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Abstract:

Auxetic foams and lattices, characterized by a negative Poisson’s ratio, offer unique mechanical and thermal proper-
ties that make them promising candidates for next-generation sports and outdoor equipment. This study investigates
the application of auxetic materials in the shoulder straps of trekking backpacks to improve both mechanical per-
formance and thermal comfort. First, EVA foam samples were cut using water jet technology to create different
auxetic geometries. After conducting tensile tests and digital image correlation analyses, the re-entrant geometry
was identified as the most effective. Based on these findings, three types of shoulder straps were developed: a
standard model and two auxetic models that differed in cutting pattern (one with undulating and one with linear
edges) to evaluate their effects on deformation behavior. After further testing, the auxetic design with wavy edges
proved to be superior and was integrated into a fully functional backpack prototype. Tests were then conducted on
human subjects to determine whether the auxetic structure improved thermophysiological comfort and load distribu-
tion compared to a standard model made from the same materials. The study ultimately led to the development of a
patented design for backpacks with auxetic shoulder straps and highlighted their potential to improve the user

experience in outdoor applications.
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1. Introduction

Backpacks are among the most popular load carriers in the
world and are used by millions of people in everyday profes-
sional or sporting activities [1]. The aspects of comfort, func-
tionality, and safety have a significant impact on performance
and safety, as they can affect stability and balance, which can
lead to discomfort, pain, and even physical injury, especially in
the back and other regions [2].

Regarding spinal health, dimensions, load distribution, and
positioning are crucial to the ergonomics of backpacks [1,2].
The scientific literature suggests that the pressure exerted by
the weight of the backpack via the shoulder straps could be
alleviated by wider straps that better distribute the pressure in
this area [3]. Extensive research has investigated the discom-
fort and muscle fatigue resulting from improper load distribution
on the human back [4—7]. Yet, despite numerous studies and
comparisons of different backpack models [8,9], manufacturers
have insisted on offering largely unchanged designs.

Auxetic materials represent a unique material class that is
gaining increasing interest from both academic and commercial
perspectives. The word “auxetic” was first used by Evans to
describe materials that tend to increase in size due to their
negative Poisson’s ratio (NPR) [10]. By the Poisson ratio, we
refer to the ratio between lateral and axial deformation —% [11].

In line with the classical theory of elasticity, the value of Pois-
son’s ratio for isotropic and homogeneous materials is, in gen-
eral, between -1 and 0.5 [12].

Usually, conventional materials contract laterally under a ten-
sion load, exhibiting a positive Poisson ratio, while, on the con-
trary, materials with a negative value of this ratio transversely
expand when pulled in the longitudinal direction [13]. Various
auxetic structures have been discovered in nature and widely
reported in the literature; some examples are pyrite [14], cow
teat and cat skin, cancellous bone, membranes present in
blood cells, and also mother-of-pearl [15].

The first man-made NPR materials ever produced were auxetic
open-cell foams in 1987, using a thermocompression process,
as reported by Lakes [16]. Foamed materials have many inter-
esting properties, such as their high impact resistance per-
formances, low weight, affordability, extraordinary chemical
resistance, and thermal stability, along with the possibility of
being recycled [15]. For these reasons, in the past decades,
foam materials have gained increasing popularity across the
world, being used for everyday life purposes and also repre-
senting a promising material to be used in several advanced
sports applications [15]. Because of their negative Poisson
ratio, auxetic foams can possess enhanced indentation
[17,18] and fracture resistance [18] than conventional mate-
rials, thus leading to a greater dissipation of energy during an
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impact event, as already demonstrated by experimental data
[19,20]. Furthermore, the multi-axial expansion [21] and dome-
shaped curvature [22,23] of these materials could help improve
the overall comfort of protective equipment.

According to the scientific literature, the three typical groups of
auxetic cellular structures are re-entrant, chiral, and rotating
units [24-29].

Auxetic materials are used in various sports products: both
Under Armour and Nike have incorporated auxetic designs
into their products [21,30]. The former has developed an
auxetic lattice upper that conforms to round or curved shapes
for better fit and comfort, while the latter has produced a shoe
that incorporates a closed-cell foam outsole with auxetic rotating
triangles that can expand bi-axially under certain accelerations
and directional changes.

In this work, a new approach to the design of sports backpacks
was developed: it aims to introduce new types of shoulder
straps with auxetic structures that have a negative Poisson
coefficient and are specifically suitable for backpacks. These
auxetic shoulder straps can expand when placed under tension
by the weight of the backpack and improve ergonomic and
thermal comfort due to their hollow structure. First, a series of
auxetic patterns were studied to determine the optimal struc-
ture and material. These auxetic shapes were materialized on
polymer foams using waterjet cutting, and their Poisson ratios
were measured by video extensively during a tensile test.
Based on the preliminary results, various models of shoulder
harnesses were fabricated and tested, and the most promising
models underwent a thorough investigation of pressure distribu-
tion. Finally, shoulder strap prototypes were made and tested to
evaluate their mechanical performance before being integrated
into backpack designs.

At the very least, tests have been carried out on humans to
assess the effect of auxetic geometry on improving the percep-
tion of thermal comfort.

2. Experimental

The experimental procedure is essentially divided into two main
approaches: material characterization and human testing. The
first led us to select the best combination of structure and geo-
metry for the shoulder straps in terms of mechanical perfor-
mance, and the second to evaluate the improvement of the
auxetic model in terms of thermophysiological comfort.

Rectangular samples of EVA polymer foam, 10 mm thick,
250 mm long, and 60 mm wide, were provided by Fratelli
Bertolin Srl (Marostica, ltaly). The foam has a density of
100 kg/m® and a hardness of 11 Shore A and has already
been used for backpack shoulder straps. The material was
cut using the water jet punching technique, creating a re-
entrant, bi-oriented, and hexagonal pattern. Among these pat-
terns, the re-entrant pattern proved to be the most effective in
terms of Poisson’s ratio. Based on this result, the first set of
shoulder straps (approx. 345mm x 60mm x 10mm) was

produced, which has the same external shape as the shoulder
straps of the Ferrino Triolet 48 + 5 backpacks.

The straps are made from the same EVA foam but with a dif-
ferent ratio of empty to full volume (the ratio between the void
volume and solid volume). For the auxetic straps, the re-entrant
cells that had previously been identified as having the largest
Poisson ratio were selected. Each cell was 10 mm x 10 mm in
size and had a wall thickness of 2 mm.

Thinner walls resulted in mechanical failure when stretched by
more than 50% in tensile tests. The cells were arranged verti-
cally within the outer shape of the straps. To prevent mechan-
ical failure, an offset of 2mm was added along the edges.
Previous tests had shown that without this offset, the straps
failed in areas where the wall thickness was less than 2 mm.
If the addition of the offset reduced the size of the cell by more
than 20% of its original dimensions, the cell was removed.

The top and bottom sections of the straps were not perforated
to ensure proper attachment to the backpack.

The shoulder strap designs shown in Figure 1 are detailed in
Table 1.

Two different geometries of the outer part were chosen (Figure 1),
as the elimination of cells below 20% of the shape gave rise to an
increased thickness of the outer rim walls. These increased thick-
nesses affect the Poisson’s ratio of the strap since they can hinder
lateral expansion. For this reason, wavy (W) and linear (L) straps
were produced and tested.

STANDARD AUXETIC-W

AUXETIC-L

()

Figure 1. Geometries of the prepared shoulder straps: (a) the standard,
non-auxetic structure, and (b) and (c) shoulder straps with an auxetic
structure. In (b), the straps feature wavy edges, as highlighted in the
magnified view.
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Table 1. Characteristics of the shoulder straps produced

Sample Cell dimension Offset Edges Empty/full ratio
Standard — — Linear 0
Auxetic-W 10 mm x 10 mm 2mm Wavy 0.153
Auxetic-L 10mm x 10 mm 2mm Linear 0.149

Furthermore, human tests were conducted to assess the effects
of the auxetic structure on human thermal comfort. The subjects
participated in activities that resembled real-life scenarios when
using the backpack closely. Two different backpack models were
studied: a standard model and one with the integration of the
selected auxetic geometry into the shoulder straps. Critical para-
meters such as temperature, humidity, and pressures exerted in
the key areas of the backpack were measured to detect signifi-
cant differences between the samples tested.

2.1. Material characterizations

2.1.1. Tensile test and measurement of Poisson’s ratio

Tensile tests and Poisson ratio measurements were performed
on samples (consisting of rectangular samples and shoulder
straps) using an INSTRON 5966 dynamometer equipped with a
10 kN load cell. These tests were performed at room temperature
at a test speed of 50 mm/min. For the central segment of each
sample, dot markers were placed at 1 cm intervals to facilitate the
calculation of deformations. The tensile tests were recorded using
an iPhone 11 camera capturing 4K video at 24 frames/s with an
optical zoom of 1x. The distance between the camera lenses and
the specimens was approximately 50 cm. The 2D motion analysis
functions of the Kinovea software were used to determine both
longitudinal and axial displacements so that strains could be cal-
culated from the recorded videos.

2.1.2. Digital image correlation (DIC) measurements

DIC contour plots illustrating the principal strain observed in
the tensile tests on shoulder straps were created using GOM
Correlate software. The tests were recorded using the Aramis
Adjustable M12 system equipped with two cameras (with
Schneider 50 mm lenses) recording at a frame rate of 25
frames per second and a resolution of 4,096 x 3,000. These
cameras were set up at a distance of approximately 65cm
from the samples and with a stereo angle of 25°. To facilitate
the measurements, a pattern was applied to the front of the
samples with an airbrush, representing an opaque black spot
pattern on a white background. The camera was calibrated
using a GOM/CP 40 MV170 card. The images were then ana-
lyzed using the GOM Snap and GOM Correlate software.

2.2. Human tests

Ten participants (five men and five women), age 27.9 + 6.1,
were recruited for the in vivo tests. All participants were classi-
fied as normal weight based on their body mass index (BMI

21.6 + 2.1). The inclusion criteria for participation were good
general health and no musculoskeletal conditions (scoliosis,
lordosis, or kyphosis) or injuries that could affect the test
results. Participants were informed about the study protocol
and gave their written informed consent before participation.
This work was carried out according to the principles of the
Declaration of Helsinki and under moderate physical and envir-
onmental conditions.

2.2.1. Monitored thermal stress parameters

Torso temperature and humidity were collected using Maxim
Integrated I-Button DS1923 probes (with a correctable accu-
racy of £0.5°C in the temperature range in which they were
used) in three body regions: right scapula, left chest, and right
deltoid. The mean upper body temperature was calculated
according to the guidelines in UNI EN ISO 9886 for the mean
skin temperature. The temperature of the torso area was
assessed using a modified equation that considers the different
weighting coefficients depending on the extension of the area:

7-torso =0.417 x Tscapula +0.417 x 7;:hest +0.167 x 7:ieltoid-

As in the temperature calculations, the same equations were
used for the mean torso humidity. Furthermore, the tempera-
ture and humidity of the skin in the chest area behind the
shoulder straps were recorded with MSR 147 probes, providing
localized data on the impact of the backpack on this cri-
tical area.

Temperature and humidity data were also acquired directly on the
outer face of the shoulder straps. This provided insights into the
localized effects of the auxetic material on these contact points.

Two variations of the same backpack model were tested: one
with auxetic shoulder straps (auxetic-W) and the standard one.

2.2.2. Monitored pressures

The pressure values of the collarbone, pectoral, and armpit
were measured before the test in the climatic chamber. The
body areas analyzed were identified as the most critical, corre-
sponding to the perforated area of the shoulder straps.

Before starting the measurements, participants were asked to
adjust the hip belt, shoulder straps, and chest strap so that the
backpack was perceived as comfortable and sat as close as
possible to the user’s back.

The measurements were carried out using the Picopress pneu-
matic sensor (Microlab Elettronica, Italy), a flexible, round
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plastic bladder with a diameter of 5 cm. Participants were also
asked to rate their perception of load and pain at the beginning
and end of the tests, and a statistical analysis (Wilcoxon test,
a = 0.05) was carried out to highlight significant differences
between the standard model and the auxetic one. The same
protocol was performed only at the end of the test asking the
participants to evaluate the perception of friction of the shoulder
straps.

To avoid any kind of suggestion, the order of the backpack
tested was randomized and kept hidden from the participants.

2.2.3. Experimental protocol

The wear test was conducted in a climate chamber with a con-
trolled temperature of 23.4 + 0.4°C and a relative humidity of
47.4 + 0.8%. Participants wore standardized technical T-shirts,
shorts, socks, and trainers to ensure uniformity of clothing.

The tests were designed to last a total of 50 min. During this
time, participants were required to walk on a treadmill at dif-
ferent speeds and inclinations (10 min at 4 km/h with no inclina-
tion, 10 min at 6 km/h at 12% of inclination, 10 min at 4 km/h
with no inclination, and the last 10 min at 6 km/h at 15% of
inclination). After the 40 min walk, participants were instructed
to stand still for a further 10 min.

The tests were carried out on different days at the same time of

day to minimize the possible influence of circadian cycles on
the participants.

MATERIAL CHARACTERIZATION

To reinforce to emphasize the effects of the composition of the
shoulder straps on participants, the backpacks were loaded
with a weight equivalent to 20% of each subject’s body weight.
To enhance the understanding of the experimental approach, a
flowchart is reported in Figure 2.

3. Results and discussion

3.1. Material characterization

Tensile tests were conducted with both bi-oriented auxetics, re-
entrant auxetics, and hexagonal samples to determine the effect
of geometry on the mechanical properties and Poisson’s ratio.

Based on the tests, it was evident that the standard re-entrant
geometry performed better than others in terms of NPR, as
shown in Figure 3(a). These values approached -2 within a
strain range of 10—20%, indicating superior expansion capability
compared to the bi-oriented geometry at low strain. It is note-
worthy that certain values of Poisson’s ratio (v < -1, v 2 0.5)
deviate from the assumptions of linear, elastic, isotropic, and
homogeneous materials described in the theoretical framework.

Therefore, two auxetic straps were tested to determine the
Poisson’s ratio and modulus within a strain range of 0-20%.
The results of the Poisson’s ratio measurements, both in terms
of geometry and shoulder strap, are presented in Figure 3 and
Tables 2 and 3.

T
??W

Selection of the auxetic geometries to be
studied

l

Tensile tests to assess the most efficient
auxetic structure

l

Production of different geometries of
shoulder straps and performing of DIC analysis

|

HUMAN TESTS

Human tests to assess improvements in
thermophysiological comfort

Tand
RH

Figure 2. Flowchart of the experimental approach.
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Figure 3. Results of the Poisson’s ratio measurements for different geometries (a) and shoulder straps (b).

Consequently, these values should not be interpreted as tradi-
tional Poisson ratios within the elasticity theory. Instead, they
should be considered as conceptually equivalent measures
intended primarily for qualitative assessments.

Hexagonal samples were used as reference specimens, all of
which exhibited lower flexibility than the auxetic structures and
gave the expected positive Poisson ratio value. Values of the
Poisson’s ratio for the different geometries compared to the
strain (%) are reported in Table 2.

A DIC analysis was performed to observe local deformations that
occurred during tensile tests. The DIC analysis of the rectangular
samples has shown that an intensification of stresses occurs in
the re-entrant geometries due to the presence of sharp corners.
The excess stress created in the corners generates breaks at
strains above 20%. On the contrary, lower accumulations and
no breaks were observed for the bi-oriented re-entrant shape.
Therefore, in the design of the geometry to be applied in the
following step was rounded in the corners.

Since the elongation of the shoulder straps occurs during use
mainly along the longitudinal axis of the strap, a standard re-
entrant geometry with the cells oriented along the axis was
used for the design of the shoulder strap.

For a more comprehensive view of the properties of the selected
shoulder straps, Table 3 resumes the data obtained from the DIC
in terms of Poisson’s ratio.

The mechanical tests on the shoulder straps showed thata 2 mm
wall thickness of the cells was needed to avoid breaks of the

Table 2. Poisson’s ratio of the different structures according to the
strain (%)

shoulder straps below 50% deformation due to stress concentra-
tion (as confirmed by DIC analysis). For the same reason, an
offset of 2mm was also applied to the external edges of the
strap. In case the external cells have a reduced area of more
than 50% concerning the original one, they were eliminated from
the design due to the application of the offset. This can generate
thicker cell walls on some parts of the edges that can hinder the
lateral deformation of the strap. For this reason, a second geo-
metry was developed with a constant cell wall on the edges of
2 mm that was named auxetic-W due to the wavy shape of the
lateral edges.

In all the samples examined, the highest value of NPR was
reached at about 5% deformation (as reported in Table 3).

The Poisson ratio’s measurements (Figure 3) show that the
shoulder strap auxetic-W with wavy edges has the highest
NPR (of —0.5 at 5% of strain) compared with the auxetic-L due
to the lower thickness of the lateral edges, permitting a more
efficient expansion of the cells during axial tension.

DIC analysis (Figure 4) also shows that with increasing strain
and orientation of the cells, there is a clear tendency for the
structure to develop iso-deformation lines in the direction of the
applied stress. It is noteworthy that the edges of the auxetic-W
exhibited significant local deformation, which is nevertheless
far from the yield strain of the material.

This indicates that the shoulder wavy edges sample is capable
of providing a significant lateral deformation under load while
maintaining its structural integrity and, therefore, has been
used to produce a complete backpack for in vivo tests.

Table 3. Results at different strains (%) for the three selected shoulder

Strain (%) Re-entrant Bi-oriented Hexagonal straps from the DIC analysis
0 0 0 0 Strain (%) Auxetic-W Auxetic-L Standard
10 -1.943 -0.860 0.803 0 0 0 0
20 -1.705 -0.644 0.724 5 -0.51 -0.32 0.14
30 -1.294 -0.233 0.718 10 -0.38 -0.23 0.22
40 -0.854 -0.142 0.686 15 -0.34 -0.21 0.33
50 -0.734 -0.117 0.796 20 -0.32 -0.23 0.3
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Figure 4. DIC contour plot of the auxetic-W shoulder strap at 20%
strain.

3.2. Human tests

3.2.1. Temperature data

Averages were calculated for all data collected by taking the
mean across all testers. To provide a measure of the variability
or uncertainty around the calculated averages, 95% confidence
intervals were calculated.

As shown in Figure 5, a subtle difference was evident. In parti-
cular, the torso temperature in the auxetic model had a slightly
lower value. This trend persisted throughout the test, in the
active phase, except for the last 10 min when participants
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Figure 5. Mean torso temperature with 95% CI.
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Figure 6. Collarbone temperature with a Cl of 98%.
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were standing. This suggests an advantage of the auxetic
model in regulating mean torso temperature.

Figure 6 visually shows the temperature distribution in the cri-
tical regions for both the auxetic and standard models.

The auxetic model has a lower temperature in the collarbone
area, suggesting that it may provide a more comfortable sensa-
tion in this region.

Figure 7 contains meaningful data on the temperature varia-
tions observed on the shoulder strap. In the case of the
shoulder strap, the auxetic model was found to have higher
temperature values. This observation, combined with the lower
temperatures at the collarbone, suggests that the auxetic mate-
rial may improve thermal management. It appears to effectively
dissipate heat from the subject to the external environment,
possibly contributing to improved thermal comfort.

3.2.2. Humidity data

The analysis of mean torso humidity shows that the auxetic
model had lower humidity compared to the standard model
(Figure 8).

In conjunction with the results on temperature, the analysis of
humidity provides additional insight into the performance of the
auxetic and standard models. As can be seen in Figure 9, there
is a difference in humidity between the two models.

Auxetic
—— Standard

35

40 45 50

Comfort Lab - Politecnico di Torino

Auxetic
——— Standard

Comfort Lab - Politecnico di Torino
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Figure 8. Mean torso humidity with a Cl of 95%.

The moisture content of the skin under the shoulder strap was
consistently lower in the auxetic model. This fits seamlessly with
the earlier observation of improved heat dissipation in this area
and shows that the auxetic material offers an advantage not only
in temperature management but also in moisture control.

The significant difference in the moisture content of the shoulder
straps (Figure 10) indicates again that the material design of the
auxetic model plays an important role in moisture management.
The auxetic material has consistently lower moisture levels, so it
appears to wick sweat and moisture away more effectively at this
critical contact point. In addition, the observed difference in the
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Figure 9. Collarbone humidity with a Cl 95%.
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moisture content is consistent with previous results related to
temperature. The auxetic model’s ability to dissipate heat,
reflected in the lower temperatures in key areas, is likely com-
plemented by its superior moisture-wicking properties.

3.2.3. Pressure data

The pressure data measured are shown in Figure 11a with their
respective standard deviation.

Even if the statistical analysis shows no statistically significant
differences in the pressure exerted by the two backpacks,

Auxetic
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Figure 10. Shoulder strap humidity with a Cl of 95%.
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Figure 11. Pressure exerted (a), pressure perceived (b), pain sensation (c), and friction sensation (d).

these results should be evaluated together with the
evidence that the surface area in the auxetic model was
significantly lower due to the perforation of the auxetic
geometry. Given these aspects, it can be said that the
auxetic harnesses do not lead to a deterioration in ergonomic
comfort.

The subjective assessments of the participants concerning the
perception of load carried showed that the Auxetic model pro-
vided a slightly better feeling than the Standard one, as shown
in Figure 11b.

Regarding the evaluation of pain sensation (Figure 11c), the
participants did not find differences. At least, the participants
did not report differences in terms of friction sensation at the
end of the test, as shown in Figure 11d.

4. Conclusions

The aim of the project was to develop auxetic structures with an
NPR that can be integrated into backpacks. A variety of auxetic
samples using polymer foams as base material were subjected
to initial analysis to determine the optimal design.

Preliminary tests with these patterns showed that the standard
re-entrant geometry has the greatest expansion at low loads
(5-10%). This characteristic is crucial to ensure optimal comfort
and avoid excessive stretching of the shoulder straps. Therefore,
for the first batch of shoulder straps, the decision was made to use
a re-entrant standard geometry with a material like EVA.

Subsequent testing with this initial group of shoulder straps
confirmed that the prototype made with re-entrant structure
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and wavy edges had the most favorable auxetic behavior at low
strains (with a Poisson’s ratio of 0.5 at 5% strain). Further
refinements to this shoulder strap design, which included restricting
the auxetic geometry to the central section, resulted in improved
compression damping compared to fully auxetic geometries. This
optimization maintained an NPR at low elongation (-0.32 at 10%
elongation).

The in-human tests carried out in the climatic chamber, in which
two different backpacks (an auxetic and a standard model)
were compared, showed that the auxetic model had signifi-
cantly better heat and moisture management than the other
model tested. The higher temperature and moisture values
measured on the outer surface of the shoulder straps, in com-
bination with the lower values on the skin, underline the auxetic
geometry’s superior ability to dissipate heat and moisture in the
most critical areas.

Interestingly, the upper body temperature was lower during the
activity phase, indicating efficient heat dissipation. On the con-
trary, the upper body temperature was slightly higher during the
rest phase. These results contribute to higher wearing comfort,
especially during physically demanding activities or in warm
and humid environments.

The ability of the auxetic material to efficiently regulate moisture
on the shoulder straps further enhances its practical benefits.
By reducing the accumulation of moisture, the auxetic model
offers the user a more comfortable and less clammy feeling,
especially when worn for long periods.

At least the auxetic model did not exert higher pressures on
the critical areas despite the smaller surface area, which did
not impair ergonomic comfort. These data were also
confirmed by the participants’ subjective assessments of the
perception of the load carried, pain, and friction near the
shoulder straps.
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