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Abstract: In this paper, a method to develop embroidered textile strain resistive sensors is presented.
The method is based on two overlapped zigzag conductive yarn patterns embroidered in an elastic
textile. To demonstrate the functionality of the proposed configuration, a textile sensor embroidered
with a conductor yarn composed of 99% pure silver-plated nylon yarn 140/17 dtex has been ex-
perimentally characterised for an elongation range from 0% to 65%. In order to show the sensor
applicability, a second test with the sensor embroidered in a knee-pad has been done to evaluate the
flexion knee angle from 180° to 300°. The experimental results show the usefulness of the proposed
method to develop fabric strain sensors that can help to manufacture commercial applications on the
healthcare sector.
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1. Introduction

At present, smart-textiles are being used in more and more applications everyday [1].
Researchers are more conscious than before about the possibilities that smart-textiles can
provide to develop new wearable sensors to improve our way of life [2]. Wearable sensors
can be used as a core to develop different applications such as health monitoring [3,4],
physical training and recover [5], emergency and security services and law enforcement [6].
This research field is growing and increasing its interest due to the improvement in the
performance and new functionalities that they provide [7]. In this sense, textile substrates
could be the perfect choice to develop wearable electronic applications. The main reason is
the fact that humans have been covering their body with them. The integration of wearable
sensors on these textiles could be done in multiple ways by using several techniques such as
ink-jet printing [8], screen printing, electrospinning [9], dip coating [10], embroidery [11,12]
or the introduction of conductive yarns into weaving process [13].

Among these methodologies, embroidery presents an optimal balance, due to the
availability of the manufacturing technology, the efficient operation of the expensive con-
ductive threads and the possibility of massive repeatability of geometries and layouts [14].
Since the embroidery method provides a fast prototyping process, it has been revealed as
the most cost-effective technique to implement wearable sensors and it has been chosen for
this work.

Strain sensors are starting to be present in health applications [15] as one of the most
suitable fields of application [16]. Physical recovery has been revealed as one of the most
interesting applications for these sorts of sensors, and more specifically, movement recovery.
In fact, the strain sensor could provide information about the movement. Is the movement
done properly? Is the force spent enough to ensure that the muscle is recovered? Questions
like these could be answered using strain sensors integrated in clothes or fabrics that should
be worn by the patient.

The resistive strain sensors have been typically developed by means of a conductive
polymeric yarns [17,18]. The necessity of elastic implementation implies that standard con-
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ductive yarns are usually discarded. However, in this work, an alternative method to use a
standard conductive yarn to develop resistive strain sensor is presented. The usefulness of
the proposed alternative method is experimentally demonstrated at both the device level
and application level, by means of the characterisation and integration of the sensor on a
knee-pad to measure the knee flexion angle, respectively.

The remainder of the paper is organised as follows. Section 2 describes the material
and methods used, including the conductive yarn, the textile substrates and its implemen-
tation as well as the measurement set-up. In Section 3, the experimental results are shown
and discussed. Finally, in Section 4, the conclusions are summarised.

2. Materials and Methods

The proposed resistive strain sensor is based on a crossed zig-zag embroidered struc-
ture whose dimensions are depicted in Figure 1. To embroider the sensor, two different
yarns were chosen. The conductive yarn is a commercial Shieldex 117/17 2-ply, made by
polyamide with a 99% pure silver coating. Shieldex yarn was produced by the coating of
polyamide filaments, which were join onto groups of seventeen filaments. Two of these
groups of seventeen filaments are joined with torsion. As a result, a conductive yarn is
obtained with a linear resistance lower than 30 (2/cm. The support yarn is a polyester
multifilament yarn without torsion. Furthermore, this substrate is slightly elastic with a
composition of polyester 80% and elastodiene 20%.

Figure 1. Layout of the embroidered sensor (dimensions in mm).

To embroider the sensor pattern in the elastic substrate, a Singer Futura XL-550 em-
broidery machine is used. In order to embroider on an elastic substrate, a non-conventional
set up is prepared. The standard needle was changed for a thinner one, which had a width
of 0.7 mm, the embroidery speed was decreased to the minimum, which is 90 spm (stitches
per minute) and the tension of the yarn was selected to adapt to a suitable value. In order to
avoid embroidery mechanical problems, the substrate was attached on the holder without
an external tension, Figure 2.
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Figure 2. Embroidered sensor manufacturing.

In order to choose the embroidery pattern, after a few tests, it was observed that
normal patterns that the embroidery machine can work with could not reach the required
mechanical parameters. In fact, the yarn is not elastic, then it was required to develop a
new pattern whose mechanical behaviour was modified when the fabric was stretched.
In order to do that, different patterns were tested to achieve a dynamic pattern allowing
movement when stretching. Figure 3 shows the proposed pattern. It consists of two
zigzag embroidered patterns overlapped with a different stitch density and height, which
corresponds to a density ratio of 1.33 between them and a height ratio of 0.7. For the same
length the number of stitches for zigzag in A is 1.33 higher than zigzag B. With this ratio,
eight contact zones are defined between both patterns for each cycle (dot in Figure 3).

a)

c)

Figure 3. Details of zigzag A (continuous line) and zigzag B (dash line) embroidered pattern. Red
dots or lines represent the electrical contact points or contact zones between both zigzag pattern
(a) pattern without strain (low resistance) (b) real image of the pattern without strain (c) pattern
under strain conditions (high resistance as result of an increase of the effective length) (d) real image
of the pattern under strain conditions.
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The overall resistance is determined by the equivalent parallel resistance sections
between both zigzag structures mainly defined by the contact points and contact zones.
When the structure is stretched the relative distance of contact points increases and thus,
the effective length of the sensor increases. Therefore, the sensor resistance is increased,
as is shown on Figure 3b.

Figure 4 show the strain sensor characterisation setup. The textile sensor was attached
between 2 supports. The distance between both supports was increased in steps of 0.5 cm
until the sensor reaches an increase of 65% in length, (maximum limit that the fabric can
be stretched), and then it was decreased also in steps of 0.5 cm until to return to the initial
state. This process was made 3 times in a row, with no rest time. The corresponding array
of sensor resistances was measured with a multimeter Tenma 72-7730A with an accuracy
of 0.4 + 20 ).

Figure 4. Strain sensor characterisation setup.

In order to check the repeatability, three cycles were done for every sensor and threes
sample manufactured on the same fabric were characterised.

To evaluate the sensor resistance shift (AR) with the elongation (¢), Equations (1) and (2)
were used, respectively. Equation (3) was used to evaluate the elastic constant (k) of the
measured sensor

Rf — Ry
AR(%) = ——"2100 1)
Ro
Lr—L
e(%) = L %100 @)
Ly
Rf—Ro =k(Ls — Lo) 3)

where Ry and Ly denote the resistance and sensor length without stress, and R £ and L f
denote the resistance and sensor length under strain conditions, respectively.

The impact of a washing cycle on the electrical sensor performance was also evaluated.
To properly do the washing cycle a standard requirement were follow, which are defined on
the UNE-EN ISO 6330:2012. The regulation defines a series of soaps and washing machines.
For the case under study a neutral ECE-Color Detergent ISO 105-C06 soap (Testgewebe
Gmbh, Briiggen, Germany) was used in a Balay T5609 (BSH Electrodomesticos, Zaragoza,
Spain) washing machine. The washing cycle test was performed with 1 kg of support
textile, 1% by weight of soap (i.e., 10 g) and the washing machine was configured at 40 °C
and 1000 rpm. Once the sensor fabrics were washed the sensor resistance characterisation
was repeated.

Finally, in order to evaluate the feasibility of the proposed embroidery method to
develop wearable sensor in a real healthcare situation, the knee flexion angle was used
as a figure of merit for patients to evaluate their physical recovery treatments. In our
experiment, the sensor was embroidered in a knee-pad and the resistance versus knee
angle was evaluated. Since the position of the sensor was one of the key aspects of
the system, the sensor was embroidered on the front part of the knee-pad to obtain the
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information about knee flexion angle without having interference on the movement of the
patient. To measure the resistance values of the sensor two snap probes were located on the
edges. The snaps have a resistance of 0.6 m(), which was evaluated to prevent the effect
on the measurements. For each knee flexion the sensor resistance was measured and a
photograph was taken with a distance between camera and knee of 1.5 m. The distance was
selected to obtain the best picture to measure the angle of the knee without any deformation.
The flexion angle of the knee was obtained from an image analyser ergonomic software
from Universitat Politecnica de Valéncia [19]. as it is shown in Figure 5. The knee was bent
from 180° (no flexion) to 300°.

Figure 5. Characterisation of Knee flexion versus sensor resistance on kneepad.

3. Results and Discussion

Figure 6 shows the mean measured sensor resistance and dispersion when a swept
strain cycle up and down from 0% to 65% of elongation is applied. It is shown how the
resistance variation is dependent on the amount of strain that the fabric suffers, and how it
recovers after it arrives to the maximum distance. The developed sensor shows a nonlinear
behaviour. Two clear tendencies can be observed. Up to 40% of elongation, the resistance
shift represents an increase of 20%. However, from 40% to 65% of elongations the resistance
shift only increases from 20% to 23%. This sensitivity curve points out that a good linear
behaviour and high sensitivity can be obtained when the sensor elongations is lower than
40%. In this zone the sensor works properly and provides a suitable behaviour to be used.
Above 40%, the pattern starts to not being affected by the stretching of the substrates, this
is due to the differences of the contacts positions are so low than the resistance value is not
changing according to the increase of length.
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Figure 6. Measured resistance variation at different strain points. Up and down strain cycle and
repeatability (dot line) are represented.

If the strain up and down behaviours are compared, both show a similar resistance
shift against elongation which denotes the full recovery of the sensor after applying stress
without any significant value of hysteresis. The values of hysteresis observed trough the
test was lower than 1%. The graph presents also the repeatability which is referred to the
standard deviation of the different sensors. The maximum standard deviation arrives to
the value of +2% for lower strain value, for higher strain value the deviation is reduced up
to + 1% or less. It is observed that the low deviation results in stability between cycles and
different samples. The deviation observed could be explained by the differences on the
pattern embroidered or the continuity of the yarn, which can modify the distribution of
contact points along the sensor.

Once the sensors where characterised, the fabric sensors were washing according
to the procedure detailed on the previous section. Figure 7 shows the sensor resistance
behaviours after the washing cycle. Slight differences are observed on sensor behaviour
after a washing cycle. From previous works [20], it was observed that after the first washing
cycle, the reduction of electrical properties suffered by sensors is lower than the first cycle.
For this reason, only one washing cycle was done. The sensor sensitivity decreases after
washing cycle from 24% of resistance variation before washing to 20% after washing when
65% of strain is applied. Another important fact that could be emphasised is the variation
on repeatability. It is reduced for elongation up to 30% and it is not reaching the 1% of
deviation. However, for higher elongation states the impact of washing on deviation is
nor increasing or decreasing the error values, significantly. The variation changes from a
maximum of 1% to a value of 0.86% before and after washing, respectively. In any case,
although washing, the sensor does not lose its functionality and the behaviour remains
constant up to 40% elongation, pointing out the useful zone for the sensor functionality.

On Figure 8 the evaluation of elongation constant (k) was done following the Equation (3).
For the pre-washed samples (dash blue regression), it is obtained k = 12.9 (2 /cm meanwhile
for the washed samples (dot orange regression) it is obtained k = 11.1 (/cm. On the case
of the measured elastic constant the change experimented is about 14.1%. This change is
due to the decrease of sensibility that the sensor suffers after washing cycle, the resistance
variation values are reduced and they have an effect on elastic constant value.
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Figure 7. Measured resistance variation at different strain points after a washing cycle. Up and down
strain cycle and repeatability (dot line) are represented.
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Figure 8. Elastic constant measurement before and after washing.

To test the functionality of the proposed sensor on healthcare applications, the sensor
was embroidered on a knee-pad to measure the sensor resistance against knee flexion
angle following the procedure details on previous section (Figure 5). Figure 9 shows the
resistance shift with the different knee flexion angle. When the leg is in rest position 180°
(not flexion), the resistance corresponds to 210 (), the sensor is in its initial position and
this value is used as a reference value to quantified the resistance variation. After the
legs starts to flex, the strain increases the distance of electrical contact between both
zigzag patterns, increasing the effective length and therefore the resistance. The resistance
increases with a sensitivity of 78.6 m()/° with a regression coefficient of 0.88, the obtained
results demonstrated experimentally the functionally of the proposed embroidered method
to develop wearable sensor for healthcare applications. Moreover, a higher linearity if
high-end embroidered machine should be used.
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Figure 9. Measured resistance for different knee angles.

4. Conclusions

In this work, an alternative embroidered method to develop textile strains sensors has
been proposed and characterised. The proposed textile sensor has been characterised before
and after washing. The results show that the sensor resistive can measure up to 65% of
elongation, which corresponds to the maximum elongation of elastic substrate. Moreover,
up to 40% of elongation the sensor resistance behaviour is linear and no hysteresis effect
on up and down strain cycle is observed. The washing cycle slightly reduces the sensitivity
but the device functionality remains.

A knee-pad with the proposed embroidered sensor was developed to evaluate the
knee flexion angle on patients. A clear dependence of sensor resistance with knee flexion
angle was observed. Despite the fact that the sensor behaviour should be improved
to develop a commercial application, these preliminary results reveal the usefulness of
the proposed embroidered method to develop healthcare applications and opens a new
research line to improve sensor’s performance to achieve a commercial product that can
help to evaluate and quantify the patient recovery medical treatment. Future test should be
prepared by health professionals to use the proposed sensor in a patients’ treatment where
the recovery of the movement of the knee must be monitored.

5. Patents

T P201930793, Universitat Politécnica de Catalunya, Sensor resistivo de elongacion.
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