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Abstract—This paper presents a stretchable glucose sensor 
composed of dodecylbenzenesulfonate-doped polypyrrole 
(PPyDBS)-coated vertically aligned carbon nanotube (VACNT) 
forests rooted in polydimethylsiloxane (PDMS) substrate. The 
measured sensitivity was approximately 10 mA cm-2 M-1 with a 
wide linear range demonstrated, as low as 0.1 mM and up to 12 
mM, and the sensor achieved 90% of steady-state current in less 
than 3 seconds. The PDMS/CNT/PPy(DBS)/GOx structure was 
tested under stretching, demonstrating the coefficients of 
determination larger than 0.982, indicating its robustness of 
sensing capability of glucose concentrations with tensile strain up 
to 75%. These results show the potential of this stretchable glucose 
sensor with a novel fabrication strategy and stretchable electrode 
design toward potential wearable applications interfacing with 
physiological fluids. 
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I. INTRODUCTION 

HE incorporation of sensing materials with flexible and 
stretchy materials enables electronic skins [1], smart sensor 

bandages [2], and wearable medical devices [3]. Human 
activity often induces multiscale and dynamic deformations, 
such as at the site of joints, which often accommodate more than 
50% stretchability deformation [4]. Stretchable biosensors are 
used to detect stimuli of the human body, which are often not 
flat and constantly moving [5]–[8], and these sensors benefit 
from uninterrupted attachment to the surface environment to 
provide continuous measurements. In addition to site 

monitoring, stretchable sensors can monitor the entire human 
system, such as in medical diagnostics for continuous 
monitoring [9]. Among the various wearable biosensors, 
electrochemical sensors are a developing field for monitoring 
vital signals via detecting physiological components in human 
fluids with the advantages of non-invasive and high-specificity 
sensing [10], [11]. While invasive glucose sensors are 
mainstream for determining glucose levels in the blood, non-
invasive glucose sensors have been shown with external 
physiological fluids, such as sweat [9] and ocular fluid [10], 
minimizing pain and infections caused by an invasive nature 
[11, 12]. Physiological fluids contain metabolites and 
electrolytes, which provide valuable information about a 
patient’s health and condition [12]. Therefore, stretchable 
sensors capable of measuring fluids enable disease diagnosis in 
a real-time and comfortable manner. 

Wearable or skin-attachable electrodes can be subjected to 
various lateral strains and accommodate significant bending, 
twisting, and stretching [11]. The stretchable electrodes are 
often synthesized with elastomeric polymer substrates, 
including polyimide, polydimethylsiloxane (PDMS), poly 
(methyl methacrylate) (PMMA), and polyethylene (PE) [13, 
14]. Typically, a sensor requires a transducer element to convert 
a stimulus into a recordable electronic signal, often through 
functionalized conductive electrodes. To achieve conductive 
transducer functionality, flexible substrates are conventionally 
deposited with thin metal films, including Au, Ag, and Pt [15-
17]. However, mechanical deformation can lead to crack 
propagation and/or delamination of the films from the 
underlying stretchable substrate, causing inconsistent readings 
and premature device failure [18, 19]. One can combine 
conductive materials that can undergo strain on par with the 
capability of their underlying flexible substrates. For example, 
conductive networks can be formed using carbon nanotubes 
(CNTs) as observed by forests of vertically aligned CNTs 
(VACNTs) [20, 21], which are often combined with either 
polyethylene terephthalate (PET) or polycarbonate (PC) [22-
24]. In addition, CNT-based stretchable electrodes on 
elastomeric substrates have demonstrated high flexibility, 
limited only by the cohesive fracture of elastomeric substrates 
[25, 26]. CNTs can also be combined with conjugated polymers 
for biosensing applications as the sensing or supporting matrix, 
whereby CNTs imbue mechanical support to maintain the 
structural integrity of the matrix [27-29]. Polypyrrole (PPy) is a 
popular conjugated polymer for flexible and stretchable 
electrodes [35], which is typically doped with cations to achieve 
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higher conductivity [30-32]. PPy can also immobilize various 
enzymes in electrochemical sensor designs, most notably 
glucose oxidase (GOx), towards glucose detection [33-36].  

To date, efforts have been pursued to incorporate PPy with 
CNTs in developing glucose sensors with GOx, as shown in 
Table S1. Further information on enzyme-based sensors and the 
sensing mechanism is included herewith. Furthermore, various 
strategies have been reported to obtain flexible glucose sensors 
with other materials, as shown in Table S2. Several strategies 
have been pursued to detect glucose levels in various 
physiological fluids that enable non-invasive operation, such as 
optical and microwave sensors [37-39]; however, those with 
flexibility are more limited [40-52]. While various CNT/PPy 
composites have been used as electrode materials in GOx-based 
glucose sensing [53-59], none of the previous reports 
demonstrated stretchable glucose sensing. Incorporating these 
materials into stretchable electrodes would be beneficial to 
realizing wearable glucose sensors for continuous monitoring. 

Here, we demonstrate a stretchable glucose sensor platform 
to detect glucose by up to 75% of strain applications. The 
chemical vapor deposition (CVD)-grown VACNTs rooted in 
PDMS allow for a stretchable electrode design [60-63], which 
are comprehensively tested for GOx-based glucose detection 
under stretching. We show that a conformal coating of 
PPy(DBS) thin film on individual VACNTs via 
electropolymerization maintains the structure’s integrity under 
a tensile strain up to at least 75%. GOx immobilized on the 
PPy(DBS) surface allows selective sensing of glucose. The 
resulting PDMS/VACNTs/PPy(DBS)/GOx is exposed to 
iterative glucose concentrations, resulting in a concentration-
dependent change of measurable current. We demonstrate that 
conformal coating of PPy(DBS) onto individual CNT surfaces 
facilitates increased reaction sites, resulting in at least 4 times 
higher sensitivity than observed with independent PPy(DBS) 
films. Furthermore, we demonstrate that the sensor produces a 
proportional response to changes in glucose concentration, with 
tensile strains of 0%, 15%, 30%, 45%, 60%, and 75%. 

 

II. MATERIALS AND METHODS 

A. Preparation of PDMS/CNT/PPy(DBS) Electrodes and 
GOx Immobilization 

The PDMS/CNT electrode template and its fabrication has 
been reported elsewhere [60-63]. A detailed description of the 
preparation of PDMS/CNT/PPy(DBS) electrodes is found in 
the SUPPLEMENTARY MATERIAL. VACNT forests were 
grown via APCVD and characterized using Raman 
spectroscopy to confirm the integrity of individual nanotubes 
despite the later strain of the substrate, as shown in Figure S1 
and our previous work [60-63]. Further details regarding the 
characterization methods are included herewith. Figure S2 
shows the Raman spectroscopy of the Si/SiO2 substrate with 
CNT (before transfer onto PDMS) and without CNT (after 
transfer).  

GOx was immobilized onto the working electrode using 
glutaraldehyde (GA) as a crosslinking agent. The 
PDMS/CNT/PPy(DBS) was first dipped in 0.25 wt% GA 
solution, left for 1.5 hours at room temperature and washed 2-3 
times with 0.1 M potassium phosphate buffer. Next, the stock 
solution of GOx (2 mg/mL) prepared in 0.1 M potassium 
phosphate buffer (pH 7) was used to adsorb GOx onto the 
PPy(DBS) surface. Next, PDMS/CNT/PPy(DBS) was dipped 
into the GOx solution for 2 hours at 4 °C, followed by washing 
2-3 times with 0.1 M potassium phosphate buffer. The  
incorporation of GA media resulted in an immobilization with 
better physical and chemical stability of the catalytic material 
due to crosslinking formed with GA and GOx [56, 64-66]. By 
doing so, active sites of GOx can be more accessible for 
enzymatic activity. These methods were also employed to 
immobilize GOx on CNT and PPy(DBS) electrodes used for 
comparison. Figure S3 shows the schematic diagram for the 
preparation process for the working electrode of the glucose 
sensor. 

B. Characterization of Glucose Concentrations 

For experiments comparing CNT, PPy(DBS), and 
CNT/PPy(DBS), the following were used as samples: (1) as-
grown CNT transferred onto PDMS, (2) electropolymerized 
PPy(DBS) film coating on a flat Au-coated Si/SiO2 chip, and 
(3) CNT coated with PPy(DBS) on a PDMS substrate, with 
fabrications as described in the above sections; GOx was 

Figure 1. Illustration of the stretchable glucose sensor. 
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immobilized on each of these samples following the same 
procedure described above as well. The experimental setup is 
shown in Figure S4 with further details. The samples acted as 
working electrodes and were inserted into a solution of 20 mL 
of 0.1 M phosphate buffer (pH 7) with a CNT counter electrode 
and an Ag/AgCl reference electrode. A constant voltage of 0.65 
V was applied, and glucose concentration-dependent current 
changes were observed upon successive additions of 0.2 mM 
glucose (i.e., 4 µL of 1 M glucose) up to 0.8 mM, followed by 
successive additions of 0.4 mM glucose (i.e., 8 µL of 1 M 
glucose) up to 4.8 mM, and followed by 0.8 mM glucose (i.e., 
16 µL of 1 M glucose) up to 12.8 mM at intervals of 50 s. 
Selection of the 0.65 V constant electrochemical potential was 
determined using data obtained via cyclic voltammetry as 
outlined in the Results and Discussion section and Figure S5. 
For interference testing, the same setup was pursued with a 
CNT/PPy(DBS)/GOx working electrode and an injection of 1.5 
mM glucose into the phosphate buffer solution, followed by 
successive additions of 0.1 mM ascorbic acid (AA), 10 mM 
urea, 150 mM sodium chloride (NaCl), and 0.1 mM uric acid 
(UA) with 50 s intervals at a constant potential of 0.65 V. For 
glucose testing performed with application of tensile strain, as 
shown in Figure 1, a single PDMS substrate containing CNT as 
counter electrode and CNT/PPy(DBS)/GOx as working 
electrode spaced apart several mm was used for testing with an 
Ag/AgCl wire reference electrode. 2 mL of buffer solution was 
placed centrally on the sensor. Successive additions of 0.8 mM 
glucose were added to the solution to observe glucose 
concentration-dependent current changes. The tensile strain 
was applied with a clamped system with 15%, 30%, 45%, 60%, 
and 75% strains. As commonly employed in tensile strain 
experiments, one side clamp held the sample, while the other 
clamp moved laterally to stretch the sample [67-69]. 

 

III. RESULTS AND DISCUSSION 

A. Glucose Sensor 

Figure 2 shows SEM and TEM images of CNTs with and 
without PPy(DBS) coatings. We previously showed that 
incorporating DBS- molecules assists in a conformal coating of 
PPy to provide easy access of ions to individual coated CNTs 
[63]. Additional images and details regarding the polymer 
coating process of PPy(DBS)-coated CNTs are shown in Figure 
S6. A detailed description of PPy(DBS) coating process is 
published elsewhere [70-76], and described in detail in 
SUPPLEMENTARY MATERIAL. 

The electropolymerized PPy(DBS) film conformally coats 
individual CNTs, corresponding to an average CNT diameter of 
approximately 10 nm with an average PPy(DBS) conformal 
film thickness of approximately 9 nm. In addition, the existing 
spacing between CNTs allows for the diffusion of glucose 
within the surrounding liquid medium. In this way, more 
glucose molecules would access potential reaction sites where 
a reaction occurs in the presence of glucose oxidase, resulting 
in a change in current. While the dip-coating procedures of GA 
and GOx functionalize the electrode towards sensing glucose, 
its presence was confirmed by observing the working 
electrode’s electrochemical performance in the presence of 
glucose. The protein molecules, GOx, are not easily visible in 
conventional imaging procedures. These biological samples 
would require complex preparations and specific staining 
procedures to enhance contrast adequately to be observable by 
electron microscope methods [77, 78]. 

B. Glucose Sensing without Strain 

Figure 3a shows a typical response current vs. time plot for 
the biosensor at 0.65 V (vs. Ag/AgCl) applied between a CNT 
counter electrode and the fabricated 
PDMS/CNT/PPy(DBS)/GOx working electrode shown in 
Figure S3. The electrochemical behavior of the 
PDMS/CNT/PPy(DBS)/GOx electrode under glucose additions 
was investigated by chronoamperometry. Iterative glucose 
concentrations were added to the buffer solution, and GOx 

Figure 2. SEM images of (A) side view of bare vertically aligned CNTs and (E) side view of PPy(DBS)-coated CNTs of 
approximately 100 μm height with a scale bar of 50 µm; SEM images of (B) side view of bare CNTs and (F) top view of 
PPy(DBS)-coated CNTs with a scale bar of 750 nm; TEM images of (C) bare CNTs and (G) PPy(DBS)-coated CNTs with a 
scale bar of 250 nm; TEM images of (D) bare CNTs and (H) PPy(DBS)-coated CNTs with a scale bar of  50 nm. 
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reacted in the presence of glucose, resulting in a concentration-
dependent change of measurable current. When a measurable 
amount of glucose solution was added, the oxidation current 
exhibited a stepwise behavior, reaching a higher state nearly 
instantly. The sensor achieved 90% of steady-state current in 
less than 3 seconds. A response time of < 3 seconds would 
enable the use of this system for continuous monitoring systems 
[79, 80]. Three different regions are illustrated in the graph 
corresponding to additions at 50 s intervals of 0.2 mM, 0.4 mM, 
and 0.8 mM intervals, respectively. A sensitivity of 
approximately 10 mA cm-2 M-1 and a wide range were observed 
with glucose concentrations as low as 0.1 mM and up to 12 mM 
with a highly linear response trend. A strong correlation of the 
average current response of four different sensors with a 
coefficient of determination of 0.998 is shown in Figure 3b, a 
consistent amount for the different regions of increasing 
additions of glucose concentration. 

Figure 4a shows the response current vs. time for three 
different types of electrodes: (1) CNT/PPy(DBS), (2) CNT, and 

(3) PPy(DBS). Figure S7 shows the same graphs with the 
logarithmic scale in the y-axis to show the very low 
values/curves. GOx was deposited using the same method onto 
each substrate via dip-coating with 0.25 wt% GOx solution. GA 
was used for each deposition of GOx as a crosslinker agent to 
encourage adhesion to the surfaces and chemical reaction 
kinetics. The electrodes were supplied with constant voltages of 
0.65 V for 100 s to achieve a steady-state before adding glucose 
solution. Successive aliquots of glucose were added to the 
buffer solution at 50 s intervals to achieve successive 
concentrations of 0.4 mM of glucose. The voltage of 0.65 V was 
chosen as shown in previous works involving PPy(DBS) 
combined with GOx [81-83]. Hydrogen peroxide production 
was accomplished as shown by high values of anodic current 
achieved at this voltage, which agrees with the reaction 
mechanism proposed for glucose oxidation in the presence of 
GOx [84, 85]. To confirm the use of this voltage with the 
PDMS/CNT/PPY(DBS)/GOx electrode, cyclic voltammetry 
was performed. As shown in Figure S4, when the sensor was in 

B 

Figure 3. (A) Current response of PDMS/CNT/PPy(DBS)/GOx upon successive addition of glucose at 50-second intervals, 
and (B) linear regression of the mean current response and standard deviation, averaged with four differing datasets. 

A 

Figure 4. (A) Current response of PPy(DBS)-coated CNTs, PPy(DBS), and CNTs upon successive addition of glucose, and 
(B) the linear calibration curves for CNT/PPy(DBS), PPy(DBS) and CNT between the response current and the glucose 
concentration. An insert of logarithmic scale can be seen in each plot. 

B A 
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the presence of glucose, H2O2 was generated and led to an 
anodic current at the electrode, polarized at 0.65 V. This further 
justifies the use of 0.65 V in these experiments. The 
combination of CNT/PPy(DBS) demonstrated the advantages 
of using these materials together in the unique combination 
reported herein rather than individually. Compared to the 
PPy(DBS) thin-film on a flat Au-coated Si/SiO2 chip, the 
PPy(DBS) conformally-coated on VACNT has a larger 
effective surface area than the flat PPy(DBS). Therefore, the 
fast response time in this sensor implies the effectiveness of 
increased surface area of the CNT/PPy(DBS) electrode due to 
the conformal coating of PPy(DBS) on individual CNTs. 

As shown in Figure 4, PPy(DBS) coated on CNTs resulted 
in at least 400% improved sensitivity and at least approximately 
0.2% increase in the linear coefficient of determination than 
either material independently with a linear calibration curve 
between the current and the glucose concentration. CNT forests 
offer high conductivity, commonly ranging from 7 to 14 S cm-

1 along with the array at 300 K [86], in addition to geometric 
favorability of high specific surface area. Conformal coating of 
PPy(DBS) onto individual CNT surfaces increased reaction 
sites, resulting in approximately 4 times higher sensitivity than 
observed with independent PPy(DBS) films. Figure 4b shows 
the calibration curve of the PPy(DBS). The coefficients of 
determination for PPy(DBS)/CNT, PPy(DBS), and CNT, were 
0.998, 0.997, and 0.976, respectively. The calibration curves 
indicate the Michaelis-Menten behavior of the proposed 
biosensor [87]. With a sensitivity of approximately 2.5 mA cm-

2 M-1 for flat PPy(DBS) surface, the sensitivity was nearly a 
quarter of that shown with CNT/PPy(DBS). The 
unfunctionalized CNT sample did not exhibit a significant 
reaction, indicating the need to functionalize the material and 
take advantage of its high surface volume and excellent carrier 
mobility capabilities. The same experimental procedure with 
samples not including GA/GOx has been performed and 
demonstrated in Figure S7.  

C. Selective Glucose Sensing 

Figure 5 shows the addition of common interferents into the 
buffer for glucose biosensing applications. The 
PDMS/CNT/PPy(DBS)/GOx was evaluated towards potential 
interferences commonly present in physiological fluids by 
studying their response current. AA, urea, NaCl, UA were 
added into a 1.5 mM glucose solution to reach concentrations 
of 0.1 mM, 10 mM, 150 mM, and 0.1 mM, respectively, which 
are common concentrations of these analytes in human 
physiological fluid samples. Here, the low voltage operation 
and selective nature of GOx contributed to the use of the sensor 
towards selective sensing of glucose without significant 
oxidation of unwanted substances. The long-term durability of 
a similar stretchable electrode structure of PDMS/VACNT was 
also tested in our previous work [60], demonstrating its stability 
and robustness despite repetitive mechanical deformations 
towards potential wearable applications. 

D. Glucose Sensing with Strain 

The tensile strain was applied to the 
PDMS/CNT/PPy(DBS)/GOx electrode to demonstrate its use 
in developing stretchable glucose sensors. In this case, a CNT 
electrode was fabricated on the same PDMS substrate as a 
CNT/PPy(DBS)/GOx electrode with a gap between the two 
electrodes; a drop of a buffer was placed atop of the sensor with 
subsequent glucose additions for concentration-dependent 
measurements of glucose. As shown in Figure 6a, the gap 
between CNT electrodes increased on a millimeter-scale as the 
tensile strain was applied. The buffer solution was a liquid 
solution containing glucose and overlapped both electrodes on 
top as a droplet to simulate physiological fluid. The buffer 
solution was not a solid or gel, and it did not experience any 
pertinent mechanical/electromechanical effects from the 
underlying electrode stretching. Also, the solution resistance is 
low for phosphate buffer solution, and the distance does not 
significantly affect its circuit performance [88]. The effect of 
the gap widening with induced strain between the two 
electrodes was analogous to placing two electrodes in a beaker 
of liquid and separating them by several millimeters, which 
does not significantly affect the diffusion of glucose [89]; if we 
move two electrodes several millimeters away from each other 
in an aqueous environment, we will not expect to see an 
observable change in the electron transfer (given the 
conductivity of the liquid). Thus, the generated current would 
also be similar despite the relative change in location by several 
millimeters. These principles, in theory, apply to both the 
stretched and unstretched state; ultimately, the electrode 
distance must maintain continuous contact between both 
electrodes via the testing solution. If the liquid spans between 
the two electrodes, it allows the formation of a complete circuit 
for the application of a constant voltage with current flowing 
from the electrode, through the conductive solution, and to the 
opposing electrode. 

The current response upon successive addition of 0.8 mM 
of glucose under tensile strain shown in Figure 6b demonstrated 
the use of the sensor towards wearable applications. Reliable 
electrochemical performance under various tensile strains (i.e., 
stretching up to 75%) was demonstrated with correlation 
coefficients greater than 0.982, indicating a reliable linear 

Figure 5. Response current of PDMS/CNT/PPy(DBS)/GOx 
electrode after addition of 1.5 mM glucose followed by 
successive addition of 0.1 mM AA, 10 mM urea, 150 mM 
NaCl, and 0.1 mM UA with 50 s intervals into stirring 
solution at a constant potential of 0.65 V. 
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sensing capability of glucose concentrations with strain up to 

75%. As shown in Figure 6c, levels of strains were applied of 
0%, 15%, 30%, 45%, 60%, and 75%, corresponding to 
correlations of determinations of 0.992, 0.987, 0.986, 0.985, 
0.990, and 0.982, respectively. Table S3 shows these results and 
percent differences, demonstrating that all values have less than 
1% difference. The sensitivity of this sensor design was 
approximately 10 mA  cm-2 M-1, which, as shown by Table S2, 
is comparable to or exceeds many state-of-the-art flexible 
glucose sensors. The sensor achieved 90% of steady-state 
current in less than 3 seconds, enabling the sensor for 
continuous monitoring [79, 80]. As shown in the literature, 
general requirements of continuous glucose monitoring in the 
treatment of diabetes are dictated by the expected fluctuations 
in glucose levels with a response time of shorter than 5 minutes 
[90].  

Though higher strains are attainable with this electrode 
design, a strain-dependent performance is observed with strains 
greater than 75%, as shown in Figure S8. We attribute this to 
the induced strain resulting in increased resistance as 
neighboring CNTs make fewer connections. As strain 
increases, neighboring CNTs spread and may lose some contact 
(i.e., electronic pathways) with neighboring nanotubes, 
resulting in a strain-dependent change in resistance. Though 
this effect is not observable at strains up to 75%, we observe 
this change in resistance at higher strains. 

IV. CONCLUSION 

 
We have demonstrated a stretchable glucose sensor using a 

PDMS/CNT/PPy(DBS)/GOx electrode. VACNTs were 
transferred and rooted into the stretchable elastomeric polymer 
substrate, allowing neighboring CNTs to interconnect for 
electron transfer with applied tensile strain. The exposed CNTs 
were conformally coated with a thin film of PPy(DBS), allowing 
a high surface area and increased reaction sites towards higher 
sensitivity glucose sensing. The PDMS/CNT/PPy(DBS) sensor 
achieves 90% of steady-state current in less than 3 seconds, and 
this response time enables the use of this system for continuous 
monitoring systems. A sensitivity of approximately 10 mA cm-2 
M-1 and a wide range is observed with glucose concentrations as 
low as 0.1 mM and up to 12 mM with a highly linear response 
trend. A strong correlation between the average current response 
of four different sensors with a coefficient of determination of 
0.998, a consistent amount among the different regions of 
increasing additions of glucose concentration. The sensor was 
demonstrated towards stretchable sensing applications with an 
application of tensile strain up to 75% at intervals of 0%, 15%, 
30%, 45%, 60%, and 75%; the performance of the sensor under 
each strain application demonstrated a coefficient of 
determination greater than 0.982, indicating a reliable linear 
sensing capability of glucose concentrations. These results show 
the potential of the stretchable biosensors towards potential 
wearable applications interfacing with physiological fluids. 

Figure 6. (A) Photographs showing the stretchable electrodes under various levels of tensile strain, (B) current response upon 
successive addition of 0.8 mM of glucose under strain, and (C) linear calibration curves between the current and the glucose 
concentration. The lines of the same colors as the data points in the graph correspond to the lines of the linear fit of those data 
points at that applied strain. 
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