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show a stable and reproducible thermal sensitivity. The fabricated paper devices with mul-
tiple thermocouple arrays are capable of producing temperature mapping of the desired
area. Different thermal conditions were applied to test and confirm the working of these
devices. The present work shows that simple graphite trace patterns can convert a piece
of paper into a thermal mapping device.
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Hardware in context

Temperature sensing is crucial in a wide variety of applications [1,2]. Different thermal sensors are being used in many
industries including medical, agriculture, automotive, and so on [1,3-6]. Thermocouples are considered as a universal type of
thermometers among other thermal sensors because of their simple configuration and passive nature [7-9]. A conventional
thermocouple is made of two different metals/conductors, which are joined at one point to form a junction for thermal sens-
ing [3,10]. As thermocouples are based on the Seebeck effect, dissimilar conductors of different thermopower (S = AV/AT; AV
is the voltage generated from a conductor due to the temperature difference, AT) are necessary to construct these devices
[11,12]. The two conductors generate different voltages when the junction is heated; as a result, the thermocouple develops
a net electrical voltage that can be used to measure temperature [13].

Fig. 1 shows a schematic structure of a traditional thermocouple with its working principle. If V.; and V, are the voltages
generated from conductor-1 (C1) and conductor-2 (C2), respectively, under a given temperature difference, AT, then the net
output voltage signal (V) from the thermocouple is expressed as

V=V4-Vgu (1)

where V.; = S1AT andV,; = SAT (S; and S, are the thermopowers of conductors C1 and C2, respectively). Therefore, V can also
be expressed as: [14]

V = (S, — $)AT = S;AT )

The sensitivity of the thermocouple (St =S; - S,) can be obtained from the ratio of net output voltage and temperature
difference between the junction and surroundings.

Thin film-type thermocouples are attractive because of their lightweight structures and construction possibilities of flex-
ible sensors [2,7]. Also, these film type thermocouples are suitable to construct planar sensor arrays which can be used to
obtain the two-dimensional local temperature distribution of a surface or object [7]. Here, we have designed and built
low-cost temperature mapping sensor arrays on commonly available Xerox paper using graphite pencils. The ability of dif-
ferent grade graphite pencils to show different thermopowers has been utilized to construct multiple sensor arrays of single
conductor thermocouples in the form of completely graphite-based multiple sensor devices [11]. Typically, single-conductor
thermocouples are fabricated from a single metal strip/layer, which requires two dissimilar width patterns of a metal of
which at least one with sub-micron or nanoscale width in order to achieve different thermopowers from a single metal
[10,14,15]. Such devices demand special fabrication techniques such as electron-beam lithography or photolithography in
order to form sub-micron width metal patterns [7,16]. In addition, the multiple thermal sensor patterns are obtained by
using special fabrication facilities, such as screen printing or thin film deposition techniques [1,15]. Here, a very simple
method for constructing multiple sensor patterns has been demonstrated using commonly available graphite pencils and
cellulose paper, and the presented method can be useful in the fabrication of low-cost thermal sensors. Also, the thermal
sensitivities of these simple graphite sensors are comparable to single metal thermocouple sensor patterns [7,10].

2. Hardware description

Thin-film type thermocouple arrays are in general obtained from the deposition of two dissimilar conductor patterns on
desired substrates [2,7,8]. Here, graphite-on-paper based thermal sensors are fabricated simply with hand drawing using
two pencil grades (HB and 6B pencils). The HB and 6B grades were chosen to fabricate thermocouples as they produce a max-
imum thermal sensitivity in the resulting thermocouple sensors [11]. Graphite pencils (WH Smith) and commonly available
office Xerox paper (80 g m2) were used to construct these multiple sensor arrays.

A single junction thermocouple was first fabricated in order to study its output characteristics and obtain the thermal
sensitivity of the sensor. Two devices of 4-junction and 16-junction arrays were fabricated in order to demonstrate their suc-
cessful functioning as local thermal distribution/mapping sensors. The16-junction device consists of an array of 4 x 4 sens-
ing junctions covering a thermal mapping area of 3 cm x 3 cm. Fig. 2 shows real pictures of the designed single-junction, 4-
junction, and 16-junction sensor patterns on Xerox paper. An equivalent schematic of these sensors is depicted in Fig. 3 to
show the distinctions between the HB and 6B pencil traces and the resulting junctions formed between them.
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Fig. 1. Schematic of a thermocouple and its working principle.
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Fig. 2. Real pictures of the designed (a) single-junction, (b) 4-junction, and (c) 16-junction sensor patterns on Xerox paper. Every junction in the sensors is a
combination of HB and 6B trace.
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Fig. 3. Schematic illustrations of the designed (a) single-junction, (b) 4-junction, and (c) 16-junction sensor patterns. The yellow background represents the
sensing area or temperature mapping area and a red dotted circle in (a) shows the junction of the thermocouple.
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Fig. 4. Schematic illustrations of alternative designs of (a) 4-junction and (b) 16-junction multiple sensor arrays (the dotted red circles indicate junctions of
the devices).
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Fig. 5. Output voltage data of a single junction thermocouple with respect to temperature difference (AT).

J1J3 b

Il Relative Thermopower

J1 J2 J3 J4
Sensors

Fig. 6. Relative thermopower variation of four graphite thermocouple junctions in a 2 x 2 sensor array (all data are normalized to the output of the J1
sensor).
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Fig. 7. Output voltage data of three graphite sensor devices with respect to temperature difference (AT).
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Fig. 8. Temperature maps obtained from a graphite-based multiple sensor device (4 x 4 array). (a & d) show two different heating configurations where the
hot plate was heated to ~ 60 °C, (b & e) are the raw temperature data of the sensors, and (c & f) are the temperature maps obtained from a smooth
interpolation method.
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Fig. 9. An illustration to show the measurement procedure for the multiple sensor array. V1, V2, V3, and V4 are the voltage outputs of the junction 1, 2, 3,
and 4, respectively.
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Fig. 10. Thermal sensitivity of a device as a function of bending cycles.

3. Design files summary

Design file name File type Open source license Location of the file

Fig. 1 JPG CCBY 4.0 Available with the article
(https://doi.org/10.17632/cg38djj8y5.2)

Fig. 2 JPG CCBY 4.0 Available with the article

(https://doi.org/10.17632/cg38djj8y5.2)


https://doi.org/10.17632/cg38djj8y5.2)
https://doi.org/10.17632/cg38djj8y5.2)
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* (continued)

Design file name File type Open source license Location of the file

Fig. 3 JPG CCBY 4.0 Available with the article
(https://doi.org/10.17632/cg38djj8y5.2)

Fig. 4 JPG CCBY 4.0 Available with the article
(https://doi.org/10.17632/cg38djj8y5.2)

Fig. 5 JPG CCBY 4.0 Available with the article
(https://doi.org/10.17632/cg38djj8y5.2)

Fig. 6 JPG CCBY 4.0 Available with the article
(https://doi.org/10.17632/cg38djj8y5.2)

Fig. 7 JPG CCBY 4.0 Available with the article
(https://doi.org/10.17632/cg38djj8y5.2)

Fig. 8 JPG CCBY 4.0 Available with the article
(https://doi.org/10.17632/cg38djj8y5.2)

Fig. 9 JPG CCBY 4.0 Available with the article
(https://doi.org/10.17632/cg38djj8y5.2)

Fig. 10 JPG CCBY 4.0 Available with the article

(https://doi.org/10.17632/cg38djj8y5.2)

4. Bill of materials summary

Designator Component Number Cost per unit - Total cost - Source of materials Material
currency currency type
Graphite Pencils HB and 6B 2 $0.17 $034 https://www.whsmith. Organic
(WHSmith) Pencils co.uk/products/whsmith- (Carbon)

silver-hb-pencils-pack-
0f-12/5013872077181.
html

5. Build instructions

The construction of the graphite sensors involves the following simple steps:

As shown by Fig. 3 (a), the single junction sensor consists of a HB trace and a 6B trace overlapping at one end forming a
junction between them. Pencil trace width of ~ 1 mm was maintained for both HB and 6B patterns and a length of 5-6 cm
were used to construct all the sensor devices. A uniform and repeated pencil writing of about 20 cycles for each trace was
performed to achieve good connectivity between the graphitic structures and reproducibility. A similar procedure was fol-
lowed to fabricate multiple sensor arrays (Fig. 3 (b-c)) by keeping a space of 1 cm between the junctions, as a result, a 4-
junction array covers an effective measuring area of 1 cm x 1 cm and a 16-junction array covers an area of 3 cm x 3 cm.
The junction area of the sensor array was then covered with a polyimide tape, which acts as a protective coating for the junc-
tions and improves the physical stability of the devices.

Alternative designs of multiple sensor arrays were also tested during the initial stage; the schematic structures of such
designs are shown in Fig. 4. These devices also provide similar output information but the output leads are in all directions
while the proposed designs (Fig. 3) have all the output leads on one side of the device making it convenient to read and col-
lect the output data.

6. Operation instructions

Please refer “Validation and characterisation” section.
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7. Validation and characterisation

The thermal sensitivity of a graphite thermocouple formed using HB and 6B pencil traces was obtained by measuring its
output voltages at different heating temperatures of the junction. A simple lab-made measurement setup was used to
achieve different heating temperatures [17]. Digital voltmeters (Model: HMC 8012 DMM) and standard temperature indica-
tors were used for all the measurements, and measurements were repeated to confirm the reproducibility of the outputs.
Fig. 5 shows the output characteristics of single junction graphite sensor. The output voltage data show a linear change with
respect to temperature difference (AT) applied to the device. A linear fitting of the data was carried out to obtain the thermal
sensitivity of the sensor, which gave a slope value of 7.6 (+0.4) uV K~! with a coefficient of determination (R?) value of 0.995.
This sensitivity has been used in the characterisation of multiple sensor array devices to represent their voltage outputs as
temperature readings. These sensors can provide temperature information with a resolution better than 0.2 K with a micro-
voltmeter (as the micro-voltmeter can measure a minimum value of 1 pV, these graphite sensors with sensitivity
of ~ 7 pV K~! can provide a temperature resolution of 1 uV / 7 pV K=! = 0.14 K, or approximately better than 0.2 K).

Fig. 6 shows the typical thermopower deviations of four individual junctions of the same multiple sensor device (2 x 2
array). The thermopower of these four graphite thermocouple junctions in a 2 x 2 array are all normalised to the reading of
the first junction and all the sensors show very small deviation, which indicated good reproducibility of the sensor array. The
reproducibility has been further confirmed by testing three devices; the output voltages shown in Fig. 7 indicate that these
graphite based sensors can produce reproducible results.

The performance and reliability of the present graphite-on-paper multiple sensor arrays to obtain two-dimensional map-
ping of local temperatures has been demonstrated by fixing a 4 x 4-sensorarray device on a hot metal plate. Two different
heating configurations as shown in Fig. 8 (a & d) were used to test proper working of the sensor device. All the readings were
measured when the corresponding hot plate temperature was nearly stable. The measurement procedure of these multiple
sensor arrays is quite straightforward. The 4 x 4-array device consists of four columns each with four junctions. For every
column, the first trace (for example, HB trace is the first trace in column 1) acts as a common lead for all the voltage outputs
of the sensors in that column. Fig. 9 gives an illustration on the measurement procedure with highlighting the first column
sensors. The same procedure was followed for all the columns to obtain 16 output voltage readings that are represented by
Fig. 8. Also, these paper devices packaged inside the polyimide tape (Kapton tape) can be used multiple times without any
degradation in the output properties. A device outputs have been studied after multiple bending cycles (Fig. 10) to confirm
its reproducibility. The bending was performed along the length of the graphite traces with an approximate bending angle of
90°.

The sensitivity values of the present graphite based sensors are comparable to single metal based thermocouple sensors.
For illustration, in Ni and Pd thin film based single metal thermocouples, sensitivities of about 5 uV K~! have been reported
[7,10,18]. Higher thermal sensitivities of about 35-40 uV K~! have been reported in graphene based devices [1,15]. Similar
improvements in the sensitivity can be expected from the present graphite based devices through the use of proper dopants
[19]. In conclusion, the present study shows that these simple graphite trace patterns can convert a piece of paper into a
thermal mapping device. The major elements of these sensors, the graphite and cellulose paper are abundant, low-cost,
and non-toxic [20-25]. Therefore, extremely simple, cheap and disposable thermal sensors can be obtained with a simple
pencil art. A more number of sensors can be accommodated on a specific area with standard thin film deposition techniques
or screen-printing based methods to obtain temperature mapping of an area with high resolution. Further, the existing ther-
moelectric energy conversion devices/generators are usually manufactured from toxic and expensive semiconductors such
as bismuth tellurides, led tellurides, and their alloys [26-28]. Therefore, the current thermoelectric research is focused on
finding low-cost and non-toxic thermoelectric conductors for the application [29-37]. With some improvements and mod-
ifications in the thermoelectric properties of graphite such as by organic doping or alloying with other semiconductors, they
can also be utilized in the fabrication of thermoelectric devices [19,38-45].

CRediT authorship contribution statement

Rafiq Mulla: Writing - original draft, Conceptualization, Methodology, Visualization, Investigation, Validation. Charles
W. Dunnill: Writing - review & editing, Supervision, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

Authors are thankful to the Welsh Government (EU European Regional Development Fund) for funding the RICE (Reduc-
ing Industrial Carbon Emission) project (Grant Number: 81435).

8



R. Mulla and C.W. Dunnill HardwareX 11 (2022) e00252

References

[1] T. Koskinen, T. Juntunen, 1. Tittonen, Large-area thermal distribution sensor based on multilayer graphene ink, Sensors 20 (18) (2020).

[2] B.Tian, Z. Liu, C. Wang, Y. Liu, Z. Zhang, Q. Lin, Z. Jiang, Flexible four-point conjugate thin film thermocouples with high reliability and sensitivity, Rev.
Sci. Instrum. 91 (4) (2020) 045004.

[3] W. Root, T. Bechtold, T. Pham, Textile-integrated thermocouples for temperature measurement, Materials 13 (3) (2020).

[4] S. Mehta, A. Kushwaha, R.R. Kisannagar, D. Gupta, Fabrication of a reversible thermochromism based temperature sensor using an organic-inorganic
composite system, RSC Adv. 10 (36) (2020) 21270-21276.

[5] B. Arman Kuzubasoglu, S. Kursun Bahadir, Flexible temperature sensors: A review, Sens. Actuators, A 315 (2020) 112282.

[6] A. Davidson, A. Buis, 1. Glesk, Toward novel wearable pyroelectric temperature sensor for medical applications, IEEE Sens. J. 17 (20) (2017) 6682-6689.

[7] H. Liu, W. Sun, S. Xu, An Extremely simple thermocouple made of a single layer of metal, Adv. Mater. 24 (24) (2012) 3275-3279.

[8] X. Huo, H. Liu, Y. Liang, M. Fu, W. Sun, Q. Chen, S. Xu, A Nano-stripe based sensor for temperature measurement at the submicrometer and nano scales,
Small 10 (19) (2014) 3869-3875.

[9] A. Balcytis, M. Ryu, S. Juodkazis, J. Morikawa, Micro-thermocouple on nano-membrane: thermometer for nanoscale measurements, Sci. Rep. 8 (1)
(2018) 6324.

[10] W. Sun, H. Liu, W. Gong, L.-M. Peng, S.-Y. Xu, Unexpected size effect in the thermopower of thin-film stripes, ]. Appl. Phys. 110 (8) (2011) 083709.

[11] R. Mulla, C.W. Dunnill, Single material thermocouples from graphite traces: Fabricating extremely simple and low cost thermal sensors, Carbon Trends
4 (2021) 100077.

[12] R. Mulla, C.W. Dunnill, Powering the Hydrogen Economy from Waste Heat: A Review of Heat-to-Hydrogen Concepts, ChemSusChem 12 (17) (2019)
3882-3895.

[13] P.R.N. Childs, J.R. Greenwood, C.A. Long, Review of temperature measurement, Rev. Sci. Instrum. 71 (8) (2000) 2959-2978.

[14] G.P. Szakmany, A.O. Orlov, G.H. Bernstein, W. Porod, Single-metal nanoscale thermocouples, IEEE Trans. Nanotechnol. 13 (6) (2014) 1234-1239.

[15] A. Harzheim, F. Kénemann, B. Gotsmann, H. van der Zant, P. Gehring, Single-material graphene thermocouples, Adv. Funct. Mater. 30 (22) (2020)
2000574.

[16] R. Mulla, C.W. Dunnill, Enhanced thermal sensitivity in single metal thermocouple: significance of thickness-engineering of the metal layers, Eng. Res.
Express 3 (3) (2021) 035015.

[17] R. Mulla, M.K. Rabinal, A tweezer as a thermoelectric tester, Phys. Educ. 54 (5) (2019) 055032.

[18] X. Huo, ]. Xu, Z. Wang, F. Yang, S. Xu, Performance of Nano-Submicron-Stripe Pd Thin-Film Temperature Sensors, Nanoscale Res. Lett. 11 (1) (2016) 351.

[19] V.V. Brus, M. Gluba, ]. Rappich, F. Lang, P.D. Maryanchuk, N.H. Nickel, Fine art of thermoelectricity, ACS Appl. Mater. Interfaces 10 (5) (2018) 4737-
4742.

[20] N. Kurra, G.U. Kulkarni, Pencil-on-paper: electronic devices, Lab Chip 13 (15) (2013) 2866-2873.

[21] R. Mulla, D.R. Jones, C.W. Dunnill, Thermoelectric paper: graphite pencil traces on paper to fabricate a thermoelectric generator, Adv. Mater. Technol. 5
(7) (2020) 2000227.

[22] R. Mulla, CW. Dunnill, Graphite-loaded cotton wool: A green route to highly-porous and solid graphite pellets for thermoelectric devices, Compos.
Commun. 20 (2020) 100345.

[23] T.-L. Ren, H. Tian, D. Xie, Y. Yang, Flexible graphite-on-paper piezoresistive sensors, Sensors 12 (5) (2012).

[24] N. Kurra, D. Dutta, G.U. Kulkarni, Field effect transistors and RC filters from pencil-trace on paper, PCCP 15 (21) (2013) 8367-8372.

[25] M. Rafiq, D.C. W, Fabrication of wooden thermoelectric legs to construct a generator, Green Materials 0(0) 1-8.

[26] O. Caballero-Calero, ].R. Ares, M. Martin-Gonzalez, Environmentally Friendly Thermoelectric Materials: High Performance from Inorganic Components
with Low Toxicity and Abundance in the Earth, Advanced Sustainable Systems n/a(n/a) (2021) 2100095.

[27] P.Ying, R. He, J. Mao, Q. Zhang, H. Reith, ]. Sui, Z. Ren, K. Nielsch, G. Schierning, Towards tellurium-free thermoelectric modules for power generation
from low-grade heat, Nat. Commun. 12 (1) (2021) 1121.

[28] N.P. Klochko, K.S. Klepikova, .V. Khrypunova, D.O. Zhadan, S.I. Petrushenko, V.R. Kopach, S.V. Dukarov, V.M. Sukhov, M.V. Kirichenko, A.L. Khrypunova,
Flexible thermoelectric module based on zinc oxide thin film grown via SILAR, Curr. Appl Phys. 21 (2021) 121-133.

[29] F.F.]Jaldurgam, Z. Ahmad, F. Touati, Low-toxic, earth-abundant nanostructured materials for thermoelectric applications, Nanomaterials 11 (4) (2021).

[30] R. Mulla, M.H.K. Rabinal, Copper sulfides: earth-abundant and low-cost thermoelectric materials, Energy Technology 7 (7) (2019) 1800850.

[31] R. Mulla, D.R. Jones, C.W. Dunnill, Economical and facile route to produce gram-scale and phase-selective copper sulfides for thermoelectric
applications, ACS Sustainable Chem. Eng. 8 (37) (2020) 14234-14242.

[32] B. Xin, A. Le Febvrier, L. Wang, N. Solin, B. Paul, P. EKlund, Growth and optical properties of CaxCoO2 thin films, Mater. Des. 210 (2021) 110033.

[33] T.K. Sinha, ]. Lee, J.K. Kim, S.K. Ray, B. Paul, Rapid growth of fully-inorganic flexible CaxCoO2 thin films from a ligand free aqueous precursor ink for
thermoelectric applications, Chem. Commun. 55 (54) (2019) 7784-7787.

[34] ].D. Ryan, A. Lund, A.I. Hofmann, R. Kroon, R. Sarabia-Riquelme, M.C. Weisenberger, C. Miiller, All-Organic Textile Thermoelectrics with Carbon-
Nanotube-Coated n-Type Yarns, ACS Appl. Energy Mater. 1 (6) (2018) 2934-2941.

[35] N.P. Klochko, V.A. Barbash, K.S. Klepikova, V.R. Kopach, LI. Tyukhov, O.V. Yashchenko, D.O. Zhadan, S.I. Petrushenko, S.V. Dukarov, V.M. Sukhov, A.L.
Khrypunova, Efficient biodegradable flexible hydrophobic thermoelectric material based on biomass-derived nanocellulose film and copper iodide thin
nanostructured layer, Sol. Energy 212 (2020) 231-240.

[36] A. Narjis, A. Outzourhit, A. Aberkouks, M. El Hasnaoui, L. Nkhaili, Structural and thermoelectric properties of copper sulphide powders, J. Semicond. 39
(12) (2018) 122001.

[37] C.K. Mytafides, L. Tzounis, G. Karalis, P. Formanek, A.S. Paipetis, Fully printed and flexible carbon nanotube-based thermoelectric generator capable for
high-temperature applications, J. Power Sources 507 (2021) 230323.

[38] S. Rafique, N. Badiei, M.R. Burton, J.E. Gonzalez-Feijoo, MJ. Carnie, A. Tarat, L. Li, Paper Thermoelectrics by a Solvent-Free Drawing Method of All
Carbon-Based Materials, ACS Omega 6 (7) (2021) 5019-5026.

[39] S. Rafique, M.R. Burton, N. Badiei, ]. Gonzalez-Feijoo, S. Mehraban, M.]. Carnie, A. Tarat, L. Li, Lightweight and Bulk Organic Thermoelectric Generators
Employing Novel P-Type Few-Layered Graphene Nanoflakes, ACS Appl. Mater. Interfaces 12 (27) (2020) 30643-30651.

[40] J.-S. Yun, S. Choi, S.H. Im, Advances in carbon-based thermoelectric materials for high-performance, flexible thermoelectric devices, Carbon Energy n/a
(n/a) (2021).

[41] P.-A. Zong, ]. Liang, P. Zhang, C. Wan, Y. Wang, K. Koumoto, Graphene-Based Thermoelectrics, ACS Appl. Energy Mater. 3 (3) (2020) 2224-2239.

[42] R. Nayak, P. Shetty, S.M.A. Rao, K.M. Rao, Formulation of new screen printable PANI and PANI/Graphite based inks: Printing and characterization of
flexible thermoelectric generators, Energy 238 (2022) 121680.

[43] ]. Wei, X. Li, Y. Wang, B. Chen, S. Qiao, Q. Zhang, F. Xue, Record high thermoelectric performance of expanded graphite/carbon fiber cement composites
enhanced by ionic liquid 1-butyl-3-methylimidazolium bromide for building energy harvesting, J. Mater. Chem. C 9 (10) (2021) 3682-3691.

[44] G.J. Adekoya, O.C. Adekoya, R.E. Sadiku, S.S. Ray, Structure-property relationship and nascent applications of thermoelectric PEDOT:PSS/carbon
composites: A review, Compos. Commun. 27 (2021) 100890.

[45] L. Zhang, X.-L. Shi, Y.-L. Yang, Z.-G. Chen, Flexible thermoelectric materials and devices: From materials to applications, Mater. Today 46 (2021) 62—
108.


http://refhub.elsevier.com/S2468-0672(21)00082-1/h0005
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0010
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0010
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0015
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0020
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0020
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0025
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0030
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0035
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0040
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0040
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0045
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0045
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0050
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0055
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0055
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0060
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0060
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0065
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0070
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0075
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0075
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0080
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0080
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0085
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0090
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0095
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0095
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0100
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0105
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0105
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0110
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0110
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0115
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0120
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0135
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0135
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0140
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0140
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0145
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0150
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0155
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0155
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0160
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0165
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0165
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0170
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0170
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0175
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0175
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0175
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0180
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0180
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0185
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0185
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0190
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0190
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0195
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0195
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0200
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0200
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0205
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0210
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0210
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0215
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0215
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0220
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0220
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0225
http://refhub.elsevier.com/S2468-0672(21)00082-1/h0225

R. Mulla and C.W. Dunnill

HardwareX 11 (2022) e00252

Dr. Rafig Mulla obtained his M.Sc. in Physics and got his Ph.D. from Karnatak University (2018, India) in Thermoelectrics. He is
currently a Postdoctoral Researcher at Swansea University. His research has been focused on developing thermoelectric
materials for Heat-to-Electricity and water splitting applications. Rafiq’s research interests lie in the “lower-cost thermo-
electrics”, primarily developing new and economical synthesis methods, and cost-effective and less-toxic materials for the use
of thermoelectric applications.

Dr. Charles W. Dunnill is a senior lecturer at Swansea University specializing in sustainable hydrogen generation technology. He
was awarded his Ph.D. from Glasgow University in Nanomaterials before taking up a postdoctoral researcher post at University
College London, where he was a Ramsay Fellow. Charlie advocates and researches the use of hydrogen as the perfect universal
energy carrier to store, transport, and decouple renewable energy supplies from demand for energy, as well as photocatalytic
water splitting as a method for solar energy harvesting.

10



	Sensors-on-paper: Fabrication of graphite thermal sensor arrays �on cellulose paper for large area temperature mapping
	Specifications table
	Hardware in context
	2 Hardware description
	3 Design files summary
	4 Bill of materials summary
	5 Build instructions
	6 Operation instructions
	7 Validation and characterisation
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgments
	References


