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Effect of load orientation and weave

pattern on the mechanical properties
of woven active textiles for the design
of wearable devices and soft actuators

Jean-Baptiste R. G. Souppez'(® and Francesco Giorgio-Serchi?

Abstract

Active textiles featuring pneumatic actuators, such as thin McKibben muscles, enable tunable stiffness, which is desirable
for soft robotics, but the characterisation of their mechanical properties, particularly with respect to load orientation
and weave pattern, remains lacking. Consequently, this paper ascertains the mechanical properties of active textiles, cru-
cial for real-world scenarios, with unevenly distributed strains often misaligned with the weave pattern. The results show
that: (i) tensile properties exhibit a hysteretic behaviour, with a maxima at 0.05 MPa during pressurisation and a minima
at 0.15 MPa during depressurisation and a reduction in tensile modulus for increasing rotation angle; (ii) greater tensile
properties are achieved by minimising the warp’s deviation from straightness, via weave pattern or reduction in muscle
density; (iii) flexural properties require both a non-zero pressure and rotation angle greater than |15° to exhibit meaning-
ful flexural properties, reaching circa 30 MPa at 90°; and (iv) where out-of-plane curvature occurs, flexural properties
are significantly affected by the concave face’s orientation. Ultimately, tensile properties are driven by the warp’s align-
ment with the load, while flexural properties are driven by the weft’s alignment with the load. These findings provide
novel insights into the mechanical properties and design optimisation of active textiles.
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particularly suited to biomimicry and musculoskeletal
robots (Na et al., 2023). Employed in a parallel arrange-
ment of filaments, these replicate the tensile effects of
biological muscles, for instance, for human (Garriga-
Casanovas et al., 2017; Vraitch et al., 2024) and mam-
mal (Niikura et al., 2022) necks. When woven, active
textiles enable non-homogeneous and asymmetric stif-
fening, leading to flexion and curvature. Similar to
knitted active textiles (Abel et al., 2013; Eschen et al.,
2020), woven active textiles have been extensively stud-
ied to investigate how weave patterns and the non-
actuated textiles employed affect the overall shape

Introduction

Active textiles, also referred to as functional fabrics,
employ soft, deformable materials for soft robotics
applications, with motion being triggered electrome-
chanically, as tackled in the reviews of Hu et al.
(2012), Castano and Flatau (2014), Stoppa and
Chiolerio (2014), Mirvakili and Hunter (2018), Mun
et al. (2018), Xiong et al. (2021), Chen et al. (2023), Xu
et al. (2024), and Li et al. (2024). More recently, fluidic
textiles and textile actuators (Chen et al., 2021), such as
pneumatic artificial muscles or thin McKibben muscles
(Kurumaya et al.,, 2017), have demonstrated their
potential and versatility for soft robotic applications
(Hiramitsu et al., 2019). These range from wearable
technologies for high-performance or health-assistive

'Birmingham City University, UK
The University of Edinburgh, UK

purposes to industrial manipulation, exploiting the
short response time and high-power density of such
fluidic textiles (Pagoli et al., 2022; Ten Bhomer et al.,
2016; Younes et al., 2016; Zhu et al., 2020).

The fibre-like nature of thin McKibben muscles
(Salahuddin et al., 2021; Wirekoh and Park, 2017) is
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Figure I. (a) Woven active textiles (reproduced from
Hiramitsu et al., 2023), and application of fluidic actuators to (b)
human neck (reproduced from Garriga-Casanovas et al., 2017),
(c) ankle-foot orthosis (reproduced from Thalman et al., 2022),
(d) upper limb rehabilitation device (reproduced from Greig

et al., 2025), and (e) exo-suits (reproduced from Christensen
etal, 2021).

changes for varying pressures (Hiramitsu et al., 2023;
Koizumi et al., 2018; Kurumaya et al., 2017). This is
particularly relevant to safely meet the needs of human-
centred robotics (Andreasson et al., 2018; Thalman and
Artemiadis, 2020), wearables such as rehabilitation
equipment (Diteesawat et al., 2022; Greig et al., 2025;
Thalman et al., 2022), exo-suits (Christensen et al.,
2021; Pulvirenti et al., 2022; Talukder and Jo, 2025)
and even soft myocardial bands (Ueda et al., 2025). The
versatility of active textiles and McKibben muscles is
demonstrated in Figure 1.

However, a lack of characterisation of the mechani-
cal properties of pneumatically actuated active textiles
hinders their wider application in wearable devices,
particularly for multi-degree-of-freedom systems, where
tunable properties are desirable. Indeed, only recently
were the mechanical properties (tensile and flexural
modulus) of a plain-weave active textile quantified
(Marshall et al., 2023) for varying input pressures.
These findings identified a strong dependency on mus-
cle density in tension; however, they were less conclu-
sive in flexion. This limitation was attributed to the
single load orientation tested not being most suitable to
exhibit flexural properties. Indeed, the typical arrange-
ment of woven structure is such that forces are never
applied directly in-line, or tangentially to the fibres, but
at some angle. Moreover, the work of Marshall et al.
(2023) investigated a plain weave, which would not
result in out-of-plane curvature. This is in contrast to
Hiramitsu et al. (2023), who tackled the effect of the
weave pattern on out-of-plane curvature but did not

quantify the mechanical properties. As such, there
remains a critical need to characterise the mechanical
properties of active textiles for varying load orienta-
tions, and for weaves able to exhibit out-of-plane cur-
vature, in order to meet the demand for complex,
human-centred, multi-degree-of-freedom wearables.

Given the wide range and versatile applications of
active textiles, a greater understanding of their mechanical
properties and variations with load orientation and weave
pattern is needed to support developments in soft robotics
and wearables. Consequently, this paper furthers the
recent work of Hiramitsu et al. (2023) and Marshall et al.
(2023) by characterising the tensile and flexural properties
of an active textile in line with relevant ISO (International
Organization for Standardization) standards for tension
(International Organization for Standardization (ISO),
2012) and flexion (ISO, 2019), respectively, to ensure the
reliability and repeatability of the results, for a range of
orientation angles. Additionally, the same mechanical
properties are assessed for a 2 by 1 twill (or prunelle)
weave. The aim is to expand the current knowledge of
active textiles and their mechanical properties for two pre-
viously unstudied variables: load orientation and weave
pattern.

The remainder of this paper is structured as follows.
First, the woven pneumatic active textiles investigated
are detailed. Then, the experimental protocol, quantifi-
cation of the mechanical properties and associated
uncertainty are covered. Moreover, the mechanical
properties of the active textiles are characterised, in
both tension and flexion, and the significance of these
results is discussed. Ultimately, the main findings are
summarised.

Active textiles

Two separate active textiles are manufactured and
investigated in this study:

e a 200 mm long by 200 mm wide square sample
with a plain weave, subsequently denoted as Ty,
to investigate the effect of load orientation; and

e 2200 mm long by 50 mm wide rectangular sam-
ple with a prunelle (or 2 by 1 twill), labelled T»,
to investigate the effect of the weave pattern.

The dimensions of T, are in accordance with the ISO
13934-1:2013 (ISO, 2013) for textiles, namely a woven
gauge length Ly =200 mm and width b = 50 mm,
which are identical to the dimension of Marshall et al.
(2023). On the other hand, T; features a larger width
b =200 mm to enable rotation of the sample in both
tension and flexion, thereby remedying the limitations
of previous work (Marshall et al., 2023), and further
detailed in the Methods section. The plain weave and
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(b) Prunelle weave

(a) Plain weave  warp
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Figure 2. Schematic of (a) the plain weave pattern employed
for T, and (b) the prunelle (2 by | twill) weave pattern used for T,.

prunelle weave are depicted in Figure 2(a) and (b),
respectively.

The active textiles manufactured are made of a warp
and a weft woven normal to it. The weave patterns
adopted are depicted schematically in Figure 2. A
1.50 mm nominal diameter Nylon 6 (polyamide) con-
stitutes the warp, with a measured 0.78 gm~' mass per
unit length and a 520.00 gm~2 mass per unit surface
area. A thin McKibben pneumatic artificial muscle
(EM20 McKibben S-muscle) is employed for the weft.
It is a combination of 32 polyethylene terephthalate
monofilament spindles for the outer sleeve (19° angle
and 0.16 mm nominal diameter) and a synthetic rubber
tube for the inner bladder (2.20 mm outer diameter,
0.20 mm wall thickness). Unpressurised, that is, for an
input pressure P = 0.00 MPa, the weft has a
Dy = 3.00 mm nominal outer diameter, with a
2.44 gm~!' mass per unit length and a 813.33 gm™2
mass per unit surface area. To alleviate the Mullins
effect (Hocking and Wereley, 2013), where the stress-
strain curve of rubbers depends on the previously
encountered maximum load, the pneumatic muscle is
first taken through a cycle of incremental input pres-
sure from P =0.00 MPa to P =0.50MPa in
P =0.10 MPa increment, with each increment being
repeated twice.

The active textiles are tested for different muscle
densities p,;, namely p,, =100 m~! for T, and
py =100 m~!, p,, = 7426 m~! and p,, = 47.62 m™!
for T,. Here, p,, is defined as

P 1 _ Dweft (1)
M Sweft [m] Ly [m] ’

where syef 1S the lengthwise weft spacing, nyer 1s the
lengthwise number of weft and L, is the gauge length.
The manufactured T, is made of 136 strands for the
warp, see Figure 3(a), while T, is made of 34 strands
for the warp (identical to that of Marshall et al., 2023).
Both woven T; and T, at p,, = 100 m~! are 300 mm
long overall, made of a woven gauge length
Ly =200 mm at P = 0.00 MPa and two 50 mm long

Figure 3. T, active textile (a) prior to manufacturing, and (b)
after manufacturing, including annotated dimensions.

tabs reinforced with epoxy resin at each lengthwise
end. This is depicted in Figure 3(b). To achieve a
woven Ly =200 mm at the maximum muscle density
(py; =100 m~'), an unwoven L = 215 mm is necessary.
The width by is 200 mm and the thickness 74y is
6.00 mm, both at P = 0.00 MPa.

Methods
Experimental setup and protocol

All experiments were performed on an Instron 5965
fitted with a 500 N load cell and were conducted at tem-
peratures 20.1°C < T = 26.3°C and relative humid-
ities 0.35<¢ =<0.57. To suppress any slack in the
sample, a preload of 1 N in tension and 0.02 N in flex-
ion is applied at a displacement rate of 10 mmmin .
Past the preload threshold, force and displacement
(elongation in tension, deflection in flexion) are then
recorded at 200 Hz for a displacement rate of
1 mmmin~'. To prevent any plastic deformation that
may affect the textile’s mechanical properties, all experi-
ments are conducted only up to a strain € = 0.003.

The tensile setup is depicted in Figure 4(a) for T, at
a rotation angle § = 0°, where 0 is defined as the angle
between either the lengthwise direction in tension, or
spanwise direction in flexion, and the warp direction,
see Figure 4(b). Tensile tests for T; were conducted at
0 = 0°,5°,10°, 15°, 20°, 25° and 30°. This range is lim-
ited by the ability to clamp the end tabs. Conversely, in
flexion, a wider range of angles could be investigated
for Ty, namely 6 =0°, 7.5°, 15°, 30°, 45°, 60°, 75°, 82.5°
and 90°, using a 3-point bend test with a span
s = 120 mm. The load point and two support points
have a 50 mm width. For T,, shown pre- and post-
weaving in Figure 5(a), both the tensile and flexural set-
ups are identical to that of Ty, albeit only at § = 0°,
thus being identical to Marshall et al. (2023). The flex-
ural setup is depicted in Figure 5(b) for the plain
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Figure 4. Tensile setup at (a) 6 = 0° and (b) definition of 6.

weave. However, because of the prunelle weave
adopted and associated out-of-plane curvature, flexural
experiments were repeated both with the concave side
upwards (denoted as U) and downwards (denoted as N)
to capture the effect of the geometrical deformation on
the mechanical properties.

Tensile and flexural properties

The tensile properties are ascertained based on the ISO
527-2:2012 (ISO, 2012). First, the tensile strain € is com-
puted based on the measured elongation ALj such that

ALy
= —. 2
=T )
Then, the tensile stress o is given as
F
= — 3
7" ®)

where F is the force and 7 is the textile thickness.
Finally, the tensile (or Young’s) modulus E is
ascertained

E =

m 19

4)

Based on the ISO 178:2019 (ISO, 2019), the flexural
strain €7, flexural stress o, and flexural modulus E; are
given in equations (5)—(7), respectively, such that

6wh
&= a2 (5)
3Fs
gr = bR’ (6)
and
o
Ep = (___—f (7)
-f

where w is the deflection.

Figure 5. Example of plain weave active textile (reproduced
from Marshall et al., 2023) (a) during manufacturing, namely pre-
and post-weaving, showing the reduction in length and (b)
during flexural testing.

Both moduli are computed using the linear least
squares method for 0.0005 < e <0.0025 and 0.0005 <
€ =<0.0025, as per ISO 178 (ISO, 2019). Because the
mechanical properties are a function of the geometrical
properties, varying with the input pressure, the geometri-
cal characteristics of the active textile will be quantified for
0.00 MPa < P=<0.50 MPa. Experiments are conducted
up to P = 0.50 MPa, similar to the recent work of Na
et al. (2023) and Hiramitsu et al. (2023), but in contrast to
Marshall et al. (2023) which quantified tensile and flexural
properties up to P = 0.60 MPa. This is because significant
muscle bursting was experienced for P>0.50 MPa, which
has prompted further research into the durability of thin
McKibben muscles (Kobayashi et al., 2024). Lastly, for the
purpose of the stress calculations, see equations (3) and (6),
only a 50 mm wide strip out of the overall 200 mm width
of the sample is considered to be loaded. This corresponds
to the width of tensile jaws clamping the sample in tension,
and the width of the loading and support points in the flex-
ural 3-point bend setup. This assumption will later be
shown to yield a good agreement with the experiments
undertaken by Marshall et al. (2023) on 50 mm wide
samples.

Uncertainty quantification

The uncertainty U associated with the results presented
in the Results section, represented by error bars, is
quantified using the methodology applied to composite
materials by Souppez and Laci (2022) and active tex-
tiles by Marshall et al. (2023), namely
U=/(8+P), (8)
where the bias B(X) of a quantity X based on a number

N of independent variables x; with a bias limit B(x;), as
listed in Table 1, is
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Table I. Summary of the bias limits.

Elongation, B(ALp) (mm) 0.00005
Length, B(Lp) (mm) 0.5

Force, B(F) (N) 0.00005
Width, B(b) (mm) 0.005
Thickness, B(h) (mm) 0.005
Deflection, B(w) (mm) 0.00005
Span, B(s) (mm) 0.005
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Figure 6. Radial expansion D/Dg of the pneumatic muscle for
0.00 MPa=<P=<0.50 MPa compared to data from Marshall et al.
(2023), Hiramitsu et al. (2019) and Kurumaya et al. (2017).

B(X) = [ZN: <%B(xi)>2] %, )

i=1

and the precision P, based on the standard deviation
O 4ev at the 95% confidence level, is

1950 ey
vn

where f9s = 2.776 for the n = 5 repeats (as dictated by
ISO standards (ISO, 2012, 2019)) undertaken, each
active textile (T, and T,) being tested 5 separate times.

P, = (10)

Results and discussion

The results section is structured as follows. First, a
characterisation of both the pneumatic artificial muscle
(weft) and active textiles T and T, is offered. Secondly,
the effect of load orientation by studying textile T, is
addressed. Then, the effect of the weave pattern is
tackled by investigating textile T». Ultimately, the novel
insights gathered on the effect of load orientation and
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Figure 7. Longitudinal contraction L/Ly of the pneumatic
muscle for 0.00 MPa<P=0.50 MPa compared to data from
Marshall et al. (2023), Hiramitsu et al. (2019) and Kurumaya
etal. (2017).

weave pattern, as well as their implications for wear-
able devices and soft actuators, are discussed.

Weft and active textile characterisation

Weft characterisation. The radial expansion D/Dy and
longitudinal contraction L/Ly of the weft alone are
first characterised as a function of the measured dia-
meter D, length L and unwoven and unpressurised mus-
cle length L,;, for monotonically increasing (P ") and
monotonically decreasing (P\) pressures. The radial
expansion presented in Figure 6 shows a strong agree-
ment with the findings of Hiramitsu et al. (2019), not
only in quantitative magnitude but also in qualitative
behaviour. Indeed, the hysteretic behaviour of thin
McKibben muscle, critical in soft robotic actuation to
ensure symmetrical response under duty cycles, is most
prominent for 0.05 MPa < P < 0.20 MPa, before a gra-
dual tapering off. This is compared to the hysteresis of
Marshall et al. (2023) and Kurumaya et al. (2017),
occurring primarily for 0.20 MPa < P<0.35 MPa and
0.10 MPa < P < 0.35 MPa, respectively.

Similarly, the longitudinal contraction depicted in
Figure 7 yields identical findings, including a strong
agreement with the data of Hiramitsu et al. (2019).
Nevertheless, the differences with the results of
Marshall et al. (2023) and Kurumaya et al. (2017)
demonstrate that the accurate prediction of the geome-
try of thin McKibben muscles under varying air pres-
sures remains a challenge in soft robotics (Hiramitsu
et al., 2023) and thus warrant the geometrical charac-
terisation of the active textile.
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Figure 8. Thickness expansion h/hg of the woven active textiles for 0.00 MPa<P<0.50 MPa compared to data from Marshall et al.
(2023) at (a) pyy = 100 m~' for T, and Ty, (b) pyy = 74.26 m~' for T, and (c) py = 47.62 m~' for T».

Active textile characterisation. For the range of pressures
investigated, the thickness 4 and length L of the woven
active textiles are measured to compute the thickness
expansion 4/hy and the longitudinal contraction L/Ly.
These are presented in Figures 8 and 9, respectively.
Contrary to the previous Section, which quantified the
weft’s diameter and length, here, the textile thickness
also includes the warp, either side of the weft and the
length excludes end tabs.

The present textiles (T; and T,), similar to that of
Marshall et al. (2023), both continue to exhibit a hys-
teretic behaviour, driven by that of the weft. For Tj,
there is a markedly greater thickness expansion and les-
ser longitudinal contraction compared to Marshall
et al. (2023) for the same plain weave at p;, = 100 m~"'.
Because this is the highest practical muscle density for
this textile and weave, there is insufficient room for
longitudinal contraction to take place to its full extent,
which, consequently, drives a higher thickness expan-
sion. For T», the present prunelle weave exhibits a simi-
lar thickness expansion compared to the plain weave of
Marshall et al. (2023) (Figure 8), but with greater longi-
tudinal contraction (Figure 9), owing to the out-of-
plane curvature. Indeed, at P=0.50 MPa and p,, =100
m~!, T, values of h/hy=1.465 and L/Ly=0.768 com-
pared to h/hy=1.446 and L/L, = 0.832 (P,) and
h/hy = 1.443 and L/Ly = 0.825 (P,) for Marshall
et al. (2023).

The present results for T, also identify a compara-
tively higher uncertainty for P\, compared to P 7, for
both %/hy and L/Ly. This behaviour is absent for the
weft, suggesting it arises from the interference and fric-
tion between the weft and warp, particularly at the high
muscle density p,, = 100 m~!, which is the highest
practical p,, achievable for this textile. Indeed, at a
higher muscle density, there is less free space for recov-
ery during depressurisation, and interfacial friction and

space constraints induce greater uncertainty from sam-
ple to sample. A similar observation can be made in the
results of Marshall et al. (2023) who investigated three
muscle densities, namely p,, = 100 m~', 74.26 m~! and
47.62 m~': a comparatively higher uncertainty for P\,
compared to P is found at p,, = 100 m~! but absent
at 74.26 m~! and 47.62 m~!. Consequently, a muscle
density that is too high may lead to increased uncer-
tainty at decreasing pressures and thus affect the ability
to consistently and accurately predict the active textile
response under duty cycles. We then provide the first
characterisation of the tensile and flexural properties of
an active textile for varying orientations of the applied
load.

Effect of orientation

This section focuses on textile T; only (200 mm length
by 200 mm width, p,, = 100 m~') to understand the
effect of load orientation of active textiles.

Tensile properties. While Marshall et al. (2023) reported
on the tensile properties of a plain-woven active textile,
the effect of the rotation angle remains uncharacterised.
This information is of crucial importance for the design
of wearable devices in real-world settings where load
application is rarely aligned with the warp or weft
arrangements. From the present experiment, the effect
of 6 on the tensile modulus is presented in Figure 10
for 0° < 6 =< 30°, that is, the range practically achiev-
able for the clamping method employed. First, consider
the results at 6 = 0° compared to that of Marshall
et al. (2023). For 0.00 MPa < P < 0.35 MPa, an identi-
cal trend is identified, with values between the joint
uncertainty of both experiments (error bars in Figure
10 omitted for clarity), including a maximum at
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Figure 9. Longitudinal contraction L/Ly of the woven active textile for 0.00 MPa<P<0.50 MPa compared to data from Marshall
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Figure 10. Tensile modulus E of the T| woven active textile
(Lo = 200 mm, b = 200 mm) for 0.00 MPa=<P=<0.50 MPa
compared to data from Marshall et al. (2023) (Lo = 200 mm,
b = 50 mm) at 6 = 0°. Error bars omitted for clarity.

P =0.05MPa for P/ and a minimum at P =
0.15 MPa for P\,. The marginally higher values of E
for Marshall et al. (2023) are consistent with the textile
characterisation (Figure 8): the higher 4/h¢ of the pres-
ent T, textile compared to that of Marshall et al. (2023)
results in a greater misalignment of the warp with the
direction of tensile load. Because the warp drives the
tensile properties, this results in a lower tensile modulus
compared to Marshall et al. (2023). For P=0.40 MPa,
a different behaviour is identified: while Marshall et al.
(2023) displayed a monotonic increase for P leading

to a local maximum at the maximum pressure
P = 0.60 MPa, the present results appear to plateau,
albeit without experimental data for 0.50 MPa
< P=<0.60 MPa.

Looking at the effect of 6, there is a gradual reduc-
tion in the values of E at any given P, more pronounced
for P/ compared to P\, and a similar hysteretic beha-
viour at all tested values of 6. Remarkably, for all val-
ues of 0 investigated, maxima at P = 0.05 MPa for P/
and minima at P = 0.15 MPa for P\, are evidenced.
This is significant as maxima for P, and minima for
P, have previously been shown to vary with muscle
density (Marshall et al., 2023), and are now shown to be
independent of the orientation. Indeed, the orientation
affects the tensile modulus, as the warp best carries tensile
load when aligned with the load orientation. The pressure
at which the maxima and minima occur mainly depends
on the weft and increase or decrease in pressure.
Therefore, the orientation governs the tensile response,
while the maxima/minima dependent on the pressure and
associated deformation of the active textile.

To better understand the effect of # on E, Figure 11
presents the evolution of the normalised tensile modu-
lus E/Eg - oo for 0° <0 =<30°. In addition to the clear
decline in E/Ey — ¢o for increasing 6, associated with the
misalignment of the warp with the direction of the ten-
sile loading, there is also an increasing variability in
E/Eg - oo for increasing 0. These findings are particu-
larly relevant to quantifying the loss in tensile modulus
associated with a deviation from the load orientation or
intended operating angle for active textiles in tension.

The variations in tensile properties of active textiles
can, therefore, be quantified as a function of their rota-
tion angle. While the warp provides tensile properties,
flexural properties originate from the weft for non-zero
pressures. Consequently, it may be hypothesised that
maximum flexural properties occur at § = 90°.
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Flexural properties. The effect of 6 on E, is presented for
0° <6 =90° in Figure 12. While error bars are omitted
in Figure 12 for clarity, it is noted that flexural results
are subject to a much higher average uncertainty U
than tensile results (where U~0.06), particularly at low
P and low 6, owing to the very low forces measured.
The average uncertainty U~0.40 for the present flex-
ural results is consistent with that of Marshall et al.
(2023), namely U~0.60 for 0.00 MPa < P < 0.60 MPa
at 0 = 0°.

There is a good agreement between present results
and those of Marshall et al. (2023) at # = 0°, showing
only a marginal increase in E; with P, less than the
uncertainty. This is explained by the inability of the
weft to contribute to the flexural properties at 6 = 0°,
where flexural properties are driven by the warp, which
does not possess meaningful flexural properties.
However, as 6 increases, there is a marked increase in
Er, with a 55-fold increase between P = 0.00 MPa and
P = 0.50 MPa for 6 = 90°. Because of the high uncer-
tainty, any hysteretic pattern (e.g. 0.25 MPa<P<
0.45 MPa at 6 = 90°) is not deemed relevant. In fact,
considering the magnitude of the uncertainty, there is
no clear hysteretic behaviour shown for flexural prop-
erties at any tested orientation, which is consistent with
the findings of Marshall et al. (2023) at # = 0°.

By plotting the normalised flexural modulus
E;/Esg=0o versus 6 in Figure 13, two main findings
are revealed. First, flexural properties begin to mean-
ingfully increase from 6 > 15°, with variations smaller
than the magnitude of the uncertainty for 0° <0 < 15°.
Secondly, there is a greater rate of increase of
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Er/Er g = oo for higher values of P. Active textiles can,
therefore, exhibit significant flexural properties, as
demonstrated in this section, particularly for § > 15°
and high input pressures. The latter is also associated
with an increase in the thickness of the active textile
(Figure 8). This contributes to an increase in the second
moment of area about the neutral axis I = bh*/12,
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meaning that the flexural rigidity £,/ of the active tex-
tile, combining both its mechanical and geometrical
properties, would be even greater.

Effect of weave pattern

Because we have demonstrated the impact of load
orientation on active textiles, this section solely investi-
gates textile T, (200 mm length by 50 mm width). The
aim is to understand the effect of the weave pattern,
namely a prunelle weave (2 by 1 twill) compared to a
plain one.

Tensile properties. The tensile modulus for the prunelle
weave at p, =100m~!, p,, =7426 m~!, and
py = 47.62m™! is presented in Figure 14(a) to (c),
respectively. Results are presented for both increasing
(P,") and decreasing (P\) pressure, owing to the pre-
viously evidenced hysteretic behaviour in tension.

First, for all tested muscle densities, the prunelle
weave exhibits higher mechanical properties than the
plain weave. Remembering that the prunelle weave
results in less deviation from straightness of the warp,
and that tensile properties are governed by the warp,
this observation is a logical outcome. This also explains
the higher modulus, for both prunelle and plain weaves,
as the muscle density decreases: the lesser number of
weft woven into the warp means that the latter is more
aligned with the tensile load, and thus exhibits higher
properties. The increase in modulus thanks to the pru-
nelle weave ranges from 31% to 58% at P = 0.00 MPa
and 74%-91% at P = 0.50 MPa for the tested muscle
densities. The weave pattern does, therefore, meaning-
fully affect the active textile’s properties at § = 0°, with
minimal deviation from straightness of the warp being
associated with a greater tensile modulus. This can be
achieved with the weave pattern, but also the muscle

density, both significant design variables, the effect of
which will next be ascertained in flexion.

Flexural properties. In flexion, both the present results
and literature (Marshall et al., 2023) have evidenced
the absence of any hysteresis. Consequently, experi-
ments are performed for increasing pressure only.
However, while the plain weave (denoted —) only
yields in-plane motion, the prunelle one results in out-
of-plane curvature. This geometrical property signifi-
cantly affects the mechanical properties. Therefore, the
prunelle weave is tested both with its concave side
upwards (U) and downwards (N), as depicted in Figure
15(a) to (c) for p;, = 100 m~', p,, = 74.26 m~!, and
py = 47.62 m~!, respectively.

The flexural results retain a high uncertainty, solely
driven by the force bias, owing to the very small forces
measured. Indeed, as the active textile is not best
employed in flexion, very small forces are required to
generate large deformation, and thus the comparatively
high force bias yields high uncertainty. This was also
identified by Marshall et al. (2023). Nevertheless, the
differences between prunelle and plain weaves exceed
the uncertainty. As such, we can conclude that the pru-
nelle weave appears to offer a higher flexural modulus
than the plain weave. More significantly, we identify a
drastic change in behaviour between samples tested
with their concave side upwards (U) or downwards (N).
Indeed, the former (U) displays a reduction in flexural
modulus despite an increasing pressure as a result of
the out-of-plane curvature not working in favour of
withstanding flexural loads. Conversely, when the con-
cave side faces downwards (N), the curvature created
for increasing pressure works in favour of the active
textile, allowing the textile to achieve increasing flex-
ural modulus with increasing pressure, at a marginally
higher rate than the plain weave (—). Therefore, where
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out-of-plane curvature occurs, the geometrical varia-
tions have been shown to play a significant role on the
flexural properties. This behaviour will be accentuated
by the amount of curvature, which has been shown to
vary with both weave pattern and warp material
(Hiramitsu et al., 2023).

Conclusions

In this work, the mechanical properties of plain and
prunelle (2 by 1 twill) woven active textiles composed
of a Nylon 6 warp and EM20 S-muscle weft at muscle
densities from 100 m~! to 47.62 m~! were investigated.
Experiments were conducted for monotonically increas-
ing and monotonically decreasing pressures from
0.00 MPato0.50 MPa while complying with the rele-
vant ISO standards for tensile and flexural testing. As
such, new insights into the mechanical properties of
woven active textiles can be gained, particularly regard-
ing the effect of load orientation, investigated from 0°
to 30° in tension, and from 0° to 90° in flexion, as well
as weave patterns.

Firstly, the behaviour of the thin McKibben muscles
and two active textiles presented in this work were
described. The results showed a clear hysteretic beha-
viour, as well as the effect of the interference and fric-
tion between the warp and weft, which led to higher
uncertainty for monotonically decreasing pressures.
This is significant as it would affect the response of
active textiles under duty cycles.

Secondly, the effect of orientation is tackled. Tensile
properties were shown to be strongly impacted by the
rotation angle, with a reduction in tensile modulus for
increasing rotation angle as a result of the warp no lon-
ger aligning with the tensile load direction.
Remarkably, irrespective of the rotation angle, the
maxima for monotonically increasing pressures were
always at 0.05 MPa and the minima for monotonically

decreasing pressures always occurred at 0.15 MPa. For
flexural properties, an increase in orientation angle
yielded a significant increase in flexural properties, up
to a modulus circa 30 MPa at 90° for the highest tested
pressures: a 31-fold increase compared to 0°, while a
55-fold increase was achieved at an angle of 90°
between pressures of 0.00 and 0.50 MPa. This is consis-
tent with the weft providing the flexural properties of
active textiles, with a greater rate of increase of the flex-
ural modulus for rotation angles in excess of 15°.
Furthermore, while textile deformation and tensile
properties displayed a strong hysteretic behaviour, flex-
ural properties did not, ensuring symmetrical response
under duty cycles.

Thirdly, the effect of the weave pattern was studied
by comparing a prunelle and plain weave. In tension, a
better tensile modulus is achieved by minimising the
deviation from straightness of the fibres, which can be
achieved either by employing a prunelle weave, or
reducing the muscle density, thus allowing to achieve
maximum mechanical properties. In flexion, the out-of-
plane curvature was shown to yield radically different
behaviour depending on the orientation of the curva-
ture. Where the concave side faces upwards, a reduc-
tion in flexural modulus was exhibited. Conversely, by
orienting the concave side downwards, an increase in
flexural modulus was evidenced, with both a greater
value and a higher rate of increase than a plain weave.

These findings provide novel insights into the
mechanical properties of woven active textiles at rota-
tion angles and for different weave patterns, thereby
supporting the prediction of their properties for soft
robotic applications ranging from wearable technolo-
gies to biomimicry. Specifically, the present results
enable safe and comfortable human-centric wearables
for complex, multi-degree-of-freedom applications.
Indeed, knowledge of the tensile modulus for varying
orientations will allow to ensure suitable strength even
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when the load deviates from the fibre alignment for
applications such as exosuits or wearable joint sup-
ports. Where bending is required, the novel insights
gained can inform decisions, ranging from weave pat-
tern to muscle density in order to achieve the expected
mechanical response, whilst also not causing injury.

However, these properties remain experimentally
characterised. As such, they provide crucial validation
data for theoretical models, allowing the prediction of
the mechanical properties of woven active textiles. Such
theoretical models, which remain lacking, may be
informed by composite theory, which may, therefore,
represent a relevant future research direction.
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