
ZHONG ET AL . VOL. 8 ’ NO. 6 ’ 6273–6280 ’ 2014

www.acsnano.org

6273

April 26, 2014

C 2014 American Chemical Society

Fiber-Based Generator for Wearable
Electronics and Mobile Medication
Junwen Zhong,†,^ Yan Zhang,‡,§,^ Qize Zhong,†,^ Qiyi Hu,† Bin Hu,† Zhong Lin Wang,‡, ) and Jun Zhou†,*

†Wuhan National Laboratory for Optoelectronics and School of Optical and Electronic Information, Huazhong University of Science and Technology, Wuhan, 430074,
China, ‡Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing, China, §Institute of Theoretical Physics and Key Laboratory for
Magnetism and Magnetic Materials of MOE, Lanzhou University, Lanzhou 730000, China, and )School of Materials Science and Engineering, Georgia Institute of
Technology, Atlanta, Georgia 30332-0245, United States. ^J.-W. Zhong, Y. Zhang, and Q.-Z. Zhong contributed equally to this work.

S
mart garments for monitoring physio-
logical and biomechanical signals of
the human body are key sensors for

personalized healthcare. However, they ty-
pically require bulky battery packs or have
to be plugged into an electric plug in order
to operate. Thus, a smart shirt that can
extract energy from human body motions
to run body-worn healthcare sensors is
particularly desirable. Here, we demon-
strated a metal-free fiber-based generator
(FBG) via a simple, cost-effective method by
using commodity cotton threads, a polyte-
trafluoroethylene aqueous suspension, and
carbon nanotubes as source materials. The
FBGs can convert biomechanical motions/
vibration energy into electricity utilizing the
electrostatic effect with an average output
power density of ∼0.1 μW/cm2 and have
been identified as an effective building ele-
ment for a power shirt to trigger a wireless
body temperature sensor system. Further-
more, the FBG was demonstrated as a self-
powered active sensor to quantitatively
detect human motion.
Wearable electronics represents a para-

digm shift in consumer electronics for ap-
plications such as integration with human
body and health/wellness monitors, surgical

tools, and body sensor networks (BSN).1�4

The vision of noninvasive, automated perso-
nalized healthcare using wearable wireless
medical devices is a new and fast-growing
multidisciplinary research area.5 For exam-
ple, continuous monitoring of human
blood pressure in patients with hyperten-
sion can significantly increase medication
compliance;6 real-time monitoring of elec-
trocardiograph traces can be very effective
at revealing early stages of heart diseases.7

Although sensing garments (with the com-
mercial name of Smart shirt) for monitoring
physiological and biomechanical signals of
the human body have already been in-
vented for healthcare8 and sports training,9

they typically require bulky battery packs or
have to be plugged into an electric plug in
order to operate, which may limit the wide-
spread usage of smart garments.10�13

Indeed, fueled by the rapid development
of micro- and nanotechnologies, lower
power consumption and even self-powered
systems have profound impacts for biome-
dical and portable electronics.14 Biomecha-
nical energy represents a typical, universally
available, and feasible source of continuous
power for wearable devices. The human
body is a surprisingly rich source of energy
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ABSTRACT Smart garments for monitoring physiological and biomechanical signals of the

human body are key sensors for personalized healthcare. However, they typically require bulky

battery packs or have to be plugged into an electric plug in order to operate. Thus, a smart shirt that

can extract energy from human body motions to run body-worn healthcare sensors is particularly

desirable. Here, we demonstrated a metal-free fiber-based generator (FBG) via a simple, cost-

effective method by using commodity cotton threads, a polytetrafluoroethylene aqueous suspension,

and carbon nanotubes as source materials. The FBGs can convert biomechanical motions/vibration

energy into electricity utilizing the electrostatic effect with an average output power density of

∼0.1 μW/cm2 and have been identified as an effective building element for a power shirt to trigger a

wireless body temperature sensor system. Furthermore, the FBG was demonstrated as a self-powered active sensor to quantitatively detect human motion.
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including walking, arm swinging, finger motion, and
breathing. It is estimated that harvesting even 1�5%of
the body's power without significantly increasing the
load to the human body would be sufficient to run
many body-worn devices.15 Thus, devices that exploit
biomechanical motions as natural sources of energy
can be particularly desirable. In the past two decades,
researchers have developed multiple routes includ-
ing electromagnetic fields,16,17 the piezoelectric
effect,18�27 the electrostatic effect,28,29 and the tribo-
electric effect30�32 toward transforming biomechanical
motion into electrical power.
Ideally, if the energy harvesters were implemented

as textile-fiber structures, such fibers would provide
perfect building elements for a smart shirt, as they
could be naturally integrated into fabrics during the
weaving process without affecting comfort, flexibility,
air permeability, and maneuverability. Qin et al. de-
monstrated a nanogenerator based on the piezoelectric
effect using hybrid-structured microfiber-ZnO oxide
nanowires,20 but its structure was very fragile and the
power outputwas so low that this kind of nanogenerator
is not feasible to be integrated into textiles for smart
garments.14 Here we introduce a cost-effective, metal-
free, fiber-based generator that can convert biomecha-
nical motions/vibration energy into electricity by the
electrostatic induction effect. The FBG consists of two
entangled modified-cotton threads: one is a carbon
nanotube (CNT) coated cotton thread (CCT), and the
other is a polytetrafluoroethylene (PTFE) and carbon
nanotube coated cotton thread (PCCT). The FBGs can
be woven into a commercial textile to form a “power
shirt” and used to trigger a wireless body temperature

monitor system.Moreover, the FBGswere demonstrated
to quantitativelymonitor humanbodymotion. Thiswork
establishes the first proof-of-concept that the FBG can
be woven into fabrics and exploit the biomechanical
motions as natural energy sources for wearable electro-
nics and mobile medication applications.

RESULTS AND DISCUSSION

Fabrication of Fiber-Based Generators. The source mate-
rials for the FBGs are commodity cotton threads, a PTFE
aqueous suspension, and carbon nanotube ink. The
detailed fabrication process is schematically shown
in Figure 1a and supplementary methods. The cotton
threads were first treated by ethanol flame to eliminate
redundant fibers (Supplementary Figure S1a and b)
and treated by a nitric acid solution to increase the
hydrophilicity. Thepretreated cotton threadswere then
coated with multiwalled carbon nanotubes by using a
homemade CNT ink via a “dipping and drying”method
to make them conductive (Figure 1a II).11 Compared
with metal electrodes, CNTs have better adhesion with
celluloses due to their mutual strong chemical bonds.33

Moreover, compared with the thermal evaporation
method, which is normally utilized to deposit metal
electrodes, “dipping and drying” is a simple and cost-
effective method. Scanning electron microscopy (SEM)
images shown in Figure 1b and c reveal that the surface
of the cotton thread with a diameter of ∼240 μm was
fully covered by CNTs, with a mass loading density
of ∼0.207 mg/cm. The final CCTs have a good flexibi-
lity and conductivity with a constant resistance of
∼0.644 kΩ/cm in both straight and curving condition
(Supplementary Figure S2a). The maximum tensile

Figure 1. Fabrication offiber-basedgenerator (FBG). (a) Schematic diagram illustrating the fabricatingprocess of an FBG. SEM
images of a carbon nanotube coated cotton thread (CCT) with (b) low and (c) highmagnification, respectively. SEM images of
polytetrafluoroethylene (PTFE) and carbon nanotube coated cotton thread (PCCT) with (d) low and (e) high magnification,
respectively. Digital photography of FBGs (f) with linear shape, (g) with curved shape, and (h) woven into fabric.
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stress that can be borne by the CCT and FBG is
∼180 and ∼210 MPa, respectively (Supplementary
Figure S2b).

PCCTs were prepared by coating CCTs with PTFE via
a “dipping and drying”method (Figure 1a III) followed
by a sequence annealing process to enhance the
adhesion. As one of the representative electret materi-
als for power generators,29 PTEF can theoretically
retain electrostatic charges on its surfaces for over
tens of years.34 The top view and cross-sectional view
SEM images shown in Figure 1d and Figure S1d reveal
a core�shell-structured character with a diameter of
∼500 μm. There are some minor cracks on the surface
of the PCCTs, which may be due to the stress-releasing
process. The formation of the cracks can enhance the
flexibility of the PCCTs. A high-resolution SEM image
shown in Figure 1e indicates that the PTFE layer was
composed of oval-like nanoparticles with diameters of
less than 200 nm. The PCCTs were polarized via oxygen
plasma treatment and resulted in net negative electro-
static charges (Q) on the PTFE surface, and 40 min
of polarization can dramatically increase the surface
potential of PCCTs from ca. �9 V for fresh samples to
ca. �660 V (Supplementary Figure S3a). The surface
potential decreased to∼470 V in 30 h and could almost
maintain this value for more than 20 days. The high
stability of the surface potential in PCCTs is beneficial
for long-term sustainable applications of the device.
Finally, a CCT and a PCCT were entangled with each
other to form a lightweight, flexible FBG with double-
helix structure (Figure 1a IV, Figure 1f and g). The helix
turns and leaving gaps of the FBG can be adjusted,
and the two ends of the FBG were fixed by commodity

cotton threads. In our study, the FBGs can be easily
woven into fabric to form a “power shirt” (Figure 1h).

Proposed Power Generation Mechanism of the Fiber-
Based Generators. Although the FBG has a complex
“double-helix” structure, the FBG can be approximately
regarded as numerous parallel-wire capacitors con-
nected in parallel by ignoring the edge effect. In a
simplifiedmodel, the equivalent circuit of the FBGwith
an external load of R is illustrated in Figure 2a. In the
original state (Figure 2a, I), the PTFE surface, the outer
layer of the PCCT, was charged with negative electro-
static charges of Q while the CCT was grounded,
and the CNT layers in both the PCCT and CCT would
produce positive charges of Q1 and Q2, respectively,
due to the electrostatic induction and conservation
of charges, where Q = �(Q1 þ Q2).

32 Therefore, the
charges Q on PTFE could be considered as an electric
field source.

When the FBG was stretched (Figure 2a, II), a
shrinkage of the interfiber gap distance d between
CCT and PCCT would result in more induced positive
charges accumulating in the CNT layer of the CCT
because of the electrostatic induction. Accordingly,
free electrons of CCT would flow to the CNT layer
of PCCT in order to balance the field from Q. Thus, this
process produces an instantaneous positive current
(Figure 2b) (we defined a forward connection for
measurement as a configuration with the positive
end of the electrometer connected to the CNT elec-
trode of the PCCT). It is necessary to note that the
charge Q on PTFE will not be annihilated even when
it contacts with the CNT-coated fiber, because the
electrostatic charges are naturally impregnated into

Figure 2. Power generation mechanism of the FBG. (a) Schematic diagram illustrating the power generation mechanism
of the FBGwith an external load of Rwhen the device is at (I) the original, (II) stretching, and (III) releasing states, respectively.
The corresponding output current�time curves (d) when forward-connected to the measurement system and (c) when
reverse-connected to the measurement system.
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the insulator PTFE. In the reverse case, when the FBG
was released (Figure 2a III), the device would recover
back to its original shape and the internal gap d is
increased, resulting in an increase ofQ1 and a decrease
of Q2; thus, an instantaneous negative current could
be produced (Figure 2b). Therefore, a stretching�
releasing process of the FBG will generate an alternat-
ing current (ac) through the load.

As the electrostatic charges remain stable (Sup-
plementary Figure S3b) for a relative long time on
the PCCT surface, the FBG can be thought of as a type
of variable-capacitance generator. Switching polarity
tests were also carried out to confirm that the mea-
sured output signals were generated from the FBG
rather than from the measurement system (Figure 2c).

Power Generation Performance of a Single Fiber-Based
Generator. The typical power generation performance
of the FBG with a length of ∼9.0 cm and eight
helix turns was systematically studied by periodically
stretching and releasing the FBG with controlled
frequencies and strains. The measuring system is sche-
matically shown in Figure S4; one end of the FBG
was fixed on an x-y-z 3D mechanical stage that was
mounted tightly on an optical table, while the other
end was fixed on a vibration source with controlled
frequency. The output current through an external
load of 80 MΩ was continuously monitored.

Figure 3a shows the output current of an FBG with
an applied strain of 0, 0.54%, 1.08%, 1.61%, and 2.15%

at a given frequency of 5 Hz. No current signal was
detected when there was no stimulation applied on
the FBG. Generally, an increase of strain increased the
peak output current, from 3.98 nA at 0.54% to 11.22 nA
at 2.15% (Figure S5b). The integration of each current
peak can give the total charges transferred between
the electrodes, as shown in Figure 3b and Figure S5c,
indicating that the total amount of charges transferred
increased with the increase of strain, which is consis-
tent with our model discussed above. The output
current of an FBG varied with stimulation frequencies
of 1.3, 2, 3, 4, and 5 Hz for a given strain of 2.15% is
shown in Figure 3c, revealing a clear increasing trend
with the increase of frequency. The integrations of
each current peak from each of the five different
stimulation frequencies are shown in Figure 3d and
Figure S5d, indicating that the total amount of the
charges transferred almost stays constant at ∼0.16 nC
at a given strain of 2.15%. This study indicates that the
peak output current is related to both the stimulation
frequency and magnitude of strain, while the amount
of the transferred charges is related only to the applied
strain.

The characterization curve of the dependence of
the output power on the external load is shown in
Figure S6a. It was measured at a given frequency (5 Hz)
and degree of deformation (2.15% strain). The instan-
taneous output peak power value is 11.08 nW, corre-
sponding to an optimal external load of 100 MΩ.

Figure 3. Power generationperformance of a single FBG thoughan external loadof 80MΩunder different testing conditions.
(a) Output current�time curve and (b) the corresponding total charge transfer of a FBG varied with stimulation strains of 0,
0.54%, 1.08%, 1.61%, and 2.15% for a given frequency of 5 Hz. (c) Output current�time curve and (d) the corresponding total
charge transfer of a FBG varied with stimulate frequencies of 1.3, 2, 3, 4, and 5 Hz for a given strain of 2.15%. (f) Five hours
(∼90 000 cycles) continuous power generation of the FBG and (g) the variation of peak output current over time.
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To rule out the possible artifacts, the measurement
of the output current was carried out when two FBGs
were connected in parallel with an external load of
80 MΩ under the same frequency and deformation
control. As shown in Figure S6b, the total output
current was enhanced, indicating that the electricity
output of the FBGs satisfied a linear superposition
criterion in the basic circuit connections.

The stability of the FBG is anessential factor to ensure
its practical applications. In our study, the FBG was
continuously operated for 90 000 cycles at a stimulation
strain of 2.15% and frequency of 5 Hz. Typical data in
1 min for every hour are shown in Figure 3e, and only
a small variation of peak output current is seen in
Figure 3f, indicating the highly stable power genera-
tion of the FBG. This feature may be attributed to
the robustness of the device, as no noticeable surface
morphology degradation of the PCCT and CCT after the
test was proven from the SEM analysis (Figure S7).

Fiber-Based Generator as an Active Sensor for Body Motion
Detection. A single FBG was fixed on a subject's index
finger. We checked the output current flowing through
an external load of 80 MΩ at five different bend-
ing�releasing motion states that were labeled as state
I, II, III, IV, and V, respectively (insets in Figure 4a). In each
motion state, the finger was bent to the same ampli-
tude and then released for three cycles. It can be seen
that a couple of output current signals with opposite
polaritywould begenerated in every bending�releasing
motion cycle (Figure 4a). The instantaneousoutputpower
generated by the FBG with small-scale finger motion
could reach ∼0.91 μW (average area power density
of ∼0.1 μW/cm2, Supplementary Note 1), which was

enough to power an electronic device such as a liquid
crystalline display (LCD) with small power consumption
(Supplementary Video 1 and Figure S8). As discussed
above, the peak output currents were decided by both
motion speed and motion amplitude. However, in our
experiments, the finger motion speed was manually
controlled; thus, a small fluctuation is possible (Figure
S9a). As the total charge transfer corresponds only to
the motion amplitude regardless of the motion speed,
we have integrated each positive current peak for five
different motion states, as shown in Figure S9b and
Figure 4b, indicating that the total amount of charges
transferred increased with the increase of motion am-
plitude, from which the motion states were quantita-
tively identified. This behavior indicates that the FBG
can be used as a self-powered active sensor28,35�37

for detecting tiny muscle motion/stretching without
an external power at least for the sensor unit and has
potential applications in patients' rehabilitation training
and sports training.

Power Shirt for Health Monitoring. For this demonstra-
tion, eight FBGs were woven into a fabric and con-
nected in parallel (Figure 1h), then the fabric was sew
on a lab coat to fabricate a “power shirt” (Figure 6b).
When the lab coat was shaken, an alternating output
current would be generated (black curve in Figure 5a).

Figure 4. FBG as a self-powered active sensor for body
motion detection. (a) Current�time response curve and
(b) the corresponding change transfer through an 80 MΩ
external load of the FBG that was fixed on an index finger at
five different bending�releasing fingermotion amplitudes.
The down insets in (a) labeled as I, II, III, IV, and V demon-
strate the five finger-motion states.

Figure 5. Electricity generation of the “power shirt”. (a)
Output current of the “power shirt” with (black curve) and
without (red curve) rectification when the lab coat was
being shaken. The inset depicts the equivalent loop circuit
for storing the electrical energy produced by the “power
shirt” and lighting the LED. (b) Voltage charging curve of a
2.2 μF commercial capacitor by the “power shirt”. The upper
inset shows an enlarged plot during charging. The lower
inset depicts digital photography of a lighted LED powered
by the charged capacitor.
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Additionally, an approach to prove the electricity
generated by FBGs has also been implemented. As
illustrated in Figure S10, when shaking only the elec-
trodes that were fixed on the lab coat, there were no
signals detected by the measuring instrument. The
output electric signals were first rectified by a bridge
rectifier (inset in Figure 5a), transforming alternating
current to direct current (red curve in Figure 5a) and
charging the capacitor continuously (Supplementary
Videos 2). The charging curve of the 2.2 μF commercial
capacitor is shown in Figure 5b. The capacitor could
be charged to 2.4 V in around 27 s, and every step of
voltage increase corresponded to each vibration of
the lab coat (upper-left inset in Figure 5b). After the
capacitor was fully charged, it could light up a red light
emitting diode (LED), as shown in the lower-right inset
of Figure 5b, indicating that the electricity generated
by the “power shirt” can be stored in a storage cell and
power commercial electronics.

Furthermore, the “power shirt” had successfully
triggered a homemade wireless body temperature
monitoring system. The working principle of the
wireless body temperature monitor system is sche-
matically shown in Figure 6a and Figure S11. The
“power shirt” was used to charge a 10 nF capacitor;
when the voltage of the capacitor reached a thresh-
old of 2.4 V, it would wake up a microcontroller unit
(MCU, Atmega168 V-10PI, with a power consump-
tion of 0.18 μW in standby mode and 27 μW in
active mode) that was driven by an external power
source. TheMCU issued instructions to the thermistor
integrated into the wristband to detect surround-
ing temperature and converted the detected tem-
perature analog signals into digital signals by an

analog�digital (AD) module. Then, the digital signals
were loaded directly into a square wave generated
by the MCU in which the half-period of the wave
indicated the temperature value andwas transmitted
by an infrared diode. Finally, the receiver infrared
diode simultaneously captured the signals that were
demodulated by another MCU and identified the
temperature value, and sent the information to the
display screen.

In our study, the active body temperature monitor
system detected the surrounding temperature where
the wristband was worn when shaking the lab coat
(Supplementary Videos 3). The modulated signals
shown in Figure 6c and e represent the detected temp-
eratures when the wristband was placed on a desk
or on the human wrist, respectively. Meanwhile, the
corresponding temperature values of 22 �C for room
temperature and 37 �C for body temperature are
shown in the display (Figure 6d and f).

CONCLUSIONS

In summary, we have fabricated a flexible andmetal-
free FBG via a cost-effective method by using com-
modity cotton threads, a PTFE aqueous suspension,
and carbon nanotubes as source materials. The FBG
can convert biomechanical motions/vibration energy
into electricity utilizing the electrostatic effect with an
average output power density of ∼0.1 μW/cm2. The
FBGwas demonstrated as a self-powered active sensor
to quantitatively detect human motion. Furthermore,
FBGs had been identified as an effective building
element for a power shirt that could trigger a wireless
homemade body temperature sensor system. This
work establishes the first proof-of-concept that FBGs

Figure 6. Wireless body temperature sensor system triggered by the “power shirt”. (a) Schematic diagram and (b) digital
photography of a wireless body temperature monitor system triggered by the power clothes. Modulated and demodulated
signals that represent the temperatures detectedby the sensorwhen thewristbandwasplaced (c) on adesk or (e) on a human
wrist. The corresponding temperature values of (d) 22 �C for room temperature and (f) 37 �C for body temperature are shown
in the display screen.
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can be woven into textiles and extract energy from
biomechanical motions for powering mobile medical

systems, making the self-powered smart garment
possible.

EXPERIMENTAL SECTION
Fabrication of CNT Ink. First, CNTs were treated with 5 M nitric

acid for 30 min to increase the hydrophilicity. Then 20 mg/mL
acid pretreated CNTs and 40 mg/mL sodium dodecyl benzene-
sulfonate (SDBS) were dispersed in deionized water. Last, the
mixturewas sonicated for 20min using an ultrasonic cell disruptor
(Kesheng Sonics Vibra Cell, 550 F).

Fabrication of CCT. Since the surface of the commercial cotton
threads was fibrous, the cotton threads were first treated with
an ethanol flame to eliminate redundant fibers. Then they were
cleaned by acetone, ethanol, and deionizedwater several times,
following by immersing into 5 M nitric acid solution for 1 h to
increase the hydrophilicity. The cotton threads were coated
by CNTs by using the CNT ink mentioned above through the
“dipping and drying”method.38 Specifically, the treated cotton
threads were alternately dipped into the CNT ink and dried at
80 �C in an oven. After this process was repeated several times,
the conductive cotton threads kept dry at 80 �C in an oven for 2 h.

Fabrication of PTFE and PCCT. The PCCT was fabricated through
the “dipping and drying” method as well. Typically, the CCT
was immersed into PTFE solution (Aladdin, 60%wt, aqueous) for
30 s and then dried at 60 �C for 5 min. The “dipping and drying”
process was repeated three times to ensure that the CCT
was completely coated by PTFE. The resulting PCCT was then
annealed at 150 �C in an oven for 12 h. Finally, the PCCTs were
polarized via the plasma method with a service power of 120 W
for 40 min.

Assembly of FBG and the “Power Shirt”. A CCT and a PCCT were
entangled with each other to form a double-helix-structure
device. The helix turns and leaving gaps of the FBG can be
adjusted, and the two ends of the FBGwere fixed by commodity
cotton threads. Then the FBGs were woven into the fabric to
form a “power shirt”.

Characterization. Themorphology of the samples was probed
by a high-resolution field emission scanning electron micro-
scope (FEI Nova NanoSEM 450). The conductance of the CCT
was studied by a Keithley 2400 source meter. The mechanical
property of the CCTwas characterized by an electronic universal
material testing machine (RGM-4005T, Reger, China). The plas-
ma polarization method was carried out with a PDC-MG gas
plasma dry cleaner (Hengming, China). The surface potential of
PTFE was detected by an electrometer (EST102, Huajing Beijing,
China). The periodic stretching�releasing process of the FBG
was stimulated by a resonator (JZK, Sinocera, China), which was
controlled by a swept signal generator (YE 1311-D, Sinocera,
China). The power generation performance measurement sys-
temof the FBG is schematically shown in Figure S4, in which one
end of the FBG was fixed on an x-y-zmechanical stage that was
mounted tightly on an optical table, while the other end was
fixed on the resonator. During the measurement process, a
single FBG was periodically stretched and released with differ-
ent degrees of strain and frequency by the resonator (JZK).
Simultaneously, the current signals through an external load of
80 MΩ were measured by a Stanford low-noise current pre-
amplifier (model SR570). The modulated and demodulated
signals generated by the wireless body temperature sensor
system were monitored by an Agilent DSOX-2014 oscilloscope.
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