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Flexible, Wearable and Fully-printed Smart Patch for 
pH and Hydration Sensing in Wounds
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Abstract: Wound healing is a complex and dynamic regeneration process, wherein the physical and chemical parameters are 
continuously changing. Its management and monitoring can provide immense benefits, especially for bed-ridden patients. 
This work reports a low-cost, flexible, and fully printed on-skin patch sensor to measure the change in pH and fluid content in a 
wound. Such a bendable sensor can also be easily incorporated in a wound dressing. The sensor consists of different electrodes 
printed on polydimethylsiloxane (PDMS) substrate for pH and moisture sensing. The fabricated sensor patch has a sensitivity 
of 7.1 ohm/pH for wound pH levels. The hydration sensor results showed that moisture levels on a semi-porous surface can 
be quantified through resistance change.
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1. Introduction
Wound management and its treatment have long been 
considered a problem for healthcare professionals[1]. Both 
acute and chronic wounds present a threat to global health 
and economy. Medical costs associated with wound care 
and treatments range from $28.1 billion to $96.8 billion 
due to a rise in aging population as well as the incidence 
of diabetes and obesity. There is a clear demand for more 
proactive responses that can manage, care or treat wounds 
and reduce the burden on healthcare resources[2].

Multifunctional flexible electronic devices have 
attracted attention owing to their potential applications 
in sustainable energy, smart displays, healthcare 
monitoring, wearables, human-machine interactions, 
soft robots, artificial skin, etc[3-7]. Among these wearable/
on-body devices that are biocompatible and breathable 
are in huge demand due to their convenience and 
accessibility[8]. Ongoing research has shown that on-
body flexible sensors can provide valuable information 
to help treat many ailments[9]. Despite the growing need, 
research progress on such devices is slow due to the 

complex device integration and lack of multifunctional 
nanomaterials.

There is a rise in demand for intelligent disposable 
patches that can provide timely and effective wound 
management through biochemical and physiological 
sensing, such as potential hydrogen (pH)[10,11], 
temperature[12,13], hydrogen peroxide[14,15], wound 
exudate volume[16], lactate[17,18], and glucose[19,20]. The pH 
level in a wound bed is a key indicative parameter for 
the assessment of the healing progress[21]. The pH of the 
wound is considered to be related to protease activity, 
angiogenesis, and bacterial infection, and therefore, 
continuous and real-time detection of pH is of great 
significance for monitoring wound healing[22]. Healthy 
skin is slightly acidic due to organic acid secretion of 
keratinocytes, secretions from sebaceous and sweat 
glands, and the pH fluctuates in alkaline range of 7-8 
in unhealed wounds[23-28]. Exudate production is also 
important for the healing process to keep the wound 
moist, thereby allowing free movement of the epithelial 
cells.
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There has been some work done in fabricating 
pH-sensing wound patches based on fibre optics[29], 
ion-sensitive field-effect transistor[30], nuclear magnetic 
resonance[31], Ultraviolet-visible spectroscopy[32,33], near-
infrared spectroscopy[34], Raman spectroscopy[35,36], 
potentiometric sensor[37], pH-responsive dyes and 
quantum dots[38-48]. Despite the efforts, there are limitations 
of reliability, limited pH range, low sensitivity, complex 
design, autofluorescence, use of toxic dyes, and high 
production cost. Therefore, there exists a need to develop 
an easy-to-apply, non-toxic and low-cost system, which 
can quantify both wound exudate and pH levels in a 
wound.

This work demonstrates the potential of flexible and 
printed electronics for integrated wound monitoring by 
engineering an on-skin platform. The approach adopted 
in this work was based on the development of printed 
on-skin sensor patch, which can provide a simple result 
for the pH of the wound fluid. Single-walled carbon 
nanotubes (SWCNT) were used for pH sensing owing 
to their excellent sensitivity. In earlier reported work, 
a composite of carbon nanotubes (CNT) conductive 
polymers were used to increase the sensitivity but 
required the use of reference electrode, which is known to 
suffer from leakage of electrolyte[49,50]. Here, the change 
in CNT resistance is measured as a function of H+ ion 
concentration without the requirement for a reference 
electrode[51,52]. The patches are also capable of stimulating 
the wound electrically for direct wound management 
using hydration sensing mechanism. Fabricated 
multifunctional patches show satisfactory repeatability, 
reusability, and response performance. To the authors 
knowledge, this is the first report on combining the two 
functionalities of pH and hydration sensing in a single 
patch for wound management. We have used the printing 
route to fabricate the wound patch due to its attractive 
features of low cost, material saving, and fast processing. 
Printed technologies are a fast-growing area with many 
techniques under its umbrella namely, material jetting, 
vat polymerization, and material extrusion[53-55]. We 
have chosen material extrusion as the preferred mode of 
printing due to the range of the viscosity of the materials 
used in this work. Material extrusion is also promising to 
create planar platforms with multi-material printing.

2. Materials and methods
2.1. Finite element analysis (FEA) simulation
Solidworks 2019 – 2020 student edition was used for 
the simulations of all models (Figure S1). Same forces 
and fixtures were applied to all models. Patches were 
subjected to forces in two directions: horizontal and 
vertical, as marked by yellow and green colored bars. It 
was found that the patch type II has the largest reduction 

of stress, and the shape was used to fabricate the wound 
patch in this work.

2.2. Fabrication of patch
Firstly, the substrate was fabricated according to the 
stimulated design. For this purpose, polydimethylsiloxane 
(PDMS) (Sylgard 184, DOW, Diatom, Denmark) was 
used and mixed with a curing agent (10:1 ratio) to give a 
solution with viscosity ~3.5 Pa.s. To adjust the viscosity 
of the solution, silicon dioxide nanoparticles (SiO2 NPs) 
(5 – 20 nm, Merck Life Science, Denmark) were added 
in different ratios (Figure S2). The mixture was heated 
at 80°C for 10  min to get a homogenous solution. To 
remove trapped air and bubbles, solution was centrifuged 
at 6000 rpm for 10 min followed by degassing at 50°C. 
The patch was printed using Celllink’s BIOX bioprinter 
with a mixture containing 20 wt% NPs. Substrate and 
top layer were printed using nozzle size and pressure of 
22 G, 110 kPa and 25 G, 190 kPa, respectively, and a 
speed of 8 mm/s. Ag ink (Smart Fabric Ink tc-c4007, TC) 
was used for printing electrodes and hydration sensor. 
Printing was performed using nozzle size of 25 G with 
speed and pressure of 5 mm/s and 200 kPa, respectively. 
The temperature of printbed was kept at 60°C. The pH 
sensor was fabricated by printing SWCNT aqueous ink, 
(0.2  mg/mL, Merck Life Science, Denmark) using an 
inkjet printhead. A  total of 30 layers were printed for 
homogeneity and interconnection between SWCNTs with 
a speed and pressure of 8 mm/s and 13 kPa, respectively. 
Valve open and cycle time was 1 ms and 100 ms, 
respectively. The temperature of the printbed was kept as 
60°C with a curing time of 60 s. The complete fabrication 
process is depicted in Figure 1. 

The complete patches were designed with four 
printed layers of PDMS modified with SiO2 NPs as 
substrate material and commercial Ag and SWCNT 
inks (Figure  1H). Components 1-4 and 6 were printed 
and collectively called as patch while components five, 
seven, and eight were used as attachments to carry out 
the measurements without interfering with the printed 
parts. Top insulated layer (1 of Figure 1H) was designed 
to support the structure. The presence of three pockets 
allows easy access of fluid for pH and hydration sensors 
(2 and 4 of Figure 1H).

2.3. Resistance detection in buffer solution with 
different pH
Patches were tested in a buffer solution (McIlvaine 
buffer, Merck Life Science) and resistance change 
was measured with a digital Keithley model 2110. The 
sensor output was recorded using Kickstart (version 2.4) 
software. The sampling rate was 1 kHz, and the data was 
reviewed with the software KickStart 2. The patches 
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were kept in the buffer solution until the measured 
resistance obtained a steady state, after which they 
were transferred to another buffer solution with a 
different pH. The buffer cycle followed the change 
from pH 9.18 – 6.86 – 4 – 6.86 – 9.18. To measure the 
sensitivity of the fabricated sensor, similar method was 
employed except that the pH of buffer solutions used 
were 5.8, 6.2, 6.6, 7, 7.7 and 7.8.

2.4. Hydration sensor
To measure the change in the resistance, patch was placed 
on a hotplate at 37°C to simulate normal skin temperature. 
A piece of fabric was placed onto the patch to avoid pre-
load. A total of 300 µL (3 × 100 µL) of a buffer solution 
with a pH of 6.86 was dropped on the fabric at different 
intervals in a span of 15 min.

2.5. Repeatability
The patch was continuously shifted 12  times between 
buffer of pH 4 and 6.86 over 90 min to obtain resistance 
versus time plot.

2.6. Response time
Data of resistance detection in buffer solution with 
different pH were used to find out the response time by 
calculating the mean time taken to stabilize the patch on 
changing the pH.

2.7. Sensitivity
Sensitivity was calculated using two equations given 
below:

 Sensitivity
pH

=
Ω

 mVSensitivity
pH

=

2.8. Offset drift
The patch was submerged in a beaker filled up to ¾ of 
buffer solution with pH 6.82 for 8 days. The beaker was 
sealed off with parafilm to prevent evaporation of buffer 
and measurement was taken once in a day.

3. Results and discussion
3.1. FEA results
FEA simulations were performed to investigate the 
stress around a wound when a load was applied to the 
skin. The central idea was to observe the effect of patch 
shape on the stress around the wound site. Reduced 
stress in a wound is crucial to lower the potential of 
fracturing a wound, thereby reducing the healing time. 
Wounds are reported to heal about 3  times faster in 
absence of any mechanical stress[56,57]. Further, it reduces 
the chances of reinfection[58]. Shape of the type II patch 
was found to relieve the maximum stress applied on 
the skin with a reduction of 66% (Figure S1). Oval 
shape of type II patch distributed the stress over a large 
area as indicated by lighter blue color in Figure S3 and 
reduced the maximum stress at the narrowest points of 
the wound.

H
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Figure  1. Schematic depicting the fabrication process of the on-skin patch using BIOX printer: (A) printed polydimethylsiloxane 
substrate, (B) attachment of copper sheet wires, (C) printing of Ag electrodes, (D) printing Single-walled carbon nanotubes for pH sensing,  
(E) printing of encapsulation layer, (F) connecting female pins and (G) connecting the socket to the copper sheet wires. (H) Exploded view 
of the patch with printed components.
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3.2. pH sensor and characteristics
PDMS was chosen as substrate because of its mechanical 
and biocompatibility properties. However, there is 
a downside of using PDMS as a substrate due to its 
hydrophobic properties, which impede the printing 
of SWCNT. The presence of metal in nano-form or 
introduction of silano group is known to introduce 
hydrophilicity in PDMS[59]. Hence, SiO2 NPs were 
introduced in PDMS to make it hydrophilic. Incorporation 
of SiO2 in PDMS allows the material composite to be 
more viscous and be cured in desired shape through the 
formation of an interconnected three-dimensional (3D) 
network within. The printed patch with all components is 
shown in Figure 2A. SEM analysis of the printed SWCNT 
layers reveals that the printing was homogeneous without 
voids. The observed cracks are due to handling of the 
sample.

Both acute and chronic wounds experience pH 
values between 7.15 and 8.9. The main difference lies 
in the time window for healing, wherein a chronic 
wound takes more than a week to heal[10,60]. In general, 
a wound with pH in the range 5.4 – 7.3 is considered in 
the proliferation phase and not categorized as a chronic 
wound. A sensitive pH sensor should thus successfully 
measure the pH range of 5.4 – 8.9. It is reported that 
the electrical resistance of SWCNT decreases in acidic 
solutions with increase in potential and vice visa for 
alkaline solutions[11,52]. Thus, the change in conductivity 
for SWCNTs depends on the pH value[61]. For this 
reason, SWCNT inks were utilized as non-toxic material 
to fabricate a pH sensor. Figure  3A and S4a show 
the change of resistance and mean of three runs with 
respect to time for the fabricated patch, respectively. 
The working of the patch was tested in pHHH cycle 
of 9.18 – 6.86 – 4 – 6.86 and back to 9.18. The results 
were found to be consistent for all the runs throughout 
the cycle. Further, the sensitivity of same patch was 
measured in the pH range of 5.8 – 7.8. The results are 
shown in Figure 3B with a plot of mean values for run 
2 – 5 is represented in Figure S4b. Except for the first 
run, the results were consistent in the complete cycles. 
The discrepancy in the first run may be attributed to 
the dried-out buffer solution on the electrodes from 
the previous studies. The considerable difference in 
the resistance between buffer solutions corresponds to 
better sensitivity.

Repeatability is defined as the sensor’s capability 
to provide same results under same circumstances. 
The repeatability of the fabricated sensor is plotted in 
Figure  4A, where change in resistance was observed 
with time. The maximum difference between the first 
maximum and minimum resistance values was found to be 
0.9. Figure 4B shows the response time of the fabricated 
sensor when subjected to different buffer solutions. The 

fastest response time was recorded at ~56 s when the 
buffer solution changed from pH 9.18 to pH 6.56 and the 
slowest at ~134 s when measured for solution from pH 4 
to 6.86. The mean response time was calculated to be ~92 
s. It was observed that the response time was longer when 
measuring from acidic to alkaline solutions than vice 
versa, and can be explained by the lower concentration 
of hydrogen ions in more alkaline buffer where the 
protonation and deprotonation process becomes slower[62].

Sensitivity is defined as the slope of the transfer 
function of the sensor and is a measure of the magnitude 
of the output response to the sensor input. The fabricated 
sensor was tested for sensitivity in the pH ranges of  
4 – 9.18 and 5.2 – 7.8, where the highest sensitivity 
for each range was recorded to be 4.1/pH and 7.4/pH, 
respectively. It is also reported in the literature that the 
sensitivity varies with the number of printed layers[11] and 
with decrease in the effective surface area[52]. However, 
the precision value for the sensor was found to be ~0.7 
pH, which renders the patch effective to determine the 

Figure 2. (A) Fabricated patch with polydimethylsiloxane substrate 
containing 20 wt% of SiO2 NPs and Ag and single-walled carbon 
nanotubes (SWCNT) electrodes and (B) SEM image showing the 
surface of printed SWCNT material. The inset depicts the interface 
between polydimethylsiloxane (darker region) and SWCNTs.

A B

Figure 3. Measured resistance for different buffer solutions with 
3 min intervals.
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state of the wound. This patch is particularly suited for 
chronic wounds where the pH tends to be above 8.

Hysteresis, which indicates the degree of 
inconsistency between the increasing and reverse 
loading, was also tested. For a more detailed description 
of the hysteresis, data points from Figure 3 were chosen. 
In Figure 5A, a hysteresis plot can be seen, where the 
maximum difference was found to be 0.2, and this related 
to 1% of the measured resistance range. Figure 5B shows 
the hysteresis plot where the pH range found in wounds 
have been used, and the maximum difference was 1.6, 
thus relating to 10% of the resistance range.

3.3. Hydration sensor
Wound exudate mainly consists of water and has high 
protein content[63]. The amount of exudate affects the 
healing process in wounds. With the fabricated sensors, 

the hydration (or fluid) level can be detected with respect 
to the measured resistance of the sensor ranging from 0 to 
100%. As can be seen from Figure 6, there was a noticeable 
change in the resistance pertaining to the uptake of the 
fluids (buffer solution of pH 6.86 added to the fabric) by the 
sensor. At 100% hydration, the samples were saturated with 
resistance values of 300 – 400 kΩ. The samples were then 
left undisturbed, wherein the fluids started to evaporate. At 
the semi-dry state, we observed the resistance value to shoot 
up to 6000 – 7000 kΩ. The resistance further increased to 
12,000 – 13,000 kΩ when completely dried. All the samples 
were consistent in the measured resistance values, where 
the slight variation happened in the time to reach from fully 
hydrated to the dry state.

When measuring the hydration, with direct 
current (DC), the resistance varied with the change in 
variables depending on the wound condition. Thus, the 

Figure 4. (A) Repeatability and (B) response time plot displaying resistance versus time, for two buffers with pH 4 and 6.86.
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resistance depends on below equations with change in 
fluid content and surface area of electrodes in contact 
with the fluid.

UR
I

= � (1)

LR
A

ρ= � (2)

where R = eesistance (Ω), U = voltage (V), 
I = current (A), ⍴= resistivity (Ω m), L = length between 
electrodes (m), and A = surface area of electrodes (m2).

The sensor patch was fabricated for the purpose of 
validating the measurements for wound management. 
The hydration sensor gives an indication of the 
presence of fluid in the wound, and if that is true, the 
measurements of the pH sensor originate from the 
wound fluid and not the dried-out residue left on the 
pH sensor.

4. Conclusions
The work demonstrates the feasibility of fully printing 
a wound management patch. The wound patch was 
fabricated with the purpose of enhancing wound. The 
focus is to measure the health status of the wound through 
indicative pH and hydration levels in a single patch. 
A PDMS-based substrate was used to print SWCNT and 
silver functional inks as sensing elements. Inkjet printing 
was employed for the patch and optimized to get the 
desired design and dimensions. The fabricated sensor 
patch has a sensitivity of 7.1  ohm/pH for wound pH 
levels. The measured resistance changes suggested that 
the sensor is able to measure wound exudate and serve as 
detector for wound fluids. It was also concluded that the 
sensitivity and precision of the patch can be controlled 
by removal of excess SWCNTs and through the printing 
process.
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