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Abstract 

Emerging fiber-based thermoelectric generators have shown great potentials to power 

wearable electronics by harvesting thermal energy from human body and environment. However, 

the lack of quantitative analytical tools has hindered the research progress, particularly related to 

their design and evaluation, covering selection and optimization of thermoelectric, electric and 

structural materials, device structure, fabrication processes and application conditions. Here, we 

report a quantitative approach to predict the performance of three-dimensional fiber-based 

thermoelectric generators composed of one-dimensional fiber generator array, working under 

conductive and radiative heat transfer conditions with a low temperature difference. We first 

present an experimentally verified model of single fiber generator unit, consisting of core/sheath 

fiber leg and electrodes, to quantify the effects of the material properties and structural parameters 

on the output power and energy conversion efficiency of the fiber unit. Then we propose a second 

model of three-dimensional fiber-based thermoelectric array generator to predict its output 

performance in terms of fiber unit packing density and surface emissivity. Finally, the theoretical 

upper limits of output power and conversion efficiency are given for the fiber-based thermoelectric 

array generators worn on a human torso back under a range of ambient temperature.  
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Nomenclature 

 

Abbreviations 

TEG Thermoelectric generator 

FTEG Fiber-based thermoelectric generator 

 

Symbols 

𝑨  Surface area of the body (m2) 

𝑰  Current (A) 

𝑲  thermal conductance (W/K) 

L Length of TE leg (m) 

P Output power (W) 

𝒒  Heat rate (W) 

r Radius (m) 

𝑹  Electrical resistance (Ω) 

𝑻  Temperature (K) 

∆𝑻  Temperature difference (K) 

𝑼  Voltage (V) 

 

Subscripts 

c Cold  

ex External 

f Fiber 

h Hot  

in Flow into 

max Maximum  

rad Radiation 

s Body surface 

sur Surroundings  

tot Total 

TE Thermoelectric material 

 

Greek letters 

𝜶  Seebeck coefficient (V/K) 

𝜹  Thickness of TE layer (m) 

𝜺  Emissivity (1) 
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𝜼  Efficiency 

𝝆  Electrical resistivity (Ω/m) 

𝝈  Electrical conductivity (S/m) 

𝝈𝑺𝑩  Stefan-Boltzmann constant, 5.670 × 10−8 W/(m2 ∙ K4) 

 

1 Introduction  

Fiber-based thermoelectric generators (FTEGs) are flexible, conformable and light-weight 

devices, which can directly convert heat into electricity without any moving parts or working fluids 

[1]. At present, the output performance of such devices is generally lower, in the range of ~1 

µW/cm2, close to body temperature with a small temperature difference, say ~15 K [2, 3]. These 

devices are great candidates to provide energy to the wearable electronics. To this end, high output 

power and energy conversion efficient are essential for FTEGs in wearable applications. However, 

up to date, there is no quantitative analytical tool that can guide the engineering design of FTEGs, 

including selection of thermoelectric (TE), electric and structural materials, the device structure 

and fabrication processes with particular application conditions.  

To achieve high energy conversion efficiency of rigid thermoelectric generators (TEGs), 

significant progress has been made to explore TE materials of high figure of merit , 𝑍𝑇 = 𝜎𝛼2𝑇/𝜅, 

where 𝜎 is the electrical conductivity; 𝛼 is the Seebeck coefficient; 𝑇 is the temperature; 𝜅 is the 

thermal conductivity [4-9]. For the power generation application, these materials include Bi2Te3 

and its alloy [10], silicides [11], PbTe [12-14], half-Heusler [15], poly(3,4-

ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS) [16], and graphene and 

composites [17]. The theoretical studies of traditional TEGs have been conducted for solid cuboid 

structure, usually with a large temperature difference and under conditions of conductive heat 

transfer [18-20]. These models have provided important engineering design guidelines in 
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traditional rigid TEGs by changing the cross-sectional area, length and segment of solid p- and n-

type TE legs for the high output performance [21-24]. However, these models cannot be applied 

in the wearable applications where the temperature at one end is fixed but at the other end is free. 

For example, the surface temperature of human torso can be regarded as a constant. Under this 

condition, the temperature at the other end is the result of the heat transfer.  

Three-dimensional (3D) spacer fabric structure may offer high specific output power from 

the FTEGs because of the light weight and the large temperature difference between the face and 

back sides connected by numerous one-dimensional (1D) FTEG units1. The output performance 

of the 3D FTEGs is determined by those of 1D FTEGs. Compared with the thick TE columns in 

traditional rigid TEG arrays, the 1D FTEG units have much higher aspect ratio, which results in 

the large deformability and flexibility. A recent work reported 3D space fabric FTEGs comprising 

1D FTEG units where the core was a carbon nanotube yarn (CNTY) acting as a continuous 

electrode3. The sheath was coated with p-type PEDOT: PSS and n-type polyethyleneimine (PEI). 

It is not desirable that in the FTEGs much thermal energy was conducted from the hot to cold end 

through the CNTY of high thermal conductivity. Therefore, higher performance of the FTEG can 

be achieved with a more appropriate consideration of materials and device structure, ideally guided 

by a quantitative analytical tool.  

Hence, this paper presents a quantitative approach to predict the performance of 3D FTEG 

composed of 1D FTEG array in simulated wearable conditions, that is, under conductive and 

radiative heat transfer with low temperature differences. The single 1D FTEG unit, consisting of 

core/sheath fiber TEG leg and electrodes, is dealt with under conduction and radiation heat transfer. 

The influences of the radius and the length of filament, the thickness of TE coating layer, the 
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distance between the adjacent surfaces of 1D FTEGs and the surface emissivity are quantified. 

Finally, the upper limits of output power and conversion efficiency of the FTEG array device with 

various TE materials are given if worn on a human torso back under a range of ambient temperature.  

2 Models and experimental verification 

2.1 Mathematical model  

FTEG devices convert thermal energy into electrical energy according to the Seebeck effect. 

Fig. 1(a) illustrates a 1D FTEG unit comprising a polymer core filament coated with TE material 

in the middle and conductive material at its both ends. Based on the Seebeck effect, the equivalent 

voltage source, U, induced by the temperature difference can be estimated by the following 

equation  

𝑈 = 𝛼 ∙ ∆𝑇 (1) 

where  is the Seebeck coefficient of TE material, ∆𝑇 is the temperature difference between the 

hot and cold ends. Therefore, two factors directly affect the generated electrical potential: the 

material property and the temperature difference. For the same material, the temperature 

distribution along the thermal conduction direction is the pivot of the potential. To study this factor, 

the model of 1D FTEG was investigated under the conductive and radiative heat transfer, as shown 

in Fig. 1(a). Meanwhile, the model under the only conductive heat transfer was a special case, 

which was studied at first (Supplementary materials S1.1). 

Several initial assumptions are made: (1) The thickness of the electrode is ultrathin as 

compared with the radius of fiber. Thus, the temperature field of the electrode is the same as that 

of the connected end of the TE fiber. Meanwhile, the lateral heat dissipation from the electrode 
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can be neglected. (2) The heat transfer from the electrode to the connected wire is neglected due 

to the small cross-section of the wire. (3) The temperature field of each cross-section of the 

electrode and the TE fiber is uniform. (4) The interface between the TE material and electrodes is 

treated in two scenarios, that is, with and without the thermal and electrical contact resistance. For  

the derivation of theoretical upper limits for the output, the ideal scenario without contact resistant 

is presented in the main body and the other scenario, the treatment is presented in Supplementary 

materials S2 (5) The convective heat transfer is not considered. (6) The surface of 1D FTEG was 

opaque, diffuse and grey. 

The radiative heat rate can be given by the following expression:  

𝑞𝑟𝑎𝑑 = 𝜎𝑆𝐵휀𝐴𝑠(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟

4 ) (2) 

where 𝜎𝑆𝐵 is the Stefan-Boltzmann constant, 5.670 × 10−8 W/(m2 ∙ K4); 휀 is the emissivity; 𝑇𝑠 

is the surface temperature of the TE leg; 𝑇𝑠𝑢𝑟 is the temperature of the surroundings; 𝐴𝑠 is the 

surface area of the body. Based on the Kirchhoff law, the current through the external resistance 

is given by 

𝐼 =
𝛼 ∙ ∆𝑇

𝑅𝑇𝐸 + 𝑅𝑒𝑥 + 𝑅𝑡𝑜𝑡
 

(3) 

 

where 𝑅𝑒𝑥  is the current through the external resistance; 𝑅𝑡𝑜𝑡  is the total resistance of the 

electrodes, the wires and the connection between them. 𝑅𝑇𝐸 is the resistance of the TE fiber, which 

is given by  
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𝑅𝑇𝐸 = 𝜌𝑇𝐸

𝐿

𝜋[(𝑟𝑓 + 𝛿)2 − 𝑟𝑓
2]

 (4) 

where 𝜌𝑇𝐸 is the electrical resistivity of TE material; 𝐿 and 𝑑 are the length and thickness of the 

TE layer, respectively; 𝑟𝑓 is the radius of the filament. 

Then, the output power is the current through the electric potential between the two ends of 

the external resistance, which can be given by 

𝑃 = 𝐼2𝑅𝑒𝑥 (5) 

When 𝑅𝑒𝑥 = 𝑅𝑡𝑜𝑡 + 𝑅𝑇𝐸, there is the maximum of output power, 𝑃𝑚𝑎𝑥. 

From Eqn. (3) and (5), ∆𝑇 has a quadratic (the highest order) effect on the output power. In 

this study, the thermal analysis of FTEG was firstly studied under the only conductive heat transfer. 

The temperature at the hot and cold ends were constants. Then, the analysis was investigated under 

the conductive and radiative heat transfer. The temperature at the hot end was still a constant. But 

at the cold end, the temperature was the result of the heat transfer, which was not a constant. 

The heat rate input (𝑞𝑖𝑛) at the high temperature end can be described with the following 

expression: 

𝑞𝑖𝑛 = α𝑇ℎ𝐼 + 𝐾𝑡𝑜𝑡(𝑇ℎ − 𝑇𝑐) −
1

2
𝐼2𝑅𝑇𝐸 − 𝑞𝑟𝑎𝑑 (6) 

where 𝐾𝑡𝑜𝑡 is the total thermal conductance. The efficiency of the thermoelectric generator system, 

𝜂, is the ratio of the output power and the heat rate input, which can be given by  
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𝜂 =
𝑃

𝑞𝑖𝑛
 (7) 

The maximum of efficiency, 𝜂𝑚𝑎𝑥, is defined as the efficiency under the condition that the 

output power reaches the maximum, 𝑃 = 𝑃𝑚𝑎𝑥. 

Based on the above assumptions and governing equations, the temperature distribution of 1D 

FTEG along the conductive heat transfer can only be expressed in an implicit solution, rather than 

an analytical solution (Supplementary materials S1.2). But the numerical analysis can be a 

powerful method to depict this distribution and temperature difference. Thus, the performance of 

the device can be predicted. The numerical solution of single 1D FTEG and its array is studied in 

the following part. 

2.2 Numerical simulations  

Under the only conduction situation, the single 1D FTEG model had fixed-fixed temperature 

at two ends, which were specified as 100 ℃ and 25 ℃. All models in this research were studied 

at steady-state, without the variation of mass or specific heat capacitance. The numerical solution 

was obtained with COMSOL Multiphysics®. The geometric parameters were changed to identify 

the importance of factors in the performance of 1D FTEG. As the diameter of natural fiber is in 

the range of 15~120 μm [25], the fiber/filament diameter in the 1D FTEG models is set in the 

range of 25~100 μm. That is, the radius increases from 12.5 μm to 50 μm in the step length of 12.5. 

Additionally, in the previously reported flexible TEGs, the thickness of TE legs is in the range of 

0.1~150 μm [26-33]. Thus, in the models, the range of thickness of TE legs is from 0.01 to 100 

μm, which increments with one order of magnitude. The thickness of 0.01 μm is investigated to 

explain the unnecessary of the fabrication of ultra-thin TE layer. Besides, based on the past studies 
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about numerical simulation, the height of TE legs is in the range of 0.01~100 mm[34-39]. In the 

simulation, Bi2Te3 [5] is used as the TE material at first, whose properties are in the range of the 

Bi2Te3 and its alloy from other research groups, according to the latest review article [40]. Other 

TE materials is applied in the study of Section 4. The properties of materials are shown in Table 

1. 

One of the significant advantages of 1D FTEGs is its flexibility due to its slenderness. Based 

on this property, an important potential application is that 1D FTEGs are fabricated into space 

fabrics to form flexible devices, as shown in Fig. 1(b). Four single 1D FTEGs constituted a 3D 

FTEG unit. In order to study the influence of the distance between 1D FTEGs on the device’s 

performance, a model is designed and investigated, as shown in Fig. 1(c). This distance reflects 

the density of arrangement of the 1D FTEGs, which is known as the filling factor. The whole 

device is supposed to be infinite large, which is composed of large number of repeating units in 

the x-y plane. The fabric electrodes and conductive yarns in Fig. 1(b) are simplified as the top and 

bottom electrode plates in Fig. 1(c). The distance between the adjacent 1D FTEGs is given by 

∆r = c ∙ (𝑟𝑓 + 𝛿) (8) 

where c is a controlled parameter, increasing from 1 to 3 with a step-length of 0.5. In this unit 

structure, the distance between the surface of 1D FTEGs and the edge of the electrode is ∆r/2. The 

radius of filament (𝑟𝑓) and thickness of TE layer (𝛿) were set as 12.5 μm and 10 μm, respectively, 

in this model. If the FTEG device comprises only one type of TE materials, the appropriate 

approach to connect TE legs is to design the device in Ⅱ-structure (Supplementary material S3). 

Therefore, the array unit of 1D FTEG is a 2 × 2 matrix structure in Fig. 1(c).  
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2.3 Experimental verification of single 1D FTEG under conductive heat transfer 

The numerical solution of single 1D FTEG under only conductive heat transfer can be found 

in Supplementary material Fig. S4. The shorter the 1D FTEG, the larger the output power. In 

addition, the increment of the thickness of TE layer increases the output power in orders of 

magnitude. To verify this solution, 1D FTEG was fabricated with the polyester (PET) filament as 

the substrate, and the PEDOT: PSS as the TE material (Supplementary material S5.1). The 

thermoelectric properties and the thermo-gravimetric analysis (TGA) of PEDOT: PSS was 

measured and characterized in Fig. S5 and Fig. S6, respectively. Besides, the morphologies of the 

original PET filament and 4-layer PEDOT: PSS coated filament are obtained by SEM, as 

illustrated in Fig. 1(d) and (e). Compared with the original PET filament, the coated one is smooth 

and uniform. Additionally, Fig. 1(f) illustrates the almost linearly relationship between the 

thickness of coating layer and the number of layers. The detailed data can be found in Table S5. 

The electrical potential of these 1D FTEGs is measured with the lab-made measurement system 

(Supplementary material S5.4). As shown in Fig. 1(f), the electrical potential is fluctuated around 

1.00 mV, although the number of coating layers increases and the thickness of PEDOT: PSS 

increments. This is the result of the unchanged Seebeck coefficient and temperature difference, 

based on Eqn. (1). Besides, under only conductive heat transfer, the numerical solution of single 

1D FTEG model is 1.04 mV for all cases in Fig. 1(f). From the experimental results, the electrical 

potential is 1.02 mV when the PET filament is coated PEDOT: PSS with 8 or 10 layers, which 

approaches to the numerical solution with only around 2% of difference. This result indicates that 

the variation of thickness in the same order of magnitude has little influence on the potential. The 

fabrication with these materials can be conducted by coating 8 layers. The increment of coating 

layers is possible to lead to poor performance, instead of the desired increase of electrical potential. 
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As the temperature range is 296~361 K , the electrical conductivity is around 675 S ∙ m−1 . 

Therefore, the resistance of TE layer can be calculated, according to the law of resistance. For 

samples with different coating layers, the internal resistance, experimental and numerical 

maximum output power can be obtained (Fig. 1(g)). Although the increase of coating layers little 

facilitates the improvement of electrical potential (Fig. 1(f)), the increment of layer thickness does 

reduce the internal resistance (Fig. 1(g)). Therefore, the lines of the maximum of output power 

gradually climbs up. Due to the fluctuation of electrical potential, the experimental results of the 

maximum of output power is not exactly linear. In the same fashion, the numerical results of 

maximum of output power increase with a constant slope rate. In addition, when the filaments are 

coated with 4 and 15 layers, the thickness of TE material exhibits one order of magnitude 

difference. This difference leads to almost one order of magnitude difference of the numerical 

results of the maximum of output power. This is in accordance with the results in the former 

discussion: the different orders of magnitude of TE material thickness causes the different orders 

of magnitude of maximum output power. 

3 Influencing factors on performance of 1D FTEG array 

In this section, for quantifying the importance of factors, the single 1D FTEG is studied under 

conductive and radiative heat transfer at first. Then, the 1D FTEG array formed by the single ones 

is investigated with the consideration of the influence of the controlled parameter. 

3.1 Single 1D FTEG under conductive and radiative heat transfer 

Based on the above verified model, the numerical solution was used to study the influence of 

geometric parameters on the performance of 1D FTEG in the fixed-free ends situation. In this 

situation, the temperature at the hot end was fixed at 100 ℃. And at the free end, it was the result 
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of the conductive and radiative heat transfer. As known from the former part investigation, the 

thickness of TE layer is the primary factor on the maximum of output power of single 1D FTEG. 

It was 1 μm, 10 μm and 100 μm in this part study. The radius of fiber and the length of TE layer 

were 12.5 μm and 1 mm, respectively, which were unchanged.  

To focus on the investigation of the influence of geometric parameters on the performance, 

the emissivity of TE material is set as 0.5 in Fig. 2 (a) and (b). The curves can be divided into three 

groups, according to the thickness of TE layer. The thicker the TE layer is, the higher the maximum 

of power is. However, the efficiency does not simply increase with the increment of the thickness. 

The higher efficiency occurs when the thickness of TE layer of 10 µm, for the same fiber radius. 

Especially, the highest efficiency is from the model with the fiber radius of 12.5 µm. This 

phenomenon is the result of the synergy of the conduction and radiation heat transfer, as depicted 

in Fig. 2(c). For the fiber radius of 12.5 µm, if the thickness of TE layer increases, the maximum 

of efficiency dramatically increments then gradually decrements, which reaches the peak at the 

thickness of 10 µm. When the thickness is smaller than 10 µm, compared with the heat loss due to 

the radiation, the primary effect of the increment of the thickness is the increased power. However, 

when the thickness is larger than 10 µm, the major effect is the conductive and radiative heat 

transfer through the TE material leading to the rise of the temperature at the cold end and the 

decrease of the temperature difference (Supplementary materials Fig. S7). As the thermal 

conductivity of TE material is much higher than that of the fiber, heat energy can be more easily 

transport to the cold end, when the thickness of TE layer is over 10 µm. This results the temperature 

at cold end is about 90 ℃ for the thickness of 100 µm. Thus, the temperature difference is only 

around 10 ℃. Additionally, the larger surface area of TE layer allows more heat energy 

transmitting to the ambient (Supplementary materials Eqn. (S17)). Thus, in the following study, 
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the fiber radius and thickness of TE layer were 12.5 µm and 10 µm, respectively. To study its 

influence on the performance of 1D FTEG, the emissivity of TE material increased from 0.1 to 

0.9. In Fig. 2(d), the difference in the orders of magnitude of the maximum of power is 

simultaneously determined by the TE thickness and the emissivity. Especially, the highest value 

occurs, when the TE thickness and emissivity are 100 μm and 0.9, respectively. Besides, for the 

models with same geometry, the maximum of power increases with the enlarged emissivity which 

leads to the lower temperature at the cold end (Fig. S8). Thus, based on Eqn. (5), the temperature 

difference and output power increment. Furthermore, Fig. 2(e) illustrates the effect of the 

emissivity on the efficiency of 1D FTEG. When the fiber radius and the TE thickness are fixed, 

the increased emissivity also enhances the efficiency. Same to Fig. 2(b), the best performance of 

efficiency occurs, when the fiber radius and the TE thickness are 12.5 μm and 10 μm, respectively. 

Therefore, if the objective is just to improve the output power, the thickness of TE layer should be 

as large as possible, which is the most important factor. However, if the efficiency is considered 

at the same time, the appropriate selection of fiber radius and thickness of TE layer is the primary 

thing. In addition, the modification of the surface with high emissivity can be a possible method 

to improve the performance. 

3.2 1D FTEG array under conductive and radiative heat transfer 

As shown in Fig. 1(b) and (c), when the single 1D FTEGs forms the 3D FTEG, thermal 

energy can be transported through electrode, filament, TE layer and air by the conduction. 

Meanwhile, heat transmits through leaving out of the surfaces of 1D FTEGs by the radiation. Fig. 

2(f) shows the linear relationship between the temperature at free end and the emissivity for models 

with distinct controlled parameters, when the 1D FTEG array provides the maximum of output 

power. Similar to the situation in Fig. S8, all lines slope down with the enhanced emissivity which 
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leads more energy to leave the surface of TE legs through the radiative heat transfer, as depicted 

in Eqn. (1). Although the radiative heat rate is proportional to the difference of four times of 

temperature in Eqn. (2), the influence is outrageously eliminated by the Stefan-Boltzmann constant. 

Thus, the conductive heat transfer has a more important effect than the radiative part in the array 

unit. Besides, when the emissivity is same, the increase of controlled parameter rises the 

temperature at free end, because the thermal resistance of air layer is reduced with the increment 

of cross-sectional area, which can be given by 

𝜃𝑎𝑖𝑟 =
𝐿

𝜅𝑎𝑖𝑟 ∙ 𝐴𝑎𝑖𝑟
=

𝐿

𝜅𝑎𝑖𝑟 ∙ 𝜋{[(𝑐 + 1)(𝑟𝑓 + 𝛿)]2 − (𝑟𝑓 + 𝛿)2}
 (9) 

where 𝜅𝑎𝑖𝑟 is the thermal conductivity of air; 𝐴𝑎𝑖𝑟 is the cross-sectional area of air region, which 

is perpendicular to the direction of the conductive heat transfer. Thus, the reduced total thermal 

resistance leads to the thermal energy can be easily conducted from the hot to cold ends. Therefore, 

the temperature at free end is elevated. The temperature at the cold end directly determines the 

output power and emissivity, as shown in Fig. 2(g) and (h). In Fig. 2(g), when the controlled 

parameter is specified, the maximum of output power increases with the enlarged emissivity. 

However, when the emissivity is specified, it decreases with the increment of controlled parameter. 

In Fig. 2(h), for the same controlled parameter, the efficiency increasing with the enlarged 

emissivity is caused by the elevated output power. Besides, for the same emissivity, the efficiency 

decreases with the increment of controlled parameter. Except for the reduced output power, this 

decrement of efficiency is also caused by the increase of the thickness of air layer. Therefore, in 

the device of 1D FTEG array, the enlarged emissivity cannot cause the output power and efficiency 

to change in orders of magnitude. Besides, the controlled parameter should be small, that is, the 

arrangement of single 1D FTEGs should be close to each other. In addition, the comparison of the 
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performance of 1D FTEG single and array can be found in the Supplementary material S6. This 

model only discussed the situation that air is filled between 1D FTEGs. However, it can be 

extended and applied to the situation that yarns or fibers are the fillers, such as cotton and polyester.  

4 Upper limit of performance of array devices 

Suppose the 3D FTEG composed of 1D FTEG arrays is worn on the back of a human with 

the surface temperature of around 35 ℃, as shown in Fig. 1(b). The ambient temperature is in the 

range of −55 ℃~ 55 ℃. The model in the Section 3.2 is applied to investigate the upper limit of 

the performance of the 1D FTEG array composed of different TE materials (in Table 1) under 

different ambient temperature. The control parameter and the emissivity of the 1D FTEG array are 

1 and 0.5, respectively. The external resistance is equal to the internal resistance of the array (Table 

S7). Fig. 3(a) illustrates the relationship between the ambient temperature and the temperature at 

the free end of 1D FTEG array with different materials. As discussed in the former section, the 

pivot of the heat transfer is the conduction. The thermal conductivity of rGO (in Table 1) is higher 

one order of magnitude than others. Thus, when the ambient temperature is very low, the pink line 

is above the others, meaning that the temperature difference between the hot and cold end is 

smaller. Meanwhile, the absolute Seebeck coefficient of rGO is smaller than others. Thus, although 

the electrical conductivity of rGO is not the lowest, its maximum of output power is the lower than 

others (Fig. 3(c)). The maximum of output power is determined by the synergy of the material 

properties and the temperature difference. In sharp contrast to rGO, for the device composed with 

Ag2Se, the maximum of output power is higher than others, when the ambient temperature is lower 

than 10 ℃. The large temperature difference strengthens the influence of large Seebeck coefficient 

of Ag2Se on the device performance (Eqn. (3) and (5)). Corresponding to the maximum of output 
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power, the specific maximum of output power (Supplementary material S7) and the maximum 

of power generated by human back are also illustrated in Fig. 3(c). For a person, if the height and 

the weight are 168 cm and 55 kg, respectively, the surface of body is about 1.6 m2, based on the 

Stevenson formula[41]. The percentage of the back is equal to that of the breast and stomach, 

which is about 13% the surface of body. Thus, the surface of back is about 0.208 m2. Therefore, 

if the 3D FTEG composed of 1D FTEG arrays is applied to the back part of clothes, their maximum 

of output power is illustrated with the right outer longitudinal axis in Fig. 3(c). Thus, the 3D FTEG 

is a great candidate for powering glucose and blood pressure sensor, or small electronics like the 

Bluetooth transmitters (driving power ∼5 mW; data transmission rate ∼500 kbits/s; power 

consumption 10 nW/bit) [42]. Finally, as shown in Fig. 3(b), the tendency of efficiency is like that 

of the maximum of output power: the higher the output power, the higher the efficiency. For 

powering small wearable electronics, the output power shall be the primary consideration. In fact, 

by the comparison of Fig. 3(b) and (c), the improvement of output power can simultaneously 

increase the maximum of efficiency. 

5 Conclusion 

This paper reports new theoretical models for 1D FTEGs and 3D FTEG array device, working 

under conductive and radiative thermal transfer with a low temperature difference comparable to 

wearable applications, and their numerical simulation results. The influences on output power and 

energy conversion efficiency of the FTEGs have been given in terms of the fiber dimension, the 

thickness of TE coating layer, packing density of the array and the surface emissivity. The 

theoretical model for single 1D FTEG unit, consisting of core/sheath fiber TEG leg and electrodes, 

was experimentally verified with conductive thermal transfer condition. The numerical results 
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show that the most important factor on the output power is the thickness of TE layer in the 1D 

FTEG units.  For the 3D FTEG array device, a lower packing density of the 1D FTEG units results 

in a lower output power and efficiency. Finally, the theoretical upper limits of output performance 

of the FTEG array device with different TE materials have been derived, for the circumstances 

where the device is worn on the human torso back at various ambient temperatures. For instance, 

an ideal 3D FTEG device with Ag2Se as the TE material can generate a maximum power of about 

0.2 W at the ambient temperature of 15 ℃. The quantitative methods proposed here can be served 

as engineering design and evaluation tools that will guide the research and development in a more 

efficient and faster manner towards the optimization of the FTEGs for wearable applications. 
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Table 1 Parameters of material properties. 

Material Property 𝜶 (µV K-1)   (S m-1)   (W m-1 K-1) 

Polyimide (substrate) 0 0.5×10-17 0.15 

Silver wire 0 61.6×106 429 

Bi2Te3 (n-type) [5] -137.8 7.7×103 0.25 

rGO [2] 19 1.45×104 3 

Ag2Se [7] -140.7 4.97×104 0.50 

NDI-10/90%SWCNT [8] 50.4 9.35×104 0.85 

TiS2[(HA)0.08(H2O)0.22(DMSO)0.03 [9] -78 7.9×104 0.69 
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Fig. 1. (a) Schematic of a 1D FTEG unit connected with an external resistance. (b) Schematic of a FTEG 

device worn on the human torso back and an enlarged unit. (c) Schematic of a simplified unit cell of 1D 

FTEG array, and the cross-sectional configuration from top perspective. (d) SEM of original PET 

filament. (e) SEM of PEDOT: PSS coating on the PET filament. (f) Relationship between the thickness 
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of coating layers and electrical potential of fabricated FTEG. (g) Relationship between the thickness of 

coating layers, the internal resistance and maximum output of fabricated FTEG.  
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Fig. 2. Effects of parameters on the performance of the fixed-free ends model: (a) and (b) the 

emissivity is 0.5; (c) the relationship between the TE thickness and the max efficiency. (d) and (e) 

the emissivity is changed. (f) The relationship between temperature at the free end and different 

emissivity for the 1D FTEG array, when the devices perform the maximum of output power. (g) 

The relationship between maximum of output power and different emissivity for the 1D FTEG 

array. (h) The relationship between efficiency at maximum power and different emissivity for the 

1D FTEG array. (𝑟𝑓  is the radius of fiber; d is the thickness of TE layer; c is the controlled 

parameter.) 
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Fig. 3. Performance of array devices with different TE materials: (a) Relationship of the temperature at the 

free end and the ambient temperature. (b) Relationship of the maximum of output power of 1D FTEG array 

(the left longitudinal axis), the specific maximum of output power (the right inner longitudinal axis), the 

maximum of output power of the device with the area (0.208 m2) equal to the human back (the right outer 

longitudinal axis), and the ambient temperature. (c) Relationship of the efficiency of maximum power and 

the ambient temperature. 
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S1. Mathematical models 

As shown in Fig. S1, a 1D FTEG suffers high temperature (𝑇ℎ) at one end. But the cold end 

is free, at where the temperature is determined by the heat transfer: one situation is only conductive 

heat transfer; another is conductive and radiative heat transfer. The temperature distribution along 

the longitudinal direction will be deduced under these situations in the following part. 

S1.1 Mathematical model of 1D FTEG with conductive heat transfer  

Under only conductive heat transfer, no thermal energy releases through the radiation. 

Assumptions:  

(1) Steady-state conditions. (2) One-dimensional conduction in the x-direction. (3) Constant 

material properties. (4) No convections. (5) No radiations. (6) The fiber radius and thickness of 

TE layer are uniform along the longitudinal direction. (7) The boundary condition at the interface 

between the fiber surface and TE layer is same. 

Boundary conditions: 
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1. T(0) = T(x)x=0 = Th. 

2. To approach to the free end, the difference of temperature distribution is regarded as zero: 

𝑑𝑇

𝑑𝑥
= 0. 

 

Analysis: 

The 1D FTEG is composed of two parts: the fiber and the TE layer. Thus, their corresponding 

infinitesimally small control volume can be defined as: 𝑑𝑥 ∙ 𝜋𝑟𝑓
2  and 𝑑𝑥 ∙ 𝜋(𝛿2 + 2𝑟𝑓𝛿). The 

conduction heat rate through the fiber and the TE layer are (𝑞𝑓)𝑥 and (𝑞𝑇𝐸)𝑥, respectively, which 

are perpendicular to the controlled surfaces: 𝜋𝑟𝑓
2 and 𝜋(𝛿2 + 2𝑟𝑓𝛿).  

For the fiber, the conduction heat rate through the controlled volume ((𝑞𝑓)𝑥+𝑑𝑥) can be 

expressed as a Taylor series expansion (neglecting the higher-order terms): 

(𝑞𝑓)𝑥 = −𝑘𝑓(𝑇) ∙ 𝐴𝑓 ∙
𝑑𝑇

𝑑𝑥
= −𝑘𝑓(𝑇) ∙ (𝜋𝑟𝑓

2) ∙
𝑑𝑇

𝑑𝑥
 (S1) 

Similarly, for the TE layer, conduction heat rate through the controlled volume ((𝑞𝑇𝐸)𝑥+𝑑𝑥) 

can be expressed as a Taylor series expansion: 

(𝑞𝑓)𝑥+𝑑𝑥 = (𝑞𝑓)𝑥 +
𝑑

𝑑𝑥
((𝑞𝑓)𝑥𝑑𝑥) (S2) 

(𝑞𝑇𝐸)𝑥 = −𝑘𝑇𝐸(𝑇) ∙ 𝐴𝑇𝐸 ∙
𝑑𝑇

𝑑𝑥
= −𝑘𝑇𝐸(𝑇) ∙ [𝜋(𝛿2 + 2𝑟𝑓𝛿)] ∙

𝑑𝑇

𝑑𝑥
 (S3) 

(𝑞𝑇𝐸)𝑥+𝑑𝑥 = (𝑞𝑇𝐸)𝑥 +
𝑑

𝑑𝑥
((𝑞𝑓)𝑥𝑑𝑥) (S4) 
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In this system, Peltier effect and Joule heating attribute to the energy generation. The 

volumetric generation rate caused by Peltier effect is: 

�̇�𝑇𝐸 =
𝐼 ∙ 𝛼(𝑇) ∙ (𝑇𝑥 − 𝑇𝑥+𝑑𝑥)

𝜋[𝛿2 + 2𝑟𝑓𝛿]𝑑𝑥
= 𝐽 ∙ 𝛼(𝑇) ∙

𝑑𝑇

𝑑𝑥
 (S5) 

The volumetric generation rate caused by Joule heating is: 

�̇�Ω =
𝐼2𝑅𝑇𝐸

𝜋(𝛿2 + 2𝑟𝑓𝛿)𝑑𝑥
=

1

𝜎𝑇𝐸

(𝐽)2 (S6) 

Thus, the volumetric energy generation rate from the TE layer is: 

�̇� = �̇�𝑇𝐸 − �̇�Ω = 𝐽 ∙ 𝛼 ∙
𝑑𝑇

𝑑𝑥
−

1

𝜎𝑇𝐸

(𝐽)2 (S7) 

Besides, there is no energy generation in fiber, that is, (�̇�𝑔)𝑓 = 0.  Thus, the energy 

generation rate in this system is: 

�̇�𝑔 = (�̇�𝑔)𝑇𝐸 = �̇� ∙ (𝑑𝑥) ∙ 𝜋(𝛿2 + 2𝑟𝑓𝛿) (S8) 

The system follows the energy balance: 

�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 + �̇�𝑔 = 0 (S9) 

[(𝑞𝑓)
𝑥

+ (𝑞𝑇𝐸)𝑥] − [(𝑞𝑓)
𝑥+𝑑𝑥

+ (𝑞𝑇𝐸)𝑥+𝑑𝑥] + �̇� ∙ (𝑑𝑥) ∙ 𝜋(𝛿2 + 2𝑟𝑓𝛿) = 0 

(
𝑟𝑓

2𝑘𝑓

𝛿2 + 2𝑟𝑓𝛿
+ 𝑘𝑇𝐸) ∙

𝑑2𝑇

𝑑𝑥2
+  𝐽 ∙ 𝛼 ∙

𝑑𝑇

𝑑𝑥
−

1

𝜎𝑇𝐸

(𝐽)2 = 0 (S10) 
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The thermal conductivity of fiber and TE layer are constants. The geometry of fiber and TE 

layer does not change. Eqn.(10) is as follow: 

𝑑2𝑇

𝑑𝑥2
+  𝐽 ∙

𝛼

𝑘
∙

𝑑𝑇

𝑑𝑥
−

𝐽2

𝜎𝑇𝐸𝑘
= 0 (S11) 

where the effective thermal conductivity is 𝑘 =
𝑟𝑓

2𝑘𝑓

𝛿2+2𝑟𝑓𝛿
+ 𝑘𝑇𝐸 . 

Under stationary conditions, the current density 𝐽 is a constant. Thus, let 𝑎 = 𝐽 ∙
𝛼

𝑘
, 𝑏 =

𝐽2

𝜎𝑇𝐸𝑘
. To substitute them into the above equation, we can get: 

𝑑2𝑇

𝑑𝑥2
+  𝑎

𝑑𝑇

𝑑𝑥
− 𝑏 = 0 (S12) 

𝑑𝑇

𝑑𝑥
+  𝑎𝑇(𝑥) = 𝑏𝑥 + 𝐶0  

where 𝐶0  is a constant. To multiply the integration factor 𝑒𝑎𝑥  to the both sides of the above 

equation: 

𝑒𝑎𝑥 ∙
𝑑𝑇

𝑑𝑥
+  𝑎𝑒𝑎𝑥𝑇(𝑥) = (𝑏𝑥 + 𝐶1)𝑒𝑎𝑥  

∫
𝑑[𝑇(𝑥)𝑒𝑎𝑥]

𝑑𝑥
= ∫(𝑏𝑥 + 𝐶1)𝑒𝑎𝑥 𝑑𝑥 + 𝐶2  

where 𝐶2 is a constant.  

𝑇(𝑥) =
𝑏

𝑎2
(𝑎𝑥 − 1) + 𝐶2𝑒−𝑎𝑥 +

𝐶1

𝑎
 (S13) 
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According to the boundary condition #1:  

𝑇(0) = −
𝑏

𝑎2
+ 𝐶2 +

𝐶1

𝑎
= Th  

According to the boundary condition #2, 𝑎 = 𝐽 ∙
𝛼

𝑘
> 0:  

𝑑𝑇

𝑑𝑥
]

𝑥→∞
= (

𝑏

𝑎
− 𝐶2𝑎𝑒−𝑎𝑥)𝑥→∞ = 0  

Thus,  

𝐶2 =
𝑏

𝑎2
  

𝐶1 = 𝑎𝑇ℎ  

To substitute into Eqn.(12):  

𝑇(𝑥) =
𝑘

𝜎𝑇𝐸𝛼2
(𝐽 ∙

𝛼

𝑘
∙ 𝑥 + 𝑒−𝐽∙

𝛼
𝑘

∙𝑥 − 1) + 𝑇ℎ (S14) 

Note that 𝑘 =
𝑟𝑓

2𝑘𝑓

𝛿2+2𝑟𝑓𝛿
+ 𝑘𝑇𝐸. 

S1.2 Mathematical model of 1D FTEG with conductive and radiative heat transfer  

Under conductive and radiative heat transfer, some thermal energy is transmitted through the 

conduction from the hot to cold ends; meanwhile, some is released from the surface in the radiation 

form. Thus, the assumptions are same to the former section, except for (5). The surface of 1D 

FTEG is opaque, diffuse and grey. The boundary conditions are same to the former part. 
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Analysis: 

The surface of the infinitesimally small control volume is 

𝑑𝐴𝑠 = 2π(𝑟𝑓 + 𝛿) ∙ 𝑑𝑥 (S15) 

The radiation releasing from this surface can be given by: 

𝑑𝑞𝑟𝑎𝑑 = 𝜎𝑆𝐵휀(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟

4 ) ∙  𝑑𝐴𝑠 = 𝜎𝑆𝐵휀(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟

4 ) ∙ 2π(𝑟𝑓 + 𝛿) ∙ 𝑑𝑥  (S16) 

According to Eqn. (S9), the system follows the energy balance: 

[(𝑞𝑓)
𝑥

+ (𝑞𝑇𝐸)𝑥] − [(𝑞𝑓)
𝑥+𝑑𝑥

+ (𝑞𝑇𝐸)𝑥+𝑑𝑥] − 𝑑𝑞𝑟𝑎𝑑 + �̇� ∙ (𝑑𝑥) ∙ 𝜋(𝛿2 + 2𝑟𝑓𝛿) = 0 

(
𝑟𝑓

2𝑘𝑓

𝛿2 + 2𝑟𝑓𝛿
+ 𝑘𝑇𝐸) ∙

𝑑2𝑇

𝑑𝑥2
−

2(𝑟𝑓 + 𝛿)

𝛿2 + 2𝑟𝑓𝛿
∙ 𝜎𝑆𝐵휀(𝑇𝑠

4 − 𝑇𝑠𝑢𝑟
4 ) +  𝐽 ∙ 𝛼 ∙

𝑑𝑇

𝑑𝑥
−

𝐽2

𝜎𝑇𝐸
= 0 (S17) 

 

Under steady state, the surface temperature of 1D FTEG is equal to the temperature of TE 

layer, 𝑇 = 𝑇𝑠. If the surrounding temperature is a constant, Eqn. (17) can be written as: 

𝑑2𝑇

𝑑𝑥2
+ 𝐶1

𝑑𝑇

𝑑𝑥
= 𝐶2𝑇4 + 𝐶3 (S18) 

𝐶1 =
(𝛿2 + 2𝑟𝑓𝛿) ∙  𝐽 ∙ 𝛼

𝑟𝑓
2𝑘𝑓 + (𝛿2 + 2𝑟𝑓𝛿)𝑘𝑇𝐸

 
 

𝐶2 =
2(𝑟𝑓 + 𝛿) ∙ 𝜎𝑆𝐵휀

𝑟𝑓
2𝑘𝑓 + (𝛿2 + 2𝑟𝑓𝛿)𝑘𝑇𝐸
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𝐶3 = (
𝐽2

𝜎𝑇𝐸
−

2(𝑟𝑓 + 𝛿)

𝛿2 + 2𝑟𝑓𝛿
∙ 𝜎𝑆𝐵휀 ∙ 𝑇𝑠𝑢𝑟

4 ) ∙
𝛿2 + 2𝑟𝑓𝛿

𝑟𝑓
2𝑘𝑓 + (𝛿2 + 2𝑟𝑓𝛿)𝑘𝑇𝐸

 
 

To multiply 𝑒𝐶1𝑥 at the two sides of Eqn. (S18) and to integrate:  

∫ 𝑒𝐶1𝑥 (
𝑑2𝑇

𝑑𝑥2
+ 𝐶1

𝑑𝑇

𝑑𝑥
) 𝑑𝑥 = ∫ 𝑒𝐶1𝑥(𝐶2𝑇4 + 𝐶3) 𝑑𝑥 + 𝐶0 (𝐶0 is a constant) 

𝑒𝐶1𝑥
𝑑𝑇

𝑑𝑥
= 𝐶2 ∫ 𝑒𝐶1𝑥𝑇4 𝑑𝑥 +

𝐶3

𝐶1
∙ 𝑒𝐶1𝑥 + 𝐶0 (S19) 

Let 𝑇 = 𝑇(𝑥) = 𝐴𝑒𝜆𝑥 (𝜆 ≠ 0). Then, 
𝑑𝑇

𝑑𝑥
= 𝐴𝜆𝑒𝜆𝑥 = 𝜆𝑇. Thus, Eqn. (S19) can be written as: 

𝑒𝐶1𝑥 ∙ 𝜆𝑇 =
𝐶2𝐴4

𝐶1 + 4𝜆
∫ 𝑒(𝐶1+4𝜆)𝑥 𝑑[(𝐶1 + 4𝜆)𝑥] +

𝐶3

𝐶1
∙ 𝑒𝐶1𝑥 + 𝐶0  

𝑇 −
𝐶2

(𝐶1 + 4𝜆) ∙ 𝜆
𝑇4 =

𝐶3

𝐶1 ∙ 𝜆
+

𝐶0

𝜆
𝑒−𝐶1𝑥 (S20) 

Thus, the temperature distribution of 1D FTEG along the conductive heat transfer can only 

be expressed in an implicit solution. 

S2. Influence of contact resistance 

Thermal and electrical contact resistance (TCR and ECR) diminishes the output power and 

efficiency of devices. Although this result has been discussed in the reference [1], the temperature 

distribution under contact resistance condition has not been illustrated. Therefore, if the hot and 

cold sides temperature is 100 ℃ and 25 ℃, respectively, the influence of TCR and ECR on the 

temperature distribution along 1D FTEG and the device performance is illustrated in Fig. S2. In 

order to study the influence of TCR, the thermal contact conductivity was set as 2 × 103 W/m2 ∙
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K  for the 1D FTEG whose fiber radius and thickness of TE layer were 50 μm and 10 μm, 

respectively. In Fig. S2(a), the curves are almost overlapped, whose slopes are dependent on the 

thermal conductivity of materials. But by enlarging Fig. S2(a) round the two interfaces position, 

Fig. S2(b) and (c) shows the departure of the red and black lines, because of the TCR. The 

temperature at the hot side of the TE material in the model with TCR is lower than that without 

TCR, it at the cold side with TCR is higher than that without TCR. Thus, the temperature difference 

between the hot and cold sides with TCR is lower than that without TCR. TCR directly attenuates 

the output power and efficiency, as shown in Fig. S2(d). For studying the influence of ECR, the 

electrical contact conductivity was set as 1× 107 S/m2. In Fig. S2(e), the temperature distribution 

along 1D FTEGs with and without ECR is exactly overlapped, because ECR is immaterial on the 

thermal resistance. ECR can be treated as an external resistance, when the FTEG is in a circuit. 

Thus, as shown in Fig. S2(f), the output power and efficiency are reduced, due to the existence of 

ECR. 

S3. Analytical and numerical solutions of traditional TEGs 

To select the appropriate structure, the performance of TEGs, which are designed in different 

structures: π-structure, S-structure and Ⅱ-structure, is calculated and compared in this section. In 

order to totally focus on the influence of the different structures on the performance of TEGs, the 

material parameters are designated and listed in Table S1. All the TE legs in each case is designed 

as a cubic whose edge is 1cm. The distance between two legs is 1 cm. For each case, the geometric 

parameters of electrodes are listed in Table S2. The assumptions are as follow: (1) only conductive 

heat transfer takes place, without radiative and connective heat transfer; (2) the contact resistance 

can be ignored. Besides, the boundary condition is that the temperature at the hot and cold side is 
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fixed as 400 K and 300 K, respectively. Fig. S3 shows the schematic of TEGs in different structures 

and its corresponding equivalent electrical and thermal resistance circuit. The analytical solution 

of traditional TEGs in different structures is thoroughly investigated (Table S3). 

The thermal resistance (θ) of material is determined by the thermal conductivity (κ), the 

cross-sectional area (𝐴) that is perpendicular to the heat flow, and the length (𝐿) along which the 

heat flow passes, which can be given by 

θ =
𝐿

𝜅 ∙ 𝐴
 

 

The resistance of the N- and P- type TE leg is calculated as the following: 

𝑅𝑃 = 𝑅𝑁 =
1

𝜎𝑁
∙

𝐿

𝐴𝑁
 

 

At the max power, the efficiency of the TEG is given by: 

𝜂𝑚𝑎𝑥 =
𝑃𝑚𝑎𝑥

𝑞
𝑖𝑛

 

Based on the material properties and geometric parameters in Table S1 and S2, the calculation 

results of these models have been illustrated in Table S4. If the TE legs are composed of p- and n-

type TE materials, the generator should be fabricated in π-structure. If the TE legs are composed 

of only one type TE materials, the device should be fabricated in Ⅱ-structure.  
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S4. Simulation results of single 1D FTEG under only conductive heat transfer 

In Fig. S3, if the cross-sectional area of TE layer is same, the maximum of power linearly 

decreases with the increase of length. While the length is same, the power increases with the 

increment of the cross-sectional area that is determined by the thickness of TE layer and the fiber 

radius. Based on Eqn. (1), when the temperature difference and material are invariable, the 

electrical potential caused by the Seebeck effect is a constant. Compared with the fiber radius, the 

thickness of TE layer changed in orders of magnitude is the primary factor in the difference of 

power. This phenomenon can be explained with Eqn. (3) ~ (5). Therefore, under only conductive 

heat transfer, the power can be optimized with shortening the length of TE layer or enlarging the 

cross-sectional area of TE layer by increasing the thickness of TE layer and the fiber radius. If the 

input heat rate is same, the increase of the maximum of power leads to the increment of efficiency. 

S5. Materials and their properties 

S5.1. Materials 

The PEDOT: PSS was 5.0wt% conductive screen printable ink, which was labelled as 

OrgaconTM EL-P-5015. It was used directly without any purification. PET monofilament was 

specified that its diameter and fineness was 0.25 mm 600 denier (D), respectively. It was obtained 

from Nantong Ntec Monofilament Technology Company. 

S5.2. Thermoelectric properties of PEDOT: PSS 

In order to measure Seebeck coefficient, thermal conductivity and electrical conductivity, 

PEDOT: PSS was dried in an oven at 90 ℃ for 24 hours before grinding into extremely fine 

powder. The powder was pressed into two pellets for the measurement of TE properties. The 
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diameter was about 13 mm, and the thickness was approximate 1.10 mm and 1.27 mm. SBA 458 

Nemesis measurement Setup (NETZSCH Group, German) was applied to obtain the Seebeck 

coefficient and electrical conductivity in the in-plane direction. The thermal conductivity was 

obtained from a laser flash apparatus (LFA 457 MicroFlash, NETZSCH Group, German). The 

process was conducted in argon gas at atmospheric pressure. The temperature range during the 

measurement process was from 296 K to 420 K. For measuring thermal conductivity, the 

temperature was raised up with 1 K ∙ min−1 before reaching 343 K and then with 3 K ∙ min−1 until 

arriving at 420 K. 

Fig. S5 shows the thermoelectric properties of PEDOT: PSS. Those properties were initially 

measured at 296 K, which were recorded again at 320 K. Then, they were measured when the 

temperature increased every 20 K until to 420 K. Firstly, the line of Seebeck coefficient begins at 

15.03 μV ∙ K−1 and increases to the maximum of 16.83 μV ∙ K−1 at 420 K. Secondly, the initial 

value of electrical conductivity is 641 S ∙ m−1 and the peak is 759 S ∙ m−1 at 400 K. The tendency 

of the electrical conductivity of PEDOT: PSS is similar to the published article [2]. Besides, the 

range of Seebeck coefficient and electrical conductivity is same to the reported work [3]. 

S5.3. TGA of PEDOT: PSS 

The PEDOT: PSS ink was firstly dried in a vacuum oven at 90 ℃ for 24 hrs, in order to 

evaporate part of solvent. Otherwise, the existence of too much solvent would cause inaccuracy in 

the following measurement[4]. Then, thermo-gravimetric analysis (TGA) for the dried PEDOT: 

PSS was completed in nitrogen condition through TGA/DSC 1 STARe System that includes data 

collection and analysis supporting software. The temperature was rose up from 50 ℃ to 700 ℃ at 

rate of 10℃/min. The result of TGA measurement would provide the proper temperature range 
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for the following fabrication process, as shown in Fig. S6. Because the sample has been dried at 

90 ℃ before the measurement, the beginning parts of the curve shows little weight loss when the 

temperature is lower than about 75 ℃. A slight drop of the line occurs around 100℃, which may 

be caused by the evaporation of moisture caught by the PSS[4]. Before the temperature increasing 

to 350 ℃, the rate of weight percentage becomes gradually rapid, as the tangent slope of the curve 

increments. This follows by suddenly falling down at approximately 350 ℃. Such behavior of 

PEDOT: PSS has also been observed in some published articles[4, 5]. When the temperature is 

above 500 ℃, the residual weigh tends to stay at ~30%. Thus, this PEDOT: PSS ink should be 

appropriately applied within 100℃  to prevent its decomposition from the effect of high 

temperature.  

S5.4. Measurement system of electrical potential of 1D FTEGs 

The electrical potential of these 1D FTEGs is measured with the lab-made measurement 

system. This system was composed of three parts: a heat source, a real-time temperature 

measurement apparatus and an output electrical potential measurement apparatus. Whtalent® TEC 

Temperature Control system, the heat source, generated and maintained the high and low 

temperature at 105 ℃ and 20 ℃, respectively. The real-time temperature of hot and cold plates 

was 88 ± 1 ℃ and 22 ± 1 ℃, respectively, which was measured by anbai® Applent AT4516 16-

Channel Temperature Meter with probes fixed on the surface of plates. And the electrical potential 

was displayed with Model 2700 Multimeter/Switch System, a Keithley instrument. 
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S6 Comparison of the performance of single 1D FTEG and its array 

Fig. S9 shows the temperature distribution of the TE layer along the longitudinal direction of 

1D FTEG single and array models. In Fig. S9(a), the slope of the red straight line is determined 

by the thermal conductivity of the TE material, because the heat energy is only transported by the 

conduction. But, when the radiation is considered, the black curve is below the red one. That is, 

under the conduction and radiation, some heat energy is transmitted through the radiative heat 

transfer, except for the conductive heat transfer. Thus, the temperature along the longitudinal 

direction is lower than the case under only conduction. This results in the higher maximum of 

output power under the conduction and radiation condition. Similarly, in Fig. S9(b), the red curve 

is above the black one. But they are in S-shape, which are quite different from their counterparts 

in Fig. S9(a). The conductive heat transfer through the air happens in the 1D FTEG array models, 

which affects the temperature distribution along the longitudinal direction. Compared with Fig. 

S9(a), in Fig. S9(b), the temperature difference between the hot and cold ends is smaller; the 

difference between the red and black curves is less. Thus, the maximum of output power and 

efficiency in the 1D FTEG array is same, under different conditions. 

Table S6 shows the temperature at cold end, maximum of power and maximum of efficiency 

of 1D FTEG single and array models, under two different condition: the conduction and radiation, 

or only the conduction. In the simulation, the cold end temperature under the conduction and 

radiation was obtained from the models, which was a free end. Then, this temperature was set as 

the constant in the models under only conductive heat transfer. Meanwhile, the hot end temperature 

and the emissivity in all cases was 100 ℃ and 0.5, respectively. For the 1D FTEG single model, 

when the temperature at the cold end is same, the maximum of output power should be same. 
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However, in Table S6, it is larger under the conduction and radiation than that under the only 

conduction. This is the result of the different temperature distribution along the longitudinal 

direction (Fig. S9(a)). But for the 1D FTEG array model, although the temperature distribution is 

not overlapped (Fig. S9(b)), the maximum of output power is same under both conditions. The 

reason is the temperature difference between the hot and cold ends is only 15.5 ℃, which is not 

larger enough to cause the significant influence on the power. Besides, for the 1D FTEG single 

model, when the output power is the maximum, the efficiency under the conduction and radiation 

is smaller than that under the only conduction, because some energy is wasted through the radiation 

into the surroundings where the temperature is 25 ℃. However, for the 1D FTEG array model, the 

efficiency is same under different condition. The explanation is that the primary approach to 

transfer the heat energy is the conductive heat transfer through the filament, TE layer, and air (Fig. 

1(d)). Although the radiation causes the temperature at the cold end is lower than that at the hot 

end, a little of energy is transmitted by this method, according to Eqn. (2). Compared the single 

and array model, the efficiency shows the difference in three orders of magnitude. This is the result 

that much energy is transported from the hot to cold ends by the conductive heat transfer through 

the air in the array model. 

S7 Calculation of FTEG device worn on human back 

Suppose the FTEG device is composed of 1D FTEG arrays, which is worn on the back of a 

human torso. According to the results in the Section 3.2, when the control parameter, 𝑐, was equal 

to 1, the power and efficiency of 1D FTEG array was higher than other situations. Thus, in this 

simulation, 𝑐 = 1. The emissivity is set as a constant, 휀 = 0.5. And the external resistance is 

shown in Table S7, which was equal to the internal resistance. The filament radius: 𝑟𝑓 = 12.5 𝜇m. 
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The thickness of TE layer: 𝑑 = 10 𝜇m. Thus, the length of the side of square (as shown in Fig. 

1(d)) can be calculated: 

𝑙 = 2 ∙ (
∆𝑟

2
) + 2 ∙ 2(d + 𝑟𝑓) + ∆𝑟 = 1.35 × 10−2 cm 

Thus, the cross-sectional area can be calculated: 

𝐴𝑐 = 𝑙2 = 1.82 × 10−4 cm2 

The specific maximum of power can be given by: 

(𝑃𝑚𝑎𝑥)𝑠 =
𝑃𝑚𝑎𝑥

𝐴𝑐
 

The maximum of power generated by the human back can be given by: 

(𝑃𝑚𝑎𝑥)ℎ𝑏 = (𝑃𝑚𝑎𝑥)𝑠 × 𝐴ℎ𝑏 

where 𝐴ℎ𝑏 is the area of the human back, 0.208 m2. 

References 

 

[1] Z.L. Ouyang, D.W. Li, Modelling of segmented high-performance thermoelectric generators 

with effects of thermal radiation, electrical and thermal contact resistances, Scientific Reports, 6 

(2016). 

[2] Y. Kim, A.M. Ballantyne, J. Nelson, D.D.C. Bradley, Effects of thickness and thermal 

annealing of the PEDOT:PSS layer on the performance of polymer solar cells, Organic Electronics, 

10 (2009) 205-209. 

[3] S. Hata, T. Omura, K. Oshima, Y. Du, Y. Shiraishi, N. Toshima, Novel Preparation of Poly (3, 

4-ethylene dioxythiophene)-Poly (styrenesulfonate)-Protected Noble Metal Nanoparticles as 

Organic-Inorganic Hybrid Thermoelectric Materials, Bull. Soc. Photogr. Imag. Japan, 27 (2017) 

13-18. 

[4] K. Xu, G. Chen, D. Qiu, Convenient construction of poly(3,4-ethylenedioxythiophene)-

graphene pie-like structure with enhanced thermoelectric performance, Journal of Materials 

Chemistry A, 1 (2013) 12395-12399. 



42 

 

[5] M. Culebras, C.M. Gómez, A. Cantarero, Thermoelectric measurements of 

PEDOT:PSS/expanded graphite composites, Journal of Materials Science, 48 (2013) 2855-2860. 

 



43 

 

Table S1. The properties of TE materials and electrode in the model for studying the influence of 

different structures. 

 
N-type TE 

material 

P-type TE 

material 
Silver 

Seebeck coefficient (μV/K) -195 195 -- 

Electrical conductivity (S/m) 7.41 × 104 7.41 × 104 6.16 × 107 

Thermal conductivity 

(W/m∙K) 
1.4 1.4 429 
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Table S2. Geometric parameters of electrode for the traditional TEGs in different structures. 

Electrode 

geometry 

π-structure S-structure Ⅱ-structure 

up down up down up down perpendicular 

Width (cm) 3 1 3 1 
1.5 (right) 

1 (left) 

1 (right) 

1.6 (left) 
0.1 

Depth (cm) 1 1 

Height (cm) 0.1 1 
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Table S3 Equations of the properties and performance of TEGs in different structures. 

 π-structure S-structure Ⅱ-structure 

Thermal 

conductance, 𝑲 

1

𝜃𝑁 + 2𝜃𝑒
+

1

𝜃𝑃 + 2𝜃𝑒
 

1

𝜃𝑁 + 2𝜃𝑒
+

1

𝜃𝑒𝑚

+
1

𝜃𝑁 + 2𝜃𝑒
 

 

1

𝜃𝑁 + 2𝜃𝑒
+

1

𝜃𝑁 + 2𝜃𝑒
 

Electrical 

potential, ∆𝑼 

 

(𝛼𝑃 − 𝛼𝑁)∆𝑇 2𝛼𝑁∆𝑇 𝛼𝑁∆𝑇 

The maximum of 

power, 𝑷𝒎𝒂𝒙 

 

 

(∆𝑈)2

4(𝑅𝑁 + 𝑅𝑃)
 

(∆𝑈)2

4(2𝑅𝑁)
 

(∆𝑈)2

4(𝑅𝑁/2)
 

Current at the 

maximum power, 

𝑰 

 

 

∆𝑈

2(𝑅𝑁 + 𝑅𝑃)
 

∆𝑈

2𝑅𝑁 + 𝑅𝑒𝑥
 

∆𝑈

𝑅𝑁

2 + 𝑅𝑒𝑥

 

Heat rate flowing 

into the TEG, 𝒒𝒊𝒏 

(𝛼𝑃 − 𝛼𝑁) ∙ 𝑇ℎ ∙ 𝐼
+ 𝐾(𝑇ℎ − 𝑇𝑐)

−
1

2
𝐼2𝑅𝑒𝑥 

(2𝛼𝑁) ∙ 𝑇ℎ ∙ 𝐼
+ 𝐾(𝑇ℎ − 𝑇𝑐)

−
1

2
𝐼2𝑅𝑒𝑥 

 

𝛼𝑁 ∙ 𝑇ℎ ∙ 𝐼
+ 𝐾(𝑇ℎ − 𝑇𝑐)

−
1

2
𝐼2𝑅𝑒𝑥 

 

  



46 

 

Table S4 Calculation results of the performance of TEG in different structures. 

 π-structure S-structure Ⅱ-structure 

Thermal conductance (W/K) 2.80 × 10−2 38.5 × 10−2 2.80 × 10−2 

Electrical potential (V) 39 × 10−3 39 × 10−3 19.5 × 10−3 

The maximum of power (mW) 140.8 140.8 140.8 

Current at the maximum power (A) 7.22 7.22 14.4 

Heat rate flowing into the TEG (W) 3.86 39.55 3.83 

Efficiency at the maximum power 0.0365 0.0036 0.0367 
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Table S5. Thickness and performance of 1D FTEG samples 

Layers 4 6 8 10 15 

Thickness (mm) 
0.07625 

±0.00236 

0.10190 

±0.00000 

0.12212 

±0.00188 

0.13867 

±0.00243 

0.18027 

±0.00428 

Electrical potential 

(mV) 
0.99±0.01 1.07±0.02 1.02±0.03 1.02±0.01 0.96±0.02 

Internal resistance 

(𝛀) 
762 526 416 349 244 

Experimental 

maximum output 

power (nW) 

0.322 0.545 0.625 0.745 0.945 

Numerical 

maximum output 

power (nW) 

0.341 0.495 0.625 0.745 1.070 
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Table S6. Temperature at cold end (𝑇𝑐), the maximum of power (𝑃𝑚𝑎𝑥) and the maximum of 

efficiency (𝜂𝑚𝑎𝑥) of 1D FTEG single and array models under different condition: conduction and 

radiation, or only conduction. 

 1D FTEG single model 1D FTEG array model 

 

Conduction and 

radiation 

Only 

conduction 

Conduction and 

radiation 

Only 

conduction 

𝑻𝒄 (℃) 66.6 84.5 

𝑷𝒎𝒂𝒙 (𝐧𝐖) 42.3 41.1 36.6 36.6 

𝜼𝒎𝒂𝒙 (𝟏) 1.47 × 10−3 3.45 × 10−3 2.03 × 10−6 2.03 × 10−6 
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Table S7. External resistance connected with the 1D FTEG array of different TE materials 

 Bi2Te3 rGO Ag2Se 
NDI-

10/90%SWCNT 
TiS2[(HA)0.08(H2O)0.22(DMSO)0.03 

External 

resistance 

(Ω) 

29.6 15.7 4.6 2.5 2.9 
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Fig. S4 (a) Schematic of heat transfer in a single 1D FTEG. (b) Equivalent electric circuits. 

(a) (b) 
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Fig. S2 The influence of TCR on: (a) ~ (c) the temperature distribution along 1D FTEG; (d) the 

output power and efficiency. The influence of ECR on: (e) the temperature distribution along 1D 

FTEG; (f) the output power and efficiency. 
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Fig. S3 Schematic, the equivalent circuit of TEG with external resistance and the thermal resistance 

circuit: (a), (b) and (c) TEG in π-structure; (d), (e) and (f) TEG in S-structure; (g), (h) and (i) TEG 

in Ⅱ-structure. 
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Fig. S4 The maximum of power of 1D FTEG under only conduction situation. (L is the length of 

the TE layer) 
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Fig. S5 Properties of the utilized PEDOT: PSS. 
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Fig. S6 TGA of the dried PEDOT: PSS 
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Fig. S7 The relationship between the temperature and the thickness of TE layers. 
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Fig. S8 The temperature at free end for the single 1D FTEG with the fiber radius of 12.5 µm, the 

length and thickness of TE layer is 1 mm and 10 µm, respectively. 
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Fig. S9 Temperature distribution of the TE layer along the longitudinal direction of 1D FTEG 

models: (a) single; (b) array 
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