IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Design and characterization of LC strain sensors with novel inductor for sensitivity

enhancement

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2013 Smart Mater. Struct. 22 105015
(http://iopscience.iop.org/0964-1726/22/10/105015)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 140.113.38.11
This content was downloaded on 24/04/2014 at 14:22

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/0964-1726/22/10
http://iopscience.iop.org/0964-1726
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

IOP PUBLISHING

SMART MATERIALS AND STRUCTURES

Smart Mater. Struct. 22 (2013) 105015 (9pp)

doi:10.1088/0964-1726/22/10/105015

Design and characterization of LC strain
sensors with novel inductor for sensitivity

enhancement

Sung-Yueh Wu and Wensyang Hsu

Department of Mechanical Engineering, National Chiao Tung University, 1001 Ta Hsueh Road, Hsinchu

30010, Taiwan
E-mail: whsu@mail.nctu.edu.tw

Received 2 May 2013, in final form 12 August 2013
Published 4 September 2013
Online at stacks.iop.org/SMS/22/105015

Abstract

This paper presents a LC strain sensor with a novel encapsulated serpentine helical inductor. The helical coil of
the inductor is formed by serpentine wire to reduce the radial rigidity. Also the inductor is encapsulated by
material with high Poisson’s ratio. When an axial deformation is applied to this encapsulated inductor, the
cross-sectional area of the helical coil will have more evident change due to lower radial rigidity and
encapsulation. Therefore, the variation of inductance or LC resonant frequency can be enhanced to provide better
sensitivity of the LC strain sensor. By using PDMS as encapsulated material, it is shown that the sensitivity of the
conventional helical inductor with or without encapsulation are both about 73.0 kHz/0.01¢, which means that
encapsulation on the conventional helical inductor does not help to improve the sensitivity due to high radial
rigidity of the conventional helical coil. It is also found that the encapsulated serpentine helical inductor has better
sensitivity (121.9 kHz/0.01¢) than the serpentine helical inductor without encapsulation (62.7 kHz/0.01¢), which
verifies the sensitivity enhancing capability of the proposed encapsulated serpentine helical inductor design. The
error between simulation and measurement results on sensitivity of LC strain sensor with the encapsulated
serpentine inductor is about 5.57%, which verifies the accuracy of the simulation model. The wireless sensing

capability is also successfully demonstrated.

(Some figures may appear in colour only in the online journal)

1. Introduction

Inductor—capacitor (LC) sensors have attracted much attention
due to their capabilities to be wireless and passive. When
the inductance L or the capacitance C of the LC circuit is
affected by physical or chemical conditions, the resonant
frequency f of the LC circuit, listed as equation (1) [1],
will change correspondingly. Without battery or other power
supply electrically connected to the devices, LC sensors will
be suitable for implantable biomedical devices and industrial
applications in hazardous environments, which is different
from active wireless measurements that need on-board power
supply in the sensors [2, 3].
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For monitoring the resonant frequency of an LC sensor, a

network analyzer can be utilized to connect with LC circuits
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to obtain the frequency response, as shown in figure 1(a).
This process can also be performed wirelessly with an antenna
connecting to the network analyzer, as shown in figure 1(b).
Applying oscillating voltage to the transmitting antenna,
magnetic flux can be generated in nearby space. With
inductively coupling the transmitting antenna and the inductor
of the LC circuit, forward electromotive forces are induced
wirelessly in the inductor based on Faraday’s law. Therefore
the LC circuit can receive energy by the inductor and store
it in the capacitor. With this energy, magnetic flux also
can be generated by the LC circuit, and then the backward
electromotive forces are induced on the transmitting antenna
wirelessly, affecting the charge flow in the antenna. Since
both the forward and backward electromotive forces reach
a maximum at resonant frequency f of the LC circuit, the
frequency response of the antenna changes abruptly at f,
and then the resonant frequency can be determined. When

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Schematic illustrations of LC sensor: (a) wired; (b) wireless.

the inductance or capacitance is changed by environmental
variations, the LC circuit can act as a LC sensor.

Most of the previous LC sensors have been based
on the capacitance variations caused by, for example,
pressure [1, 4-9], strain [10, 11], humidity [1, 5, 12-14],
temperature [1, 12, 15], pH [16], bacteria [17] or specific
gases [18]. Only a few designs have utilized the effect from
inductance changes, including gap change between two planar
inductors [19], a magnetoelastic material [20], cross-sectional
area change [21], or position change of a ferrite mass in
the inductor [22]. One of the reasons that the inductance
is not widely used for sensing is the low sensitivity to the
environment. No prior art uses the special geometry of the
inductor to enhance the sensitivity.

Here a novel design, an encapsulated serpentine helical
inductor, is proposed and shown to enhance the sensitivity of
LC sensors for strain sensing. The serpentine design on the
inductor can provide lower radial rigidity. With the assistance
of proper encapsulation, the sensitivity of LC sensors under
axial strain can be enhanced. The effects of both serpentine
design and encapsulation are investigated numerically and
experimentally. Wireless sensing capability of the proposed
inductor design is also examined.

2. Concept design

For a conventional helical inductor, as shown in figure 2(a),

the coils and permeability of near space, as listed in
equation (2) [23], including axial distributed length I, cross-
sectional area A, number of turns N, relative permeability
iy and permeability of free space wg. When the inter-turn
spacing is not negligible, a correction factor K needs to be
considered. Applying a strain on the conventional helical
inductor along the axial direction causes increase of the
distributed length [/, which will reduce inductance L and
increase resonant frequency f. As a result, a helical inductor
can work as a strain sensor by monitoring the inductance or
resonant frequency variation:
N2A

L=KMrMOT-

)

Smaller cross-sectional area A can also reduce the
inductance, as seen in equation (2). To utilize both the
distributed length / and cross-sectional area A variations
to enhance the sensitivity, a novel encapsulated serpentine
helical inductor design is proposed, as shown in figure 2(b).
Encapsulating the inductor by proper material with high
Poisson’s ratio v, as listed in equation (3) [24], is helpful
to enhance the reduction of cross-sectional area while the
inductor is under axial loading:

Er

V= ——

€a

3)

The Poisson’s ratio represents the ability of the material to

the inductance is determined by geometric parameters of generate the radial strain &, induced by the axial strain &,.

2
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Figure 2. Illustrations of (a) conventional helical inductor;
(b) proposed encapsulated serpentine helical inductor.

Compared to the conventional helical coil, the serpentine
helical coil can provide lower radial rigidity. When an
axial deformation is applied to this encapsulated inductor,
the cross-sectional area of the serpentine coil could be
further reduced due to the encapsulating material with high
Poisson’s ratio. Furthermore, encapsulation can protect the
inductor from damage or corrosion from the environment.
The serpentine angle of the conducting wire is denoted
by 6, as shown in figure 2(b). When the serpentine angle
is zero, the inductor becomes the conventional helical
inductor. The width of the encapsulating material is denoted
by w, representing the size of the material utilized to
encapsulate the inductor. Therefore, & and w are two
important parameters for serpentine shape and encapsulation
designs, respectively. Both increasing distributed length / and
decreasing cross-sectional area A can reduce the inductance
L and then increase resonant frequency f. A more evident
resonant frequency change of LC sensor under the same
axial loading means that the LC sensor can provide better
sensitivity.

3. Inductor design and analysis

Simulations are performed to find the resonant frequency
variation of the proposed encapsulated serpentine helical
inductor under different axial strains. Under axial strain &,, the
distributed length and cross-sectional area are affected, listed
as equations (4) and (5) respectively, where ' and [y stand
for the distributed length with and without applying strain
respectively. Similarly, A" and Ay stand for the cross-sectional
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Figure 3. Simulated resonant frequency changes of encapsulated
conventional helical inductors with different effective Poisson’s
ratios. The number of turns N, distributed length Iy, and helical
diameter Dy of the helical coil without applying strain are 36.5,

8 cm, and 1 cm, respectively.

area with and without strain applying respectively. The
effective Poisson’s ratio v. of the inductor, as listed in
equation (6), is defined as the ratio between the radial and
axial deformations of inductor coils under axial force, whether
the inductor is encapsulated or not. The effective Poisson’s
ratio acts as an important performance index to represent the
efficiency on cross-sectional area variation of inductor coil:

U =11+ &) 4)
A=Ay (1 — vegy)? 5)
vo= — 2 =D0) Dy Dy’ ©6)

-l

where D’ and Dy stand for the diameters of the helical coil
with and without applying strain, respectively. By combining
equations (2), (4), (5) and (6), the inductance becomes

NA" K (1= vegy)?
I Ko (1+s&)

L' = K'prpo Lo, @)
where K’ and Kj stand for the correction factor with and
without applying strain respectively. Similarly, L' and Ly
stand for the inductance with and without applying strain
respectively. It can be found from equations (1) and (7) that
applying tensile strain (g, > 0) leads to smaller inductance
and higher resonant frequency, and this effect can be further
enhanced with high effective Poisson’s ratio, as shown in
figure 3. Since the encapsulating material with high Poisson’s
ratio is helpful to increase the effective Poisson’s ratio of the
inductor, polydimethylsiloxane (PDMS), a polymer with good
transparency and biocompatibility [25], is chosen here as the
encapsulating material for its high Poisson’s ratio of 0.5 [26].

A capacitor 15 pF which is small enough for high
quality factor is selected to connect with the inductor
for simulations and experiments. Figure 4 shows how
the geometric parameters of the inductor affect the initial
inductance and resonant frequency sensitivity with initial
distributed length 80 mm and effective Poisson’s ratio 0.5. The
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Figure 4. Simulated sensitivity with effective Poisson’s ratio 0.5
and different helical inductor dimensions.

sensitivity, which is defined as the variation of the resonant
frequency per 0.01 axial strain, can be obtained through
equations (1) and (7). It is found that smaller diameter—length
ratio D/l and fewer coil numbers N can provide higher
sensitivity, but that may result in low initial inductance
Ly as well as low quality factor, which is not helpful for
wireless resonant frequency monitoring. Here we select initial
inductance 2.2 wH, number of turns 36.5, diameter—length
ratio 1/8 and wire diameter 0.1 mm as an example for the
following simulations and experiments. The number of turns
is not an integer due to the need for smooth connection
between the inductor and capacitor.

For the coils without encapsulation, the effective
Poisson’s ratio mainly depends on the geometric dimensions,
as listed in equation (8), which can be derived from
equation (6) and basic trigonometry. S stands for the invariable
wire length while axial strain is applied. ¢ stands for the helix
angle before strain is applied:

SA¢cos (¢o) - (N -7 - Do)~
S A¢ - sin (¢o) - (l) !

Ve, no encap. =

lo cot (¢o)
=21 )
Nm Dy
However, for the coil with encapsulation, the radial

deformation cannot be derived similarly due to the
complicated composite structure. Although the coil is
encapsulated by material with high Poisson’s ratio, the
effective Poisson’s ratio of the inductor will not be
the same as the Poisson’s ratio of the encapsulating
material due to the radial rigidity of the encapsulated coil.
Therefore, further numerical simulations are performed by
commercial finite element method (FEM) software, ANSYS
Workbench, with copper as the coil material encapsulated
by PDMS under different axial strains. Variations of coil
cross-sectional area with different serpentine angles 6
and widths w of encapsulating material are investigated.
Figure 5 shows simulated cross-sectional area variations
of the conventional and the proposed serpentine helical
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Figure 5. Simulated cross-sectional area variations of the
encapsulated inductor with encapsulation width w = 20 mm by
ANSYS. The number of turns N, distributed length /y, helical
diameter Dy, and coil diameter d of the helical coil without applying
strain are 36.5, 8 cm, 1 cm, and 0.1 mm, respectively.
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Figure 6. Simulated results of the effective Poisson’s ratios at
various serpentine angles 6 and encapsulation width w. The number
of turns N, distributed length [y, helical diameter Dy, and coil
diameter d of the helical coil without applying strain are 36.5, 8 cm,
10 mm, and 0.1 mm, respectively.

coils with different serpentine angles under encapsulation.
Detailed dimensions of the serpentine wire are also shown
in figure 5, such as serpentine curvature radius r and
elongating length e. It is found that the cross-sectional
area variation rate of encapsulated conventional helical
coils (9 = 0°) is —0.038 mm?/0.01¢. For the encapsulated
serpentine helical coils, the cross-sectional area variation
rate can be enhanced from —0.359 mm2/0.01£ (6 = 30°)
to —0.915 mmz/0.0le (6 = 180°), indicating that lower
radial rigidity and larger cross-sectional area variation can be
achieved through serpentine design with encapsulation.

The effective Poisson’s ratio of encapsulated inductors,
as shown in figure 6, can be calculated by equation (6)
based on the simulated cross-sectional area variation results
in figure 5. It is found that the effective Poisson’s
ratio becomes higher with a larger serpentine angle and
then reaches a saturated value around 0.5, which is the
Poisson’s ratio of the encapsulating material. As a result,
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Figure 8. Photos: (a) encapsulated serpentine helical inductor, (b) close view of the serpentine helical inductor before the encapsulation.

the Poisson’s ratio of the encapsulating material can be
considered as the upper bound of the effective Poisson’s
ratio of the encapsulated inductor. For the inductors without
encapsulation at the same dimensions ([p = 80 mm,N =
36.5, Dg = 10 mm, ¢9 = 86.01°), the effective Poisson’s ratio
calculated by equation (8) is only 0.004 in all serpentine angle
range, as shown in figure 6. It indicates that encapsulation is a
critical factor in sensitivity enhancement.

The size of encapsulating material is also shown to
affect the effective Poisson’s ratio of the inductor. As shown
in figure 6, a wider encapsulating material width w leads
to a higher effective Poisson’s ratio. For the conventional
helical inductor (# = 0°) with encapsulating width w =
60 mm, which is six times the inductor diameter, the effective
Poisson’s can be enhanced from 0.004 to 0.12. For the
serpentine inductor with 6 = 30° and w = 60 mm, the
effective Poisson’s ratio can be enhanced to 0.24, which
can be further increased through larger 8. However, when
serpentine angle is larger than 90°, the enhancements for
encapsulation width w = 20, 30, and 60 mm are very close.
Therefore, 20 mm on encapsulation width is chosen for later
experiments.

Once the radial deformation of the inductor with or
without encapsulation is obtained from FEM simulations
or basic trigonometry, the resonant frequency variation can

be simulated by equations (1) and (2). For the serpentine
helical inductor with special zigzag shape, the line integral
method [27] to simulate an arbitrarily-wound shape inductor
is also used here for more accurate inductance calculation.

4. Fabrication and testing

The fabrication process of the proposed encapsulated
serpentine helical inductor is shown in figure 7. First, the
round copper wire is processed to form serpentine wire by an
in-house machine which is made from two spur gears driven
by a DC motor. The round wire is drawn in by the continuous
rotation of two spur gears to obtain a serpentine shape. Then
the serpentine wire is wound to become helical coils to form
the serpentine helical inductor. The inductor is then placed
in a mold and encapsulated by liquid PDMS. After 15 min
pumping to remove the bubbles in the encapsulating material,
PDMS, the whole mold is placed in a hot oven at 80 °C for
150 min to solidify the PDMS. After removing the mold, the
encapsulated serpentine helical inductor is obtained.

The fabricated encapsulated serpentine helical inductor is
shown in figure 8, with number of turns N = 36.5, distributed
length [ = 83 mm, inductor diameter Dy = 11 mm, helix angle
¢o = 86.2°, wire diameter dy = 0.1 mm, encapsulating width
w = 20 mm, serpentine angle 6 = 120°, serpentine radius
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Figure 10. Results: (a) measured resonant frequency variations of the encapsulated conventional helical inductor (6 = 0°) with three
loading/unloading cycles. (b) Measured and simulated resonant frequency variations of the conventional helical inductors (6 = 0°) with or

without encapsulation.

curvature » = 0.2 mm, and elongating length e = 0.7 mm.
Since the serpentine shape is formed by the rotation of two
spur gears, the serpentine angle is decided by the shape
of the gear teeth. With gears having sharper teeth, larger
serpentine angle can be obtained. Encapsulated conventional
helical inductors with similar dimensions are also fabricated
for performance comparison.

The resonant frequency of the LC circuit is measured
by the network analyzer (Agilent 4395A), as shown in
figure 9(a). Strain is applied manually through the stretching
platform, as shown in figure 9(b), where one end of the strain
sensor is fixed and the other end is clamped to a movable
stage MISUMI ZSGB80. The strain is controlled by manually
adjusting the movable stage to stretch the strain sensor. Due
to the good transparency of the encapsulating material, the
axial length variations of the encapsulated inductor can be
measured by a vernier caliper with resolution 0.05 mm. At
first, we gradually stretch the inductor to cause an axial
extension of 0.5 mm in about one minute, which is about
0.6% &, and then the resonant frequency of the strain sensor
is measured. Then we stretch the inductor for another 0.5 mm
in about one minute to make another frequency measurement.
The process is repeated several times until the strain reaches
about 7%, and then the strain sensor is unloaded with
frequency measurement in a similar manner.

5. Results and discussion

Table 1 shows the measured and simulated resonant
frequencies of LC circuits with conventional and serpentine
helical inductors having similar helical dimensions before
applying axial strain, where the capacitance is 15.0 £ 5% pF.
Inductance simulations based on both equation (2) and the
line integral method are performed. It is found that both
methods have good agreement with the experimental data for
the LC circuit with conventional inductor, where errors are
around 2.57%-3.21%. But for the LC circuit with serpentine
helical inductor, equation (2) leads to an error of about 9.24%,
which is reduced to 3.49% by using the line integral method.
Therefore, simulations of resonant frequency are based on
equation (1) and the line integral method in the following
calculations for the serpentine inductor.

Figure 10(a) shows the measurement results of three
loading/unloading tests of the encapsulated conventional
helical inductors (6 = 0°). Figure 10(b) shows the measured
and simulated resonant frequency changes of conventional
helical inductors (6§ = 0°) with and without encapsulation.
The simulated effective Poisson’s ratios of the conventional
helical inductor with and without encapsulation are 0.02 and
0.004, respectively. It is found that the sensitivity of both
inductors is about 73.0 kHz/0.01¢, and the encapsulation on
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Figure 11. Results: (a) measured resonant frequency variations of the proposed encapsulated serpentine (6 = 120°) helical inductor with
three loading/unloading cycles; (b) measured and simulated resonant frequency variations of the proposed serpentine helical inductors

(6 = 120°) with or without encapsulation.

Table 1. Measured and simulated resonant frequencies of LC circuits with the conventional helical (6 = 0°) and serpentine helical

(6 = 120°) inductors before applying axial strain.

Simulation by Simulation by equation (1)

Measured equations (1) and (2) and line integral method
Inductor type Capacitor (pF) f (MHz) f (MHz) Error (%) f (MHz) Error (%)
Conventional 15.0 (£5%) 23.35 24.10 3.21 23.95 2.57
Serpentine 15.0 (£5%) 22.06 24.10 9.24 22.83 3.49

the conventional helical inductor does not help to improve
the sensitivity. This is due to the high radial rigidity
of the conventional helical coils, which resists the radial
compression from encapsulating material during axial strain
application.

Three loading/unloading tests of the proposed encap-
sulated serpentine helical inductors (6 = 120°) are also
performed, and the results are shown in figure 11(a).
Figure 11(b) shows the measured and simulated resonant
frequency changes of the serpentine helical inductor with
and without encapsulation. The simulated effective Poisson’s
ratios of the serpentine helical inductors with and without en-
capsulation are 0.443 and 0.004, respectively. The measured
results show that the encapsulated serpentine helical inductor
has better sensitivity (121.9 kHz/0.01¢) than the serpentine
helical inductor without encapsulation (62.7 kHz/0.01l¢),
verifying the sensitivity enhancing capability of the proposed
encapsulated serpentine helical design. The error between
simulation and measurement results on sensitivity of LC
circuit with encapsulated serpentine inductor is about 5.57%,
which verifies the accuracy of the simulation model.

The capability of the wireless sensing of the pro-
posed serpentine inductor design is also tested. Wireless
measurement of the resonant frequency is achieved by the
network analyzer connecting to the two-antenna setup [5].
Wireless measurement results of three loading/unloading tests
of the proposed encapsulated serpentine helical inductors
(0 = 120°) are shown in figure 12(a). Figure 12(b) shows

the wireless measurement results of the conventional and
serpentine helical inductors with and without encapsulation
for 5 cm wireless sensing distance. It shows that the
sensitivities of conventional helical inductors with or without
encapsulation are both around 70.1 kHz/0.0le, and the
encapsulated serpentine helical inductor has better sensitivity
(119.7 kHz/0.01¢) than the serpentine helical inductor
without encapsulation (59.7 kHz/0.0le). There is about
5% difference between the wireless and wired measured
sensitivities, which could be further reduced through higher
quality factor of the LC circuit [28].

6. Conclusions

Here an encapsulated serpentine helical inductor is proposed,
designed, fabricated and tested to enhance the sensitivity
of LC sensors. When an axial deformation is applied to
this encapsulated inductor, the cross-sectional area of the
helical coil is shown to have more evident change than the
conventional helical inductor due to lower radial rigidity and
encapsulation. It is found that the sensitivity of conventional
helical inductor with or without encapsulation is in both cases
about 73.0 kHz/0.01e, which means that encapsulation on the
conventional helical inductor does not help to improve the
sensitivity due to the high radial rigidity of the conventional
helical coil. It is also found that the encapsulated serpentine
helical inductor has better sensitivity (121.9 kHz/0.01¢)
than the serpentine helical inductor without encapsulation
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Figure 12. Wireless measured resonant frequency variations of: (a) the proposed encapsulated serpentine (¢ = 120°) helical inductor with
three loading/unloading cycles; (b) the proposed serpentine (6 = 120°) helical inductor and the conventional (6 = 0°) helical inductors with

or without encapsulation.

(62.7 kHz/0.01e). The proposed inductor design can be
combined with other techniques based on capacitance
variation to further enhance the sensitivity of LC sensors.
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