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Abstract 

In this paper, we review recent advances in the development of flexible thermoelectric materials 

and devices for wearable human body-heat energy harvesting applications. We identify various 

emerging applications such as specialized medical sensors where wearable thermoelectric 

generators can have advantages over other energy sources. To meet the performance 

requirements for these applications, we provide detailed design guides regarding the material 

properties, device dimensions, and gap fillers by performing realistic device simulations with 

important parasitic losses taken into account. For this, we review recently emerging flexible 

thermoelectric materials suited for wearable applications, such as polymer-based materials and 

screen-printed paste-type inorganic materials. A few examples among these materials are 

selected for thermoelectric device simulations in order to find optimal design parameters for 

wearable applications. Finally we discuss the feasibility of scalable and cost-effective 

manufacturing of thermoelectric energy harvesting devices with desired dimensions.    

  

                                                           
1 E-mail: bahkjg@uc.edu, currently at Dept. of Mechanical and Materials Engineering, and Dept. of 
Electrical Engineering and Computer Systems, University of Cincinnati, Cincinnati, OH 45221, U.S.A.  
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Introduction 

Despite the explosive growth of wearable electronics and sensors on the market in recent 

years, most of the wearable devices are still powered by batteries that are subject to frequent 

recharging and replacement.[1,2] Often these devices require energy autonomy for an extended 

service time without the need for the user’s intervention. Examples include preventive healthcare 

for elderly people with wearable medical sensors that monitor the wearer’s physiological 

parameters.[3] These medical sensors need to be preferentially wireless, and operational during 

the patient’s daily activities for a long time up to many years without maintenance or the doctor’s 

direct assistance.  

One possible solution for powering these wearable devices without a battery is to harvest 

energy from human body to generate electricity using a thermoelectric generator. A 

thermoelectric generator (TEG) is a solid-state device that can convert heat into electricity.[4] 

When a TEG is attached directly onto the skin, heat from the human body flows through the 

TEG due to the temperature difference between the skin and the ambient. This heat flow, or the 

temperature gradient, creates a voltage in the TEG by the Seebeck effect [5], which performs 

useful work when connected to an external circuit.  

Although heat dissipation from a human body largely vary depending on the body location 

and surrounding conditions, typically heat flow available from the skin under indoor sedentary 

conditions is 1 ~ 10 mW/cm2 on the average at 22 °C ambient temperature, and a higher heat 

flow of 10 ~ 20 mW/cm2 is possible on the wrist, where the heat-carrying radial artery is located 

near the skin.[6,7] However, the power densities generated by the TEGs made of state-of-the-art 

Bi2Te3-based inorganic materials have been reported to be less than 60 µW/cm2 under indoor 

conditions.[6-11] The limited power densities were mainly due to the low efficiency of the 

Page 2 of 44Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



3 

 

materials used and the technical difficulties in device manufacturing. Furthermore, the non-

flexibility of the inorganic materials and the expensive and non-scalable manufacturing 

techniques have been major limiting factors for the thermoelectric energy harvesting devices to 

scale up in size, and increase the power generated. 

Hence, there have recently been great interests in synthesizing flexible thermoelectric 

materials with scalable approaches for wearable energy harvesting applications. A high 

efficiency thermoelectric material needs to be electrically highly conductive while thermally 

poorly conductive, as represented in the material figure of merit, ZT = S
2
σT/κ, where S is the 

Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature, and κ the is 

thermal conductivity. The factor S
2
σ in the numerator is called the power factor. Recently, 

conjugated polymers have been intensely studied for thermoelectric energy conversion because 

of their intrinsically low thermal conductivities, easy doping to achieve very high electrical 

conductivities, as well as their own advantages such as flexibility, material abundance, light-

weight, and solution processability.[12,13] Although their ZT values are still lower than those of 

the inorganic thermoelectric materials (ZT~1), there have been significant enhancements in 

recent years in the thermoelectric performances of organic semiconductors. ZT = 0.2~0.4 have 

been recently reported for poly(3,4-ethylenedioxythiophene) (PEDOT) polymer system.[14,15] 

Polymer-based nanocomposites with carbon nanotubes[16,17] and inorganic nano-

structures[18,19] also showed enhanced power factors. On the other hand, there have been 

efforts to synthesize paste-type inorganic materials to make them flexible and screen-

printable.[20,21] 

In this paper, we first review the recent development of wearable thermoelectric generators, 

and discuss potential applications of these TEGs such as healthcare monitoring. Then we review 
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recent flexible thermoelectric materials and the physics behind the ZT enhancement in these 

materials with discussion on charge transport mechanisms. With selected material properties, 

device simulations are performed to optimize both the output voltage and power with device 

dimensions and material properties. Finally, we discuss the important recent advances in polymer 

material deposition and patterning techniques that can be useful for cost-effective and scalable 

manufacturing of flexible wearable thermoelectric devices. 

 

Devices and applications 

Earlier works pioneered by IMEC, Belgium, on the development of thermoelectric energy 

harvesting devices in the past decade have successfully demonstrated the practicality of hundreds 

of microwatt-level power generation from human body heat.[6-11,22,23] Their first wearable 

TEGs were fabricated in 2004 to be equipped on the wrist and serve as a power supply for a low-

power wireless sensor.[6] A ~250 µW power was generated from the TEG at an ambient 

temperature 22 °C, but only a 40 % of the generated power (100 µW) was transferred to the 

sensor node due to the low efficiency of the voltage boost converter. In 2005~2006, watch-sized 

(6 cm2 hot side plate with ~ 10 cm2 heat sink) TEGs were fabricated to produce 200 ~ 300 µW 

with a output voltage ~1.0 V.[8] The power was increased to 500 ~ 700 µW when the wearer 

walked slowly outdoors due to the forced air convection on a walking person. In these TEGs, 

thousands of Bi2Te3 elements of 200 × 200 µm2 in cross-sectional area were used to create 4-

stages of thermoelectric legs with total 7 mm thickness, in order to maintain a sufficiently large 

temperature gradient across the TEG and a high open-circuit voltage. Also, a relatively bulky fin 

heat sink was used to enhance the natural air convection heat transfer at the cold side.[8,9]. This 
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shows how important and difficult keeping a sufficiently large temperature difference across TE 

elements with an unobtrusive heat sink for a thermoelectric body heat harvester is.  

Later, TEGs were used as a wearable power supply for a pulse oximeter on a finger.[24] The 

TEG generated power (~ 100 µW) enough to operate the pulse oximeter with an measurement 

update every 15 s, which consumed ~ 60 µW. About a half of the consumed power was used for 

the signal processing, and ~ 20 µW was consumed by two LEDs, and only 3 µW for the radio 

transmission since the signal processing was performed on-board to minimize the amount of data 

transmitted. A two-channel electroencephalography (EEG) system was powered by TEGs.[25] 

Since the power consumption was much higher (0.8 mW), total 10 units of TEGs were used to 

increase the surface area contacting the forehead of the wearer (~ 64 cm2) with 1~1.3 cm thick 

elements in each. The measured power at 22 °C ambient was about 2.5 mW, resulting in a 30 

µW/cm2 power density. Thin, light weight, modular TEGs were integrated in a patient’s clothing 

to perform an electrocardiography (ECG) monitoring.[6] Total fourteen TEGs of 3 × 4 cm2 in 

size and 6.5 mm in thickness each were distributed in an office shirt to generate total 0.8 ~ 1 mW 

with 1 V load-matching during the wearer’s office activities while he ECG system consumed 

0.44~ 0.5 mW. Unlike the previous pulse oximeter and EEG system, this ECG system had a 

secondary battery that was constantly recharged during the operation to compensate the irregular 

power generation from the distributed TEGs. Later, 16 TEGs of 8 × 9 mm2 area and 5 mm 

thickness each (with a hot plate of 3 cm diameter and a cold plate of 4 × 3 cm2 area and 1 mm 

thickness for each TEG) were integrated in a shirt on the front side of the body, and successfully 

generated 0.5 ~ 5 mW at ambient temperature of 27 ~ 15 °C, respectively during usual office 

activities.[11]  
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If the thermoelectric generator is flexible, so it can be bent, and conformally wrapped onto 

the curved skin surface, then the TEG may be able to utilize a much larger amount of body heat 

from the enhanced contact with the skin over a larger surface area to generate more power. In 

principle, both output power and voltage are proportional to the surface area of a TEG. Increased 

output voltage can eliminate the necessity of a boost converter. Also, distributed weight over a 

larger area can enhance user comfort. Fig. 1 shows several types of wearable sensor devices that 

are powered by flexible thermoelectric energy harvesters. A number of small light-weight 

medical sensors can be distributed on a patient’s body with wireless communications to form a 

wireless body area network (WBAN).[26,27] These devices are capable of performing health 

monitoring activities such as EEG, ECG, and other vital signs reading at various locations on the 

wearer’s body.[3] The collected data are transmitted via short-range wireless communication 

protocols such as Bluetooth, ANT, or Zigbee, and collected by a personal server at a short 

distance such as a cell phone, which in turn sends out the collected patient’s data through the 

internet or a secure long-distance network to the health service provider for real-time health 

monitoring. The short-range wireless communication technologies provide efficient, ultra-low 

power consumption suitable for energy harvesting devices. For example, an experiment showed 

that Bluetooth Low Energy (BLE) consumes less than 35 µW at 3.3 V supply under 120 s 

transmission intervals.[28]  

The physiological and physical parameters that can be non-invasively monitored by wearable 

sensors for preventive healthcare include blood pressure[29], respiration rate[30], oxygen 

saturation (heart rate, pulse oximetry)[24,31], body temperature, and sleep period 

(actigraphy)[32]. In addition, an adhesive bandage-type wearable sensor for monitoring 

electrolytes in the wearer’s sweat has been recently developed using a battery-free passive radio-
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frequency identification (RFID) and paper microfluidics technologies.[33] Hydration, and heat-

stress monitoring by sensing electrolytes such as Na+ and K+ in sweat are possible with the 

bandage type device.  

Technological advances in integrated circuits, wireless communications, and medical sensors 

have enabled miniaturized, light weight, ultra-low power, and wearable health monitoring 

devices. Recently, an ultra-low TEG-powered body sensor node SoC (system on a chip) has been 

fabricated in a commercial 130 nm CMOS technology for ECG, EEG, and EMG 

(electromyogram) applications.[34] This SoC integrates low-voltage boost converter, dynamic 

power management circuits, reconfigurable bio-signal processing units, and RF transmitter in a 

2.5 x 3.3 mm2 size chip. Only a 19 µW power is consumed by the chip for 0.013 % transmission 

duty cycle with 14 µA current at 1.35 V. A commercially available TEG generating ~ 60 µW 

with 30 mV output voltage was sufficient to power this sensor node without a battery. The low 

voltage from the TEG was converted up to 1.35 V by an efficient low-voltage boost converter 

with an efficiency 38 % for the chip operation.[35] This boost converter demonstrates very high 

up-conversion efficiency greater than 60 % for input voltage as low as 50 mV and input power as 

low as 10 µW, thus well suited for low-power energy harvesting devices.  

Watkins et al.[36] suggested the use of a TEG with 70 µW or higher power for a very small 

temperature differences of 0.3 ~ 1.5 °C in implanted medical devices such as pacemakers and 

defibrillators to avoid additional surgery needed to replace batteries in these devices. 

Chandrakasan et al.[37] suggested to scale down supply voltages to 0.5 V or below for micro-

power systems utilizing low-power energy harvesting technologies and discussed design 

challenges for the systems. Mateu et al.[38] generated about 2 mW power using a TEG under 
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human body heat conditions and designed a power management circuit to power a wireless 

communication module.  

For fabrication of flexible TEGs, Weber et al.[39] sputtered thermoelectric thin films through 

a shadow mask on a 1.8 m-long flexible polyimide foil substrate to form 900 pairs of transverse 

TE elements, and coiled up the polyimide stripe to make a coin-size TEG. By rolling up such a 

long stripe with a large number of TE elements, a voltage higher than 0.8 V was achieved for a 

small temperature difference like 5 °C in the transverse direction. Kim et al.[20] printed paste-

type thermoelectric materials within holes in a polymer fabric using dispenser printing method, 

and used silver-plated conductive fibers as electrodes connecting TE elements to fabricate highly 

flexible wearable TEGs. This TEG generated a 178 nW power in ambient temperature of 5 °C 

when worn on a human chest at 32 °C. More recently, Kim et al.[21] screen-printed paste-type n-

type Bi2Te3 and p-type Sb2Te3 materials (~ 500 µm thick) on a glass fabric to fabricate wearable 

TEGs. Similarly screen-printed flexible Cu electrodes were bonded onto the TE materials with 

PDMS elastic polymer as a gap-filling material. A 3 µW power was generated from a small 

band-shape TEG made up of 11 TE element pairs on human skin at an ambient temperature 

15 °C. The power level is expected to scale up with device size.     

 

Flexible thermoelectric materials 

Since the early boom of thermoelectrics research in 1950 ~ 1960s for applications in cooling 

and space missions, advance in thermoelectric materials development had been slow and the 

state-of-the-art figure of merit ZT had remained around unity until recently because the 

constituting properties in ZT are mutually coupled, i.e. there is a trade-off between the electrical 

conductivity and the Seebeck coefficient in most materials.[40] Over the past few decades, nano-
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engineering approaches to conventional inorganic thermoelectric materials have enabled great 

enhancements in ZT. A ZT ~ 2.2 at ~ 900 K has been reported recently for the spark plasma 

sintered Na-doped PbTe:SrTe.[41] The ZT enhancement was attributed to the all-scale 

hierarchical material structures from nano- to mesoscale that scattered a broad range of phonon 

mean free paths to significantly reduce the lattice thermal conductivity to ~ 0.5 W m-1 K-1. More 

recently, the single-crystal SnSe has been reported to have a ZT ~ 2.6 at 923 K in a 

crystallographic direction (b-axis) with the ultra-low lattice thermal conductivity in that axis ~ 

0.25 W m-1 K-1.[42] However, later a theoretical study[43] and experimental results on the 

polycrystalline SnSe[44,45] showed that the lattice thermal conductivity could be higher than the 

reported value in Ref. [42], prompting further studies. Skutterudites and clathrates also show 

high ZT values above unity with inherently low thermal conductivities at mid-temperature range 

between 600 ~ 900 K.[46,47]   

In the low temperature range near room temperature suitable for wearable applications, 

Bi2Te3-based inorganic materials remain the state-of-the-art thermoelectrics with high ZT values. 

The nanostructured p-type Bi0.5Sb1.5Te3 showed a ZT ~ 1.4 at 100 °C due to the reduced thermal 

conductivity below 1.0 W m-1 K-1 by extensive phonon scattering at interfaces, with inherently 

high power factor on the order of 4,000 µW m-1 K-2.[48] For an n-type material, Bi2Te3 alloy 

with Se (Bi2Se0.3Te2.7) showed a ZT ~ 1.0 at 125 °C.[49] At room temperature, these ZT values of 

both the p-type and n-type Bi2Te3 alloys slightly decreased to 1.0 and 0.8, respectively, mainly 

due to the increased lattice thermal conductivities. Previously, the Bi2Te3/Sb2Te3 superlattices[50] 

and PbTe/PbTeSe nano-dot superlattices[51] were reported to show ZT ~ 2.4 and 1.6, 

respectively, in the cross-plane direction at room temperature, but these values have not been 
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reproduced to our best knowledge.[52] Furthermore, they were grown by the expensive epitaxial 

growth techniques that are not scalable to large-scale manufacturing. 

All these aforementioned TE materials with high ZTs are inorganic semiconductors, and thus 

are not flexible nor highly cost-effective to manufacture. Recently, great attention has been 

attracted to polymer-based thermoelectric materials because of their unique advantages such as 

mechanical flexibility, light weight, low-cost synthesis, and solution processability. In addition, 

their thermal conductivities are typically very low due to the highly disordered structures, which 

is desirable for thermoelectric applications. However, they have typically much lower power 

factors than those of inorganic TE materials, which has been the main reason that the conjugated 

polymers have not been thoroughly studied for thermoelectrics thus far. Doping mechanisms, 

particularly for p-type, have been relatively much studied recently for various applications such 

as organic solar cells and organic light emitting diodes.[53,54] Electrical conductivities as high 

as one thousand S cm-1 or even higher have been easily achieved by oxidizing (p-type) or 

reducing (n-type) the backbone polymer chains, and maintaining relatively high mobility with 

high crystallinity or disordered aggregates with sufficiently large molecular weight.[55] Low 

Seebeck coefficient is the major factor limiting the power factors, and thus ZT of conjugated 

polymers. 

 Over the past few years, there have been significant improvements in the thermoelectric 

figure of merit of conjugated polymer-based materials. Bubnova et al.[14] optimized the 

oxidation level of poly(3,4-ethylenedioxythiophene) with tosylate (PEDOT:Tos) using a 

reduction agent to achieve a large power factor ~ 320 µW m-1 K-2, which is about an order of 

magnitude greater than that of freshly polymerized PEDOT:Tos, although it is still much lower 

than those of the state-of-the-art Bi2Te3-based inorganic materials ~ 4000 µW m-1 K-2. As a result, 
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ZT ~ 0.25 was achieved with the estimated thermal conductivity ~ 0.37 W m-1 K-1. In 2013, Kim 

et al.[15] dedoped p-type PEDOT with polystyrene sulfonate (PSS) in a way to minimize the 

counter ion volume by partially removing unionized counter ions, which do not contribute to the 

charge density, but adversely reduce charge carrier mobility. Thus, a very high electrical 

conductivity ~ 900 S cm-1 and a reasonably high Seebeck coefficient ~ 72 µV K-1 were 

simultaneously achieved to result in a very high power factor ~ 460 µW m-1 K-2. Along with the 

in-plane thermal conductivity ~ 0.34 W m-1 K-1, this power factor makes ZT ~ 0.4 at room 

temperature, which is the highest value for organic materials up to date.  

However, very recently Weathers et al.[56] found that unlike the results reported in Ref. [15], 

the electronic thermal conductivity could be significant, even beyond the values predicted by the 

Wiedemann-Franz relation, in those PEDOT:PSS samples where the electrical conductivity was 

larger than ~100 S cm-1. As a result, the total thermal conductivity was found to be as high as 1.5 

W m-1 K-1 for the PEDOT:PSS samples that have electrical conductivity ~ 500 S cm-1. Weather 

et al.[56] pointed out that the electrical conductivity and the thermal conductivity were measured 

from two different sets of samples in Ref. [15], which could have resulted in a large uncertainty 

in the ZT value. Liu et al.[57] independently measured the in-plane thermal conductivity of 

PEDOT:PSS using time-domain thermoreflectance (TDTR) to find that the anisotropy in thermal 

conductivity can be very large as 1:0.3 (in-plane:cross-plane) when the electrical conductivity is 

higher than 500 S cm-1, due to the significant electronic contribution in the in-plane thermal 

conductivity, qualitatively agreeing with Weather et al.[56]. Typically measurement of in-plane 

thermal conductivity of organic materials is very difficult because the substrate contribution must 

be removed. For this, the variable-width 3ω method[58] is usually used as in Kim et al.[15], 

where two heater lines with a large width contrast are measured to isolate the contribution from 
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the in-plane thermal conduction. Another method is to remove the substrate and have the thin 

film suspended between two membranes to directly measure the in-plane thermal conductivity as 

in Ref. [56]. When the organic film to be measured can be vertically embedded in a template, the 

TDTR method can be used to measure the in-plane thermal conductivity as in Ref. [57]. 

Recently, Bubnova et al.[59] reported a very high power factor ~ 450 µW m-1 K-2 with the 

electrical conductivity as high as 1,500 S cm-1 and the Seebeck coefficient ~ 55 µV K-1 for 

PEDOT:Tos. The authors claimed that due to the high crystallinity in this polymer, a bipolaron 

band was created and overlapped with the valence band to form a semi-metallic band structure, 

which breaks the trade-off between the electrical conductivity and the Seebeck coefficient, and 

enhances the two quantities simultaneously. Although further study might be necessary to 

confirm the detailed band structure with the Fermi level position, bipolar transport effects and so 

on, it is evident from this paper that the slope of the density of states with respect to the carrier 

energy around the Fermi level have been increased, which was responsible for the high Seebeck 

coefficients. On the contrary, they also independently measured PEDOT:PSS with varying 

doping level, but could not achieve the Seebeck coefficient higher than ~ 20 µV K-1 for 

PEDOT:PSS, in contrast to the high values > 70 µV K-1 reported in Ref. [15].   

There have been many other reports in recent years on the enhanced power factors for 

polymer-based materials both p-type and n-type as well as inorganic-based paste-type printable 

materials. Fig. 2 summarizes the electrical conductivity, Seebeck coefficient, and power factor of 

the recent key flexible thermoelectric materials. For comparison, the properties of the best bulk 

Bi2Te3 alloys[48,49] are also shown in the figure. Aïch et al.[60] studied a series of p-type 

poly(2,7-carbazole) derivatives and reported a maximum power factor of 19 µW m-1 K-2 with 

electrical conductivity 160 S cm-1 and Seebeck coefficient 34 µV K-1 for PCDTBT. In 2010, the 
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Yu team reported an enhanced power factor (~ 25 µW m-1 K-2, σ ~ 400 S cm-1, S ~ 25 µV K-1) 

for p-type PEDOT:PSS with carbon nanotubes (CNTs) filling the space between polymer 

particles to enhance the electrical conductivity.[16] Later the same team further optimized 

PEDOT:PSS with CNTs and enhanced the power factor to ~ 160 µW m-1 K-2 with both enhanced 

σ ~ 1,000 S cm-1, and S ~ 40 µV K-1.[61] Culebras et al.[62] synthesized PEDOT doped with 

bis(trifluoromethylsulfonyl)imide (BTFMSI) via electrochemical deposition to achieve a 

maximum power factor ~ 150 µW m-1 K-2 (σ ~ 1,100 S cm-1, S ~ 37 µV K-1). 

In order to enhance the low Seebeck coefficients of organic semiconductors, hybrid 

nanocomposites with inorganic TE materials have been synthesized. Zhang et al.[63] drop-casted 

PEDOT:PSS on top of each n-type and p-type Bi2Te3 film made of ball-milled nanopowders to 

achieve enhancements in the effective power factors for both types: ~ 130 µW m-1 K-2 (σ ~ 60 S 

cm-1, S ~ 150 µV K-1) for p-type, and ~ 86 µW m-1 K-2 (σ ~ 60 S cm-1, S ~ –120 µV K-1) for n-

type. Although the PEDOT:PSS matrix was p-type, the influence of the n-type Bi2Te3 film was 

significant enough to change the carrier type overall and achieve relatively large magnitudes of 

n-type Seebeck coefficients. They also tried to stir Bi2Te3 nanopowders in PEDOT:PSS solution 

to disperse the nanoparticles in the polymer matrix, but the film was easily delaminated due to 

the large hydrophilic surface area of the Bi2Te3 particles. Also, it was important to remove native 

oxide on Bi2Te3 particles before the drop-cast by dipping in diluted HCl in order to maintain the 

high power factor. See et al.[18] synthesized p-type Te nanorods-based nanocrystal films coated 

with PEDOT:PSS using solution-processing. An average power factor ~ 50 µW m-1 K-2 with σ ~ 

19 S cm-1, and S ~ 160 µV K-1 has been achieved for this hybrid nanocrystal. With the ultra-low 

thermal conductivity around 0.22 ~ 0.3 W m-1 K-1, a ZT ~ 0.1 was achieved. Du et al.[19] 

incorporated varying contents of exfoliated Bi2Te3 nanosheets into PEDOT:PSS to optimize the 
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power factor up to ~ 30 µW m-1 K-2.  Recently, Wang et al.[17] reported highly flexible 

polyaniline (PANI) composites with double-walled carbon nanotubes (DWCNTs) to have a very 

high optimal power factor ~ 220 µW m-1 K-2 with σ ~ 610 S cm-1, and S ~ 60 µV K-1 with 30 wt. % 

DWCNTs. This power factor value was more than two orders of magnitude higher than that of 

PANI doped with camphorsulfonic acid (CSA) without carbon nanotubes. The mobility of 

PANI-CSA was greatly enhanced from 0.15 to 7.3 cm2 V-1 s-1 by about 50 times with the 

addition of DWCNTs while the carrier concentration was dropped by a factor of four only.  

For n-type organic materials, there have been a less, but increasing, number of reports on 

their thermoelectric properties than p-type materials mainly due to the difficulties in n-type 

doping of organic semiconductors. In 1993, Wang et al.[64] studied potassium-doped n-type 

fullerenes KxC70 and found that K4C70 showed σ ~ 550 S cm-1, and S ~ –22 µV K-1 at room 

temperature, which resulted in a power factor ~ 26 µW m-1 K-2. Menke et al.[65] reported the 

maximum power factor of ~ 12 µW m-1 K-2 for fullerenes C60 doped with Cr2(hpp)4. In 2012, 

Sun et al.[66] investigated both n-type and p-type polymers containing 1,1,2,2-ethenetetrathiolate 

(ett), poly[Ax(M-ett)], and found that poly[Kx(Ni-ett)] showed the maximum n-type power factor 

~ 60 µW m-1 K-2 with σ ~ 40 S cm-1, and S ~ –120 µV K-1 , while poly[Cux(Cu-ett)] showed the 

maximum p-type power factor ~ 6.5 µW m-1 K-2 with σ ~ 10 S cm-1, and S ~ 80 µV K-1 at room 

temperature. However these polymers were not solution-processable. Schlitz et al.[67] studied a 

high-electron mobility, soluble, and air-stable n-type polymer, poly{N,N′-bis(2octyl-dodecyl)-

1,4,5,8-napthalenedicarboximide-2,6-diyl]-alt5,5′-(2,2′-bithiophene)} (P(NDIOD-T2)) doped by 

dihydro-1H-benzoimidazol-2-yl (N-DBI) derivatives, to find that the electrical conductivity was 

limited below 10-2 S cm-1 by the dopant solubility, while the Seebeck coefficient was as high as – 

850 µV K-1 to achieve the maximum power factor around 0.2~ 0.6 µW m-1 K-2. Recently, Kim et 
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al.[68] reduced the carbon nanotubes films, which were originally p-type after exposed to air, 

using multiple agents, polyethylenimine (PEI) and diethylenetriamine (DETA), and subsequently 

using NaBH4 to make the films n-type. A maximum power factor ~ 38 µW m-1 K-2 with σ ~ 52 S 

cm-1, and S ~ –86 µV K-1 was obtained for the reduced CNT films with transport optimization at 

room temperature. The solution-processed n-type FBDPPV doped with ((4-(1,3-dimethyl-2,3-

dihydro-1Hbenzoimidazol-2-yl)phenyl)dimethylamine) (N-DMBI) showed high electron 

mobility and high doping efficiency to achieve the electrical conductivity ~ 14 S cm-1, and the 

power factor ~ 28 µW m-1 K-2.[69] 

 Recently the hybrid superlattices of alternating inorganic TiS2 monolayers and organic 

[(hexylammonium)x(H2O)y(DMSO)z] layers showed a very high power factor ~ 450 µW m-1 K-2 

with σ ~ 790 S cm-1, and S ~ –78 µV K-1
 at room temperature.[70] Extra electrons were injected 

into TiS2 layers due to the non-stoichiometry occurred during the single-crystal growth, and 

stabilized by the intercalated organic cations, providing high conductivity in-plane n-type 

transport. The in-plane thermal conductivity was also measured to be extremely low ~ 0.12 W m-

1 K-1, so that a ZT ~ 0.28 has been achieved at room temperature, which is comparable to those of 

the best p-type organic semiconductors based on PEDOT.  

In addition, there have been efforts to synthesize inorganic materials as paste-type so they 

can be printed on a flexible substrate while maintaining their high power factors. Kim et al.[20] 

mixed the Bi2Te3-based powders in a ceramic binder to make both p-type and n-type TE 

material pastes and printed 500 µm thick and 10 mm diameter TE elements on a flexible 

polyethylene terephthalate (PET) substrate using the dispenser printing method. The B. J. Cho 

team synthesized both n-type Bi2Te3 and p-type Sb2Te3 pastes that are screen-printable on a glass 

fabric.[71,72,21] Element powders in a desired atomic ratio were mixed together with a glass 
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powder and a binder in solvent in the ball miller for 24 hrs. The glass powder was added to 

increase adhesion to the glass fabric, and the binder to maintain sufficient viscosity of the pastes. 

Using these paste-type inorganic materials, both n-type and p-type TE elements of 500 µm 

thickness were successfully screen printed on a glass fabric to fabricate highly flexible and light-

weight (~ 0.13 g cm-2) TEGs for wearable applications.[21] The printed n-type Bi2Te3 paste 

showed a power factor ~ 1,200 µW m-1 K-2 with σ ~ 600 S cm-1, and S ~ –140 µV K-1, and the p-

type Sb2Te3 showed a similar power factor ~ 1,200 µW m-1 K-2 with σ ~ 1300 S cm-1, and S ~ 95 

µV K-1. These power factors are lower than those of the bulk-grown inorganic counterparts by a 

factor of 3~ 4, but still much higher than those of the best polymer-based TE materials discussed 

earlier as shown in Fig. 2. The thermal conductivities were measured to be 1.0 and 1.3 W m-1 K-1 

for the n-type and p-type pastes, respectively, which resulted in ZT ~ 0.3 for both materials. 

  

Device optimization 

Fig. 3 shows a schematic of a thermoelectric energy harvester made of multiple n-type and p-

type elements, and the thermal and electric circuit models used for device simulation. Total N 

pairs of n- and p-type elements are connected electrically in series, so that the voltages induced 

in each element are all added up to apply a sufficiently large voltage to the load (external circuit). 

Since the temperature inside the body (~ 37 °C) is higher than the ambient temperature (~ 22 °C), 

heat Q flows by conduction from inside the body, through the skin to the top side of the TEG, 

where the TEG hot-side substrate is in contact with the skin, and then through the TEG to the 

bottom, where a heat sink dissipates the remaining heat to the ambient. When it flows through 

the TEG, the heat is converted into electricity to do useful work at the load. The ratio between 
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the work done at the load divided by the heat input Q is the efficiency of the TEG, which is 

typically 0.1 ~ 0.5 % for a good TEG made of the state-of-the-art materials. 

One can optimize the power and voltage output of a TEG for given material properties and 

environmental conditions by adequately designing the TE element dimensions, i.e. the cross-

sectional area, thickness, and the fill factor F (0<F<1), which is the fractional area coverage of 

the TE element. According to Yazawa et al.[73], a smaller fill factor lower the optimum 

thickness for maximum power output. The odd fraction (1-F) inside the TEG module that are not 

covered by TE elements needs to be filled with another material called the gap filler for 

mechanical support and material encapsulation, especially when the fill factor is very small (<< 

1). There can be radiative thermal cross talk between the interim walls of the hot and cold side 

substrates, as well as conductive heat transport across the air gap if the space is not filled.[74] 

Since heat still can flow through the gap filler from hot side to cold as modeled as a parallel 

thermal resistance ψfiller in the thermal circuit model in Fig. 3(b), the gap filler must be a good 

thermal insulator to minimize the parasitic conduction heat loss. Silica aerogel is an excellent 

candidate for a gap-filler material, having extremely low thermal conductivity close to that of air 

(~0.03 W m-1 K-1) and light weight, castable into a wide range of sizes, and capable of 

suppressing convection with its porous structure.[75] 

In steady-state, all the heat input and output are balanced off at each node of the thermal 

circuit, i.e. at the two ends of a TE element as shown in Fig. 3(b). When a TEG operates and 

generates electricity allowing electric current to flow through the circuit, Joule heating occurs 

inside the TE elements, at the contacts between TE elements and electrodes due to the finite 

contact resistance, as well as inside the electrodes. The Joule heating contribution from 

electrodes  is typically much less than the Joule heating in the TE elements.[76] Also, we 
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assumed the contact resistance on the order of 10-5 ~ 10-6 Ohm cm2, which also turns out to be 

much smaller than the resistances of TE elements for the cross-sectional areas used in the 

simulations. The Joule heating occurring inside a TE element is divided equally to the both 

directions of the TE element, i.e. QJ,c = QJ,h = ½(I2
R) in Fig. 3(b), where R is the electrical 

resistance of the TE element, and I is the current. This discrete weighting of the volume heating 

exactly matches the fully distributed modeling as far as the condition is steady state and the 

material of the TE element is uniform. 

In addition, Peltier effect occurs at each node, either cooling or heating the junction 

depending on the current direction, i.e. QP = ∆STI, where ∆S is the Seebeck coefficient 

difference between the TE element and the electrode making junction at the node, T is the 

temperature at the node. During power generation, the hot side end of a TE element is always 

cooled by the Peltier effect, while the other cold end is heated. Hence, these Peltier effects 

slightly reduce the temperature difference across the TE element. Usually these terminal effects 

are small because the heat conduction is dominant over the Peltier and Joule terms at the 

maximum power output condition. Nonetheless, these Peltier and Joule terms create coupling 

between the thermal circuit and the electric circuit, so the two circuits must be solved 

simultaneously to find the temperatures at the nodes and the current I. Due to the coupling, it is 

important to co-optimize the thermal and electrical impedances of the system to achieve 

maximum power output.[73] At the optimal design, ∆T applied across the TE elements becomes 

approximately a half of the total ∆Ttotal (= Ts – Ta) for smaller ZT materials, i.e. ZT < 1.   

The TE device simulation tool used in this paper has been published online at nanohub.org 

for public use.[77] This simulation tool is capable of simulating a TEG system with temperature-

dependent TE material properties, which involves iterative one-dimensional finite element 

Page 18 of 44Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



19 

 

simulations to numerically solve for the temperature profile across TE elements. In wearable 

applications, however, the temperature difference applied to TE elements is small, only a few 

degrees, so that the assumption of temperature-independent material properties is still reasonable. 

On the other hand, temperature-dependency of material properties must be taken into account in 

general cases of waste heat recovery applications, where a large temperature difference, 100 ~ 

200 °C or even larger, can be commonly applied across the TE elements. 

There have been several reports about the thermal resistance per unit area of human body on 

various body locations.[7, 11, 78, 79] Basically body thermal resistance varies widely depending 

on the location on the body. For example, one of the lowest thermal resistance is measured on 

the radial artery on the wrist to be ~ 150 cm2 K W-1, and it is much higher to be ~ 300 cm2 K W-1 

on the anterior leg. In addition, these thermal resistance values are a function of heat flux on the 

location, decreasing with increasing heat flux[11], which means that when a TEG is equipped on 

that body location, the body thermal resistance reduces because the TEG enhances heat 

conduction on the skin. About 60 cm2 K W-1 has been measured on the radial artery when a TEG 

was worn on it with heat flow above 100 mW cm-2.[11]  However, if the heat flow is higher than 

25 ~ 30 mW cm-2, the wearer would feel sensation of coldness, which would cause discomfort 

when worn for a long time.[9] In our simulations, we assume relatively low heat flow with our 

TEGs to simulate, and thus conservatively choose the value for the average body thermal 

resistance around the wrist to be 200 cm2 K W-1, which includes the interface thermal resistance 

between the skin and the TEG, i.e. ψskin + ψinterf. 

At the cold side, we chose the heat sink thermal resistance to be ψsink = 1,000 cm2 K W-1. 

Note that in Ref. [8], a large-area (~12 cm2), and obtrusive fin-type metallic heat sink was 

attached at the cold side to enhance the heat conduction, and its thermal resistance was estimated 
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to be ~ 700 cm2 K W-1. It will be a challenge to develop a flexible, light-weight, and unobtrusive 

heat sink having a comparable or smaller thermal resistance than this value for flexible devices. 

It is important to keep the heat sink thermal resistance as low as possible (as far as it does not 

cause severe sensation of coldness) for two reasons: first, it increases the heat input coming 

through the TEG by reducing the total thermal resistance of the device for a fixed total 

temperature difference available, (Ts – Ta), which in turn increases the power output. Second, it 

reduces the thickness of TE elements to keep ∆T across the TE elements at optimal ~ ½(Ts – Ta), 

which can reduce the material cost as well as the manufacturing cost.  

  To understand the impact of the material properties, we used two representative sets of 

material properties in our simulations as shown in Table 1: the first one represents low electrical 

conductivity, high Seebeck coefficient, and low thermal conductivity material. The electrical 

conductivity and Seebeck coefficient values were excerpted from Zhang et al.[63], properties for 

the PEDOT:PSS polymer coated on an inorganic Bi2Te3 film, while the thermal conductivity is 

set to 0.3 W m-1 K-1, a typical value for highly disordered conjugated polymers. We call this 

imaginary material “Inorganic-polymer hybrid”. In fact, the power factor and the resulting ZT 

value for this material are much lower than those already reported for highly conductive 

PEDOT-based polymers. However, we wanted to keep the electrical conductivity below 100 S 

cm-1 since the recent papers showing the carefully measured in-plane thermal 

conductivities[56,57] pointed out that the electronic contribution to thermal conductivity could 

be significant for such a highly conductive polymer. The second set of material represents high 

electrical conductivity, reduced Seebeck coefficient, and high thermal conductivity. All the 

properties for the second set were excerpted from Kim et al.[21], properties for the screen-

printed paste-type Bi2Te3 and Sb2Te3 materials. We call this “Screen-printed inorganic”.    
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We performed device simulations with these two materials. A wrist-band type device of 3 cm 

width and 15 cm length to cover an average adult wrist perimeter was selected for the simulation, 

and the cross-sectional area of each TE element was fixed to be 0.5 × 0.5 mm2. Note that a much 

larger cross-sectional area may not achieve sufficient power output because ∆T across the TE 

elements would be too small due to the small thermal resistance of TE elements with such a large 

cross-section. The fill factor F is an independent variable, from which total number of TE 

element pairs was determined as F × (total module size) / (2 × (each element size)). The 

thickness of TE elements was also varied as another independent variable. The thermal 

conductivity of the gap filler was initially set to 0.03 W m-1 K-1 and varied later to investigate its 

effect on power output. For each calculation, we matched the load resistance to the total 

electrical resistance of the TEG for maximum power output. 

Fig. 4 shows the calculated voltage and power output from the wrist-band TEGs as a function 

of TE element thickness for several different fill factors. Overall, the power output from the 

inorganic-polymer hybrid TEG is lower than that from the screen-printed inorganic TEG because 

of its lower ZT (Table 1), but higher voltage output is achieved because of its higher Seebeck 

coefficient and its lower thermal conductivity, which created a larger ∆T for a similar thickness. 

As shown in Fig. 4(b), TE elements thicker than 4~5 mm are needed to obtain power output 

greater than 100 µW for the wrist-band TEG made of the inorganic-polymer hybrid material, 

while only 1 ~ 2 mm thickness is needed for the screen-printed inorganic material because of its 

higher ZT. However, the screen-printed inorganic may need a boost converter to achieve 

sufficiently high voltages of 1 ~ 3 V. This could be overcome if a larger size of TEG is used 

because both the voltage and power output are proportional to the module size.   
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Different behaviors of the two materials with fill factor states an important design strategy. 

As one can see in Fig. 3(b), higher fill factors (0.3 and 0.5) produce larger power than lower fill 

factors for the hybrid material. This is because when the fill factor become small, the parasitic 

heat conduction through the gap filler becomes significant, which reduces the power output. 

Since the thermal conductivity of the hybrid TE material was 0.3 W m-1 K-1, ten times higher 

than that of the gap filler (0.03 W m-1 K-1), when the fill factor is 0.1, meaning that only 10 % of 

the total area is covered by the TE elements, while 90 % is covered by the gap filler, then the 

thermal conductances of the two parallel thermal paths become comparable with each other, so a 

half of the heat energy is just lost by flowing through the gap filler. Therefore, the power output 

is cut to about a half. When the fill factor is sufficiently large, the heat loss through the gap filler 

becomes negligible, so that a larger power can be produced. On the other hand, since the printed 

inorganic material has much larger thermal conductivity than that of the gap filler, most of the 

heat flows through the TE elements, and the heat loss through the gap filler is very small even 

for very small fill factors like 0.05 as shown in Fig. 4(d). Therefore, the smaller the fill factor, 

the larger the power output for the printed inorganic material, due to the increased temperature 

difference across the TE elements with increased thermal resistances. Note that there is a trade-

off between the voltage output and power output for the printed inorganic because a smaller fill 

factor reduces the total number of TE elements for a fixed module size, and total voltage output 

is proportional to the number of TE elements. In contrast, both voltage and power outputs were 

higher with a larger fill factor for the hybrid material due to the reduced heat loss through the gap 

filler. 

We performed additional simulations with varying gap filler thermal conductivity to see its 

impact on the power output of the hybrid material. As shown in Fig. 5, significant drop of power 
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output is observed when the gap filler thermal conductivity increases up to 0.1 W m-1 K-1 

compared to the case with no gap filler conduction assumed. This effect will be more apparent 

when the fill factor is smaller. From this observation, it is fair to say that having relatively high 

thermal conductivity for the TE material (~1 W m-1 K-1 should be reasonably good) and keeping 

the thermal conductivity of gap filler very low is desirable to minimize the heat loss through the 

filler. But to keep the power output high at the same time, a high ZT value is necessary, meaning 

that a high power factor is crucial. On another thought, as long as the heat loss through gap filler 

can be kept small, a reasonably low thermal conductivity may provide an opportunity to reduce 

the thickness of TEG elements, which is desirable for cost-effective generators with reduced 

material cost.[80,81]. Thinner materials tend to be more flexible in general, so further preferable 

in flexible electronics.  

 

Fabrication and deposition methods 

As discussed in the previous sections, fabricating flexible TEGs, especially those capable of 

producing significant power on the order of hundreds µW, is of vital importance. To realize the 

flexibility of a TEG, soft materials such as organics, hybrid composites, and paste-type materials, 

are preferred to rigid inorganics. In addition, solution-processability is a key to scalable and cost-

effective fabrication of TEGs. In this section, we review the techniques used to fabricate flexible 

thermoelectric devices, summarize the performance of the devices reported in literature and 

discuss the potential challenges. 

The techniques applied to fabricate flexible thermoelectric devices in literature include 

screen printing[21, 82-89], inkjet printing[20,90-95], molding[96,97], and lithography[14,98]. 

Screen printing is the most commonly used method due to its straightforward process, which 
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involves casting ink onto a flexible substrate covered by a pre-patterned mask.[86] The potential 

of screen printing can be magnified when coupled with the roll-to-roll (R2R) process that is 

capable of continuously manufacturing meter-long modules. Søndergaard et al.[83] developed an 

automatic R2R process and screen printed as many as 18,000 TE elements composed of 

PEDOT:PSS and Ag paste with an active area of 1 × 6 cm2 for each pair of elements. Another 

interesting technique is inkjet printing, where the original ink cartridge is replaced by the 

thermoelectric material formulation, which is later dispensed onto substrates following the 

patterns preset by a controlling computer.[99]  The advantages of inkjet printing include minimal 

human labor requirement, high precision dispensing and little material waste. Madan et al.[93-95] 

developed an epoxy embedded with percolated Sb2Te3 (p-type) or Bi2Te3 (n-type) particles, 

which is then printed onto flexible substrates to form tens of element pairs with planar and 

circular patterns. Although printing is convenient and fast to create complex patterns, most 

applications are limited to use temperature gradient in the in-plane direction due to the 

micrometer thicknesses of the printed films. For wearable energy harvesting, TEGs that take 

advantage of temperature gradient in the cross-plane direction are suitable. Molding and 

lithography provide solutions to this problem. Jo et al.[96] and Sheng et al.[97] molded PDMS 

membranes with arrays of cavities, which are then filled with thermoelectric materials whose 

thicknesses reach millimeters, enough to maintain a significant temperature difference in the 

cross-plane direction. Bubnova et al.[14] applied the photolithography technique to create 

cavities in a photoresist SU-850, and then used the inkjet printing technique to dispense materials 

into the cavities, which potentiates the large-scale manufacturing. Besides the techniques 

reviewed above, there are also some efforts using free standing carbon nanotube composite films 

that can be easily cut into many pieces with scissors and each piece can be used as a TE element 
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in a large TEG.[68,100,101] For example, Kim et al.[68] made a TEG composed of stacks of 72 

pieces of CNT composite films with this method. Additionally, it is worth noting that a handful 

of papers also demonstrated the potential of vacuum deposition of pure inorganic thin films with 

micrometer thicknesses to make flexible thermoelectric modules.[102-104] 

Table 2 summarizes the materials and performance of flexible TEGs reported in literature. 

Intriguingly, around 60% of the TEGs have power output larger than 1 µW with a temperature 

difference of 100 K or less, some of which are enough to power a wireless sensor[94], 

electrochromic sensor[68], LED[86] and even a calculator[97]. Some of the TEGs reached 

microwatt-scale power output even at a small temperature difference of 20 K.[93,94] In Table 2, 

the highest power output is 1 mW with an open circuit voltage of 1.5 V achieved in a TEG made 

of 220 pairs of ethylenetetrathiolate (ett)-based organic TE elements.[97]  

Herein, we observe some trade-offs and challenges for TEG fabrication based on the data 

summarized in Table 2. First, a TEG with a larger N tends to produce better performance. It can 

be understood through the formula of the open circuit voltage (Voc = N(|Sp|+|Sn|)∆T) and the 

maximum power output (Pmax = N(|Sp|+|Sn|)
2∆T

2/(4rin)), where rin is the resistance of a TE 

element pair, that increasing N will improve the device performance for a fixed ∆T.  

Aforementioned methods have good scalability and over 100 element pairs were fabricated 

through screen printing [83,86,88] and molding [97] without any additional technological 

breakthrough. A parameter that has not been taken into account is the internal electrical 

resistance of the TEG, which includes the intrinsic resistance of thermoelectric elements as well 

as the parasitic contact resistances and the series resistances from the electrodes.  Although some 

TEGs can produce reasonable open circuit voltage, the large internal resistance leads to a small 

working current, which limits the power output. For instance, the TEGs with internal resistance 
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larger than 2 kΩ in Table 2 have relatively small power outputs, some of which are even under 1 

µW.[68,98,100,104] Making thicker films by printing multiple times or optimizing geometrical 

ratio between p- and n-type elements[85] can help reduce the resistance of thermoelectric 

elements while the contact resistance can be minimized by evaporating good ohmic contact layer 

between TE elements and electrodes. For example, Kim et al.[21] deposited Ni between 

Bi2Te3/Sb2Te3 epoxy and copper electrodes and achieved an internal resistance less than 1 Ω. 

Furthermore, a poor thermal interface between the thermoelectric elements and the thermal 

contacts can also reduce the performance by restricting the apparent temperature difference 

across the thermoelectric elements. For example, the module composed of hundreds of 

PEDOT:PSS/Ag junctions made by Søndergaard et al.[83] had an unusually small open circuit 

voltage (0.18 mV at a temperature difference of 65 K in the cross-plane direction), which is due 

to the major temperature drop occurred in the 60 µm thick substrate instead of the 1.3 µm thick 

PEDOT:PSS active layer. The most common material Bi2Te3 and Sb2Te3 are found to be 

compromised with insulating epoxy for flexibility. The material often needs high temperature 

(250 – 350 °C) annealing, which may require a high process cost. Development of new high ZT 

organic materials with low temperature scalable processes still remains a major challenge. 

 

Conclusions 

In this paper, we reviewed the recent advances in the flexible thermoelectric materials and 

devices development for wearable energy harvesting applications. We identified various 

applications in health monitoring for thermoelectric energy harvesters. Organic materials have 

shown great potentials to be excellent thermoelectric materials for these applications with their 

own advantages in addition to very low thermal conductivity, i.e. flexibility, light weight, 
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material abundance, and low-cost manufacturing. Recently their thermoelectric figures of merit 

have shown significant enhancement due to the advances in doping control, material synthesis 

and processing techniques. Inorganic based flexible and printable materials have been also 

developed with high ZTs. For sufficient power generation above 100 µW, a mm-level thickness 

of TE materials and a large device size are required. Optimization with fill factor and gap filler 

material is also essential. Finally, scalable additive manufacturing such as screen printing, inkjet 

printing, and molding have shown promising results for future low-cost, high performance 

flexible TEG fabrication. Yet, further technological advances in cost-effective manufacturing of 

flexible TE materials and devices will be necessary to realize the first commercially available 

wearable thermoelectric energy harvesters.  
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Figure captions 

 

FIG. 1. Three types of wearable sensor nodes powered by thermoelectric energy harvesters. The 

thermoelectric generators are preferably made of flexible materials and substrates, so that they 

can be conformally attached on the various locations of the skin with enhanced thermal contact. 

Monitored data are transmitted via a short-distance wireless communication protocol such as 

Bluetooth, ANT, or Zigbee to a portable personal server such as a cell phone, and then to the 

remote healthcare service provider via a long-distance network. 

 

FIG. 2. (a) Electrical conductivity, (b) Seebeck coefficient, and (c) power factor of selected key 

flexible thermoelectric materials, both p-type (left) and n-type (right), measured at room 

temperature. Properties of bulk Bi2Te3 alloys are also shown for comparison. Numbers in 

brackets are references. 

 

FIG. 3. (a) Schematic of a thermoelectric energy harvester, and (b) the thermal and electric 

circuit models used for device performance simulation. Symbol ψ denotes a thermal resistance, 

and R denotes an electrical resistance. 

 

FIG. 4. Calculated (a) voltage output and (b) power output for the inorganic-polymer hybrid 

material (the first row in Table 1), and similarly, (c) voltage output and (d) power output for the 

screen-printed inorganic material (the second row in Table 1). Module size is 3 cm × 15 cm 

(wrist-band type), and the cross-sectional area of each TE element is 0.5 × 0.5 cm2. The number 

of TE elements was determined by the fill factor. The thermal conductivity of the gap filler is 
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0.03 W m-1 K-1. Note that these results are calculated for a fixed module size (3 cm × 15 cm), but 

in principle both voltage and power outputs increase proportionally with module size. 

 

FIG. 5. Power output with varying gap filler thermal conductivity for the inorganic-polymer 

hybrid material (first row in Table 1) as a function of TE element thickness. The fill factor was 

fixed to 0.1. 
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Tables 

 

Table 1. Two sets of room temperature material properties used for device simulations. The 

inorganic-polymer hybrid is based on the data from Zhang et al.[63] for PEDOT:PSS on Bi2Te3 

film, and the screen-printed inorganic is based on the data from Kim et al.[21].  

Material type 
σ  

(S cm-1) 
S  

(µV K-1) 
S

2
σ 

(µW m-1 K-2) 

κ  
(W m-1 K-1) 

ZT 

Inorganic-
polymer hybrid 

p-type 60 150 135 0.3 0.135 

n-type 60 -120 86 0.3 0.086 

Screen-printed 
inorganic 

p-type 1300 95 1170 1.3 0.27 

n-type 600 -140 1180 1.0 0.35 
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Table 2. A summary of materials and experimental performance results of flexible TEGs 

grouped by their fabrication methods.  

 

Dfilm, Rin, ∆T, n, Voc and Pmax stand for, respectively, thickness of each element, total internal resistance of the TEG, 

temperature difference (the highest achieved), number of TE element pairs, open circuit voltage, and maximum 

power output with matching load resistance. In the references marked with *, the temperature gradient is in the 

cross-plane direction; otherwise, it is in the in-plane direction. In the Materials columns, PVDF is poly(vinylidene 

fluoride), TTF-TCNQ is tetrathiafulvalene-tetracyanoquinodimethane, SDBS is sodium dodecylbenzenesulfonate, 

and tpp is triphenylphosphine. 

 

Methods Materials Dfilm 

(µm) 
Rin 

(Ω) 
∆T 

(K) 
N Voc 

(mV) 
Pmax 

(µW) 
Ref. 

p-type n-type 

Screen 
printing 

Sb2Te3/epoxy Bi2Te3/epoxy 500 <1 50 8 90 10.5 [21]* 

PEDOT:PSS - 1.3 138 65 567 0.18 5.5e-
5 

[83]* 

- CNT composite 0.1 26 100 5 20 4 [84] 

Sb2Te3/PEDOT:PS
S 

Bi2Te3/PEDOT:P
SS 

40 145 50 7 85 12 [85] 

PEDOT:PSS - 20 10 100 300 40 50 [86] 

Sb2Te3/epoxy Bi2Te3/epoxy 65 800 20 4 25 0.19 [87] 

CNT/polystyrene - 150 352 70 198
5 

305 66 [88]* 

Sb2Te3/epoxy Bi2Te3/epoxy 60 7200 20 8 36 0.04 [89] 

Inkjet 
printing 

Sb2Te3/epoxy Bi2Te3/epoxy 500 300 30 20 25 2 [20]* 

poly[Cux(Cu-
ett)]/PVDF 

poly[Kx(Ni-
ett)]/PVDF 

3 54 25 6 15 1 [90] 

- Bi2Te3-xSex/epoxy 120 480 20 62 220 25 [93] 

Bi0.5Sb1.5Te3/epoxy - 120 800 20 60 270 21 [94] 

Bi0.5Sb1.5Te3/epoxy Bi/epoxy 120 100 70 10 210 130 [95] 

Molding Bi0.5Sb1.5Te3/epoxy Bi2Te3-xSex/epoxy 4000 170 25 15 35 5 [96]* 

Cu(I)-ett poly[Kx(Ni-ett)] 5000 557 60 220 1510 1000 [97]* 

lithograp
hy 

PEDOT:Tos TTF-TCNQ 30 - 10 54 - 0.13 [14]* 

Sb2Te3 Bi2Te3 0.7 2400 20 63 37 0.14 [98] 

CNT 
composit

es 

CNT CNT/PEI - 16000 50 45 21 0.66 [100] 

CNT/SDBS CNT/PEI 8 12000 50 72 460 4.4 [68] 

CNT/tpp CNT/TCNQ 80 82 20 3 6 0.11 [101] 

Vacuum 
depositio

n 

(Bi0.15Sb0.85)2Te3 - 200 77 34 24 130 55 [102] 

Bi0.4Sb1.6Te3 Bi2Te2.7Se0.3 1 1200 130 18 600 100 [103] 

Sb2Te3 Bi2Te3 16 8300 20 10 42 5.3e-
2 

[104] 
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