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Advances in textile-based electronics are weaving  
computers right into the clothes we wear

Your Heart  
on Your Sleeve

earable health care is part of the 
more general category of wearable 
computers or wearable electron-
ics. Wearable electronics and wear-

able computers appeared in the 
mid-1990s, when the computer was regarded as the ulti-
mate equipment for information processing and before 
laptop computers, tablet computers, and smartphones. 
At that time, people tried to find what kind of portable 
form factors would be good for the computer as an infor-
mation device for daily living. Wearable computers refers 
to miniature electronic devices that are worn under, 
with, or on top of clothing [1]. With the help of human-
computer interaction (HCI) technology, which previously 
made use of the “windows” concept, as Web browsers do, 
by means of a graphic user interface (GUI), wearable elec-
tronics have tried to use other modalities for HCI beyond 
the display and keyboard. In many respects, the current 
smartphone has already achieved the computing power 
the early wearable computers aimed at. But in addition to 
the smartphone’s strong computing power, more human 
body–compatible, wearable IO devices and sensors are 

necessary so that users can experience the full benefits 
of mobile computing, which the smartphone and tablet PC 
have begun to open up. In many applications, the user’s 
skin, hands, voice, eyes, and arms, as well as the user’s 
motion or attention, are actively exploited in appropriate 
engagement with the physical environment. Of course, 
this area shares many basic technologies with the mobile 
computing, ambient intelligence, and ubiquitous-comput-
ing research communities, including those that handle 
power management and heat dissipation, software archi-
tectures, and wireless and personal-area networks. 

Most wearable computers still take an awkward form 
that is dictated by the materials and processes tradition-
ally used in electronic fabrication, even though the ideal 
wearable computers would be as convenient, durable, and 
comfortable as clothing. The packaging of electronics uses 
hard plastic boxes, and alternatives are difficult to imag-
ine. As a result, most wearable computing equipment is not 
truly wearable except in the sense that it fits into a pocket 
or straps onto the body. What is needed for the wearable 
computer is a way to integrate technology directly into 
textiles and clothing. The application areas of the wearable 
computer are also increasing, so that wearable computers 
and electronics have been developed for many possible 
applications, such as behavioral modeling, health care 
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monitoring systems, service manage-
ment, mobile phones, smartphones, 
electronic textiles, fashion design, 
and many others. Today, “wear-
able computing” is a topic of active 
research, with areas of study includ-
ing user interface design, augmented 
reality, and pattern recognition. The 
use of wearables for health care appli-
cations or to compensate for disabili-
ties as well as to provide support to 
elderly people is increasing steadily.

As outlined above, wearable elec-
tronics need a specific substrate 
and package—textiles and clothes—
and have many applications, such 
as health care and entertainment. 
In addition, they require not only 
specific I/O systems and means of 
interconnection but also custom ICs 
for optimal performance in the wear-
able environment. In this article, we 

give an overview of these items and 
discuss the associated technological 
trends. In the first section, the history 
of wearable electronics is summa-
rized, with special emphasis on I/O 
systems and substrate and packaging 
issues. Interconnections for  wearable 
devices are introduced in the  second 
section; they can be split into wire-
line and wireless approaches, as well 
as permanent versus  detachable con-
nections. In the third section, wear-
able health care systems on a chip 
(SoCs) and systems on textiles (SoTs) 
are explained in connection with 
their appropriate applications. Since 
wearable health care applications 
are a good match with wearable tech-
nologies, most of the dedicated chips 
have been developed for health care 
monitoring, diagnosis, and treat-
ment. A final section presents a 

number of conclusions regarding 
wearable electronics.

A Brief History of 
Wearable Computers
The concept of the wearable com-
puter emerged in 1961, when math-
ematician Edward O. Thorp and 
Claude Shannon built the world’s 
first such device, a concealed, ciga-
rette pack–sized analog computer 
designed to predict the behavior of 
roulette wheels for blackjack [2]. But 
compared with mainstream com-
puter research, study of wearable 
computers remained merely a part 
of hobby electronics until the mid-
1990s. The wearable computer then 
became popular even in mainstream 
computing circles, as the Media Lab 
at MIT demonstrated a small, head-
mounted camera and a special input 
device that operated much like a key-
board [1][1]. Even though the aim of 
the technology is to build electronic 
garments and textiles that exhibit 
“integrity”—that is, garments that 
look, feel, wash, and wear as well as 
ordinary clothing—the early wear-
able computers were constructed by 
just assembling computing boards 
and batteries in a backpack or a 
small bag or were simply “pocket-
based” computers. The weight and 
hardness of those devices made the 
wearers uncomfortable and compare 
poorly with the ease of use of cur-
rent smartphones and tablet PCs (see 
Figure 1). 

More garmentlike “clothing-based” 
computers appeared when conduct-
ing yarns were introduced. Conduct-
ing yarn intertwines gold, copper, 
or stainless steel threads with other 
fabric fibers to give electrical 
conductance to the yarn. It can be 
used to weave a fabric or to stitch 
electrical interconnections between 
embroidered electronic boards on 
the clothes. Optical fiber was even 
used to weave a jacket—the wear-
able motherboard [3]. Off-the-shelf 
commercial chips were soldered 
onto a flexible circuit board and 
sewn on the clothes [4]. And touch 
sensors were developed, with the 

Figure 1: History of wearable computers. (a) Pocket-based computers, (b) clothing-based 
computers, (c) e-textile, and (d) planar technology. 
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conducting yarns and fabric func-
tioning as new fabric input devices. 
LEDs, along with such devices, are 
sewn onto the clothing and intercon-
nected by means of the conducting 
yarns so it is possible to turn on the 
LEDs with the fabric capacitive sen-
sors [5]. Some commercial devices 
have been sold as “wearable comput-
ers” for warehouse maintenance and 
military applications.

As this conducting yarn tech-
nology matured, the concept of 
“e-textiles” was introduced. A digital 
sewing machine is used to embroider 
circuit patterns, component connec-
tion pads, or sensing surfaces on the 
cloth; numerically controlled CAD 
programs make the work fast and 
precise. Electrical conductors can be 
formed anywhere on clothes using 
conductive threads, and electrical 
connections can thus be made. The 
electronic components are preassem-
bled on flexible substrates, and the 
flexible film is embedded on the fab-
ric by soldering, bonding, stapling, 
or stitching. Based on this e-textile 
technology, complete MP3 handling 
functions were integrated on a com-
mercial outdoor jacket with a fabric 
capacitive touch sensor as the input 
device [6]. Developments in portable 
electronics and mobile computing 
also brought many possible applica-
tions to these wearable electronics, 
and this trend has been accelerating 
as tablet PCs and smartphones have 
become mainstream technologies.

Recently, planar fashionable cir-
cuit board (P-FCB) technology [7] has 
opened up the new field of “planar 
technology” for wearable computers. 
The process draws complicated elec-
trical circuits directly onto the textile 
using the well-known screen-print-
ing technology. Bare semiconductor 
chips can also be bonded directly to 
the P-FCB, enabling the assembly of 
a complicated system right on the 
textile—these are known as SoTs, 
as previously mentioned. The pla-
nar resistors, inductors, and capaci-
tors can be fabricated on the textile 
using P-FCB technology. With the 
help of P-FCB techniques, all these 

electronic components can easily be 
incorporated into complete systems. 

Wearable Body-Area Networks
A wearable computer is composed 
of distributed sensing and computa-
tion, thin interconnects, and small 
packages with fully integrated cir-
cuitry; the wearable components 
destined for placement in fabric cir-
cuitry to complete a computer do not 
demand high connection densities. 
Using appropriate networks, how-
ever, they can be connected together 
using wireline or wireless technology 
to function as a complete system on 
the body. A permanent connection or 
a temporary (detachable) connection 
can be created. A wireline network 
can be constructed using the con-
ducting yarns sewn into or attached 
to the clothes as the communication 
medium. The basic network architec-
ture is placed on the clothes as the 
communication platform—the so-
called “wearable motherboard”—and 
the system components are placed at 
convenient locations on the clothes 
to assemble a wearable computer. Of 
course, many network configurations 
used in long-distance communication 
network can be utilized in wearable 
platforms, such as mesh and star net-
works with packet communication.

Permanent connections can be 
made by sewing, knitting, and weav-
ing or through secure bonding and 
soldering. The conductive yarn is 
easy to sew, knit, and weave, but 
the bonding and soldering require 
special care because the metallic 
fibers in the conducting yarn are 
thin and brittle. Another challenge 
is creating a temporary connec-
tion between wearable devices. The 
buttons, gripper snaps, and Velcro 
used in conventional clothes can 
also be adapted to make remov-
able connections on clothes [8]. In 
addition to the wireline commu-
nication technology that is useful 
for single garments, more versatile 
wireless technology has recently 
been introduced to enable com-
munication between different gar-
ments, i.e., between underwear and 

outwear. For example, near-field 
communication using inductive cou-
pling has been reported for transfer 
of biological signals measured on 
underwear to mobile devices kept in 
the wearer’s pocket [9] (see Figure 2). 

Recently, the IEEE 802.15.6 work-
ing group has provided a standard 
for wireless body area networks 
(BANs) for possible use in wearable 
devices [10]. The standard tries to 
cover wide application areas, but 
the initial target applications are 
in wearable health care and mobile 
entertainment. The new standard 
provides a reliable network in which 
many devices on the body can form 
a complete system or collect data 
from distributed devices and trans-
fer them to the wearable system hub. 
The standard supports three physi-
cal methods: the ultrawide-band 
(UWB), narrow-band (NB), and human 
body communication (HBC) meth-
ods. Among them, HBC, which uses 
the human body itself as the com-
munication medium based on the 
near-field coupling mechanism (see 
Figure 3), has advantages over UWB 
and NB in energy efficiency because 
it provides low path loss without the 
body-shadowing effect found in low-
frequency bands below 150 MHz. 

HBC uses a rather low-frequency 
spectrum, 21 MHz ! 5.25 MHz, and 
its required data rates are 164 Kb/s, 
328 Kb/s, 656 Kb/s, and 1.3125 Mb/s. 
Body channel communication (BCC), 
which was studied ealier and pro-
vides the theoretical background, 
enables the HBC [11]. The human 
body itself can serve as a low-loss 
channel with a bandwidth of from 
approximately 1–100 MHz, and 
physical and theoretical analy-
ses of this channel’s characteris-
tics have already been performed 
[12], [13]. Even with its relatively 
low frequency, it needs only small 
electrodes, rather than a large 
antenna, to be attractive as a com-
munication method for wearable 
electronics. A modulated biosig-
nal is launched from the transmit-
ter into the human body through a 
metallic electrode in contact with 
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the skin. The signal crawls on the 
surface of the skin toward the 
receiver electrode, and then it is 
amplified and demodulated into the 
original biosignal. Such a system 
can support multichannel operation 

with CDMA coded for privacy pro-
tection. In addition, data rates of 
more than 10 Mb/s can be achieved 
for multimedia data transmis-
sion among devices located on the 
skin and outside but close to body. 

Figure 4 shows transceiver circuits 
for the BCC [14]. The contact imped-
ance between the electrode and the 
human body varies dynamically, 
and up to 30 dB of overall signal 
path loss variation can be observed 

Figure 3: HBC.
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when the electrode is in contact with 
or apart from the body. Therefore, a 
contact impedance–monitoring cir-
cuit detects the impedance variation 
and automatically determines the 
operation mode of the receiver for 
better power efficiency. Owing to 
this technology, the optimal power 
consumption can be reduced to 1/10 
of the worst-case power consump-
tion, or 0.2 mW. The transceiver 
achieves 0.24 nJ/b at a data rate of 
10 MB/s, which is adequate for most 
applications in the wearable com-
puter and electronics area.

Wearable Health Care SoCs
Since wearable systems have specific 
substrates (textiles), I/O devices, and 
network environments, dedicated, 
custom chips must be designed with 
their target applications in mind. 
For example, textiles are good for 
heat protection—keeping the human 
body warm—and therefore are not 
good for heat dissipation, which 
most computer systems need. And 
textiles are good insulators, easily 
inducing rather high static charges 
that can damage CMOS ICs. Most 
component packages are optimized 
for joining to printed circuit boards. 

Instead, wearable components must 
be optimized to interface with textile 
circuitry, and this new environment 
brings new challenges for the IC 
designer. Wearable health care sys-
tems are usually composed of a power 
management unit, a sensor analog 
front end (AFE), a digital signal pro-
cessor, a communication block, and 
an actuator (see Figure 5). All of these 
blocks should be optimized for the 
textile environment. I would like to 
address these issues using published 
chips as examples.

The first example we will discuss 
is a self-configured, wearable body 
sensor network (BSN) system with 
high-efficiency, wirelessly powered 
sensors that can continuously moni-
tor a patient’s electrocardiogram 
(ECG) [15] (see Figure 6). This system 
has eliminated the large form factors 
and the battery power limitations of 
previous wearable, chronic disease–
monitoring systems. The adhesive 
bandage–type sensor patch is com-
posed of the sensor chip, a P-FCB 
inductor, and a pair of dry P-FCB elec-
trodes. The sensor chip harvests its 
power from the surrounding health-
monitoring band using an adaptive 
threshold rectifier (ATR). With an 

ATR, the VTH drop of the diode-con-
nected transistor is minimized to 
improve the rectification efficiency, 
and this ATR improves rectification 
efficiency by up to 54.9% at the high-
frequency band. The health-monitor-
ing chest band with the integrated 
P-FCB inductor array is worn over 
the chest, and the network control-
ler automatically locates the sensor 
position, configures the sensor type, 
wirelessly provides power to the 
configured sensors, and transacts 
data with only the selected sensors 
while dissipating 5.2 mW using a sin-
gle 1.8-V supply.

The second system is a low-power, 
highly sensitive, wearable SoC for 
cardiac patients that performs tho-
racic impedance variance (TIV) and 
ECG monitoring, implemented as a 
poulticelike plaster sensor [16] (see 
Figure 7). The 15 cm by 15 cm patch 
fabricated using P-FCB consists of 
four layers. Layer 1 is a 25-elec-
trode array for reconfigurable TIV 
and ECG sensing; layer 2 is a fabric 
inductor for system start-up; layer 3 
is a thin, flexible battery; and layer 4 
is a fabric circuit board onto which 
the SoC is directly wire-bonded. A 
user puts the patch on the chest to 
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2. Sensor

5. Actuator

3. Signal
Processing

4. Communication (TX)

4. Communication (RX)

AMP

AMP DAC

Processor

Memory

Demodulator RX

Modulator TXADC

Rectifier
dc–dc

Convertor

Figure 5: Block diagram for a wearable health-care system.
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monitor the TIV and ECG signals, 
and he or she can start and stop the 
system by using an inductively cou-
pled power switch that includes an 
ID verification function. BCC is used 
to upload recorded data to a central 
base station when on-chip storage 
is full and download system com-
mands when a new configuration 
is required. With the help of a high-
quality, balanced sinusoidal current 
source and low-noise, reconfigu-
rable readout electronics, 0.1-Ω TIV 
detection is possible with a sensitiv-
ity of 3.17 V/Ω and an SNR of 40 dB. 
A cm-range, 13.56-MHz fabric induc-
tor coupling is used to start and 
stop the SoC remotely. Moreover, a 
5% duty-cycled BCC is exploited for 
0.2 nJ/b, 1-Mb/s energy-efficient 
external data communication. The 
proposed SoC dissipates a peak 

power of 3.9 mW when operating 
in body channel receiver mode and 
consumes 2.4 mW when operating in 
TIV and ECG detection mode.

The next example is a wearable 
mental health measurement system 
incorporating the nonlinear analysis 
of physiological rhythm, including 
heart-rate variability (HRV) and elec-
troencephalography (EEG) signals, 
for high accuracy [17] (see Figure 8). 
This system is implemented in a 
31-g headband that measures scalp 
signals and performs nonlinear cha-
otic analysis to measure stress lev-
els. In this system, an independent 
component analysis (ICA) accelera-
tor is adopted to extract the origi-
nal EEG source from measured scalp 
signals. The four-channel, 10-b sig-
nals acquired by the sensor front 
end are mixed with other signals 

inside the brain and body. The ICA 
enhances HRV signal extraction, 
removes noise, and achieves noise-
free EEG signals. As a result of ICA, 
each signal is divided into four 
independent components according 
to their non-Gaussian characteris-
tics. Compared with the extracted 
HRV from the ECG signal, the HRV 
extracted from the independent 
component has only a 1.84% root 
mean square difference (PRD) 
while the HRV from scalp signals 
has a PRD that is four times greater.

A lightweight BAN using three-
layer, coin-sized fabric patches has 
been developed for sleep-monitoring 
systems [18] (see Figure 9). It consists 
of a network controller (NC) patch, 
14 ExG sensor node (SN) patches 
( 20{ =  mm, 2T =  mm), and a wear-
able band of conductive-yarn with 
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five sublines (P, D, C, G, and R repre-
senting power, data, clock, ground, 
and reference). The NC patch and the 
SN patch have three P-FCB layers, and 
total thicknesses are fewere than 5 
mm and 2 mm, respectively (layer 
1 is an electrode; layer 2 is a power 
plane; and layer 3 consists of elec-
tronics). A continuous data transmis-
sion (CDT) protocol is proposed for 
low power and real-time scalability 
by in-order data transmission using 
the wearable band with several sen-
sors. Based on this protocol, a linked 
list–based network manager (LLM), 
an adaptive dual-mode controller 
(ADMC) in the network controller 
IC, and a low-swing data transmitter 
(D-TX) with its own back-end circuits 

are introduced. The LLM and ADMC 
can adaptively change the network 
configuration according to the 
dynamic network variances in real 
time, and the D-TX can become a 
low-energy data transmitter (0.33 
pJ/b) with a data rate of 20 Mb/s for 
the wearable band interface. These 
two low-power ICs, which are imple-
mented in a 0.18-μm CMOS process 
and operate with a 1.5-V supply, con-
sume 75 nW and 25 nW, respectively.

Last, a compact electroacupunc-
ture (EA) system has been proposed 
for multimodal feedback EA treat-
ment as one type of wearable health 
care application [19] (see Figure 10). 
The proposed system is composed of 
a needle, a compact EA patch, and an 

interconnecting conductive thread. 
The compact EA patch is 3 cm in 
diameter and is fabricated with 
P-FCB; it consists of three layers. 
An electrode layer includes sur-
face electrodes for the closed-cur-
rent loop, differential electrodes 
for multimodal sensing, and a BCC 
electrode for external communica-
tion. A power layer provides reliable 
power to the system. Finally, a cir-
cuit layer is made up of a P-FCB on 
which the adaptive stimulator IC is 
directly wire-bonded and to which a 
coin battery is attached. The adap-
tive stimulator IC can form a closed-
current loop for even a single needle 
and measure the electromyography 
(EMG) signal and skin temperature 

Figure 7: tiV and ECG monitoring system. (a) Circuits of reconfigurable electrode ia (rEia), (b) a poultice-like plaster sensor for ECG/tiV 
monitoring, and (c) a four-layer structure of the sensor.
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to analyze the stimulation status 
as well as supply programmable 
stimulation current (from 40 nA to 
1 mA) in five different modes. The 
large time constant (LTC) sample 
and hold (S/H) current-matching 
technique achieves high-precision 
charge balancing (1 10 nA) for the 
patient’s safety. The measured data 
can be wirelessly transmitted to the 
external EA analyzer through the 

BCC transceiver for low power con-
sumption. The external EA analyzer 
can show the patient’s status, such 
as muscle fatigue and changes in 
the skin temperature, and based on 
these analyses the practitioner can 
adaptively change the stimulation 
parameters to achieve optimal treat-
ment value. This stimulator chip 
consumes 6.8 mW at 1.2 V and sup-
ports 32 different current levels.

Conclusions
The smartphone and tablet PC are 
about to realize the dream of the 
wearable computer, and the remain-
ing issues concern the required 
technology for the ultimate seam-
less interface with the human body. 
That is, the hardware platform for 
the wearable computer and wearable 
health care is almost settled—the 
smartphone and tablet PC—and what 
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remains is to define human body–
friendly wearable systems that can 
be placed around the human body 
and the robust network connecting 
these systems to the host system, 
the smartphone or tablet PC. 

The wearable computer has 
evolved from a “pocket-based com-
puter” to a “clothing-based com-
puter” that can be implemented as 
e-broidery and e-textile. Adoption 

of the conductive yarns with which 
to stitch circuit patterns and sensor 
spaces has contributed to this tran-
sition. Recently, printing technol-
ogy (P-FCB technology) has enabled 
the system to be integrated directly 
on the clothes and textiles, bring-
ing wearable electronics to real-
life usage. Wearable health care is 
an especially useful development 
that is about to open society to 

ubiquitous health care. Conductive 
yarns can interconnect the distrib-
uted devices on clothes to integrate 
a wearable computer. And the new 
IEEE 802.15.6 standard is helping 
wearable health care to assemble 
a complete system by connecting 
many devices worn on the body and 
relaying their signals to a mobile 
hub such as a smartphone. BCC or 
HBC is already able to use the human 

Figure 9: Wearable sleep-monitoring system. (a) System photo and measured biosignal waveforms, (b) linked list manager (llM) in the 
network controller iC, (c) sensor node iC, and (d) network controller iC. 
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body as its communication medium 
to obtain a high level of energy effi-
ciency in communication. 

Some examples of the wear-
able health care systems have been 
introduced. Bandage-type “attach-
able systems” are exemplified by the 
wirelessly powered ECG monitor. 

Multilayered P-FCB plaster can mea-
sure TIV as well as ECG signals. 
These systems can communicate 
with external devices using BCC. 
A headband-type EEG monitor has 
been fabricated using P-FCB tech-
nology and can measure mental 
health parameters such as stress 

level and attention level. Multiple 
small patches can now be placed on 
the face to monitor the body’s physi-
ological signals during sleep. The 
stored signals can be retrieved upon 
waking and used to diagnose the 
wearer’s sleep disorder. Wearable 
health care can implement a “smart” 
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Eastern medical device, the electric 
acupuncture system. The smart acu-
puncture device has a closed feed-
back loop to monitor the status of 
patient’s muscle and modify the 
stimulation current according to the 
measured level of muscle fatigue.

As smartphones become more 
widespread and more people want to 
live healthy and happy lives, wear-
able electronics and wearable health 
care will play more important roles 
as intimate, smart interfaces with the 
human body. More-customized ICs 
will be required for wearable health 
care, and the role of circuit design-
ers will be augmented accordingly.
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