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Abstract: We present a highly sensitive wearable angular position sensor to measure joint movement.
The sensor is a 3D helical coil knitted in the sleeve of a garment by circularly knitting thin insulated
metal wire and yarn simultaneously. The sensing mechanism is based on the variation of the mutual
inductance between windings. A 167 uH change is measured for knee movement from fully stretched
to completely bent. A double cross coupled FET pair transforms the low-Q coils into a high-Q system
giving a maximum frequency variation of 145 kHz for knee bending.
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1. Introduction

Wearable sensors will play an important role in future health and wellbeing support
approaches [1]. E-garments give patients more autonomy while clinicians can still access
and evaluate the data remotely, when required. These sensors must be easy to wear and
not hinder movement; read-out electronics must be low-power and compact; and the
system easy to use and not require expert sensor placement. Wearables are candidates for
deployment in rehabilitation, e.g., remote supervision of stroke victims’ exercises. They
can be used in sports performance training and other applications where observations of
quality and duration of movement are useful. Movement sensors come in different shapes
and forms. Many are based on inertial sensors, including accelerometers, gyroscopes and
magnetometers with small form factor and 3D movement registration possibilities [2].
Other sensor types are based on resistive [3] and inductive changes [4]. The advantage of
these is their simplicity and direct relationship between measured parameter and angle of
ajoint. Inductive sensors have the added benefit for wearables that no additional layers are
required for electrical isolation. We present an alternative implementation of an inductive
sensor that is a knitted helical coil that forms part of a garment. These knitted coils are easily
implemented at the elbow in a sleave or at the knee in a long sock. The inductor is circularly
knitted, using yarn and thin insulated metal wire, forming a 3D helical coil [5]. Changes in
the geometry of the coil changes its self-inductance which corresponds to the movement
and the angle of a limb. This approach makes these garments indistinguishable from
normal knitted clothes. In this work we demonstrate the feasibility of this implementation
as a wearable ambulatory monitoring system.

2. Materials and Methods

Different sleeves were weft knitted by hand with circular needles using yarn and thin
insulated metal wire simultaneously (Figure 1a). Sleeves were made in different diameters
consistent with wrist, elbow and knee dimensions. The influence of the number of rows
with metal (number of turns N), the type of metal wire (solid Cu magnet wire ~250 um and
Cu/Ag Litz wire ~150 pm diameter), the yarn and needle size and the knit style (jersey or
1/1 rib) were also investigated.
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Figure 1. (a) Coil stitches with Cu wire (red). (b) Sleave at large internal angle giving minimum
inductance. (c) Sleave at smallest internal angle giving maximum inductance. (d) Self-inductance of
1/1 rib elbow sleaves as a function of angle.

The measurements were performed using a protractor system as in [6] and a Wayne
Kerr 6500B precision component analyzer to measure the self-inductance, L, and series
resistance, R. A small 50 mV ac voltage was applied at 200 kHz, well below the self-
resonance of the coil. Movement was measured on a healthy test subject (Figure 1b,c).

The self-inductance of the knitted coil can be approximated by summing the loop
inductances Lyjo0p and the mutual inductance Mjy; between different windings [7].

n—1
L= NLlloop +2 Zizl (N - Z')]\/Iil (S + AS) (1)

where s is the distance between the windings and As is its variation due to bending of the
coil. The expression for the mutual inductance is (s1 » are points on the coil):
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2
(@ |51 — 52 ®
This shows that the mutual inductance strongly depends on distance between wind-
ings (s1 — s2). A reduction in distance increases M sharply. Thus, bending the knitted coil
will bring the windings at the inner angle of the limb closer together resulting in a sharp

increase in L. When the limb is stretched out (6;,, = 180°), L is minimum (Figure 1b) and
fully bent (6, ~ 0°) L is maximum (Figure 1c). R does not change with bending.

3. Results and Discussion

The variation of L with inner angle 0;,, for a sleave is given in Figure 1d. There is
a steep response for small angles with the sensitivity decreasing for larger angles. This
is as expected from Equations (1) and (2). The sensitivity decreases for lower N but its
linearity increases. For a smaller region of 20° < 0;, < 120°, the variation of L with angle
is nearly linear, given by the correlation coefficient R2. For N = 40 in 1/1 rib, Cu magnet
wire and 3 mm needles, the wrist (not shown) sensitivity is 75 nH/° with R? > 0.98, the
elbow 353 nH/° with R? > 0.97 and the knee (not shown) ~551 nH/°. The sensitivity
increases with increasing sleeve diameter. Using elastic yarn did not change these findings
(Figure 1d). Solid Cu magnet wire showed higher sensitivity than Cu/Ag Litz wire:
75nH/° vs. 54 nH/°. The sensitivity of the knit was also slightly better than that of an
inlaid coil that does not follow the horseshoe character of the stitches: 75 nH/® vs. 63 nH/°.
The inlaid method has limited elasticity and is less suitable from a wearable’s point of view.

Dynamic measurements were carried out on three different healthy subjects (two
females, one male), moving the elbow through all angles. Figure 2a shows the variation
of the normalized inductance L/L;;, with movement as a function of time (time frame
is ~6 s). There are two observations, whilst the absolute inductance for each subject is
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different because of different arm diameters, the normalized changes are nearly identical.
At the start of the movement there are some memory effects in the knit (crinkling) that shift
the minimum value of L. Once this initial shift has happened, no further changes occur
until the crinkles are reset. The inset in Figure 2a gives the difference between changes in L
when the sleave is worn on the elbow and when it is worn on the biceps whilst moving.
The latter causes changes due to coil diameter changes in response to muscle movement.
The change in inter-winding position is larger than that in diameter.
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Figure 2. Dynamic normalized response L/Ly;x. (a) Elbow movement of three test subjects moving
through the same angles at slightly different speeds. Inset: L in function of angle (blue) and diameter
due to muscle movement (orange); (b) knee movement.

Figure 2b gives the dynamic measurement of the knee moving from full extension
to fully bent for two different knit implementations. The crinkle-related memory effect is
apparent at the start. It is slightly larger for the rib than the jersey because the jersey is
firmer due to the smaller needle size used. The 1/1 rib implementation gives the largest
variation of L for the same change in angle. This difference might be due to needle size
rather than stitch type. Smaller needles give a firmer knit and allows less relative change
between windings.

4. Electronic Readout

The block diagram of a possible readout system is given in Figure 3a. This is based on a
high-Q oscillator as proposed in [8]. The time domain response of the oscillator is simulated
using SPICE. The output of the oscillator for the two knee sleeve implementations in their
extreme positions is given in Figure 3b.

The high-Q oscillator ensures a readable output for the digital block even with the
low-Q knitted coils. The low Q of the coils causes start up delays, but at T <100 ps it does
not interfere with the operation of the digital readout block where a waiting time of 5 ms
is implemented to settle the counter [8]. These delays are directly related to the coils” Q.
The performance parameters of coils and oscillator are given in Table 1. The maximum
variation of L for knee sleeve 1 is AL = 104 uH and 167 uH for sleeve 2. This translates in
a frequency variation of 144.7 kHz and 100.4 kHz, respectively. Although 7 is largest for
sleeve 1, this implementation is preferred over sleeve 2 from a readout point of view.

In conclusion, inductive 3D knitted coils integrated in sleeves of garments give un-
obtrusive sensors in knitted garments. Their high sensitivity is related to the fast increase
in self-inductance with decreasing separation between windings. A maximum induc-
tance variation of 167 uH was measured for the knee moving from full stretch to fully
bent. This change can be measured in real time using a high-Q oscillator. The knitted
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coils are a feasible approach for real-time ambulatory monitoring using fully wearable
everyday-looking clothes.
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Figure 3. (a) Block diagram of an electronic readout. The oscillator has low capacitance FETs to boost
its quality factor Q [8]. (b) Oscillator response for the knee sleeves in two extreme situations: fully
stretched 180° and fully bent ~0°.

Table 1. Performance parameters of the oscillator in the read-out circuit for knee sleeves. L inductance,
R series resistance of the coil, fosc the oscillation frequency, | A | the amplitude and 7 the start-up delay.

Angle (°) L (uH) R (Q) fosc (kHz) Al (mV) T (us)
Sleeve 1 180 188 107 744.5 20 70
Sleeve 1 ~0 292 107 599.8 30 58
Sleeve 2 180 338 124 558.0 30 50
Sleeve 2 ~0 505 124 457.6 41 49
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