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Abstract

This work presents the development, prototyping and validation of a new concept of structure
called structural smart fabric (SSF). An SSF is a chainmail fabric composed by interconnected
elements, called cells, which can be stiffened by reactive elements, such as those made by shape
memory alloy (SMA). Exploiting the shape memory functionality, SSFs are capable of sensing
and reacting to external stimuli. Based on this concept, in this study we propose an SSF that
integrates SMA wires into a 3D-printed chainmail structure. The shape memory effect of these
wires is used as an actuating mechanism that, at high temperature, tightens the adjacent cells
together and provides increased structural stiffness. In this study, finite element simulations
were initially conducted to enhance the comprehension of the SSF’s mechanical behaviour. The
influence of the initial cell spacing on the SSF stiffness and the wire stress profiles was
evaluated during bending loading, as well as the evolution of contact pressure profiles between
adjacent cells. This numerical approach enabled to tune the design of the SSF prototypes which

were successively manufactured using selective laser sintering additive manufacturing
technology with PA12. After the integration with the SMA wires, the SSF prototypes were
tested under a 3-point bending configuration at different temperatures. The results revealed a
remarkable increase in structural stiffness at elevated temperatures compared to ambient
conditions. This study set the basis for a deeper understanding of SSF’s unique capabilities and
potential applications in fields where adaptive and responsive structures are required.

Keywords: smart structures, fabrics, variable stiffness, 3D printing, chainmail, SMA

1. Introduction

In recent years, the widespread use of 3D printing allowed
the global research to explore new concepts for meta-materials
and structures [1-3]. Among these, structures inspired by the
chainmail armours of the Middle Ages were investigated [4].

* Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms
BY of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the

title of the work, journal citation and DOI.

These structures are composed by interconnected elements,
called cells, which maintain partial freedom of relative motion.
This allows the chainmail to behave like a fabric. Some applic-
ations of chainmail fabrics range from fashion [4-7] to bio-
medical [8—10] and robotic engineering [11]. According to the
requirements of the specific application, chainmail fabrics can
reach different sets of mechanical characteristics by exploiting
the intrinsic material properties and the geometry of the cells
[10, 12]. In this regard, 3D printing allows high geometrical
flexibility for the cells and a one-step manufacturing of large
fabrics, thus drastically reducing assembling times and costs
[11, 13]. Smart materials, i.e. materials with adaptive features
and functions capable of reacting to external stimuli, are also

© 2024 The Author(s). Published by IOP Publishing Ltd
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a product of the recent technological development [14, 15]. In
this context, chainmail fabrics can be further improved into
smart fabrics, as shown in the literature by a few pioneering
works [8, 10, 11, 16].

Ploszajski et al [8] developed a 4D printed chainmail with
double stiffness for a wearable assistive device such as orthot-
ics. This was a nylon chainmail composed of hollow cubes,
which was immersed in a ferrofluid bath and then dried. This
treatment covered the polymer particles with a dry ferrofluid
micro-layer and the polymeric structure became sensitive to an
applied magnetic field. Upon contact with a magnetic surface,
the fabric exhibited increased stiffness due to the jamming
of the cubes. The increase in stiffness was only qualitatively
evaluated from the fabric shape, without an actual quantitative
measure. The authors suggested a potential use in the biomed-
ical sector as an actively stiffened wrist-brace. However, the
proposed solution required the creation of a sufficiently power-
ful magnetic field directly in the exoskeletal device. Such a
device would thus not be easily portable and would require an
additional source of energy to operate the electromagnet [8].
The authors also investigated other activation inputs such as
swellable hydrogels, granular media, electroactive polymers
and pneumatic systems. However, these proved non-ideal in
terms of performance, or not feasible.

Another prototype of chainmail smart fabric with vari-
able stiffness manufactured by 3D printing was developed
by Wang et al [10]. Under inactive conditions, the chainmail
showed near-zero bending stiffness, thus behaving like a fab-
ric. However, when placed in a sealed envelope under vacuum,
the fabric became stiff with load bearing capabilities. Several
cell designs were evaluated, all made by connected trusses to
allow relative interconnection. Bending and impact tests were
performed to characterise the stiffened fabric. The maximum
stiffness increase obtained was tenfold compared to the loose
configuration. Interestingly, the stiffness could be adjusted to
a desired value by changing the suction pressure. The tune-
able stiffness, rather than a simple active or inactive state,
widens the application landscape. However, the suction pres-
sure requires the availability of a vacuum pump; this can be a
limit to the portability and energy efficiency of the fabric.

In the fore-mentioned works, smart fabrics were obtained
using additional external devices (vacuum pump, electromag-
net), which increase the undesired weight, volume, energy
consumption and potentially lower the reliability of the whole
system. The use of smart materials with intrinsic sensing
and/or actuation properties can potentially solve this issue [5,
15]. These materials are capable of responding to the environ-
ment, or external stimuli, of different nature that modify their
physical properties [17]. Smart materials can thus be combined
with structural fabrics to make them reactive to a certain envir-
onmental stimulus [10].

Shape memory alloys (SMAs) represent an example of
metallic materials capable of producing an actuation force
induced by an external stimulus thanks to a reversible
austenitic-martensitic phase transformation. The most suc-
cessful SMA is nitinol (commercial names derived from
composition and place of discovery: Nickel Titanium-
Naval Ordnance Laboratory) where nickel and titanium are

combined in equal atomistic concentration [18]. The original
shape of a SMA component can be restored, after a large
plastic deformation, by simply heating up the material. This
is caused by a microstructural transition from the low tem-
perature phase (martensite) to the high temperature phase
(austenite) [18, 19]. This property can be exploited to actuate
amechanical system, SMAs are indeed used in several robotic
applications [20, 21], also thanks to their high energy density
[18, 19, 22]. It should be noted that a precursor of the proto-
type presented in this study was proposed by Yuen et al [16]
which involves the sewing of straightened SMA helical coils
on a woven fabric with the aim to create motion on the fabric.
When heated via Joule effect, the coils recovered their helical
shape generating a pulling force on the fabric to compress it
or bend it with actuating force in the order of 1-10 N [16].
SMA coils were also used by Ransley et al [11] in the activa-
tion of a 3D printed chain for soft robotic applications (only a
single row of cells was studied). The chain was constituted of
interlinked hollow square elements. These were 3D printed in
two half squares that were later assembled and integrated with
the SMA coils. The two half squares can slide one inside the
other changing the length of two parallel edges of the square.
The sliding was driven by the SMA actuators heated through
the Joule effect, and it caused all the elements to jam one on
each other. The prototype had two primary states, open and
closed, with the maximum stiffness in its closed configuration.
For this prototype [11], the chain could be bent only in one
direction, due to the asymmetrical cells shape. Furthermore,
a one-shot manufacturing was not possible, and the assembly
phase remained quite complex.

Both the works of Yuen et al [16] and Ransley et al [11]
considered an actuation based on SMA wires transforming
from straight lines to spiral coils. This allows to achieve a large
longitudinal displacement, while actuation forces are gener-
ally small, and this limits the achievable stiffness.

The present work proposes an innovative 3D printed struc-
tural smart fabric (SSF) with temperature-dependent stiffness.
This characteristic can be exploited in many field: from bio-
medical application such as wearable exoskeletons to the space
environment [23, 24]. In particular, regarding space applica-
tions the proposed SSF is especially suitable for deployable
structure that can gain stiffness the desired stiffness once in
place. The SSF is composed by interconnected cells featuring
SMA wires. The SMA wires were inserted inside holes in the
cells and they were kept in a straight shape (rather than coil
shape), as this shape generates the highest level of force with
respect to the amount of used material [18]. The fabric com-
posed only by the interconnected cells will be referred to as
chainmail in the rest of the work, while, after the integration
with the SMA wires, it will be referred to as SSF.

Below the SMA transformation temperature (70 °C for the
SMA used in this work [25]), the fabric displays low bending
stiffness. The initial clearance between the cells granted the
SSF to behave as a fabric (i.e., with a low to near-zero bending
stiffness) at low temperature. This configuration will be called
inactive in the rest of the work. Above this temperature, the
wires shrink, jamming the cells together and thus increasing
the rigidity of the whole fabric. The contraction of the wires is
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Figure 1. (a) Single cell model with characteristic dimensions; (b)
example of a 6 x 4 cells chainmail.

indeed prevented by the presence of the cells. This configura-
tion will be called active in the rest of the work.

2. Materials and methods

2.1 Design, manufacturing and assembling of the SSFs

The cells are composed of a flat squared plate on one side and a
system of branches on the other side, as shown in figure 1(a).
Their design of the proposed fabric’s cells was inspired and
adapted by the one proposed by NASA [26]. The plate hosts
the wires and, in the active configuration, is the load-bearing
structural element of the cell. The branches allow mutual inter-
connections among all the cells of the chainmail and maintain
them in position during the integration of the wires.
Compared to the original NASA design [26], the system
of connecting branches was simplified as much as possible to
have a light structure and to reduce the mutual interference of
the cells, by enhancing the range of motion in unloaded condi-
tions. The considered cell design and dimensions of the proto-
types tested in this work are shown in figure 1(a). The dimen-
sions of the plate were chosen as a compromise between the
load bearing capabilities of the SSF in the active configuration,
the manufacturing requirements, and the necessity to host the
SMA wires into the cells. Nevertheless, other dimensions and

Table 1. PA12 material properties by the supplier (EOS).

Tensile modulus 1650 (MPa)
Tensile strength 48 (MPa)
Nominal strain at break 18 (%)
Melting temperature (20 °C min~') 176 (°C)
Density 930 (kg m ™)

designs are also possible for different requirements. The chain-
mail was designed to be additively manufactured in a single
component, thus with the cells already interconnected.

All the chainmail specimens produced in this work were
made of PA12 nylon (the powder was the PA 2200 supplied
by EOS with properties reported in table 1 [27]) and they were
manufactured using selective laser sintering technology on an
EOS Formiga P110 Velocis printer. The choice of a polymeric
material for the cells was made considering the low production
cost and time. Nevertheless, the working principle of the pro-
posed SSF can also be implemented with alternative chainmail
materials. In figure 1(b) a picture of a 6 x 4 cells fabric was
reported to have a clear view on the chainmail interconnection
among adjacent cells.

Regarding the tested SSF prototypes, they featured 15 cells
in a 5 x 3 configuration, as shown in figure 2. Two parallel
SMA wires were inserted in each plate, which allowed higher
bending forces to be applied in the experimental campaign.
The chosen SMA wires were the NiTi/54/W/0.5/T of SAES
Getters Spa manufacturer [25], with a diameter of 0.5 mm.
These were applied only along one direction of the SSF and
each wire was fixed at the two ends of the chainmail with
wire clamps. The wires were previously two-way trained by
the manufacturer to shorten at high temperature. As the max-
imum recoverable strain of the SMA at high temperature is
fixed, the initial space between the plates upon assembling
with the SMA wires influences the contact pressure between
the plates created by the system activation. The tested proto-
types were all assembled with a target initial plate spacing of
1 mm which was selected from FE simulations as discussed
in the following. Brass laminas with calibrated thicknesses of
1 mm were inserted between the plates during the assembling
phase. Therefore, the wires length resulted to be 50 mm that
corresponds to the length of three in line plates plus 1 mm
for each spacing among the plates; the total length resulted in
52 mm.

Four specimens nominally identical were manufactured
and tested (same geometry, same manufacturing technique,
same theoretical plates spacing).

Note that, to ensure easier testing under the 3-point bend-
ing configuration, some branches of the external plates were
removed, while the cells on one of the sides featured a housing
for the rollers of the testing equipment (highlighted in figure 2
and described in section 2.2). These operations are specific for
the tests of this work and are not required for the full opera-
tion of the SSF as the prototype already shown in figure 1(b).
Moreover, this highlights the versatility of the proposed SSF,
that can feature branches and plates of different shapes, or even
a reduced number of branches.
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Roller
housing

Figure 2. 3D model of the specimen with the roller housing
highlighted.

2.2. Experimental characterisation and validation

The experimental work consisted in two main phases. First,
the material mechanical properties of the SMA wires and of
the PA12 were characterised at room and high temperature.
These material properties were used in the finite element (FE)
simulations of the entire SSFs. Then, three-point bending tests
were performed on the four SSF prototypes to validate their
tuneable stiffness with temperature variations.

All the tests were performed using an MTS Alliance
RF/150 testing machine equipped with a load cell of 150 kN.
Three temperatures were chosen as reference in the entire
experimental campaign: 80 °C, 90 °C and 100 °C. These were
all chosen above the SMA transformation temperature of about
70 °C in stress-free condition declared in the manufacturer
datasheet [25]. Moreover, the 10 °C interval ensures a sig-
nificant variation in the transformation stresses of the super-
elastic cycle. This was evaluated using the transformation tem-
perature diagram in the manufacturer datasheet [25]. All high
temperature tests were performed using an MTS 651 environ-
mental chamber mounted on the testing machine as shown in
figure 3(a).

2.2.1. SMA wires tests. ~ Wire specimens were cut with a
length of 100 mm and tested inside the environmental cham-
ber. This wire length was chosen to better fit with the testing
equipment of the employed machine. The same wire clamps
used in the SSF prototypes were used to avoid slippage in
the adopted grips shown in figure 3(b). During the tests, the
temperature was monitored with three different thermocouples
placed inside the chamber. One measured the temperature of
the hot air inlet to provide a feedback loop for the chamber
controller; the other two were used to measure the temperat-
ure of the metal base of the grips, as they represent the parts
with the higher thermal inertia in the chamber (as shown in
figure 3(b)). When mounted, the wires were left in the cham-
ber for one hour to ensure a complete heating up of the entire
system and specimen. For the same reason, when the testing
temperature was changed between the three reference temper-
atures (80 °C, 90 °C and 100 °C) 45 min were waited before
the starting of any test.

/' 11
/- o
Commercial

/\\

clamp

-
Thermocouple

Figure 3. (a) The environmental chamber used in the high
temperature tests; (b) a SMA wire specimen; (c) PA12 specimen for
the compression tests; (d) bending fixture with an SSF specimen in
position.

The wires’ ends relative displacement was directly obtained
from the one of the machine’s crossheads. Considering the
low registered forces (always below 0.1 kN), the machine
likely underwent negligible deformation, and the stiffness
of the crosshead was thus neglected. The displacement was
applied with a 5 mm min~! rate that is sufficiently low
to avoid possible dynamical effects and to avoid influ-
ences on the SMA transformation process. Three speci-
mens for each temperature were tested; at each temperat-
ure, two load cycles were performed. This allowed to cal-
culate a confidence interval on the extrapolated material
parameters.

Seven material parameters for each temperature were
extracted from the obtained material curves to model the
super-elastic behaviour on Abaqus [28]. This extraction
required an extrapolation procedure shown in figure 4 and
described as follows [29]. First, line p was created by linearly
interpolating the upper plateau region in the chosen interval of
strain ranging from 2% to 4%. This interval was selected as the
one that better included the upper plateau, as no standard pro-
cedure is defined in literature. Point A* was identified as the
intersection of the line p with the unloading part of the curve.
Then, line m* was drawn as the tangent to the curve passing
through point A*. Point A was identified as the first point of
the line p to be lower than 10 MPa of the whole curve. Finally,
line m was drawn as the line with the same slope of line m*
passing through A. Finally, line k and line % are obtained as a
linear fit of the lower plateau and the loading part of the curve,
respectively.

The outlined geometrical construction allowed the iden-
tification of the stress of start and stress of finish for the
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Figure 4. Superelasticity parameters extrapolation.

austenite—martensite and the martensite—austenite transform-
ations: 0 a¢ s the intersection of lines k and /; oy 1S the inter-
section of lines p and h; oy is the intersection of lines p and
m; O s 1S the intersection of lines k and m. The elastic modu-
lus of martensite Eyy and austenite E4 were calculated as the
slope of the line m and #, respectively. The strain e, was found
as the intersection point of line m with zero stress level.

2.2.2. PA12tests. PA12 specimens were tested under com-
pression to characterise the material’s compressive behaviour
at high temperatures. Prismatic specimens of dimensions
30 x 30 x 60 mm were tested (shown in figure 3(c)). The
dimensions were selected to avoid premature buckling. The
displacement was applied with a rate of 5 mm min~!. At
first, the plates were pushed one against the other, without
any specimen, to evaluate the compressive stiffness of the
machine, which was later compensated for. Using the envir-
onmental chamber, the compression tests were performed at
25 °C (room temperature), 80 °C, 90 °C and 100 °C, with
three specimens for each temperature to calculate the confid-
ence bands (a total of 12 specimens were tested). A waiting
time of 1 h and 30 min was established to ensure the correct
temperature of the tested specimen. The end point was set to
16% of strain; this value was considered sufficiently high to
describe the region of interest for the purpose of this work
(elastic part). The elastic modulus of the material was calcu-
lated as prescribed in the ASTM D695 standard [30].

2.2.3. SSF validation tests.  The fabric prototypes were
tested in three-points bending to validate their tuneable stiff-
ening capabilities. Figure 3(d) shows the three points bend-
ing fixture, which featured three 5 mm rollers, together with
the specimen placement in testing configuration. Two thermo-
couples were placed to check the temperature of the specimen.
One of these was positioned in the bulky metal base. The other
was placed in a free hole of one of the plates of the specimen

to monitor the temperature experienced by the wires inside the
plates. For the high temperatures tests, the entire system (spe-
cimen, machine’s grips, environmental chamber) was left to
heat for 1 h and 30 min. Before increasing the test temperat-
ure, the specimens were cooled down completely before being
heated up again. In this way, the stress in the wires was brought
to zero before another phase transformation of the SMA wire
occurred. A time of 1 h was established to let the specimen
reach the target temperature. All the waiting times were estab-
lished on the temperature readings from the thermocouples.

To characterise the SSF performance in the inactive config-
uration, the first set of tests was performed at room temperat-
ure. These tests would serve as a baseline against which the
stiffness increase would be evaluated.

The bending tests were conducted applying a crosshead dis-
placement to each of the four specimens and then removing it.
The stroke applied at 80 °C was set at 3 mm for the speci-
mens 1, 2 and 4 while at 4 mm for the specimen 3; the strokes
at the other temperatures were all set to 2 mm. A preload of
10 N was applied before the test to ensure a consistent starting
point for all tests. The displacement was applied with a rate of

5 mm min~'.

2.3. Numerical analyses

FE simulations of the bending tests were performed to
understand the mechanics of the SSFs and tune the initial spa-
cing between the cells. The FE simulations provide inform-
ation about the stress experienced by the wire, the pres-
sure distribution between the plate and their variations during
bending.

Some simplifications of the real specimen were adopted
in the FE model to reduce the complexity and the computa-
tional effort. First, the connecting branches were not modelled
because they do not carry load in the bending test. In addition,
only one of the five rows of plates in the tested specimens was
simulated, since the wires only run along one direction, and
the SSFs thus behaved as several rows in parallel. The contrib-
ute of side interactions between the cell rows were neglected
in this phase. Finally, two symmetry planes were identified in
the simulated three-cells row and used to further reduce the
model’s size. The simulated portion of the fabrics is shown in
figure 5(a). The final model was thus composed of three parts:
a quarter of the central plate, half of the lateral plate and half of
the wire. The assembly of the system is visible in figure 5(b).

Figure 5(c) highlights that the wire is initially shorter than
the total length of the two plates by a length 4. This differ-
ence in length allowed to simulate the activation of the SMA
wire: part of the total wire shrinkage closes the initial plates’
spacing, while the rest contributes to jam the plates. The para-
meter J represents this last contribution, i.e. the difference
between the total shrinkage of the wire and the initial spacing
of the plates. Moreover, by varying the parameter ¢, it is thus
possible to simulate different initial spacing of the plates. The
wire’s cross-section and the surface of the lateral plate oppos-
ite to the XY-plane of symmetry (right hand side of figure 5(c))
are constrained to move together. Therefore, by closing the
gap 0 with a z-displacement on the opposite wire’s end all the
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(a)

Displacement load on the edge

Central plate

Lateral plate

- YZ symmetry X-displacement = 0 (b)

Y-displacement =0

e §=wire length difference

Figure 5. (a) Model simplification; (b) model with load and
boundary conditions; (c) SMA wire inside the plates.

plates are put in compression by the wire. This thus simulates
the activation phase of the SSF.

The super-elastic material properties of the wire were
defined using the dedicated material model in Abaqus [28].
The parameters extraction is described in section 2.2, while the
numerical values of these parameters are reported in table 3 in
section 3.1. The PA12 material was modelled by using as input
the entire stress—strain curves obtained from the compression
tests, as reported in section 2.2. By using the different material
parameters at different temperatures, it is possible to simulate
the tests at the different temperatures.

Non-penetration contacts were modelled between the two
plates and between the plates and the wire. Friction coeffi-
cients of 0.4 and 0.2 were used for the nylon—nylon contact and
for the nylon—metal contacts, respectively as obtained from the
literature [31-33].

The entire bending test simulation was divided into two
sequential simulation steps. In the first step, the wire is
stretched by a length ¢ to equal the plates’ length, to simulate
the SSF activation, as explained above. The wire thus behaves
like a super-elastic spring that compresses the plates. In the

Table 2. FE simulations summary.

T (°C) 80 90 100
0.70 0.70 0.70
0.80 0.80 0.80
0.90 0.90 0.90
Spacing (mm) 1.00 1.00 1.00
1.10 1.10 1.10
1.15 1.15 1.15
1.20 1.20 1.20
1.25 1.25 1.25

second step, a vertical displacement was applied on the upper
edge of the XY face of central plate (see figure 5(b)).

Symmetry boundary conditions were applied on the XY
surfaces (yellow in figure 5(b)) and YZ surfaces (green in
figure 5(b)) of the two plates and on the wire’s cross-section
(yellow in figure 5(b)). Note that the boundary condition on
the wire’s cross-section is applied in the second step since, ini-
tially, it does not lie on the symmetry plane. Finally, a roller
kinematic constraint was applied on the red line in figure 5(b).
It allows only the displacement along the Z-axis and the rota-
tion around the X axis, to simulate the roller of the experi-
mental bending setup.

Quadratic C3D20 elements were use for all of the three
parts. The global element size was set to 0.4 mm for the plates
and 0.1 mm for the wire. Refinements were applied on the con-
tact surfaces of the plates, where an element size of 0.15 mm
was considered.

For each temperature a set of simulation with different ini-
tial plates’ spacings was performed. A summary of the per-
formed simulations is provided in table 2. The upper value
of the spacing was chosen to be equal to the maximum wire
shrinkage upon activation: with spacings higher than 1.25 mm
the plates would not be jammed by the wire. On the other hand,
for spacings of 0.7 mm or lower, the stress in the wires was
found to reach the super-elastic plateau during the SMA activ-
ation phase. As a result, the force applied by the wire remains
constant during the fabric bending.

3. Results and discussion

3.1. Uniaxial tests of SMA and PA12 materials

In figure 6(a) shows the super-elastic curves of the SMA
wires for the chosen testing temperature. They were fitted as
described in section 2.2 to extrapolate the material paramet-
ers listed in table 3; confidence band with significance level
a = 0.1 are reported. As shown, all three curves present the
expected super-elastic behaviour, with horizontal or close-to-
horizontal upper and lower plateau that facilitated the identi-
fication of the required parameters.

The validation of the adopted material model for the SMA
was also performed. To this end, simulations were perform
where a single beam element was put in pure tension. The res-
ulting stress—strain relations for the different models at differ-
ent temperatures were compared with the input experimental
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Figure 6. (a) SMA’s super-elastic behaviour (experimental in
continuous line and numerical in dashed line); (b) PA12
compression tests at different temperatures.

Table 3. Super-elastic parameters extracted from the experimental
data at different temperature (£ denotes confidence band).

T(°C) 80 90 100

Ex (MPa) 20667 £ 548 28667 £ 3838 29733 £ 1046
Ev (MPa) 26500 + 822 26167 £ 274 25400 £ 1834
owms (MPa) 288 £ 8 372+ 4 440 + 3
owmr (MPa) 301 £8 3713+ 6 464 £24
oas (MPa) 44 £ 11 124 £ 11 187 £ 19
oar (MPa) 11+ 10 74 £ 10 139 £3

eL (%) 37£03 35£0.0 37+£02

curves in figure 6(a). As shown, the numerical curves agree
with reasonable accuracy with the experimental input, prov-
ing the validity of the adopted material models.

The compression experimental curves of the PA12 speci-
mens are shown in figure 6(b). A significant reduction of the
strength and elastic modulus with temperature is clearly vis-
ible from the plot. The material behaviour was modelled using
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Specimen 3 7

I Specimen 4 i
—&§—Mean (Cl =90 %) -
- — F=2.074T-84.307

o -
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©
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Figure 7. Effect of temperature on the measured peak load with
2 mm stroke for each specimen.

experimental data in the FEM to account for the softening due
to temperature and better represent the system.

3.2. SSF test results

Figure 7 shows the values of the measured peak force in the
bending tests, at different temperatures and for each specimen,
as an indication of the stiffening of the SSFs. The temperat-
ure’s stiffening effect is clearly shown in the histogram: the
peak force increases from room to high temperature, but also
among different high temperatures (80 °C, 90 °C and 100 °C).
This confirms that the SSFs can potentially feature a tune-
able stiffness with temperature. Even considering the different
variability in the peak forces obtained among all prototypes,
the trend of increasing stiffness with increasing temperature is
shown to be repeatable and consistent.

The registered force at each temperature is reported in
figure 8 for each of the four specimens as a function of the
machine head stroke. The plots show the loading phase of the
SSFs for the first 2 mm strokes. As expected, the fabric spe-
cimens in their inactive state behave similarly to a foldable
object, with a near-zero initial bending stiffness. Nevertheless,
a certain stiffening trend is observed, especially for speci-
men 1, due to the prototype starting to pull on the SMA
wires’ ends. However, significantly larger forces are reached
in the high-temperature tests, when the SSFs are in their active
configuration.

As shown, all specimens displayed different values of max-
imum force at different temperatures. These force differences
among the same temperature can be attributed to little dif-
ferences in the initial spacing between the plates. Overall,
the responsive stiffness capability of the proposed SSFs is
demonstrated.

In particular, specimen 1 responded with higher recorded
forces than all other specimens at all temperatures. Even if the
prototypes are nominally identical in geometry, manufacturing
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Figure 8. 2 mm stroke cycle at RT, 80 °C, 90 °C and 100 °C for specimen 1 (a), specimen 2 (b), specimen 3 (c) and specimen 4 (d).

technique and assembling procedure, their three-point bend-
ing behaviour resulted slightly different. As later discussed in
section 3.3, this is likely due to the difficult assembly process
that cannot guaranties a high level of precision and good toler-
ances, especially on the initial spacing between the cells. The
experimental SSF behaviour was anyway in line with the FEM
simulation results as shown in figure 9 of the next section.

The stiffness percentage variation between the different
temperature in the active state (80 °C, 90 °C, 100 °C) are
reported in table 4, showing an average of 27% and 20% stiff-
ness increase from 80 °C to 90 °C, and from 90 °C to 100 °C,
respectively. The stiffness increase from room temperature
could not be quantified accurately, as in the inactive state, the
prototypes showed a near-zero stiffness: the measured forces
were considered too low to be attributed to the prototype stiff-
ness, and rather result from frictions or other phenomena.

Note that the reported stiffness increases for the SSFs are
obtained at high temperatures, where the PA12 shows about
80% stiffness reduction (see figure 6(b)). The effectiveness of
the stiffening effect is thus able to overcome the softening of
the polymer.

3.3. Numerical results and comparison with experiments

From the developed FE model of the bending test, a set of
simulations with different plates’ spacings was performed for

each temperature. The results are summarized in figure 9
where the force curves for different spacings are plotted
together with the experimental data. The chosen values of spa-
cings range from 1.25 mm to 0.7 mm. The light blue area
represents the working region of the SSF in the force-stroke
chart. By changing the spacing value, a different bending force
inside that region can be achieved and so a different fab-
ric stiffness. The light red and light yellow areas represent
unreachable regions by the SSF force. They are delimited by
the limit spacing values of 0.7 mm and 1.25 mm described in
section 2.3.

As shown in figure 9, the experimental data are inside the
feasibility region and the value of the real spacing of the spe-
cimens can be estimated to be in the interval of 0.8 mm and
1.2 mm. The variability of the experimental results is likely
due to the high complexity of the real system that includes up
to 48 parts (plates, wires, clamps, rollers) with all the associ-
ated contacts and geometrical imperfections. It is also likely
that initial imperfections in the relative position of the plates
likely cause different responses of the SSF. Nevertheless, the
tested prototypes showed a relative consistent behaviour given
the similar initial spacing and assembling techniques. Indeed,
the FE analyses showed a far wider possible operating region
than that observed experimentally. In light of this operative
region, the differences between the experimental cases appear
less significant.
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Figure 9. FE results and comparison with experimental data.

Moreover, the analyses showed how sensitive the overall
performance of the SSFs are to the initial spacing. Such sens-
itivity, in addition to the loose control on the spacing of the
adopted assembling procedure, further suggest that this is the

Table 4. Percentage increments of the SSF stiffness under bending

test.
80°C—90°C 90°C— 100°C
Specimen 1 +31% +14%
Specimen 2 +36% +29%
Specimen 3 +22% +17%
Specimen 4 +18% +19%
Average +27% +20%

main cause for the experimental variability between the spe-
cimens. In the future, relying on an industrial-grade precision
(not possible on a prototypical production), the SSF stiffness
in the active configuration can thus be accurately imposed for
a specific application.

3.4. Innovation and potential applications

The present work aimed to present the SSF working concept
and prove its functionality and feasibility. Nevertheless, SSF’s
specific properties makes it possible to identify some potential
fields of application. The space industry, for example, could
exploit the SSFs’ variable stiffness for deployable structures
[34]. SSFs can be more easily stored in their inactive configur-
ation, thanks to the low stiffness. Once necessary (for example
once in orbit), an SSF-based structure can be unfolded into
its final operative shape. SSF’s temperature sensitivity would
also make them suitable for deployable heat shields: this would
require the use of a ceramic mail or simply ceramic tiles to be
bonded on a metallic mail.

Wang et al highlighted how fabrics-like structure can
adhere to complex surfaces, including the human body [10].
Similarly to their proposed structured fabrics, SSFs can thus
also be employed for wearable exoskeletons: in their inact-
ive state, they can be worn and adjusted to fit the wearer, in
their active configuration they can support heavy activities like
weight carrying. Wang et al also proposed the use of double
stiffness fabrics in reconfigurable architecture [10].

Note that the above are examples of potential applications,
but more are possible. As mentioned, figure 9 shows a vast
possible operating region by only adjusting the initial spa-
cing between the plates. This region can be further expanded
by considering different materials for the mail or the shape-
memory element. In particular, for the former, materials less
susceptible to high-temperature softening (like metals) can
lead to drastically higher stiffnesses increases; for the latter,
different materials would also allow an additional control on
the activation temperature ranges, since SMAs with different
transformation temperatures can be employed. However, the
adoption of different materials (for both the chainmail and the
SMA) or different geometrical configuration may lead to dif-
ferent stiffness variations. For this reason, the present work
should be intended as a validation of an innovative concept,
while new SSFs formulation should be characterised each time
(as is the case for new materials and meta-materials).

The experimental tests (see figure 7) also highlight the
dependence of the stiffness on the operational temperature of



Smart Mater. Struct. 33 (2024) 127001

Technical Note

the SSF. In this work, heating was provided via an environ-
mental chamber, but electric heating of the SMA wire via Joule
effect could also be another possibility. Such an active heating
could be implemented a closed-loop control on the wire tem-
perature, which can thus be tightly controlled resulting in a
specific stiffness selection.

Finally, the variable stiffness can be a crucial property in
application were the dampening of the vibrations is of central
importance or where the mechanical properties of the struc-
ture have to adapted to the environment. Overall, geometry,
assembling parameters, materials and activation modes are all
possible features that can specialise the SSF concept to a spe-
cific application.

4. Conclusions

A new concept of smart fabric, namely SSFs, are here presen-
ted. SSFs are composed of 3D printed chainmail assembled
with SMA wires. The cells of the chainmail are designed to
allow the initial interconnection, to host the SMA wires and
to provide a certain plate-like behaviour in the active config-
uration. Moreover, their ability of being 3D printed already
assembled allow for a fast and easy manufacturing phase. The
SMA wires make the whole system responsive to the external
temperature. Through bending tests at different temperatures,
it was shown how the proposed SSFs are capable of:

e A near-zero bending stiffness below the SMA activation
temperature.

e A significant stiffness increase above the SMA activation
temperature with respect to the room temperature.

e A temperature-dependent stiffness for temperatures above
the SMA activation temperature, with temperature increases
ranging from 1.4% to 3.6% per degree.

To the best of our knowledge, the proposed SSFs are the first
devices capable of achieving the results outlined above without
the need of energy intensive or bulky external devices, like
vacuum pumps or magnetic devices.

Numerical analyses were also conducted for a deeper study
of the SSFs’ behaviour. In particular, it was shown the key role
of the initial inter-plates spacing in affecting the SSF response.
The spacing is responsible of the overall final stiffness of the
SSF in the active configuration and the stress state in the SMA
wires, thus its precise tuning is of paramount importance for
reaching a target SSF stiffness.

The SSF concept proposed in this work was validated with
polymeric chainmail and commercially available nitinol wires.
However, the concept itself is not dependent on the material
adopted, and therefore different combinations can potentially
be investigated. Varying the chainmail material can lead to
different SSFs response: a metallic chainmail, for example,
can lead to higher stiffnesses to be achieved but also to a
faster activation, thanks to the higher thermal conductivity.
Moreover, the choice of different SMA would imply differ-
ent activation temperatures, thus changing the SSF active and
inactive temperatures and expanding the range of applications
for such innovative structures. Other possible variations to be

investigated in future studies include different cells designs
and shape, chainmail featuring larger number of cells, a dif-
ferent wire distribution and an active control on the SSF via
electric heating.

Overall, this work sets the basis for an innovative concept
of smart structures, whose stiffness can be tuned based on
their operating temperature. The near-zero bending stiffness in
the inactive configuration is also an interesting property, since
it allows to design foldable SSFs that can be than deployed
in a high-temperature environment. Potential applications of
such structures range from space applications, for which fold-
able/deployable structures are of high interest, robotics, where
energy efficient actuation is often desirable, and more.
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