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a b s t r a c t 

Thermocouples are a universal type of thermal sensors routinely used in different applications for the 

measurement and monitoring of temperature. Traditionally, they are constructed from two dissimilar con- 

ductors. In this work, single material thermocouples are fabricated using graphite pencil traces patterned 

on cellulose paper. The different magnitudes of the Seebeck coefficients in different grade pencils facil- 

itate successful construction of a graphite-only thermocouple sensor. These extremely simple, low-cost, 

and eco-friendly thermocouple sensors have shown stable and reliable sensitivity of 7.4 ( ±0.3) μVK 

−1 , 

indicating a good temperature resolution of better than 0.2 K. With the advantage of simple and solvent- 

free fabrication process, such devices can be developed as cheap, environmentally friendly, and disposable 

thermal sensors. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1

u

m

d

p

t

h

p

i

o

a

t

V

W

2

i

r

t  

s

t

n

t

b

a

s

b

s

o

b

r

b

3

l

s

μ

3

h

p

o

b

f

o

h

2

. Introduction 

Thermocouples are essentially simple devices but extremely 

seful and widely deployed for temperature measurement and 

onitoring tools, being used in a broad range of scientific and in- 

ustrial environments [1] . In a standard structure, a thermocou- 

le is made up of two conductors/metals that are joined together 

o form a measuring junction. Use of two dissimilar conductors 

aving different Seebeck coefficients ( S =�V/ �T ; �V is the voltage 

roduced along a conductor due to the temperature gradient, �T ) 

s essential to build a thermocouple, as it works on the principle 

f Seebeck effect. When the junction of a thermocouple is heated, 

 detectable open circuit voltage ( V oc ) can be observed according 

o the following [1-3] : 

 oc = ( S 1 − S 2 ) �T (1) 

here S 1 and S 2 are the Seebeck coefficients of conductor 1 and 

, respectively. The generation of a net voltage across the circuit 

s due to different voltage development along the two conductors 

esulting from the temperature difference between the hot junc- 

ion and the cold junction ( Fig. 1 ). If both the conductors are the

ame or have equal Seebeck coefficients then there can be no de- 

ectable voltage from the thermocouple sensor thus in theory, it is 
∗ Corresponding author. 
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ot possible to build a thermocouple from a single conductor. In- 

erestingly, researchers have developed single metal thermocouples 

y a nanoscale approach [ 1 , 4-8 ]. These nanoscale thermocouples 

re produced from two thin strips of a single metal with cross- 

ectional discontinuity or different strip widths in which the See- 

eck coefficients become different due to size effects. In such de- 

igns, a detectable open circuit voltage is achieved by fabricating 

ne of the strips with nanoscale width, as the changes in the See- 

eck coefficients can be seen by significantly decreasing the mate- 

ial dimensions. For illustration, a previous work on a Ni thin film 

ased single metal thermocouple with strip widths of 100 μm and 

 μm has reported a maximum sensitivity of 1.1 μV K 

− 1 [4]. Simi- 

arly, in a Pd thin film based single metal thermocouple with dual 

trips of widths 30 μm and 200 nm, a thermal sensitivity of 2.2 

V K 

− 1 has been achieved [7] . Very recently, high sensitivity of 

9 μV K 

− 1 has been observed in a graphene based thermocouple 

aving strip widths of 1.2 μm and 0.2 μm [5] . 

In this work, a new and low-cost “single material thermocou- 

le” (SMT) formation is demonstrated using graphite pencil traces 

n cellulose paper. The variation in the magnitude of the See- 

eck coefficients in different grade pencils facilitates the success- 

ul construction of a graphite-only thermocouple without the need 

f nanoscale approach that in general requires special fabrication 

acilities. These simple designs show good thermal sensitivity of 

.4 μV K 

− 1 signifying their potential as low-cost single conductor 

hermal sensors. 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Schematic of a conventional thermocouple (V 1 and V 2 are the Seebeck volt- 

ages generated along the conductor 1 and 2, respectively). 
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As there is a growing demand for fast and accessible informa- 

ion, disposable sensors are becoming increasingly important [9] . 

he presented graphite trace on paper based sensors can be used 

s disposable sensors as they are low-cost, nontoxic and easy to 

se. Furthermore, cellulose paper is an attractive material for dis- 

osable sensors owing to its inexpensive, lightweight, flexible and 

iodegradable properties [9] . In addition, as it is well known, the 

hermoelectric generators can directly convert thermal gradients 

nto useful electric potential using the Seebeck effect [10] . They 

an be more productive in transforming waste heat into electrical 

nergy. However, the current commercial devices are largely fabri- 

ated from expensive and toxic inorganic materials, many of which 

re even scarce [11-13] . 

Alternatively, carbon based compounds such as simple graphite 

races/films or carbon/polymer based nontoxic composites can be 

tilized for application in order to fabricate cost-effective and flex- 

ble thermoelectric devices [14-19] . Many carbon materials have 

hown promising thermoelectric properties, in particular, carbon 

anotubes [ 20 , 21 ], carbon fibres [22-24] , and graphene [25- 

7] have shown good Seebeck coefficient and electrical properties 

26] . Recent studies demonstrated the use of carbon materials can 

e more beneficial to produce composites. Some polymer/organic- 

arbon and inorganic-carbon composites are reported with im- 

roved thermoelectric performances [ 19 , 26 , 28-31 ]. Also, in bulk 

raphite and its composites useful thermoelectric properties are 

bserved [ 16 , 17 , 32-34 ]. 

. Experimental section 

.1. Materials 

Different grade (HB, 2B, 4B, 5B, 6B) graphite pencils (WH- 

mith) were used to produce graphite traces/patterns and com- 

only available office Xerox paper (80 g m 

− 2 ) was used as a 

latform for constructing graphite based thermocouple junctions. 

.2. Seebeck coefficient and electrical conductivity measurements 

Rectangular pencil traces of length 10 mm and width 4 mm 

 Fig. 2 ) were created on paper for the initial thermoelectric mea- 

urements. For each pencil trace, the output voltage or Seebeck 

oltage ( �V ) along the trace was measured as a function of ap- 

lied temperature gradient ( �T ) between the hot and cold sides of 

he trace using a lab-built apparatus [35] . The measurement setup 

s schematically illustrated in Figure S1 ( Supporting Information ). In 

 typical measurement, samples were mounted between two thin 

u electrodes using silver conductive paint. The Cu electrodes with 

uilt-in heaters (resistive heaters) and k-type thermocouples were 

tilized to generate temperature difference and read temperatures 
2 
t either end of the sample, respectively. The Cu wires connected 

o the electrodes used to read the output voltage of the samples 

nder an applied temperature difference. Temperatures were con- 

rolled by varying the power input to the heaters and readings 

ere obtained after reaching stabilized temperatures. About 4–6 

C temperature difference was applied along the length of the sam- 

les and average values of Seebeck coefficient were estimated from 

he standard expression [ 36 , 37 ]: 

 = −
(

�V 

�T 

)
(2) 

Measurements were carried out under a closed chamber to 

void fluctuations in the temperature and the output voltage read- 

ngs, and the top side of the sample was covered with a high tem- 

erature polyimide adhesive tape (act as a thermally and electri- 

ally insulating layer) to minimize air contact with the sample, as 

llustrated in Figure S1 ( Supporting Information ). 

Electrical conductivity measurements performed with the four 

robe method. A setup of four linear and equidistant point probes 

spring loaded, gold coated copper probes with pointed ends), with 

 probe separation of 2.5 mm used for the purpose. Small currents 

 I = 10–50 μA) were passed through the outer two probes and the 

esulting voltage ( V ) from the sample was measured using inner 

robes. The resistivity ( ρ) of the sample was obtained using the 

tandard expression [38] , 

= 

V 

I 
2 πd (3) 

here d is the distance between the probes. The above obtained 

alues divided with a correction factor, g = (2d/t) ln 2 [38] , to ob- 

ain the actual resistivity of the samples, where t is the thick- 

ess of the graphite trace. The need for a correction factor is due 

o the proximity of a sample’s boundary which limits the pos- 

ible current paths during the measurements. The resistivity for- 

ula in Eq. (3) is used for the large samples. A thin film sample 

ould restrict the current paths available due to its finite thick- 

ess and therefore requires a correction factor [39] . The thickness 

f the samples obtained from cross-sectional scanning electron mi- 

roscopy, as shown in Figure S2 ( Supporting Information ) were used 

o estimate ρ . Measurements repeated at different positions to 

onfirm reproducibility and find the measurement uncertainty val- 

es. Finally, electrical conductivity ( σ ) values obtained from the in- 

erse values of ρ . 

.3. Fabrication of thermocouple 

As shown by Fig. 3 , a V-shaped graphite trace consisting of a HB 

nd a 6B pencil trace was formed on paper to obtain a graphite- 

ased single material thermocouple (SMT). To obtain this ther- 

ocouple device, first, a HB pencil trace (width ~4 mm, length 

4 cm) was hand-drawn on paper and then a 6B pencil trace 

width ~4 mm, length ~4 cm) was created with one of its ends to 

verlap on one end of the HB pencil trace which forms a junction, 

s illustrated in Figure S3 ( Supporting Information ). 

A paper strip SMT was fabricated by drawing pencil traces 

width ~4 mm, length ~4 cm) on either side of a small paper strip. 

he traces were shorted at one end of the strip using a carbon 

onducting paste and copper foils were connected to the other 

nds of the pencil traces to read output voltages. The paper strip 

ensor was then covered with polyimide tape (high temperature 

ape) to protect the pencil traces and to improve the sensor’s life- 

ime upon repeated use. Fig. 5 shows a schematic cross-sectional 

iew and a real image of the paper strip SMT. The morphologies 

f the pencil traces on paper were obtained by Scanning Electron 

icroscopy (SEM) using Zeiss Evo LS25 SEM. Raman spectroscopy 

as carried out on a Renishaw inVia Raman Microscope and X-ray 
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Fig. 2. (a) An illustration showing variation of the Seebeck coefficient in different grade pencil traces, (b) measured room-temperature Seebeck coefficient of different pencil 

traces, and (c) temperature-dependent Seebeck coefficient of the traces. 

Fig. 3. Scanning electron microscopy (SEM) images of the HB and 6B pencil traces on paper that form a thermocouple sensor, along with SEM image of bare cellulose paper 

substrate. 
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Fig. 4. (a) A V-shaped single material thermocouple (SMT) formed by using HB and 

6B pencil traces, and (b) its output voltage data at different tem perature gradients 

( �T). 
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iffraction (XRD) patterns of the samples were acquired through 

se of a Bruker D8 diffractometers. 

.4. Fabrication of multiple junction thermocouples 

Multiple junction thermocouple patterns having four measur- 

ng junctions were fabricated using HB and 6B pencil traces (trace 

idth ~2 mm) with HB trace as a common lead for all four junc- 

ions ( Fig. 7 and Fig. 8 ). Copper electrical contacts were connected 

o read outputs from the trace leads. 

.5. Testing of thermocouple devices 

The output voltage measurements of the as-fabricated SMT de- 

ices carried out with a labmade platform in open conditions at 

oom temperature (~295 K) [40] . The junction of a thermocouple 

eated to different temperatures to achieve different temperature 

radients between the junction and cold ends and recorded result- 

ng output voltages from the device. To test the working of mul- 

iple junction SMT devices, a small resistive heater was used to 

chieve local heating in order to observe the variations in the out- 

ut voltages from the thermocouples. Digital multimeters of volt- 

ge resolution 1 μV (Model: HMC 8012 DMM) used for all the mea- 

urements. Measurements repeated 4–5 times to confirm the re- 

roducibility of the data. 
4 
. Results and discussion 

Commercially available pencils, ranging from HB to 6B were 

mployed to construct a graphite based single material thermocou- 

le (SMT). The difference between the Seebeck coefficients (ther- 

opower) of the two conducting patterns/traces of a thermocou- 

le is a key parameter that determines its output characteristics. 

n order to select two suitable pencil grades to construct an SMT, 

he Seebeck coefficient of all the pencil traces were first examined. 

ig. 2 b shows the room temperature Seebeck coefficient values of 

ll the pencil grades. The HB grade pencil trace has shown a max- 

mum value of 17.5 μV K 

− 1 and found to decrease with chang- 

ng pencil grades from HB to 6B and the lowest value of 8.6 μV 

 

− 1 observed in the case of 6B trace, as schematically pictured 

n Fig. 2 a. Further, we performed temperature dependent measure- 

ents to observe the variations in the Seebeck values. As shown by 

ig. 2 c, increasing the temperature up to 80 °C had a negligible ef- 

ect on the magnitudes of all the traces. The observed Seebeck co- 

fficient values are consistent with previously reported values for 

ulk graphite or thick reduced graphene oxide (rGO) films but are 

maller as compared to the reported values for graphene/few layer 

raphene [ 25-27 , 41-45 ] carbon nanotubes, and carbon fibres [ 20- 

2 , 46-50 ]. As the graphite traces produced on paper substrates are 

ufficiently thick (few microns)[15] in nature, it is logical to assume 

hat these are bulk graphite films. Typical Seebeck values observed 

n thick rGO films are in the range of 10–30 μV K 

− 1 (however, 

ome studies have reported high Seebeck values when rGO is par- 

ially reduced and such high values are attributed to the presence 

f oxygen related functional groups in the rGO) [51] and in case of 

raphite, it is about 8–20 μV K 

− 1 [ 16 , 34 , 42 , 49 , 52 ]. 

The minimum dependence of the Seebeck coefficient on tem- 

erature is a key advantage to form a thermocouple with good 

inearity in the output voltage signal with respect to temperature. 

he pencil grade dependent variation in the Seebeck coefficient of 

raphite traces attributed to the compositional variations in the 

encil leads. Different grade pencil leads contain different levels of 

lay binders in graphite [53] . Generally, the amount of clay binders 

ecreases from HB to 6B grade. For illustration, a typical HB pen- 

il contains 68% graphite, 26% clay, 5% wax, whereas a 6B pencil 

ontains 84% graphite, 10% clay, 5% wax [53] . Table S1 ( Support- 

ng Information ) shows the amount of graphite in different grade 

raphite pencils. These clay binders expected to play an important 

ole in changing the electrical properties of the resulting graphite 

races. The electrical conductivity ( σ ) of pencil traces shown in Fig- 

re S4 ( Supporting Information ) increases from HB to 6B grade trace 

hich is due to the increasing graphite content in the pencils. The 

easured values are in near agreement with the previous stud- 

es on the electrical conductivity of different grade graphite pencil 

races [54] . It is well known that the Seebeck coefficient, in most 

ases, decreases with the increase in carrier concentration. As the 

lectrical conductivity is directly related to the number of carri- 

rs in the material, according to σ = neμ (where n, e, μ are the 

umber, charge, and mobility of carriers), the Seebeck coefficient 

s expected to decrease with an increase in electrical conductivity. 

A good adherence property of graphitic particles of the pen- 

il on cellulose paper substrates helps create desired conductive 

atterns and circuits with simple pencil hand-drawing, which are 

hown to be promising in low-cost and flexible electronics such 

s sensors [55-59] , energy storage devices [60-67] , resistors [68] , 

ransistors [69] , and also in thermoelectric applications [ 14 , 15 ]. To 

llustrate the morphology of the as deposited graphitic layers/flakes 

n cellulose paper, SEM images of the pencil traces on paper are 

hown in Fig. 3 . The traces covered the cellulose fibres of the paper 

nd resulted in a continuous graphitic film. Further, X-ray diffrac- 

ion patterns of HB and 6B traces shown in Figure S5 ( Supporting 

nformation ) confirm that the formed traces on paper are graphite 
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Fig. 5. (a) Cross-sectional and (b) a real image of a single conductor thermocouple (SMT) on a small paper strip, and (c) its output characteristics at different temperature 

gradients ( �T). 
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lms. The samples show a prominent peak at 26.6 ° related to (002) 

lane of graphite (JCPDS file 41–1487), indicating preferred ori- 

ntation along (002) crystallographic direction and the intensity 

f the peak illustrates that the graphite traces formed on paper 

ave good crystallinity. The higher intensity peak of (002) plane 

n 6B trace as compared to HB trace expected to be associated 

ith the more graphite content in it, as also observed in previous 

orks [70] . The minor peak at 29.3 ° can be assigned to the calcite 

CaCO 3 ) compound present in the paper substrate [71] . Figure S6 

 Supporting Information ) shows the Raman spectra of graphite pen- 

il traces. All the patterns show the expected Raman signatures for 

raphite, with prominent peaks at ~1330 cm 

−1 (D band) and ~1580 

m 

−1 (G band) [72] . The G bands of all the samples exhibit a shoul- 

er at ~1615 cm 

−1 (D’ band), typical of defective graphite materi- 

ls [72] . The lattice disorder of graphite is typically evaluated from 

he ratio of D band to G band intensity (I D /I G ) [73] . The I D /I G ra-

ios of HB, 2B, 4B, 5B, and 6B graphite traces are 0.62, 0.60, 0.51, 

.49, and 0.54, respectively, indicating a higher degree of disorder 

n HB and 2B samples as compared to others. The different levels 

f clay binders present in these samples could be responsible for 

he changes in the I D /I G ratios. 

A maximum difference in the Seebeck coefficient can be ob- 

ained from the combination of HB and 6B pencil traces thus are 

sed to design and fabricate thermocouple devices. A simple SMT 

isplayed in Fig. 4 a has two strips (HB and 6B traces) that join 

o form a junction. The open-circuit voltage ( �V ) as a function of 

emperature gradient ( �T ) presented in Fig. 4 b shows an excellent 

inear curve in the measured range of �T of up to 50 K, indicat- 

ng a constant sensitivity of the sensor with a slope value of 7.4 

 ±0.3) μV K 

− 1 . The output voltage data align well with linear fit- 

ings with an R 

2 value of 0.996. An improved design of the above 

MT sensor is shown in Fig. 5 along with its output characteris- 

ics. It is found to be a more convenient and standard structure 

f the sensor that can be formed out of a small paper strip. Here 

lso, the �V data were similar to the previous version with ex- 

ellent linearity as a function of �T . With such a good thermal 

ensitivity of more than 7 μV K 

− 1 , these graphite trace based 

MT can measure temperatures with resolution better than 0.2 K 

ith a micro-voltmeter (Note: As the micro-voltmeter can measure 

 minimum value of 1 μV, the present device with a sensitivity of 
5 
 μV K 

− 1 can provide a temperature resolution of 1 μV / 7 μV 

 

− 1 = 0.14 K, or approximately "better than 0.2 K".) Better resolu- 

ions in the temperatures can be realized with high resolution volt- 

eters. The sensitivity of these graphite based devices can further 

e enhanced with additional dopants [14] . For example, some or- 

anic/polymer compounds have properties that successfully change 

he Seebeck coefficients of graphite [ 14 , 15 ]. Therefore, improved 

eebeck values can help fabricate devices with better sensitivity. 

Alongside, the thermal sensing response of these graphite sen- 

ors is reasonably fast. The variation in the output voltage signal of 

he sensor when it was brought in contact with a hot object was 

ecorded as a function of time, illustrated in Figure S7 ( Support- 

ng Information ) which demonstrates quick thermal sensing of the 

ensor. 

To further confirm the dissimilar Seebeck effects in HB and 6B 

encil traces, a two junction pattern is formed by inserting the 

rst conductor (HB trace) between two sections of a second con- 

uctor (6B trace) forming two junctions, as depicted in Fig. 6 a. 

hen these two junctions (1 and 2) are at different temperatures, 

he circuit should produce a non-zero output voltage. Alongside, a 

hange in the polarity of the output voltage is expected when the 

ot junction is reversed. To observe this effect, a pre-heated hot 

etal block was placed on junction-1 which produced a positive 

oltage signal ( Fig. 6 b). A sudden fall in the voltage signal was ob- 

erved upon removing the hot block. Next, a pre-heated hot block 

f the same temperature as used earlier was placed on junction- 

 that successfully produced a negative voltage signal as expected, 

onfirming the change in the direction of charge flow between the 

unctions due to the change of the hot junction from junction-1 to 

unction-2. 

As these graphite trace based thermocouple sensors can be eas- 

ly patterned on paper substrates, a reliable and low-cost temper- 

ture mapping of a specific length or area can be achieved with 

ultiple junction design. A simple structure of a multiple junction 

ensor is shown in Fig. 7 where HB trace (lead-3) was used as a 

ommon lead for all four junctions (A, B, C, D) located at differ- 

nt positions. Such designs are convenient to use and reduce the 

umber of output contacts from the sensors. To test its working, 

he multiple sensor pattern was placed below a thin glass slide 

0.5 mm) and a small resistive heater was placed close to junction- 
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Fig. 6. (a) Graphite trace pattern fabricated from HB and 6B traces to study signal generation by creating temperature gradient between junctions 1 and 2, and (b) its output 

voltage signal. 

Fig. 7. (a-b) Images of multiple thermocouple sensor for temperature mapping, (c) its schematic illustrating temperature field, and (d) voltage output of multiple sensors 

(Junctions-A, B, C, D) where heater was located near junction-A. (lead 3 is a HB trace that act as a common lead for all four sensors, leads 1, 2, 4, and 5 are 6B traces). 

A

l

i

f

p

i

s

a

s

s

n

p

 and turned on to generate a thermal field on the surface, as il- 

ustrated by the color pattern in Fig. 7 c. The temperature sensing 

s different at different junctions as they are at different distances 

rom the heater. The output signals observed from the sensors are 

lotted in Fig. 7 d. Other possible designs of multiple junctions are 

llustrated in Fig. 8 a. A real picture of as-fabricated multiple sen- 
6 
ors (similar to Design-1) is displayed in Fig. 8 b and output volt- 

ge signal data of the sensors as a function of heater location are 

hown in Fig. 8 c. Also, the variation in the output signals from the 

ensors is recorded as a function of time after the heater (placed 

ear Junction-A) is turned ON (the data is shown in Figure S8 ( Sup- 

orting Information )). Further, the observed data was reproducible, 
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Fig. 8. (a) Designs of multiple thermocouple sensor for temperature mapping, (b) a real picture of a sensor, and (c) output voltage data of the sensors as a function of heater 

location. The voltage data in graphs (i), (ii), (iii), and (iv) are recorded with heater located at junction-A, B, C, and D respectively (lead 1 is a HB trace that act as a common 

lead for all four sensors, leads 2, 3, 4, and 5 are 6B traces). 
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S

he magnitude of data scatter in the output signal of the multi- 

le sensors when the heater was located at junction-A is shown in 

igure S9 ( Supporting Information ) as a representative. The results 

f these measurements indicate that these simple graphite sensors 

atterned on paper strips can also be utilized for time-resolved 

apping of local temperatures of a given surface. With proper im- 

rovements in the design and substrates, these type of disposable 

hermal sensors may be utilized in a range of applications such 

s (i) cold storage delivery of things like vaccines, medicines, and 

ood, (ii) temperature sensitive deliveries, (iii) medical applications 

ith disposable thermal sensor patches for measuring fever in pa- 

ients [ 74 , 75 ], (iv) lab-on-a-chip immunosensors [76] or biosen- 

ors [77] and many others [ 78 , 79 ]. 

. Conclusions 

Extremely simple thermal sensors in the form of pencil traces 

n paper have been fabricated and demonstrated as “single mate- 

ial thermocouples” (SMTs). These sensors show a good and stable 

hermal sensitivity of 7.4 ( ±0.3) μV K 

− 1 , indicating a tempera- 

ure resolution of better than 0.2 K. The merits of simple structure 

nd reliable performance can make these graphite trace patterns as 

romising sensors for temperature sensing. In addition, with such 
7 
 simple and solvent-free fabrication process, these pencil trace 

ased devices can be developed as cheap, environmentally friendly, 

nd disposable thermal sensors. 
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