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Abstract 

Electrospun metal-plated nanofibers and supersonically sprayed nanowires were used to 

fabricate hybrid films exhibiting superior low sheet resistance and transparency. The films are 

suitable to serve as thermal sensors and heaters. Such hybrid transparent conducting films are 

highly flexible and thus body-attachable and wearable. They can be used as a body-temperature 

monitors and heaters. The employed hybrid approach improved the sheet resistance 

diminishing it to a minimum, while maintaining transparency. In addition, the low sheet 

resistance of the films facilitates their powering with a low-voltage battery and thus, portability. 

The thermal sensing and heating capabilities were demonstrated for such films with various 

sheet resistances and degrees of transparency. The sensing performance increased with the 

improvement in the sheet resistance. The uniform distribution of the metal-plated nanofibers 

and nanowires resulted in a uniform Joule heating contributing to an efficient convection heat 

transfer from the heaters to the surrounding, demonstrated by an improved convective heat 

transfer coefficient. 
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1. Introduction 

Flexible transparent conducting films (TCFs) are desired for various applications, 

including light-emitting diodes (LEDs), organic LEDs, displays, touch screens, solar cells, 

smart windows, and interactive wearable electronics.[1-5] Furthermore, TCFs can be used as 

transparent heaters under cold and icy conditions for solar panels, vehicle defrosters, and smart 

heat-retaining windows and mirrors because they can act as defoggers or defrosters employing 

Joule heating.[6-8] A flexible heater can be attached to human body or clothes to keep the body 

warm. For this purpose, portability of the heater is essential, which is possible with if low 

voltage portable batteries can be used. To provide a sufficient power (P) even at low voltage, a 

sufficiently low resistance (R) of the heater is required as P ∝ V2/R. For this purpose, various 

nanomaterials have been used, including carbon nanotubes, graphene, metallized nanofibers, 

silver nanowires (AgNWs), and conducting polymers.[9-12] All of these nanomaterials have 

both advantages and disadvantages. For example, AgNWs can provide a sheet resistance level 

of Rs ~ 10 Ω/sq at a transparency of larger than 90%. However, a further improvement is 

hindered by the high contact resistance at the nanowire junctions. The use of metal-plated 

nanofibers can overcome the issue of a high contact resistance by introducing essentially a 

single continuous fiber whose junctions are fused by electroplating, significantly reducing the 

contact resistance.[13] However, such metal-plated nanofibers reveal an extremely restrictive 

relation between the sheet resistance and transparency, which sets a limit on the sheet resistance 

at the expanse of a reduction in the transparency. For example, a 20% improvement in the sheet 

resistance would result in a 40–50% decrease in the transparency. The metal-plated nanofiber 

performance is essentially limited by the thickness of the metal-plated shell. If the thickness 
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increases, the sheet resistance decreases; however, increasing thickness adversely affects the 

transparency.  

Here we propose and demonstrate simultaneous use of metal-plated nanofibers and 

nanowires to break through the limitations of the traditional nanofiber-only approach. The 

nanofibers are produced by electrospinning and electroplated to encapsulate each one of them 

in metal shell. Silver nanowires (AgNWs) are coated on another substrate using supersonic 

spraying. These two different substrates are laminated to produce hybrid materials whose TCF 

performance is further improved, compared to the TCF performance of each single material. 

Thermal sensors and heater would find more practical applications if they would be 

portable. To achieve this aim, a low sheet resistance is crucial. For example, for a thermal 

sensor, a low sheet resistance can improve sensitivity up to a competitive level. For a heater, a 

low sheet resistance is crucial to provide sufficient power at a relatively low applied voltage. 

Therefore, the low sheet resistance of the present hybrid TCFs can advance their functions and 

widen the application range. Thermal sensors find practical applications in anthropomorphic 

robotics and smart medical and healthcare systems, such as skin prosthetics and wearable 

health-monitoring devices.[14-17] A flexible thermal sensor can monitor body temperature of 

a new-born baby and anesthesia patients whose thermo-sensing capability is low. The sensor’s 

transparency is desirable for an aesthetic reason to camouflage the sensor appearance.  

Multi-functional features of a device including both thermo-sensing and heating can 

be useful for applications requiring both temperature monitoring and control.[18-20] This is 

required not only in medical or health applications, but also for temperature maintenance of 

food or hot beverages. The flexibility of the multi-functional device is also desirable for contour 

vehicle seats and heated clothes or gloves for deep-water divers who are exposed to a very cold 
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water during a long labor. They can also find applications in space suits during further space 

exploration. 

In this study, we introduce hybrid materials comprised of copper- and nickel-plated 

fibers and AgNWs, which are highly transparent, conducting, and flexible. A superior heating 

capability and thermal sensitivity will be demonstrated. A heat transfer coefficient of the 

transparent heaters will be compared against those of the other existing studies. The 

microstructure, morphology, low sheet resistance, and high transparency of the fabricated 

hybrid films are investigated qualitatively and quantitatively.  
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2. Experimental Setup 

2.1 Materials 

AgNWs, with an average length and a diameter of 10 μm and 20 nm, respectively, 

dispersed at 0.15-wt% in isopropyl alcohol (IPA) comprised a precursor obtained from Aiden 

(Republic of Korea). The precursor was then diluted by adding IPA (Duksan, Republic of Korea) 

at a weight ratio (IPA/precursor) of 3:1. 

Polymer nanofibers (NFs) were fabricated by electrospinning 8 wt% polyacrylonitrile 

(PAN, Mw = 150 kDa, Sigma-Aldrich, USA) solution dissolved in N,N-dimethylformamide 

(DMF, 99.8%, Sigma-Aldrich, USA). Copper and nickel electroplating solutions were prepared 

as follows. The copper-plating solution was prepared by blending 13 g of copper sulfate 

(Sigma-Aldrich, USA) in 100 ml of deionized water, and then adding 5 g of sulfuric acid 

(Matsunoen Chemicals, South Korea), 0.5 g of hydrochloric acid (Sigma-Aldrich, USA), and 

10 g of formaldehyde (Sigma-Aldrich, USA) under agitation for 3 h at 35 °C on a hotplate. The 

nickel-plating solution was prepared by dissolving 80 g of Ni(SO3NH2)2·4H2O (Sigma-Aldrich, 

USA) and 6 g of H3BO3 (Sigma-Aldrich, USA) in 200 mL of deionized water under stirring 

for 3 h at 35 °C on the hotplate. Prior to use of the solutions, a specific amount of 1 M sodium 

hydroxide (NaOH, Sigma-Aldrich, USA) was added to adjust the pH of the electroplating 

solutions at 4.5. 

 

2.2 Fabrication of AgNW and Cu/Ni TCFs 

Figure S1a depicts the fabrication process of the AgNW TCF. The AgNW precursor 
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was supplied by a syringe pump (Legato 210, KDS, USA) at a flow rate of 1.2 mL⋅min-1. 

Simultaneously, the AgNW precursor was atomized by an ultrasonic atomizer (Sonic & 

Materials, Inc., USA), producing droplets containing AgNWs. This spray was injected into the 

main supersonic stream and accelerated towards a polyethylene terephthalate (PET) film, as 

depicted in Figure S1a. The highly pressurized high-temperature (4 bar and 220 °C) upstream 

air underwent an expansion through a supersonic nozzle and resulted in a supersonic jet. The 

droplets underwent evaporation in flight in the supersonic jet, and bare AgNWs impacted onto 

the PET film [21]. 

Figure S1b illustrates the fabrication process of the metal-plated-fibrous TCF (Cu/Ni 

TCF) utilizing electrospinning and electroplating [22]. PAN nanofibers were electrospun onto 

a square Cu frame (the square hole size was 4 × 2.5 cm2) at a flow rate of 200 μl⋅h-1 by a syringe 

pump (Legato 100, KD Scientific). The supplied voltage was 5 kV from a DC high-voltage 

supply (EL20P2, Glassman high voltage, USA). The electrospinning time was set at 1 s. A 25-

gauge needle (EFD) was used to issue the polymer solution jet. The electrospun fibers with 

approximately a few hundreds of nanometers in diameter were seeded with platinum (Pt) using 

a sputter (Vacuum Device Inc., MSP-1S, Japan). The seeding procedure facilitated the 

electroplating process for fiber metal-plating. Additional fibers were electrospun onto the 

sputter-coated fibers to improve the structural stability of the film, making it more rigid during 

the electroplating. Finally, the prepared sample was electroplated to grow metal (copper or 

nickel) shells on the nanofibers. The sputter-coated fibers at the copper frame were set as a 

cathode and a pure copper frame was connected as an anode. The supplied voltage for the 

electroplating was 3 V, using a voltage supplier (E3664A, Agilent Technologies, USA). The 

electroplating times for copper-plating were tCu = 3, 5, 7, and 10 s, while those for nickel-
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plating were tNi = 10, 20, 30, and 50 s. The electroplated samples were immersed for 5 min in 

a 10% formaldehyde solution, and then rinsed with deionized water multiple times. The film 

comprised of metal-plated fibers was dried in a nitrogen environment for 30 s to prevent 

oxidation. Finally, the film was rinsed with DMF to remove the additional electrospun 

nanofibers (those without Pt sputtered on them and thus, un-plated). The removal process was 

necessary to increase the film transparency. 

 

2.3 Assembly of the hybrid TCF  

Figure 1a shows the assembly process of the hybrid TCF for use as a thermal sensor. 

First, the AgNW and Cu/Ni TCFs (Section 2.2) were prepared by positioning the two Cu 

electrodes on either edge of the Cu/Ni TCF. The AgNW and Cu (or Ni) TCFs then were faced 

each other and superimposed. Finally, the superimposed TCFs were roll-pressed and heated by 

a laminating machine (SKY Photo 230, Shanghai DSB, China), yielding the hybrid TCF. 

 

2.4 Characterization 

A scanning electron microscope (SEM, S-500, Hitachi, Japan) was used to study the 

morphologies of the AgNW, Cu/Ni, and hybrid TCFs. The transmittance (T), resistance (R), 

and sheet resistance (Rs) were measured using an ultraviolet–visible (UV–VIS) 

spectrophotometer (Optizen POP, Mecasys, Republic of Korea), a digital multimeter (DT 4212, 

HIOKI, Japan), and a sheet-resistance meter (FPP-400, Dasol Eng., Republic of Korea), 

respectively. The hotplate (PC-420D, Corning, USA) was used to heat the hybrid and single-

material TCFs; the resistance change was measured using a potentiostat (VersaSTAT-3, 
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Princeton Applied Research, USA) at an applied voltage of 0.01 V. The surface temperature 

(Ts) of the hybrid TCF was measured using a thermocouple with a data recorder (Hioki 

LR8400-20, HIOKI, Japan) and an infrared (IR) camera (FLIR-E63900, FLIR, Wilsonvile, OR, 

USA). 
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3. Results and Discussion 

3.1 AgNW, Cu, and Ni TCFs  

AgNW TCFs were fabricated with different transverse speed of 4, 6, and 8 cm·s-1, 

using an x–y stage (Section 2.1). As shown in Figure 1b, the amount of sprayed AgNWs 

decreased with the increase in the transverse speed, leading to an increase in the T from 84% 

to 95% at λ = 550 nm (see Figure S2a), while the corresponding Rs decreased from 11 to 71 

Ω/sq.  

The values of T and Rs of the Cu/Ni TCFs were mainly affected by the electroplating 

time (tCu or tNi). For the Cu TCFs, the diameter (D) of the Cu fiber gradually increased from 

3.21 to 4.16, 5.37, and 7.28 μm with the increase of the electroplating time, tCu, from 3 to 5, 7, 

and 10 s, respectively (Figure 1c). The increase in the value of D led to a decrease in the value 

of T from 97.7 to 96.2, 95.5, and 92.8%, respectively (at λ = 550 nm, Table 1 and Figure S2b), 

as the openings between the Cu fibers were reduced. However, the corresponding values of Rs 

decreased (improved) from 1.86 to 0.18 Ω/sq (Table 1) as not only the resistance of a single 

Cu fiber decreased with an increase of the fiber diameter D, but also the junctions between the 

Cu fibers were fully bonded (Figure 1c). Similarly to the Cu TCFs, these trends were also 

observed with the Ni TCFs. With the increase in the tNi from 10 to 20, 30, and 50 s, the fiber 

diameter D of the Ni fibers increased from 3.39 to 5.32, 7.13, and 10.4 μm, respectively (Figure 

1d); the corresponding values of Rs decreased from 7.55 to 1.52, 0.68, and 0.31 Ω/sq (Table 1), 

respectively, while the values of T decreased from 98.5 to 96.4, 94.5, and 92.5% (at λ = 550 

nm, Table 1 and Figure S2c), respectively. A significant decrease in the value of T in the λ = 

400–500 nm range was attributed to the presence of the PET substrates (Figure S2). 
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3.2 Resistance and sheet resistance 

One can measure both the resistance (R) and sheet resistance (Rs) of the AgNW TCF 

and Cu/Ni TCF as the material-coated surface of each TCF is exposed to the outside, which 

allows it to be connected to the sheet-resistance meter [22-24]. However, in the case of the 

hybrid TCF, one cannot measure the values of Rs as the material-coated surfaces are 

encapsulated between the two PET films. Therefore, the value of Rs of the hybrid TCF should 

be indirectly investigated using the values of R measured between the two Cu electrodes 

(located at the edges of the TCFs; see the assembly process in Section 2.3). 

First, Rs and R in Cu/Ni TCF were compared to confirm their empirical relationship of 

Rs and R. As shown in Figure S3a, the points for all cases were placed on a single line and 

listed linearly. The linear function can be expressed as follows: 

s 0.55543 0.00371R R= + Ω/sq                 (1) 

In order to verify the validity of Eq. (1), the Cu/Ni TCFs were investigated for a 

comparison between the experimental and empirical values of Rs expressed by Eq. (1). For that, 

the values of R and Rs can be experimentally measured. The average experimental values of R 

and Rs of the Cu TCF deposited at tCu = 3 s (from 4 different points of the sample) were 3.32 

Ω and 1.86 Ω/sq, respectively (see Table 1 and Figure 2a). The empirical value of Rs, obtained 

using the average experimental value of R and Eq. (1), is 1.85 Ω/sq. This value deviated by 

0.5% from the experimental value of Rs  

For the values of tCu of 5, 7, and 10 s, the experimental values of Rs were 0.83, 0.39, 

and 0.18 Ω/sq, respectively, while the empirical values of Rs based on R (Table 1) and Eq. (1) 
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were 0.82, 0.38, and 0.18 Ω/sq, respectively.  

Similar to the Cu TCF, the experimental values of Rs of the Ni TCF were 7.65, 1.52, 

0.68, and 0.31 Ω/sq for tNi of 10, 20, 30, and 50 s (see Table 1 and Figure 2b), respectively, 

while the empirical values of Rs were 7.28, 1.45, 0.65, and 0.30 Ω/sq, respectively. The 

difference between the experimental and empirical values of Rs decreased from 4.8% to 3.2% 

with the increase in the electroplating time. This means that the experimental and empirical 

values of Rs changed in conjunction with the electroplating times (tCu and tNi), as the ratio of 

the fiber-coated area to the entire space increased owing to the increase in the diameter D. 

These comparisons revealed good agreement of the empirical predictions with the experimental 

results. Accordingly, the values Rs values of the hybrid TCF were estimated using this approach 

(Section 3.3).  

 

3.3 Hybrid TCFs 

Two different approaches were employed to fabricate hybrid TCFs in this study. In the 

first approach, the properties of the AgNW-based TCFs were fixed as follows: T = 95% and Rs 

= 71 Ω/sq, while different TCFs based on metal-plated fibers were formed by varying 

electroplating time (tCu or tNi). Figure S3b shows the values of T as a function of Rs for the 

hybrid TCFs based on the first approach (hybrid TCFs type I), in which different Cu TCFs with 

tCu = 3, 5, 7, and 10 s with identical AgNW TCFs were conjugated and employed. It is worth 

noting that the values of T of the Cu TCFs deposited with tCu = 3, 5, and 7 s, were 97.7, 96.2, 

and 95.5%, respectively, whereas the values of T of the sample deposited with tCu = 10 s 

significantly decreased to 92.8% (Figure S2d). This large change in the value of T was 
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attributed to the variation in the diameter D of the Cu fibers. The diameter D values of the Cu 

fibers at tCu = 3, 5, and 7 s (which are the electroplating time) were 3.2, 4.2, and 5.3 μm, 

respectively, varying by approximately 1 μm, whereas the diameter D of the Cu fibers at tCu = 

10 s considerably increased to 7.3 μm.  

Even though the value of T of the hybrid TCF (type I) was reduced by approximately 

4.5% owing to the presence of the AgNW TCF , the combination of the Cu TCF with the AgNW 

TCF provided an improved value of Rs of the hybrid TCF (type I), compared to that of the Cu 

TCF. For example, for the sample formed with tCu = 3 s, the value of Rs of the hybrid TCF (type 

I) (1.43 Ω/sq) decreased by approximately 23% compared to that of the Cu TCF (1.86 Ω/sq). 

With the increase of the value of tCu from 5 to 7, 10, and 20 s, the value of Rs of the hybrid TCF 

(type I) improved (decreased) from 0.47 to 0.17, and 0.098 Ω/sq, respectively (see Table 2). 

The hybrid TCFs (type I), based on different Ni TCFs with identical AgNW TCFs, also 

exhibited improved (diminished) values of Rs as shown in Figure S3c and Table 2, compared 

to those of the Ni TCFs. Similarly to the hybrid TCFs (type I) with different Cu TCFs, in general, 

the values of T of the hybrid TCF (type I) with different Ni TCFs also decreased by 

approximately 4.8% owing to the presence of the AgNW TCF (Figure S2a). With the increase 

of the tNi from 10 to 20, 30, and 50 s, the value of Rs of the hybrid TCFs (type I) with different 

Ni TCFs decreased from 4.03 to 1.01, 0.40, and 0.16 Ω/sq, respectively.  

On the other hand, the hybrid TCFs based on the second approach (hybrid TCFs type 

II) were fabricated using different AgNW TCFs, formed with three different transverse speeds 

of 4, 6, and 8 cm·s-1, with identical Cu TCFs, where the values of T and Rs were fixed at 95.6% 

and 0.39 Ω/sq, respectively. Compared with those of the AgNW TCFs, the values of Rs of the 

hybrid TCF (type II) formed at the transverse speeds of 8, 6, and 4 cm·s-1 decreased from 71 
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to 0.185, 33 to 0.186, and 11 to 0.182 Ω/sq, respectively (Figure S3d). This radical change in 

Rs with Cu TCF implies that Rs of Cu TCF dominates over that of AgNW.  

For the hybrid TCFs (type I) consisting of the AgNW TCF with the fixed value of Rs 

and Cu/Ni TCFs with different values of Rs, the resulting value of Rs of the hybrid TCFs 

improved (i.e. decreased), as the values of Rs of each metal fiber TCFs decreased with an 

increase in the electroplating time (Figures S3b and c). On the other hand, for the hybrid TCFs 

(type II) consisting of the Cu TCF with a fixed value of Rs and AgNW TCFs with the different 

Rs values, the resulting values of Rs of the hybrid TCFs (type II) hardly improved (decreased) 

despite the improved (diminished) values of Rs of the AgNW TCFs (Figure S3d). Therefore, 

it seems that the AgNWs have a minor effect on the electron transfer between the metal-plated 

Fs. 

Figure 2c shows the transparency T as a function of the sheet resistance Rs of the 

hybrid TCFs and those reported in the previous studies. Recently, hybrid TCFs using two or 

more materials have been developed to improve the values of Rs and T [26-30]. However, by 

reducing the contact resistance at the junction of the metal fibers or NWs, the optical and 

electrical properties of some TCFs using a single material such as Cu fiber and AgNW were 

better than those of the hybrid TCFs [21, 22, 31]. In contrast to the previous studies, both values 

of Rs and T can be simultaneously improved in the present hybrid TCFs, as shown in Figure 

2d. For example, the values of T of Cu-EW TCFs, reported by An et al. [22], significantly 

decreased from 92% to 76%, with the improvement of the corresponding sheet resistance Rs 

by 20%. In contrast, the value of Rs of the hybrid TCFs (type I) considerably improved 

(diminished) by 93%, while the corresponding value T decreased only by 5%. At the heating 

and roll-press processing, the induced strong adhesion between microscale Cu fibers and 
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nanoscale AgNWs (Figure 2d) contributed to the significant improvement in the values of Rs 

accompanied with a minimum decrease in the T. 

 

3.4 Electrical properties 

Ag and Cu possess high thermal conductivities of 429 W·m-1·k-1 and 401 W·m-1·k-1, 

respectively; the resistance of a metal linearly depends on the temperature. Utilizing these 

advantages, the hybrid TCFs consisting of AgNWs and Cu Fs were used as thermal sensors. 

Figure 3a shows the resistance variation of the hybrid TCFs formed with tCu = 3, 5, 7, and 10 

s, as a function of the applied temperature (Tc), varied using a hotplate. Temperature Tc was 

increased by 3 °C every 5 min from an initial temperature of 28 °C; the corresponding 

resistance was simultaneously measured. Note that the hybrid film was laminated, which 

prevented oxidation of the metal fibers and nanowires; thus the resistance change is solely 

caused by the temperature increase, not by oxidation of the metals.   

 For the sample formed with tCu = 3 s (see Figure 3a), the resistance of the hybrid 

TCF (Type I) increased by approximately 0.05 Ω with each step of increase in the temperature; 

the resistance remained constant when the temperature became constant. The total resistance 

variation of the hybrid TCF (Type I) was approximately 0.3 Ω during the temperature increase 

from 28 °C to 42 °C. With an increase in the value of tCu of the hybrid TCF (Type I) from 5 s 

to 10 s, the total resistance variation decreased from 0.17 Ω to 0.09 Ω (Figure 3a). This trend 

seems to be attributed to the variation of the diameter D of the Cu fibers as a function of tCu. 

When heat is transferred to the Cu fibers, thermally-induced vibrations of atoms (represented 

by phonons- the quantized vibrations of a crystal lattice) are enhanced. Accordingly, electron 
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scattering on the crystal lattice increases, which in turn increases the resistance of the metal.  

In addition, a smaller diameter D of the Cu fibers results in a larger perturbation of the 

electron transfer owing to increased vibrations of the crystal lattice. Therefore, the highest 

variation of the total resistance was observed with the sample formed with tCu = 3 s, where the 

diameter D of the Cu fibers (or the value of tCu) was the smallest. Compared to the hybrid TCF 

(consisting of CuNF an AgNW) in the section where temperature was kept constant, the 

resistance variation of the pure Cu TCFs decreased slightly and the vibration was relatively 

larger; see Figure S4.  

Certainly, the hybrid TCF exhibits less oscillatory resistance values over time. This 

relatively stable behavior of the hybrid TCF is due to the uniform distribution of silver 

nanowires (AgNWs), which bridge adjacent copper microfibers (CuMFs). This highly 

connected network of AgNWs and CuMFs provides additional channels for efficient thermal 

and electron transport. Efficiency of both thermal and electron transport depends on the size of 

the channel. The “micro” scale of the copper fiber permits greater thermal and electron 

transport through the channel. However, the low number density of CuMF hinders the efficient 

transport of electrons and heat. Therefore AgNWs were distributed over the entire surface of 

the TCF to improve the overall network of nanowires and microfibers.  

 The thermal sensitivity can be expressed in terms of the temperature coefficient of 

resistivity (TCR) [32-34]: 

0

0 c

TCR
Δ

R R
R T
−

=        (2) 

As shown in Figure 3b, the resistance change ratio, (R–R0)/R0, increased with 

temperature Tc in all cases. The slope, which corresponds to the TCR, gradually increased with 
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the plating time tCu; the highest value of TCR was 0.0783 °C-1 at tCu = 10 s. An increase in the 

value of tCu contributed to the enhancement of the electron mobility owing to the diminished 

sheet resistance Rs. Accordingly, the corresponding resistance change ratio also increased 

(Table 3). The values of TCR of the previously developed transparent temperature sensors [33-

36], where graphene and Au were used, were smaller than 0.0138 °C-1, which is lower than the 

lowest value in this study (0.0254 °C-1 at tCu = 3 s). In addition, the applied voltage in this study 

was 0.01 V, lower than those of the previous studies (i.e., 1, 10, and 20 V) [34-36]. Figure 3c 

shows the resistance changes of the hybrid TCF (type I), detached or attached to human skin. 

When the hybrid TCF (type I) was attached to the skin, the resistance rapidly increased and 

plateaued. It abruptly decreased as soon as the sensor was detached from the skin.  

 

3.5 Heating performance 

The heating performance of the hybrid TCFs (type I) as a function of the plating time 

tCu and the applied voltage (Va) from the 0.3 V to 1.2 V range was investigated. The obtained 

time-dependent temperature profiles of the hybrid TCFs (type I) and Cu TCFs are shown in 

Figure 4. The Cu TCF can be heated up to 328 °C by adjusting the amount of Cu fibers (by 

varying the electrospinning times) [7]. However, because strong heating is not required at the 

skin, a low Va was applied to induce temperature similar to that of the human skin. The surface 

temperature (Ts) was measured by placing a thermocouple on top of the hybrid (type I), or Cu 

TCF. The test kit was enveloped with glass wool (k = 0.035 W·m-1·K-1, Saint-Gobain ISOVER) 

and aluminum foil to prevent ambient air flow and minimize heat losses.  

The values of Ts in all the cases increased with the Va owing to Joule heating associated 
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with the supplying power (P = Va2/R = IVa). When identical values of Va were applied, both P 

and the generated heat increased with the plating time tCu. At tCu = 3 s (Figure 4a), the values 

of Ts of the hybrid TCF increased to 25.1, 27.0, 30.2, and 34.1°C with the increase of the Va to 

0.3, 0.6, 0.9, and 1.2 V, respectively. On the other hand, the value of Ts of the Cu TCF was only 

31.7 °C at 1.2 V, which is attributed to a higher resistance R of the Cu TCF than that of the 

hybrid TCF (type I). With the increase of the plating time tCu to 5, 7, and 10 s (Figures 4b, c, 

and d), the maximum of the temperature Ts of the hybrid TCF (type I) at Va = 1.2 V increased 

to 41.6, 47.0, and 60.1 °C, respectively, owing to the decrease in the resistance R with an 

increase in the plating time tCu. It is worth noting that the obtained values of Ts of the Cu TCFs 

at tCu = 5, 7, and 10 s were lower than those of the hybrid TCF (type I) owing to a high resistance 

R of the Cu TCFs. In order to evaluate the thermal stability, the value of Va was lowered from 

1.2 V to 0.9 V, and maintained for 1,000 s. The observed values of Ts of the hybrid TCFs (type 

I) were stable in all the cases, with values of 31.3, 35.6, 40.1, and 50.1 °C at tCu = 3, 5, 7, and 

10 s, respectively (Figure 4). 

Convective and radiative heat losses accompany the power (P) release in the hybrid 

TCF (type I). The radiative loss was negligibly small as the temperature was lower than 200 °C. 

Therefore, the power balance can be expressed follows 

s
a s

( ) ( )dT tP V I cm hA T T
dt ∞= = + − ,     (3) 

where c, m, h, and A are the specific heat, mass of the hybrid TCF, convective heat transfer 

coefficient to the surrounding air, and the surface area of the hybrid TCF (type I), respectively. 

Temperature T∞ is the ambient-air temperature 

Denote the initial value of the surface temperature Ts as Ti. Therefore, the solution of Eq. (3) is 
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s i(1 )
hAt
cmPT e T

hA
−

= − + ,       (4) 

In steady-state, the value of Ts is found as Ts = P/hA +Ti. 

Then, the heat transfer coefficient h is found as 

 
s i s i( )

P Ph
T T A T T

′′
= =

− −
,     (5) 

where P″ is the power density. With the increase of the plating time tCu, as 3, 5, 7, and 10 s, the 

values of h increased as 40. 4, 54.7, 59.8, and 70.1 W·m–2·°C–1, respectively, in Table 3. The 

higher the value of h is, the more heat is transferred to the surroundings and the higher is the 

ambient temperature. The heater performance increased with a decrease in the Rs and an 

increase in the electric current I at a fixed voltage Va. Compared to the other transparent heaters 

(Figure 4e) [37-40], the slope, which is the reciprocal of h, was the lowest at tCu = 10 s in the 

present study. Therefore, the value of h corresponding to tCu = 10 s in the present study was 

higher than for the other transparent heaters, and the hybrid TCF (type I) had a better 

performance as a transparent heater than those in the other latest studies. In addition, the hybrid 

TCF can be attached to human skin; the temperature of the hybrid TCF with plating tCu = 5 s 

increased and reached 35.5 °C, which is similar to the human skin temperature, after 500 s at 

Va = 0.9 V, as shown in Figure 4f. 

 Figure 5 shows the hybrid TCF used as a temperature sensor and heater attached to a 

human hand. This sample was prepared by laminating two substrates coated with AgNWs and 

CuMFs. Heating and pressing were applied during the lamination, and thus the substrate 

boundary is obscured by melting. Accordingly, the boundary is invisible in the SEM image. 

The inset SEM images show the cross-sectional view of the CuMF embedded inside the 
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laminated PET substrates. The lower left corner of the CuMF was magnified to show the 

embedded AgNWs. The heater was activated and sustained the temperature at about 37.3 °C, 

slightly higher than the body temperature, as shown in the IR image (above). The IR image 

below shows the temperature sensor that responds to the body temperature in terms of 

resistance, which can be later converted back to the corresponding temperature for a display. 
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4. Conclusion 

 We fabricated transparent hybrid films consisting of electrospun metal-plated 

nanofibers and supersonically sprayed silver nanowires (AgNWs). The hybrid film exhibited a 

sheet resistance of 0.18 Ω/sq at the transparency of 91.1%, providing the best performance 

among comparable TCFs. These highly conducting and transparent films were used as a body-

attachable thermal sensors or heaters. Owing to the low sheet resistance of the film, the sensing 

capability was superior compared to those reported in the previous studies. Owing to the 

uniform distribution of the metal-plated nanofibers and AgNWs, the heat distribution was also 

uniform, facilitating an efficient heat transfer from the heater to the surrounding air, at an 

increased convective heat transfer coefficient. The sensing and heating capabilities of the films 

with various transparencies and sheet resistances were qualitatively demonstrated using an IR 

camera. The temperature increase of the film was investigated for various applied voltages.  
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Figure 1. (a) Schematic of the fabrication process of the hybrid TCF using the Cu/Ni TCF 

and AgNW TCF. SEM images of the (b) AgNW TCFs formed at the transverse speeds of 

4, 6, and 8 cm·s-1 (from left to right, respectively), (c) Cu TCFs formed at tCu = 3, 5, 7, and 

10 s (from left to right, respectively), and (d) Ni TCFs formed at tNi = 10, 20, 30, and 50 s 

(from left to right, respectively).  
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Figure 2. Comparison between the experimental and empirical values of Rs as a function 

of R for (a) Cu fibers and (b) Ni fibers. (c) Comparison of the present dependence of T on 

Rs with the results of the previous studies; (d) comparison in limited Rs range of 0–2 Ω·sq-

1 and T range of 95–65%. The insets show SEM images of the Cu-based hybrid TCF 

deposited at tCu = 3 s.  
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Figure 3. (a) Electric characterizations of the Hybrid TCF (type I) thermal sensors in 

terms of response to temperature variations for tCu = 3, 5, 7, and 10 s. (b) Sensitivity results, 

compared to those in the previous studies. (c) Response performance of the thermal 

sensor on human skin.  
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Figure 4. Surface temperature Ts of the hybrid TCF (type I) and Cu TCFs formed with 

different values of tCu of (a) 3, (b) 5, (c) 7, and (d) 10 s with a step-wise increase in the Va 

from 0.3 V to 1.2 V. (e) Comparison of the heater performance with those of the previous 

studies. (f) Heating to a temperature similar with that of the hand at 0.9 V.  
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Figure 5. Biocompatible and flexible hybrid TCF operating as a thermal sensor and heater, 

composed of metal fibers, AgNWs, and PET films 
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Table 1. Properties of the Cu and Ni TCFs in each case.  

tCu (s) D (μm) R (Ω)  Measured Rs, 
(Ω/sq) 

Empirical Rs, 
(Ω/sq)  T (%) 

3 3.21 3.32 1.86 1.85 97.7 

5 4.16 1.47 0.83 0.82 96.2 

7 5.37 0.68 0.39 0.38 95.5 

10 7.28 0.32 0.18 0.18 92.8 

tNi (s) D (μm) R (Ω)  Measured Rs, 
(Ω/sq) 

Empirical Rs, 
(Ω/sq)  T (%) 

10 3.39 13.1 7.65 7.28 98.5 

20 5.32 2.6 1.52 1.45 96.4 

30 7.13 1.16 0.68 0.65 94.5 

50 10.4 0.525 0.31 0.30 92.5 
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Table 2. Properties of the hybrid TCFs (type I) in each case.  

tCu (s) R (Ω) Empirical Rs, 
(Ω/sq)  T (%) tNi (s) R (Ω) Empirical Rs, 

(Ω/sq)  T (%) 

3 2.57 1.43 93.2 10 7.25 4.03 94.2 

5 0.85 0.47 92.0 20 1.8 1.01 91.9 

7 0.30 0.17 91.1 30 0.72 0.40 90.1 

10 0.17 0.098 88.3 50 0.275 0.16 88.2 
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Table 3. Performances of the thermal sensor and heater. 

tCu (s) (R-R0)/R0  TCR (°C-1) P″ (Wcm-2) at Va = 1.2 V h (W m-2 °C-1) 

3 0.307 0.0254 0.0369 40.4 

5 0.428 0.0353 0.09528 54.7 

7 0.56 0.0462 0.1362 59.8 

10 0.948 0.0783 0.258 70.1 
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