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Figure 6. Analysis of S; quality factor and resonance frequency for different number of turns and outer
diameters, when trace separation and width were kept constant at 500 um.

A similar model was computed for S; as shown in Figure 7. In this case, the objective was to
design a relatively small sensor; therefore, do, was varied between 10 and 14 mm and N between 1
and 5 turns, while s and w were kept constant at 500 and 200 pm respectively. For S,, the highest QF
was ~32, with a f, of 222.4 MHz for d,,; = 14 mm and N = 5; however, we selected do,s = 12 mm and
N =5 to achieve an optimal set of QF (23.93) and f, (259.44 MHz) against the size of the sensor.

Figure 7. Analysis of S, quality factor and resonance frequency for different number of turns and outer
diameters, when trace separation was 500 um and trace width was 200 pm.

3.1.2. Optimization of Trace Width (w) and Trace Separation (s)

Trace width and trace separation also affect the QF and resonance frequency; therefore, complete
numerical modeling was performed for the selection of the trace geometry. QF and f, were analyzed
for different values of s and w, while the number of turns and d,,; were fixed this time. Both trace
width (w) and trace gap (s) were varied within the maximum allowable range to fit within the limits
of given sensor size and number of turns. For Sy, values of s and w were modeled between 200 and
600 um and do, and N were 40 mm and 10, respectively. As shown in Figure 8, the highest QF (103.5)
was observed for s = 325 um and w = 400 um, with a resonance frequency of 16.82 MHz. For an equally
distributed pattern with a trace width (w) and trace gap (s) of 500 um, a very small loss in QF (~5%)
was observed, therefore, w = s = 500 um were chosen for the design of S;.
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Figure 8. Analysis of S; quality factor and resonance frequency for different trace separation and
trace width, when the number of turns and outer diameter were 10 and 40 mm, respectively.

S; was modeled by varying s between 200 and 300 um and w from 200 and 500 pm, while keeping
douwt =12 mm and N =5 fixed, as shown in Figure 9. Maximum QF was 23.93 with a resonance frequency
of 259.44 MHz for a combination of s = 500 um and w = 200 um. As both the QF and the resonance
frequency of S, were very sensitive to trace width and separation, the combination of s and w that
produced the best QF were chosen for S,.
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Figure 9. S, quality factor and resonance frequency analysis for different trace separation and trace
width when the number of turns and outer diameter were 5 and 12 mm, respectively.

3.2. Experimental Prototype and Results

After selecting the optimized design parameters (d,ut, N, s, and w), two sensors, of outer diameters
40 and 12 mm (shown in Figure 10), were fabricated and tested using the test-bench described in
Section 2.3. The key design parameters, results, and operating frequencies for both sensors and
respective reader coils are listed in Table 1.

204



Sensors 2020, 20, 6653

. B s =500um
1 = w= 500um

s =500um
w=200um

Extra Trace = 3.5 mm l’

r=7mm

™ d,=20mm 1 |
; |
! d = 40 mm
(@)

s =500 um
w= 500um

" d;,=20mm |

d = 40 mm !

(b)

Figure 10. Fully labeled images of final prototypes, (a) Fabricated wireless LC resonance sensors:
left, Sy (40 mm in diameter), and right, S, (12 mm diameter); (b) Reader coils for S; (left) and S, (right)

205



Sensors 2020, 20, 6653

Table 1. Key design parameters and results for both sensors (Sy, Sp) and their readers (Ry, Rp).

Parameter/Result S1/R;1 (40 mm) S>/R; (12 mm)
Outer diameter, dy,; (mm) 40 12
Inner diameter, d;;, (mm) 20 5.3
Trace width, w (mm) 0.5 0.2
Trace separation, s (mm) 0.5 0.5
Number of turns, N 10 5
Capacitor electrode radius, r (mm) 7 2
Dielectric layer thickness, d (um) 200 200
Spiral length, I (mm) 942.5 135.9
Skin depth, 6 (um) 15.15 412
DC resistance, R;. ((2) 0.9371 0.3377
AC resistance, Ry (Q0) 3.7755 17.0536
Relative permittivity of PDMS [3], €, ppms 2.65 2.65
Calculated resonance frequency, f, ca1 (MHz) 19.188 259.44
Measured resonance frequency, fo meas (MHz) 30.843750 274.10
Sensitivity, m (kHz/mmHg) -8.110 —65.48
Capacitance, Cs (pF) 18.06 1.4743
Parasitic capacitance, C, (pF) 0.72434 0.10442
Inductance, L (uH) 3.8095 0.25572
Self-resonance frequency, fsgr (MHz) 95.81 974.80
Quality factor, QF at f, 97.4584 23.92

As discussed in Section 1, since bandage pressure varies between 10 and 60 mmHg during
compression therapy, both fabricated sensors were tested for a pressure range of 0 to 100 mmHg.
The reader coil connected with the network analyzer was magnetically coupled with the sensor,
and the response of the sensor over varying pressure was measured. The measurements from VNA
were triggered at an interval of 5 mmHg for a narrow range of 0-100 mmHg. These measurements
are the reflection coefficients (S11 parameter) and are shown in Figures 11 and 12 for the sensors S;
and S, respectively.
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Figure 11. Reflection coefficients (S11 parameter) of Sy for a pressure range of 0 to 100 mmHg.
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Figure 12. Reflection coefficients (S11 parameter) of S2 for a pressure range of 0 to 100 mmHg.

In addition to the compression therapy monitoring, the proposed sensors could be used for other
medical applications, including physiological pressure measurement. Therefore, both sensors were
also tested over a wider range of 0 to 300 mmHg that covers almost the entire physiological pressure
range. The measurements from VNA were triggered at an interval of 25 mmHg for a wide range of
0-300 mmHg. Figures 13 and 14 show the measured reflection coefficients (511 parameter) of S; and S,
over this broad pressure range.
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Figure 13. Reflection coefficients (S11 parameter) of S; for a pressure range between 0 to 300 mmHg.
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Figure 14. Reflection coefficients (S11 parameter) of S, for a pressure range between 0 to 300 mmHg.

As the response of both the sensors was linear within the targeted pressure range of 0 to 100 mmHg,
a first-order polynomial was fitted over the measured response of the sensors. The coefficients of the
linear fitted model are given in Table 2. The measure sensor response (dotted) and fitted curve (solid)
for both sensors are shown in Figure 15.

Table 2. Coefficients of the polynomial equation (f(P) = m x P + f; where P is pressure) curve fitting
between measured resonance frequencies and applied pressure.

Parameters S1 (40 mm) S, (12 mm)
m (sensitivty) -8.11x 10° —65.48 x 10°
B (fo) 3.083 x 107 2.74 % 108
R? (goodness of fit) 0.9977 0.9989
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Figure 15. Linear model fitting for a pressure range of 0 to 100 mmHg: (a) Measured response (dotted)
and linear fit (solid) of S1; (b) Measured response (dotted) and linear fit (solid) of S,.

In the sensor response over a wide range of pressure up to 300 mmHg, a nonlinearity, associated
with compression saturation of the dielectric layer, was observed at higher pressures as shown in
Figure 16. Therefore, a second-order polynomial function was fitted to the measured response to obtain
a model relating the resonance frequency to the pressure. The values of R-square (goodness of fit)
and the model coefficients are listed in Table 3.
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Figure 16. Nonlinear model fitting for a pressure range of 0 to 300 mmHg: (a) Measured response
(dotted) and linear fit (solid) of S;; (b) Measured response (dotted) and linear fit (solid) of S;.
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Table 3. Coefficients of 2nd order polynomial (f(P) = a x P> 4+ bx P + §; where P is pressure) curve
fitting between measured resonance frequencies and applied pressure.

Parameters S1 (40 mm) S, (12 mm)
a 15.27 77.12
b -9.797 x 10° —-8.439 x 10*
B (fo) 3.084 x 107 2.75 x 108
R? (goodness of fit) 0.9991 0.993

To assess the repeatability of pressure measurement with both sensors, the response of the sensors
for six different pressure points between 0 and 100 mmHg was measured repeatedly for 10 cycles.
Figures 17 and 18 show the repeatability of S; and Sy, respectively. The mean values of the frequency
response against applied pressure (f,,) and standard deviation (o) of 10 repeated measurements at 6
pressure points (100, 80, 60, 40, 20, 0) mmHg are given in Table 4.
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Figure 17. Repeatability of measurements with Sy over 10 cycles.
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Figure 18. Repeatability of measurements with S, over 10 cycles.

Table 4. Mean value and standard deviation of measured resonance frequencies when both sensors
were tested under different pressures for 10 cycles.

Pressure (mmHg)

Sensor Parameter
100 80 60 40 20 0
S Mean, f,, (MHz) 30.05 30.18 30.32 3049 30.66 30.86
1 Standard deviation, 0 (kHz) 2248  7.48 5.27 493 3.01 3.01
S Mean, f,, (MHz) 267.64 268.69 270.00 27129 272.62 274.12
2

Standard deviation, 0 (kHz)  26.81 8096 59.86 4594 4249 67.49

4. Discussion

An LC pressure sensing system is developed to measure the pressure in compression therapy
due to wireless communication between sensor and reader coil. Optimization of the sensors is
essential to achieve the best quality factor and resonance frequency while keeping the sensor size
limited. Optimized values of outer diameter (do,:) and the number of turns (N), trace width (w),
and trace separation (s) are listed in Table 1. The parasitic components of the sensor which are parasitic
capacitance and parasitic resistance at resonance frequency were analyzed through numerical modeling
and their values are reported in Table 1. The reported sensors were fabricated using a wet etching
process, which is cost-effective and very simple but comes at the cost of less control on trace widths.
In these circumstances, the thinnest trace width achieved was 200 um. Both sensors were characterized
using a bench test setup that was developed during this research work. Both sensors showed good
linearity and repeatability for a pressure <100 mmHg.

As shown in Figure 15, the response of both designed sensors was linear over a pressure range of
0-100 mmHg, with a sensitivity of 8 kHz/mmHg for S; and 65 kHz/mmHg for S,. The sensor response
was observed as nonlinear at the higher pressure range of 0 to 300 mmHg, as shown in Figure 16.
This is due to the nonlinear effect of the compression saturation of the dielectric layer of the capacitor in
the sensor. Up to 100 mmHg, the sensitivity of S; was 8.11 kHz/mmHg, which was reduced at higher
pressure due to the dielectric layer saturation. Similar behavior was noticed for S,, where sensitivity
was 65.48 kHz/mmHg up to 100 mmHg, and was reduced when the sensor was loaded with higher
values of pressure.
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Both sensors offered good repeatability as shown in Figures 17 and 18, for a pressure range
<80 mmHg; however, variability in measurements started growing in the sensor response for higher
applied pressures (>80 mmHg), due to the already mentioned hysteresis of the dielectric layer. As it
can be noticed from Table 4 that the average repeatability for both the sensors over the pressure range
of 0-100 mmHg is slightly larger than the sensitivity per mmHg, the measurement uncertainty is
estimated as less than +1 mmHg.

From Table 1, it can be noticed that QF of S; was better than S, which is due to the exponential
increase of the ac resistance at higher frequencies for S, caused by the skin effect. In addition,
by comparing the amplitude of S parameters of both sensors in Figures 13 and 14, it is quite clear that
S1 has a better signal to noise ratio (SNR) compared to S,.

There was noticed a difference between the calculated and measured resonance frequencies of
both sensors (S; and S;) was due to numerous possible reasons. The first possible reason might be the
value of the PDMS dielectric constant (€, ppms), which reported between 2.3 and 2.8 in literature [52];
however, for this research €, ppyms was selected 2.65 as stated in Table 1. The second reason for this
difference might be due to the roughness of conductive traces caused by an over-etching effect during
the fabrication process. This difference was greater for S; due to the uneven distribution of the dielectric
layer and air gaps between the capacitor plates, which were relatively bigger as compared to S;. In the
future, a more controlled fabrication process can be used to improve the etching process and dielectric
layer deposition to overcome the mismatch between analytical and real values of sensor parameters.

A comparison of the developed sensors with previously reported systems is given in Table 5.
It includes sensors developed explicitly for wound compression therapy, and as an extension,
implantable sensors that measure bodily pressures in different locations. Although not designed
specifically for the application targeted in this work, these implantable sensors are based on the
same sensing concept of LC systems and operate in similar pressure ranges (as shown in Table 5).
From the observation of the values listed in the table, it is noticeable that the sensitivity of the S sensor,
65.48 kHz/mmHg, is comparable with the prototypes reported in the literature. This is, in the author’s
view, a noteworthy achievement, considering the fact that the sensor proposed here is based on a very
simple and non-expensive fabrication method. By contrast, most states of the art sensors are based on
microfabrication techniques, which are very expensive and laborious.
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