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ABSTRACT:  

The present work highlights the progress in the field of flexible thermoelectric generator (f-

TEGs) fabricated by 3-D printing strategy on the typing paper substrate. In this study, printable 

thermoelectric paste was developed. The dimension of each planer thermoelectric element is 

30mm*4mm with a thickness of 50 m for P-type Bismuth Tellurium (Bi2Te3)-based/ poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) leg. A single thermoleg with this 

dimension can generate a voltage of 5.38 mV at a temperature difference of 70 K. The 

calculated Seebeck Coefficient of a single thermoleg is 76.86 V/K. This work demonstrates 

that low-cost printing technology is promising for the fabrication of f-TEGs. 

Introduction: 

In recent years, a rapidly increasing research progress has been made in flexible 

TEGs because of its remarkable application potentials in energy harvesting, [1-4] micro-

robotics, and electronic textiles.[5-7] However, the fabrication of inorganic thermoelectric 

materials into thermoelectric modules involves high-temperature, long-term and high-cost 

processes. Moreover, it is a grand challenge to integrate these rigid inorganic materials 

into flexible TEG which requires unusual topology for an enhanced practical efficiency.[8, 

9]  
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Conducting polymers, such as Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS), have unique properties for TE application as their 

low thermal conductivity, solution processability for large-scale fabrication, low 

processing cost for manufacturing devices and application potential as flexible and 

lightweight devices. [10-12]Inorganic materials, such as Bismuth Telluride (Bi2Te3) is the 

best-known commercially used thermoelectric material for power generation applications 

owing to their high power factor at room temperature.[13, 14]  Recently, flexible TE sheets 

and nonwoven fabrics based on poly-(styrenesulfonate)-doped poly(3,4-

ethylenedioxythiophene), [15] doped carbon nanotube sheets, [16]and graphene 

composites[17-19] have been demonstrated in recent pioneering work. The Byung Jin Cho 

Group at the Korea Advanced Institute of Science and Technology has developed a glass 

fabric-based thermoelectric generator. But the TE elements in this structure are neither 

very flexible nor yarn based. [10] The progress of truly flexible composite-based flexible 

thermoelectric devices demonstrated that this principle could significantly enhance the 

device conversion of waste heat into electricity, applying the devices to any kind of objects 

with any kind of shapes.[20] Synergetic combination of the easy processability of 

PETDOT:PSS and the excellent thermoelectric performance of Bi2Te3 can obtain an 

increased electric conductivity and more uniform TE film. In stark contrast to rigid 

inorganic materials, this inorganic-polymer strategy is facile synthesis and solution 

processable which can fit the 3-D printing requirement for the TEGs. Taking advantage of 

the flexibility of the PEDOT:PSS and using these “molecular inks” to connect with rigid 

materials can produce flexible thermoelectric devices. 

Experimental section: 

Materials. P-type Bi2Te3 (99.99%, KYD Materials), poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, 5.0 wt. %, Sigma Aldrich), 

dimethyl sulfoxide (DMSO, 99.9% %, VWR chemicals), ethanol (EtOH, 99.8%, VWR 

Chemicals), -terpineol ( 96%, Alfa Aesar), isopropanol (AR,  UNI-CHEM)  were 

purchased commercially and used without further purification. 

p-type Bi2Te3/ PEDOT:PSS paste preparation. The paste consists of 3.07 g metal 

powders (P-type Bi2Te3), 0.4g DMSO, 2.0g PEDOT:PSS, 0.43g isopropanol and 0.46g  -

terpineol. The pastes were thoroughly mixed for 12h using magnetic stirrer. The solvent 

maintains the paste's viscosity at a desired level and used to mix the powders. DMSO 

solvent was added to the PEDOT:PSS solution to improve the electrical conductivity.           

Device fabrication and characterization. First, the Bi2Te3 film (p-type) legs were printed 

on a flexible Polyimide (PI) paper and typing paper. The thickness of the TE legs was 50 

μm. After the printing step, the printed film was dried to remove organic residues. In order 

to evaluate the output characteristics of the fabricated TEG module, the exact temperature 

difference of both sides of the module must be known. In this work, a measuring apparatus 

using a heater at the hot side and a cooler at the cold side was used. The output voltage and 

temperature difference of the module was measured by a Keithley 2700 equipment and 

Anbat AT4516 simultaneously. 



 

 
Results and discussion: 

Thermoelectric film morphology 

In this work, p-type Bi2Te3/ PEDOT:PSS paste was used to coat on PI fibers and print 

on  PI paper, respectively. In previous study, p-type Bi2Te3/ PEDOT:PSS paste was coated 

on the PI fibers to see the adhesiveness between the materials and subtract. Figure 1 shown 

the PEDOT:PSS coated PI fiber and p-type Bi2Te3/ PEDOT:PSS coated PI fiber. The 

surface and the cross-section of the coated yarn and printed film were observed in a 

Scanning Electron Microscope (SEM, Tescan VEGA3). From the SEM images (Figure. 

1a-d), a continuous uniform PEDOT:PSS coating on the surface of PI yarn was observed, 

which providing continues tunnels for electron transport. In this light, this PEDOT:PSS 

conducting polymer can be used to incorporate nano-scaled inorganic materials act as 

polymer matrix for TE properties. The SEM images of Figure. 1 (e-h) showed the 

homogenous mixture of p-type Bi2Te3 and PEDOT:PSS. Also, the average of particle size 

can be identified to be around 10 m. The thickness of TE coating was approximately 200-

300 m. The twisted structure of PI yarn caused the inhomogeneous thickness of the TE 

coating. Thus, in contrast to rigid inorganic materials, this inorganic-polymer strategy 

facilitates facile synthesis and solution accessibility, which meets the printing 

requirements for the f-TEGs fabrication. 

 

Figure 1. SEM images of fibers: a-d) PI fiber coated with PEDOT:PSS; e-h) PI fiber coated with PEDOT:PSS/P-type 

Bi2Te3. 

 

In this work, PI paper and commercial typing paper were selected to act as subtract 

for the 3-D printed f-TEGs. The deposition of Bi2Te3 (p-type)/ PEDOT:PSS TE thick films 

using a 3-D printing technique consists of several steps: 3-D printing, drying, and 

annealing. Figure 2 shows the simulated images of TE leg of 3-D printing. TE leg 

dimension: 30mm*4mm*0.05mm. After printing, the printed film is dried at 50 oC for 

30min, 70 oC for 30min, 90 oC for 30min to remove organic residues, and then undergo an 

annealing process at 115 oC in a vacuum environment. The purpose of the annealing time 



 

 
programming is to increase the adhesion between the substrate and the paste and reduce 

the porous insulation so that the paste would not be delaminated after annealing.  

        

Figure 2 Simulated images of P-type TE leg 

Figure 3 SEM images of SEM images of PI paper coated with PDMS: (a) positive side;  (b) cross-section; PI paper coated 

with TE materials:(c-d) positive side;  e-f) cross-section view. 

  For the commercial typing paper, it can be used without any further treatment. 

However, in terms of PI paper, since there are some fibres on PI paper, we could not use 

PI for printing directly. PDMS is the most widely used silicon-based organic polymer, and 

is particularly known for its unusual rheological (or flow) properties. It can flow to cover 

the surface and mould to any surface imperfections. In order to smooth the uneven PI 

paper, PDMS was employed to pre-treat the substrate. Figure 3a,b show positive side and 

cross-section of PDMS- treated paper. After PDMS treatment, superficial structure of PI 

paper demonstrated smooth and uniform. Flowing PDMS solution covered the surface, 

filling the imperfection which was caused by fibres.  Figure 3c-f showed the positive side 

and cross-section of 3-D printed TE film. A p-type Bi2Te3/ PEDOT:PSS film coated on the 

PI paper was cut into thin strips for SEM observation. The pattern printed on paper had 

good resolution and good adhesion. The thickness of film was about 50 m. The printed 



 

 
TE film was compact and continues although there were some defects on it which will 

increase electric resistance.  

 

 
 

Figure 4.  Flexible TE film fabricated on (a) water-soluble paper, (b) typing paper and (c)PI paper. The dimension of  these 

three legs is 30mm*4mm*0.05mm. 

 
 

Table 1 Resistance of TE film based on different substrates 

 
Substrate Water-soluble paper Typing paper PI paper 

Sheet resistance (/)  

172 

 

374 

 

445 

 

 

The dimension of 30mm* 4mm with thickness of 50 m of TE leg was printed on 

the water-soluble paper, typing paper and PI paper successfully (Figure. 4). The printed 

film maintained the excellent flexibility which can be easily rolled up and bent. In addition, 

the printed TE films demonstrated a slightly variation on the sheet resistance based on 

different substrates. From the table 1, the sheet resistance of water-soluble paper, typing 

paper, and PI paper based TE film increased lightly in sequence. Since the sheet resistance 

quantifies the ability for charge to go through uniform thin films, the uneven substrate 

would cause the TE film discontinuity which decreased the electrical conductivity of the 

thin films. It is shown that the pre-treatment PI paper was more roughness than water-

soluble paper and typing paper, inducing some leakage connection during printing process. 

This pre-treatment strategy can ensure the good resolution and good adhesion in printing 

procedure while it still could not remove the unevenness of the paper entirely. 

 

Output performance of a flexible TEG module  

From the introduction it can be seen that the figure of merit consists three parameters: 

the Seebeck coefficient , the electrical resistivity , and thermal conductivity . In this 



 

 
typical experiment, Van der pauw measurement was used to test the transport properties 

and electric conductivity () of the printed film. The seebeck voltage of the printed sample 

devices were tested by a home-made set-up shown in figure 5a.  The Seebeck voltage of 

the device was measured using a digital multimeter (Keithley 2700) with the constant 

temperature gradient. The temperature gradient across the sample were using digital 

thermometer (Anbat AT4516) with dual K input. Figure 5b illustrates the standard 

configuration of thermoelectric devices. Heat transfer will take place on the surface of each 

material when there is a temperature difference. Actually, upon closer inspection, the 

contacting surfaces of fibrous materials are somewhat roughness or non-conforming, 

making the real contact area is smaller than the corresponding contact area. Thus, the 

surface roughness introduces air gaps between contacting materials, resulting porous 

insulation. The thermal conductivity of micro-gaps, such as air, is typically much lower 

than that of common solid materials. Therefore, the conduction of heat flux in non-

conducting regions is smaller than entire contact areas, leading to increased interfacial 

thermal resistance. In this measurement, all mechanical interfaces were sealed with 

thermal compound to reduce heat loss. All tests were processed in open air at room 

temperature. A single thermoleg with this dimension can generate a voltage of 5.38 mV at 

a temperature difference of 70 K (Figure 6). The calculated Seebeck coefficient of a single 

thermoleg is 76.86 V/K. 
 

 

Figure 5 (a) Lab-made Seebeck Voltage measurement setup. (b) Standard configuration of thermoelectric devices. 

 



 

 

 

Figure 6 Output voltage of the p-type Bi2Te3/ PEDOT:PSS TE film. 

 

 Conclusions: 

This work demonstrates that the low cost 3-D printing technology can be used to 

fabricated f-TEGs for room temperature energy harvesting applications. A single 

thermoleg with this dimension can generate a voltage of 5.38 mV at a temperature 

difference of 88 K. Then, higher power output can be achieved by deploying more 

thermolegs in layer by layer. However, the high and increasing electrical resistivity of 

printed thermoelectric film is an issue for reaching a higher power output for printed f-

TEGs. Future work will also explore the optimization of design and material processing to 

decrease the resistivity.  
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