n magnetism

Article

Wearable Inductive Sensing of the Arm Joint: Comparison of
Three Sensing Configurations

Armanda Byberi

check for
updates

Citation: Byberi, A.; K. Amineh, R.;
Ravan, M. Wearable Inductive
Sensing of the Arm Joint:
Comparison of Three Sensing
Configurations. Magnetism 2022, 2,
195-210. https://doi.org/10.3390/
magnetism2030015

Academic Editor: Filippo Costa

Received: 6 May 2022
Accepted: 21 June 2022
Published: 23 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

, Reza K. Amineh *

and Maryam Ravan

Department of Electrical and Computer Engineering, New York Institute of Technology,
New York, NY 10023, USA; abyberi@nyit.edu (A.B.); mravan@nyit.edu (M.R.)
* Correspondence: rkhalaja@nyit.edu

Abstract: Currently, there is a rapidly growing interest and demand for wearable textile sensors
that can monitor human motions in a naturalistic environment. Some potential applications for
this technology include research on measuring the motor skill performance of patients with motor
disabilities such as autism spectrum disorder, Parkinson’s disease, cerebral palsy, and stroke and
evaluating the efficacy of applied treatments. Among wearable sensors, inductive sensors that are
made from highly conductive threads are attractive due to their easy development process, high
reliability, and low cost. In this study, we analyzed and compared the performance of three inductive
wearable sensor configurations—(1) single planar rectangular coil, (2) two separated coils connected
in series, and (3) two helical coils connected in series—in terms of the change in the resonant frequency
of the tank circuit they comprised as a result of the change in elbow joint angle through simulations.
Three parameters of length, width, and the number of turns were considered to calculate sensor
sensitivity to the joint angle. The coil with the highest sensitivity was then fabricated and measured,
and its performance was compared with the simulation results. The proposed methodology can be
extended to sensing other joints in the body such as the shoulders, fingers, and knees.

Keywords: electromagnetics; inductive sensing; motion tracking; wearable sensing

1. Introduction

In recent years, wearable sensing devices have attracted great attention due to various
application opportunities such as in soft robotics [1], health-related motion tracking and
detection systems [2], and human—machine interfaces [3]. Such devices have been used
to record data in order to analyze the activities of the participants wearing them [4]. For
instance, autistic children face many perceptual integration challenges due to their motor
planning problems, limited gesture performance, imitation praxis, and sensor reactivity [5].
Additionally, Parkinson’s disease (PD) manifests in motor and non-motor symptoms [6]
The effects of the disruptions in the motor circuit can be seen in multiple brain activities, as
well as during kinematic tasks.

Wearable devices [7,8], as their name implies, can be worn by patients without affecting
their daily life activities. Due to advantages such as their small size, light weight, and
ability to perform long-term monitoring, wearable sensors can operate with high efficiency
and minimum discomfort.

There are many types of wearable sensors such as capacitive, resistive, stretchable,
optical, and inductive sensors, which have been studied in the recent years for wearable
and skin-mountable strain-sensing applications [9]. Each one of these technologies offers
certain advantages and limitations. Below, we provide a brief discussion regarding these
sensing techniques.

The working principle of stretchable resistive strain sensor [10] is based on mechanical
strain, which leads to changes in electrical resistance. Despite the high sensitivity of
this type of sensor, their main disadvantage is the mechanical deformation that directly
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affects electrical resistance; mechanical deformation can be caused by nominal operating
heat, which makes these sensors difficult to use for long periods [11]. On the other hand,
capacitive sensors have shown less hysteresis, more linear behavior, and faster responses.
However, these sensors require a complex manufacturing process [12]. Lastly, optical strain
sensors have demonstrated immunity to electromagnetic interference and electrical safety,
but they have limitations in stretchability [13].

Among all wearable sensors, inductive textile sensors [14-16] are made from highly
conductive threads, which enable the sensors to be sewn or attached to different surfaces.
Moreover, conductive thread sewing technology has no limits regarding size and shape
in contrast to commercially available inductive coils that have specific shapes such as
rectangular, circular, pentagon, and octagon. Different coil geometries generate different
magnetic fluxes. Thus, it is critical to find the optimal geometric design parameters [17-19],
such as shape, size, gap between turns, number of turns, and the ratio of the inner to outer
diameter of the coil in order to maximize sensor sensitivity.

It has been demonstrated by previous studies that inductive textile sensors made from
conductive threads are sensitive to physical deformations. To respond to the high demand
in the medical field, these sensors are made in a way such that they are practical for use by
patients under particular treatments and track their motions in real time. Next, we review
some of the major developments in this field. A three-dimensional (3D) knitted helical
coil wrapped around the chest, which can be worn every day, was used for breathing
monitoring in [20]. The same principle of the 3D knitted helical coil works for various other
applications as well. For instance, by changing the dimension of the helical 3D coil, the
garments can be worn on the arms, knees, fingers, etc., to measure the joint movements [21].
The folding of a two-dimensional (2D) planar coil can also be employed to measure joint
movements [22]. In [23], another coil was sewn in a zig-zag pattern on a cloth. It was
adjusted such that it was able to track trunk movements when the user bent forward, and
it can especially be used by patients suffering from lower back pain.

In this work, we considered planar rectangular coils and helical wounded coils to
measure soft angles—in particular, the angle of the elbow between the arm and forearm.
Using planar coils [24], two different scenarios were designed; a single rectangular coil
folding in the joint axis and two separated coils connected in series located on two sides
of the elbow. For the former configuration, as the angle of the elbow joint varies, the
self-inductance of the coil changes. For the latter configuration, as the angle of the elbow
varies, the angle between the coils changes and, in turn, the mutual inductance caused by
the magnetic flux of the first coil cutting through the second one changes, thus leading to
a change in the total inductance. For a third design, the thread is sewed around the arm,
forming a helix shape [25].

In general, inspired by the variety of shapes that easily can be sewn on cloth using
conductive thread among many applications, we focused on designing a wearable inductive
sensor that particularly works for sensing the angle of the elbow joint, as discussed above.
The studied sensing configurations, however, can be adapted for other similar applications
as well. Although various sensing configurations have been used in previous studies,
there has been a lack of understanding regarding which sensing configuration provides
the highest sensitivity, particularly for wearable textile applications due to the dimension
constraints for these applications. Here, we aimed to design and compare three inductive
sensing models that seem to be promising for further studies and analysis. Additionally,
while previous works were mainly focused on studying inductance changes with the
folding angle, we considered the resonant frequency change when the sensor was used in a
resonant tank circuit. This consideration allowed for a more conclusive study about the
level of accuracy of angle measurements in a practical measurement system.

The sensing principle is based on the resonant frequency of an LC tank circuit consist-
ing of the self-capacitance (or self-capacitance plus an externally connected capacitance)
and the inductance of a sewn coil. The magnetic flux of the sewn coil that is positioned
on the elbow joint is changed by any physical deformation that changes from the initial
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position. As a result, the total inductance changes, consequently changing the resonant
frequency of the tank circuit as well as. This change in the resonant frequency is the pa-
rameter that is employed to track the folding of the elbow. In some configurations, instead
of one coil, two coils are placed in series, and their mutual position changes as the elbow
joint angle varies. In this case, due to the change of the mutual inductance between the two
coils, the overall inductance of the two coils in series changes, leading to a change in the
resonant frequency of the tank circuit, as discussed above.

We used commercial simulation software to study the sensitivity of the proposed
geometries. Based on these results, we were able to recommend optimal configuration and
coil parameters. To observe varying of the inductance of the coils with the elbow joint angle,
we employed a commercial inductance-to-digital converter that increased the sensitivity of
the data acquisition by measuring the resonant frequency of a tank circuit comprising the
sensing inductors. Lastly, the simulation results and experimental results were compared
to validate the conclusions obtained from the simulation studies. The conclusion obtained
here about the best sensing configuration for the elbow joint can be extended to the design
of wearable coils for other joints on the body.

2. Methodology

In this section, we provide a comprehensive review of the wearable inductive sensing
coil configurations that we used to measure arm movements. The sensing principle of
an inductive sensor is based on the change of the inductance of the sensor coil while
it experiences physical deformation due to the change of the joint angle #, as shown in
Figure 1. To enable more sensitive data acquisition from an inductive sensor, it is common
to construct a resonating tank circuit [26]. Thus, our approach was based on the frequency
change for a sensitive resonant-sensing system. In this case, the LC tank circuit (the coil
and any possible external capacitor) was connected to an LDC1614 data acquisition board
that used to conduct the measurements, as shown in Figure 2. The resonant frequency f
was then:

f=—e M

Figure 1. The angle of elbow joint is denoted by a.

To analyze the sensitivity of the proposed configurations, we considered the extent of
the change in the resonant frequency when changing the arm angle from a minimum angle
Xpin to @ maximum angle &,y (as shown in Figure 1).

For every sensing configuration discussed later using the formula of the resonant
frequency in Equation (1), the tank circuit’s capacitor C was chosen such that we had a
resonant frequency of f,,;, at angle «a,,;,. Then, the same capacitor C was used to calculate
the resonant frequency fyu.x at joint angle amax (for which the inductance of the sensor
would be different). The resonant frequency change Af was then considered as:

Af:fmux_fmin (2)
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For the each sensor design discussed below, we used Af instead of change of induc-
tance as a figure of merit.
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Figure 2. The LC tank circuit was composed of a self-capacitance (or self-capacitance plus any

external capacitor), C, and the inductor of the sewn coil, L. This tank circuit (the coil itself or the coil
plus any external capacitor in parallel with that) was connected to an LDC1614 data acquisition board
that was used to conduct the measurements.

A sensor should be well-suited for clothes and should not impose inconvenience for
the person wearing it. It has been reported that a planar rectangular (square) coil offers
higher inductance compared to a circular coil if we consider the same outer diameter of
circular coil and the outer length of the rectangular coil [27]. Below, we consider three
sensing configurations.

The first scenario is a single planar rectangular coil (as shown in Figure 3) that is placed
right at the elbow joint and folds as the angle of the elbow joint changes. Any change of the
angle is shown as a deformation of the rectangular coil from its regular straight position; as
a result, the self-inductance of the coil changes.

YIV

[

v

A

=

ZH

WL/ |

’ X1u

lout
Figure 3. Single planar rectangular coil placed at the elbow joint.

For the second and third designs, the inspiration came from a circuit comprising two
inductors Ly and L, connected in series, as shown in Figure 4. In these designs, the total
inductance L;,; is obtained as:

Liot = L1 + Ly £2M 3)

where M is the mutual inductance between the coils, and adding or subtracting depends
on whether the coils are coupled in the same or opposite direction. The two coils are placed
at two sides of the elbow. Then, as the angle between the inductors changes from «,,;, to
Xmay, the mutual inductance M between the coils changes, leading to a change in the total
inductance of the two coils. The two coil shapes considered here to implement this idea
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were rectangular planar and helix coils, as shown in Figure 4b,c, respectively. We adjusted
the size of the coils to the arm.

ViV

Figure 4. (a) Schematic design of two coils connected in series with M mutual inductance, (b) two
separated rectangular coils connected in series, and (c) two helical coils connected in series.

3. Simulation Results

In this section, we present the simulation results related to the optimization of the
parameters of the three sensing configurations discussed in Figures 3 and 4. Then, we
analyze the effect of arm tissue on the performance of the sensors. We also compare the
three sensors to conclude which configuration provides the best sensitivity. Finally, we
compare the performance of the single- and double-layer folding coils.

3.1. Parametric Study of the Sensing Configurations

In this section, we evaluate three coil designs in terms of sensing the angle of the elbow.
To achieve a comprehensive comparison between the three designs, it was essential to find
the optimal parameters that provided the highest A f in Equation (2). For this purpose, each
model and respective parameters was designed with FEKO software v2021.1 [28], which is
used for the simulation of electromagnetic problems. Since the coils are small compared to
the wavelength corresponding to the simulation frequency (5 MHz was chosen), in FEKO,
we set the low frequency method of moment (MoM) stabilization and double precision
to achieve high-precision simulation results. FEKO provided the opportunity to run the
models for different parameters and to analyze the data. By doing so, it was possible to find
the optimal parameters for each model and to investigate the resonant frequency change
over the angle, as discussed later. In particular, we verified that the FEKO results were
close to the measurements of the sewed coils discussed in the next section. We used grid
search in FEKO to generate all possible combinations of design parameters for the coils and
obtain the imaginary impedance. The results were then compared in MATLAB R2021a [29].
In the experiments, we used a 3-ply stainless conductive thread with a diameter of 0.4 mm
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and a resistance of 1 ohm/inch produced by [30]. Thus, the resistivity of this thread used
in the simulations were obtained using the following formula:

Rx A
P=" 4

where p is the resistivity of the thread, R is the resistance, A is the area of the cross section
of the thread, and [ is the length. The conductivity ¢ could be then obtained as:

1
= — 5
= ©)

Using (5), the conductivity o of the thread was found to be 2.02 x 10° S/m, which was
used in the FEKO simulations.

To achieve a good quality factor, the ratio of the outer length versus the inner length
and the ratio of the outer width by the inner width were kept constant, respectively, as
Lout /iy = 0.35 and wout/w;;, = 0.30 [31]. To observe the impact of number of turns N, we
simulated the first model of the single folding coil (see Figure 3) for 8, 10, and 12 turns.
The maximum number of turns, N = 12, was chosen such that for the investigated coil
dimensions, the gap between the turns could be still controlled satisfactory while sewing
the coils (with fixed dimensions Iy, and wey;, the gap between the turns grew smaller with
the increase in N, thus increasing the difficulty of the sewing job). The minimum gap size
was around 2 mm. The length and width were also limited because we were designing a
wearable sensor that should be practically viable for an average arm size. There, it seemed
reasonable to vary the length from 80 mm to 140 mm and the width from 40 mm to 70 mm.

After practicing bending of the arm while trying to avoid any possible short circuit
that might be caused by the direct contact between the coils/turns, we chose the minimum
angle of bending w,,;, = 46°. The maximum angle, when the hand was in the straight
position, was set as ;x = 180°.

The FEKO simulation impedance values were analyzed for each of three coil config-
urations by sweeping the design parameters at two angles of a,,;,, = 46° and a5y = 180°.
The simulation results were imported in MATLAB for further processing. For each coil
configuration and each set of coil parameters, we found the proper value of the capacitance
C (as explained in Section 2) so that given the value of the inductance of the coil at &,
the corresponding tank circuit resonated at f,,;, = 5 MHz. Then, the change of the reso-
nant frequency Af was calculated using f,,;, and fiuax, where f4c was obtained from the
inductance for the same coil configuration at «a;,,y and C.

Figure 5 shows the results of Af computed for the first coil configuration (folding
coil in Figure 3) when varying loy+ and wey:. The bar on the side shows the value of
frequency change in MHz. From a5y (Where the coil was in a straight position) to «,,;,
(where the coil was folded), the magnetic fields created by both half coils tended to cancel
each other out, resulting in a smaller value of the total inductance. As it folded, the total
inductance changed and was translated into resonant frequency change for the tank circuit.
Additionally, as predicted, for a larger number of turns while keeping the ratios Iyt /Iy,
and wyyt /wj, fixed, we obtained higher inductance values. Each graph shows that larger
widths and a smaller lengths led to higher frequency changes. The folding axis of the single
rectangular coil (as shown in Figure 3) was along the width dimension, which “cut” the
coil into two equal halves with lengths of lout/2. Consequently, all turns of the rectangular
coil were folded on their mid-point along the length dimension around the folding axis
(they did not deform along the width dimension). It was demonstrated that the larger
the width, the higher the inductance change (frequency change) over the angle. In other
words, the width dimension was found to have a larger impact on the inductance change.
As the coil folded, the elements along the width dimension grew closer. As a result, the
mutual inductance increased. If the width became larger, then a stronger magnetic flux
was generated by each element, resulting in a higher mutual inductance. Additionally, the
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Single-layer rectangular coil with & turns AF [MHZ

40

shorter the length for the coil was, the closer the elements along the width could become
when the coil folded. It is worth noting that similar observations were reported in [22]. The
optimal parameters for this model were found to be a length (Iy;t) of 80 mm, a width (wout)
of 70 mm, and 12 turns.

Singledayer rectangular coil with 10 tums AF MEHz)
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Figure 5. Variation of Af with respect to the length and width parameters for the folding coil in
Figure 3 and when N is: (a) 8 turns, (b) 10 turns, and (c) 12 turns.

The second model consists of two rectangular coils, located on two sides of the elbow,
one on the arm and the other one on the forearm. The coils were connected in series (as
shown in Figure 4b) with an edge-to-edge distance of 95 mm to prevent direct contact
between them when the bending angle reached «,,;,, = 46°. As shown in Equation (3),
the total inductance depended on the mutual inductance between the coils, and that, in
turn, depended on the elbow joint’s angle. The closer they became, the higher the mutual
inductance and its effect on the total inductance. As demonstrated in Figure 5, for one
folding rectangular coil, the model with 12 turns provided a higher frequency change,
as calculated from the inductance at a,;;, and a;.x. Consequently, in order to have a
higher inductance and a stronger magnetic field produced by the first coil passing through
the second coil (to have higher mutual inductance), we simulated the second model in
Figure 4b with 12 turns. Figure 6 shows the results of Af computed for the second coil
configuration (Figure 4b) when varying the length and width of the coils. It was observed
that the highest frequency change was for the length of 80 mm and width of 70 mm. With
fixed ratios of L,y /I, and weut/wjy,, increasing the length and width resulted in the gap
between turns becoming larger every 10 mm, which also affected the self-inductance and
mutual inductance. The minimum of length and width led to the smallest gap, so the coils
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produced stronger magnetic fields that led to larger mutual inductance values and thus Af
when the angle changed from «,,;,, to &x.

Two separated rectangular coils AF (MHz)

35 4 45 K0 55 60 65 7O 75
W, (mm)

Figure 6. Variation of Af with respect to the length and width parameters for the two separated
rectangular coils shown in Figure 4b with 12 turns.

The helical coil model is another configuration that we studied. Two helical coils
sewed around the arm were connected in series, as shown in Figure 4c. The radius R of
the helix was set to 40 mm based on an average arm radius. The design parameters in this
case were H (the height of the helix that changed from 60 to 110 every 10 mm) and N (the
number of turns that changed from 20 to 30 every 5 turns). Figure 7 shows the values of Af
computed for the third coil configuration (Figure 4c) when varying H and N. The graph
shows that the highest frequency change was achieved at a height of 60 mm and N = 30
turns due to the same reason described in the previous case (for Figure 6). In other words,
for the same number of turns, as the length became smaller, the magnetic flux created by
the first coil passing through the second one became stronger, leading to larger mutual
inductance and thus larger Af.

Helical coil parameters optimization AF {MHz)

110 .
100 .
'E 80 .
= .
T 80 .
70 .
60 .

138 20 22 24 26 28 30 32

N turns

Figure 7. Variation of Af with respect to the length and number of turns for the model of two helical
coils shown in Figure 4c.
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3.2. Effect of Arm Tissues

In addition the parameter optimization, it was necessary to study the effect of human
body tissues because sensing coils will be placed in close proximity to the human body
when a patient is wearing them. For this purpose, we added skin, fat, muscle, and bone
layers to simulate the arm in FEKO [32].

We used the existing tissue models (electrical properties) in the FEKO library. Since
human body tissues are dispersive (their electrical properties depend on the frequency),
Table 1 shows the relative permittivity and conductivity at approximately 5 MHz.

Table 1. Electrical properties of the human tissue layers extracted from FEKO library at 5 MHz.

Dielectric Medium Relative Permittivity Conductivity (S/m)
Dry human skin 493.88 0.095366
Fat bovine 16.555 0.027382
Ovine Parallel Muscle Fibers 169.09 0.6646
Human Bone Cancellous 110.18 0.059701

The thickness of each layer depends on the person, but we considered a typical model
with a skin thickness I5 of 2 mm, a fat thickness lf of 4 mm, a muscles thickness I, of 21 mm,
and a bone thickness /;, of 8 mm. To observe the effect of arm tissues on the performance
of the coils, we first compared the inductance over the joint angle for both models (with
and without arm tissue) for the first coil configuration. We left a gap of 1 mm between the
coil and the skin layer. Figure 8a shows the simulation model. As shown in Figure 8b, the
inductance was higher when the coil was in the close proximity of the arm compared to
the model without the presence of the arm. The same approach as before was applied to
find Af. At a,,;;, = 46°, capacitor C was set so that the tank circuit resonated at 5 MHz. This
capacitance was then used to find the resonant frequency of the tank circuit as the angle «
changed. Figure 8c compares the change of the resonant frequency for the models with and
without the presence of the arm model. It could be observed that the values of Af were not
significantly different in the two cases.

The same procedure was repeated for the second model (Figure 4b) to study the effect
of arm tissues. Figure 9a shows the simulation model with the presence of the arm tissues
in FEKO. The thickness of the tissues and the gap between the coils and the arm were the
same as in the previous case. Like the previous case, Figure 9b,c presents comparisons of
the variations of the inductance and Af versus the joint angle for the two models (with and
without the arm tissue). It could be observed that the variations of Af were close.

For the last model, the conductive thread was sewed around the arm to form two coils,
as discussed in Figure 4c. Hence, the arm model was designed as a cylinder with a radius
of R =40 mm and a length of H = 80 mm. The thickness of layers was kept the same as in
the previous models except for the bone radius, which was set to 13 mm in order to adjust
the helix radius to the arm radius. Figure 10b,c compares the variations of the inductance
and Af versus the joint angle for the two models (with and without the arm tissue). It
could be observed that the difference between the variations of A f were larger compared
than those of the previous two cases.

Overall, it was observed that the total inductance of each model increased when
the coil was in close proximity with the arm tissues. However, the extent of inductance
increase depended on the area of the coil that was in proximity to the arm. For the first
coil configuration in Figure 8, the area was smaller than that of the two separated coils
and the helical coils. Figures 9b and 10b demonstrate higher differences in inductance
between the models without and with body tissues. However, the trends of the changes of
the inductances in both models with and without the tissues were similar. Due to larger
difference between the inductance with and without the tissue in the helix coil model, the
resonant frequency changes in Figure 10c show larger deviations between the models with
and without the tissues compared to those shown in Figures 8c and 9c.



Magnetism 2022, 2

204

Inductance | xH)

a5 SingleJayer rectangular coil fi model

o
in

@

~
in

-

@
in

@

——Without body fissues
= = ‘With body fissues

o
n

B
=

Angle %)

(b)

&0 80 100 120 140 160 180

(@)

38

Without body fissues
= = ‘With body fissues

40

&0

80

100 120 140 160 180
Angle (%)

(©)

Figure 8. Single folding rectangular coil model of Figure 3: (a) with the arm tissues, (b) comparing
the variation of inductance of the coil versus the joint angle with and without the arm tissues, and

(c) comparing the variation of Af versus the joint angle for the models with and without the arm
tissues.
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Figure 9. Model of two separate rectangular coils shown in Figure 4b: (a) with the arm tissues,
(b) comparing the variation of the total inductance of the series coils versus the joint angle with and

without the arm tissues, and (c) comparing the variation of Af versus the joint angle for the models
with and without the arm tissues.
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tissues.

To summarize the analysis of three sensing configurations, Figure 11 shows the varia-
tion of the frequency change Af over the joint angle for the three configurations. Opposite
behavior was observed for the models of the single-layer folding coil and two separated
coils. Since the frequency response was inversely proportional to the inductance, when the
inductance over the angle decreased, the resonant frequency increased and vice versa.
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Figure 11. Frequency change versus joint angle for the three sensing configurations.



Magnetism 2022, 2

206

As stated above in the explanation of the single-layer folding model, as the angle
became larger, the inductance increased due to the symmetric magnetic fluxes on two
sides when the coil folded in the middle. The increase in inductance, in turn, led to the
decrease in the resonant frequency (as shown in Figure 11). On the contrary, for the second
configuration (two separated coils located on opposite sides of the elbow joint), the total
inductance depended on the mutual inductance. In this case, we could control whether the
mutual inductance was added or subtracted from the self-inductances of the coils to obtain
the total inductance of the two coils in series. This was performed by determining the
winding direction of the coils when they were connected. For the given model, coils were
connected in such a way that their windings were in the same direction. So, the mutual
inductance was added to the self-inductances of the coils to comprise the total inductance.
Thus, as the angle became larger, the mutual inductance decreased, leading to a decrease in
the total inductance. Figure 9b shows the relationship of inductance with the angle for this
scenario. Following the above discussion, Figure 11 shows that as the angle grew larger,
the inductance decreased and the resonant frequency increased. Lastly, Figure 10b shows
that for the helical coil model, as the angle grew larger, the total inductance increased due
to the mutual inductance between the two helical coils. The principle was the same as for
the model of two separated coils, but in this model, the coils were connected in opposite
directions. This led to the subtraction of the mutual inductance from the self-inductances
of the coils when calculating the total inductance. The increase in the total inductance, in
turn, led to a decrease in the resonant frequency.

This graph shows that the single rectangular coil model (in Figure 3) was the one
with the highest frequency change over the angle and, therefore, the sensor with the best
performance for measuring the angle of the elbow.

3.3. Comparing Single- and Double-Layer Folding Coils

Inspired by the results of one folding rectangular coil with the best performance
among the three studied sensing configurations, we added one more layer with the same
dimensions to create a two-layer folding coil. The connection was made based on the work
of [31]; the second coil was flipped, and the connections between the coils were inner-to-
inner and outer-to-outer terminals. This way, the current coming from the first layer went
to the second layer following the same flow direction. Figure 12 shows the variation of Af
over the joint angle for the two configurations of the one-layer and two-layer folding coils.
This figure shows that the two-layer coil presented a higher variation for Af over the angle,
which led to a more accurate measurement of the joint angle.

Folding model
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Figure 12. Frequency change over angle for the folding model.
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4. Experimental Results

For this section, we sewed single-layer and two-layer folding coils on pieces of fabric.
The fabric used to sew the coils was 100% cotton for general use. We used fabric that was
not stretchy in order to avoid any possible deformation and short circuits that could happen
when the coil folded, as well as to make it easier to draw and sew the coil. Additionally,
we used 3-ply stainless conductive thread with a diameter of 0.4 mm and a resistance of
1 ohm/inch produced by Adafruit [30]. The coils in this work were handmade. Typically,
after a coil is drawn on fabric with a pencil and ruler, sewing is conducted using a needle
and conductive thread.

From Figure 11, the folding coil showed the best performance of the three studied
sensing configurations. The parameters of the sewed single-layer folding coil were a length
of 80 mm and a width of 70 mm. In addition, the same dimensions were used to sew a
two-layer coil, with the gap between the two layers set as thin as possible to make this
sensing model more comfortable to wear.

First, to confirm the accuracy of the simulations, we connected the sensing coils to
a vector network analyzer (VNA) (E5063A from Keysight) to measure the inductance
of the coils, as shown in Figure 13a. The VNA was calibrated in order to remove the
effect of the cable between the coils and the VNA's port. The VNA was set to measure
the impedance within the frequency range from 1 MHz to 10 MHz, and the measured
inductance at frequency of 5 MHz was compared with the FEKO simulations. Table 2
and Figure 13b show the results of the FEKO simulations and VNA measurements for
single folding rectangular coil. It was observed that the values of the simulated reactance
and inductance matched well, although there were differences in the resistance values
(probably due to inaccurate values of the conductivity reported for this commercial product
or inaccurate cross section areas used to calculate the conductivity). Overall, the high-
precision simulation of the inductance of the coils verified the accuracy of the simulations
used to perform our studies.

Inductance over angle
'ﬁ T T T T T T

—~— FEKO simulaticns
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Figure 13. (a) Measurement of impedance of the fabricated coil at 5 MHz using port 1 of the VNA
and (b) inductance versus folding angle for FEKO simulations and VNA measurements.
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Table 2. FEKO simulation results versus VNA measurement results for impedance and inductance of
the coil versus the folding angle.

FEKO Simulations VNA Measurements
Angle Impedance (2) Inductance (WH) Impedance () Inductance (uH)
46° 96 +j174.5 5.55 210 +j173 5.3
90° 96.5 +j235 7.48 135 +j235.5 7.53
135° 96.5 +j264.5 8.45 135 +j267 8.5
180° 97 +j274 8.7217 170 +j280 8.89

For sensing applications (as shown in Figure 14a), we connected the coils to a Texas
Instruments LDC1614 evaluation board, which is a highly sensitive inductance-to-digital
convertor employed for inductive sensing applications [33]. The board measures the
resonant frequency of a tank circuit that is built by connecting a capacitor in parallel to
a sensing coil. To visualize the measurements, we used the Sensing Solution EVM GUI
software [34]. When the one-layer coil was connected to the LDC1614 board, we connected a
tank capacitor of 68 pF to generate a resonant frequency of around 5 MHz. For the two-layer
coil, since the inductance was higher, a 10 pF capacitor was needed to generate a resonant
frequency of 5 MHz. Figure 14b shows the variation of the resonant frequency over sample
numbers for one-layer and two-layer coils and when the folding angles changed from 46°
to 180° three successive times. The highest and lowest resonant frequencies were measured
at the 180° and 46° angles, respectively. The frequency change of the one-layer coil was
approximately 0.6 MHz, and that of the two-layer coil was approximately 1.2 MHz, which
again proved that two-layer configuration was more sensitive to the change of joint angle
and could better measure the angle of the elbow. According to the FEKO simulations (see
Figure 12), the one-layer and two-layer coil values were 1 MHz and 1.6 MHz, respectively.
The mismatch between the resonant frequencies of the FEKO simulations and LDC1614
measurements could have been due to the fact that parasitic capacitances of the coils and
wires were neglected in the FEKO simulations.
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Figure 14. Measuring the resonant frequency versus angle of the folding coils with LDC1614 evalua-
tion board: (a) the sewed coil connected to channel 1 of the board and (b) resonant frequency versus
sample number n for single- and double-layer coils and when the folding angle varied from 46° to
180° three successive times. Number n denotes the number of sample that LDC1614 took from the
resonant frequency (16 samples per second).
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5. Conclusions

In this paper, we have presented the design process of wearable inductive sensors with
three configurations: (1) single planar rectangular folding coil, (2) two separated planar
coils connected in series, and (3) two helical coils connected in series. The performance of
the three configurations was evaluated and compared using FEKO software in terms of the
change in the resonant frequency, Af, of the tank circuit that they comprised as a result of a
changing elbow joint angle. Three design parameters of length, width, and the number of
turns were considered to calculate the sensor sensitivity with and without body tissues.
The purpose of adding body tissues was to study their effect on sensing performance
because the sensing coils will be in close proximity to the human body. The results showed
the single planar configuration had the highest sensitivity, with the maximum Af versus
the joint angle of 1 MHz and the lowest variation of Af with respect to body tissues
from FEKO simulations. The optimal parameters for this model were 80 mm for length,
70 mm for width, and 12 for the number of turns. We then evaluated the performance of
folding configuration when an additional layer with the same dimensions was connected
in series with the first layer to make a two-layer folding coil. The results showed that the
two-layer configuration was more sensitive to the change in joint angle and could track the
joint angle with a higher accuracy. Finally, we evaluated the performance of the fabricated
one-layer and two-layer folding coils that were sewed on pieces of fabric with the optimal
dimensions obtained from the simulations. The experimental results were in agreement
with the simulation results, which proved the two-layer folding coil could measure the joint
angle with the highest sensitivity. The designed coil can be used in a variety of applications
such as tracking finger, knee, and shoulder movements.
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