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Moreover, near fi eld communication (NFC) antenna based on 
EES technology has also been reported. [ 13,15,17 ]  

 The thinness and softness of EES, however, lead to collapsing 
and crumpling after it is peeled off human skin, making its use 
as a disposable electronic tattoo ideal. As a result, the success 
of EES hinges on the realization of low-cost, high-throughput 
manufacture. Current EES manufacture relies on standard 
microelectronics fabrication processes including vacuum 
deposition of fi lms, spin coating, photolithography, wet and 
dry etching, as well as transfer-printing. [ 8,13,17 ]  Although it has 
been proved effective, there are several limitations associated 
with such process: fi rst, a rigid handle wafer has to be used for 
photolithography, making it incompatible with roll-to-roll pro-
cess; second, the high cost associated with cleanroom facilities, 
photo masks, photolithography chemicals, and manpower pre-
vents EES from being inexpensive and disposable; third, high 
vacuum fi lm deposition is time consuming and hence imprac-
tical for growing thick fi lms; fourth, the EES size is confi ned 
by the size of the handle wafer, whose size is limited by the 
smallest vacuum chamber throughout the process; and last but 
not least, the high manpower demand of the manufacturing 
process greatly limits the accessibility of EES. 

 Our newly invented “cut-and-paste” method offers a very 
simple and immediate solution to the above mentioned chal-
lenges. Instead of high vacuum metal deposition, thin metal-
on-polymer laminates of various thicknesses can be directly 
purchased from industrial manufacturers. Instead of using 
photolithography patterning, a benchtop programmable cut-
ting machine is used to mechanically carve out the patterns 
as designed, with excess being removed, which is a freeform, 
subtractive manufacturing process, inverse to the popular 
freeform, additive manufacturing technology. [ 18 ]  The cutting 
machine can pattern on thin sheet metals and polymers up 
to 12 inches wide and several feet long, largely exceeding lab-
scale wafer sizes. Since the patterns can be carved with the 
support of thermal release tapes (TRTs), whose adhesive can 
be released after heating, the patterned fi lms can be directly 
printed onto a variety of tattoo adhesives and medical tapes 
with almost 100% yield. The whole process can be completed 
on an ordinary bench within 10 min without any wet process, 
which allows rapid prototyping. Equipment used in this pro-
cess only includes a desktop cutting machine for thin fi lm pat-
terning and a hot plate for TRT heating, which enables portable 
manufacture. Since no rigid handle wafer is needed throughout 
the process, the “cut-and-paste” method is intrinsically com-
patible with roll-to-roll manufacture. To demonstrate the “cut-
and-paste” method, multimaterial epidermal sensor systems 

  Our body is radiating data about ourselves continuously and 
individually. Wearable devices that can pick up and transmit 
signals from the human body have the potential to trans-
form mobile health (mHealth) and human–machine interface 
(HMI), which prompted the Forbes Magazine to name 2014 as 
the year of wearable technology. [ 1 ]  However, since wafer-based 
integrated circuits are planar, rigid, and brittle, state-of-the-art 
wearable devices are mostly in the form factors of “chips on 
tapes” or “bricks on straps,” which are unable to maintain inti-
mate and prolonged contact with the curved, soft, and dynamic 
human body for long-term, high-fi delity physiological signal 
monitoring. [ 2 ]  

 Recent advancements in fl exible and stretchable electronics 
have provided viable solutions to bio-mimetic electronic 
skins [ 3–5 ]  and bio-integrated electronics. [ 6,7 ]  Among many break-
throughs, epidermal electronic systems (EES) represent a par-
adigm-shift wearable device whose thickness and mechanical 
properties can match that of human epidermis. [ 8 ]  As a result, 
the EES can conform to human skin like a temporary transfer 
tattoo and deform with the skin without detachment or frac-
ture. The EES was fi rst developed to monitor electrophysiolog-
ical (EP) signals, [ 8 ]  and thereafter skin temperature, [ 9,10 ]  skin 
hydration, [ 11–13 ]  sweat, [ 14,15 ]  and even movement disorders. [ 16 ]  
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(ESS) are fabricated and applied to measure EP signals such 
as electrocardiogram (ECG), electromyogram (EMG), electroen-
cephalogram (EEG), skin temperature, skin hydration, and res-
piratory rate. A planar stretchable coil of 9-µm-thick aluminum 
ribbons exploiting the double-stranded serpentine design is 
also integrated on the ESS as a MHz frequency, wireless strain 
gauge, which can also serve as NFC antenna in the future. 

 A schematic of the freeform “cut-and-paste” process is 
shown in  Figure    1  . Since stiff-polymer-supported blanket metal 
fi lms are more stretchable than freestanding metal sheets, [ 19 ]  
we always use metal-on-stiff-polymer laminates as the starting 
materials. Starting materials such as gold (Au) coated polyimide 
and aluminum (Al) coated polyethylene terephthalate (PET) are 
commonly used as thermal control or cable shielding laminates 
and can be purchased from industrial suppliers such as Shel-
dahl (Northfi eld, MN) and Neptco (Pawtucket, RI). We were 
able to purchase a small roll of 9-µm-thick Al on 12-µm-thick 
PET laminates from Neptco. Since only a small amount of poly-
mer-supported Au foils are used in this research but industrial 
quantity can be very expensive, we chose to use thermal evapo-
ration to deposit several batches of 100-nm-thick Au fi lms on 
13-µm-thick transparent PET foils (Goodfellow, USA). A pic-
ture of the Au-on-PET foil is shown in Supporting Information 
Figure S1a. To manufacture Au-based stretchable EP electrodes, 
resistance temperature detectors (RTDs), and impedance sen-
sors, the Au-on-PET foil was uniformly bonded to a fl exible, 
single-sided TRT (Semiconductor Equipment Corp., USA) with 
Au side touching the adhesive of the TRT, as shown in Sup-
porting Information Figure S1b. The other side of the TRT 
was then adhered to a tacky fl exible cutting mat, as shown in 
Figure  1 a and Supporting Information Figure S1c. The cutting 
mat was fed into a programmable cutting machine (Silhouette 
Cameo, USA) with the PET side facing the cutting blade. By 

importing our AutoCAD design into the Silhouette Studio soft-
ware, the cutting machine can automatically carve the Au-on-
PET sheet with designed seams within minutes (Figure  1 b and 
Supporting Information Figure S1d). Once seams were formed, 
the TRT was gently peeled off from the cutting mat (Figure  1 c 
and Supporting Information Figure S1e). Slightly baking the 
TRT on a 115 °C hotplate for 1–2 min (Supporting Informa-
tion Figure S1f) deactivated the adhesives on the TRT so that 
the excesses can be easily peeled off by tweezers (Figure  1 d 
and Supporting Information Figure S1g), leaving only the EP 
electrodes, RTD, and impedance sensors loosely resting on the 
TRT. The patterned devices were fi nally printed onto a target 
substrate with native adhesives, which could be a temporary 
tattoo paper (Silhouette) or a medical tape, such as 3M Tega-
derm transparent dressing or 3M kind removal silicone tape 
(KRST) (Figure  1 e and Supporting Information Figure S1h), 
yielding a Au-based ESS (Figure  1 f and Supporting Information 
Figure S1i). Steps illustrated by Figure  1 a–e can be repeated 
for other thin sheets of metals and polymers, which can be 
printed on the same target substrate with alignment markers, 
rendering a multimaterial, multiparametric ESS ready for skin 
mounting. 

  A multimaterial, multiparametric ESS supported by trans-
parent temporary tattoo paper and its white liner is shown in 
 Figure    2  a, which includes three Au-based fi lamentary serpen-
tine (FS) EP electrodes, one Au-based FS RTD, two Au-based 
dot-ring impedance sensors, and an Al-based planar stretch-
able coil. In this picture, all Au-based sensors have the Au side 
facing up and in the future touching human skin as Au is a bio-
compatible metal. The stretchable coil, however, has the blue 
colored PET facing up because PET has demonstrated good 
biocompatibility [ 20 ]  but some people’s skin can be allergic to 
Al. For the three EP electrodes, the interelectrode distance is 
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 Figure 1.    Schematics for the “cut-and-paste” process. a) Au-PET-TRT (APT) laminated on the cutting mat with PET being the topmost layer. b) Carving 
designed seams in the Au-PET layer by an automated mechanical cutting machine. c) Peeling APT off the cutting mat. d) Removing excessive Au-PET 
layer after deactivating the TRT on hot plate. e) Printing patterned Au-PET layer onto target substrate. f) Resulted epidermal sensor system (ESS) with 
Au being the topmost layer.
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set to be 2 cm for effective EP signal recording. [ 21 ]  The FS is 
designed with a 1/5 ribbon width to arc radius ratio in order to 
balance the trade-off between stretchability and occupied area, 
according to our recent mechanics of serpentine research. [ 22 ]  
The same FS design is not applicable to the stretchable Al coil 
because it will consume too much space when many turns are 
needed for higher inductance. Therefore a double-stranded 
serpentine design is proposed (Figure  2 a), which saves space 
without compromising the number of turns or the stretch-
ability too much. The two longhorns at the upper left and 
right corners of the Au pattern serve as alignment markers for 
printing Au and Al devices on the same tape. The overall size of 
the device area is 7.5 cm × 5 cm. Detailed quality examination 
of “cut-and-paste” manufactured specimens is provided in Sup-
porting Information Figures S2–S4. 

  The Young’s moduli of the different materials used in ESS 
and ESS itself are measured by uniaxial tension tests using 
an RSA-G2 dynamic mechanical analyzer (TA Instruments) 
and summarized in Supporting Information Figure S5 and 
Supporting Information Table S1. Out of all substrate mate-
rials that have been tested, including tattoo paper, Tegaderm, 
and KRST, Tegaderm is the most compliant one. It’s modulus 
(7.4 MPa) is close to the high end of the modulus of human 
skin (0.32–4 MPa [ 23 ] ) Supporting Information Figure S5c shows 
that Tegaderm is composed of a backing layer and an adhe-
sive layer. Using a scotch tape to peel the adhesive layer off the 

backing layer, we measured the stress–strain curves of each 
layer as shown in Supporting Information Figure S5d. 

 The stretchability of different serpentine ribbons on Tega-
derm tapes was tested using a customized tensile tester with 
in situ resistance measurement and top down webcam obser-
vation (Figure  2 b, left panel). [ 24 ]  When electrical resistance is 
measured as a function of the applied uniaxial tensile strain, the 
applied strain at which the resistance explodes (e.g.,  R / R  0  = 1.1) 
is considered the strain-to-rupture or stretchability. [ 19 ]  According 
to Figure  2 b, right panel, while straight Al-on-PET and Au-on-
PET ribbons exhibit limited stretchability (2.89% and 13.72%, 
respectively), their serpentine-shaped ribbons as shown in 
Supporting Information Figure S6a (Al coil), S6b (Au EP elec-
trode), and S6c (Au RTD) are much more stretchable, well 
beyond the elastic limit of human skin (30%). [ 25 ]  For serpen-
tine ribbons such as the Al coil and Au RTD, rupture sites are 
always found at the crest of the arc (Supporting Information 
Figure S6a,c), whereas for serpentine network such as the Au 
EP electrode, fracture occurs fi rst at ribbon intersections (Sup-
porting Information Figure S6b) due to strain concentration 
and overcutting at turning points (Supporting Information 
Figure S4d–i). Cycleability of the Au serpentine was tested on 
an RSA-G2 dynamic mechanical analyzer (TA Instruments) 
with a frequency of 2 Hz. Supporting Information Figure S7 
displays the resistance change of the Au serpentine as a func-
tion of the number of cycles. When applied strain is 20%, the 
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 Figure 2.    Multimaterial, multiparametric ESS. a) Top view of an ESS which incorporates three electrophysiological (EP) electrodes (Au-PET), a resistance 
temperature detector (RTD) (Au-PET), two coaxial dot-ring impedance sensors (Au-PET), and a wireless planar stretchable strain sensing coil (Al-PET), 
all in fi lamentary serpentine (FS) layout. b) Resistance change measured as function of applied strain. “Al” denotes straight Al-PET ribbon, “Au” denotes 
straight Au-PET ribbon, “Coil” denotes Al-PET serpentine ribbon used in wireless strain sensor coil, “EP” denotes Au-PET serpentine ribbon used in 
EP electrode, and “RTD” denotes Au-PET serpentine ribbon used in RTD. c) ESS on human skin demonstrating excellent deformability during stretch 
(top), compression (middle), and shear (bottom). d) Resistance of Al coil and Au RTD before and after all possible deformations of skin-mounted ESS.
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 Supporting Information Figure S8 displays ESS on three 

different types of substrates and how they can be applied 
to human skin. While Tegaderm and tattoo papers are thin, 
transparent, and truly skin-like (Supporting Information 
Figure S8a–h), the KRST is much thicker and behaves like a 
cloth tape (Supporting Information Figure S8i–l). Because of 
the thickness, KRST does not crumple after being peeled off 
from the skin and the silicone adhesive allows multiple attach-
ment and detachment before losing adhesion. Skin–ESS inter-
action is shown in Figure  2 c and more in Supporting Informa-
tion Figure S9, which validates the tattoo-like mechanics of 
the ESS. The electrical resistance of the Al and Au serpentines 
before and after various kinds of skin deformation (stretching, 
compression, shear, poking, etc.) is provided in Figure  2 d. It is 
evident that the ESS can survive all possible skin deformations 
without any mechanical degradation. 

 The multiparametric ESS has been successfully applied to 
perform continuous EP, skin temperature, and skin hydra-
tion measurements. EP signals on the surface of human skin 
measure the fl ow of ions in the underneath tissues and organs, 
which refl ects their health and function. For example, nonin-
vasive ambulatory monitoring of ECG on human chest can 
help detect multiple important features of heart malfunction 
like irregular heartbeat (arrhythmia). [ 26 ]  EMG refl ects human 
muscle activity and can identify neuromuscular diseases 

and serve as a control signal for prosthetic devices or other 
machines. [ 21 ]  EEG measured from the surface of human scalp 
can be used to not only capture cognitive and memory perfor-
mance [ 27 ]  but also chart brain disorders like epilepsy [ 28 ]  and 
stroke. [ 29 ]   Figure    3  a displays ECG measurement from human 
chest using silver/silver chloride (Ag/AgCl) gel electrodes 
and the ESS without applying any conductive gels. Both ESS 
and Ag/AgCl electrodes were connected to a small portable 
amplifi er (AvatarEEG) with a shared ground port through 
a homemade reusable connector (Supporting Information 
Figure S10). Out of the three EP electrodes integrated on the 
ESS, the center one is utilized as a ground and the other two 
electrodes measure EP signals in a bipolar montage to refl ect 
the difference in electrical potential. Signals recorded by Ava-
tarEEG were processed using a Principle Component Analysis 
based algorithm, [ 30 ]  with the fi nal results shown in Figure  3 a. 
It is evident that the important features of ECG are captured 
by both electrodes, but the ECG measured by our ESS dem-
onstrates higher amplitude. We also placed the same type of 
ESS over the forearm, specifi cally on the fl exor muscles, to 
measure the EMG during two hand clenches (Figure  3 b). The 
intensity of the gripping force can be measured by a com-
mercial dynamometer (Exacta) and it is clear that the higher 
gripping force corresponds to higher signal amplitude in the 
EMG. Finally, we measured EEG by adhering Ag/AgCl elec-
trodes and the ESS on human forehead. Both electrodes were 
referenced against one FS electrode placed behind the human 
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 Figure 3.    ECG, EMG, EEG, skin temperature, skin hydration, and respiratory rate measurements by ESS. a) ECG simultaneously measured by ESS (red) 
and Ag/AgCl electrodes (black). Stronger ECG signals were obtained by the ESS. b) ESS attached on human forearm for EMG measurement when the 
subject is gripping a commercial dynamometer with different forces. EMG of higher amplitude (blue) corresponds to higher gripping force. c) EEG 
measured on human forehead by both ESS (red) and Ag/AgCl electrodes (black). Two frequency spectra of the EEG are well overlapped. 10 Hz alpha 
rhythm measured by ESS is clearly visible when eyes were closed. d) Skin temperature change measured by epidermal RTD (red) and thermocouple 
(black) found good correlation. e) Real time skin hydration before and after Espresso intake measured by both commercial coaxial corneometer (black) 
and ESS (red). f) Voltage outputs from the electrically conductive rubber (ECR) Wheatstone bridge during normal and deep breath.
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ear (on the mastoid), as shown in Figure  3 c, left panel. Signals 
were high and low passed fi ltered at 0.1 and 40 Hz, respectively. 
Frequency spectra were calculated using standard fast Fourier 
transformations (FFTs). The remarkable agreement between 
conventional and ESS measured EEG is evident in Supporting 
Information Figure S11. Their FFT spectra almost fully overlap 
in the upper right panel of Figure  3 c, which confi rms that con-
ventional and ESS electrodes are almost indistinguishable in 
measuring EEG signals, but the ESS offers additional merits 
including conformability, softness, and customizable electrode 
patterns. The lower right panel of Figure  3 c compares the FFT 
of the ESS measured EEG while the subject’s eyes were staying 
open (black) or closed (red). One can note the expected increase 
in relative alpha power whiles the subject’s eyes were closed 
(centered around 10 Hz). 

  In addition to EP, skin temperature, skin hydration, and skin 
deformation are also useful indicators of human physiology. 
For example, skin temperature is associated with cardiovascular 
health, cognitive state, and tumor malignancy. [ 31–33 ]  Skin hydra-
tion is widely used in dermatology and cosmetology for the 
detection of diseases (e.g., eczema, atopic dermatitis, etc.), [ 34,35 ]  
the assessment of mental stress or hormone levels, [ 36,37 ]  and the 
evaluation of medical therapies or cosmetic treatments. [ 38,30 ]  
Quantifying skin deformation is useful for the detection of ges-
ture, [ 39 ]  respiration, as well as motion disorders. [ 16 ]  Ultrathin, 
stretchable RTD can be built as a narrow but long ribbon of Au 
FS as labeled in Figure  2 a, which has a high initial resistance 
 R  0  and a predictable change in resistance as the temperature 
changes. RTD calibration is provided in Supporting Informa-
tion Figure S12a,b. Strain effect on RTD reading is also inves-
tigated. Supporting Information Figure S12c shows that when 
the RTD is subjected to a tensile strain of 25% (i.e., the elastic 
limit of skin), the resistance change is within 0.15%, which cor-
responds to less than 1 °C temperature change. This fi nding 
suggests that temperature measurement should be performed 
under minimal skin deformation. To perform skin tempera-
ture measurement, the epidermal RTD was attached on human 
forearm, along with a commercial thermocouple (TMD-56, 
Amprobe) as pictured in Figure  3 d, left panel. Skin tempera-
ture measured by the epidermal RTD (red) and the thermo-
couple (black) are plotted in Figure  3 d, right panel. Skin tem-
perature was initially stabilized at around 30 °C. At  t  = 2′13″, 
an ice bag was brought in contact with the RTD and skin for 
1 min and then removed. The corresponding temperature drop 
and recovery are clearly visible in the graph of Figure  3 d. The 
strong correlation between RTD and thermocouple outputs has 
validated the use of RTD as a soft and stretchable skin tempera-
ture detector. 

 Skin hydration level is refl ected by the impedance of skin, [ 11 ]  
which is conveniently measured by impedance sensors in the 
coaxial dot-ring design as labeled in Figure  2 a. Laminating the 
epidermal hydration sensor (H. sensor) on human skin, an 
inductance, capacitance, and resistance (LCR) meter (Digital 
Multimeter, Rigol) was used to measure the impedance at dif-
ferent frequencies as well as different skin hydration levels. A 
commercial corneometer (MoistureMeterSC Compact, Delfi n 
Inc.) was used to quantify the skin hydration level. Hydra-
tion sensor calibration is provided in Supporting Information 
Figure S13a,b. Figure  3 e illustrates a continuous hydration 

measurement with both epidermal H. sensor and the corneom-
eter before and after the subject drank a can of cold Espresso. 
The caffeine in Espresso is expected to lead to perspiration as it 
stimulates human central nervous system, which activates the 
sweat glands. The results are shown in Figure  3 e, right panel, 
which clearly indicates gradual increase of hydration after 
drinking Espresso based on the measurements of both the epi-
dermal H. sensor and the corneometer. The initial increase in 
hydration before drinking Espresso is believed to be caused by 
the ESS lamination which is discussed in detail in Supporting 
Information Figure S14. It is also interesting to note that skin 
hydration peaked 7 min after drinking the Espresso and started 
to decay after that, likely due to the thermoregulation of the 
body. An artifact of contact pressure in measuring skin hydra-
tion with ESS was noticed and can be prevented as discussed in 
Supporting Information Figure S15. 

 Epidermal respiratory rate sensor was build using electrically 
conductive rubber (ECR), which is similar to our previous soft 
strain gauge work, [ 40 ]  but is made by the more cost and time 
effective “cut-and-paste” method. Unlike conventional micro-
fabrication techniques that are limited to inorganic materials, 
the “cut-and-paste” process developed here can be applied to 
a much broader category of materials, including elastomeric 
sheets. As a demonstration, we fabricated stretchable strain 
gauges employing ECR (Elastosil LR 3162, Wacker Silicones) 
as the strain-sensitive resistor, and Au-on-PET serpentine rib-
bons as the stretchable interconnects (see Supporting Informa-
tion Figure S16 for details). Sensor validation was performed by 
applying Tegaderm-supported ECR-based strain gauges on the 
chest of a human subject (Figure  3 f, left picture) and various 
respirational patterns were measured. Figure  3 f, right graph, 
illustrates the deformation of human chest during normal 
breath and deep breath using the Wheatstone bridge. Larger 
amplitude and lower frequency are observed for deep breath. 

 Compared with silicon nanomembrane [ 39,41 ]  and ECR [ 40 ]  
based skin-integrated stretchable strain gauges, epidermal 
strain sensors based on planar stretchable capacitor can operate 
wirelessly. [ 13 ]  Instead of using stretchable capacitor, here we 
explore planar stretchable inductors to build wireless epi-
dermal strain sensors. The double-stranded serpentine design 
of the planar inductor coil as depicted in Figure  2 a has taken 
into account overall size, stretchability, overall inductance, and 
strain sensitivity (see Supporting Information).  Figure    4   illus-
trates the wireless measurement on the sensor coil. A circular 
reader coil is connected to an Impedance Analyzer (HP 4194A) 
via a standard BNC-RCA adaptor. The reader coil is inductively 
coupled to the sensor coil in a transformer like confi guration 
(Figure  4 a). The experimental setup is given in Figure  4 b and 
there was no cable connection between the reader and the 
sensor coil. By measuring the impedance response of the cou-
pled circuit as a function of frequency, the resonance frequency 
can be determined as the dip in the phase–frequency curve (see 
details in Supporting Information). 

  We performed uniaxial stretch tests on Tegaderm sup-
ported stretchable coils (Figure  4 c) and recorded strain-induced 
shift of resonance frequency of the coupled circuit, as shown 
in Figure  4 d. Measured resonance frequency as a function of 
applied strain is plotted in red in Figure  4 e, which shows a 
monotonic decay as the sensor coil is uniaxially elongated. The 
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resonance frequency shifted from 38.6 MHz in the undeformed 
shape down to 34.3 MHz at the strain of 20%, which is more 
sensitive to deformation compared to a previously reported 
stretchable epidermal antenna. [ 17 ]  

 FEM analysis on stretchable coils has been carried out 
through a combination of ABAQUS standard and ANSYS 
Maxwell package (see Supporting Information Figure S18 for 
details) and the results are plotted in blue in Figure  4 e, with 
squares representing serpentine coils (Supporting Information 
Figure S19a,b) and triangles representing straight coils (Sup-
porting Information Figure S19c,d). Comparing the two results, 

straight coil appears less sensitive to applied strain, which is 
undesirable for strain sensing application but could be advanta-
geous for antenna application when stable resonance frequency 
is needed. Analytical modeling of single and multiturn straight 
coils is given in Supporting Information Figure S20. All results 
(experimental, numerical, and analytical) suggest a decay of 
resonance frequency with increasing uniaxial tensile strain, 
but the discrepancy between experimental and FEM results 
requires future studies. 

 The effect of reader-sensor distance has also been investi-
gated (Supporting Information Figure S21a,b). It is evident 
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 Figure 4.    Wireless epidermal strain sensor based on stretchable Al coil. a) Schematics of the wirelessly coupled reader and sensor coils. b) Experimental 
setup for the measurement of the resonance frequency of the coupled system. The sensor coil was place on top of the reader coil and separated by a 
6 mm thick acrylic slab plus 4 mm air gap. The reader was connected to an Impedance Analyzer (HP 4194A). c) Images of the sensor coil stretched 
horizontally by 0%, 10%, and 20%, respectively. d) Phase response of the coupled system as a function of sweeping frequency at different applied 
strains. e) Both experimental (red) and FEM (blue) results showing decreased resonance frequency with increased tensile strain. f) Sensor coil attached 
on human wrist (top left) under different hand gestures: “fl at” (top right), “stretch” (bottom left), and “compress” (bottom right). g) Resonance fre-
quency decreases when the sensor coil is stretched by the wrist, and increases when compressed by the wrist.
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that the resonance frequency does not depend on the distance 
whereas the phase dip does. Specifi cally, the smaller the gap, 
the larger the phase dip, thus the higher coupling factor 
( k  factor as labeled in Figure  4 a bottom frame). One way to 
improve the coupling factor and hence enlarge the sensing dis-
tance is to increase the overall size of either the reader or the 
sensor coil, with a tradeoff of course in the wearability of the 
sensor and the portability of the reader. 

 Skin deformation measurement was performed by attaching 
the sensor coil on the dorsal wrist and bringing the reader coil 
within 45 mm distance from the sensor coil. Three layers of 
tattoo paper (Silhouette) were applied between the sensor coil 
and the skin to compensate for capacitive loading induced by 
the skin. Three wrist gestures “fl at,” “stretch,” and “compress” 
were measured (Figure  4 f). Phase measurement for the three 
gestures is plotted in Figure  4 g, which reveals several inter-
esting fi ndings. First, the resonance frequency drops from 38.6 
to 13.92 MHz before and after the sensor coil was applied on the 
skin, which is due to the substantial capacitive loading induced 
by the skin. [ 42 ]  The second observation is that “stretch” reduces 
the resonance frequency (from 13.92 to 12.99 MHz) whereas 
“compress” slightly increases resonance frequency (from 13.92 
to 14.41 MHz), as expected. Repeatability test was conducted 
by forming the wrist gestures in the sequence “fl at,” “stretch,” 
and “compress” twice and the result (Supporting Information 
Figure S21c,d) shows that the wireless strain gauge coil can 
offer very repeatable measurements of joint bending. 

 The planar stretchable coil also has the potential to work as 
an NFC antenna for transferring signals measured by the ESS 
wirelessly to a remote receiver. [ 17 ]  In order to transfer data prop-
erly, the resonance frequency should remain as steady as pos-
sible during the transferring process. We therefore tested the 
coil response when it is placed on human chest and the subject 
was under deep inhalation and exhalation. Supporting Informa-
tion Figure S21e,f indicates that the resonance frequency only 
changed from 13.06 to 12.80 MHz, for either deep inhalation 
or exhalation. The insensitivity of resonance frequency to chest 
deformation associated inhalation and exhalation makes it pos-
sible to be used as a stable epidermal antenna for chest ESS. 

 In conclusion, we have demonstrated a versatile, cost- and 
time-effective method to manufacture multimaterial, multipar-
ametric ESS that can be intimately but noninvasively and unob-
structively applied on human skin to measure ECG, EMG, EEG, 
skin temperature, skin hydration, respiratory rate, and joint 
bending. The “cut-and-paste” method enables completely dry, 
benchtop, freeform, and portable manufacture of ESS within 
minutes, without using any vacuum facilities or chemicals. 
The “cut-and-paste” method has proved effective in patterning 
metal-on-polymer laminates and elastomeric sheets, but it is 
not applicable to ceramic-coated polymer as indentation of the 
cutting blade would easily fracture intrinsically brittle ceramic 
fi lm. However, we have demonstrated a variation of the “cut-
and-paste” method to manufacture highly stretchable trans-
parent interconnects based on brittle indium tin oxide fi lm. [ 24 ]  
In addition to ESS, the “cut-and-paste” manufacturing method 
is expected to be useful for the manufacture of other stretchable 
devices including stretchable circuit boards which house rigid 
IC chips [ 43 ]  and deployable structure health monitoring sensor 
networks. [ 44 ]   

  Experimental Section 
  Fabrication of ECR-Based Stretchable Strain Gauges : The ECR-based 

stretchable strain gauge was made by a two-step “cut-and-paste” 
process. The ECR is a clayish, two-component compound which requires 
thermal curing. The A and B components were fi rst fully mixed by a drill 
mixer in a 1:1 ratio in weight and then squeezed by two parallel acrylic 
slabs pressured by binder clips. The squeezed ECR compound along 
with the acrylic slab and binder clips was then put into an oven in 70 °C 
for 4 h. After curing, an ECR fi lm was obtained and the thickness of the 
ECR fi lm turned out to be 120–140 µm. The ECR fi lm was then cut and 
pasted onto Tegaderm to form the resistor and Wheatstone bridge. The 
Au-on-PET foil was then cut and pasted onto the same Tegaderm guided 
by alignment markers to form the serpentine interconnects of the strain 
gauges. 

  Measurement and Processing of EEG : For EP measurements, 
conventional and ESS channels were amplifi ed using the AvatarEEG 
system in 24 bit DC mode at an initial sampling rate of 500 Hz. EEG 
signals were recorded with respect to the mastoid reference channel 
across a 297 s recording epoch. Offl ine, the data were then bandpass-
fi ltered between 0.1 and 40 Hz and then visually inspected for artifacts 
and blinks. Contaminated sections were removed from the analysis. 
Artifact-free EEG data were then divided into two conditions: a 52 s 
epoch of resting eyes opened and a 52 s epoch of resting eyes closed. 
Spectral power measures were computed for each condition via FFT 
with a Hamming window. 

  Experiments on Human Subjects : Informed signed consent was 
obtained from all human test participants.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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Resolution, uniformity, and roughness of “cut-and-paste” manufacture 

Figure S2 shows the resolution test results, where the same pattern was cut with different ribbon 

widths, from 600 m down to 50 m. The raw material being cut in this test is 9-m-thick Al on 12-

m-thick PET foil (NEPTAPE® by NEPTCO, Inc.). It is evident that the pattern can be successfully 

cut when ribbon width is set to 200 m, even though the uniformity is compromised. When ribbon 

width is 100 m or less, the pattern can no longer be preserved. For our devices, we always use 400-

m-wide ribbons to ensure pattern integrity and device functionality. Ribbon width uniformity test was 

done by measuring and summarizing the widths of many cross-width lines which are evenly spaced 

along the median line of the serpentine, as shown in Figure S3a. We used 25-m-thick Kapton sheet 

(Dupont) for this study. The cutter is set to cut 400-m-wide ribbons but Figure S3b indicates that 

ribbon width distribution is centered on 340 m, with a standard deviation of 87 m. Thickness profile 

of the cut ribbon was examined by profilometer (Dektak 6M stylus profilometer, vender, USA) at three 

different locations on one ribbon (Figure S3c). Cross-sectional profile in Figure S3d shows that the 

edge width is less than 30 m and the surface of the ribbon is quite flat. Cutting quality is found to be 

highly dependent on the sharpness of the cutting blade (Figure S4a). The cutting blade can be worn 

(Figure S4b) or destroyed (Figure S4c), depending on the cutting time, raw material, and parameter 

settings in the Silhouette Studio software. Therefore, blade condition should be carefully examined 

before running any cutting job. Cutting jobs with different cutting parameters (see figure caption of 

Figure S4) were also performed with the results displayed in Figures S4d-i. It is concluded that the 

cutting thickness setting, thickness of the foil to be cut, and the blade condition are the most important 

factors for cutting quality control. After the parametric study we came up with a set cutting parameters, 

sharpness=5, cutting rate=2, thickness=1, that gives the best quality for the Kapton sheet that we were 

cutting. The close-up of representative spots of our ESS is shown in Figures S4j-l. 
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Young’s Moduli of different materials 

A Dynamic Mechanical Analyzer (RSA-G2, TA Instruments) was used to perform uniaxial 

tension tests to obtain the Young’s moduli of different materials used in our ESS. Specimens were cut 

into rectangular strips with aspect ratio of 10:1 and were pulled along the longitudinal direction. Stress-

strain curves are offered in Figure S5a. Five different specimens were tested for each material and the 

Young’s Modulus was obtained as the averaged value in Figure S5b and the Table S1. 

Table S1 List of measured Young’s modulus of different materials used in ESS 

Material Thickness (μm) Young’s Modulus (GPa) 

PET (Goodfellow) 13 4.59 

Kapton (Dupont) 12.7 3.59 

KRST (3M) 200 0.228 

Tattoo adhesive (Silhouette) 22 0.042 

ESS on Tegaderm 60 0.011 

Tegaderm (3M) 47 0.007 

ECR (Wacker) 120 0.003 

  

As a popular substrate used in ESS, Tegaderm is composed of a backing layer and an adhesive 

layer (Figure S5c). Using a scotch tape to peel the adhesive layer off the backing layer, we measured 

the stress-strain curves of each layer as shown in Supporting Information Figure S5d. 

 

Calibration of RTD and hydration sensors 

RTD resistance and temperature changes are related through the following equation: 
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∆𝑅

𝑅0
= 𝛼(𝑇 − 𝑇0) (S1) 

where α = 0.0037 
°
C

-1
 is the temperature coefficient of resistance of bulk Au, independent of the 

thickness or the length of the resistor. The RTD is made of FS ribbons consisting of 100 nm thick Au 

film on 12.5 m thick transparent PET, with overall length as large as 0.3 m as labeled in Figure 2a and 

initial resistance of 353  at T0 = 26 
°
C. By placing our RTD and a commercial thermocouple (TMD-

56, Amprobe) on the same hotplate (Figure S12a), we calibrated our RTD to have an α of 0.0017 
0
C

-1 

(Figure S12b), which is smaller than the temperature coefficient of resistance for bulk Au, largely 

attributed to the surface scattering in thin metal films 
[1]

. With this calibration curve available, 

measurement of the RTD resistance can be converted to temperature measurement using Equation (S1). 

Strain effect on RTD reading is also investigated. Figure S12c shows that when the RTD is subjected to 

a tensile strain of 25% (i.e., the elastic limit of skin), the resistance change is within 0.15%, which 

corresponds to less than 1°C temperature change. Therefore, our RTD is strain sensitive and to achieve 

reliable temperature reading, skin deformation should be minimized. 

To calibrate the epidermal hydration sensor, a commercial corneometer (MoistureMeterSC 

Compact, Delfin Inc.) was used to quantify the skin hydration level, which was tuned by applying body 

lotion on the skin. The magnitude of the impedance is plotted as a function of frequency at different 

hydration levels in Figure S13a and as a function of hydration level at different frequencies in Figure 

S13b. As expected 
[2]

, impedance drops as either frequency or hydration increases. Figure S13 also 

suggests that the sensitivity of impedance to hydration decreases as frequency increases, so the 10 kHz 

calibration curve was used to convert impedance to hydration for future measurement. 

 

Sweating induced by ESS lamination 
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Laminating ESS on dry skin may induce slight sweating. After measuring the initial skin 

hydration level by commercial corneometer on human forearm, we laminated ESS dot-ring hydration 

sensor at the same spot. The results of five consecutive impedance measurements by ESS at four 

different initial hydration levels are given in Figure S14. As the impedance was measured by frequency 

sweep, each measurement took 34 seconds to finish and each figure in Figure S14 took us 170 seconds 

to finish the 5 tests. Immediately after ESS was applied on initially dry skin, the impedance gradually 

dropped as time went by (Figure S14a&b). However, when skin was initially moisturized by hand 

lotion, the impedance almost stayed unchanged with time (Figure S14c&d). The fact that dry skin 

“sweats” after ESS application is probably due to moisture accumulation on the skin surface as the ESS 

hinders skin surface sweat evaporation. But hand lotion can slow down sweat evaporation from 

embedded sweat glands to skin surface so the measured hydration did not change much within the 

measurement time. 

  

Effect of contact pressure in measuring skin hydration 

It is important to notice that the contact pressure significantly affects the measurement of skin 

impedance. Mishandling of the measuring process such as loose contact of the ESS to the skin can 

largely fail a measurement. This is why commercial corneometers are equipped with pressure sensors 

at the tip and only hydration readings achieved under specified pressure range is valid. Figure S15a&b 

shows the magnitude and phase of skin impedance responding to repeated gentle pressure applied on a 

loosely attached ESS. The impedance magnitude can be dropped by orders and the impedance phase 

angle can be reduced by about 20 degrees. To eliminate the pressure artifact, we firmly attached the 

ESS on skin by applying one time, 10 second long, hard press on the ESS right after it is applied to the 

skin. Figure S15c shows the difference of impedance magnitude of a loosely and a firmly attached ESS, 

where the firmly attached ESS affords a more stable impedance measurement. Calibration of firmly 
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attached ESS is shown in Figure S15d. Black dots are hydration levels measured by commercial 

corneometer and red circles are impedance measured by the hydration sensor on the ESS. It again 

reflects that skin impedance decreases as skin hydration increases. 

 

Calibration and FEM of ECR-based epidermal respiratory rate sensor 

Three types of ECR strain gauges are fabricated as shown in Figure S16a. The vertical and 

horizontal ECR strips are used to measure the vertical and horizontal tensile strains by measuring their 

change in resistance. Figure S16b gives the calibration of the Gauge Factor (GF), which is defined as 

 𝐺𝐹 =
∆𝑅 𝑅0⁄

𝜀
 (S2) 

Temperature induced resistance change can be compensated in a square-shaped Wheatstone bridge as 

shown in Figure 3f. The sensitivity of output voltage to applied uniaxial strain is given in Figure S16c. 

FEM results of strain distributions in the ECR resistors are offered in Figure S16d when a horizontal 

tensile strain of 5% is applied on the Tegaderm substrate. 

Figure S16e shows a normal respiratory rate pattern measured by a horizontal ECR resistor, 

where each peak indicates an inhalation. A respiratory rate of 18 times per minute can be deduced from 

Figure S16e, which is consistent with the normal adult respiratory rate of 16 to 20 times per minute. 

Figure S16f shows chest skin deformation due to cough measured by the Wheatstone bridge and cough 

induced voltage output pattern is characterized by undulated plateau.  

 

Analysis for stretchable sensor coil 

The resonance frequency (f) of the sensor coil depends on its inductance (Ls) and capacitance (Cs) 

through the equation 
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 𝑓𝑠 =
1

2𝜋√𝐿𝑠𝐶𝑠

 
(

S3) 

As we hope to build a low frequency RLC coil that operates < 100 MHz for easier measurement and 

for future use as an NFC antenna that operates around 13.56 MHz, Equation (S3) suggests that the coil 

should have high inductance and capacitance. The capacitance of a parallel-plate capacitor is given by 

𝐶𝑠 = 𝜀
𝐴

𝑑
 

(S4

) 

where 𝜀 denotes the absolute permittivity of the dielectric layer, A is the overlapped area of the parallel 

plates, and d is the thickness of the dielectric layer between the plates. Since the area of the cut-and-

pasted parallel plate should not be too big out of stretchability concerns, and the dielectric layer is fixed 

to be 12-m thick PET, there is an upper limit of the feasible capacitance if no rigid chip capacitors are 

included. Therefore a coil with large inductance is preferred. Inductance depends on the layout of the 

coil. For a planar coil, its inductance depends on the number of turns, shape of the turns, and the area 

that is enclosed by the coil 
[3, 4]

. In general, the larger the area, the more turns, the higher the inductance, 

which conflicts with the need of building a wireless strain sensor that is reasonability small so that it 

can be properly fitted on the majority part of human body. Another design goal is to make it highly 

stretchable and compliant so that it doesn’t mechanically load the skin. Last but not least, it is desirable 

to have highly strain-dependent inductance for high sensitivity measurement. With aforementioned 

constraints and goals, we exploited a double-stranded serpentine design shown as the blue coils in 

Figure 2a. This design helps maximize the use of limited real estate to fill in as many serpentine-shaped 

turns as possible. In the meanwhile it leaves reasonable gap between serpentines so that stretchability 

of the coil is ensured, which is evidenced by Figure 2c and Figure S17.  

http://en.wikipedia.org/wiki/Permittivity
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The coil is carved out of commercially available Al-on-PET sheet (NEPTAPE® by NEPTCO, 

Inc.) consisting of 9-m-thick Al and 12-m-thick blue-colored PET. Thick Al film is preferred as it 

reduces the total resistance (energy loss) of the RLC coil such that the quality factor 

 𝑄0 =
1

𝑅
√

𝐿

𝐶
 

(

S5) 

is large, in which 𝑄0 is the quality factor at resonance frequency (𝜔0). The total resistance of the coil 

was measured by a digital multimeter (UT58D, Uni-Trend Group Limited) to be Rs = 20 . To close 

the RLC circuit, a short, second layer Al-on-PET serpentine ribbon was printed on top of the first layer 

coil to link the inner and outer terminals of the first layer coil by forming two identical parallel-plate 

capacitors connected in series, as labeled in Figure 2a. The capacitance of each capacitor (7.52 pF) is 

obtained by substituting  =19.92 × 10−12 F/m (absolute permittivity of PET 
[5]

), A = 4.5 mm
2
, and d 

= 12 m into Equation (S4), and the total capacitance of the two capacitors connected in series is half 

of the individual capacitance, i.e. Cs = 3.76 pF. The inductance of the coil cannot be easily calculated, 

but can be wirelessly measured. 

For an undeformed coil, with f = 38.6 MHz and Cs = 3.76 pF, the inductance is computed to be Ls 

= 4.52 μH using Equation (S3). With Rs = 20 , Equation (S5) yields the estimated 𝑄0 of our sensor 

coil to be 54.8. Experimentally, 𝑄0 can also be obtained through 

 𝑄0 =
𝜔0

∆𝜔
 

(

S6) 

where 𝜔0 is the resonance frequency and ∆𝜔 is the full-width-half-maximum (FWHM) bandwidth of 

the resonance. Using this definition, we obtained 𝑄0 ≈ 34 graphically, from the frequency response 

data. The difference in the estimated and measured values of 𝑄0 could be due to dielectric losses from 

the substrates and minor errors in R, L and C measurements or calculation. 
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Analysis for coupled sensor-reader circuit 

In our wireless strain sensor based on stretchable Al coil, the planar inductor (Ls) and capacitor 

(Cs) together with the inductor’s parasitic resistance (Rs) forms an RLC resonant circuit, as illustrated 

in Figure 4a bottom frame right. The sensor coil was wirelessly read via magnetic coupling by a 

parallel reader coil which was connected to an Impedance/Gain-Phase Analyzer (HP4194A). The 

reader coil is a one turn inductor with a diameter of 10.25 cm constructed using 18AWG magnet wire. 

The reader coil inductor (Lr) has its own series parasitic resistance (Rr) and capacitance (Cr) which also 

forms an RLC circuit. Thus the reader and the sensor together form two coupled RLC resonant circuits 

with a coupling factor of k (Figure 4a bottom frame). The HP4194A is used to obtain the swept-

frequency impedance response of the two coupled circuits. The sensor coil’s resonance frequency is 

given by Equation (S3) and the reader’s resonance frequency is  

 𝑓𝑟 =
1

2𝜋√𝐿𝑟𝐶𝑟

 (S7) 

The parasitic capacitance induced by connectors and adaptors which connect the reader coil to the 

HP4194A add to Cr and hence lower fr. The baseline response is that of the reader coil:  

 𝑍𝑖𝑛 = 𝐶𝑟||(𝑅𝑟 + 𝑗𝜔𝐿𝑟) (S8) 

where || represents parallel circuit combination, ω is the angular frequency in radians/sec, and Zin is the 

complex input impedance as a function of frequency. When the sensor is present, the input impedance 

is given by 

 𝑍𝑖𝑛 = 𝐶𝑟|| (𝑅𝑟 + 𝑗𝜔𝐿𝑟 +
𝜔2𝑀2

(𝑅𝑠 + 𝑗𝜔𝐿𝑠 +
1

𝑗𝜔𝐶𝑠
)

) (S9) 

where M is the mutual inductance between the reader and sensor coils. The HP4194A measures both 

magnitude |Zin| in Ohms (Ω) and the Phase (θ) in degrees (
°
). For this work, we use the phase response 
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to determine the resonance frequency. By design we have ensured that 𝑓𝑠 ≪  𝑓𝑟 which affords reliable 

estimation of the sensor’s resonance frequency without perturbation from the reader’s resonance. Thus 

the baseline response corresponds to the phase of the reader coil ≈90
°
. When the sensor is coupled to 

the reader, we observe a dip in the phase baseline with the minima point corresponding to the sensors 

resonance frequency (𝑓𝑠). The size (i.e. deviation from the baseline) of this dip is dependent on the 

distance and orientation between the reader and the sensor coils as a result of changing coupling factor 

k. However the frequency corresponding to the dip, i.e. 𝑓𝑠, is independent of these changes. Thus one 

can reliably estimate 𝑓𝑠 from this coupled but wireless measurement. 

 

Strain induced sensor coil inductance change simulated by FEM 

FEM is performed to model the inductance change of the sensor coil (one layer coil) with applied 

uniaxial tension. The mechanical deformation was modeled by ABAQUS and the inductance was 

modeled by ANSYS Maxwell. In ABAQUS, the sensor coil was modeled as Tegaderm-bonded 

serpentine-shaped wires with rectangular cross-sections and the entire structure was subjected to 

horizontal tensile displacement. Deformed coils were imported into ANSYS Maxwell and a 3D model 

was generated with rectangular cross-section 9 m × 400 m assigned to the coil. The coil was 

immersed in a rectangular box of atmosphere of size: 500 mm × 500 mm × 750 mm, to account for the 

dielectric effect of the surrounding air. Two extension wires were used to lead the two ports of the coil 

to the boundary of the atmospheric box (Figure S18a, atmosphere box not showing) and a current 

excitation of 1 A was applied across the ports. Solution Type of Magnetostatic was selected and the 

magnetic flux density fields (B field) of the deformed coils are given in Figure S18b-g. Coil inductance 

was a direct output of the result. Once numerical solutions of the sensor coil inductance were available, 

assuming capacitance unaffected by stretch, we were able to calculate the resonance frequency of the 
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stretched sensor using Equation (S3). This result is plotted in Figure 4e as blue, square markers. It is 

evident that our FEM results can predict the decrease of resonance frequency as a result of increasing 

inductance when the coil was uniaxially stretched. But there is still discrepancy between experimental 

and FEM results, which would require future investigation. 

To reveal the effect of serpentine, we modeled the straight counterpart (Figure S19c) of the 

serpentine coil (Figure S19a), both bonded on Tegaderm substrates, subjected to the same tensile 

strains. The deformed shapes of the two coils after stretched by 30% are given in Supporting 

information Figure S19b&d. It is evident that the rectangular turns of the straight coil get distorted 

more than the serpentine coil, due to the high stiffness of the straight longitudinal edges. The resonance 

frequency results of straight coils are plotted in Figure 4e as the blue, triangle markers, which is almost 

stationary under stretch (39.4MHz for 0% and 39.2MHz for 30%). Therefore, serpentine coils are ideal 

for wireless skin strain sensing as it is both more deformable and more sensitive to strain. However, 

when applying those coils as NFC antenna, the fact that the resonance frequency of straight coils are 

less sensitive to mechanical strain compared with its serpentine counterpart poses a very interesting 

tradeoff between deformability and stability of frequency. 

 

Theoretical analysis of straight single turn and multi-turn coils 

Here we try to develop an analytical understanding of the inductance change with applied strain. 

The inductance of a planar, rectangular, single turn coil is approximately proportional to the square root 

of the area that is enclosed by the coil 
[6]

 

 𝐿 ~ √𝐴~√𝑙1𝑙2 (S10) 

where l1 and l2 are the initial length and width of rectangle, as labeled in Figure S20a. 

Assuming the coil is bonded to a substrate with Poisson’s ratio , when stretched by a strain of  in 

direction 1, the deformed length and width becomes 
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 𝑙1(𝜀) = (1 + 𝜀)𝑙1, 𝑙2(𝜀) = (1 − 𝑣𝜀)𝑙2 (S11) 

as labeled in Figure S20b. 

Therefore the inductance of the deformed coil  

𝐿(𝜀)~√𝐴(𝜀) ~ √𝐴(1 + 𝜀)(1 − 𝜈𝜀)~ 𝐿0√(1 + 𝜀)(1 − 𝜈𝜀) (S12) 

And hence the strain dependence of the resonance frequency is given by 

𝑓(𝜀) =
1

2𝜋√𝐿(𝜀)𝐶
 ~ 𝑓0

1

[(1 + 𝜀)(1 − 𝜈𝜀)]0.25
~ 𝑓0 (1 +

1

4
(𝜈 − 1)𝜀) (S13) 

which is plotted as a solid black curve in Figure S20e when 𝜈 = 0.5 is assumed. 

For a multi-turn planar rectangular coil as shown in Figure S20c, existing theory  
[3]

 has been 

extended to predict coil inductance under different applied strains. The inductance of a multi-turn 

rectangular coil is formulated as  

 𝐿 = ∑ 𝐿0 + ∑ 𝑀 (S14) 

where L is the total inductance,  𝐿0 is the self-inductance of each straight segment and M is the mutual-

inductance between any two segments.  

The self-inductance is given by 

 𝐿0 = 0.002𝑙 [𝑙𝑛 (
2𝑙

𝐺𝑀𝐷
) − 1.25 +

𝐴𝑀𝐷

𝑙
+ (

𝜇

4
) 𝑇] (S15) 

in which GMD is the geometric mean distance and AMD is the arithmetic mean distance, both 

depending on the coil geometry. l is the segment length, T is the frequency correction parameter which 

is taken to be 1 m/H and 𝜇 is the magnetic permeability and is also set to be 1 H/m.  

The mutual-inductance is given by  

 𝑀 = 2𝑙𝑄 (S16) 

where Q is a parameter depending on the geometry of the segment 
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 𝑄 = 𝑙𝑛 {
1

𝛽
+ (1 +

1

𝛽2
)

0.5

} − (1 + 𝛽2)0.5 (S17) 

where 𝛽 = 𝐺𝑀𝐷 𝑙⁄ . 

So given a rectangular coil with straight segment and uniform cross section, the total inductance 

of the coil solely depends on the layout of the coil, and the total inductance can be calculated in an 

iterative manner.
2 

Assuming the coil is deformed uniformly by longitudinal strain  and transverse strain – as 

shown in Figure S20d, the frequency shift computed by Matlab using Equation (S13) is given as the 

dashed black curve in Figure S20e. It predicts a slightly lower resonance frequency of the undeformed 

linear coil than that measured for the undeformed serpentine coil. But the decay of resonance frequency 

with applied tensile strain is consistent with experimental and FEM results. 
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Removing excess Printing on Tegaderm Sealed ESS 

Figure S1: Pictures of the “cut-and-paste” process. (a) 100 nm Au coated 13-mm-

thick transparent PET foil (Goodfellow USA). (b) Au-PET bonded onto TRT (APT) 

with the Au side touching TRT. (c) AP (Silhouette Cameo, USA). (d) Cutting machine 

carving seams in the Au-PET layer. (e) Peeling off cut APT layer from cutting mat. (f) 

Cut APT layer placed on hot plate to deactivate TRT adhesives. (g) Removing excessive 

Au-PET by tweezer. (h) Printing patterned Au-PET onto target substrate (in this case 

2′3/8" × 2′ 3/4" Tegaderm transparent dressing with liner removed). (i) As fabricated 

ESS on Tegaderm after putting back the liner. Patterned Au-PET is sandwiched between 

the transparent Tegaderm dressing and the white linear with Au touching the liner. 
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Figure S2: Resolution tests of the cutting machine. Pictures of the same seam pattern 

carved on blue PET-Al foil (Neptco Inc.) with different ribbon width: (a) 600 mm, (b) 

400 mm, (c) 300 mm, (d) 200 mm, (e) 100 mm, and (f) 50 mm, by the cutting machine. 

The resolution of the cutting machine is determined to be 200 mm. 
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Figure S3: Width uniformity and surface profile of the cut ribbons. (a) Image of 

sampling spots for width uniformity investigation after cutting a 25 mm thick Kapton 

sheet on TRT. Ribbon width is 400 mm by drawing. (b) Width distribution fitted by 

Gaussian distribution (black curve) with a mean of 340 mm and a standard deviation of 

87 mm. (c) Image of sampling spots for height profile investigation of the cut Kapton 

ribbon after excessive parts removed. (d) Height profile of the Katpon ribbon, showing 

flat plateau and steep transition zone. 
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Figure S4: Effects of blade tip sharpness and cutting parameters. Images of a (a) 

new blade (b) a used blade and (c) a destroyed blade. Cutting results for different 

parameter combinations where KT stands for Kapton thickness, Sh for sharpness, Ra for 

cutting rate, Th for thickness, NB for new blade, UB for used blade: (d) KT=25.4mm, 

Sh=5, Ra=1, Th=7, NB (e) KT=25.4mm, Sh=10, Ra=1, Th=7, NB (f) KT=25.4mm, Sh=5, 

Ra=10, Th=7, NB (g) KT=25.4mm, Sh=5, Ra=1, Th=20 NB (h) KT=12.7mm, Sh=5, 

Ra=1, Th=7, NB (i) KT=25.4mm, Sh=10, Ra=1, Th=7, UB. Zoomed in images of final 

ESS cut by optimized parameters: (j) crest of the Au RTD, (k) intersection of the Au EP 

sensor, (l) crest of the stretchable Al coil. 
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Figure S5: Stress-strain behavior of involved materials. (a) Uniaxial stress-strain 

curves of PET, Kapton, kind removal silicone tape (KRST), tattoo paper, ESS, 

Tegaderm, and ECR. (b) Bar plot of the Young’s moduli in log scale. The thickness and 

modulus data is also given in Table S1. (c) Top view of Tegaderm, inset showing cross 

section of Tegaderm. (d) Uniaxial stress-strain curves of Tegaderm, Tegadmer backing 

layer and Tegaderm adhesive layer.  
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Figure S6: In situ images of different serpentine ribbons on Tegaderm stretched to 

certain strains. (a) Al coil serpentine at different applied strain up to its strain-to-

rupture; (b) Au EP serpentine at different applied strain up to its strain-to-rupture; (c) 

Au RTD serpentine at different applied strain up to its strain-to-rupture.  



Figure S7: Cyclic test for RTD. Peak strain of 30% is applied on RTD and the 

resistance result shows the device is robust up to several hundreds number of cycles. 
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Figure S8: ESS on different substrates. (a) ESS on Tegaderm. (b) Applying ESS on 

the crook of the elbow. (c) As applied ESS. (d) ESS when elbow bends. (e) ESS on 

tattoo paper. (f) Applying ESS on forearm. (g) As applied ESS. (h) ESS under 

compression. (i) ESS on KRST. (j) Applying ESS on skin. (k) As applied ESS. (l) ESS 

under compression. ESS on Tegaderm and tattoo paper are not reusable but ESS on 

KRST is reusable as KRST is thick enough to stay flat after removal and the silicone 

adhesive remains effective after repeated use.  
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Figure S9: Deformability of ESS on human skin. Tattoo-paper supported ESS under 

(a) longitudinal stretch (b) transverse stretch (c) biaxial stretch (d) longitudinal 

compress (e) transverse compress (f) biaxial compress (g) shear (h) rub (i) poking by a 

glass rod.  



Figure S10: Homemade reusable connector for ESS. (a) A picture of ESS connected 

with the reusable connector which was also made by the cut-and-paste method. (b) The 

connector is linked to a printed circuit board (PCB) with soldered wires through 

anisotropic cohesive film (ACF).  
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Figure S11: EEG simultaneously measured by gel Ag/AgCl electrode and Au 

serpentine EP on ESS with the electrode placement shown in Figure 3c left panel and 

FFT results shown in Fig. 3c right panel. 
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Figure S12: RTD calibration and strain sensitivity test. (a) Experimental setup to 

calibrate Au-PET based resistance temperature detector (RTD) using a thermocouple. (b) 

Calibration curve of RTD. The measured temperature coefficient of resistance is 0.0017. 

(c) When RTD is subjected to strain test, 25% tensile strain only leads to less than 

0.01ºC temperature change, which validates that our stretchable RTD is strain 

insensitive.  
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Figure S13: Skin hydration calibration. Calibration curves for hydration sensor 

measured on human skin. The magnitude of impedance is plotted as a function of (a) 

sweeping frequency and (b) hydration level. 
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Figure S14: Sweating induced by ESS application on skin. Skin impedance was 

measured five consecutive times (34 sec. for each frequency sweep) immediately after 

applying the Tegaderm-supported ESS on human forearm. Initial skin hydration (H) was 

probed by commercial corneometer: (a) H = 30 (b) H = 50 (c) H = 70 (d) H = 80. When 

skin was dry (e.g. H = 30 or 50), skin impedance drops (hydration increases) right after 

ESS application but when skin was hydrated (e.g. H = 70 or 80 with applied 

moisturizer), impedance did not change after ESS application. 
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Figure S15: Effect of contact pressure on epidermal hydration sensor. (a) 

Magnitude of impedance and (b) phase change responding to repeated firm pressure 

applied on ESS which was gently attached on skin. (c) Magnitude of impedance without 

(red) and with (blue) one time hard press immediately after ESS was applied on skin. 

After one time hard press, magnitude drops orders of magnitude and pressure effect is 

eliminated. (d) Calibration of hard pressed hydration sensor. Red circles represent 

impedance measured by ESS and black dots represent hydration levels measured by 

commercial corneometer at the same spot.  
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Figure S16: Stretchable strain gauges made by electrically conductive rubber 

(ECR) on ESS for respiratory rate and pattern monitoring. (a) Picture of the ESS 

strain gauge where ECR (black) is the strain sensing component and Au serpentine 

ribbons (yellow) serve as interconnects. Calibration curves for (b) horizontal and 

vertical ECR resistors and (c) Wheatstone bridge obtained by horizontal uniaxial tension 

tests. (d) FEM strain distribution in ECR when the supporting Tegaderm substrate is 

stretched horizontally by 5%. (e) Resistance of horizontal strain gauge indicates 

individual respiratory instants. (f) Voltage outputs from the ECR Wheatstone bridge 

during cough.  
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Figure S17: Images of Tegaderm-supported ESS under different uniaxial tension 

strain. The stretchability of our ESS is 55% with the Al coil ruptures first. 
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Figure S18: FEM of the inductance of the stretchable Al coil using ANSYS 

Maxwell. (a) 3D model of the coil with extension wire (atmosphere box is not showing). 

(b)-(g) Serpentine coil under different applied strains with contour plot of the magnetic 

(B) filed magnitude. 
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Figure S19: Deformed shapes of Tegaderm-supported serpentine and straight coils 

obtained by FEM. (a) Undeformed serpentine coil. (b) FEM result of the serpentine 

coil with 30% applied strain on Tegaderm. (c) Undeformed straight coil with the same 

number of turns as the serpentine coil. (d) FEM result of the straight coil with 30% 

applied strain on Tegaderm.  



a 

c d 

𝑙1 

𝑙2 

b 

𝜀𝑙1 

𝑣𝜀𝑙2 

-5 0 5 10 15 20 25
30

32

34

36

38

40

42

  Eqn. S8

  Eqn. S9

  Exp.

  FEM Ser.

  FEM Str.

F
re

q
u

e
n

c
y
 (

M
H

z
)

Strain (%)

e 

Figure S20: Analytical modeling of freestanding straight coils. (a) Undeformed 

single turn straight coil with initial length l1 and l2. (b) Single turn straight coil subjected 

to 30% applied strain. (c) Undeformed multi-turn straight coil. (d) Multi-turn straight 

coil artificially deformed by 30% uniformly. (e) Experimental (red), FEM (blue), and 

analytical (black) results show decreased resonance frequency with increased tensile 

strain. 
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Figure S21: Effect of reader distance, repeatability, and strain sensitivity of the stretchable 

Al coil. (a) Images of different separation distance between reader and the Al coil. (b) Plots of 

resonance frequency (black) and phase (blue) as function of reader-coil distance. It shows the 

resonance frequency is unaffected by the reader-coil distance whereas the phase depends on it. (c) 

Images for on skin test of the Al coil. (d) Phase response as a function of sweeping frequency at 

repeated “flat”, “stretch” and “compress” hand position. Good repeatability is observed. (e) 

Image for on-chest measurement. (f) Phase respond as a function of sweeping frequency at 

“still”, “inhalation”, and “exhalation” instant. It shows the resonance frequency and phase are 

stable in the three instants.  




