Tensile tests were implemented by YG026MB Fabric
Strength Tester. The tensile speed was set to 200
mm/s. The Young’s modulus E was measured from
the slope of the linear elasticity section on load-
deflexion curve (the strain from 0.1% to 0.3%). In
order to analyse the cell size change, a microfocus
camera was employed to record the tensile deforma-
tion during the test until the out-of-plane change
reached its maximum in the X,-directional testing or
the transverse width became smaller than 2/3 of its
original width in the X,-directional testing, which the
plane formed by X, and X, directions. Therefore, out-
of-plane shape change means change occurs on the
planes perpendicular to the plane formed by X, and
X, directions. Image process software DIGIMIZER
was adopted to calculate the shape change in per-
pendicular direction, and the perpendicular strains
and longitude strains were measured to calculate the
Poisson’s ratio of the honeycomb structures.
Poisson’s Ratio u is defined as the minus of specific
value between transverse strain and longitudinal
strain in elastic loading.

Bending properties were implemented by FAST-2
Fabric bending tester and the bending meter mea-
sures two bending properties of a sample, namely
the fabric bending length is related to the ability of a
material to drape. The fabric bending rigidity relates
to the quality of stiffness when a fabric is handled.
The bending rigidity is particularly crucial in the tailor-
ing of lightweight fabrics as a very flexible fabric (low
bending rigidity) may cause seam puckering, while a
high bending rigidity fabric can be more manageable
in sewing and so produce a flat seam. The bending
length (BL) is displayed automatically [25-26].

RESULTS AND DISCUSSIONS

The strain change in both directions

It can be seen from figure 3,a and b that the shape
change of 3D printing honeycombs is distinct and

they can show expanding in transverse direction at
the same time of tension of longitudinal direction. The
shape change process in X,-direction consisted of
three stages. In the first stage in figure 3,a, shape
change remained in-plane and the cell wall length |
was almost parallel to the X,-direction before reach-
ing the highest strain for every sample. The out-plane
shape change occurred in stage two, while out-plane
shape change strain started decrease in stage three
and the whole structure was broken in the edge.
The shape change in X,-direction also included three
stages, but it remained in-plane during the whole pro-
cess. The first stage mainly consisted of the rotation
of cell wall | and the perpendicular width reached its
maximum and cell wall | was parallel to X,-direction.
After that, the perpendicular width remained wider
than the original width, but it began to decrease at the
second stage. It can see from figure 3,b that the
re-entrant honeycomb structures would become an
out-entrant honeycomb structures at the end of the
second stage. The last stage of shape change in
X,-direction was simple, like a positive Poisson’s
ratio material.

At the edge of structures broken, the extending in
X,-direction was far bigger than that in X,-direction.
The perpendicular increasing under the tension in
X,-direction was much more steady, while the per-
pendicular increasing in X,-direction increased with
the increase of longitudinal increasing, and then
decreased until smaller than the original width. There
was also a distinct phenomenon that the tension in
X,-direction leading to an out-plane expanding, but
the shape change in X,-direction always remained in-
plane. We could discuss the out-plane shape change
in these serials of paper.

Typical Poisson’s ratio-strain curve

According to figure 4,a and b, the change of
Poisson’s ratio varies with the change of strain in dif-
ferent longitudinal directions. The Poisson’s ratio had
a closer relationship with the angle 6. Obviously dif-
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Fig. 3. The transverse strain vs. longitudinal strain in X, and X, directions: a — tensile loading in X|-direction;
b — tensile loading in X,-direction
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Fig. 4. The Poisson’s ratio vs. longitudinal strain under tension for different cell angle: a — tensile loading in
X, direction; b — tensile loading in X, direction

ferent samples had the smallest Poisson’s ratio in dif-
ferent longitudinal strain, less than 10% in X,-direc-
tion and less than 5% in X,-direction. Meanwhile, the
material properties were more important than the
geometry parameters in the big strain area because
the v change tendencies are similar in all angles after
the small strain change zones. And the re-entrant
angle plays a more significant role in X,-direction
than in X,-direction, which in same tensile strain,
20%, the standard deviation of Poisson’s ratio in X,-
direction is 0.12, while 0.25 in X,-direction.

In addition, there was a discovery that the Poisson’s
ratio was smaller in small angle 8 under same strain
within the second stage. At the initial stage, both
shape change process in experiments were not very
clear and experimental error was a little large. On the
other hand, the most significant difference between
figure 4,a and b was the line tendency. In figure 4, a,
the line changed in a shape of exponential form,
while in figure 4, b, the line was almost linear.

Young’s modulus

It can be seen from figure 5 that the angle 6 of the 3D
printed flexible auxetic structures also had a signifi-
cant effect on the Young’s Modulus. The E; in direc-
tion of X, increased remarkably with the increase of
angle 6, while the E, in direction of X, was quite dif-
ferent, decreased slowly with the increase of angle 6.
They were almost equal in about angle 44°. The
trend of E change was consistent with the theoretical
result of flexure model [24, 27].

Bending rigidity

It can be seen from table 1 that the bending rigidities
and weight per square meter were given. As the cell
angle increased, weight per square meter decreased
dramatically. The bending rigidities were larger than
the normal fabrics and were similar to the fabrics of

poplin and denim [27-29]. The curves of bending
rigidities were shown in figure 6.
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Table 1
WEIGHT PER SQUARE METER AND BENDING
RIGIDITY OF SAMPLES
Angle 6 Weight per B-X, direction | B-X, direction
) square meter (N-m) (UN'm)
(g/m?)
—45° 511.6 4869.70 4869.70
—-40° 446.9 5522.16 4253.47
—-35° 398.5 6101.58 3792.92
-30° 352.5 4989.07 3669.31
—-25° 317.2 4732.15 3205.74

ﬂl

It is obvious from figure 6 that the bending rigidity in
X, direction reached its top when the angle was —35,
while it remained decrease constantly in X, direction.
It may be attributed to different parts of the re-entrant
structures. For the bending in X, direction, the
inclined edges with length / loaded more and the
shape change process was complicate. On the other

22+

= —— X,-direction
o —e— X-direction
16}

E, MPa

Fig. 5. The Yong’s module of different samples
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Fig. 6. Bending rigidities of samples

hand, the bending behaviour in X, direction was
caused mainly by the bending of cell walls with length
h, and it was more like a beam bending.

When the comparisons were made between figure 5
and figure 6, there was a discovery that in the angle
of —45°, the bending rigidities in two directions were
same, and the Young’s modulus were also close for
the two directions.

CONCLUSION

Through using microfocus camera and software
DIGIMIZER, the process of shape change was inves-
tigated. They both express negative Poisson’s ratio.
Meanwhile, the honeycomb structures can show neg-
ative Poisson’s ratio at the same time of loading. The
shape change process was different in two tension
directions. When the load was possessed in X,-direc-
tion, the honeycomb structures would expand and
showed out-plane negative Poisson’s ratio, while if
the load was possessed in X,-direction, the honey-
comb structures would perpendicularly expand and
then contract, meanwhile, the shape change process
remained in-plane. The Young’s module increased
with the increase of angle in X,-direction; while
decreased with the increase of angle in X,-direction.
This was consistent with theoretical analysis in for-
mer papers. The bending rigidity of 3D printed fabrics
was similar to the fabrics of poplin and denim. Finite
element analysis of the structures will be done in next
paper.
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