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Abstract

This communication describes a glove capable of wirelessly translating the American Sign

Language (ASL) alphabet into text displayable on a computer or smartphone. The key com-

ponents of the device are strain sensors comprising a piezoresistive composite of carbon

particles embedded in a fluoroelastomer. These sensors are integrated with a wearable

electronic module consisting of digitizers, a microcontroller, and a Bluetooth radio. Finite-

element analysis predicts a peak strain on the sensors of 5% when the knuckles are fully

bent. Fatigue studies suggest that the sensors successfully detect the articulation of the

knuckles even when bent to their maximal degree 1,000 times. In concert with an acceler-

ometer and pressure sensors, the glove is able to translate all 26 letters of the ASL alphabet.

Lastly, data taken from the glove are used to control a virtual hand; this application suggests

new ways in which stretchable and wearable electronics can enable humans to interface

with virtual environments. Critically, this system was constructed of components costing

less than $100 and did not require chemical synthesis or access to a cleanroom. It can thus

be used as a test bed for materials scientists to evaluate the performance of new materials

and flexible and stretchable hybrid electronics.

Introduction

This paper describes a sensor glove capable of converting hand gestures to text wirelessly using

American Sign Language (ASL), and of controlling a virtual hand. The components of the

entire system cost less than $100.00 (S1 Fig), excluding the cost of the laptop or smartphone.

Low-cost, experimentally accessible platforms can allow laboratories to accelerate the discov-

ery of materials designed to be integrated into whole devices in realistic scenarios.[1][2] The

key enabling feature of the system is the use of a solution-processed, commercial conductive

fluoroelastomer as a strain gauge that is stable over several months in the ambient air and over

a thousand strain cycles. It is our hope that this material could play a role in stretchable hybrid

electronics similar to the role played by poly(dimethylsiloxane) (PDMS) in soft lithography[3]
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and soft robotics.[4] That is, an inexpensive, commercially available material with reproducible

properties in prototype devices.

Currently, the primary methods for tracking the positions of the human body[5] are

through optical systems, by using an electromagnetic field, or by employing arrays of wear-

able sensors.[6] Optical systems comprising infrared emitters and receivers, in particular,

have been successfully developed into systems for virtual reality and biomechanical analy-

sis.[7][8] While these systems have low latencies and high spatial resolution, they require

expensive and immovable infrastructure. Cameras, which make systems for tracking mobile

in either the visible or infrared regimes, have also been successfully implemented,[9] but

such systems need to be positioned away from the human body, sometimes awkwardly to

maintain line-of-sight, and further have large power requirements for sophisticated image

acquisition and processing hardware. A portable, wearable system, in contrast, does not

have these constraints. We chose a glove as the test-bed system because it is the archetypal

form factor for intuitive human-machine interfaces. That is, unlike other remote controls

(e.g., a mouse, game controller, keyboard, and joystick), gloves interface directly with

human hands. A gesture-tracking glove could thus enable a more seamless interface for con-

sumer electronics, virtual and augmented reality, telesurgery,[10] technical training,[11]

and wearable devices for covert operations—from piloting areal drones[12] to controlling

bomb-diffusing robots.[13]

Many approaches have been used to develop wearable strain sensors and to integrate them

with computation and communication. Stretchable piezoresistive strain sensors made from

patterned silicon nanomembranes,[14] composite nanomaterials,[15] conjugated polymers,

[16] graphene,[17] and many other material systems[18] possess a number of desirable quali-

ties such as ultra-thinness, flexibility or stretchablility,[19] or ease of fabrication by printing.

[20] Work has begun to develop more complex systems that integrate stretchable circuitry,[21]

[22] sensing,[23] computation,[24] and communication,[25] as human-machine interfaces

using systems of advanced materials. These systems employ pressure and capacitive transduc-

ers made of microcracked gold to measure the articulation of fingers,[26] composites of gold

nanowires and polyaniline to control a robot arm,[15] patterned graphene heterostructures

[27] and silver nanowires to control a virtual hand,[28] and carbon nanotubes for tracking

human movement.[29] Such materials, however, can require expensive starting materials and

complex processing. An alternative approach using readily available materials would benefit

the field. As a model application, we designed a system to translate the ASL alphabet because it

requires a sophisticated integration of at least three types of sensors with electronics and data

processing.

Materials and methods

Fabrication of piezoresistive strain sensors

A schematic diagram of the fabrication process is depicted in S2 Fig. Poly(dimethylsiloxane)

(PDMS) (Dow Corning Slygard 184 with a base to cross-linker ratio of 20:1) was pour cast in a

Petri dish and cured at 70˚C for 1 h. To create the substrate, the PDMS was cut into strips with

dimensions 3 cm × 0.5 cm × 340 μm. Carbon paint (Ted Pella DAG-T-502) was then painted

on produce a piezoresistive film roughly 50 μm in thickness. Copper tape was then wrapped

around each end of the sensor while a stainless steel thread was added to provide a secure elec-

trical contact. Additional carbon paint was added on top of the device to reinforce the mechan-

ical and electrical interface. Finally, the strain sensor was dipped in 10% polyurethane (PU) in

tetrahydrofuran (THF) to provide an encapsulating layer.

Wireless gesture decoder with low-power and stretchable electronics
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Characterization of strain sensors

Stress strain curves were measured using a Mark 10 pull tester and electrical measurements

were performed with a Keithley 2400 sourcemeter.

Finite element analysis

FEA models were produced in Autodesk Inventor, where the simulated sensor was deformed

to the same radius of curvature as the wearable strain sensor (0.49 cm). The bottom edges of

both sides of the sensor were constrained while 1.05 x 10−3 Pa were applied to the bottom face

in an upward direction.

Fabrication of the sensor glove

Nine piezoresistive sensors were fabricated and placed on the back of a leather athletic glove in

locations corresponding with the metacarpal and proximal knuckles. Industrial strength, elas-

tomeric adhesive E6000 (Eclectic Products, Inc) was used to bond the sensors to the glove.

Conductive metal thread made from stainless steel was used to make the wearable circuits.

E6000 was also used to adhere the thread and to insulate them from shorting with each other.

Also using E6000, the custom designed PCB was adhered to the back of the leather glove on

the Velcro strap to allow the wearer to easily put on and take off the glove.

Designing the circuit board

The circuit board was designed in EAGLE CAD and board and circuit schematics are available

in S3–S13 Figs. The PCB was designed to carry an on/off switch, a battery, power regulators,

resistors, capacitors, inputs for the Teensy 3.1, the BLE nrf8001, the MPU 6050, and nine volt-

age divider circuits. The gerber files are available for download as S1 File.

Code

The Teensy was coded in the Arduino IDE. This code is available for download as S2 File.

Letter selection

Letters were selected by monitoring the state of each sensor, assigning a 0 or 1 depending on

the amount the finger was bent (0 for relaxed, 1 for bent). The individual numbers for each

knuckle were then concatenated into a nine-digit code by summing powers of 10 (see code).

For example, if the hand were completely relaxed, the code would read “000000000” and if a

fist were formed, bending all knuckles, the code would be “111111111.” Each letter was

assigned a nine-digit key. The table used to determine which letter would be assigned which

key is shown below in S14 Fig. This image shows the table, the order of the sensors in building

the key, and which letters have degenerate keys along with which hardware would be required

to differentiate between those letters. The outputs of the pressure sensor and accelerometer are

shown in S15 Fig. A video of the gesture recognition and ASL translation is available for down-

load as S3 File.

Virtual hand

The glove sensor was interfaced with a virtual hand using a custom-built, object-oriented

Python code. First, a twenty-four-node hand model was constructed in Cartesian coordinates.

Each proximal and metacarpal knuckle was associated with three nodes to form a joint object.

Each joint object had a bending state associated with it, as well as a method for adjusting the

Wireless gesture decoder with low-power and stretchable electronics
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bending state using a standard geometrical transformation. A simple algorithm was designed

to take in the voltage signals from the Arduino (either through a serial port, or a text file) and

match the bending state of each knuckle on the virtual hand to that of the real hand. The tra-

jectory of the hand was saved to a file for subsequent visualization with the open visualization

tool OVITO[30]. The code is openly available on the following github repository: https://

github.com/seroot/Glove. A video of the system recognizing gesture to control a virtual hand

is available for download as S4 File.

Results and discussion

The key aspects of the system are illustrated in Fig 1. The system prototype was constructed on

the dorsal side of a leather athletic glove and comprised two main components: one for sens-

ing, and one for computation (Fig 1A). The sensing component used nine elastomeric strain

sensors, placed over each metacarpal and proximal knuckle, and one pressure sensor placed

on the thumb. The computation component, detailed in Fig 1B, employed a custom printed

circuit board (PCB) that integrated a microprocessor (Teensy 3.1), Bluetooth low-energy chip

(BLE 4.0 nRF8001), and 6-axis accelerometer/gyroscope (MPU 6050) (Fig 1B). The PCB also

incorporated nine voltage divider circuits (Fig 1C), which were used to convert the dynami-

cally-varying resistance of each strain sensor into a voltage. Conductive thread was used to

connect each sensor to the PCB. A schematic diagram of the flow of information is depicted in

Fig 1D. The process began with a physical gesture, whereby the bending of different knuckles

exerted different amounts of strain on each of the sensors. When the fingers were bent, the

sensors underwent a reversible increase in their measured resistance. The complete process

occurred in four steps: (1) a gesture was made and the strain sensors transduced the positions

of the knuckles into variable resistance values; (2) the values of resistance were converted into

voltages using the voltage dividers; (3) the Teensy microcontroller unit (MCU) measured each

of the nine voltages and used them to generate a 9-bit binary key describing the state of each

knuckle; and (4) the binary key was used to determine which letter was to be transmitted wire-

lessly. The computation was done onboard the wearable device to limit the amount of infor-

mation that needed to be sent wirelessly and to keep the power consumption of the system

Fig 1. Overview of the gesture-decoding glove. (a) Photograph of the glove. (b) Photograph detailing the

breakout boards for the MCU, accelerometer, and Bluetooth on the PCB. (c) A circuit diagram of a voltage

divider. (d) Schematic drawing of wireless gesture recognition system and the flow of information. Step 1: a

gesture was made and the strain sensors transduced the positions of the knuckles into variable resistance

values. Step 2: the variable values of resistance were converted into voltages by the voltage dividers. Step 3:

the MCU measured the nine voltages and, through a binary comparison process, used them to generate a

nine-bit key. Step 4: the binary key was used to determine which letter was to be transmitted wirelessly.

https://doi.org/10.1371/journal.pone.0179766.g001
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low. An accelerometer and commercially available pressure sensor were added (S3 Fig) to

enable the system to distinguish between letters with degenerate codes (E/S, G/L, H/K, R/U/V)

or that required motion (I/J and D/Z). The glove was able to successfully determine all 26 let-

ters of the alphabet (see Supporting Information for the criteria for letter detection).

To transduce the bending motions of the knuckles into an electrical signal, mechanically

compliant strain sensors were fabricated using a commercially available conductive composite

(DAG-T-502, Ted Pella, Inc.) as the piezoresistive material (Fig 2A). Fig 2B illustrates the

device layers in an exploded view. The sensors were fabricated by painting the composite layer

(~50 μm) onto a PDMS substrate (~350 μm). Copper tape and stainless steel thread were then

added before encapsulating the device in polyurethane (PU, ~200 μm). The average total thick-

ness of the devices was 616 μm ± 50.2 μm. The PU encapsulant increased the durability of the

sensor against abrasion, reinforced the weak interface between the copper tape and carbon

ink, and prevented the delamination of the piezoresistive layer and the PDMS substrate after

repeated cycles of deformation. A scanning electron microscope (SEM) image of the cross-sec-

tional interface of the devices is shown in Fig 2C. Further magnification of the composite films

(Fig 2D and Fig 2E) shows that the piezoresistive layer consists of nanoscale carbon particles

(~100 nm) connected by an amorphous, elastomeric network. The sensors were designed to be

low-cost and easy to process, have an easily measureable change in resistance (ΔR) when bent

on the knuckles, and to output a consistent electrical signal over many strain cycles without

interfering with the movement of the glove.

Materials for the piezoresistive sensor were selected because of their mechanical durability,

ease of processing, low cost and commercial availability. The DAG-T-502 was mechanically

stable enough to accommodate the interface between the stretchable conducting material and

the copper contacts. PDMS substrates were simple to cast as smooth, thin substrates and the

PU encapsulant provided increased mechanical stability using a simple dip coating method.

Both the PDMS substrate (20:1 base:crosslinker) and PU encapsulant have low tensile moduli,

1 MPa[31] and 7.5 MPa.[32] Conductive thread was used instead of metal wiring to better

integrate the circuitry with textiles. Open-source electronics were chosen for their low cost,

availability, and ease of integrating the whole system. The goal was thus to make rapid

Fig 2. Overview of the wearable piezoresistive sensors. (a) Photograph of the sensor. (b) Schematic

diagram of the sensor. (c) Cross-sectional optical micrograph of the sensor. (d) SEM image of the surface of

the conductive fluoroelastomer. (e) SEM image of the nanoscopic carbon particles.

https://doi.org/10.1371/journal.pone.0179766.g002
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prototyping and testing of new materials and hybrid electronic devices a realistic process for

research laboratories who may not be experts in electrical engineering.

To investigate the strain distribution and fatigue experienced by the sensors during bend-

ing, four sensors were selected for electromechanical characterization. The sensors were

adhered to the middle metacarpal position of a glove and a fist was tightly formed. The

induced deformation and strain produced an average increase in resistance from Runbent

560 ± 120 O to Rbent 1120 ± 280 O, corresponding an increase of resistance of a factor of 2 (Fig

3A, red curve). (Variation between sensors was attributed to the hand painting of the piezo-

electric carbon layer and the distribution of resistance values can easily be accounted for in the

calibration of the sensor system.) The sensor was then removed from the glove and placed on a

linear actuator where controlled amounts of strain were used to achieve the same increase in

resistance (Fig 3A, black curve). From this measurement, an average strain of 4.5 ± 1% was

estimated across the sensor when the strain was applied linearly (Fig 3B top). Using FEA

modeling, the strain distribution of a sensor under linear strain and of a sensor that was bent

to the same radius of curvature as a knuckle-mounted sensor were simulated (Fig 3B bottom).

From the FEA model of the bent sensor, the peak strain was estimated to be around 5.5%.

Fig 3C (red) shows the experimentally measured non-linear resistance as a function of

strain. Analysis of the stress-strain curve (Fig 3C, black curve) revealed a tensile modulus of

3.9 MPa and elastic behavior within the working range of the sensors. Though the modulus is

still roughly 100 times that of skin,[33] the sensors are not perceptible by the user the through

the glove, which is much stiffer than the sensors. Sensors had a near instantaneous response

time when strained, measured to be 0.2 ± 0.05 s and a significantly larger response time related

to the relaxation of the fingers, measured to be 1.7 ± 0.1 s, due to viscoelastic properties of the

Fig 3. Characterization of the piezoresistance and FEA strain modeling of the sensors. (a) Resistance

vs. strain of a representative strain sensor on the hand (red) and under controlled stretching conditions on a

linear actuator (black). (b) Finite-element model simulating the strain distribution across the surface of the

sensor in a linear stretching mode (top) and a knuckle strain regime (bottom). (c) Stress-strain (black) and

resistance-strain (red) curves of the sensors measuring a tensile modulus of 3.9 MPa. (d) Resistance vs.

strain of the same sample when cycled up to 1,000 times at 5.5%.

https://doi.org/10.1371/journal.pone.0179766.g003

Wireless gesture decoder with low-power and stretchable electronics

PLOS ONE | https://doi.org/10.1371/journal.pone.0179766 July 12, 2017 6 / 12

https://doi.org/10.1371/journal.pone.0179766.g003
https://doi.org/10.1371/journal.pone.0179766


stretchable sensor. A plot of the hysteresis can be found in the Supporting Information (S16

Fig) Finally, the elastomeric sensors were repeatedly strained to their peak strain to determine

the effect of fatigue on the electrical signal (Fig 4D). After 1,000 cycles, the relative change in

resistance increased from 1.2 to 2.9, but the ability of the system to determine the correct letter

was preserved, as the code responsible for letter detection is only dependent on the resistance

exceeding a preset threshold voltage. In fact, a larger increase in resistance with strain poten-

tially improve the ability to detect the letter, as it is the differences in resistance that matter.

The MCU was programmed to determine the correct letter by generating a nine-digit

binary key based on the on/off states of the nine sensors. The red curves in Fig 4A show the

voltage values associated with each sensor as the hand signed the letters of the ASL alphabet in

order. When the knuckle was bent, the value of resistance across the sensor (and thus the value

of the voltage measured by the MCU) increased. If the value of the voltage was measured to be

higher than that of the pre-programmed threshold value (dotted horizontal line in each chart),

the sensor was assigned a 1. A knuckle not sufficiently bent was assigned a 0. A nine-digit key

was then formed by concatenating the individual values assigned to each sensor, and these

keys were associated with corresponding letters of the ASL alphabet (they key generation table

is available in S14 Fig). Fig 4B shows the hand in configurations corresponding to the letters

‘U’ ‘C’ ‘S’ and ‘D’. These letters were sent wirelessly to a smartphone (Fig 4C and video S3

File). By feeding the serial output of the sensors into a model of a virtual hand, we were able to

make a virtual hand reproduce the ASL sign gestures (Fig 4D and video S4 File). Using an

accelerometer and pressure sensor to enable the system to distinguish between letters with

degenerate codes (E/S, G/L, H/K, R/U/V) or that required motion (I/J and D/Z), the glove was

able to determine all 26 letters of the alphabet (S15 Fig).

Conclusion

Through the integration of piezoresistive elastomers, open-source computation, and low-energy

Bluetooth, we developed a low-cost system for decoding and transmitting human hand gestures.

This system can serve as a test-bed platform for new materials, flexible hybrid electronics, and

low-power circuits in human-machine interfaces. Attractive features of the system are low-cost

(less than $100), modularity (the materials and components can be exchanged), and a complete

description (in the Supporting Information), which will allow other laboratories to use the sys-

tem. In particular, the stretchable conductive elastomer used as the piezoresistive sensors is

Fig 4. Deciphering hand gestures into the letters of ASL alphabet. (a) Voltage values associated with

each knuckle while as the hand signs the letters of the ASL alphabet in order. Each sign was given ~30 s to

form and hold the letter and, with the use of a pressure sensor and accelerometer, all 26 letters were

successfully transcribed. The dotted lines represent the threshold value to determine the on/off state of the

sensor. (b) Photographs of the hand in configurations corresponding to the ASL gestures for the letters ‘U’ ‘C’

‘S’ and ‘D’. (c) Screen shots of a smartphone as the letters were received to construct a word. (d) Images of a

virtual hand in which the bending state of each finger corresponded to the resistance values of the sensors.

https://doi.org/10.1371/journal.pone.0179766.g004

Wireless gesture decoder with low-power and stretchable electronics

PLOS ONE | https://doi.org/10.1371/journal.pone.0179766 July 12, 2017 7 / 12

https://doi.org/10.1371/journal.pone.0179766.g004
https://doi.org/10.1371/journal.pone.0179766


commercially available and thus may play a similar role in stretchable electronics for human-

machine interfaces as PDMS now plays in micropatterning and soft robotics. While the elec-

tronic components used to decode and transmit the data are modified from rigid, off-the-shelf

components, there is an opportunity to make purpose-designed components in flexible, hybrid

form factors. The materials and methods described here for the recognition of human gestures

could also be applied to gather biometric and diagnostic data. The availability of open-sourced,

test-bed systems can accelerate the development of materials and integration strategies for low-

cost human-machine interfaces.

Supporting information

S1 Fig. Parts list and cost. Cost of parts to fabricate the sensor glove. Adjusted costs were esti-

mated at $1.00 for cases in which a very small amount of the contents of the container indi-

cated were used.

(TIF)

S2 Fig. Fabrication schematic of the piezoresistive sensors. A schematic diagram of the fab-

rication process is depicted in S1 Fig. Poly(dimethylsiloxane) (PDMS) (Dow Corning Slygard

184 with a base to cross-linker ratio of 20:1) was pour cast in a Petri dish and cured at 70˚C for

1 h. To create the substrate, the PDMS was cut into strips with dimensions 3 cm × 0.5

cm × 340 μm. Carbon paint (Ted Pella DAG-T-502) was then painted on produce a piezoresis-

tive film roughly 50 μm in thickness. Copper tape was then wrapped around each end of the

sensor while a stainless steel thread was added to provide a secure electrical contact. Additional

carbon paint was added on top of the device to reinforce the mechanical and electrical inter-

face. Finally, the strain sensor was dipped in 10% polyurethane (PU) in tetrahydrofuran (THF)

to provide an encapsulating layer.

(TIF)

S3 Fig. Designing the circuit board. Image of the EAGLE CAD board. The PCB was designed

to carry an on/off switch, a battery, power regulators, resistors, capacitors, inputs for the

Teensy 3.1, the BLE nrf8001, the MPU 6050, and nine voltage divider circuits. The gerber files

(“gerber.zip”) are attached to the SI and the PCB board was fabricated at 4pcb.com.

(TIF)

S4 Fig. EAGLE CAD circuit schematic for the power system. Image of the EAGLE CAD cir-

cuit schematic for the power system.

(TIF)

S5 Fig. EAGLE CAD circuit schematic for the microcontroller. Image of the EAGLE CAD

circuit schematic for the microcontroller.

(TIF)

S6 Fig. EAGLE CAD circuit schematic for the Bluetooth system. Image of the EAGLE CAD

circuit schematic for the Bluetooth system.

(TIF)

S7 Fig. EAGLE CAD circuit schematic for the thumb sensor. Image of the EAGLE CAD cir-

cuit schematic for the thumb sensor.

(TIF)

S8 Fig. EAGLE CAD circuit schematic for the index sensors. Image of the EAGLE CAD cir-

cuit schematic for the index sensors.

(TIF)
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S9 Fig. EAGLE CAD circuit schematic for the middle finger sensors. Image of the EAGLE

CAD circuit schematic for the middle finger sensors.

(TIF)

S10 Fig. EAGLE CAD circuit schematic for the ring finger sensors. Image of the EAGLE

CAD circuit schematic for the ring finger sensors.

(TIF)

S11 Fig. EAGLE CAD circuit schematic for the pinky sensor system. Image of the EAGLE

CAD circuit schematic for the pinky sensor system.

(TIF)

S12 Fig. EAGLE CAD circuit schematic for the touch sensor. Image of the EAGLE CAD cir-

cuit schematic for the touch sensor. The system was designed with two touch sensors but only

one was needed.

(TIF)

S13 Fig. EAGLE CAD circuit schematic for the accelerometer/gyroscope. Image of the

EAGLE CAD circuit schematic for the accelerometer/gyroscope.

(TIF)

S14 Fig. Letter selection table. Key generation table indicating which letters correspond to

which keys. The table also shows which letters have redundant keys and which type of hard-

ware was used to differentiate those redundant letters. Letters were selected by monitoring the

state of each sensor, assigning a 0 or 1 depending on the amount the finger was bent (0 for

relaxed, 1 for bent). The individual numbers for each knuckle were then concatenated into a

nine-digit code by summing powers of 10 (see code). For example, if the hand were completely

relaxed, the code would read “000000000” and if a fist were formed, bending all knuckles, the

code would be “111111111.” Each letter was assigned a nine-digit key. The table used to deter-

mine which letter would be assigned which key is shown below in S5 Fig. This image shows

the table, the order of the sensors in building the key, and which letters have degenerate keys

along with which hardware would be required to differentiate between those letters.

(TIF)

S15 Fig. Determining degenerate keys using pressure sensors and an accelerometer.

Table depicting the serial outputs of the parameters used to differentiate between letters with

degenerate keys. A pressure sensor was used to differentiate between E/S, G/L, H/K, and R/U/

V while an accelerometer was used to decouple the letters D/Z and I/J. The threshold for the x-

acceleration was set to |3000|, while the pressure sensor was set to Pressure = 3.3 for high,

3.3> Pressure� 1.0 for med, and 1.0 > Pressure for low.

(TIF)

S16 Fig. Hysteresis of the stretchable strain sensors. Hysteresis of the resistance vs. strain as

the sensor was stretched from rest to 5.5%, the controllably released back to its initial length.

(The drop in resistance at 5.5% is due to the pause of the machine and viscoelastic effects in

the sensor).

(TIF)

S1 File. PCB gerber files.

(ZIP)

S2 File. Arduino code.

(INO)
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S3 File. Video of gesture recognition and ASL translation.

(MP4)

S4 File. Video of gesture recognition and control of the virtual hand.

(MP4)

Acknowledgments

This work was supported by the National Institutes of Health Director’s New Innovator

Award number 1DP2EB022358-01. An earlier prototype of the device that used conductive

polymers as the strain sensors, and from which we drew inspiration for the device in its cur-

rent form was supported by the Air Force Office of Scientific Research Young Investigator

Program grant number FA9550-13-1-0156. Additional support was provided by the Center for

Wearable Sensors in the Jacobs School of Engineering at the University of California San

Diego, and member companies Qualcomm, Sabic, Cubic, Dexcom, Honda, Samsung, and

Sony. T. F. O. acknowledges support from the National Defense Science and Engineering

Graduate fellowship program sponsored by the Office of Navy Research. The funders had no

role in study design, data collection and analysis, decision to publish, or preparation of the

manuscript.

Author Contributions

Conceptualization: Timothy F. O’Connor, Matthew E. Fach, Patrick P. Mercier, Darren J.

Lipomi.

Data curation: Timothy F. O’Connor, Matthew E. Fach, Patrick P. Mercier, Darren J. Lipomi.

Formal analysis: Timothy F. O’Connor, Matthew E. Fach, Samuel E. Root, Darren J. Lipomi.

Funding acquisition: Timothy F. O’Connor, Darren J. Lipomi.

Investigation: Timothy F. O’Connor, Matthew E. Fach, Rachel Miller, Samuel E. Root.

Methodology: Timothy F. O’Connor, Matthew E. Fach.

Project administration: Timothy F. O’Connor.

Resources: Darren J. Lipomi.

Software: Timothy F. O’Connor, Matthew E. Fach, Samuel E. Root.

Supervision: Patrick P. Mercier, Darren J. Lipomi.

Validation: Timothy F. O’Connor.

Visualization: Timothy F. O’Connor, Samuel E. Root.

Writing – original draft: Timothy F. O’Connor, Darren J. Lipomi.

Writing – review & editing: Timothy F. O’Connor, Samuel E. Root, Patrick P. Mercier, Dar-

ren J. Lipomi.

References
1. Albert DR, Todt MA, Davis HF. A low-cost quantitative absorption spectrophotometer. J Chem Educ.

2012; 89: 1432–1435. https://doi.org/10.1021/ed200829d

2. Schausberger SE, Kaltseis R, Drack M, Cakmak UD, Major Z, Bauer S. Cost-Efficient Open Source

Desktop Size Radial Stretching System With Force Sensor. IEEE Access. 2015; 3: 556–561. https://

doi.org/10.1109/ACCESS.2015.2433398

Wireless gesture decoder with low-power and stretchable electronics

PLOS ONE | https://doi.org/10.1371/journal.pone.0179766 July 12, 2017 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179766.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179766.s020
https://doi.org/10.1021/ed200829d
https://doi.org/10.1109/ACCESS.2015.2433398
https://doi.org/10.1109/ACCESS.2015.2433398
https://doi.org/10.1371/journal.pone.0179766


3. Xia Y, Whitesides GM. Soft Lithography. Angew Chem Int Ed. 1998; 37: 550–575. https://doi.org/10.

1146/annurev.matsci.28.1.153

4. Zhao H, O ‘brien K, Li S, Shepherd RF. Optoelectronically innervated soft prosthetic hand via stretch-

able optical waveguides. Sci Robot. 2016; 7529: eaai7529. https://doi.org/10.1126/scirobotics.aai7529

5. Zhou H, Hu H. Human motion tracking for rehabilitation-A survey. Biomed Signal Process Control.

2008; 3: 1–18. https://doi.org/10.1016/j.bspc.2007.09.001

6. Zhou H, Stone T, Hu H, Harris N. Use of multiple wearable inertial sensors in upper limb motion tracking.

Med Eng Phys. 2008; 30: 123–133. https://doi.org/10.1016/j.medengphy.2006.11.010 PMID:

17251049

7. Maletsky LP, Sun J, Morton NA. Accuracy of an optical active-marker system to track the relative motion

of rigid bodies. J Biomech. 2007; 40: 682–685. https://doi.org/10.1016/j.jbiomech.2006.01.017 PMID:

16580000

8. Milne AD, Chess DG, Johnson JA, King G. Accuracy of an electromagnetic tracking device: A study of

the optimal operating range and metal interference. J Biomech. 1996; 29: 791–793. https://doi.org/10.

1016/0021-9290(96)83335-5 PMID: 9147976

9. Mastorakis G, Makris D. Fall detection system using Kinect???s infrared sensor. J Real-Time Image

Process. 2012; 9: 635–646. https://doi.org/10.1007/s11554-012-0246-9

10. Marescaux J, Leroy J, Gagner M, Rubino F, Mutter D, Vix M, et al. Transatlantic robot-assisted telesur-

gery. Nature. 2001; 413: 379–380. https://doi.org/10.1038/35096636 PMID: 11574874

11. Datta V, Mackay S, Mandalia M, Darzi A. The use of electromagnetic motion tracking analysis to objec-

tively measure open surgical skill in the laboratory-based model. J Am Coll Surg. 2001; 193: 479–485.

https://doi.org/10.1016/S1072-7515(01)01041-9 PMID: 11708503

12. Nagi J, Giusti A, Di Caro GA, Gambardella LM. Human Control of UAVs using Face Pose Estimates

and Hand Gestures. Proc 2014 ACM/IEEE Int Conf Human-robot Interact—HRI ‘14. 2014; 252–253.

10.1145/2559636.2559833

13. Lapides P, Sharlin E, Sousa MC. Three Dimensional Tangible User Interface for Controlling a Robotic

Team. Human-Robot Interact (HRI), 2008 3rd ACM/IEEE Int Conf. 2008; 343–350. 10.1145/

1349822.1349867

14. Ying M, Bonifas AP, Lu N, Su Y, Li R, Cheng H, et al. Silicon nanomembranes for fingertip electronics.

Nanotechnology. 2012; 23: 344004. https://doi.org/10.1088/0957-4484/23/34/344004 PMID: 22885907

15. Gong S, Lai DTH, Wang Y, Yap LW, Si KJ, Shi Q, et al. Tattoolike Polyaniline Microparticle-Doped Gold

Nanowire Patches as Highly Durable Wearable Sensors. ACS Appl Mater Interfaces. 2015; 7: 19700–

19708. https://doi.org/10.1021/acsami.5b05001 PMID: 26301770

16. Savagatrup S, Chan E, Renteria-Garcia SM, Printz AD, Zaretski A V., O’Connor TF, et al. Plasticization

of PEDOT:PSS by common additives for mechanically robust organic solar cells and wearable sensors.

Adv Funct Mater. 2015; 25: 427–436. https://doi.org/10.1002/adfm.201401758

17. Yan C, Wang J, Kang W, Cui M, Wang X, Foo CY, et al. Highly stretchable piezoresistive graphene-

nanocellulose nanopaper for strain sensors. Adv Mater. 2014; 26: 2022–2027. https://doi.org/10.1002/

adma.201304742 PMID: 24343930

18. Park J, You I, Shin S, Jeong U. Material approaches to stretchable strain sensors. ChemPhysChem.

2015; 16: 1155–1163. https://doi.org/10.1002/cphc.201402810 PMID: 25641620

19. Sekitani T, Someya T. Stretchable, large-area organic electronics. Adv Mater. 2010; 22: 2228–2246.

https://doi.org/10.1002/adma.200904054 PMID: 20229571

20. Muth JT, Vogt DM, Truby RL, Meng???? Y, Kolesky DB, Wood RJ, et al. Embedded 3D printing of strain

sensors within highly stretchable elastomers. Adv Mater. 2014; 26: 6307–6312. https://doi.org/10.1002/

adma.201400334 PMID: 24934143

21. Akter T, Kim WS. Reversibly stretchable transparent conductive coatings of spray-deposited silver

nanowires. ACS Appl Mater Interfaces. 2012; 4: 1855–1859. https://doi.org/10.1021/am300058j PMID:

22471630

22. Lin Y, Cooper C, Wang M, Adams JJ, Genzer J, Dickey MD. Handwritten, Soft Circuit Boards and

Antennas Using Liquid Metal Nanoparticles. Small. 2015; 11: 6397–6403. https://doi.org/10.1002/smll.

201502692 PMID: 26568095

23. Wang T, Guo Y, Wan P, Zhang H, Chen X, Sun X. Flexible Transparent Electronic Gas Sensors. Small.

2016; 3748–3756. https://doi.org/10.1002/smll.201601049 PMID: 27276698

24. Ch EAR. Re s ear ch | r e p o r t s. 2008;21.

25. Haj-Omar A, Thompson WL, Kim YS, Glick P, Tolley M, Coleman TP. Stretchable and flexible adhe-

sive-integrated antenna for biomedical applications. 2016 IEEE Antennas Propag Soc Int Symp

APSURSI 2016—Proc. 2016; 459–460. 10.1109/APS.2016.7695938

Wireless gesture decoder with low-power and stretchable electronics

PLOS ONE | https://doi.org/10.1371/journal.pone.0179766 July 12, 2017 11 / 12

https://doi.org/10.1146/annurev.matsci.28.1.153
https://doi.org/10.1146/annurev.matsci.28.1.153
https://doi.org/10.1126/scirobotics.aai7529
https://doi.org/10.1016/j.bspc.2007.09.001
https://doi.org/10.1016/j.medengphy.2006.11.010
http://www.ncbi.nlm.nih.gov/pubmed/17251049
https://doi.org/10.1016/j.jbiomech.2006.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16580000
https://doi.org/10.1016/0021-9290(96)83335-5
https://doi.org/10.1016/0021-9290(96)83335-5
http://www.ncbi.nlm.nih.gov/pubmed/9147976
https://doi.org/10.1007/s11554-012-0246-9
https://doi.org/10.1038/35096636
http://www.ncbi.nlm.nih.gov/pubmed/11574874
https://doi.org/10.1016/S1072-7515(01)01041-9
http://www.ncbi.nlm.nih.gov/pubmed/11708503
https://doi.org/10.1088/0957-4484/23/34/344004
http://www.ncbi.nlm.nih.gov/pubmed/22885907
https://doi.org/10.1021/acsami.5b05001
http://www.ncbi.nlm.nih.gov/pubmed/26301770
https://doi.org/10.1002/adfm.201401758
https://doi.org/10.1002/adma.201304742
https://doi.org/10.1002/adma.201304742
http://www.ncbi.nlm.nih.gov/pubmed/24343930
https://doi.org/10.1002/cphc.201402810
http://www.ncbi.nlm.nih.gov/pubmed/25641620
https://doi.org/10.1002/adma.200904054
http://www.ncbi.nlm.nih.gov/pubmed/20229571
https://doi.org/10.1002/adma.201400334
https://doi.org/10.1002/adma.201400334
http://www.ncbi.nlm.nih.gov/pubmed/24934143
https://doi.org/10.1021/am300058j
http://www.ncbi.nlm.nih.gov/pubmed/22471630
https://doi.org/10.1002/smll.201502692
https://doi.org/10.1002/smll.201502692
http://www.ncbi.nlm.nih.gov/pubmed/26568095
https://doi.org/10.1002/smll.201601049
http://www.ncbi.nlm.nih.gov/pubmed/27276698
https://doi.org/10.1371/journal.pone.0179766


26. Gerratt AP, Michaud HO, Lacour SP. Elastomeric electronic skin for prosthetic tactile sensation. Adv

Funct Mater. 2015; 25: 2287–2295. https://doi.org/10.1002/adfm.201404365

27. Lim S, Son D, Kim J, Lee YB, Song JK, Choi S, et al. Transparent and stretchable interactive human

machine interface based on patterned graphene heterostructures. Adv Funct Mater. 2015; 25: 375–

383. https://doi.org/10.1002/adfm.201402987

28. Amjadi M, Pichitpajongkit A, Lee S, Ryu S, Park I. Highly stretchable and sensitive strain sensor based

on silver nanowire-elastomer nanocomposite. ACS Nano. 2014; 8: 5154–5163. https://doi.org/10.1021/

nn501204t PMID: 24749972

29. Yamada T, Hayamizu Y, Yamamoto Y, Yomogida Y, Izadi-Najafabadi A, Futaba DN, et al. A stretchable

carbon nanotube strain sensor for human-motion detection. Nat Nanotechnol. Nature Publishing

Group; 2011; 6: 296–301. https://doi.org/10.1038/nnano.2011.36 PMID: 21441912

30. Stück R, Burger M, Hohage T. The iteratively regularized Gauss–Newton method with convex con-

straints and applications in 4Pi microscopy. Inverse Probl. 2012; 28: 15012. https://doi.org/10.1088/

0266-5611/28/1/015012

31. Wang Z, Volinsky AA, Gallant ND. Nanoindentation study of polydimethylsiloxane elastic modulus

using berkovich and flat punch tips. J Appl Polym Sci. 2015; 132: 1–7. https://doi.org/10.1002/app.

41437

32. Nunes RCR, Fonseca JLC, Pereira MR. Polymer-filler interactions and mechanical properties of a poly-

urethane elastomer. Polym Test. 2000; 19: 93–103. https://doi.org/10.1016/S0142-9418(98)00075-0

33. Pailler-Mattei C, Bec S, Zahouani H. In vivo measurements of the elastic mechanical properties of

human skin by indentation tests. Med Eng Phys. 2008; 30: 599–606. https://doi.org/10.1016/j.

medengphy.2007.06.011 PMID: 17869160

Wireless gesture decoder with low-power and stretchable electronics

PLOS ONE | https://doi.org/10.1371/journal.pone.0179766 July 12, 2017 12 / 12

https://doi.org/10.1002/adfm.201404365
https://doi.org/10.1002/adfm.201402987
https://doi.org/10.1021/nn501204t
https://doi.org/10.1021/nn501204t
http://www.ncbi.nlm.nih.gov/pubmed/24749972
https://doi.org/10.1038/nnano.2011.36
http://www.ncbi.nlm.nih.gov/pubmed/21441912
https://doi.org/10.1088/0266-5611/28/1/015012
https://doi.org/10.1088/0266-5611/28/1/015012
https://doi.org/10.1002/app.41437
https://doi.org/10.1002/app.41437
https://doi.org/10.1016/S0142-9418(98)00075-0
https://doi.org/10.1016/j.medengphy.2007.06.011
https://doi.org/10.1016/j.medengphy.2007.06.011
http://www.ncbi.nlm.nih.gov/pubmed/17869160
https://doi.org/10.1371/journal.pone.0179766



