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Abstract

Wearable electronic applications require flexible and aes-
thetic devices that can be naturally concealed with daily
clothes. Embroidered sensors will be the perfect solution for
these requirements because the devices can be seamlessly in-
tegrated with normal fabrics with soft and breathable struc-
tures. In this paper, we proposed a displacement sensor that
can be directly embroidered with conductive yarns on fabrics
using standard embroidery processes. The proposed sensor
uses two mutually coupled embroidered coils (called cou-
pling planar coils or CPC); displacement between the two
coils will alter the mutual inductance. The sensor can be
served as an NFC/RFID antenna to achieve battery-less sens-
ing, i.e., connected with a passive transponder chip, the vari-
ation of inductance will modulate the amplitude and phase
changes in coupled signals and can be further demodulated
by the reading devices. Furthermore, this sensing mecha-
nism is directional, restorable and can sense the directions
in which the displacement occurs. Experiments demonstrate
that this embroidered sensor exhibits a good, repeatable cor-
relation between the displacement and its inductance. It can
find its use in movement detection, medical monitoring, and
many other wearable applications.

1 Introduction

Among different approaches of implementations of flexi-
ble electronics, embroidered devices provide an ideal solu-
tion for wearable applications because the devices can be
seamlessly integrated with the fabrics with soft, breathable
and flexible structures. The devices are expected to be fab-
ricated in the standard embroidery processes and provide a
natural and aesthetic experience for users [13].

Many embroidered electronic devices had already been
successfully demonstrated. Using conductive yarns, resis-
tors, inductors and interconnects have been implemented.

Many RF devices such as antennas can also be embroidered
directly on clothes with conductive yarns [14, 5]. The per-
formance of these embroidered devices varies with differ-
ent embroidery technique (stitch direction, stitch density, and
sewing pattern) as well as the electrical properties of the con-
ductive yarns [10, 11, 3].

In this paper, we introduce a low-cost, embroidered, cou-
pling planar coils (CPC) based displacement sensor that can
be used to detect movement and stretching activities (such as
monitoring breathing activity by placing on the chest). The
sensor structure consists of two series-connected coils that
are embroidered on two layers of fabrics on top of each other
(Figure 2). The sensor can be fabricated using standard em-
broidery processes with off-the-shelf conductive yarns. The
sensor not only can detect lateral displacement, but it can
also distinguish the direction of the displacement as well.

The sensing mechanism is based on properties of the mu-
tual inductance of two planar coils. When connected in series
and the coupling magnetic fluxes of each coil are in the same
orientation, the changes in the mutual inductance will double
the changes of the equivalent inductance of the CPC. There-
fore, the CPC structure will serve as an ideal displacement
sensor for the movement between the two fabrics layers. Fur-
thermore, the CPC inductor can work as an NFC antenna,
connected with an NFC chip, the variations in the inductance
will be modulated as frequency and phase changes of the sig-
nal, and achieve passive sensing through NFC (ISO14443,
1SO15693) readers [7, 5].

Several inductive-based displacement sensors had been
proposed and widely used in industrial sensing and automa-
tion. However, most of the inductive sensors are PCB-based
and lack of flexibility, and their applications are limited. For
example, a mutual inductive-based sensor is reported in [4],
it uses two separated planar spiral coils printed on PCB and
stacked on top of each other, one of two coils is stationary,
the other is movable. When a displacement occurs between
the two coils, the input inductance of the sensor is changed
correspondingly. Researchers in [2] proposed an enhanced
inductive displacement sensor by applying an additional sta-
tionary coil, which increases the sensing range and sensing
linearity. In addition, the RFID/NFC based sensing system
had been developed for monitoring or tracking health state
in recent years [1, 6], however, the sensors implemented in
such system are mostly resistor-typed, which lead to power
consumption inefficiently.
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In comparison, the embroidered CPC sensor proposed in
this paper has the following advantages:

1. The two coils are connected in series and coupled to
each other magnetically. The variation of the mutual in-
ductance can actually double the variation of the equiv-
alent inductance. This structure enhances the CPC’s
sensitivity significantly. The experimental results show
that the sensitivity of inductance is better than any other
inductive-based sensors with comparable size. (Induc-
tance varies from 3.47 uH to 4.63 uH within 30 mm
displacement.)

2. When connected to NFC/RFID chips as antennas, the
CPC coils can be used as sensors through antenna
impedance modulation. The sensors can work perpet-
ually without the need of replacing batteries.

3. The fabrication of CPC sensors uses standard embroi-
dery process, which has low manufacturing cost and can
be aesthetically integrated to apparels.

The paper is organized as follows: Section 2 describes the
basic mechanism of CPC inductor and its use in displace-
ment sensing. The sensor is designed, simulated and proto-
typed in Section 3. Experiments and results are discussed in
Section 4, followed by the future work perspectives in Sec-
tion 5.

2 CPC Sensing Mechanism
2.1 Mutual Inductance of Coupling Inductors

When two inductors are coupling to each other, the mag-
netic flux generated by one inductor will induced current in
the other inductor, this effect is known as mutual inductance.
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Figure 1. Mutual inductance and its polarity.

Connecting two coupled inductors in series, if the induced
current is in the same direction as the driving current, as il-
lustrated in Figure 1(a), the total equivalent inductance of
these two inductors is:

L=L+L,+2M ¢))

Where L and L, are the inductance of the two inductors
respectively, and M is mutual inductance between these two
inductors.

Similarly, if the induced current is in the opposite direc-
tion as the driving current flow, as illustrated in Figure 1(b),
then the total equivalent inductance becomes:

L=L +1L,—2M )

The mutual inductance, M can be defined by the following
equation:

do

M o< 7 3)
Where @ is the magnetic flux between two coupling in-
ductors. The value @ is determined by many factors, includ-
ing the geometry of each inductor, as well as the relative po-
sition and overlapping area of the coupled magnetic field. In
fact, the sensing characteristics, such as linearity, are influ-
enced by the geometry of coils as well, as illustrated by [9].
In summary, Eq.(1) and Eq.(2) demonstrates that the
changes of the mutual inductance double the changes of the
equivalent inductance of the two coupled inductors. Any fac-
tors that causes the variations of the mutual inductance can

actually be magnified.

2.2 Stacked CPC Inductor

Connecting two coil-shaped planar inductors in series and
stacking them on top of each other, the total equivalent in-
ductance can either be increased or decreased by their mu-
tual inductance, depending on the orientation of the coil and
which terminals are connected. In our design, one coil’s in-
ner terminal is connected with the other coil’s outer terminal,
as illustrated in Figure 2(a), then the two coils are stacked on
top of each other to form a pair of coupling inductors, as
shown in Figure 2(b). The stacked coil-pair will form an
equivalent inductor, with enhanced inductance from two re-
maining terminals.

When lateral displacement occurs between the two ver-
tically stacked coils, as shown in Figure 2(c), their mutual
inductance will be changed and consequently alter the to-
tal equivalent inductance, with the magnifying effect as dis-
cussed earlier. If the two coils are located at different layers
that can move laterally, this coupling planar coil can be uti-
lized to construct a lateral displacement sensor.

3 Design and Prototyping
3.1 Inductance of Planar Coils

The inductance of an inductor is mainly determined by
its geometrical parameters. Wheeler’s equation is widely
used in the inductance estimation of these coil-shaped induc-
tors [12]. In Wheeler’s equation, different geometries, such
as circular or square coil, have different coefficient factors.
The estimation equations of circular-shaped coil and square-
shaped coil are shown in Eq.(4) and Eq.(5) respectively. The
geometrical parameters are illustrated in Figure 3.
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Where py is the magnetic permeability of free space (uy =
41t x 10’7Hm’1), N is the number of turns in the coil, a is
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Figure 2. (a) Two coil-shaped planar inductors connected
in series, (b) Stacked coupling coil structure and, (c) used
as a displacement sensor.

4
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Figure 3. (a) Circular shaped, (b) square-shaped planar
coil inductor and parameters for inductance estimation.

dout

the average radius of the coil, where a = %, c is the

distance between inner turn and outer turn, and p is defined
— dout*din

as p - dout+din :

We can use the above equations to estimate the inductance
of planar coil inductors with different geometrical parame-
ters.

3.2 Simulation of CPC Inductor

The mutual inductance between two coils of the stacked
CPC inductor, as well as its total equivalent inductance, has
been simulated. The impact of lateral displacement between
the two planar coils has also been quantified in the simula-
tion. Without loss of generality, circular planar coil designs
are used in the simulation.

The geometrical parameters of each planar coil used in
our simulation are shown in Figure 4. The CPC model con-
sists of two circular coils of the same geometry, connected in
series, as shown in Figure 1(a).

The geometrical parameters of the CPC model are listed

in Table 1, where r is the inner radius of the two coils, & is
the vertical distance between them; d is the lateral displace-
ment between the two coils along the y-axis. Both coils have
the same number of turn n as well as track separation w. Ad-
ditionally, a is the diameter of conducting thread used in the
coil. The inner thread of the first coil is connected to the
outer thread of the other one, thus the current will flow in the
same direction for both coils and form an enhanced mutual
inductance.

Coil2

Figure 4. Design parameters and simulation setups of the
CPC.

Table 1. Parameters of CPC inductors
Parameters r(mm) h(mm) n w(mm)

Value 15 3 5 2

a (mm)
0.48

The equivalent inductance of the CPC model under differ-
ent displacement is simulated. From the results, we can see
that the inductance is more sensitive under higher frequency,
as shown in Figure 5. Specifically, the equivalent inductance
L can be derived from the reactance in the measurements,
by calculating L = @ The inductance at 13.56 MHz is
shown in Figure 6.
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Figure 5. Impedance of CPC model under different dis-

placement and frequencies.

To observe the magnetic field distribution of CPC induc-
tors under different displacements, the magnetic field distri-
bution maps are generated for three displacement scenarios,
where d = 0, 30, and 50 mm, respectively. The maps repre-
sent the field strength at 3 mm above the surface of Coil 1,
as illustrated in Figure 7.
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Figure 6. Simulation and measurement results of the

equivalent inductance of CPC inductor with different

displacements @13.56 MHz.

The illustrations demonstrated that the magnetic field is
mostly concentrated inside the coil region, where the mag-
netic field is stronger in Coil 1 (shown in darker red), as
compared to Coil 2 (shown in orange) due to the reference
layer is near to Coil 1. The mutual inductance occurs in the
overlapped region, as shown in Figure 7(b)(c), and the area
of the overlapped region actually determines the intensity of
the mutual inductance.
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™
Figure 7. Magnetic field distribution between two coils of
CPC with (a) d=0, (b) d=30, (c) d=50 (mm).

The simulation results show that the total equivalent in-
ductance changes almost monotonically as the displacement
increases, as shown in Figure 6. At the operating frequency
of 13.56 MHz, the inductance varies from around 5.2 uH
to 2.8 uH as the displacement changes from complete over-
lapping to complete detachment (0 mm to 50 mm). These
results demonstrate that the proposed CPC inductor can be
used as a reliable displacement sensor. In addition, an em-
broidered prototype with the same design parameters was
fabricated and measured, the result can be seen in Figure 6
as well. The simulation and measurement results are off by
a constant offset, but exhibit similar behavior under different
displacements. The difference is attributed to the existence
of parasitic capacitance in conductive yarns [8]. Although
the simulation was conducted without considering the resis-
tance of the threads, the results will still be valid when the
coil are embroidered onto fabrics with conductive yarns.
3.3 Embroidered Planar Coils

In order to demonstrate the displacement sensing capabil-
ities of CPC inductors, we have prototyped several embroi-

dered coils with circular and square shapes. Table 2 lists the
geometrical parameters of these designs as well as the cor-
responding measured and calculated inductance, please note
that the spacing distance between traces is set to be 2 mm in
all designs.

Table 2. Design Parameters and Measured Inductance of
Embroidered CPC @13.56MHz

Geometry  d d Inductance Wheeler's
Tvpe (mlm ) (n;)ﬁ;) Measured Equation
yP (uH) Calculated (uH)
Circular 30 46 1.13 0.95
Circular 30 50 1.75 1.46
Circular 30 54 242 2.08
Square 30 46 1.30 0.57
Square 30 50 1.98 0.87
Square 30 54 2.70 1.24

In the embroidery process, the conductive yarns can be
used as either the upper yarn or the lower yarn. In our case,
the conductive yarns are served as lower bobbin to embroider
continually on a non-conductive substrate.

The embroidery process is performed with a Brother com-
mercial embroidery machine PR670E at the stitch rate of 400
rpm, and with a minimum stitch length of 1 mm. The non-
conductive substrate is a woven cotton-flax fabric (thickness:
0.33 mm) and a layer of non-woven paper is placed under-
neath the woven fabric to support the embroidered geometry.

The conductive yarn used for the coil construction is a
plied bundle of stainless-steel filaments. The yarn has a di-
ameter of 0.48 mm, with resistivity of about 9.3 ohm/m.

Figure 8 shows the fabricated prototypes of square and
circular planar coils in front and back side views as well as
a finished CPC displacement sensor formed by two circular
coils with 5 turns.

Separated Layer

\ Displacement Dizﬁon

Figure 8. Embroidered CPC sensor prototypes.

4 Experiment Results and Discussion

4.1 Displacement Sensing of the CPC induc-
tors

The coils in the CPC inductors are embroidered on two

layers of fabrics and laid on top of each other. In order

to measure the displacement precisely, the bottom layer of

fabrics is fixed while the upper layer is moved at a Smm

spacing of each displacement step. The upper layer coil and
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lower layer coil in the CPC structure are separated by a non-
conductive fabric layer as an insulator.

The two terminals of the CPC inductor are connected
through an adaptor to a high precision Keysight vector net-
work analyzer E5071. The network analyzer is calibrated to
the terminals of the adaptor, to eliminate the parasitic effects
of the fixture. The measurement frequency is set from 1 MHz
to 50 MHz with 201 points.

The setup of the displacement sensing test of the CPC
inductor is illustrated in Figure 9. The bottom layer is fixed
and the center of the bottom coil is assumed to be the origin,
while the top coil layer is moving laterally in the y direction.

(@) (b)
Figure 9. (a) Set up of the displacement test of the CPC

coils. (b) Top coil of the CPC inductor is moving laterally
in the y direction.

For the circular CPC inductor, the displacement is per-
formed from -50 mm to 50 mm laterally with an interval of
5 mm along y axis. The total equivalent inductance at the
frequency point of 13.56 MHz is measured at every displace-
ment step and illustrated in Figure 10(a.left).

Similarly, the results from the square coil CPC inductor
are shown Figure 10(b.left).

(@)

(b
Figure 10. Inductance measurements of CPC induc-
tor under different displacements, (a)Circular -coils,
(b)Square coils.

The results demonstrate that the CPC structure is an ideal
sensor for the displacement between the upper layer and bot-
tom layers. In fact, the relationship between inductance vari-
ation and displacement is quite significant. As the displace-
ment moves from total overlap to total detachment between

the two coils, the equivalent inductance of the CPC structure
varies from 6.25 uH to 3.0 uH for the circular coils, and from
7.5 uH to 4.0 uH for the squared coils.

With further comparison of the results, we find that the
square-coiled CPC inductor exhibits more linearity than the
circular-coiled CPC. This can be explained that the overlap-
ping region between the squared coil changes almost linearly
as the displacement moves around.

Furthermore, from Figure 10, it can be observed that dif-
ferent regions of the curve have quite different slopes. In
fact, the sensitivity of the CPC displacement sensor can be
further improved by choosing different relative locations be-
tween the coupling coils of the CPC structure.

We further test the inductance variations with the dis-
placement ranging from 20 mm to 30 mm between the top
and bottom coils of the circular CPC inductor. Within this
range, the displacement is moved with an interval of 1 mm.
The results are illustrated in Figure 10(a.right). It is obvious
that with properly configured relative positions between the
top and bottom coils, the CPC inductance exhibits a good
linear relationship with the displacement. Even 1 mm of dis-
placement shows significant variations in the inductance.

Similar results can be obtained for the squared CPC in-
ductors. When choosing the displacement region from 15
mm to 30 mm, with an interval of 1.5 mm, the square coiled
CPC also demonstrates a very sensitive relationship between
the inductance variation and the small displacement steps, as
shown in Figure 10(b.right).

4.2 Restorable and Directional Sensing

The top layer coil and bottom layer coil of the CPC struc-
ture can be embroidered on normal fabrics, and separated
by a layer of non-conductive stretchable fabric, the displace-
ment of the two coil layers is restorable once the external
force is released. In our test, stretchable fabrics can have as
much as 30% of elongations and still restore back to the orig-
inal dimension. Embroidering CPC structures on stretchable
fabrics will have good repeatability in the displacement sens-
ing tests.

In addition, if the two coils of CPC are overlapping par-
tially, the displacement sensing can be directional, i.e., as
the displacement moves to different directions laterally, the
inductance will be increased or decreased, indicating the di-
rection of the movement. For example, we set the initial ref-
erence position of the circular CPC sensor at displacement
y = 25mm, which is the location that the upper coil is half-
way overlapping the bottom coil. Reducing the displacement
will cause the inductance to increase, while increasing the
displacement will cause the inductance to decrease. Within
4+ 5 mm from the reference position, the change of induc-
tance is linear with the displacement.

4.3 Robustness
4.3.1 Resiliency to Deformation

Deformation should be taken into consideration when the
CPC sensor is applied on human body, A circular CPC in-
ductor is used to measure the inductance variations under
different bending/curving conditions. The radius of the cur-
vature is set to be 41 mm and 63 mm respectively in the



experiments. The curvature is chosen to imitate the fabric
bending on arms and legs.

Results are shown in Figure 11. The displacement sen-
sitivity is very similar between the curved (bending) condi-
tions and normal (reference) conditions.

4.3.2 Resiliency to Human Body

To be used as on-body sensors, the human body impacts
on the CPC’s sensibility is also taken into account and tested.
We have performed the experiments of the embroidered CPC
sensors on human skins, as well as being immersed with
human sweat. The results are also illustrated in Figure 11,
along with the results from dry-flat CPC sensors as refer-
ence. From the figure, we can see that there is little differ-
ence in sensitivity when the CPC structure is used on human
body, or in wet condition with human sweats. The results
are not surprising because inductance coupling can penetrate
wet substrates, therefore, inductance-based sensors should
still maintain a stable performance on human bodies.

—E©—Reference
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Figure 11. Human body impacts on CPC sensors.

In general, these results demonstrate that our proposed
CPC structure can be used as a reliable on-body displace-
ment Sensor.

5 Future Works

The proposed embroidered displacement sensors have
demonstrated great potentials for future wearable applica-
tions with the passive battery-less sensing capabilities. The
scope of this paper is an early stage work exploring the char-
acteristics of the CPC-based inductive sensor.

e The EM/mechanical properties of conductive yarns,
such as resistivity, elasticity etc., as well as the para-
sitic elements (mostly capacitive, we believe) should be
further investigated.

e The CPC structure can be used as the antenna for NFC
chips. When displacement occurs, the antenna’s equiva-
lent inductance will change, and consequently modulate
the coupled EM wave between the NFC tag and reader.
The reader, upon demodulating the EM wave, can ex-
tract the sensing information. The complete NFC based
passive sensing system is discussed in another work by
the same team.

6 Conclusions

In this paper, we proposed an embroidered passive cou-
pling planar coil (CPC) structure design that can be used as
a displacement sensor. The CPC structure has two coupling
coils embroidered on two separated fabrics layers. The coils
are connected in series with mutual inductance formed in be-
tween. When displacement occurs between the two coils,
their mutual inductance will vary, and the total equivalent in-
ductance of the CPC structure will change accordingly. The
CPC structure can be embroidered using traditional embroi-
dery process with low-cost commercial conductive yarns.
Simulation and experiments demonstrate the embroidered
CPC structure can be used as a sensitive and reliable dis-
placement sensor for many wearable applications.
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