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Abstract—This paper presents a flexible tattoo sensor for real-time monitoring of gaseous ethylene released from 

plant leaves. To the best of our knowledge, this is the first reported 
plant tattoo sensor that can measure and monitor a plant hormone in 
situ. The tattoo sensor can be easily installed on leaves and removed 
when required using a stick-and-peel mechanism. Furthermore, 
temperature and humidity sensors were incorporated to correct the 
ethylene measurements based on the specific microclimate of the 
leaf. All sensors were chemiresistive in nature, causing variations in 
resistance as a result of changes in temperature, humidity, or 
ethylene. The ethylene sensor demonstrated a sensitivity of 0.6295 
kΩ/ppm and a limit of detection of 0.13 ppm. The measurements were 
processed by an onboard data logger, transmitted wirelessly to the 
cloud, and accessed on a smartphone. Plants were subjected to 
multiple stressors, including water, temperature, and dark stressors, 
and the real-time ethylene measurements were recorded with the 
tattoo sensor. A statistically significant difference, characterized by 
p values less than 0.05, was observed between different types of 
stresses. Roll-to-roll fabrication of these tattoos will enable their 
large-scale implementation in greenhouses and agricultural fields.  
 

Index Terms—abiotic stress, electrochemical sensor, ethylene, plant hormone, plant wearables, tattoo sensor.  
 

 

I.  Introduction 
THYLENE is an important plant hormone that acts as a 

regulator for various physiological processes in plants, 

such as fruit ripening, flowering, leaf senescence [1]–[3], and 

responses to environmental stresses [4]–[6]. For example, 

ethylene biosynthesis is triggered by a variety of abiotic stress 

conditions, including heat, shade, low nutrient availability, and 

water deficiency [7]–[9]. Increased ethylene emissions in 

response to an external stressor lead to a decrease in the 

plant’s growth rate, which helps regulate the resource 

allocation dynamics [10]. These altered dynamics decrease the 

demand for limited resources available during the period of 

stress. Hence, real-time detection of ethylene provides 

valuable insights into the internal dynamics of plants, enabling 
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farmers, agronomy researchers and horticulturists to detect 

stress conditions early. Such real-time information on plant 

health aids in minimizing crop productivity losses and 

facilitates optimal timing for harvesting, storage, and 

transportation of crops. Although significant research attention 

has been given on investigating the role of ethylene in 

responses to abiotic stress conditions, there is a lack of low-

cost and in situ detection technologies to measure the 

dynamics of ethylene emission from plants in real-time.   

Currently, gas chromatography-mass spectrometry (GC-
MS) is the primary gold-standard technique used to measure 
and analyze gases. Although GC-MS methods are highly 
sensitive and selective, they are limited to laboratory settings, 
are non-continuous, time-consuming, laborious, and expensive 
(>$100k) [11]. Recent studies report the availability of 
commercial portable gas flux chambers and gas analyzers that 
employ Fourier transform infrared (FTIR) spectroscopy 
(>$50k), cavity ring-down spectroscopy (>$85k), and infrared 
photoacoustic spectroscopy (>$50k) for on-site gas monitoring 
[12]. Although the spectroscopic techniques are highly 
sensitive, they are expensive and not an affordable solution for 
producers (as was also identified during our interviews with 
Texas farmers and precision farming companies such as BASF 
and Corteva, as part of the 2021 Southwest Innovation Corps 
site program). The current method of gas collection from 
whole plants requires large canopy chambers, which are not 
ideal for high-throughput monitoring of gas fluxes in field 
conditions [13]–[16]. Some in situ plant monitoring 
techniques include infrared and thermal imaging methods. 
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However, these imaging techniques rely on indirect 
quantification, lack accuracy, and do not provide quantitative 
analysis of biomolecules [17]. Remote sensing techniques 
using unmanned aerial systems do not provide chemical 
profiles of the plants and are very power-hungry, frequently 
requiring human intervention for battery recharge/replacement 
[18], [19]. There are no commercial in situ plant sensors 
available to provide real-time and continuous monitoring of 
hormonal changes in response to abiotic or biotic stress 
conditions.  
      Frequent and regular monitoring of plant health is crucial 
for early detection of stress conditions, executing timely 
intervention measures (e.g., adjusting irrigation, applying 
fertilizers, or implementing pest control measures), and data-
driven decision-making (e.g., data on plant health trends and 
responses to different treatments can guide farmers in making 
an informed decision about their cultivation practices). Recent 

developments in the literature demonstrate notable 

advancements in gas sensors that may allow continuous and 

real-time monitoring of ethylene. These sensors utilize 

innovative electrode designs combined with nanomaterials and 

their conjugates or metal oxides to enhance the sensor’s 

performance in terms of sensitivity, selectivity, accuracy, 

response time, and real-time monitoring capabilities [20]. In 

this regard, electrochemical sensors have garnered much 

attention. Unlike the optical gas sensing systems that are 

expensive and lack portability due to the involvement of bulky 

light source and detectors [21], [22], miniaturized 

electrochemical sensors are more feasible for direct plant 

applications. Several electrochemistry-based ethylene sensors 

have been reported in the literature. Our previous work 

featured a three-electrode based ethylene sensor fabricated on 

a Nafion substrate [23]. Although the sensor demonstrated a 

high sensitivity to gaseous ethylene released from plant leaves, 

the three-electrode-based amperometric setup necessitated the 

use of a solid-state electrolyte, which Nafion serves as. As a 

result, the choice of substrate was limited, which hindered the 

integration of multiple sensors on the same substrate. 

Moreover, amperometric detection increased the complexity 

and footprint of the data logger. Likewise, other amperometric 

ethylene sensors relied on a solid polymer electrolyte [24] or 

an ionic liquid [25], requiring either specific substrate or 

fabrication technique as well as lacking flexibility and 

multiplexing capability on the same substrate. Another work 

reports a chemiresistive ethylene sensor on a glass slide [26]. 

The sensor employed a conjugate coating made from single-

walled carbon nanotube and a copper cofactor that bound to 

sub-ppm levels of ethylene. However, owing to the formation 

of the electrodes on a rigid substrate, the sensor is not suitable 

for direct attachment to plants. Additional examples include 

activation chemistry-based ethylene detection [27]; however, a 

field-deployable sensor has not been materialized yet.  

This study takes a stride toward the realization of a novel 

wearable leaf sensor for monitoring ethylene gas in real-time. 

The sensor features a tattoo-like framework that can be 

directly applied to plant leaves and easily removed when 

needed using a simple stick-and-peel mechanism. 

Additionally, the sensor is flexible and non-invasive, allowing 

continuous monitoring of plant health. The ethylene sensor 

comprises a two electrode-based chemiresistive surface coated 

with a conjugate of copper complex and single-walled carbon 

nanotubes, which enables reversible interactions with gaseous 

ethylene [26]. Moreover, temperature and humidity sensors 

are incorporated on the same tattoo substrate to investigate the 

role of leaf temperature and humidity on ethylene emission. 

Consequently, temperature and humidity corrections are 

applied to the ethylene measurements. The sensor 

demonstrates a high sensitivity of 0.6295 kΩ/ppm to ethylene 

with a limit of detection (LOD) of 0.13 ppm. The multiplexed 

tattoo sensor is also installed on the leaves to monitor ethylene 

gas emitted from the plants subjected to different 

combinations of water, heat, and dark stressors. Furthermore, 

statistical analyses are performed to establish a correlation 

between the ethylene levels released in response to varying 

combinations of stress factors. The results of this study will be 

extremely valuable to producers, enabling them to modify 

resource allocation and reduce crop productivity losses based 

on the real-time ethylene measurements.  

II. MATERIALS AND METHODS  
Tetra chloroauric (III) acid (HAuCl4.H2O), sodium citrate, 

chitosan, ammonium hydroxide, polyvinylpolypyrrolidone 

(PVPP), hydroxyethyl cellulose (HEC), diethyl ether, [3,5-

(CF3)2-pyrazol-1-yl], copper (I) trifluoromethane sulfonate 

benzene complex, sodium borohydride (NaBH4), toluene, 1,2-

dichlorobenzene, graphene ink in ethanol, and silver/silver 

chloride (Ag/AgCl) paste were purchased from Sigma 

Aldrich, St. Louis, MO, USA. Multi-walled carbon nanotubes 

(MWCNT) and single-walled carbon nanotubes (SWCNT) 

were procured from ACS Material, LLC, Pasadena, CA, while 

sulfuric acid and nitric acid were obtained from Thermo Fisher 

Scientific, Waltham, MA, USA. The tattoo paper (Model: 

MEDIA-TATTOO) was procured from Silhouette America.  

A USCutter (Tukwila, WA, USA) programmable automated 
cutting machine (PrismCut, Model P20) was employed to 
manufacture the sensors. Computer-aided designs (CAD) were 
generated using AutoCAD Fusion 360 software by Autodesk 
Inc., San Rafael, CA, USA. The Applent AT 3817 LCR meter 
was utilized to determine the resistance for calibrating the 
sensors. To visualize the structure and morphology of coated 
surfaces, a JSM-IT800SHL Scanning Electron Microscope 
(SEM) was utilized. For the identification of functional groups 
and characterization of covalent bonding within the coatings, a 
Nicolet Avatar 360 E.S.P ATR-FTIR (Attenuated Total 
Reflectance-Fourier Transform Infrared) spectrometer was 
employed. The stress-strain behavior of the device was 
evaluated using a motorized translation stage (MTS50-Z8) and 
a brushed DC servo motor controller (KMTS5E) from 
Thorlabs Inc., based in Newton, NJ, USA. During the 
calibration and selectivity assessments of the ethylene sensor, 
a mass flow controller (MFC) (EW-32658-06) from Cole-
Parmer in Vernon Hills, IL, USA, was used to control gas 
flow. 

III. SENSOR FABRICATION AND SYSTEM INTEGRATION 
Fabrication of the sensors commenced with the printing of 

electrodes onto a flexible tattoo-like framework followed by 

functionalization of sensitive materials on the electrode 

surfaces. Subsequently, the sensing structure was interfaced 

with an Internet-of-Things (IoT)-enabled data logger for data 
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acquisition, processing and transmission. The process flow for 

sensor fabrication and system integration is outlined below.   

A. Fabrication of Multiplexed Electrodes on a Tattoo 
Substrate  

The tattoo paper was procured from Silhouette America. 

Fabrication of the tattoo-like electrodes began by placing a 

paper substrate, covered with adhesive-backed transfer tape, 

onto the programmable cutter (Fig. 1a-b). Subsequently, the 

CAD design of electrodes was loaded to the PrismCut cutter. 

The cutter carved out electrode designs for ethylene, 

temperature, and humidity sensors on the same transfer tape 

(Fig. 1c-d) utilizing a blade with a 30° slanted tip, operating at 

an optimized speed of 30 mm/s and a force of 4 N. Subsequent 

stages involved the application of conductive inks through 

screen printing. Firstly, the transfer tape was peeled off from 

the sections designated for the electrodes. A squeegee was 

utilized to evenly apply a layer of graphene paste onto the 

sheet, as illustrated in Fig. 1e. The sheet was heated in the 

oven at 100°C for 45 minutes. Finally, the transfer tape was 

removed from the remaining sections, resulting in the transfer 

of the electrodes to the underlying paper sheet. Fig. 1f displays 

the electrodes for ethylene (ET), temperature (T) and relative 

humidity (RH) sensors. The entire paper sheet measured 10 

mm x 10 mm. The active circular regions of the ET and RH 

sensors had a diameter of 2 mm. Different dimensions of the T 

sensor are shown in Fig. 1f. Afterwards, a sticker sheet 

(having a blue paper backing) was attached to the back side of 

the paper sheet, as depicted in Fig. 1g-h. The combined sheet 

was then placed on the back side of the leaf (Fig. 1i), and the 

blue paper backing was removed. Following this step, a damp 

cloth was applied to press the remaining paper substrate 

containing the electrodes for about 10 minutes (Fig. 1j). This 

 

 

Fig. 1. Fabrication steps of the tattoo sensor: (a) A paper-backed 
transfer tape is loaded to the (b) programmable cutter. (c) An array of 
electrode patterns is carved on the combined sheet. (d) A single piece 
of electrode design is cut out from the array. (e) Transfer tape from the 
electrode areas is removed and subsequently graphene is screen-
printed on the entire sheet. (f) The transfer tape is removed from the 
remaining areas of the sheet, resulting in electrodes transferred to the 
paper substrate. (g) – (h) A sticker sheet is attached to the back side of 
the paper sheet. (i) The sticker is attached to the leaf. (j) The blue 
paper backing is removed from the sticker and a moist cloth is pressed 
onto the electrodes to remove the residual paper. (k) The electrodes 
are transferred onto the leaf and stay in place like a tattoo. (l) Optical 
image of the tattoo sensor placed on the leaf of a bell pepper plant.   

process facilitated the detachment and removal of the paper 
sheet, leading to the transfer of electrodes onto the sticker, 
creating a tattoo-like device (Fig. 1k). Fig. 1l illustrates a 
visual representation of the tattoo sensor installed onto the leaf 
of a bell pepper plant. 

B. Functionalization of Temperature and Humidity 
Sensors 

The electrode of the temperature sensor was modified by 

incorporating multiwalled carbon nanotubes (MWCNTs) mesh 

embedded with gold nanoparticles (AuNPs). We employed the 

Au-MWCNT composite in this study owing to the adjustable 

electrical conductivity, improved mechanical characteristics, 

and strong interfacial bonding of MWCNT with the 

underlying polymer (in this case the sticker substrate) enabling 

high stretchability/bendability [28]–[31] and the enhanced 

electrical conductivity contributed by Au nanoparticles [32]. 

The procedures for synthesizing the AuNP-MWCNT 

composite are outlined below. Initially, a 0.01% (w/v) solution 

of tetra chloroauric (III) acid (HAuCl4.H2O) was reduced by 

1% (w/v) sodium citrate using the Turkevich method to 

generate AuNPs [33]. Simultaneously, a 1% (w/v) solution of 

MWCNT was dissolved in chitosan and sonicated for 8 hours, 

producing the MWCNT suspension solution. Subsequently, 

equal volumes of the MWCNT dispersion and AuNP solution 

were mixed and sonicated for 2 hours to form a 1% (w/v) 

AuNP-MWCNT conjugate. The solution was allowed to settle 

for a day to facilitate the integration of AuNPs into the 

MWCNT network. Finally, 300 μL of the AuNP-MWCNT 

solution was deposited onto the graphene electrode, followed 

by air drying at room temperature for 3 hours.  

The specialized coating for the humidity sensor consisted of 
hydroxyethyl cellulose (HEC) and functionalized multiwalled 
carbon nanotube (f-MWCNT). The MWCNT underwent 
modifications to enhance its hydrophilicity and to achieve a 
uniform dispersion within an aqueous solution [34], [35]. The 
modification process involved introducing hydroxyl (-OH) 
groups to the MWCNT through acid treatment. Initially, 125 
mg of MWCNT was combined with a mixture of sulfuric acid 
and nitric acid in a 3:1 (v/v%) ratio. The resulting mixture was 
stirred at 800 rpm for 3.5 hours while maintaining a reflux 
temperature of 140°C. After the reflux and stirring were 
halted, the mixture was cooled to room temperature. 
Ammonium hydroxide was then added to adjust the solution's 
pH to 5.5. The f-MWCNT was subsequently filtered using a 
0.2 µm polytetrafluoroethylene (PTFE) membrane under 
vacuum and then subjected to 150°C convection oven heating 
for 12 hours. Following this step, a 1.25 wt% dispersion of f-
MWCNT in deionized (DI) water was prepared. Continuous 
magnetic stirring was employed for 3 hours to prevent DI 
water evaporation. Subsequently, mixtures of f-MWCNT and 
HEC were prepared using four different weight ratios (1:4, 
1:2, 1:1, and 2:1) and stirred for 3 hours. Notably, HEC, due to 
its hygroscopic nature, exhibited high solubility in water, 
preventing f-MWCNT from aggregating [36]. The mixture of 
f-MWCNT and HEC underwent 72 hours of continuous 
stirring to yield a homogeneous solution. Next, a solution 
containing 50 wt% polyvinylpolypyrrolidone (PVPP) was 
introduced with a binder-to-filler ratio of 1:2, and the resulting 
mixture was stirred for 8 hours to ensure uniformity. This ink 
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was evenly applied onto the humidity sensing electrodes to 
form the humidity sensor. The optimal f-MWCNT to HEC 
weight ratio of 1:4, with f-MWCNT having a length of 10nm, 
exhibited the highest sensitivity to changes in humidity levels. 
As a result, all subsequent measurements were conducted 
using a f-MWCNT to HEC weight ratio of 1:4. 

C. Functionalization of Ethylene Sensor  
The procedure outlined in our previous research [21], [23] 

was followed to create the copper complex (I) solution. 
Initially, a combination of 0.4g of NaBH4 and 7.55g of [3,5-
(CF3)2-pyrazol-1-yl], also referred to as 3,5-(CF3)2-pz, was 
mixed with kerosene in a conical vessel to form a uniform 
mixture. This mixture was gradually heated to 190°C with a 
heating rate of 1°C per minute and maintained at that 
temperature for a duration of 4 hours. Throughout the heating 
process, the vessel was partially immersed in silicone oil. To 
facilitate the melting of pyrazole, the solution was periodically 
heated using a heat gun every 15 minutes. Afterward, the 
solution was cooled to room temperature, and diethyl ether 
was introduced to remove excess reagents. The resulting white 
solid was subjected to nuclear magnetic resonance (NMR) 
analysis to validate the formation of the product, Na[HB(3,5-
(CF3)2-pz)3]. Subsequently, 8mg of copper(I) trifluoromethane 
sulfonate benzene complex was dissolved in 3 mL dry, 
degassed toluene. Then, 17 mg of Na[HB(3,5-(CF3)2-pz)3] 
was added, and the mixture was stirred for 20 hours at room 
temperature. A Whatman 0.02 μm syringe filter was used to 
filter the solution, resulting in a colorless solution of copper 
complex-1. 

In a separate container, 0.5 mg of SWCNT was combined 
with a mixture of 0.8 mL 1,2-dichlorobenzene and 1.16 mL 
toluene. This mixture was sonicated for 2 hours to achieve a 
uniform solution. Subsequently, the freshly prepared copper 
complex-1 solution was added, and another round of 
sonication was performed for 1 hour. Finally, a volume of 30 
µL of this solution was drop-cast between the two electrodes, 
ensuring complete coverage of both electrode surfaces. 

D. IoT-enabled Data Logger   
Each of the temperature, humidity, and ethylene sensors 

were resistive by nature. The conductance/resistance of the 
functionalized coating altered in response to changes in 
temperature, relative humidity, or ethylene gas. In order to 
render the system wearable and collect real-time 
measurements from plants, an onboard data logger was built. 
Each sensor was connected in a series configuration with a 
predetermined resistor, creating a voltage divider circuit. A 
consistent 3.3 V voltage was applied across the voltage divider 
and the alterations in resistance observed in the sensors were 
transformed into voltage readings. The primary central 
processing unit of the data logger was an ESP32 
microcontroller featuring integrated WiFi capabilities. The 
ESP32 microcontroller was equipped with a built-in analog-to-
digital converter (ADC) that gauged the voltage across each 
sensor, translating the analog voltages into digital values. The 
voltage measurement, denoted as V, was determined using the 
ADC readings through the formula V = (ADC Reading * DC 
input voltage) / (2^n - 1), where the DC input voltage was 
3.3V and n = 8. The ESP32 microcontroller processed data 

 
Fig. 2. (a) Block diagram of the system where the sensors are 
interfaced with the data logger. (b) Screenshot of the Blynk application 
that shows leaf temperature (T), relative humidity (RH) and ethylene 
(ET) levels in real-time.  

from the sensors to derive unknown values of temperature, 
relative humidity, and ethylene concentration by referencing 
pre-established calibration plots. Ultimately, temperature, 
humidity, and ethylene measurements were transmitted to the 
cloud, as shown schematically in Fig. 2a. These measurements 
were conveniently accessed through a smartphone application 
utilizing the Blynk IoT interface, as depicted in Fig. 2b. 

IV. CHARACTERIZATION TESTS 
All the three sensors underwent microscopic and 

spectroscopic characterizations in order to analyze the 

morphology and chemical bonds of the functionalized 

coatings. Subsequently, the sensors were evaluated for 

sensitivity, selectivity, bendability, and repeatability. The 

results are discussed below.   

A. Microscopic and Spectroscopic Analysis 
Fig. 3a displays the scanning electron microscopy (SEM) 

depiction of the MWCNT coating adorned with AuNPs. This 

SEM image elucidates the arrangement and structure of the 

intertwined conductive MWCNT network, with an average 

CNT diameter of 20 nm. Fourier Transform Infrared (FTIR) 

spectroscopy (Fig. 3b) was employed for the characterization 

of the chemical bonds present in the MWCNT coating. The 

absorption bands between 3500 cm-1 and 4000 cm-1 were 

attributed to -OH functional groups. Peaks in the 1100-1160 

cm-1, 1390-1700 cm-1, and 2975-3065 cm-1 ranges verified the 

presence of C-H bonds. The C-O bonds are represented by the 

peaks centered at 1600 and 1790 cm-1. The wider peaks 

between 1950 and 2210 cm-1 were influenced by the 

characteristics of the diamond ATR (Attenuated Total 

Reflectance) setup. This FTIR spectrum corresponds with 

findings from earlier studies [32], [37]. 

The dimensions, arrangement, and structure of the copper 

complex (I) nanoparticles on the ethylene sensing electrode 

were revealed by the SEM imagery (Fig. 3c). These 

nanoparticles displayed an average diameter of approximately 

10 nm. Additionally, a pivotal stage during the synthesis of the 

copper complex (I) coating involved precise creation of the 

intermediate substance Na[HB(3,5-(CF3)2-pz)3]. To confirm 

the formation of this intermediary product, nuclear magnetic 

resonance (NMR) spectroscopy was employed, as illustrated 

in Fig. 3d. The spectroscopic findings provided validation for 

the presence of the Na[HB(3,5-(CF3)2-pz)3] product.  
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Fig. 3. (a) A higher magnification scanning electron microscopy (SEM) 
image illustrating the MWCNT fiber network, with the fiber diameter 
ranging from 11 to 25 nm (illustrated by the overlaid red lines and 
texts). (b) Fourier Transform Infrared (FTIR) spectroscopy analysis of 
MWCNT. (c) SEM depiction of copper complex (I) nanoparticles on the 
ethylene sensing electrode. (d) NMR analysis of the Na[3,5-(CF3)2-pz] 
ether blend to confirm the formation of the Na[3,5-(CF3)2-pz] product. 

B. Performance Evaluation of Temperature and 
Humidity Sensors   

The temperature sensor was calibrated by applying 
temperature values ranging from 25°C to 70°C. The resistance 
of AuNP-MWCNT conjugate, due to its negative temperature 
coefficient, decreased as temperature increased [30]. The 
resulting calibration curve for the temperature sensor exhibited 
strong linearity, characterized by a Pearson correlation 
coefficient of 0.98 (depicted in Fig. 4a). Furthermore, the 
temperature sensor was subjected to different relative 
humidity (RH) values spanning from 20% to 90%, as 
illustrated in Fig. 4a. Across this RH range, the sensor's 
response displayed a marginal fluctuation of 8.56%, indicating 
its suitability for field applications. The selection of 
temperature and RH values was based on their common 
occurrence within agricultural fields in the southern U.S. The 
calibration curve of the temperature sensor was repeated when 
the flexible tattoo substrate underwent bending at a 40° angle 
for 50 and 100 cycles, as is illustrated in Fig. 4b. Even 
following 100 bending cycles, the coefficient of variance 
among the calibration curves remained consistently below 9%. 
The temperature sensor also exhibited repeatable behavior 
during cyclic variations in temperature (depicted in Fig. 4c), 
with a coefficient of variance lower than 1%, which is deemed 
acceptable for operational reliability in field settings. 

Likewise, the humidity sensor was calibrated for RH values 
ranging from 10% to 90%. An increase in the resistance value 
was observed with increasing RH values, as shown in Fig. 4d. 
The resistance versus relative humidity measurements were 
fitted with a power series equation, yielding an r-squared 
value of 0.98. The humidity sensor was exposed to varying 
levels of temperature, ranging from 20ºC to 50ºC, as depicted 
in Fig. 4d. Throughout this range of RH, the sensor's output 
exhibited a coefficient of variance of about 2.33%. 
Subsequently, the bending (Fig. 4e) and repeatability (Fig. 4f) 

tests exhibited coefficients of variance less than 10% and 
0.5%, respectively.  

The sensitivity and detection limit of the sensors are 
tabulated in Table I. The method outlined in [38] was used for 
sensitivity calculations of the nonlinear RH sensor.  

 
TABLE I 

KEY PERFORMANCE METRICS OF THE SENSORS  
Sensor Calibration 

Equation 
Sensitivity Detectio

n Limit 
Temperature 
(T) 

R = -0.0278T 
+2.4262 

-0.0278kΩ/°C 19.25°C 

Relative 
Humidity 
(RH) 

R = 
0.004(RH)2.18 +1.38 

0.1319kΩ/% at 
10% RH 
1.7641 kΩ/% at 
90% RH 
 

11.11 % 

Ethylene 
(ET) 

R = 0.6295*(ET 
conc) + 0.72806 

0.6295 kΩ/ppm 0.13 ppm 

 

C. Performance Evaluation of Ethylene Sensor   
The ethylene sensor was calibrated by exposing it to 

different concentrations of gaseous ethylene, including 0.1 

ppm, 1 ppm, 10 ppm, 30 ppm, 50 ppm, 75 ppm, and 115 ppm. 

Upon encountering ethylene, the copper complex (I) interacted 

with ethylene to create a secondary complex, which limited 

doping of the single-walled carbon nanotubes by the copper 

complex (I). Consequently, the conductivity of the single-

walled carbon nanotubes declined, leading to an increase in 

the resistance measured across the two electrodes. The 

resistance versus concentration plot illustrated in Fig. 4g 

demonstrates the linear increase in the resistance with 

increasing concentrations of ethylene. Table I outlines the 

sensitivity and detection limit of the ethylene sensor. During 

this experiment, the sensor was placed inside a closed 

chamber where different concentrations of ethylene were 

introduced. The dimensions of the sensing chamber were 

30.48 cm x 30.48 cm x 20.32 cm, resulting in a volume of 

18877.8977 cm3. At first, the chamber was purged with dry 

nitrogen to eliminate any moisture. Prior to entering the 

chamber, the ethylene gas was pre-diluted with nitrogen. A 

mass flow controller (MFC) (model EW-32658-06, Cole-

Parmer, Vernon Hills, IL, USA) was used to regulate the flow 

rate of ethylene and nitrogen gases. While maintaining a 

constant flow rate of dry nitrogen at 10 cm3/s within the 

chamber, the flow rate of ethylene was adjusted using the 

MFC to achieve different concentrations. 

Considering the changes in temperature and humidity levels 

experienced in an agricultural field, we assessed the 

performance of the ethylene sensor in response to varying 

temperature and humidity conditions. The calibration plots for 

the ethylene sensor under different temperature and humidity 

levels are presented in Fig. 4h and Fig. 4i, respectively. 

Notably, the coefficient of variance across these calibration 

plots was determined to be below 5%. Yet, temperature and 

humidity corrections were applied to the ethylene 

concentration dynamics, using the Equations (1) – (6) 

provided below [39]. This is based on the assumption that the 

impacts of temperature and humidity on the ethylene sensor 
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(specifically, the conjugate coating of copper complex and 

single walled carbon nanotubes) are distinct from one another, 

and that each ethylene sensor is uniformly affected by 

variations in temperature and humidity. Toward this end, the 

correction factors for the y-intercept and slope of the 

calibration curve were computed for various temperature and 

humidity conditions, compared to the reference conditions of 

25°C temperature and 60% relative humidity, utilizing 

Equations (1) – (4). Subsequently, the corrected values of y-

intercept and slope were determined utilizing the Equations 

(5) – (6). These corrected y-intercept and slope along with the 

measured resistance values were used to calculate the 

corrected ethylene concentration.  
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The performance of the ethylene sensor was evaluated in 
presence of different interfering gases and their mixtures, 
including: (i) 50 ppm of nitrogen (N2), (ii) 50 ppm of methane 
(CH4), (iii) 50 ppm of nitrous oxide (N2O), (iv) 50 ppm of 
ammonia (NH3), (v) a mixture of 50 ppm of N2, CH4, N2O, 
NH3, each, (vi) a mixture of 50 ppm of N2, CH4, N2O, NH3, 
each and 1 ppm of ethylene, (vii) 1 ppm of ethylene, (viii) a 
mixture of 50 ppm of N2, CH4, N2O, NH3, each and 10 ppm of 
ethylene, and (ix) 10 ppm of ethylene. The measured 
resistance values were significantly less for the interfering 
gases compared to when ethylene was present in the mixture 
(Fig. 4j). These results indicate that the sensor demonstrated a 
much higher selectivity towards ethylene than other gases.  

Similar to the temperature and humidity sensors, the 
ethylene sensor was subjected to repeated bending 
deformations upto 60 and 100 cycles at 40º bending angle. 
The resulting calibration plots in Fig. 4k show a coefficient of 
variation of about 2.311%. Furthermore, upon cyclic exposure 
to ethylene concentrations, the sensor exhibited a negligible 
coefficient of variance of less than 0.5% (Fig. 4l). These 
results confirm the reversible binding between copper 
complex and ethylene.  

D. Evaluation of Failure Point, Stability, and Accuracy    
To investigate the failure point of the sensors, we 

conducted repeated bending tests at 50° and 60° bending 
angles, as shown in Fig. 5. These tests revealed that the 
ethylene, temperature, and humidity sensors exhibited 
variations of up to 28%, 200%, and 200%, respectively, in 

their responses when bent at a 50° angle. Moreover, the 
sensors failed to withstand more than 30 cycles of bending at 
a 60° angle, which we consider as the failure point of the 
sensors. 

The settling time and percentage overshoot of ethylene 
(ET), temperature (T), and humidity (RH) sensors are:  
(i) Settling time (defined as the time for the response to reach 
and stay within 2% of its final value):  
ET = 0.088s, T = 0.215s, RH = 0.231s 
 
(ii) Percentage overshoot:  
ET = 6.80%, T = 16.14%, RH = 15.97% 
         .  
The percentage overshoot (%OS) is calculated using the 
following formula [40], with Cmax and Cfinal representing the 
maximum and final values, respectively: 

max% 100.............................(7)final

final

c c
OS

c
−

=   

 
Fig. 6a-c graphically represent the time required by the 
ethylene, temperature, and humidity sensors to settle down. 

Furthermore, we analyzed the long-term stability of the 
sensors over 30 days, as shown in Fig. 6d-f. It was noted that 
the ethylene and humidity sensors exhibited a consistent 
response until Day 12, after which the response gradually 
decreased. In contrast, the temperature sensor was very stable 
over the entire 30-days period.  

The approach used to validate the reliability of our ethylene 
sensor is explained in our prior work [23]. Briefly, we adopted 
an indirect approach to analyze the ethylene gas directly 
emitted from plant leaves. First, we calibrated our ethylene 
sensor for a known set of ethylene concentrations mixed with 
other interfering gases (i.e., N2, CH4, N2O, and NH3). Next, the 
sensor responses were recorded for unknown ethylene 
concentrations emitted from the plant. Afterward, the sensor 
was exposed to a range of known ethylene concentrations to 
find out the concentrations at which the sensor response 
approximately matched with the responses recorded for 
unknown ethylene emitted from plants. The results are plotted 
in Fig. 7a, which show that our ethylene sensor has a very 
high accuracy, with a Pearson correlation coefficient of 0.98. 
Moreover, the temperature and humidity values measured with 
our sensors were compared against the values measured with 
commercially available temperature (LM35, Texas 
Instruments, TX) and humidity (DHT11, Adafruit, NY) 
sensors. The results are plotted in Fig. 7b-c, which show that 
our temperature and humidity sensors exhibit a high accuracy, 
with a Pearson correlation coefficient of more than 0.99.  

V. ON-PLANT EVALUATION 
For conducting real-time plant measurements, the tattoo 

sensors were adhered to the back side of the leaves of bell 

pepper plants. This was done because stomata are small 

openings or pores that are typically present on the rear 

surfaces of leaves. These stomata open and close to regulate 

gas exchange and water loss [41], [42], making the back side 

of the leaf ideal for ethylene detection. 
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Fig. 4. (a) Calibration plots of the temperature sensor under varying relative humidity (RH) conditions. (b) Calibration plots of the temperature 
sensor under varying bending cycles. (c) Repeatability test for the temperature sensor. (d) Calibration plots of the humidity sensor under varying 
temperature conditions. (e) Calibration plots of the humidity sensor under varying bending cycles. (f) Repeatability test for the humidity sensor. (g) 
Calibration plot of the ethylene sensor at room temperature and 60% RH. (h) Calibration plots of the ethylene sensor under varying temperature 
conditions. (i) Calibration plots of the ethylene sensor under varying relative humidity (RH) conditions. (j) Selectivity test that shows resistance 
measurements of the ethylene sensor where i-ix represent: (i) 50 ppm of nitrogen (N2), (ii) 50 ppm of methane (CH4), (iii) 50 ppm of nitrous oxide 
(N2O), (iv) 50 ppm of ammonia (NH3), (v) a mixture of 50 ppm of N2, CH4, N2O, NH3, each, (vi) a mixture of 50 ppm of N2, CH4, N2O, NH3, each, and 
1 ppm of ethylene, (vii) 1 ppm of ethylene, (viii) a mixture of 50 ppm of N2, CH4, N2O, NH3, each, and 10 ppm of ethylene, and (ix) 10 ppm of 
ethylene. (k) Calibration plots of the ethylene sensor under varying bending cycles at 40º angle. (l) Repeatability test for the ethylene sensor. Error 
bars in all the plots represent mean and standard error computed from three repeated measurements.  
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Fig. 5. Calibration plots of the (a) ethylene, (b) temperature, and (c) humidity sensors under 50 and 100 cycles of bending at 50º angle. Calibration 
plots of the (d) ethylene, (e) temperature, and (f) humidity sensors under 30 cycles of bending at 60º angle.  

 
Fig. 6. Representation of settling time and overshoot: (a) Ethylene sensor response at 1 ppm, (b) Temperature sensor response at 30°C, (c) 
Humidity sensor response at 60%RH. Long-term stability over 30 days: (d) Ethylene sensor response at 1 ppm, (e) Temperature sensor response 
at 30°C, (f) Humidity sensor response at 60%RH.   
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Fig. 7. Accuracy of (a) ethylene, (b) temperature, and (c) humidity sensors compared to standard measurement methods.   

 
Fig. 8. (a) Relative humidity, (b) temperature, (c) VPD and (d) ethylene levels measured from control and stressed plants over 14 days. (e) 
Ethylene measurements under alternating cycles of water deficiency and irrigation. Measurements were repeated with 10 control and 10 stressed 
bell pepper plants, with error bars representing the standard error of plant-to-plant variations. (f) Dynamic relative humidity values measured at 
lower and upper leaves. (g) Dynamic ethylene concentrations measured at lower and upper leaves. The lower and upper leaves were located at 
40 cm and 105 cm, respectively, above the soil surface. (h) RH dynamics measured at two locations of the same leaf located at 75 cm above soil.  

 
A. Monitoring Ethylene Emission in Water Stressed 
Plants   

A series of experiments were conducted with live bell 
pepper plants. The tattoo sensors were installed on the back 
side of the leaves. Ten plants were used as control plants, 
while another ten were subjected to water stress. No water was 
applied to the stressed plants throughout the stress period, 
while the control plants received a daily dose of 250 mL of 
water. Temperature, relative humidity, and ethylene 
measurements were recorded once a day. Fig. 8a-d illustrate 
the averages of measurements from 10 control and 10 stressed 
plants over 14 days. Several observations are evident from 
these results. Firstly, the relative humidity of air remained 
lower than the relative humidity levels recorded beneath the 
leaf (Fig. 8a). Furthermore, the temperature of the leaves (in 
both stressed and control plants) consistently stayed lower 
than the air temperature (Fig. 8b). These results attribute to the 
cooling effect caused by transpiration. The vapor pressure 
deficit (VPD) (calculated using the methodology outlined in 
[23]) was always higher in stressed plants as compared to the 

control plants (Fig. 8c). A similar trend was observed in 
ethylene measurements, as depicted in Fig. 8d. Stressed plants 
consistently emitted elevated levels of ethylene.  

Next, the stressed plants underwent alternating cycles of 
water deficiency and irrigation schedule. As shown in Fig. 8e, 
the control plants consistently released a mean ethylene 
concentration of 7.95 ppm, with a standard deviation of 0.5 
ppm. A temporal correlation was observed in the time-series 
data between the ethylene concentrations and the water stress 
periods. Ethylene levels exhibited a rise during water stress, 
and following irrigation on Day 9, there was an immediate 
decline in the ethylene levels. These results also offer insight 
into the implications of prolonged sensor attachment on plant 
performance. The results from our experiments showed that 
throughout the 21-day testing period, there was no notable 
stress induced by sensor attachment on the plants. This was 
evidenced by the nearly unchanged ethylene response in 
control plants. The sensor's placement at the back of the leaf 
allowed unrestricted light interaction with the top surface of 
the leaf, which was crucial for photosynthesis. Moreover, the 
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small footprint of the sensor ensured minimal disruption to 
transpiration. Notably, previous studies also report that sensor 
attachment to plant leaves did not cause noticeable stress on 
plants [23], [43], [44]. Additionally, the sticker backing of the 

tattoo was waterproof, protecting the sensors from rain. 
Furthermore, Fig. 8f-g show the dynamic measurements of 

leaf relative humidity and ethylene. For this experiment, the 
sensors were attached to two leaves of the same bell pepper 
plant. The lower leaf was 40 cm above the soil, while the 
upper leaf was 105 cm above the soil. The plant was irrigated 
before commencing data collection. From Fig. 8f, it is evident 
that when water reached either the lower or upper leaf, an 
upward transition in the measured relative humidity was 
noted. Water reached the upper leaf from the lower leaf in 
about 170 minutes. Almost simultaneously, the same tattoo 
sensors also measured ethylene levels. The ethylene 
concentrations emitted from the upper leaf were greater than 
those released by the lower leaf (Fig. 8g). This could be 
attributed to the lower leaf receiving water before the upper 
leaf, resulting in comparatively lower stress levels for the 
lower leaf in contrast to the upper leaf. Additionally, two 
sensors were installed on the same leaf located at 75 cm above 
the soil surface. One sensor was placed near the base of the 
leaf, while the other placed near the apex. Fig. 8h shows the 
water dynamics in the leaf measured with the RH sensor. 

The accuracy of our tattoo sensor in detecting ethylene gas 
emitted from plants was verified by comparing the sensor’s 
readings against known concentrations produced by the mass 
flow controller. The gas sensing setup used for characterizing 
the ethylene sensor (explained in Section IV.C) was utilized 
for this purpose. The ethylene sensor demonstrated a high 
Pearson correlation coefficient of >0.92. 

B. Monitoring Ethylene Emission in Temperature or 
Dark Stressed Plants 

The plants were subjected to alternating cycles of cold and 
heat stresses. Fig. 9a-c demonstrate the dynamics of ethylene 
concentrations measured with the tattoo sensor. All 
experiments were conducted with five bell pepper plants. The 
gray bars depict dark periods, while the white bars represent 
light periods. The room temperature was close to 25 ºC. 
Firstly, when the leaves were heated to 50 ºC, the ethylene 
concentration elevated by 4 ppm in 12 hours, as illustrated in 
Fig. 9a. Similar results were observed during subsequent 
heating cycles. However, following the first heat stress cycle 
(i.e., 25 ºC → 50 ºC → 25 ºC), the ethylene concentration did 
not return to its original baseline value of ~8 ppm. This 
phenomenon could be attributed to the plants already being 
stressed due to the heat application, and the subsequent 
cooling down to room temperature did not entirely reverse the 
stress condition. A similar phenomenon was observed when 
the plants were subjected to cold stress cycles (Fig. 9b) and 
alternating cycles of cold and heat stresses (Fig. 9c).  

The plants were also exposed to dark stress conditions by 
placing them in a dark room for 24 hours, followed by 12 
hours of exposure to sunlight, and then another 24 hours of 
darkness, as shown in Fig. 9d. The first 12 hours of darkness 
was corresponded to nighttime. As the plants followed their 
natural diurnal cycle, there was no added stress, resulting in a 
decrease in ethylene concentration. However, when the plants 

were subjected to darkness for an additional 12 hours, they 
were deprived from light and ethylene levels continued to rise. 
From the 24th to the 48th hour, the plants underwent another 
diurnal cycle, leading to a subsequent decrease in ethylene 
levels. Afterward, the plants were subjected to 12 hours of 
dark stress, causing an increase in the ethylene concentration.  

During both temperature and dark stress experiments, the 
ethylene levels did not revert back to the initial baseline value 
once the stress was removed, indicating an irreversible 
physiological alteration in the plants. 

C. Monitoring Ethylene Emission from Plants under 
Combined Stressors 

In a separate experiment, the plants were subjected to 
multiple abiotic stressors simultaneously. The data presented 
in Fig. 9g were collected subsequent to the heat stress 
experiment depicted in Fig. 9a. This explains why the initial 
ethylene level in Fig. 9g is about 14 ppm. Furthermore, 
interesting phenomena was observed when the plants were 
exposed to multiple stressors. As illustrated in Fig. 9e-g, the 
rate of rise in the ethylene concentration was slower compared 
to the rate at which ethylene increase was triggered by a single 
stress factor (Fig. 9a-d). An analogous finding was reported in 
[44], where, after an extended period of light stress, there was 
no substantial change in the plant’s glucose level. This 
phenomenon can be interpreted in various ways. One potential 
explanation is related to stomatal closure. Research findings in  

 
Fig. 9. Ethylene concentration dynamics monitored with the tattoo 
sensor when the plant was subjected to (a) heat stress cycles, (b) cold 
stress cycles, (c) alternating cold and heat stress cycles, (d) dark 
stress cycles, (e) combined dark and cold stress cycles, (f) combined 
light and cold/heat stress cycles, and (g) combined dark, cold/heat and 
water stress cycles. All experiments were conducted with five plants, 
with error bars indicating plant-to-plant standard errors. The dark 
periods are depicted by the gray bars, while the light periods are 
represented by the white bars.   
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the literature suggest that prolonged stress leads to the closure 
of stomata as a protective mechanism in plants to reduce water 
loss through transpiration [41], [45]. In this way, the stressed 
plant can conserve its resources in the event of a stress. When 
multiple stressors are present, the rate and duration of stomatal 
closure might be intensified compared to the effects of a single 
stressor. Consequently, the emission of ethylene through 
stomatal openings is reduced. Another possible explanation 
involves complex interactions between different stress 
pathways and hormonal responses within the plant [46]. The 
plant's ability to allocate resources and prioritize its stress 
responses can impact the overall ethylene production. Under 
certain circumstances, the combined stressors may trigger a 
synergistic effect, causing an increased ethylene production, 
while in other instances, the effect may be antagonistic which 
can modulate the ethylene production differently [47], [48]. 
The plant's response to combined stressors is a complex area 
of research and can vary based on various factors including 
the type, duration, and intensity of stressors, the plant 
genotype, and the developmental stage of the plant [49]. In the 
future, we plan to investigate the interactions between stress 
and ethylene production pathways in plants. The tattoo sensor 
presented in this work has the potential to elucidate these 
pathways in real-time and sprout new avenues for research in 
this field. The exploration of such details in real-time has been 
hindered in the past due to the absence of a wearable plant 
sensing technology.        

D. Statistical Analysis  
Statistical analysis was performed using the t-test to find the 

statistically significant difference (represented by the p value) 
in the measured ethylene concentrations in response to 
different stresses. Fig. 10 shows the p values computed for 
different combinations of stressors. The results in Fig. 10a 
show a statistically significant difference between the ethylene 
concentrations emitted from the unstressed plant (kept at 25 
ºC) and cold stressed plant (at 10 ºC), denoted by p = 0.0462 
(i.e., < 0.05). Likewise, the ethylene concentrations emitted 
from the unstressed plant (kept at 25 ºC) and heat stressed 
plant (at 50 ºC) represent p = 0.008. There was a statistically 
significant difference between ethylene released from heat 
stressed and dark stressed plants (p = 0.0105). Fig. 10b shows 
the p values between different combinations of combined 
stressors. In all the cases, the p value remains below 0.01, 
indicating a high significant difference between the stress 
conditions.  

VI. PERFORMANCE COMPARISON  
Only a limited number of electrochemical ethylene sensors 

have been documented in the literature. Table II shows the 
primary electrochemistry-based ethylene sensors from the 
literature. None of them are designed to monitor ethylene 
emissions from plants. To the best of our knowledge, our 
research group is the first to report a plant-wearable sensor 
that can measure and monitor a plant hormone in situ [23]. 
The tattoo-like sensor presented in this work is an improved 
version of our prior work. The inclusion of a chemiresistive 
copper cofactor-coated sensor in the tattoo design eliminates 
the need for a solid-state electrolyte or substrate, enabling the  

 
Fig. 10. (a) Ethylene response under single stress conditions. Here, I = 
cold stress at 10 ºC, II = room temperature condition at 25 ºC, III = heat 
stress at 50 ºC, and IV = dark stress for 12 hours at 25 ºC. (b) Ethylene 
response under combined stress conditions. Here, I = dark stress for 
12 hours coupled with cold stress at 10 ºC, II = dark stress for 12 hours 
coupled with cold stress at 10 ºC and water stress, III = dark stress for 
12 hours at 25 ºC, IV = dark stress for 12 hours at 25 ºC coupled with 
water stress, V = dark stress for 12 hours coupled with heat stress at 
50 ºC, and VI = dark stress for 12 hours coupled with heat stress at 50 
ºC and water stress.   

 
integration of multiple sensors on a single platform. Moreover, 
the tattoo framework allows easy attachment and removal of 
the sensor resembling a scotch tape, along with extended 
operational capability even in adverse environmental 
conditions like rain and hail. Although the sensor developed 
by Fong et al. [50] exhibits a lower detection limit compared 
to our sensor, their linear operation range is limited to 50 ppm 
of ethylene, whereas our sensor maintains a linear response up  
to 115 ppm. Moreover, our sensor offers flexibility, 
multiplexing capability, and plant wearability, which are 
absent in [50]. Our sensors demonstrates superior detection 
limit [24]–[26] and linear operation range [25], [26], [50] 
compared to other electrochemical ethylene sensors reported 
in the literature and outlined in Table II. 
 

TABLE II 
PERFORMANCE COMPARISON OF ETHYLENE SENSORS  

Sensing Material 
and substrate 

Sensitivity  Limit of 
Detection 

Linear 
Range 

Ref. 

[PdCl2(PhCN)2] 
and nBu4N[NO2] on 
glass 

 
1.2%/ppm 

 

0.015  
ppm 

500 ppb–
50 ppm [50] 

1-butyl 3-
methylimidazolium 
bis(trifluoromethylsu
lfonyl)imide 
[BMIM][NTf2] 
immobilized in a 
poly(vinylidene 
fluoride) matrix 
deposited on ceramic 
and Kapton 
substrates 

1.164 
nA/ppm on 

ceramic 
 

0.14 
nA/ppm on 

Kapton 
 

0.8 ppm 0 –
500 ppm [24] 

[BMIM][NTf2] and 
1-hexyl-3-
methylimidazolium 
tris(pentafluoroethyl)
trifluorophosphate 
[HMIM][FAP] ionic 
liquids on a dual in-
line package 

51 pA/ppm 0.76 ppm 0 –
10 ppm [25] 

Copper complex and 
SWCNT conjugate 
on a glass slide 

0.038%/pp
m 0.5 ppm 0.5 –

50 ppm [26] 

Copper complex and 
SWCNT conjugate 
on tattoo paper 

0.6295 
kΩ/ppm 

0.13 ppm 0.1 –
115 ppm 

This 
work 
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VII. CONCLUSION 
In summary, this work presents a tattoo sensor for the first 

time for real-time monitoring of ethylene emissions from live 

plants. The sensor operates based on chemiresistive principles 

and features a coating composed of copper complex and 

SWCNT that offers high sensitivity and reversibility. The 

ethylene readings were corrected to account for the influence of 

leaf temperature and humidity on the recorded ethylene 

measurements. To accomplish this, temperature and humidity 

sensors were incorporated on the same tattoo substrate. The 

entire tattoo can be effortlessly affixed to the leaves just like 

using a scotch tape. Measurements of ethylene were collected 

from plants exposed to individual stressors like water 

deficiency, low temperatures, high temperatures, and dark 

stress, as well as from plants subjected to combined stress 

conditions like the combination of temperature and dark stress, 

and the combination of temperature, dark, and water stress. A 

notable statistical significance, marked by p<0.05, was 

identified between different stress types. Scaling up the 

fabrication of these tattoos through roll-to-roll processes will 

facilitate their widespread utilization in agricultural fields. 
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