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Twin Meander Coil: Sensitive Readout of Battery-free On-body
Wireless Sensors Using Body-scale Meander Coils
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Fig. 1. Twin Meander Coil is fabricated on garments using industrial knitting machines and can wirelessly read out on-body
battery-free sensors placed throughout the garment surface.

Energy-efficient and unconstrained wearable sensing platforms are essential for ubiquitous healthcare and activity monitoring
applications. This paper presents Twin Meander Coil for wirelessly connecting battery-free on-body sensors to a textile-based
reader knitted into clothing. This connection is based on passive inductive telemetry (PIT), wherein an external reader coil
collects data from passive sensor coils via the magnetic field. In contrast to standard active sensing techniques, PIT does not
require the reader to power up the sensors. Thus, the reader can be fabricated using a lossy conductive thread and industrial
knitting machines. Furthermore, the sensors can superimpose information such as ID, touch, rotation, and pressure on its
frequency response. However, conventional PIT technology needs a strong coupling between the reader and the sensor,
requiring the reader to be small to the same extent as the sensors’ size. Thus, applying this technology to body-scale sensing
systems is challenging. To enable body-scale readout, Twin Meander Coil enhances the sensitivity of PIT technology by
dividing the body-scale meander-shaped reader coils into two parts and integrating them so that they support the readout of
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each other. To demonstrate its feasibility, we built a prototype with a knitting machine, evaluated its sensing ability, and
demonstrated several applications.

CCS Concepts: • Human-centered computing → Interaction devices.
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1 INTRODUCTION
Advances in materials and electronics have led to the development of various on-body sensors such as fitness
trackers, cadence sensors, smart clothing [37, 38], on-skin biosensors [34, 50, 56, 57], and other physiological
sensors. Because these sensors can be seamlessly integrated into clothing or accessories, the multiple sensors
worn by users can aid in the continuous monitoring of various physiological and environmental signals. Thus,
many researchers have investigated the potential applications of such sensors in health monitoring [34], activity
recognition [25, 52], and wearable interfaces [11–14, 26, 38, 51].
However, energy-efficient and easy-to-manufacture methods for collecting data from freely placed on-body

sensors are missing. The most primitive approach is wiring these sensors [35–37, 52], but the wire disrupts
the user’s movements and constrains the sensor positions [29]. Conductive fabrics that connect sensors placed
throughout themselves have also been studied, but the electrodes of such fabrics need to be exposed, leading to
safety issues and contact failures. Wireless approaches [19, 28, 29, 45] offer safe connections, and textile-based
wireless chargers that empower multiple sensor devices have been developed. However, the power transfer
efficiency of such textile-based wireless chargers is low (1%−3%), compared with that of standard wireless
chargers [44, 54], because textile-based chargers are primarily composed of a highly resistive conductive thread to
preserve the flexibility and breathability of clothing [19, 28, 29, 45]. In practice, this low efficiency often requires
the sensors to be equipped with bulky batteries for performing continuous sensing tasks. Furthermore, the
charger size must be similar to that of the small sensor; if there is a significant size difference, the efficiency
significantly decreases [43].

To overcome this challenge, we develop an energy-efficient and unconstrained connection for on-body sensors,
as shown in Fig. 1. Our platform is based on wireless sensing technology, namely, highly sensitive passive
inductive telemetry (PIT), wherein a body-scale textile-based reader reads out multiple, small, battery-free sensors
without powering them up. The textile-based reader coil can be directly knitted into the clothing using Whole
Garment and conductive thread. The battery-free sensors can superimpose various sensor values, such as ID,
touch, pressure, and rotation, on their frequency responses. In contrast to standard PIT, the highly sensitive PIT
enables sensor readout via the weak inductive coupling between the small sensors and large reader. Additionally,
the highly sensitive PIT imposes unique challenges when applied to garments because i) the electromagnetic (EM)
field generated by the standard coil significantly interacts with the human body, and ii) the inordinate impedance
characteristics of the textile-based coil makes the PIT insensitive. Thus, we propose Twin Meander Coil, which
enables sensitive readout of on-body sensors via PIT by integrating the two identical meander-shaped reader
coils.

2 PASSIVE INDUCTIVE TELEMETRY (PIT)
As shown in Fig. 2(a), PIT employs a passive sensor coil inductively coupled with an external readout coil [24].
The sensing process is as follows. First, the sensor coil passively changes its impedance, i.e., its resonant frequency,
𝑓0 = 1/2𝜋

√
𝐿sensor𝐶sensor, according to the change of the sensing target (e.g., pressure, temperature). Then, the
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Fig. 2. (a) Overview of conventional PIT with a narrow sensing range, which employs a passive sensor coil inductively coupled
with an external readout coil. (b) Overview of highly sensitive PIT, which enables body-scale readout of multiple small sensors
using distributed capacitance arrangement (DCA) and balanced bridge circuit [43].

resonant frequency of the sensor can be observed as a peak in the frequency response via the inductively coupled
reader coil because the input impedance of the coupled reader coil 𝑍in (𝑓 ) is known to be a function of sensor
impedance as shown in the following:

𝑍in (𝑓 ) = 𝑍reader(𝑓 ) +
(2𝜋 𝑓 𝑀)2

𝑍sensor(𝑓 )
(1)

where 𝑍reader and 𝑍sensor are the impedance of the reader and the sensor, respectively, and𝑀 (= 𝑘
√
𝐿reader𝐿sensor,

𝑘 : coupling coefficient, 0 ≤ |𝑘 | ≤ 1) is the mutual inductance. Note that the peak of 𝑍in appears around 𝑓0. Finally,
the impedance measurement module connected to the reader coil retrieves the sensor value through the peak
shift of 𝑍in (𝑓 ), referred to as Δ𝑓𝑖 in Fig. 2.

There are two advantages of PIT when compared to wirelessly powered active sensors. First, PIT only requires
a weak magnetic field for readout compared to wireless power solutions [24], and the current of the reader coil
can be small (µA−mA), allowing the use of lossy readers composed of conductive threads. Second, the sensor coil
need not be equipped with batteries because it is composed of passive components.
However, PIT generally becomes insensitive when the inductive coupling is weak, and this trend imposes

challenges when reading out small sensors using large body-scale readers. This occurs because the peak amplitude
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of Eq. (1), caused by item (2𝜋 𝑓0𝑀)2/𝑍sensor (𝑓0), is positively correlated with𝑀 (or 𝑘). Thus, when using conven-
tional PIT, the reader size has to be comparable to the sensor size to increase coupling, limiting the applications
to small scales, e.g., reading sensors in the pockets of clothes [24].

To this end, TelemetRing proposed a highly sensitive PIT that works in very weakly coupled setups [43], and
we aim to develop this technology further to achieve a body-scale PIT that can read out small sensor coils. The
highly sensitive PIT involves two technologies: distributed capacitance arrangement (DCA) [9, 43] and a balanced
bridge circuit [3], as shown in Fig. 2(b). DCA enhances the equivalent inductance of the coil at high frequencies
by inserting multiple series capacitors, which strengthens the inductive coupling (𝑀 = 𝑘

√
𝐿reader𝐿sensor_i). The

balanced bridge circuit simplifies the process for impedance matching between the measurement circuit and the
reader coil, enabling the detection of the small impedance peaks, as described in § 4.2. Furthermore, multiple
sensor coils can be identified by allocating each sensor coil on different frequency bands by adjusting the sensor
resonant frequency.
However, highly sensitive PIT imposes two unique challenges when applied to body-scale garments. First,

the EM field generated by the body-scale readers interacts with the dielectric human body, making the coupling
between the body-scale reader and sensors unstable. Second, the reader coil composed of conductive threads
exhibits unique impedance frequency responses (which even change by washing), making impedance matching a
challenge.

3 CONTRIBUTION
This work presents Twin Meander Coil, a body-scale PIT system to overcome the above challenges. The two
technical features of this work are the following: (i) the proposal of meander-shaped body-scale coils fabricated
via ordinary garment manufacture process, and (ii) the integration of the two such meander-shaped coils so that
they support the readout of each other. As for (i), unlike standard coils, the meander coil confines the strong EM
field near the clothing. Thus, the interaction of the reader with the human body is suppressed while preserving a
stable coupling with the sensors near the garment. As for (ii), the two identical meander coils, which have similar
impedance characteristics, are integrated into each other’s readout circuit as a reference impedance, compensating
for the inordinate impedance responses. To examine the feasibility of our design, we built a prototype with a
knitting machine and presented several application scenarios.

4 SYSTEM DESIGN
As shown in Fig. 3(a), our system consists of three components: 1) a textile-based reader coil that is composed
of two identical meander coils, 2) battery-free sensor coils that have different resonant frequencies and sense
various targets such as ID, touch, pressure, and rotation, and 3) an impedance measurement module. The working
principle is as follows. First, the multiple sensor coils #𝑖 , each of which has different resonant frequency 𝑓𝑖 , change
their impedance (i.e., 𝐶sensor_i) according to the sensing target. By utilizing the highly sensitive PIT, then, the
reader coil senses Δ𝑓𝑖 of the multiple sensor coils. Finally, the module connected to the reader calculates the
sensor value (Δ𝐶sensor_i) based on both Δ𝑓𝑖 and 𝑓𝑖 .

4.1 Reader Coil
A standard helix coil wound around the body inevitably interacts with the body via the EM field. Thus, we employ
a meander coil, which changes the winding direction from clockwise to counter-clockwise and vice versa in each
turn. Flat-shaped meander coils [27, 41] are often used because their zigzag pattern can easily fit into various flat
surfaces. In contrast, our work focuses on a cylinder-shaped meander coil. As shown in Fig. 3(b), the meander
coil indicates a relatively strong EM field around the clothing while cancelling out the EM field permeating the
body. This EM field focused near the clothing is sufficient for the reader to sense the sensors because the sensors
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Fig. 3. (a) System overview of Twin Meander Coil, which consists of three components: 1) a textile-based reader coil that is
composed of two identical meander coils, 2) battery-free sensor coils that have different resonant frequencies, and 3) an
impedance measurement module. (b) Overview of the inductive field generated by meander coil. The meander coil indicates
a relatively strong EM field around the clothing while canceling out the EM field permeating the body.

are typically placed on the clothing or the body to detect the physiological signals. Thus, the cylinder-shaped
meander coil makes the readout more stable than a standard helix coil.
To demonstrate the feasibility of the cylinder-shaped meander coil, we first simulated the EM field of the

proposed meander coil and the standard coil, as shown in Fig. 4(a)-(c). The simulation was conducted using
Altair FEKO, an EM simulation software. As shown in Fig. 4(a), we used a cylinder-shaped human model (relative
permittivity: 132, conductivity: 0.66 S/m, height: 16 cm, diameter: 26 cm) for simplicity, referring to [8, 22], and a
reader coil comprising copper wire (number of turns: 5, wire diameter: 0.5 mm, pitch: 4 cm). Fig. 4(b)(c) show the
simulated EM field generated by the two coils (Input power: 1 W, operating frequency: 13.56 MHz); these field
distributions indicate that the meander coil suppresses the EM field penetrating the body.
Next, we evaluated the coupling coefficient (𝑘). As shown in Fig. 4(d), we made a 3 cm × 3 cm square PCB

sensor coil and two body-scale reader coils (one is a helix and the other is meander-shaped). The body-scale coils
were directly integrated into clothing using a knitting machine called Whole Garment (MACH2XS 15S, SHIMA
SEIKI), which knits 3D clothing without sewing [1, 33]. Then, we measured the coupling coefficient between the
sensor coil and the two reader coils based on the 𝑍 -parameters obtained via a vector network analyzer (R&S
ZNB20, Rohde & Schwar). We treated this two-port network as an inductively coupled 𝐿𝐶 series resonant circuit
herein. Fig. 4(e)(f) show the measured coupling coefficient (𝑘) for different sensor positions and distances from the
clothing. The position and distance of the sensor coil were varied from 0 cm to 24 cm in steps of 1 cm (position)
and from 0 cm to 5 cm in steps of 0.5 cm (distance), respectively. The results show that 𝑘 of the meander coil
becomes stronger than that of the standard coil.
There is an important trade-off between the coupling coefficient (read-out accuracy) and available sensing

ranges. When the sensor is placed on positions where 𝑘 becomes low, the impedance variation of the sensor
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Fig. 4. (a) Simulation model of two kinds of coils and (b)(c) their simulated EM field. These field distributions indicate that
the meander coil suppresses the EM field penetrating the body. (d) Experiment setup to measure the coupling coefficient and
(e)(f) corresponding results. The results show that 𝑘 of the meander coil becomes stronger than that of the standard coil.

coil ((2𝜋 𝑓 𝑀)2/𝑍sensor(𝑓 )) is so small that even our highly sensitive readout system cannot detect the frequency
peak. Limiting the positions of the sensor coils to where the inductive coupling becomes strong will favor the
system’s reliability. However, this shrinks the readout range of the system because the areas offering strong
inductive coupling are limited. Particularly, when the threshold is set to (𝑘 > 0.02), our system can cover about
50% of the entire clothing surface; as this is enough for use in the applications presented in the paper, we decided
that this threshold is appropriate. Note that the threshold value of 𝑘 subsequently affects the frequency range
where the frequency peak can be robustly detected, as described in § 7.1.

4.2 Twin Meander Coil
The combination of DCA and the balanced bridge circuit is essential for achieving highly sensitive PIT on clothing.
As will be described in Fig. 7(c), DCA can easily be applied to a textile-based reader coil by attaching multiple
chip capacitors onto the meander coil. However, the balanced bridge circuit becomes insensitive because it fails
to achieve impedance matching over wide frequency ranges when used with the textile-based reader coil.
To understand this difficulty, we first explain the working principle of the balanced bridge circuit shown

in Fig. 2(b). The balanced bridge circuit is a variation of the bridge circuit [3], which requires the measured
impedance (the reader coil’s input impedance herein) to be matched with the reference load to sense small
impedance changes. TelemetRing used 𝐿𝐶𝑅 chip components to achieve impedance matching for the reader coil
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fabricated on flexible PCBs (i.e., 𝑍ref = 𝑍reader) over a wide frequency band. When the measurement circuit is
impedance-matched, 𝑉out (𝑓𝑖 ), the output voltage of the balanced bridge circuit at the resonant frequency of the
sensor coil #𝑖 (𝑓𝑖 ), can be expressed as follows using Eqn 1:

𝑉out (𝑓𝑖 ) = −𝑟amp𝐼 (2)

= −𝑟amp

(
𝑉in (𝑓𝑖 )
𝑍ref (𝑓𝑖 )

−
𝑉in (𝑓𝑖 )
𝑍in (𝑓𝑖 )

)
(3)

≈


0: no sensor #i

−𝑟amp
Δ𝑍in (𝑓𝑖 )
𝑍in (𝑓𝑖 )2 𝑉in (𝑓𝑖 ) : one sensor #i is inductively coupled with reader

(4)

where 𝐼 is the current flowing through 𝑟amp, 𝑉in is the input voltage, 𝑟amp is the gain factor, and Δ𝑍in (𝑓𝑖 ) is the
very small change of 𝑍in (𝑓𝑖 ) caused by the sensor coil #𝑖 . Note that the off-resonant sensor coil # 𝑗 (≠ 𝑖) does not
affect the 𝑉out (𝑓𝑖 ) because 𝑍sensor_j(𝑓𝑖 ) is very large at 𝑓𝑖 . Based on Eqn. 4, TelemetRing can detect the impedance
change in the multiple sensor coils by calculating the phase or magnitude spectrum of 𝑉out.
However, achieving impedance matching with chip elements for textile-based reader coils over a wide fre-

quency band is challenging. This is because the impedance characteristics of textile coils composing conductive
threads significantly differs from those of the 𝐿𝐶𝑅 chip elements. To confirm this, we examined the impedance
characteristics of the 𝐿𝐶𝑅 chip elements and the two meander-shaped reader coils. As shown in Fig. 5(a), the
two meander-shaped reader coils were fabricated using conductive thread. In addition, the 𝐿𝐶𝑅 chip elements
were matched to the reader coil #1 at 13.56 MHz (𝐿 : 2.7 µH, 𝐶 : 50 pF, 𝑅 : 61 Ω). Fig. 5(b)(c) show the real and
imaginary parts of the impedance of both the coil and the 𝐿𝐶𝑅 chip elements ranging from 10 MHz−20 MHz,
respectively. The real part of impedance shows significantly different curve between the reader coils and the chip.
This is because the stray capacitors in the conductive threads (see Fig. 5(a)) causes the complicated impedance
characteristics [16].

To solve this challenge, we need a reference with impedance characteristics similar to that of the textile-based
reader coil. Thus, we develop a novel impedance matching method that integrates two identical meander-shaped
reader coils into the balanced bridge circuit, as illustrated in Fig. 3. With this method, each reader coil not only
works as reader, but also functions as reference for the other reader coil because the two reader coils #𝑖 (𝑖 = 1, 2)
have almost the same impedance characteristics over a wide frequency band. In addition, the two coils can be
placed close to each other because the meander-shaped reader coil confines the EM field only around the wire,
unlike the standard coil.
Based on this approach, the output of the balanced bridge circuit, shown in Fig. 3(a), can be expressed as

follows:

𝑉out (𝑓𝑖 ) = −𝑟amp

(
𝑉in (𝑓𝑖 )
𝑍in_1 (𝑓𝑖 )

−
𝑉in (𝑓𝑖 )
𝑍in_2 (𝑓𝑖 )

)
(5)

≈



0: sensor #i is neither on reader #1 and reader #2

𝑟amp
Δ𝑍in_1 (𝑓𝑖 )
𝑍in_1 (𝑓𝑖 )2𝑉in (𝑓𝑖 ) : sensor #i is on reader #1

−𝑟amp
Δ𝑍in_2 (𝑓𝑖 )
𝑍in_2 (𝑓𝑖 )2𝑉in (𝑓𝑖 ) : sensor #i is on reader #2

(6)

where 𝑍in_i : 𝑖 = 1, 2 is the input impedance of the reader coil #𝑖 . The two meander coils are separated by
8 cm (= wire space: 4 cm × 2) to avoid the inductive interference between them. Thus, the sensor coil placed on
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Fig. 5. (a) Overview of two reader coils and 𝐿𝐶𝑅 chip elements. (b) Impedance characteristics of the two coils and the chip
elements. The impedance characteristics of the knitted coils significantly differs from those of the chip elements.

the reader coil #𝑖 does not affect the other reader coil #j ( 𝑗 ≠ 𝑖). Note that the output of Eqn. 6 is the same as
that of Eqn. 4, although the sign of 𝑉out changes depending on which reader the sensor is placed on. In addition,
multiple sensor coils #𝑖 that have the same resonant frequency 𝑓𝑖 cannot be placed on the reader coils because
sensor responses imposed on the same frequencies cannot be separated in the current implementation.

Note that even if the number of turns of the two reader coils is different, we can still use this balanced bridge
circuit. Considering that the two meander-shaped coils with a size ratio of 𝛼 : 1 satisfy the following relationship:
𝛼𝑍in_1 (𝑓 ) = 𝑍in_2 (𝑓 ), the output of the balanced bridge circuit can be modified by tuning the two input voltage
ratios to 𝛼 : 1 as follows:

𝑉out (𝑓𝑖 ) = −𝑟amp

(
𝛼𝑉in (𝑓𝑖 )
𝛼𝑍in_1 (𝑓𝑖 )

−
𝑉in (𝑓𝑖 )
𝑍in_2 (𝑓𝑖 )

)
(7)

The output of Eqn. 7 is similar to that in Eqn. 3.

5 IMPLEMENTATION
Here, we describe the implementation of the three components of Twin Meander Coil: the textile-based reader
coil, the battery-free sensor coil, and the impedance measurement module.

5.1 Textile-based Reader Coil
Fig. 6 shows the four prototypes of Twin Meander Coil. Referring to the UNIQLO size table of Japanese men’s
clothing, we implemented small-, medium-, and large-sized tops. According to the clothing size, we adjusted the
number of turns of the reader coil #i (i=1,2) for each clothing. Thus, the input voltage ratio of the balanced bridge
circuit needs to be tuned according to the number of turns. For example, the input voltage ratio 𝛼 of Fig. 6(a), (c),
(d) is tuned to 𝛼 = 1, whereas that of Fig. 6(b) is tuned to 𝛼 = 0.8, as explained in § 7.

Fig. 7(a)-(c) illustrates the fabrication process of Twin Meander Coil. First, the textile-based reader coil was
knitted using Whole Garment (MACH2XS 15S, Shima Seiki), as shown in Fig. 7(a)(b). The reader coil consists
of a conductive thread (AGposs, Mitsufuji Corporation) and a non-conductive thread (BabyFit, Asahi Kasei
Advance Corporation). To knit the item of clothing with the multiple threads, intarsia (see Fig. 6(a)−(c)) and
jacquard techniques (see Fig. 6(d)) were employed, as shown in Fig. 7(d) The jacquard knitting technique can hide
the coil pattern inside the clothing, although it takes longer to knit than the intarsia. Then, for DCA, multiple
180 pF−220 pF chip capacitors, soldered on the flexible PCBs, were attached to the coil. Using the multiple chip
capacitors, the resonant frequency of the reader coil was tuned at 13.56 MHz, which is one of the ISM bands.
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Fig. 6. Four prototypes of our textile-based reader coil knitted using (a)−(c) intarsia technique and (d) jacquard technique.

Fig. 7. (a) Knit pattern of Twin Meander Coil. (b)−(d) Fabrication process of our textile-based reader coil. First, Twin Meander
Coil is knitted with Whole Garment, and then, the flexible PCBs are attached using conductive adhesive, and finally, three
magnets are attached inside the clothing.

To ensure a firm connection between the coil and the flexible PCBs, heat sealing using an Ag (silver) adhesive
paste was applied. Finally, using an instant adhesive, three neodymium magnets (𝜙 : 5 mm, thickness: 2 mm) were
attached inside the clothing, as shown in Fig. 7(c). The magnets are a connector for the impedance measurement
module, as described in § 5.3. The inductance (𝐿reader) and resistance (𝑟reader) of the reader coil shown in Fig. 9 are
approximately 2.2 µH − 2.7 µH and 40 Ω − 90 Ω ranging from 11 MHz to 16 MHz, respectively.
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Fig. 8. (a)(e) The circuit diagram of the battery-free sensor coils. Our battery-free sensor coils include (b) ID sensor, (c) touch
sensor, (d) rotation sensor, and (f) pressure sensor.

Fig. 9. (a) Overview of our impedance measurement module. The module is connected to the clothing via the magnetic
connector. (b) Example of signal processing when five different sensor coils are placed on the clothing. Based on the output
values, the PC detects the frequency peaks based on a peak detection algorithm, and then, calculates the peak shift.

5.2 Battery-free Sensor Coil
To date, various types of battery-free sensor coils for PIT have been reported [6, 30, 32, 34, 43]. Here, we
implemented the ID, touch, rotation, and pressure sensor coils to demonstrate the feasibility of Twin Meander
Coil (see § 6). Fig. 8(a) and Fig. 8(e) show the circuit diagram of Fig. 8(b)−(d) and Fig. 8(f), respectively. Each
of these sensors consists of a rectangular coil on flexible PCBs (thickness: 0.1 mm, number of turns: 3 − 5, line
width: 0.5 mm, spacing: 0.5 mm) connected to a variable sensing capacitor according to the sensing target. The
𝑄-factor, inductance (𝐿sensor), and resistance (𝑟sensor) of the rectangle coil are approximately 40−70, 0.7 µH−1.2 µH,
and 1.2 Ω − 1.5 Ω ranging from 11 MHz to 16 MHz, respectively.

To implement the sensing capacitor, we employed a chip capacitor as the ID sensor, two pairs of comb-shaped
electrodes (2.2 pF) as the touch sensor, a variable capacitor (BFC280905217: 2 pF − 18 pF) as the rotation sensor,
and FSR402 as the pressure sensor. Further, a chip capacitor was added in parallel to the sensing capacitor to
tune the resonant frequency of the sensor coil. Note that the frequency bands where the sensor coils can be
allocated range from 11 MHz to 16 MHz, based on the result of the impedance-matched frequency band of Twin
Meander Coil (see § 7.1). Because the maximum frequency shift among five types of sensor coils is confirmed to be
approximately ±0.5 MHz of the rotation sensor coil, the minimum available number of the sensor coils allocated
on the impedance-matched frequency band is 5 (= 5.0 MHz/1.0 MHz). However, the number will increase when
using a sensor coil with a small frequency shift such as the ID or pressure sensor coil instead of the rotation
sensor coil.

5.3 Impedance Measurement Module
As shown in Fig. 9(a), our impedancemeasurementmodule consists of amicrocontroller (MCU)with Bluetooth Low
Energy (Arduino Nano 33 BLE), DDS (AD9532), RFmagnitude and phase detector (AD8302), balanced bridge circuit,
1000 mAh LiPo battery, and a magnetic connector consisting of three neodymium magnets (thickness: 2 mm,
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diameter: 5 mm). The DDS transmits a sweep signal ranging from 11 MHz−16 MHz in steps of 25 kHz to the
balanced bridge circuit. The bridge circuit was implemented using threewide-band operational amplifiers (OPA356)
similar to TelemetRing [43]; the amplifier gain 𝑟amp was set to 100 Ω. The output voltage from the balanced
bridge circuit was sampled using AD8302 and 12-bit ADC of the MCU in 1 s (= 5 ms × 200) cycle, and was
converted into a magnitude spectrum. The nRF52840 Bluetooth chip transmits these values to the remote PC at
approximately 1 fps. Based on the output values, the PC detects the frequency peak of the output based on the
peak detection algorithm available in SciPy1 (see Fig. 9(b)), and then, calculates the peak shift (Δ𝑓𝑖 ), or sensor
value (Δ𝐶sensor_i) of each sensor coil. In total, the total power consumption of our impedance measurement
module is 0.36 W (= 3.3 V × 0.11 A). Thus, with the 1000 mAh LiPo battery, the module should be able to work
continuously for roughly 9 hours. Although the current implementation using COTS components has a relatively
large footprint, they could be integrated into a small IC chip in the future to attain a miniaturized module.

6 APPLICATION
Here, we present some potential applications for Twin Meander Coil. We classified the sensor types based on the
resonant frequency of the sensor coil (i.e., 11.56 MHz: the ID sensor coil for the chair, 12.56 MHz: the ID sensor
coil for the bed, 13.46 MHz: the rotation sensor coil, 13.66 MHz: the touch sensor coil, 14.56 MHz and 15.56 MHz:
the pressure sensor coils). Note that the resonant frequency is allocated within the available frequency band.

6.1 Position Estimation by Tagging the Environment
Unlike previous textile-based wireless sensing systems with narrow readout areas [29, 34, 45], Twin Meander
Coil can extend the readout area up to body scale. Thus, it can easily monitor the situation of the user and the
related surrounding environments. As an example, we demonstrate the application of user location monitoring at
home, as illustrated in Fig. 10(a)(b). By attaching the different ID sensor coils to the various places, Twin Meander
Coil can estimate the user location. Here, we attached a 11.56 MHz sensor coil array to the chair and a 12.56 MHz
sensor coil array to the bed. The sensor array consists of two similar ID sensor coils placed 2 cm apart. Thus, the
body-scale reader can detect the ID sensor coil while avoiding conditions in which both sensor coils fall into null
zones where the coupling coefficient is approximately 0 (Fig. 4(e)).

6.2 Posture Monitoring
Unlike the standard on-body sensor equipped with standard wireless communication modules such as BLE
or Wi-Fi, Twin Meander Coil enables low-cost and maintenance-free body sensor monitoring. This is because
a) the sensor coil is low-cost (< 1$) and battery-free, and b) the reader coil only emits a low-power magnetic
field. Based on these advantages, we demonstrate the posture monitoring on the sofa and bed, as shown in
Fig. 10(c)-(e). In this application, the two pressure sensor coils were attached on the body directly (see Fig. 10(c))
or inserted into the pocket of the clothing (see Fig. 10(d)(e)). Combining the pressure sensors with the ID sensor
coils installed on the sofa or bed, Twin Meander Coil can estimate the user’s specific posture depending on the
user’s location. For example, Twin Meander Coil estimates the two kinds of the user situations on the sofa (sitting
with one’s back straight or relaxed), as shown in Fig. 10(c), and the two kinds of the user’s sleeping posture on
the bed (lying on the back or on one’s side), as shown in Fig. 10(d). In addition, as shown in Fig. 10(d)(e), the
user can adjust the arrangement of the sensor coils freely without re-designing the wire pattern of the reader
coil; the previous textile-based reader coils require the wire to be re-designed to adjust the placement of the
sensor pattern because the reader coil is so small that the readout area is narrow. Although the monitoring based
on the current sensor coils supports only simple posture monitoring, the further implementation of heartrate [34],

1https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.find_peaks.html
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Fig. 10. Application scenarios of Twin Meander Coil: (a)(b) estimation of user’s place, (c)-(e) monitoring of user’s posture and
(f)(g) lightness control with battery-free remote controller.

on-skin temperature [56], or accelerometer [43] sensor coils will enable advanced monitoring, such as personal
healthcare or activity recognition.

6.3 Sustainable and Low-cost Remote Controller
Although wired power transfer on clothing needs the sensor to be directly connected with wiring, Twin Meander
Coil only requires the sensor to be placed on the clothing. The arrangement avoids wire damage by the electrical
connection and enables the wire to be hidden inside the clothing. Thus, the user can repeatedly attach or detach
the sensor on the clothing like an accessory. As an example, we present a battery-free remote controller (see
Fig. 10(f)(g)). The remote controller includes two types: a brightness controller comprising the rotation sensor coil
and an on/off button consisting of the touch sensor coil. Combining the system with the ID sensor coils installed
on the sofa or bed, the user can control the nearby light by attaching the remote controller to the clothing.
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Fig. 11. Impedance difference between the reader coil #1 and #2, or between the reader coil #1 and the chip elements. The
available frequency band using the two identical coils is approximately 2 to 8 times wider than that with the chip elements.

Table 1. Resonant frequency of reader coil #1 and available frequency band when being impedance-matched with reader coil
#2 or chip elements.

user, clothes’ size, knitting method resonant frequency
of reader coil #1

impedance-matched
frequency band

with reader coil #2

impedance-matched
frequency band

with chip elements

user1, large-size, intarsia (Fig. 11(a)) 13.56 MHz 5.83 MHz 2.39 MHz
user1, middle-size, intarsia (Fig. 11(b)) 13.56 MHz 5.98 MHz 2.04 MHz
user1, small-size, intarsia (Fig. 11(c)) 13.56 MHz 5.95 MHz 1.98 MHz
user1, small-size, jacquard (Fig. 11(d)) 13.56 MHz 5.76 MHz 1.28 MHz
user2, middle-size, intarsia (Fig. 11(e)) 13.47 MHz 4.92 MHz 1.92 MHz
user3, large-size, intarsia (Fig. 11(f)) 13.33 MHz 5.58 MHz 0.66 MHz
user4, small-size, intarsia (Fig. 11(g)) 13.62 MHz 4.79 MHz 2.75 MHz
user4, middle-size, intarsia (Fig. 11(h)) 13.89 MHz 5.08 MHz 3.09 MHz

7 EVALUATION
Here, we describe the series of evaluations conducted to confirm the feasibility of Twin Meander Coil.
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Fig. 12. Impedance difference between the reader coil #1 and #2 in various user’s situations: (a) sitting, (b) sleeping, (c) bending,
(d) walking actively, and (e) touching the wire on the clothing.

7.1 Available Frequency Band
First, we evaluated the available frequency band of the two impedance matching methods: (i) using two reader
coils and (ii) using the 𝐿𝐶𝑅 chip elements along with one reader coil. To calculate the available frequency band,
we first examined the impedance difference (i) between the two reader coils #𝑖 (𝑖 = 1, 2) of each prototype and (ii)
between the 𝐿𝐶𝑅 chip elements and the reader coil #1 for four users (one woman and three men)2. The 𝐿𝐶𝑅 chip
elements were impedance-matched at 13.56 MHz to the reader coil #1 of the large-sized prototype worn by the
user1. Note that the body length of the three users is approximately the same, but their body width is different.
We also notice that, in the case of middle size, the impedance of the reader #1 was multiplied by 0.8, because
the impedance between the two reader coils with different number of turns can be matched by tuning the input
voltage ratio, as described in § 4.2.

Fig. 11 illustrates the result of the impedance difference for the cases (i) and (ii) when the users are standing.
Table 1 shows the resonant frequency of the reader #1 and the available frequency band for the cases (i) and (ii).
The available frequency band is calculated based on the frequency range for which the impedance difference
Δ𝑍error(𝑓 ) is under the threshold Δ𝑍in (𝑓 ) = (2𝜋 𝑓 𝑀)2/𝑟sensor (𝑘 : 0.02). The value of 𝑘 is based on the discussion
in § 4.1. When the Δ𝑍𝑒𝑟𝑟𝑜𝑟 (𝑓 ) exceeds the sensor variations (Δ𝑍in (𝑓 )), the frequency peak becomes so small that
it is difficult for the module to recognize the peak accurately. Based on the Fig. 11(a)-(h), it was confirmed that
the available frequency band for the case (i) is approximately 11 MHz−16 MHz, which is approximately 2 to 8
times wider than that of the case (ii). In addition, the available frequency band for the case (i) is approximately

2user1 is the first author
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Fig. 13. Sensor value read out via Twin Meander Coil and ground truth of (a)(b) ID sensor, (c) touch sensor, (d) rotation sensor,
and (e) pressure sensor. Δ𝐶estimated is approximately the same as Δ𝐶measured, independent of the human or the mannequin.

the same for the other users; this means that Twin Meander Coil can function robustly, although the resonant
frequency changes depending on the user’s body type.
Fig. 12 illustrates the result of the impedance difference for the cases (i) when the users are sitting, sleeping,

bending, and walking. The set of postures shown in Fig. 12 was chosen from the user postures in application
scenarios. The available frequency band of Twin Meander Coil is enough wide to detect the sensor coils when the
user sits (Fig. 12(a)) and sleeps (Fig. 12(b)) besides they stand. However, the available frequency band becomes
significantly narrow when the user bends their hips deeply (Fig. 12(c)) and walks actively (Fig. 12(d)) because of
the deformation of the reader coils. As shown in Fig. 12(e), the direct contact of the dielectric hand with the wire
also results in the narrow available frequency band. Fortunately, the clothing implemented by jacquard knitting
prevents the direct touch with the wire because the wire is hidden inside the clothing, as described in § 5.1.

7.2 Sensor Value
Next, we examined whether Twin Meander Coil could correctly read out the sensor value of the sensor coil.
Fig. 13 shows the change in the sensor #𝑖 estimated by the module (Δ𝐶estimated) and the actual change measured
by connecting the capacitance part of the sensor coil to an impedance measurement equipment (Δ𝐶measured).
Δ𝐶estimated can be estimated as follows considering 𝐿sensor and Δ𝑓𝑖 of the sensor coil #𝑖:

Δ𝐶estimated =
1

{2𝜋 (𝑓𝑖 + Δ𝑓𝑖 )}2𝐿sensor
−

1
(2𝜋 𝑓𝑖 )2𝐿sensor

(8)

The five types of our sensor coils are placed at a distance of 10 cm, shown in Fig. 4(d), and the resonant frequency
of each sensor coil is tuned at 11.56 MHz, 12.56 MHz, ...,15.56 MHz.
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We began by checking whether Δ𝐶estimated is affected by the dielectric human body. To examine this, we
compared Δ𝐶estimated when the large-sized prototype was worn on a human or styrofoam mannequin. The 5 ID
sensor coils were prepared, and further, 𝐶sensor of the ID sensor coil was changed by adding a 5 pF or 10 pF chip
capacitor in parallel to the fixed chip capacitor of the ID sensor coil. Fig. 13(a)(b) show Δ𝐶measured and the average
and the standard deviations of Δ𝐶estimated. It is found that Δ𝐶estimated is approximately the same as Δ𝐶measured,
independent of the human or the mannequin.

Then, we measured the sensor value of the three sensors (i.e., touch, rotation, and pressure) when user1 wore
the large-sized prototype. Because it is difficult to correctly apply the pressure when the prototype was worn by
a human, the pressure value was evaluated by placing the prototype on the mannequin. The measured pressure
was 0 kg/cm2 and 0.03 kg/cm2, and the measured rotation angle was from 0◦ − 180◦ in steps of 45◦. Fig. 13(c)−(e)
show the average and the standard deviations of Δ𝐶estimated. These results reveal that Twin Meander Coil can
discretely but correctly measure the sensor value. To sense the sensor value continuously, one may increase the
operating frequency (e.g., from 11 MHz-16 MHz to 24 MHz-29 MHz) and decrease the frequency step size (e.g.,
from 25 kHz to 10 kHz).

7.3 Washing Durability
Finally, we investigated the washing durability of our clothing, because it must remain protected during regular
washing. To examine the durability with daily washing, we washed the three large-sized prototypes (see Fig. 6(a))
with a washing machine, and subsequently, dried the prototypes through air drying. After repeating this process
10 times, we checked whether the prototypes could detect the five ID sensor coils. After 50 washes, one prototype
could not detect the ID sensor because the chip capacitor was detached from the flexible PCBs and after 60
washes, the other prototypes stopped working for the same reason. Before this fatal error, the resistance of the
two reader coils slightly increased as the clothing was washed 3. However, Twin Meander Coil still worked
adequately because the two reader coils were impaired similarly, and the impedance characteristics of the two
reader coils remained almost the same. These results indicate that Twin Meander Coil is sufficiently durable for
daily wash. Note that the durability under all-day wearing, ironing, and repeating wearing/taking-off still needs
investigation and is a promising direction for future work.

8 LIMITATIONS AND FUTURE WORK

8.1 Position Detection of Sensor Coils
First, Twin Meander Coil cannot recognize the location of the sensor coil placed on the clothing, although such
position detection can increase the range of application scenarios. While previous wearable active sensors can
recognize their position by analyzing the IMU data [4, 13] or measuring the time difference from two signal-
emitting devices [58]. However, these methods cannot be applied to our system because our sensor coils are
completely passive. Because the system can figure out the reader coil coupled with the sensor, one promising
approach is to split the meander-shaped coil into many parts, and each reader covers different areas. Thus, we
will explore approaches for appropriately separating the meander-shaped reader coils into grids in future work.

8.2 Reading Sensors on Moving Users
Twin Meander Coil is sensitive to the users’ motion (e.g., walking), as described in § 7.1. The coil deformation due
to the user movement increases the impedance difference between the two reader coils. This limitation requires
Twin Meander Coil to conduct the sensor reading under stationary conditions. Fortunately, Twin Meander Coil
can mitigate the impedance difference in motion, by tuning the input voltage ratio (𝛼) of the balanced bridge
circuit (see § 4.2). For example, the available frequency band shown in Fig. 12 can be increased by tuning the
3The resistance of the two reader coils at 13.56 MHz increased by a factor of approximately 1.2 (61 Ω→75 Ω) after 40 times washing.
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input voltage ratio from 𝛼 = 1.0 to 𝛼 = 0.8− 1.2 in each frequency, to compensate for large impedance differences.
Thus, we will integrate a real-time tuning function of the input voltage ratio into the impedance measurement
module to enable the sensor reading while in motion.

8.3 Wearability
Although the current prototype knitted by Whole Garment consisted of flexible threads, the attachment of flexible
PCBs on the clothing may impair the wearability (e.g., long-term comfort) of the clothing. Thus, we plan to
conduct user studies to investigate the wearability of Twin Meander Coil referring to [17].

8.4 Twin Meander Coil for Various Textiles
Finally, we will design Twin Meander Coil for other types of textiles like pants, button-up or zipper-up shirts (e.g.,
jacket, blouson), bags, blankets, curtains, toys, and we aim to develop a ubiquitous wireless sensing platform for
everyday textile. Although the current Twin Meander Coil split into upper and lower parts cannot be applied
to the button-up or zipper-up shirts, we will apply Twin Meander Coil to these kinds of clothing by splitting
the meander coil into left and right parts. We also plan to enlarge the area of the reader coil up to the sleeve,
although the current prototype arranges the reader coils only on the torso of the tops.

9 RELATED WORK

9.1 Energy Harvesting
Energy harvesting, which generates energy from ambient environment or human-generated power, has been
widely explored to drive battery-free on-body sensors equipped with wireless communication modules [2, 7, 10,
20, 23, 39, 46, 48]. However, the sensor functions are strictly limited, owing to the lack of the constantly available
energy sources and the inefficient energy conversion of the harvester [7]. WISP, which harvests energy from
external ultra-high frequency (UHF) RFID signals, can drive accelerometers or temperature sensors without
adaptive duty cycling [5]. However, this requires an external UHF RFID reader to be within a relatively short
distance (∼ m) from the sensor mainly because the low power transfer efficiency restricts the activation area of
the sensor.

9.2 Wired/Wireless Power Transfer
Different from energy harvesting, the textile-based power transmitter can drive the body sensor constantly while
the transmitter is active. There are mainly two methods of power transmission: Wired power transfer and wireless
power transfer. The former transmits power to the body sensor via electrodes on the clothing [21, 35, 59]. For
example, Noda et al. enabled the electric connection by sewing the conductive threads into clothing and designing
push-pin-shaped receiver devices [35]. However, safety issues regarding electrical connections remain unsolved
as wired power transfer results in the electrodes being exposed to construct electrical connection between sensor
and electrodes.
Alternatively, textile-based wireless power transmitters [14, 15, 19, 25, 29, 31, 40, 42, 45, 53, 54] send power

to the body sensor without electrical connection. For example, Lin et al. sewn the the small coil array in the
clothing using the conductive thread [29] and Tian et al. attached a comb-shaped antenna array to the clothing by
cutting the conductive cloth into the comb-shape antenna and gluing it on the clothing [45]. However, wireless
charging based on these textile-based transmitter suffers from the low efficiency (<3%) because of the highly
resistive conductive thread. Although Worgan et al. embedded the commercially-available rigid transmitter into
the clothing [53], such a rigid transmitter significantly impairs the wearability of the clothing. Therefore, we
focus on PIT that senses the battery-free body sensor without powering up the sensor. This allows us to design
the reader coil using the conductive thread.
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9.3 Other Textile-based Wireless Sensing
Similar to Twin Meander Coil, wireless sensing methods on textile have been explored in HCI: EM sensing [55],
capacitive sensing [38, 48], and inductive sensing [18, 47, 49]. According to the type of the sensing, each of the
previous works enables to recognize the type of gesture input in the air, non-metallic or metallic object, touch
gesture, and NFC tag. To implement a textile-based readout system, most works have embedded circuit patterns
into clothing by sewing conductive threads because this method is easily available to novices. However, it takes a
lot of time and labor to sew a body-scale circuit pattern onto the clothing. Thus, the methods of fabricating the
body-scale readout systems based on knitting [1] and weaving [38] have gained attention. Following the trend
of the previous approaches, Twin Meander Coil also employs a knitting machine to implement the body-scale
meander-shaped coils on the clothing.

10 CONCLUSION
This paper proposed Twin Meander Coil, a clothing-scale wireless sensing platform that supports data collection
of multiple battery-free wearable sensors. To detect the small sensors weakly coupled with the large reader, the
proposed platform employs both the highly sensitive PIT and the two identical meander coils. A critical benefit of
our technology is that it is developed using standard textile manufacturing facilities. Thus, it could be seamlessly
integrated into various textile products and enhance the deployment of sustainable wearable sensor systems in
the real world.
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