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Abstract—Researchers are looking for newmethods to integrate
sensing capabilities into textiles while maintaining the durability,
flexibility, and comfort of the garment. One method for imparting
sensing capabilities into garments is through coupling conductive
yarns with the radio frequency identification (RFID) technology.
These smart devices have exhibited promising results for short-
term use. However, long-term studies of their performance are still
needed to evaluate their performance over a longer period. Like
all garments, wearable sensors are susceptible to environmental
factors during use. These factors can lead to dielectric coupling
and corrosion of conductive yarns, which has the potential to
degrade the performance of the device. This letter analyzes the
effect of sweat and moisture on silver-coated nylon yarn by ex-
tracting the sheet resistance at 913 MHz from transmission line
measurements. HFSS simulation shows the level of perturbation in
antenna performance as sheet resistance increased with each cycle
of sweat-immersion, washing, and drying.

Index Terms—Digital fabrication, radio frequency identification
(RFID), sheet resistance, silver-coated nylon, textile antennas.

I. INTRODUCTION

S EAMLESS integration of electronic devices into textile
structures has been a major focus of the smart textile com-

munity since its beginning; how to turn fabrics into interactive
interfaces where the textiles themselves are the devices. Radio
frequency identification (RFID) technology has been used for
decades in a variety of applications for identification and track-
ing purposes [1]–[3], and the general procedure for designing
and optimizing traditional tag antennas is well established. The
combination ofmodeling and experimental studies has expanded
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the breadth of applications for RFID systems to emerging tech-
nologies such as wearable health monitoring systems. These
systems are used to track physiological measures, such as the
heart rate of a user [4]–[6].
For wearable applications, researchers have investigated the

integration of antennas into textile structures using conductive
fibers and yarns, which provide a flexible pathway for conduct-
ing electrical current [7], [8]. Silver-coated nylon yarns, one of
the most available conductive yarns used in wearable smart gar-
ments, exhibit good electronic properties, but are easily damaged
and are susceptible to environmental factors like moisture and
sweat [9]. Currently, the design process for textile antennas using
these yarn materials remains to a large extent a long series of
prototyping experiments, where changes in the design can only
be fully understood after a sample is fabricated and evaluated.
Tominimize the consumption of excessive materials and time, it
is necessary to develop a parametric modeling software that can
predict the performance of textile antennas based onmechanical
deformation and environmental effects (e.g., moisture, sweat,
oxidation, etc.).
This letter presents a new approach for optimizing knit an-

tenna design for dynamic environments by extracting sheet
resistance at 913 MHz. Sheet resistance can be used to accu-
rately predict the antenna performance and reduce the lengthy
prototyping period. Instead of using textile antennas with RFID
transponders, fabric-based transmission lines are used to study
the effect of sweat. The advantages are twofold. First, sweat and
moisture can be directly introduced to the transmission linewith-
out worrying about the RFID chip getting soaked. Second, sheet
resistance can be calculated from the S-parametermeasurements
of the transmission line. Measured sheet resistances are used to
simulate antenna performance in a dynamic environment.

II. RELATED WORK

Chui et al. studied the performance of silver-coated nylon
yarns in dynamic environments and found that the dc resistance
of the yarn changed with exposure to temperature and fric-
tion [9]. However, high-frequency resistance needs to be studied.
Fu et al. [10] studied the washing durability of textile ultrahigh
frequency RFID tags based on dipole antennas fabricated from
silver fabric and found that the read-range decreased after con-
secutive washing cycles. The antenna-IC joint was covered with
textile glues that potentially changes the tag performance. He
et al. [11] showed that the read-range of 3-D printed graphene
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Fig. 1. Bellyband antenna.

antennas is reduced by the introduction of moisture. However,
the read-range returns to normal after drying. Scarpello et al. [12]
and Toivonen et al. [13] found that radiation efficiencies of
fabric-based antennas drop with washing cycles.

III. ANTENNA MATERIALS, DESIGN, AND SIMULATION

When incorporating antennas into garment devices, a num-
ber of requirements must be met in addition to the techni-
cal specifications of an antenna, such as read-range and sheet
impedance [14]. Ideally, wearable antennas should be unob-
trusive, comfortable, lightweight, robust, and low-maintenance,
meaning that they can withstand similar treatment to that of a
conventional garment without loss of functionality [15]. Textile
devices have the added demands ofmaintaining the same perfor-
mance level of conventional devices while being subjected to a
variety of environments such as exposure to sweat and moisture.
Taking these requirements into consideration, and leveraging

RFID technology in textiles, a knittedBellyband antennawas de-
veloped, detailed in [16] and [17] and shown in Fig. 1, a wireless
and battery-free smart garment for pregnant women designed to
monitor uterine contractions. To the best of authors’ knowledge,
we are among the first to investigate the use of passive RFID
systems inwearable garments. The Bellyband design in [16] and
[17] uses both conductive silver yarns and nonconductive yarns
and a small RFID tag is inserted into the band during knitting.
The Bellyband is designed, programmed, and manufactured
using computer-aided weft knitting techniques.
While the Bellyband antenna performed well in free space, it

was not designed to accommodate for environmental changes
and on-body effects. In order to better design the antenna
for these situations, it is necessary to understand the effect
of the real and imaginary parts of the sheet impedance on
the S-parameters. To do this, a two-port microstrip structure
is simulated. A complex value of sheet impedance (Zs) is
assigned to a 2-D structure in order to model the top part of
a microstrip structure and the ground layer was modeled with
copper. The real part (Rs) of the sheet impedance is related to
the resistance of conductor material, while the imaginary part
(Xs) is related to the electric field distribution in the substrate.
The simulation results shown in Fig. 2 can be summarized as
follows.
1) IfRs is fixed, |S21| does not change much (approximately

0.1 dB) while sweeping theXs parameter.
2) If Xs is fixed, increasing Rs causes dramatic increase

(around 1.0 dB) in |S21|.
From a simulation point of view, to better predict the perfor-

mance of a fabric-based antenna, a proper knowledge of the real
part of the sheet impedance is more crucial than its imaginary
counterpart. As a result, the aim is to extract the sheet resistance

Fig. 2. |S21| versusRS andXS plot. |S21| is highly sensitive to any change
in RS . In contrast,XS does not change |S21| that much.

and investigate its nature as the fabric goes through cycles of
sweat, washing, and drying.

IV. MEASUREMENT SETUP

To inform and validate this model, knitted transmission lines
are fabricated to the dimensions of the simulated antennas
(8 cm× 2 cm). The same conductive and nonconductive yarns,
stitch values, and knit structures as used to knit the Belly-
band in [16] and [17] are used to knit these simplified anten-
nas. Samples are programmed using Shima Seikis SDS-ONE
APEX3 design system and knitted on an SSG-122SV Shima
Seiki knitting machine. After knitting, the samples are attached
to an FR4-based single-sided printed circuit board (PCB). To
ensure consistent measurements, three transmission lines are
fabricated. A similar structure is also constructed with copper
on both sides of the substrate. To understand the effect of
everyday use on antenna performance, the knitted transmission
lines are subjected to artificial sweat (AS) for a period of seven
days to determine the effect of sweat and moisture on antenna
performance, specifically on their sheet resistance. The AS was
prepared according to EN 1811 by combining NaCl (5.0 g/L),
lactic acid (1.0 g/L), and urea (1.0 g/L). The pH was adjusted
to 6.5 using NaOH. The knitted samples are submerged in AS
for seven days and measurements are taken every 24 h. Samples
are rinsed in deionized water and dried in an oven for 20 min at
80 ◦C before taking measurements. S-parameter measurements
are taken using an N5230 A agilent vector network analyzer in
the frequency range of 0.5–3 GHz. Both ends of the PCB are
connected to the network analyzer using two 50 SMA feeds.

V. PARAMETER EXTRACTION

A. “R” Parameter

A transmission line can be described by distributed R (Ω/m),
L (nH/m), C (pF/m), and G (S/m) parameters (see Fig. 3). Al-
though the S-parameters of a transmission line are convenient to
measure with network analyzers, resistance, inductance, capac-
itance and conductance (RLCG) parameters cannot be extracted
directly from scattering parameters. First, ABCD parameters
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Fig. 3. Distributed RLCG parameter model of a transmission line.

need to be calculated fromS-parameters, and then we can
calculate RLCG parameters. We are studying the corrosion of
silver-coated nylon yarns by evaluating its sheet resistance under
the exposure to sweat. In theory, the mere presence (corrosion
not considered) of sweat in a conducive fabric should only affect
the dielectric property part (G). The resistive part (R) would
remain unaffected as it is coming from conductive losses. We
use the “R” parameter (Rm)toextractsheetresistanceofthe
knitted conductive fabric [18] as

Rm =Re(γZc) (1)

whereRm(Ω/m)is the series resistance per unit length,γis
the complex propagation constant, andZcis the characteristic
impedance of the transmission line.γandZcare related to the
RLCG parameters by the following equations:

γ= (R+jωL)(G+jωC) (2a)

Zc=
(R+jωL)

(G+jωC)
. (2b)

The direct extraction ofRm using (1) leads to an ill-posed
mathematical problem [19], giving rise to unexpectedly sharp
and large peaks, and even negative values. A previous study [19]
has shown that the propagation constant is less affected by the
hyperbolic behavior. The propagation constant (γ)wasaccepted,
and the characteristic impedance (Zc)wasdiscarded.Zcwas
later optimized, based onS-parameters, using the interior-point
method.

B. Sheet Resistance

The sheet resistance of the conductive fabric needs to be
extracted at the frequency of interest (913 MHz). At 913 MHz,
skin depth of copper (δcu)can be calculated

δcu=
ρcu
πfµcu

=2.16µm

whereρcu(1.68×10
−8Ω−m) is the resistivity of copper,f=

913 MHz,µcu(≈4π×10
−7H/m)is the magnetic permeability

of copper. As a result, the sheet resistance (Rsg)of the ground
layer at 913 MHz is

Rsg=
ρcu
δcu
=7.77mΩ/sq.

The thickness(35.6 mm)of the copper ground layer is many
times larger than the skin depth(2.16µm)at 913 MHz. Simu-
lation results shows (see Fig. 4) that current flows in the ground
layer with an effective width, approximately three times the
width of the top layer. The resistance of the ground copper

Fig. 4. (Top) Simulated surface current density at the top (conductive fabric)
and bottom (copper) layer, (bottom) conductive fabric-based microstrip trans-
mission line structure.

Fig. 5. S21of the fabric-based transmission line (sample-1) as a function of
exposure to AS.

structure(80 mm×6mm×2.16µm),Rgnd=0.1Ω.From
RLCG extraction, the per unit length resistance (R)ofthe
unaltered (day-1, no sweat added) transmission line was found
173.4Ω/m.
Total conductor losses of the structure can be attributed to

the resistive losses occurring in the top layer (made of lossy
conductive fabric) and the ground layer (made of copper) [20],
and the radiation resistance. Total resistance of the microstrip
transmission line (80 mm in length) at 913 MHz is the summa-
tion of the radiation and loss resistances [21] calculated as

Rtotal=Rfab+Rgnd+Rrad=14.64Ω. (3)

The sheet resistance of the silver-coated nylon is

Rsr=Rfab
w

L
(4)

wherewandLare the width and length of the top layer of the
transmission line.

VI. RESULTS ANDDISCUSSION

Measured|S21|(see Fig. 5) shows that with the introduction
of sweat (days 2–6), losses inside the fabric-based two-port
transmission line increase. On the other hand, the standard
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Fig. 6. S21 of the standard copper-based transmission line as a function of
exposure to AS.

Fig. 7. Extracted per unit length resistance (R-parameter) of two fabric-based
transmission line samples on day-1.

double-sided copper-based transmission line does not demon-
strate a similar pattern of degradation (see Fig. 6). On day-2, the
transmission line undergoes the first cycle of sweat, washing,
and the |S21| of that day has a different peak location (at around
1 GHz). With each cycle, the loss increases and the peak does
not return to its previous position (day-1). It means that the char-
acteristic impedance of the transmission line was permanently
changed after the first washing cycle. Extracted R-parameter of
the unaltered fabric transmission line is presented in Fig. 7. The
sheet resistance (Rsr) of the silver-coatednylon canbe calculated
using (4). On day-1, Rsr was 0.34 Ω/sq. HFSS simulation
shows that the similar value of |S21| at 913 MHz is found for
Rsr = 0.4 Ω/sq, which is very close to the measured value.
This mismatch can be attributed to the imperfect SMA-fabric
interfaces on both terminals of the transmission line. Moreover,
in HFSS, the top fabric layer wasmodeled as a perfect rectangle,
whereas in reality, very small wedges exist as a result of knitting.
With the introduction of sweat, the sheet resistance of the

fabric shows an increasing trend. This is likely due to the
silver coating delaminating from the surface of the nylon fibers
upon exposure to sweat, washing, and drying. Consequently,
the resistive loss in the antenna increases. This increase in the
internal loss mainly affects the fabric antenna in two ways.
First, the radiation efficiency declines with increased loss. HFSS

Fig. 8. Extracted sheet resistance and simulated radiation efficiency of the
fabric antennas at 913 MHz versus time.

simulationof the fabric-basedbellyband antenna shows that after
undergoing cycles of sweat-immersion, washing, and drying
for six days, the radiation efficiency of the antenna decayed
from 32.7% to 24% (see Fig. 8, sample-1). At 913 MHz, this
degradation in radiation efficiency represents a reduction in
read-range by 0.17 m (10% of initial value 1.6 m [22]). On the
other hand, the impedance match between the RFID chip and
the antenna might be affected due to a change in antenna input
impedance. However, HFSS simulation shows that over seven
days of experimentation, the input impedance of the antenna
changed from (12.6 + j176.02)Ω to (17.1 + j175.95)Ω. Com-
pared to the reduction in radiation efficiency, this small variation
in impedance mismatch does not result in any significant change
in read-range.

VII. CONCLUSION

This letter presents a new method to extract the fabric-based
antenna design parameter (sheet resistance) in a dynamic envi-
ronment. The effects of sweat on sheet resistance of silver-coated
nylon (at 913 MHz) and radiation efficiency of the antenna are
studied. This letter shows that silver-coated nylon is vulnerable
to sweat and washing cycles. The extracted surface resistance
values would facilitate the precalculation of antenna perfor-
mance in a dynamic environment. This, in turn, will facilitate
the machine learning technique that is being used to identify the
uterine activity and respiration rate. Ultimately, a parametric
software will create the opportunity for minimization of the
prototyping stages of design and ensure a faster transition from
research to commercialization.
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