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Abstract

We present the first example of an all-printed, inexpensive, highly stretchable CNT-based 

electrochemical sensor and biofuel cell array. The synergistic effect of utilizing specially tailored 

screen printable stretchable inks that combine the attractive electrical and mechanical properties of 

CNTs with the elastomeric properties of polyurethane as a binder along with a judiciously 

designed free-standing serpentine pattern enables the printed device to possess two degrees of 

stretchability. Owing to these synergistic design and nanomaterial-based ink effects, the device 

withstands extremely large levels of strains (upto 500% strain) with negligible effect on its 

structural integrity and performance. This represents the highest stretchability offered by a printed 

device reported to date. Extensive electrochemical characterization of the printed device reveal 

that repeated stretching, torsional twisting and indenting stress has negligible impact on its 

electrochemical properties. The wide-range applicability of this platform to realize highly 

stretchable CNT-based electrochemical sensors and biofuel cells has been demonstrated by 

fabricating and characterizing potentiometric ammonium sensor, amperometric enzyme-based 

glucose sensor, enzymatic glucose biofuel cell and self-powered biosensor. Highly stretchable 

printable multi-analyte sensor, multi-fuel biofuel cell or any combination thereof can thus be 

realized using the printed CNT array. Such combination of intrinsically-stretchable printed 

nanomaterial-based electrodes and strain-enduring design patterns holds considerable promise for 

creating an attractive class of inexpensive multi-functional, highly stretchable printed devices that 

satisfy the requirements of diverse healthcare and energy fields wherein resilience towards 

extreme mechanical deformations is mandatory.
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The past decade has witnessed an exponential increase in research activities related to soft, 

stretchable electronics.1,2 These devices readily yield to external stress and thus survive 

mechanical deformations with minimal effect on their performance. This remarkable 

behavior has led to a foray of stretchable electronics in diverse fields that were originally 

untouched by conventional rigid electronics, for example, wearable devices,3–5 robotics,6,7 

or bionics,8,9 which demand electronics that can endure external strain. Diligent engineering 

of fabrication materials and of the device design is an indispensable requisite for achieving 

devices that are compliant towards extreme stress.10 Keeping cognizance of this critical 

requirement, researchers have developed stretchable devices that rely on serpentine metallic 

structures,11 nanomaterials,12,13 conductive polymers,14,15 or liquid metals.16 Although such 

ingenious approaches have led to compliant soft electronics, they rely on expensive 

lithographic techniques17 or small-scale spin/spray coating methods18 that lead to high 

manufacturing costs. Alternatively, screen printing techniques offer low-cost and large-scale 

fabrication of reproducible printed devices.19 The present work leverages screen printing 

process coupling specially engineered stretchable inks and a careful device design pattern to 

realize highly stretchable carbon nanotube (CNT)-based electrochemical devices that can 

withstand extreme strains up to 500% with minimal effect on their performance.

Printed electronics has acquired tremendous attention and its market size is expected to 

reach $300 billion over the next two decades.20 Printed electrochemical devices, in 

particular, are an important section of printed electronics that plays a pivotal role in 

healthcare,21 energy22 and security23 domains. However, majority of these printed 

electrochemical high-performance devices are mechanically fragile. In many of these 

applications, the printed electrochemical devices experience harsh mechanical deformations 

that hamper full realization of their potential. In order to address this drawback, researchers 

have introduced printed electrochemical devices based on flexible paper,24 plastic25,26 or 

textiles.27,28 Recently, we demonstrated a stretchable PEDOT:PSS-based printed 

electrochemical device.29 However, PEDOT:PSS is expensive, finds limited use as an 

electrode material in electrochemical devices, and could withstand strain of up to 100%.

In the present Letter, we leverage low-cost screen printing technology (Figure 1A) for large-

scale fabrication of printable CNT-based electrochemical array devices that offer the highest 

stretchability reported to date by a printed device (Figure 1B). An important novel aspect of 

the present work is the judicious preparation of a highly stretchable CNT-based ink and its 

combination with judiciously designed device pattern that provides the device with two 

degrees of stretchability to accommodate extreme strains of upto 500%. Specifically, the 

device comprises of free-standing serpentine interconnects printed using stretchable CNT 

and Ag/AgCl inks (Figure 1B). Detailed experiments were performed to optimize the ink 

composition and connecting angle of the interconnects to obtain a printed device with 

highest stretchability. When an external strain is applied to the device, the serpentine 

structure unwinds to accommodate the stress (Figure 1C). Upon further increment of the 

applied load, the intrinsic stretchability of the printed ink – imparted by combining CNT 

with elastomeric polyurethane (PU) binder – offers additional stretchability to the device. 

Unlike their metallic counterparts,11 the printed free-standing serpentine structures have two 

levels of stretchability – due to unwinding of free-standing serpentine structure (1st degree 

stretchability) and due to intrinsic stretchability of printable inks based on their tailored 
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formulation (2nd degree stretchability). This enables the CNT-based printed device to 

display remarkable stretchability compared to an earlier study.29 CNT was selected as the 

electrode material since carbon is the most widely used electrode material due to its low 

background current, wide potential window, and electrochemical inertness.30 Additionally, 

the functional groups present on the CNTs can be used to tether biomolecules or chemical 

moieties for specific sensing31 and energy32,33 applications without compromising their 

inherent stretchability. Furthermore, the exceptional mechanical and electrical properties of 

CNTs combined with the elastomeric properties of PU offer an attractive nanomaterial-

based system for achieving stretchable electronic devices. To demonstrate the viability of 

the new platform to realize wide range of highly stretchable electrochemical sensors and 

biofuel cells, the CNT-based printed device array was employed for developing 

amperometric glucose sensor, an ion-selective ammonium ion potentiometric sensor, and 

enzymatic glucose biofuel cell. Coverage of these printable devices with different reagent 

layers does not compromise their resistance to extreme mechanical strains.

Intrinsic stretchability was achieved by utilizing specially synthesized intrinsically 

stretchable inks. As reported in our earlier work, commercial screen printable inks cannot be 

utilized to obtain stretchable devices due to the rigid nature of the patterns printed using 

these inks.29 Hence, our efforts were directed towards preparing customized stretchable 

CNT and Ag/AgCl-based screen printable inks. Initially, varying amounts of CNTs were 

directly dispersed in Ecoflex® to obtain a stretchable CNT ink. However, a stretchable CNT 

ink with optimal printability, stretchability and electrochemical properties could not be 

achieved. Homogenous dispersion of conductive fillers within the binder is an essential 

requirement to obtain printable inks that demonstrate excellent printability and 

electrochemical response.19 Keeping this in view, PU was considered as the stretchable 

binder due to its ability to form hydrogen bonds with the carboxyl groups of the CNTs, thus 

leading to improved dispersion of CNTs within the PU binder.34 However, preliminary 

efforts of direct mixing of varying amounts of CNTs in PU led to inks possessing poor 

mechanical resiliency, high resistivity or sub-optimal electrochemical properties. This could 

be attributed to the unstable dispersion of CNTs in THF (Figure S1A) which affects the final 

dispersion of CNTs upon adding PU to obtain stretchable CNT ink. In order to address this 

challenge, suitable dispersing agents such as ionic liquid (1-ethyl-3-methylimidazolium 

tetrafluoroborate) and mineral oil were considered. Ultimately, mineral oil was chosen since 

it is inexpensive and led to homogenous dispersion of CNT in THF (Figure S1B). PU was 

then dispersed in the CNT-mineral oil suspension to obtain stretchable CNT ink that could 

be printed easily to fabricate conductive electrodes possessing excellent electrochemical and 

mechanical properties. Figure S2 shows SEM images of a stretchable CNT ink-based printed 

trace. The images indicate homogeneous distribution of CNTs within the PU and mineral oil 

matrix and the uniformity of the printed trace. The stretchable Ag/AgCl ink was prepared 

based on our earlier work.29

In order to achieve the goal of highly stretchable devices, an approach that relies on the 

synergistic effect of combining intrinsically stretchable screen printable inks and distinct 

design pattern that offers additional stretchability to the printed device was employed. The 

device-induced stretchability was achieved by designing interconnects between the active 

electrodes and contact pads in the form of free-standing serpentine structures with optimal 
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connecting angle. Several groups have shown that serpentine interconnects offer high levels 

of stretchability.35,36 As depicted in Figure 1C, when an external load is applied to the 

printed device array, the free-standing serpentine interconnects accommodate most of the 

stress by unwinding themselves (1st degree stretching). This continues till the serpentine 

structures are almost straightened. Upon further increment of the applied strain, the intrinsic 

stretchability of the printed inks comes into play to offer further compliance to the applied 

stress (2nd degree stretching). Thus, the synergistic effect of device design and stretchable 

inks provides the printed device array with high tolerance towards extreme levels of multi-

dimensional complex strains, as shown in Video V1 (supporting information). Images of the 

stretchable device array (Figure 1D) under various forms of mechanical deformations, 

including linear stretching, torsional twisting and indentation stress, are also shown in 

Figure 1E-G, respectively. The video and the images underscore the ability of the printed 

device array to endure extreme and complex multi-dimensional strains with minimal effect 

on its structural integrity.

Earlier reports on stretchable serpentine structures have revealed that parameters like inner 

radius (R), trace width (W) and connecting angle (θ) play an important role in dictating the 

extent of stretchability for the serpentine structures (Figure 1C, top right).35,36 In order to 

obtain a compact device size, ‘R’ and ‘W’ were maintained at 2 mm and 1 mm, respectively, 

while ‘θ’ was varied between 0° to 45° to identify the best configuration that offers highest 

stretchability without compromising the structural integrity of the device. The extent of 1st 

degree stretching (unwinding of serpentine trace till it straightens) could be increased from 

~57% to ~233% by changing ‘θ’ between 0 and 45°. Thus, geometrically, the stretchability 

of the device should increase with an increase in ‘θ’. Single free-standing Ag/AgCl 

serpentine traces of varying ‘θ’ were fabricated (Figure S3A) and changes in their resistance 

as a function of applied strain were recorded. As expected, serpentine structures with higher 

‘θ’ values offer higher resiliency towards applied strain (Figure 2A). However, this was true 

only for ‘θ’ values from 0-30°. The serpentine with θ = 45° displayed poorer compliance 

towards mechanical deformations as compared to that with θ = 30°. This may be attributed 

to the fact that the serpentine structure with θ = 45° experiences complex out-of-plane 

bending and twisting while the external load is gradually removed. Out-of-plane bending 

and twisting of the serpentine structure leads to undesired strain at the microscopic level and 

thus causes an increase in resistance. Inferior resiliency of serpentine structures with θ = 

45°, compared to that with θ = 30° towards external load has also been reported earlier.36

We also carried out experiments comparing free-standing serpentine traces fabricated using 

stretchable Ag/AgCl (Figure 2B) and CNT (Figure 2C) inks with corresponding stretchable 

ink-based surface-bound serpentine traces and with free-standing traces fabricated using 

non-stretchable Ag/AgCl (without Ecoflex binder) and CNT (without PU binder) inks. 

Schematics showing the surface-bound and free-standing Ag/AgCl and CNT inks-based 

traces are shown in Figure S3 B-E. Optical and electron microscopic analysis of the non-

stretchable CNT-based trace clearly illustrate microscopic and macroscopic cracks 

throughout the trace immediately upon curing (Figure S4A and B) due to the absence of a 

binder to withhold the CNTs. Furthermore, SEM images reveal that the traces printed using 

non-stretchable CNT ink have a rough, non-uniform surface morphology (Figure S4C) as 

compared to the uniform printability offered by its stretchable counterpart (Figure S2B). The 
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superior printability of the stretchable CNT ink, as compared to the non-stretchable ink, can 

be attributed to the presence of PU that acts as an efficient binder for uniform dispersion of 

the CNTs. On the other hand, the non-stretchable Ag/AgCl-based free-standing trace could 

be stretched up to a strain of 200% due to the unwinding of the serpentine structure. 

However, application of additional stress led to immediate cracking of the trace due to the 

lack of intrinsic ink stretchability (Figure S5A) while no cracking was observed for the 

stretchable Ag/AgCl ink-based trace (Figure S5B). In the case of stretchable Ag/AgCl and 

CNT ink-based traces, stretched upto 500% strain, the resistance increased by ~800% and 

~3500% for surface-bound Ag/AgCl and CNT-based devices, respectively, and by ~200% 

and ~ 300% for the free-standing Ag/AgCl and CNT-based free-standing traces. SEM 

studies analyzing the CNT-based free-standing trace before and after the 500% stretching 

reveal that initially the trace comprises of a crack-free homogenous morphology (Figure 

S6A). However, after application of 500% strain, microscopic cracks appear at some 

locations (Figure S6B). The microscopic cracks observed in the SEM images help explain 

the increased resistance of the printed traces upon undergoing mechanical deformations. It 

must be noted, however, that though the resistance increases, application of such extreme 

strains had a negligible impact on the electrochemical properties of the printed device (as 

discussed later and shown in Figures 3 and 4). As clearly evidenced from Figures 2B and C, 

the traces possessing single degree of stretchability display inferior stretchable property as 

compared the corresponding ones that have two degrees of stretchability. These data support 

the significance of traces possessing two degrees of stretching over their counterparts having 

single degree stretching (intrinsic stretchability or design stretchability), reflecting the 

former’s ability to endure higher stretchability than that of the latter. Based upon these 

results, free-standing serpentine interconnects having θ = 30° were selected to realize the 

stretchable electrochemical device array.

Cyclic voltammetry is widely used to study different electrode materials and analyze 

changes in the electrode-electrolyte interface.37 Hence, this technique was utilized to study 

the effect of applied strain on the electrochemical properties of the printed device array with 

ferricyanide as a redox probe. The first set of experiment comprised of studying the effect of 

increasing strain levels on cyclic voltammograms (CVs). The printed device was repeatedly 

stretched with increasing strains upto 500% (Figure 3A). The CV was first measured for an 

unstretched device (Figure 3A, black plot). It was later stretched to 100% of its length and 

then subsequently released to its initial position. This fatigue cycle was repeated 30 times 

and a CV was recorded. Similar fatigue cycles of increasing strains (upto 500%) were 

subsequently applied to the same device and the CV was measured at each step. The final 

CV recorded after 500% stretching is showing in Figure 3A (red plot). Stains >500% could 

not be applied since this pushed the underlying Ecoflex substrate (75 μm thickness) beyond 

its natural strain limits and led to its tearing. The device stretchability can be further 

improved by employing a thicker underlying substrate and by exploring other elastomers 

that offer stretchability greater than Ecoflex. As observed in Figure 3B, the redox peak 

separation (ΔEp) as well as the peak heights of the ferricyanide probe remain nearly identical 

even when the device experiences such extreme levels of applied strains (R.S.D. for ΔEp = 

2.71%). These data indicate the minimal effect of severe mechanical deformations on the 

electrochemical properties of the printed device. The device can accommodate significantly 
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higher levels of strains than the device reported in our previous work (maximum strain: 

100%)29 due to its synergistic effect of intrinsic and design-induced stretchability. 

Furthermore, unlike the PEDOT:PSS electrodes used earlier, the current device rely on 

commonly used CNTs. The narrow peak separation and low background charging current, 

observed in the CVs of Figure 3, highlight the advantages of the CNT-based stretchable 

electrodes for electrochemical applications. Thereafter, the next study aimed at evaluating 

the effect of repeated stretching (300%) on the CVs obtained from the device. In this case, 

the device was stretched by 300% for total of 150 times and CVs were recorded after every 

30 cycles. Figure 3C shows the initial (before stretching) and the final CV recorded at the 

end of the study The test again revealed that the device could easily withstand repeated 

stress cycles with negligible effect on its electrochemical properties (R.S.D. for ΔEp = 

2.30%).

Numerous real-life applications of stretchable devices mandate flawless performance even 

when the devices are continuously strained for extended periods. To analyze the 

performance of the printed device under such conditions, it was continuously maintained at 

a strain of 300% and the CV was recorded every 10 min (initial and final CVs are shown in 

Figure 3D). As evidenced from the figure, the CV shape remains almost similar over the 

entire test (R.S.D. for ΔEp = 0.72%). Such real-time investigation of the device discloses its 

immaculate performance even when subjected to continuous stress of extreme levels. Again, 

it must be noted that the two levels of stretchability of the present device (shown in Figure 

1C) allow it to offer a superior performance under continuous strain as compared to our 

earlier reported device (that could be maintained at 25% strain for a similar study).29 The 

device was also tested for its defiance against complex, multi-dimensional deformations, for 

example, repeated indentations of 5 mm depth (Figure 1G) and repeated torsional twisting 

(Figure 1F). The initial and final CVs obtained during these experiments are shown in 

Figure 3E and F. These plots reveal that such multi-dimensional deformations also have 

minimal effect on the device’s electrochemical properties (R.S.D. for ΔEp = 3.45% and 

0.95% for Figures 3E and F, respectively). Intermediate CVs recorded for the experiments 

depicted in 3B-F are shown separately in Figure S7.

Potentiometric ion-selective sensors and amperometric biosensors play a pivotal role in 

various healthcare38,39 and environmental40,41 applications. Several such applications 

mandate devices that can endure mechanical stress.42 Hence, in such scenarios, the highly 

stretchable CNT-based device arrays can have immense use. Additionally, each CNT 

electrode of the array can be functionalized with specific receptor (e.g., ionophore or 

enzyme), thus offering multi-analyte detection. Considering such potential widespread 

applications, the CNT-based stretchable device was functionalized with an ammonium ion 

selective membrane as a proof-of-concept highlighting the utility of the new platform to 

realize highly stretchable potentiometric sensors (Figure 4A). The stretchable ammonium 

ion sensor displayed inconsequential effect of repeated 300% stretching on its potential 

response to varying ammonium concentrations (Figure 4B). During the entire mechanical 

resiliency study the sensor responded in a near-Nernstian fashion (67.5 mV/p[NH4
+]) and its 

response fluctuated negligibly (RSD: 2.46 %), as observed in Figure 4C.
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Similarly, the CNT-based device was functionalized with glucose oxidase (GOx) to 

demonstrate the ability of the stretchable platform in realizing highly stretchable 

amperometric biosensors. The glucose sensor was fabricated by functionalizing the CNT 

electrode with tetrathiafulvalene (TTF) as a mediator and GOx as the enzyme (Figure 4D). 

The resulting amperometric sensor displayed a linear response to increasing glucose levels 

(Figure 4E) along with negligible variance in its response when it was stretched repeatedly 

by 300% (Figure 4F, RSD: 4.98%).

Enzymatic biofuel cells, as energy harvesters and self-powered sensors, have garnered a 

tremendous recent attention for various invasive,43,44 minimally invasive45 and non-

invasive,46,47 applications. In such cases, the biofuel cells are intimately in contact with soft 

tissues that may undergo extreme mechanical deformations. The CNT-based stretchable 

device was thus modified to obtain a glucose biofuel cell. Specifically, the bioanode was 

functionalized with 1,4-naphthoquinone (NQ) as a mediator and GOx as the enzyme while 

the cathode comprised of electrodeposited platinum (Figure 4G). Figure 4H shows the 

power density (P.D.) curves obtained for increasing levels of glucose while Figure 4I shows 

the high stability of the power generated upon stretching the device repeatedly by 300% 

(RSD: 2.57%). The linear increase of the highest P.D. obtained from the stretchable biofuel 

cell with increasing glucose concentration (Figure 4H, inset) reveals that the biofuel cell also 

behaves as a self-powered glucose sensor. Such self-powered sensors are quite attractive for 

decentralized applications where powering sensors is a challenge.48,49

The results obtained from the potentiometric ammonium ion sensor, amperometric glucose 

sensor and enzymatic glucose biofuel cell and self-powered glucose sensor, underpins a 

compelling evidence of the ability of the stretchable CNT-based device array to be easily 

functionalized with a host of receptors and reagents to realize a wide range of highly 

stretchable electrochemical sensors and biofuel cells for diverse applications which demand 

intimate contact with surroundings and where extreme mechanical deformations are 

common. Furthermore, the results highlight that the device’s mechanical resiliency remains 

uncompromised even after coating it with layers containing delicate chemical and 

biochemical reagents. The array system can thus be utilized to realize highly stretchable 

multi-analyte sensors, multi-fuel biofuel cells, or a combination of sensors and biofuel cells.

In conclusion, the present work demonstrates the first example of a highly stretchable all-

printed CNT-based electrochemical sensors and biofuel cells that can withstand strains as 

high as 500% with negligible effect on their structural integrity and electrochemical 

performance. The device thus offers the highest stretchability among all the reported screen 

printed devices. The printed device can endure such extreme stress due to the synergistic 

effects of its design pattern and use of specially engineered stretchable inks that offer 

stretchability at two levels – unwinding of the free-standing serpentine interconnects and 

intrinsic stretchability of custom-designed inks which rely on the exceptional mechanical 

and electrical properties of CNTs and elastomeric properties of PU binder. The device has 

been characterized using resistance and various electroanalytical techniques for studying its 

mechanical deformation resiliency. Preliminary resistance studies reveal the pivotal role 

played by free-standing serpentine interconnects and control of their connecting angle in 

realizing the high stretchability. Subsequent CV studies indicate that the device shows 
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negligible variation in its electrochemical response even when repeatedly stretched (up to 

500%), twisted and indented. The device also performed flawlessly when continuously 

stretched by 300% for 1h. As compared to previous work on PEDOT:PSS based printed 

stretchable device,29 the present device relies on commonly used CNT electrodes and 

demonstrates superior stretchability. Ultimately, the CNT-based device was functionalized 

with reagent layers containing ionophores or enzymes to realize highly stretchable 

ammonium ion-selective potentiometric sensor, amperometric glucose biosensor and 

enzymatic glucose biofuel cell and self-powered biosensor. The sensors and biofuel cells 

displayed remarkable endurance towards repeated strains of 300%, indicating minimal effect 

of applied stress on the electrode material and also on delicate enzymes and other reagents 

immobilized onto the electrodes. Furthermore, CNT-based electrodes represent a common 

platform that allows wide range of strategies to immobilize receptors and other reagents into 

highly bio-compatible three dimensional micro-environments to realize sensors and biofuel 

cells with improved characteristics.50,51 The array system thus offers the opportunity to 

fabricate multi-analyte sensors, multi-fuel biofuel cells and a combination of sensors and 

biofuel cells, thus providing a multi-functional platform for sensing and energy harvesting. 

Future work will focus on further characterizing the inks’ rheological properties, studying 

the tensile properties of the printed traces and the performance of the device while 

undergoing dynamic repeated large strain, and on improving further the stretchability 

(beyond 500%) by employing thicker substrates and exploring other highly stretchable 

elastomers. The present work therefore has the promise to lay the foundation for scalable, 

low-cost fabrication of fully-printed highly stretchable and high-performance 

electrochemical devices for diverse applications in healthcare, defense, consumer electronics 

and energy domains.
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Figure 1. 
(A) Image of the stencil employed for printing the stress-enduring stretchable devices. 

Schematics showing (B) large-scale printed stretchable device arrays along with their 

various applications (Inset shows an image of a printed CNT-based array device) and (C) 
the two degrees of stretching – design-induced (1st Stretching) and intrinsic stretchability 

(2nd Stretching) – enabling the printed arrays to accommodate high levels of strains along 

with parameters defining the curvature of a free-standing serpentine interconnect (top right). 

Photographs of stretchable array under (D) 0% and (E) 175% linear (F) 180° torsional and 

(G) 5 mm indention strains. Scale bar for images D-G, 1cm.

Bandodkar et al. Page 11

Nano Lett. Author manuscript; available in PMC 2017 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Comparison of the effect of applied strain on the resistance of printed (A) free-standing Ag/

AgCl-based trace possessing different contacting angles (θ); (B) Ag/AgCl-based free-

standing (black plot) and surface-bound (red plot) serpentine traces (θ = 30°) and (C) CNT-

based free-standing (black plot) and surface-bound (red plot) serpentine traces (θ = 30°).
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Figure 3. 
(A) Photographs of the printed stretchable array under increasing levels of applied strain 

(scale bar = 1cm). CVs recorded before (black plot) and after (red plot) applying (B) 
increasing levels of strain from 0 to 500% with increments of 100%, (C) repeated 300% 

stretching cycles for a total of 150 iterations, (D) a continuous strain of 300% for 60 min, 

and after applying (E) repeated indentations (5 mm) for a total of 50 repetitions and (F) 
repeated torsional twisting stress cycles for a total of 50 iterations. (B, C, E and F): The 

device was maintained at maximum strain for 2 s during each stress cycle. Corresponding 

intermediate CVs recorded for B-F are shown in Figure S7.
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Figure 4. 
(A) Schematic of a stretchable ion-selective NH4

+ sensor. (B) Voltage vs time data recorded 

for increasing NH4
+ concentration (0.1 – 100 mM) and (C) Calibration plot recorded after 

application of 10 cycles of 300% strain for a total of 40 cycles. (D) Schematic of a 

stretchable amperometric glucose sensor. (E) Amperograms recorded for increasing glucose 

concentration (a –f: 0 – 10 mM). (F) Corresponding calibration plot. (G) Amperograms 

obtained for a glucose sensor after every 10 cycles of 300% stretching for a total of 40 

iterations and (H) stability of the sensor response after each 300% stretching iterations. (I) 
Schematic of a stretchable glucose bio-fuel cell. (J) Power density vs voltage curves for the 

stretchable glucose bio-fuel cell and (K) maximum power density vs glucose concentration. 

(L) Power density vs voltage plots for a glucose bio-fuel cell after every 10 cycles of 300% 

stretching for a total of 40 iterations and (M) biofuel cell stability after each 300% stretching 

iterations. (B, G and L): The device was maintained at maximum strain for 2 s during each 

stress cycle.
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