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Introduction
The aramid has better performance in high strength, high elasticity, high heat resist-
ance, dimensional stability, and insulating properties than other fibers. It’s applied to 
safety equipments such as foot wear, gloves and socks in the fields of defense and fire-
fighting, in various forms such as yarn, fabric, non0woven fabric, and knit. Such ara-
mid is broadly divided into m-Aramid and p-Aramid. The m-Aramid is mainly used for 
combat uniforms, military tents, air suits, etc. that require heat resistance, anti-inflam-
matory, friction resistance, etc., while the p-Aramid is mainly used for bulletproof cloth-
ing, firefighting uniforms, safety shoes, safety helmets, etc. that require high strength, 
high elasticity, cutting resistance, etc. (Han & Lee, 2006; Han et al., 2011). Accordingly, 
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the development of safety shoes and safety clothing products using this aramid is also 
steadily progressing (Abtew et al., 2019; Jung et al., 2019; Shoes Upper Fabric Develop-
ment, 2020). Furthermore, to improve the properties of such aramid-based materials, 
researches are underway to improve shock absorption as a protective material by manu-
facturing them in composite fabrics along with rubber and polyurethane-based materi-
als (Roy et al., 2018; Wang et al., 2020).

The re-entrant structure is a typical auxetic structure having a negative Poisson’s 
ratio and has a bow-tie shape. The auxetic re-entrant structure represents higher yield 
strengths and energy absorptions than other structures (Kolken & Zadpoor, 2017; Lakes, 
2017). Recently, researches are underway to manufacture it as fabrics such as polyure-
thane and knit with high elasticity by using the excellent characteristics of auxetic struc-
tures, or to manufacture it as a composite fabric by laminating with other fabrics to 
improve the performance of fabrics (Kamrul et al., 2020; Li & Wang, 2017; Novak et al., 
2020; Zhao et al., 2020).

A composite fabric generally refers to a fabric with improved performance differ-
ent from the conventional one by polymerizing two or more components of different 
characteristics. One of the methods for manufacturing a composite fabric is the lami-
nate, which can improve the strength and durability by laminating layers of each fabric. 
Thereby, the combination of fabric and auxetic material provides excellent durabil-
ity such as shape stability, negative Poisson’s ratio, and energy absorption. Novak et al. 
(2020) attempted to compare tensile properties and the Poisson’s ratios by laser-cutting 
the cellulose-based weft knitted fabric and the EVA (ethylene–vinyl-acetate) foam mate-
rial in re-entrant and chiral structures and manufacturing specimens laminated with a 
rubber-based adhesive (Neostik). They confirmed that the strength was increased dur-
ing tensile test and the Poisson’s ratio was decreased than the untreated fabric after 
laminating it as a composite fabric. In addition, they also confirmed that shape stability 
was given by the reduction in width strain in the machine direction compared to the 
untreated fabric, and they reported that the strain of the re-entrant structure was less 
and more stable at low strain.

Recently, there has been an increasing tendency for researches combining the 
excellent properties of auxetic materials with 3D printing technology, and researches 
on performance improvement by laminating it with fabrics have also been con-
ducted (Grimmelsmann et al., 2016; Li et al., 2018; Yang et al., 2018). Grimmelsmann 
et al. (2016) printed various types of threads, knit structures, and 3D printed auxetic 
structures on them by number and angle of printing layers, and they measured and 
compared the morphology, the ellipticity of the pore of the knitted fabric and the 
tensile properties through tensile test. By 3D printing the auxetic structure to the 
knit, it was confirmed that the shape was stable and tensile strength was improved 
during the tensile test. The papers reported so have been found to have analyzed 
the mechanical properties, mainly by directly printing with a 3D printer on the fab-
ric. Our research team is conducting research to manufacture textiles using FDM 
3D printing technology and auxetic structures. As a previous study, Lee (2018) con-
ducted basic research on how to manufacture 3D printed textiles by directly printing 
laces on the voile fabric with FDM 3D printing technology to manufacture com-
posite materials and measuring mechanical properties and washability. Recently, 
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based on this, Kim and Lee (2020) evaluated the auxetic properties by measuring the 
mechanical properties of re-entrant patterns by TPU hardness. Kabir et al. (2020a) 
manufactured a composite fabric by printing directly on the nylon fabric with a 
FDM 3D printer, and analyzed its characteristics. After that, Kabir et  al. (2020b) 
confirmed the shape memory properties and physical properties through the heat-
ing process to confirm its applicability to the shoe uppers by printing the sinusoidal 
patterns directly on the nylon fabric with a shape memory thermoplastic polyure-
thane filament. In addition, Kim et  al. (2020) manufactured a composite fabric by 
laminating the 3D printed auxetic re-entrant pattern and neoprene, and confirmed 
the mechanical properties to determine its applicability to aqua shoes and surf boots 
for wetsuit.

Therefore, in this study, we attempted to compare and analyze the aramid knit, the 
3D printed auxetic re-entrant pattern, and two composite fabrics laminating the two in 
consideration of the Poisson’s ratio at five different tilting angles and mechanical proper-
ties. The specimens were manufactured by laminating with a one meter long re-entrant 
pattern printed by a CFDM (conveyor fused deposition modeling) 3D printer in two 
directions for each aramid knit, and cut by five tilting angles of 0°, 30°, 45°, 60° and 90°. 
The properties of auxetic have been identified through tests on Poisson’s ratio, bending 
properties, compression properties and tensile properties. Based on the results of the 
research, we intend to use it as a basis for composite fabrics of auxetic structure suitable 
for shoe uppers.

Methods
Materials

A conveyor-type FDM (CFDM, conveyor fused deposition modeling) process 3D printer 
(Blackbelt, Netherland) and a 0.6 mm diameter nozzle were used to print a 3D printed 
auxetic re-entrant pattern. The filament used is a thermoplastic polyurethane-based 
(TPU) filament (Ninjaflex, NinjaTek, USA) suitable for clothing products, and has a 
diameter of 1.75 mm and a hardness of 85 A. For the manufacture of 3D printed auxetic 
re-entrant pattern/textile composite fabrics, the aramid knit, a raw fabric with a thick-
ness of 1 mm and a weight of 0.018 g/cm2 (Mirae advanced material Co. Ltd., Korea) was 
used, and for the laminate, spray adhesive (3 M 77, 3 M, USA) was used.

Preparations of 3D printed auxetic re‑entrant pattern/aramid knit composite with various 

tilting angles

The 3D printed auxetic re-entrant pattern was manufactured in the same way as the pre-
vious study (Kim et al., 2020). In addition, as shown in Fig. 1, using a 3D printed aux-
etic re-entrant pattern (3DP-RE), a 3D printed auxetic re-entrant/aramid knit composite 
fabric (3DP-RE/ARNT) was manufactured in two ways by aramid knit fabric direction. 
First, the aramid knit (ARNT) was placed in MD (machine direction). And the 3DP-RE 
was rotated at five tilting angles of 0°, 30°, 45°, 60°, and 90°; and then was bonded to be 
cut to the size of each experimental condition. Next, the ARNT and 3DP-RE was posi-
tioned and bonded in the MD; was rotated at five tilting angles of 0°, 30°, 45°, 60°, and 
90°; and then was prepared by cutting them according to the experimental condition. 
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The bonding method for the manufacture of 3DP-RE and ARNT composite fabric is to 
evenly apply 3 M strong adhesive spray to the back of the 3DP-RE; bond it to the ARNT; 
then press and dry at room temperature for 24 h before use. Each sample code and sam-
ple image are listed in Tables 1 and 2.

Fig. 1 Fabrication process of 2 types of 3D printed auxetic re-entrant pattern/aramid knit samples by tilting 
angle

Table 1 Sample code of aramid knit, 3D printing auxetic re-entrant pattern and 2 types of 3D 
printed auxetic re-entrant pattern/aramid knit samples by tilting angle

Angle
(°)

Aramid knit‑*n 3D printing auxetic 
re‑entrant pattern‑*n

3D printing auxetic 
re‑entrant pattern‑*n/
Aramid knit‑0

3D printing auxetic 
re‑entrant pattern‑*n/
Aramid knit‑*n

0 ARNT-0 3DP-RE-0 3DP-RE-0/ARNT-0 3DP-RE-0/ARNT-0

30 ARNT-30 3DP-RE-30 3DP-RE-30/ARNT-0 3DP-RE-30/ARNT-30

45 ARNT-45 3DP-RE-45 3DP-RE-45/ARNT-0 3DP-RE-45/ARNT-45

60 ARNT-60 3DP-RE-60 3DP-RE-60/ARNT-0 3DP-RE-60/ARNT-60

90 ARNT-90 3DP-RE-90 3DP-RE-90/ARNT-0 3DP-RE-90/ARNT-90
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Characterizations

Poisson’s ratio

Poisson’s ratio was measured to confirm the auxetic properties of the 3D printed aux-
etic re-entrant pattern and two types of 3D printed auxetic re-entrant/aramid knit com-
posite fabric. The poison’s ratio was conducted according to the KS M ISO 527 (Korean 
Standard Association [KSA], 2017a) standard. Uniaxial tensile was performed with a 
universal testing machine (AGS-X, SHIMADZU, Japan), and the average value was used 
after the Poisson’s ratio of two units was measured by Eq. (1). ν is the Poisson’s ratio, ℇt 

Table 2 Sample images of aramid knit, 3D printed auxetic re-entrant pattern and 2 types of 3D 
printed auxetic re-entrant pattern/aramid knit samples by tilting angle
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and ℇl is the average value of the transverse strain and longitudial strain. The measure-
ment positions are shown in Table 3. The specimen size was determined to be 25 mm 
in width × 75 mm in length respectively, and the size was measured under conditions of 
a gauge length of 25 mm and a tensile speed of 25 mm/min. During the tensile experi-
ment, the experimental video was taken with a digital camera (HDR-CX550, Sony Corp., 
Japan) for 0 to 20 s, and the Poisson’s ratio was calculated by the following equation with 
a strain of 0% to 30% via the image obtained from the video.

Note. ℇt: average of transverse strain; ℇl : average of longitudinal or axial strain.

Bending test

To confirm the bending properties the test was conducted according to the experimental 
method of the previous study (Kim et al., 2020). The bending test was conducted accord-
ing to the KS M ISO 14125 (Korean Standard Association [KSA], 2017b) standard using 
a universal testing machine (AGS-X, Shimadzu, Japan). The specimen size was 75 mm 
in width × 25 mm in length, and was prepared with five tilting angles of 0˚, 30˚, 45˚, 60˚, 
and 90˚. The speed was set to 2 mm/min and the distance between the lower points was 
set to 62.5 mm. A bending strength-strain curve was obtained by testing, and the bend-
ing strength of each material was calculated using Eq. (2) below. The value of each result 
was used as an average value after being measured three times.

(1)ν = −

εt

εl

(2)σf =
3PL

2bd2

Table 3 Measurement position of Poisson’s ratio for 3D printed auxetic re-entrant pattern and 2 
types of 3D printed auxetic re-entrant pattern/aramid knit by tilting angle

Angle(°) Measurement position Angle(°) Measurement position

0 60

30 90

45
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where, P: load at a given point on the load deflection curve(N); L: support span(mm); b: 
width of test beam(mm); d : depth or thickness of tested beam(mm).

Compression test

To confirm the compressive properties by tilting angles of the 3D printed re-entrant pat-
tern, the compressive properties were measured according to the experimental method 
of the previous study (Kim et al., 2020). Experiments were conducted using a 5kN load 
cell in the universal testing machine (AGS-X, Semaz, Japan). The specimen were pre-
pared in a size of 75 mm in width × 25 mm in length, and were compressed in the -z 
direction and at a speed of 10 mm/min according to the KS M ISO 602 standard. The 
maximum load was limited to 4.75 kN in order not to destroy the specimen. Each sam-
ple was compressed three times and the obtained average value was used to analyze the 
strength at 50% strain and toughness.

Tensile test

To confirm the tensile properties of the composite fabric by tilting angles of the 3D 
printed re-entrant pattern, the measurement was conducted according to the KS M ISO 
14125 standard using a universal testing machine (AGS-X, SHIMADZU, Japan). Each 
sample was prepared in a size of 25  mm in width × 75  mm in length, and the experi-
ment was conducted under the conditions of a distance between clamps of 25  mm 
and a tensile speed of 50  mm/min. The initial elasticity and toughness are confirmed 
using the stress–strain curve obtained by the tensile experiments. To compare and ana-
lyze the tensile properties of aramid knit, 3D printed auxetic re-entrant pattern and 2 
types of composite fabrics, each breaking strength, elongation at breaking strength, max 
strength, and elongation at max strength were confirmed. In the experiment, the average 
value obtained after measuring 3 times for each sample was used.

Results and Discussion
Poisson’s ratio of 3D printed auxetic re‑entrant pattern and its two‑types of composite 

fabrics by tilting angles

Poisson’s ratio is the ratio of lateral strain and axial strain that shrinks or expands when a 
load is applied in the tensile direction of the material, and the auxetic structure has a nega-
tive Poisson’s ratio (Kolken & Zadpoor, 2017; Lakes, 2017). In this study, to apply the re-
entrant structure to the shoe uppers according to the previous study (Kim et al., 2020), we 
measured the Poisson’s ratio by two tilting angles of the 3D printed auxetic re-entrant pat-
tern and the 3D printed auxetic re-entrant pattern/aramid knit composite fabric to confirm 
that they are auxetic structures. The Poisson’s ratio values for each tilting angle when ten-
sioned to increase the strain from 0 to 30% are shown in Fig. 2.

The 3DP-RE-n in Fig. 2a showed negative values at all tilting angles and was identi-
fied as an auxetic structure. The Poisson’s ratio by tilting angles was measured as 
− 0.18 ~ 0.00, − 0.65–− 0.09, − 0.47–− 0.14, − 1.06–− 0.28, and − 0.17–0.00; were in 
the order of 3DP-RE-90 > 3DP-RE-0 > 3DP-RE-30 > 3DP-RE-45 > 3DP-RE-60. 3DP-RE-0 
and 3DP-RE-90 values were close to 0 because the units of the re-entrant structure were 
oriented parallel or vertically in the tensile direction, resulting in greater strain in the 
tensile direction. In addition, 3DP-RE-60 is considered to have appeared a lot of shear 
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Fig. 2 Poisson’s ratio of 3D printed auxetic re-entrant pattern and 2 types of 3D printed auxetic re-entrant 
pattern/aramid knit composite with various tilting angles
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deformation because the units of the re-entrant structure were most inclined in the ten-
sile direction.

3DP-RE-n/ARNT-0 in Fig.  2b also showed a negative values at all tilting angles. 
The Poisson’s ratio by tilting angles is measured as − 0.12–0.00, − 0.89–0.00, − 0.96–
0.00, −  2.09−  0.00; appeared larger in the order of 3DP-RE-0/ARNT-0 > 3DP-RE-90/
ARNT-0 > 3DP-RE-30/ARNT-0 > 3DP-RE-45/ARNT-0 > 3DP-RE-60/ARNT-0. Similar to 
the 3DP-RE-n, it was measured closer to 0 at 0° and 90° rather than the bias directions of 
30°, 45° and 60°, and the strain of 3DP-RE-60/ARNT-0 was the greatest under the influ-
ence of the 3D printed auxetic re-entrant pattern.

The Poisson’s ratio by tilting angles of 3DP-RE-n/ARNT-n in Fig.  2c was measured 
as −  0.03–0.05, −  0.37–0.00, −  0.86–−  0.36, −  1.03–0.00, and 0.00–0.19; appeared 
larger in the order of 3DP-RE-90/ARNT-90 > 3DP-RE-0/ARNT-0 > 3DP-RE-30/ARNT-
30 > 3DP-RE-45/ARNT-45 > 3DP-RE-60/ARNT-60. The 3DP-RE-30/ARNT-30, 3DP-
RE-45/ARNT-45, and 3DP-RE-60/ARNT-60 in the bias direction were all identified as 
having negative Poisson’s ratios, and were confirmed to be auxetic structures, however, 
3DP-RE-0/ARNT-0 showed a positive Poisson’s ratio from a strain of 25.5%.

In addition, the Poisson’s ratio of 3DP-RE-n/ARNT-n is more stable than that of 3DP-
RE-n/ARNT-0. It is considered to have been easier to tensile because the tilting angle of 
the 3D printed auxetic re-entrant pattern and aramid fabric were applied equally, and 
the 3D printed re-entrant pattern had a greater effect than the aramid fabric.

Bending property of aramid knit, 3D printed auxetic re‑entrant pattern and its two‑types 

of composite fabrics by tilting angles

The bending test has recently been used to analyze mechanical properties when 3D printed 
materials are given a constant load (Li & Wang et al., 2017). This present study investigated 
the bending properties by pattern tilting angle of the aramid knit, the 3D printed auxetic re-
entrant pattern by tilting angle developed in the previous study, and the two types of com-
posite fabrics laminated with the aramid knit. Figure 3 shows a graph of bending strength 
and strain.

Figure  3a shows a graph of bending strength by sample, and compares by dividing 
the thickness by sample. First of all, the bending strength values by sample were 0.19–
0.21  MPa for ARNT-n, 0.05–0.11  MPa for 3DP-RE-n, 0.09–0.18  MPa for 3DP-RE-n/
ARNT-0, and 0.04–0.11  MPa for 3DP-RE-n/ARNT-n; appeared larger in the order of 
ARNT-n > 3DP-RE-n > 3DP-RE-n/ARNT-n > 3DP-RE-n/ARNT-0 as a result. It was also 
confirmed that the ARNT-n was about three times higher than the values of 3DP-RE-n/
ARNT-0 and 3DP-RE-n/ARNT-n.

For the tilting angle of each sample, ARNT-n, which appeared similar to about 
0.20 MPa, was found to have no difference in bending properties by tilting angle, while 
3DP-RE-n and 3DP-RE-n/ARNT-n showed a tendency for increase bending strength to 
increase as tilting angle increases. This is confirmed that the molten filament stacking 
direction according to the nozzle movement direction and the aramid knit fabric influ-
enced the bending strength of each sample tilting angle when printing a 3D printed aux-
etic re-entrant pattern. And for the sample with an tilting angle of 0°, the strength was 
found to be significant in the experiment because the direction applied to the load and 
the direction in which the filaments were stacked during the experiment were positioned 
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perpendicular to each other, causing the most impact on the load (Somiredy & Cze-
kanski, 2020; Yao et al, 2020). In addition, as in the previous study, 3DP-RE-n/ARNT-
n appeared similarly to the 3D printed auxetic re-entrant pattern; it was more affected 
by the 3D printed auxetic re-entrant pattern rather than the aramid knit fabric. On the 
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Fig. 3 a Bending strength and b strain at max bending strength of bending test of aramid knit, 3D printed 
auxetic re-entrant pattern and 3D printed auxetic re-entrant pattern/aramid knit composite with various 
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other hand, it was found that the bending strength of 3DP-RE-n/ARNT-0 decreases as 
the tilting angle increases. In the case of 3DP-RE-90/ARNT-0, the direction in which the 
load is applied is the same as the stacking direction of the 3D printed auxetic re-entrant 
pattern and the MD direction of the knit, so that the strength seems to decrease because 
it is less affected by the load.

Figure  3b is a graph of strain at the maximum bending strength for each sample. 
ARNT-n was measured to be 1.21–1.74%, 3DP-RE-n was 3.55–5.09%, 3DP-RE-n/
ARNT-0 was 4.86–7.26%, and 3DP-RE-n/ARNT-n was 7.26–9.04%; appeared larger in 
the order of 3DP-RE-n/ARNT-n > 3DP-RE-n/ARNT-0 > 3DP-RE-n > ARNT-n as a result. 
When manufactured as a 3D printed auxetic re-entrant/aramid knit composite fabric, 
it was found to be more than four times larger than the existing aramid knit, and it was 
found that bending properties during the manufacture of the composite fabric.

For each tilting angle, ARNT-n had the greatest strain at 45°; it is considered to be the 
largest because the fabric direction was the bias direction. On the other hand, 3DP-RE-n 
and 3DP-RE-n/ARNT-n showed the smallest strain at 45°. This composite fabric, similar 
to the tendency of bending strength, was found to be more affected by the 3D printed 
auxetic re-entrant pattern than the effect of aramid knit. On the other hand, 3DP-RE-n/
ARNT-0 showed the smallest strain at 90°. In the same way as the bending strength, it 
is confirmed that the elongation appeared to be small because the stacking direction of 
the 3D printed auxetic re-entrant pattern, the MD direction of the aramid knit and the 
applied loading direction are the same. Therefore, when manufacturing composite fab-
rics, the bending strength and bending strain of 3DP-RE-n/ARNT-n, which are bonded 
with the same tilting angle of the aramid knit and the 3D printed auxetic re-entrant pat-
tern, were improved.

Compression property of aramid knit, 3D printed auxetic re‑entrant pattern and its 

two‑types of composite fabrics by tilting angles

The compressive properties by tilting angle of aramid knit, 3D printed auxetic re-entrant 
pattern, and 2 types of 3D printed auxetic re-entrant/aramid knit composite fabric are 
shown in Figs.  4 and 5. Figure  4 is the compressive strength-strain curve graph, and 
Fig. 5 is a graph summarizing the compressive properties.

For the compressive strength-strain curve, the compression behavior appeared similar 
regardless of the pattern tilting angle. ARNT-n showed almost no change in compressive 
strength up to 50% of the compressive strain, and at 50%, compressive strength showed 
about 0.02  MPa, then gradually increased at 80%. However, at 100%, the compressive 
strain was found to be about 0.13 MPa, and it can be seen as not significantly affected 
by compression due to the thin fabric thickness. On the other hand, the compression 
strength of the 3D printed auxetic re-entrant pattern and the composite fabric increased 
gradually to about 20% and then rapidly increased to about 0.33 MPa after 20%, and the 
compressive strains at 50% were about 0.33, 0.33, and 0.40  MPa, respectively, indicat-
ing that the compressive strength was improved by more than 17 times compared to 
ARNT-n.

Toughness when compressed is about 1.54 J for ARNT-n, about 1.55 J for 3DP-RE-n, 
about 2.05 J for 3DP-RE-n/ARNT-0, and about 2.06 J for 3DP-RE-n/ARNT-n; appeared 
larger in the order of 3DP-RE-n/ARNT-n > 3DP-RE-n/ARNT-0 > 3DP-RE-n > ARNT-n 
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as a result. Accordingly, as the compressive strength and toughness were improved in 
the manufacture of the composite fabric, it was confirmed that the compression per-
formance was improved because it was able to withstand the load more during com-
pression as the 3D printed auxetic re-entrant pattern printed as the elastomer and the 
swelling properties that can be represented by the structural features of the aramid knit 
were laminated. Therefore, it is considered that the energy absorption properties of the 
3D printed auxetic re-entrant pattern/aramid knit composite fabric representing excel-
lent compressive properties will be improved than that of the substrate fabric.

Tensile property of aramid knit, 3D printed auxetic re‑entrant pattern and its two‑types 

of composite fabrics by tilting angles

This study have identified the tensile properties of the aramid knit, the 3D printed auxe-
tic re-entrant pattern, and the 2 types of 3D printed auxetic re-entrant/aramid knit com-
posite fabric by tilting angles. Figure 6 shows the stress–strain curve for each sample, 
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Fig. 7 shows the initial modulus and toughness, and Table 4 compares and analyzes the 
max stress, breaking stress, strain at max and breaking stress in the table.

The stress–strain curve for each sample shown in Fig. 6 shows that the aramid knit 
was fractured at high stress and low strain in the case of ARNT-n, whereas the 3DP-RE-
n was fractured at low stress and high strain. The tilting angles of the initial modulus 
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auxetic re-entrant pattern/aramid knit with various tilting angles
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region of ARNT-n appeared steeper, and 3DP-RE-n was confirmed to be a more flexible 
material showing elastic behavior in the initial stage. 3DP-RE-n showed better tensile 
properties than aramid knit when printed as TPU materials with excellent elasticity. In 
addition, the composite fabrics 3DP-RE-n/ARNT-0 and 3DP-RE-n/ARNT-n were frac-
tured at a high elongation similar to 3DP-RE-n, and the tilting angles of the initial modu-
lus region was gradual. On the other hand, in the case of the tensile behavior, it can be 
seen that the aramid knit was first fractured, and then the 3D printed auxetic re-entrant 
pattern was fractured during applied loading. In addition, since 3DP-RE-n/ARNT-0 has 
the same tilting angles of aramid knit, it was found that until the aramid knit fracture, 
it had a similar tendency to ARNT-0, ARNT-30 and ARNT-45, however, after it was 
fractured, it was found to be affected by the 3D printed auxetic re-entrant pattern. On 
the other hand, 3DP-RE-n/ARNT-n show the similar tendency at 0° and 30° as ARNT-0 
and ARNT-30 same as 3DP-RE-n/ARNT-0 until the aramid knit was fractured, however, 
3DP-RE-45/ARNT-45, 3DP-RE-60/ARNT-60 and 3DP-RE-90/ARNT-90 were found to 
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be more affected by 3D printed auxetic re-entrant pattern. It is considered that this is 
because the tilting angles of the aramid knit and the 3D printed auxetic re-entrant pat-
tern increases in the same way.

Based on the S–S curve analyzed earlier, the stress and strain are shown in Table 4. 
First, the max stress appeared in the order of ARNT-n > 3DP-RE-n/ARNT-0 > 3DP-RE-n/
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Fig. 7 a Initial modulus and b tensile toughness of aramid knit, 3D printed auxetic re-entrant pattern and 2 
types of 3D printed auxetic re-entrant pattern/aramid knit composite with various tilting angles
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ARNT-n > 3DP-RE-n, and the aramid knit was found to be the strongest material as a 
result. In addition, as confirmed in the stress–strain curve, the max stress of 3DP-RE-n/
ARNT-0 is considered to be large under the influence of aramid knit, and 3DP-RE-n/
ARNT-n is considered small under the influence of the 3D printed auxetic re-entrant 
pattern. In the case of ARNT, as the thread fell out after the fabric was partially frac-
tured, the breaking stress appeared to be more than 50% smaller than the max stress, 
and 3DP-RE-n appeared similar to the max stress, after the specimen was completely 
fractured at the end during tensioning under the influence of TPU. In the case of 3DP-
RE-n/ARNT-0 and 3DP-RE-n/ARNT-n, only the 3D printing auxetic re-entrant pattern 
was fractured during tensioning after the aramid knit was broken first, and the fracture 
strength was found to be 33% less than the max stress at the tilting angles excluding the 
tilt of 90°.

Next, the strain at the max stress was small in the order of 3DP-RE-n > ARNT-n > 3DP-
RE-n/ARNT-n > 3DP-RE-n/ARNT-0. And the strain at breaking stress was small in the 
order of 3DP-RE-n/ARNT-0 > 3DP-RE-n/ARNT-n > 3DP-RE-n > ARNT-n. ARNT-n 
and 3DP-RE-n were similar to the strain at max and breaking stress with the same ten-
dency as the stress. The elongation at the max stress and the strain at breaking stress 
of the composite fabrics 3DP-RE-n/ARNT-0 and 3DP-RE-n/ARNT-n were found to be 
affected by the aramid knit fabric that was fractured first, after then it was shown that 
affected by the 3D printed auxetic re-entrant pattern.

When comparing stress and strain by tilting angle, the strength of ARNT-0 and ARNT-
90 at ARNT-n was first measured greater than ARNT-30, ARNT-45 and ARNT-60. 

Table 4 Tensile property of aramid knit, 3D printed auxetic re-entrant pattern and 2 types of 3D 
printed auxetic re-entrant pattern/aramid knit composite with various tilting angles

Sample Stress (MPa) Strain (%)

Max Breaking At Max strain At breaking strain

ARNT-n 6.82 ± 0.34 3.34 ± 0.37 122.10 ± 8.33 136.72 ± 6.61

4.68 ± 1.79 0.98 ± 0.21 142.91 ± 48.84 218.03 ± 37.30

3.93 ± 0.62 1.35 ± 0.11 124.61 ± 3.24 219.71 ± 6.69

3.78 ± 0.93 1.35 ± 0.15 149.61 ± 43.59 251.55 ± 19.85

4.18 ± 0.18 0.74 ± 0.14 305.05 ± 16.32 348.61 ± 15.65

3DP-RE-n 1.77 ± 0.21 1.77 ± 0.21 633.22 ± 131.56 635.21 ± 131.04

1.02 ± 0.06 0.77 ± 0.19 358.09 ± 48.97 411.57 ± 79.20

1.26 ± 0.15 0.57 ± 0.08 345.15 ± 9.39 393.76 ± 39.50

1.70 ± 0.18 1.53 ± 0.09 435.90 ± 78.16 484.85 ± 27.89

4.26 ± 0.91 3.55 ± 1.07 744.54 ± 19.98 762.17 ± 21.22

3DP-RE-n/
ARNT-0

4.17 ± 0.30 1.41 ± 0.27 121.39 ± 20.89 667.04 ± 136.71

3.97 ± 0.44 0.81 ± 0.13 131.21 ± 5.14 765.13 ± 96.54

4.47 ± 0.51 1.44 ± 0.14 151.85 ± 9.46 723.79 ± 30.33

4.33 ± 0.53 1.35 ± 0.12 143.26 ± 7.86 723.79 ± 30.33

5.02 ± 0.36 4.14 ± 0.73 154.50 ± 4.60 982.20 ± 32.63

3DP-RE-n/
ARNT-n

3.09 ± 0.05 0.55 ± 0.22 98.65 ± 0.98 721.71 ± 77.47

2.85 ± 0.33 0.47 ± 0.10 95.44 ± 2.50 455.66 ± 72.23

2.00 ± 0.13 0.49 ± 0.02 138.47 ± 15.64 640.99 ± 57.37

2.09 ± 0.15 0.52 ± 0.10 230.24 ± 75.44 641.40 ± 74.72

3.10 ± 0.24 1.79 ± 0.14 454.98 ± 19.48 943.71 ± 08.09
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3DP-RE-n, 3DP-RE-n/ARNT-0, and 3DP-RE-n/ARNT-n were all measured highest at 
90°. This tends to be the same as in the previous study (Kim et  al., 2020) because the 
stacking and tensile directions of the 3D printed auxetic re-entrant pattern are greatly 
affected by the load in the opposite direction. Next, the strain of ARNT-n was meas-
ured the highest at ARNT-90. 3DP-RE-n increased in the order of 3DP-RE-45 < 3DP-
RE-30 < 3DP-RE-60 < 3DP-RE-0 < 3DP-RE-90. It was confirmed that the samples in the 
tilting angles of 0º and 90º with the same tendency as the stress have the superior stress 
and strain that the samples in the bias direction. The stress and strain of the composite 
fabrics 3DP-RE-n/ARNT-0 and 3DP-RE-n/ARNT-n were also confirmed to be excellent 
in the direction of tilting angles of 0˚ and 90˚.

As the initial modulus can be seen in the stress–strain curve of Fig.  7a, 3DP-RE-n, 
3DP-RE-n/ARNT-0, 3DP-RE-n/ARNT-n have been found to be more flexible than 
ARNT-n due to the influence of the 3D printed auxetic re-entrant pattern, and the initial 
modulus tended to increase as the tilting angle increased. All samples also showed the 
best at an tilting angle of 90°. The toughness shown in Fig. 7b was greater in the order 
of 3DP-RE-n/ARNT-0 > 3DP-RE-n/ARNT-n > 3DP-RE-n > ARNT-n. The toughness by 
tilting angle of ARNT-n showed no significant difference. On the other hand, 3DP-RE-
n, 3DP-RE-n/ARNT-0, and 3DP-RE-n/ARNT-n were the best at an tilting angle of 90°. 
Therefore, when manufactured as a composite fabric, the durability of these fabrics was 
confirmed to have been improved because their toughness was increased as compared 
with the existing aramid knit and the 3D printed auxetic re-entrant pattern.

Conclusion
This study was attempted to confirm the applicability of aramid knit, 3D printed auxetic 
re-entrant pattern, and two types of aramid knit laminated with 3D printed auxetic re-
entrant pattern to the shoe uppers in consideration of the analysis on the Poisson’s ratio 
bending properties, compressive properties and tensile properties by tilting angles.

In the results of the Poisson’s ratio of 3DP-RE-n and 3DP-RE-n/ARNT-0 showed nega-
tive values at all tilting angles and identified as auxetic structures. In the case of increas-
ing tilting angles of 3DP-RE-n/ARNT-n showed a negative, whereas a positive Poisson’s 
ratio of more than 25.5% at 0° and 90°. Almost samples showed the largest shear defor-
mation of the 3D printed auxetic re-entrant pattern at 60°. In the results of the bending 
property, there is no significant difference in bending strength by tilting angles of ARNT-
n, and the bending strength of 3DP-RE-n and 3DP-RE-n/ARNT-n increased as tilting 
angles increased. The strain at the max bending strength was low in the bias direction. 
For 3DP-RE-n/ARNT-0, the MD direction of the aramid knit and the stacking direc-
tion of the 3D printed auxetic re-entrant pattern coincided with the direction in which 
the load is applied, resulting in a decrease in bending strength and strain. The compres-
sive properties did not differ significantly in strength and toughness by tilting angles, 
and the strength and toughness with a strain of 50% were found to be improved in the 
manufacture of the composite fabric in the order of 3DP-RE-n/ARNT-n > 3DP-RE-n/
ARNT-0 > 3DP-RE-n > ARNT-n. As a result of the tensile properties, the initial modulus, 
strain, and toughness of 3DP-RE-n, 3DP-RE-n/ARNT-0 and 3DP-RE-n/ARNT-n were 
greater, and were found to be the greatest especially at a tilting angle of 90°. The max 
stress of 3DP-RE-n/ARNT-n laminated with the 3D printing auxetic re-entrant pattern 
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and 3DP-RE-n/ARNT-n at the same tilting angle showed a great max stress at the tilting 
angle of 0° and 30° due to the influence of the aramid knit. However, it was found to be 
more affected by the 3D printed auxetic re-entrant pattern at the tilting angle of 45°, 60° 
and 90°.

In this study, it has been confirmed that the mechanical properties of the composite 
fabric in which aramid knit and 3D printed auxetic re-entrant pattern were laminated 
have improved. It is considered that a composite fabric with improved mechanical 
properties including flexibility and toughness, and morphological stability by adding a 
3D printed auxetic re-entrant structure to the aramid knit with the excellent properties 
such as high strength and heat resistance properties can be applied to the shoe uppers of 
high-functional safety and protection shoes.
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