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Driven by their growing usefulness for fitness 
tracking, medical surveillance, and physiolog-
ical status monitoring, wearable devices have 
received significant interest from academia, in-
dustry, and the Department of Defense (DoD) 
[1]. As the underlying technology has improved, 
potential military applications for what is known 
as real-time physiological status monitoring 
(RT-PSM) have widened in scope [2]. 

Research conducted at the U.S. Army Re-
search Institute of Environmental Medicine 
contends that RT-PSM can allow for military 
planners and commanders to prevent warf-
ighter exhaustion through early detection of 
high stress loads (thermal work-strain), pro-
vide triage options by detecting warfighter in-
jury during a mission, and improve the efficacy 
of warfighter training through energy expen-
diture monitoring during drills [2]. As Dr. Matt 
Coppock, chemist and team lead for the U.S. 
Army Combat Capabilities Development Com-
mand’s Army Research Laboratory, noted in 
May 2019, “It can be envisioned that real-time 
health and performance monitoring” can help 
to optimize “individual to squad execution in 
multifaceted operational environments [3].”

Current wearables on the market are typical-
ly rigid—which is not ideal. Wearable sensors 
can achieve the best signal-to-noise ratio and 
achieve their maximum potential when con-
structed to maintain constant, conformal con-
tact with the skin during body movements. 

A truly wearable device for health assessment 
and wireless physiological activity monitoring 
should be stretchable, mechanically robust and 
electrically stable under repeated loading, and 
mechanically unperceivable to the user. This 
is a difficult challenge, as human skin can be 
elastically stretched up to 15%, and the strain 
involved during daily motions can reach 100% 
for skin regions with wrinkles and creases (e.g., 
finger knuckles) [4]. It is particularly challeng-
ing when monitoring active warfighters, due to 
intensive body motions involved, and require-
ments for unobtrusiveness and comfortable-
ness. 

Wearable devices should be built upon stretch-
able substrates, such as elastomers or tex-
tiles, to achieve high levels of stretchability. 
There are two different, but complementary, 
approaches to developing stretchable elec-
tronics: top-down and bottom-up. In the top-
down approach, thin films and ribbons are 
fabricated using conventional microfabrication 
techniques. Since elastomers are mostly in-
compatible with the microfabrication process, 
a transfer-printing step is required after pattern-
ing [5]. Geometrical designs are often required 
to introduce deformable structures to improve 
its stretchability [6]. 

Alternatively, the bottom-up approach uses 
synthesized nanomaterials to fabricate the 
stretchable devices due to their excellent me-
chanical compliance and large surface area. 
This approach is compatible with low-cost pro-
cesses like solution-based methods and roll-
to-roll printing techniques. Wearable devices 
based on a variety of nanomaterials have been 

demonstrated, including metallic nanoparticles/
nanowires (e.g., silver nanoparticles [AgNPs], 
silver nanowires [AgNWs], gold nanoparti-
cles [AuNPs]), carbon-based nanomaterials 
(e.g., carbon nanotubes [CNTs], graphene, 
graphene oxide [GO]), and transition-metal di-
chalcogenides [7–10]. 

With these devices, it is now feasible to cap-
ture the physical parameters (e.g., strain, tac-
tile, temperature, and biopotential) [11–13], 
and chemical parameters (e.g., glucose, lac-
tates, ions, electrolytes, and pH) from the hu-
man body [14, 15], as well as environmental 
parameters (e.g., ultraviolet and gas) from its 
surroundings [7, 16]. Our group has been de-
veloping various wearable devices using solu-
tion-based fabrication processes, including 
sensors to measure strain [16, 17], pressure 
[18], touch [18, 19], temperature [20], hydration 
[21], and biopotential signals [21–23]; wearable 
heaters [22]; and stretchable antenna [24]. The 
building block common to each application is 
AgNWs, owing to their simple synthesis and 
processing methods, and high conductivity 
and ductility (i.e., large failure strain). These 
AgNW-based wearable devices can achieve 
robust performance and reliability under high-
strain and high-repetition conditions—such as 
those experienced by warfighters in training or 
operations.

Silver Nanowire-based  
Wearable Strain Sensors

Strain sensing is necessary to enable several 
applications of wearable electronics, including 
activity tracking, sports performance monitor-
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ing, and human-machine interfaces [25]. For 
example, strain sensors can help quantify 
body motions (e.g., angle, speed, acceleration) 
during exercise in order to improve posture, 
evaluate athletic performance, prevent injuries, 
and facilitate rehabilitation. 

Conventional strain gauges typically have a 
strain operating range of less than 5%, and 
can be used for stress analysis such as flight 
testing or structural integrity monitoring of crit-
ical infrastructure [26]. However, they cannot 
meet the large-strain requirement (> 50%) for 
wearable electronics. 

Strain sensing techniques such as fiber 
Bragg grating, Raman shift, piezoelectricity, 
and triboelectricity are not practical for wear-
able applications largely due to their poor 
stretchability and need for sophisticated mea-
surement equipment [27]. Both resistive and 
capacitive sensing mechanisms have been ad-
opted to develop wearable strain sensors [7]. 
The resistive sensing method is advantageous 
in terms of its sensitivity and simplicity of data 
acquisition, but it suffers from poor linearity and 
large hysteresis. 

On the other hand, capacitive strain sensing 
offers excellent stretchability, linearity, and low 
hysteresis. A wide range of stretchable and 
conductive materials can serve as the elec-
trodes, including CNTs, AgNPs, graphene, and 
metallic nanowires—among which AgNWs ex-
hibit the best conductivity for a given density 
[8]. 

As illustrated in Figure 1A, the strain sen-
sor is essentially a stretchable capacitor, 
where the top and bottom electrodes were  
fabricated by embedding AgNWs just  
be low the  sur face  o f  an  e las to -
mer (polydimethyls i loxane (PDMS) 
[18] or Ecoflex [17]). To serve as the  
dielectric, a thin layer of highly stretchable 
Ecoflex was sandwiched between the two 
electrodes. Under a tensile strain, the length  
of the capacitor increases as the width and  
the distance between the two electrodes  
decrease, resulting in a capacitance increase 
(see Figure 1B). The gauge factor (relative 
capacitance divided by the mechanical strain) 
for the strain sensor with AgNW/Ecoflex  
electrodes is close to 1 for strain of up to 
150%, which is sufficient for monitoring human  
motions [17]. In addition to a constant gauge 
factor over a wide strain range, our strain  
sensor demonstrated a fast response time, low 
hysteresis, and skin-like mechanical properties 
(Young’s modulus of 96 kPa). 

Preliminary experiments have revealed good 
wearability and large-deformation sensing  
capabilities. These results came from mount-
ing the capacitive strain sensors onto a human 
body to monitor skin deformations associated 
with finger flexing (Figure 2), knee motions 
in the patellar reflex (Figure 1C), and other  
motions, such as walking, running, and jump-
ing from squatting (Figure 1D) [18]. 

Recently, our group cross-validated the accu-
racy of our strain sensors by comparing them 
against conventional optical motion tracking 
systems using reflective markers and infrared 
(IR) cameras. 

Figure 2A shows the experimental setup, 
where both the strain sensors and reflective 

markers were attached to the hand of a stroke 
patient. The strain associated with finger flex-
ing was monitored using the attached strain 
sensor, and the finger bending angle was cap-
tured by the IR cameras simultaneously. Figure 
2B shows excellent correlation between the 
two methods for tracking the joint motions of a 
stroke survivor and a healthy control. In addi-
tion, it shows that the strain sensor possesses 
excellent resolution to capture the details of the 
jerky motions of the stroke patient. 

Silver Nanowire-based  
Wearable Hydration Sensors

Hydration levels regulate key body functions 
such as core temperature, blood pressure, 
and heart rate. Dehydration can be a serious 

Figure 1. (A) Schematic illustration of the fabricated capacitive strain sensor. (B) Relative 
capacitance change as a function of tensile strain for stretching and releasing. Reproduced 
with permission [15]. Copyright 2018, IEEE. (C) Capacitance change and strain associated 
with knee motions in patellar reflex. (D) Relative capacitance change and strain associated 
with various human motions. (C, D) Reproduced with permission [16]. Copyright 2013, The 
Royal Society of Chemistry.

Figure 2. (A) A skin-like strain sensor and reflective markers attached onto the hand of a 
stroke patient. (B) Comparisons between the strain measured from the strain sensors (blue) 
and the angle measured from the IR cameras (red) for a healthy control (top panel) and a 
stroke patient (bottom panel). (A, B) Reproduced with permission [15]. Copyright 2018, IEEE.
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risk factor for warfighters, as well as a symptom 
of potential ailments like skin disease, kidney 
stones, and gastroenteritis [28, 29]. Real-time 
tracking of hydration levels can benefit those 
working in extreme conditions, and help evalu-
ate the effectiveness of medical therapies [30]. 
Most portal hydration monitors on the market 
place electrodes onto the skin to measure 
changes in the skin’s conductance, capaci-
tance, and impedance. However, such planar 
electrodes are rigid and need to be manually 
pressed against the skin for reliable reading. 
The Rogers research group has made recent 
progress in this area, demonstrating a series of 
photolithographically patterned epidermal de-
vices in serpentine layouts for skin-attachable 
hydration sensing [30, 31].

To enable a conformal electrical and mechan-
ical interface to the skin, we based our hydra-
tion sensors on AgNW/PDMS conductors, 
where AgNWs were inlaid under the surface 
of PDMS [32]. The AgNW/PDMS conductors 
combine the superior conductivity of silver with 
the enhanced stretchability of nanomaterials 
and polymers to achieve highly conductive 
electrodes which can maintain good conduc-
tivity up to 50% tensile strain [33]. The AgNW/
PDMS conductors were patterned into inter-
digitated electrodes to facilitate the impedance 
measurement (see Figure 3A). 

Upon placing the hydration sensor onto the 
skin, impedance (which is dependent on hy-
dration levels) can be measured from the 
two terminals. The AgNW hydration sensor 
was calibrated against a commercial hydra-
tion monitor (Moisture Meter D (MMD), Delfin 
Tech). As shown in Figure 3B, when the hy-
dration level (MMD reading) increases, the 
impedance measured from the AgNW sensor 
decreases. 

To achieve a better wearability form factor, the 
AgNW sensor was combined with a network 
analyzer chip, button cell battery, ultralow pow-
er microprocessor, and Bluetooth transmitter, 
and integrated into a flexible wristband as a 
watch-type hydration monitor (see Figure 3C). 
The resulting wearable hydration monitor is 
compliant, wireless, and can be continuously 
worn on the skin for long periods of time with-
out degrading its performance.

Silver Nanowire-based Dry  
Biopotential Electrodes

Biopotential electrodes capture bioelectric 
variations and electrophysiological signals in 
tissues. Representative electrophysiological 

signals include electrocardiogram (ECG), elec-
tromyogram (EMG), electroencephalogram, 
and electrooculogram, which reflect the elec-
trical activity of the heart, muscle, brain, and 
eyes, respectively. Conventionally pre-gelled 
Ag/AgCl wet electrodes are used to capture 
the electrical signals, where conductive gel is 
used to establish a reliable electrode-skin in-
terface. 

Wet electrodes are flexible and wearable; 
however, the gel dries over time, leading to de-
graded signal quality. The dehydration of the 
conductive gel requires the gel to be re-applied, 
which is inconvenient and sometimes infeasi-

ble. Moreover, the gel and adhesive can poten-
tially trigger skin irritations [32, 34]. Therefore, 
gel-free (dry) electrodes are greatly needed. 
Metal thin films and nanomaterials, including 
metallic nanomaterials and carbon-based 
nanomaterials, have been used to develop 
biocompatible and compliant dry electrodes 
for long-term monitoring [32].

Highly conductive and stretchable conductors 
made of AgNWs embedded in PDMS matrix 
were used for electrophysiological sensing 
without the use of conductive gel [23]. The 
positive and negative electrodes were placed 
on the left and right arms using Velcro straps 

Figure 3. (A) Images showing the commercial hydration monitor (left) and the AgNW sensor 
worn on the wrist (right). (B) Skin impedance measured from the AgNW hydration sensor 
as a function of the hydration level measured from the commercial hydration monitor. (C) 
Schematics showing the PCB, 3D printed spacer, AgNW skin hydration sensor, and encasing 
(left). The hydration monitor worn on the wrist like a watch (right). (A–C) Reproduced with 
permission [19]. Copyright 2017, John Wiley and Sons.

Figure 4. (A) AgNW/PDMS based dry electrode attached on the wrist using a Velcro strap. (B) 
Comparison of the ECG signals between the AgNW/PDMS electrodes and the commercial 
Ag/AgCl wet electrodes. (A, B) Reproduced with permission [21]. Copyright 2015, The Royal 
Society of Chemistry. (C) Schematic illustration of a EHD printing system. (D) Two printed 
AgNW patterns with high resolution. Scale bar, 5 mm. (E) EHD printed AgNW dry ECG elec-
trodes attached on chest. The inset shows the magnified image of the printed electrode. 
Scale bar, 5 mm. (C–E) Reproduced with permission [20]. Copyright 2018, The Royal Society 
of Chemistry.
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(see Figure 4A), and the ground electrode was 
placed on the right leg. Reliable electrode-skin 
impedance is crucial for acquiring a high sig-
nal-to-noise ratio and low motion artifact. Here, 
the good compliance of the AgNW/PDMS elec-
trode allows for low electrode-skin impedance 
without the gel and good contact with skin 
during body motions. As shown in Figure 4B, 
the AgNW/PDMS dry electrode performed as 
well as the pre-gelled Ag/AgCl electrodes when 
the subject was resting, swinging their arms, 
and jogging. Each wave of the ECG signal (i.e., 
the P wave, QRS complex, and T wave) can 
be clearly identified from the ECG waveforms. 

Heart rate can also be readily extracted from 
the R-R interval of ECG signals. As cardiovas-
cular disease is the leading cause of death in 
the U.S., continuous ECG monitoring in wear-
able form factors could significantly improve 
public health outcomes and decrease over-
all health care costs. In addition to ECG, the 
electrodes can also be used for surface EMG 
measurements. For example, AgNW/PDMS 
electrodes were placed on the right extensor 
digitorum communis and used to capture mus-
cle activities during wrist extension-contrac-
tions [23].

The strain sensors, hydration sensors, and dry 
electrodes discussed above were fabricated 
via solution-based coating methods (i.e., drop 
casting), with the use of a mask to generate 
patterns. Additionally, we have demonstrated 
the electrohydrodynamic (EHD) printing of Ag-
NWs onto flexible and stretchable substrates 
[22]. As illustrated in Figure 4C, EHD printing 
systems typically include a pneumatic dispens-
ing system, a voltage supplier, and a precision 
three-axis translation stage. To make the ink 
for EHD printing, 4 wt% poly(ethylene oxide) 
(PEO) was added to a 15 mg/ml AgNW/wa-
ter solution to adjust the viscosity of the ink. To 
enable the best printing results, the inner di-
ameter of the nozzle was set at 150 μm, and 
the outer diameter of the nozzle at 250 μm. 
The printing voltage was set at 1500 V, with 
a standoff distance (distance between printing 
head and substrate) of 75 μm, and back pres-
sure of 0.4 psi. 

With EHD printing, AgNW inks can be printed 
onto various substrates without masks, includ-
ing PDMS (dopamine treated), PET, glass, 
letter paper, nanofiber paper, polycarbonate 
filter, and nature rubber latex (i.e, lab-use 
gloves). The smallest linewidth was ~45 μm. 
After removing PEO with water and heat treat-
ment, high conductivity of ~5.6×106S/m was 
achieved. AgNWs were printed onto PDMS 

substrate following a Greece Cross pattern 
for ECG sensing (see Figure 4E). This frac-
tal inspired pattern ensures good mechanical 
stretchability and large area coverage [35]. 
ECG recordings were successfully acquired 
by placing two AgNW/PDMS fractal electrodes 
on the chest. Comparable signal quality with 
commercial pre-gelled electrodes has been 
demonstrated.

Silver Nanowire-based  
Wearable Temperature Sensors

Body temperature is one of the most import-
ant vital signals, and it correlates with illnesses 
such as fever, heat stroke, and infection [7]. 
Wearable temperature monitoring requires 
good stretchability, fast response, a wide sens-
ing range (25–50 °C), and high precision (±0.1 
°C in the range of 37–39 °C and ±0.2 °C for be-
low 37 °C and above 39 °C) [6, 35]. The main 
challenge associated with wearable tempera-
ture sensors is the crosstalk between tempera-

ture and strain during body movements. It is 
difficult to differentiate the relative contributions 
of temperature and strain to the overall change 
in electrical signals. To overcome this problem, 
a stretchable temperature sensor that is insen-
sitive to strain is required.

Our group developed a stretchable thermore-
sistive temperature sensor based on AgNW/
polyimide (PI) composite [20]. The temperature 
sensor was patterned with a Kirigami structure, 
where cuts were introduced to enable out-of-
plane deformations during stretching to mini-
mize the local strain in the AgNW/PI thin film 
(see Figure 5A). The Kirigami structure also 
makes the temperature sensor vapor-perme-
able to prevent heat and sweat accumulation, 
improving the comfort for long-term wear. 

Figure 5B shows the relative resistance 
change of the AgNW/PI temperature sensor 
during loading and unloading, up to 100% 
strain. Owing to the introduction of the Kirigami 

Figure 5. (A) Photographs of the AgNW/PI temperature sensor without strain (top) and with 
100% tensile strain (bottom). (B) Relative resistance change of the temperature sensor un-
der tensile loading/unloading. (C) Relative resistance change of the temperature sensor as 
a function of temperature, characterized under 0% strain and 100% strain. (D) Photographs 
showing the AgNW/PI temperature sensor attached to the skin near biceps (top). Scale bar, 
10 mm. Comparison between temperature recorded by the AgNW/PI temperature sensor and 
IR thermometer during biceps workout (bottom). (A–D) Reproduced with permission [18]. 
Copyright 2019, American Chemical Society.

Figure 6. IR images showing the temperature distribution of (A) a AgNW heater when the 
voltage was on and off (scale bar, 5 mm) and (B) a AgNW heater printed onto a glove during 
hand motions. (A, B) Reproduced with permission [20]. Copyright 2018, The Royal Society 
of Chemistry.

M



HDIAC Journal • Volume 6 • Issue 2 • Summer 2019 • 45 www.hdiac.org

structure, the variation of the resistance was 
within 0.05%, indicating negligible sensitivity 
to strain. Temperature coefficient of resistance 
(TCR), defined as follows, is commonly used 
to describe the sensitivity of a thermoresistive 
temperature sensor:
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where R(T0) and R(T) are the resistance at 
temperatures T0 and T, respectively.

The TCR of the AgNW/PI temperature sensors 
increases with NW density (from 0.26 to 2.05 
nanowires per μm2) and annealing tempera-
ture (up to 200 °C). As shown in Figure 5C, for 
the AgNW network density of 2.05 per μm2 af-
ter 200 °C annealing, the calculated TCR was 
3.32×10-3/°C and the sensitivity was 0.47 Ω/°C 
over the temperature range from 25 °C to 60 
°C. Negligible difference in the TCR and sen-
sitivity was observed with 100% tensile strain 
and without strain. To demonstrate practical 
wearable applications, the AgNW/PI tempera-
ture sensor was attached onto the skin near 
the biceps to monitor the temperature change 
during exercise (see Figure 5D). The tempera-
ture change was also monitored using a com-
mercial IR thermometer for comparison. Good 
correlation was achieved for temperature vari-
ations recorded from the wearable AgNW/PI 
temperature sensor and the IR thermometer.

Silver Nanowire-based  
Wearable Heaters

Our group has also worked to develop im-
proved, highly flexible wearable heaters. 
Wearable heaters can protect warfighters from 
extreme cold-weather climates and facilitate 
the recovery of joint fatigue and injuries. Heat 
improves blood flow, alleviates pain, relieves 
muscle spasms, decreases joint stiffness, and 
reduces inflammation [37, 38]. Conventional 
wearable heating elements include heat packs 
and resistive heating wraps. Heat packs are 
typically bulky and thick, and the temperature 
is noncontrollable and nonuniform, causing 

discomfort [39, 40]. Joule-heating wraps offer 
well-controlled heating temperature; however, 
due to their low flexibility, they fail to conform 
to the curvilinear surface of the skin. Commer-
cially-used electrothermal materials, such as 
ferro chromium-based alloys, are challenged 
by high rigidity and low heating efficiency [41]. 
Indium tin oxide (ITO) has been the dominant 
electrode material due to its good electrical 
conductivity. With rising indium costs and oth-
er limitations in mind—including slow thermal 
response, harsh processing conditions, and 
dramatically deteriorated conductivity under 
strain—alternative conductive materials are in 
demand to replace ITO for heating applications 
[8].

AgNWs were adopted to develop wearable 
heaters. Their conductivity guarantees a low 
actuation voltage, and mechanical compliance 
enables good robustness against mechanical 
deformations. AgNWs were directly printed by 
EHD onto flexible substrate with Peano curve 
fractal patterns [35]. As depicted in the IR ther-
mal images of Figure 6A, the 6×6 mm heater 
can provide a temperature up to ~160 °C at 
the voltage of 25 V, with maximum heating and 
cooling rate of 21 and 29 °C s-1, respectively. 

To demonstrate wearability, the heater was 
mounted onto the thumb area (see Figure 6B). 
The heater maintained stable temperature un-
der deformations caused by finger movements, 
illustrating its reliable performance during body 
motions. Besides applications for thermothera-
py, wearable heaters can be further integrated 
with thermo-responsive drug release systems 
for wearable drug delivery, as demonstrated 
by the Kim research group [42, 43]. When RT-
PSM monitors detect an injury or other medical 
emergency, wearable heaters can potentially 
be used to administrator therapeutic therapies 
through thermotherapy or thermo-responsive 
drug delivery.

Wearable heaters can actively protect warf-
ighters from extreme cold environments while 
maintaining their body temperature for good 

performance. The integrated wearable ther-
apy components, together with the wearable 
sensors, can provide timely and closed-loop 
healthcare, which is especially beneficial in 
life-threatening situations. 

Conclusion

Wearable, wireless, and multimodal sensors 
provide real-time physiological parameters 
(e.g., temperature, hydration, ECG, and mo-
tions) and environmental data (e.g., tem-
perature, humidity, and pressure) for activity 
monitoring, performance tracking, warfighter 
fatigue detection, and strategic planning [1]. 

As discussed in this article, our group devel-
oped a variety of AgNW-enabled wearable 
devices—all fabricated through low-cost, 
solution-based processes. As these technol-
ogies continue to improve, the data collected 
by RT-PSM sensors could be used to develop 
what the U.S. Army Research Institute of Envi-
ronmental Medicine calls a “soldier readiness 
score”—an index comprised of musculoskel-
etal fatigue limits, thermal work-strain loads, 
and mission-specific physiological status pa-
rameters (e.g., pulmonary threats, hypoxia) [2]. 
Active analysis of such readiness scores im-
proves unit readiness and aids commanders in 
matching individual operators to the needs and 
capabilities required by specific missions [2].

The unprecedented combination of mechani-
cal stretchability and electrical conductivity of 
AgNW/elastomer nanocomposites allows for 
excellent wearability and robust performance, 
even under repeated body movements. To pro-
mote the practical applications of AgNW based 
wearable devices, it is important to scale up the 
fabrication of wearable devices and improve 
reliability over long periods of use, where ongo-
ing efforts are currently underway [21, 43, 44].
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