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Wearable devices constitute a key application area for thermoelectric devices. However, owing to

new constraints in wearable applications, a few conventional device optimization techniques are not

appropriate and material evaluation parameters, such as figure of merit (zT) and power factor (PF),

tend to be inadequate. We illustrated the incompleteness of zT and PF by performing simulations and

considering different thermoelectric materials. The results indicate a weak correlation between

device performance and zT and PF. In this study, we propose a new evaluation parameter, zTwearable,

which is better suited for wearable applications compared to conventional zT. Owing to size

restrictions, gap filler based device optimization is extremely critical in wearable devices. With

respect to the occasions in which gap fillers are used, expressions for power, effective thermal

conductivity (keff), and optimum load electrical ratio (mopt) are derived. According to the new

parameters, the thermal conductivity of the material has become much more critical now. The

proposed new evaluation parameter, namely, zTwearable, is extremely useful in the selection of an

appropriate thermoelectric material among various candidates prior to the commencement of the

actual design process. Published by AIP Publishing. https://doi.org/10.1063/1.5018762

I. INTRODUCTION

Following the discovery of thermoelectric concepts in

the 18th century, thermoelectric devices to date do not per-

form at a satisfactory level. The nonexistence of efficient

natural thermoelectric materials and inverse proportionality

between thermoelectric properties, i.e., Seebeck coefficient,

S, thermal conductivity, k, and electrical conductivity, r, are

the major causes for the performance lag in thermoelectric

devices. Owing to the nanostructured material design

approach,1,2 the performance of thermoelectric devices is

increasing at a significant pace. Thus, the thermoelectric fig-

ure of merit, zT, and power factor, PF, which are defined

below, are considered as the main evaluation parameters for

thermoelectric materials3

zT ¼ S2r
k

T; (1)

PF ¼ S2r: (2)

Equation (3) expresses the conventional relationship

between the material zT and maximum thermal efficiency,

gmax,
4,5 and thereby illustrates the main reason for using zT

as a material evaluation parameter. According to Eq. (3), the

energy conversion efficiency of the material increases with

zT. Hence, extensive studies mainly focused on the develop-

ment of materials with peak zT, and recent state-of-the-art

bulk thermoelectric materials exhibit maximum zT in the

range of 2–2.6.1,6 In Eq. (3), the temperatures on the hot and

cold sides are denoted by Th and Tc, respectively,

gmax ¼
DT

Th

ffiffiffiffiffiffiffiffiffiffiffiffiffi
zT þ 1
p

� 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
zT þ 1
p

þ Tc

Th

: (3)

Similarly, the power factor (PF) is another parameter

that illustrates the extractable power output of the material

for a given temperature difference. However, with respect to

certain applications, such as wearable thermoelectrics, both

the conventional evaluation parameters tend to be quite

unreasonable. This issue is explored in a few studies related

to wearable thermoelectric devices.7,8 However, a proper

explanation of this issue is largely absent. With respect to

high-temperature applications, the insufficiency of zT is

clearly highlighted by Kim et al.9,10 Both parameters, zT and

PF, are appropriate as evaluation parameters when the tem-

perature of both the hot and the cold sides is constant and

independent of the material properties, and when the temper-

ature difference between the hot and cold sides is small so

that temperature dependency of material properties is less

important. If the application displays a high temperature dif-

ference, a modified version of zT termed as “ZTeng” was pro-

posed by Kim et al.9,10 to more accurately solve the

temperature dependency of material properties. In wearable

devices, the temperature difference across the thermoelectric

elements is insignificant owing to high skin thermal resis-

tance, high skin to device thermal contact resistance, and

high heat sink thermal resistance11–13 compared to those of

the thermoelectric device. Therefore, conventional zT and

PF may not be appropriate for estimating device perfor-

mance. Therefore, in the present study, we propose a consid-

erably improved parameter termed as “zTwearable” for

wearable devices.

Thermoelectric element height and area are key optimiz-

able parameters in conventional thermoelectric devices

although this optimization technique is considerably imprac-

tical for wearable devices owing to size limitations. With

respect to devices with non-optimized leg height, gap fillers

are important in terms of power output. Thus, the devicea)E-mail: woochul@yonsei.ac.kr
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optimization scheme for wearable devices is different from

those of conventional devices. Therefore, the present study

involves proposing an appropriate device optimization

scheme for wearable thermoelectric devices. Furthermore, a

few thermoelectric materials were investigated, and the

results indicate that certain materials with low PF and zT
exhibit increased potential exceeding those of the materials

with higher PF and zT in terms of power output for use in

wearable applications.

II. THEORETICAL ANALYSIS

A. Module without the gap filling material

The analytical solution for thermoelectric devices is

obtained by simply solving the two energy balance equations

that are constructed by considering the incoming (Qin) and

outgoing (Qout) heat flows at the two ends of the thermoelec-

tric element. The construction of the equations is based on

the resistance network illustrated in Fig. 1(a). The thermal

resistances of hot and cold sides are indicated as Rhot and

Rcold, respectively. The temperatures of hot and cold sides of

the device are given by Thot and Tcold, respectively, and Th

and Tc correspond to the hot and cold side temperatures of

the thermoelectric element such that DT is the difference in

temperatures of the hot and cold sides, i.e., DT¼ Th – Tc.

The Thomson effect is generally negligible for applications

with low temperature difference and also for materials with a

constant Seebeck coefficient. Thus, the Thomson effect is

not considered in the calculations. The expressions are as

follows:

Qin ¼
Thot � Th

Rhot
¼ kA

DT

L
þ SITh �

1

2
I2Re;teg; (4)

Qout ¼
Tc � Tcold

Rcold
¼ kA

DT

L
þ SITh �

1

2
I2Re;teg: (5)

Here, the height and area of the thermoelectric element are

given by L and A, respectively. Additionally, I and Re,teg

denote the current and electrical resistance of the element,

respectively.

With respect to wearable thermoelectric devices, it is

further simplified by neglecting the Joule heating term owing

to its minor contribution to the temperature profile given the

low current and electrical resistance. Neglecting the Joule

heating term can be a reasonable approximation as shown in

Fig. 2 which is an example when the maximum power output

is around 6 lW/cm2. Subsequently, Peltier and conduction

heat transfer are represented as effective thermal conductiv-

ity terms. Baranowski et al.14 derived the expression for

effective thermal conductivity, keff, for thermoelectric gener-

ators, and Apertet et al.15 then improved this for closed cir-

cuit conditions. The expression for effective thermal

conductivity is given in Eq. (6). The ratio of load electrical

resistance to internal electrical resistance is given by

m¼Re,load/Re,teg as follows:

keff ¼ k 1þ zTh

1þ m

� �
: (6)

By this approach, the Peltier effect can be treated as an

increase in the thermal conductivity of the material, although

FIG. 1. (a) Equivalent thermal resistance network for the wearable thermo-

electric device including hot side temperature (Thot), hot side external thermal

resistance (Rhot), hot side temperature of the thermoelectric element (Th), filler

material thermal resistance (Rfill), thermoelectric element thermal resistance

(R0teg), cold side temperature (Tcold), cold side external thermal resistance

(Rcold), and cold side temperature of the thermoelectric element (Tc). (a)

Peltier effect is indicated by the term SIT and joule heating at each end is

given by I2Re,teg/2. (b) Equivalent electrical resistance network for the wear-

able thermoelectric device, internal electrical resistance of the thermoelectric

device (Re,teg), generated voltage of the thermoelectric device (Vteg), load elec-

trical resistance (Re,load), and voltage across load resistance (Vload). (c)

Schematic of the thermoelectric device. (d) Simplified version of the equiva-

lent thermal resistance network which was obtained neglecting joule heating

and including the Peltier term into thermoelectric element resistance (Rteg).

FIG. 2. Total heat flow, Qin, and components comprising the heat flow rela-

tive to the electrical load resistance, Re,load. Here, the change in load resis-

tance is represented by the corresponding electrical current. The total heat

(body heat) comprises the heat transferred through conduction, the Peltier

effect, and the Joule heating effect. The simulation conditions and parame-

ters [Rhot¼ 0.04 m2 K/W, Rcold¼ 0.1 m2 K/W, Tcold¼ 20 �C, Thot¼ 36 �C,

S¼ 232 lV/K, r¼ 70 000 S/m, k¼ 0.7 W/m K, and fill factor (FF)¼ 0.2]

are selected to represent the wearable thermoelectric device.
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the Peltier effect occurs at the interface. So, the thermal

resistance of the device can be expressed as given in Eq. (7).

Then, the thermal resistance network in Fig. 1(a) can be sim-

plified as in Fig. 2(d)

Rteg ¼
L

Akeff
: (7)

Based on this reasoning, i.e., neglecting Joule heating and

including Peltier heat flow into the thermal conduction, the

relationship between temperatures and thermal resistances

can be obtained as follows:

Qin ¼
Th � Tc

Rteg
¼ Thot � Tcold

Rteg þ Rhot þ Rcold
: (8)

When deducing Eq. (8), Qin is assumed to be equal to Qout so

that heat flux is constant throughout the device. In wearable

thermoelectric generators, the device efficiency is very low

due to the small temperature difference between the human

body and atmosphere. For example, according to Eq. (3), the

maximum obtainable device efficiency is at most 3.34% for

a body temperature of 310 K and an ambient temperature of

273 K and for a material with a zT of 2, which is an overesti-

mated example. Therefore, it is reasonable to assume Qin is

comparable to Qout for wearable applications

Th � Tc ¼
Thot � Tcold

1þ Rhot þ Rcold

Rteg

¼ Thot � Tcold

1þ AKeff ðRhot þ RcoldÞ
L

; (9)

P ¼ V2
load

Re;load
¼

V2
teg

Re;load

m

mþ 1

� �2

¼ S2 Th � Tcð Þ2

Re;load

m

mþ 1

� �2

;

(10)

Re;load ¼ mRe;teg ¼ m
L

rA
: (11)

Combining Eqs. (9)–(11), we derive the simple expression

for power output, P, which is given in Eq. (12). The term

R00ext is expressed as A(Rhot þ Rcold) as follows:

P ¼ LrAS2ðThot � TcoldÞ2

R002ext

L

R002ext

þ keff

� �2

m

ðmþ 1Þ2
: (12)

To calculate power output, the zTh term needs to be known.

For wearable devices, it is reasonable to assume that Th is

close to the skin temperature. Additionally, the material

property zT is not sensitive to smaller changes in tempera-

ture. Therefore, material zT values closer to the skin temper-

ature can be used to solve the equations. In this work,

material properties such as zT, S, k, and r around a tempera-

ture of 300 K are used for the calculations.

The maximum power occurs when dP/dm¼ 0. Thus, the

optimum electrical resistance ratio, mopt, which satisfies the

condition is given as follows:

mopt ¼ 1þ kzTh

L

R00ext

þ k
: (13)

Similarly, thermal efficiency and the corresponding optimum

load ratio, mopt, for maximum thermal efficiency, are expressed

in Eqs. (15) and (16). The detailed derivation is given in the

supplementary material (SI 1–SI 5)

g � P

Qin
¼ S2r Th � Tcð Þ

keff

m

mþ 1ð Þ2
; (14)

g ¼ LS2r Thot � Tcoldð Þ

keff R00ext

L

R00ext

þ keff

� � m

mþ 1ð Þ2
: (15)

Maximum efficiency occurs when dg/dm¼ 0. Thus, the opti-

mum electrical resistance ratio, mopt, which satisfies the con-

dition is given as follows:

mopt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zThð Þ

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zThð Þk þ L

R00ext

L

R00ext

þ k

vuuuuut : (16)

In situations where L/R00ext� keff, the external thermal

resistance per unit area exceeding the internal thermal resis-

tance per unit area R0int can be shown by the following

expression:

L

R00ext

� keff

R00ext �
L

keff
� R00int:

(17)

Subsequently, power and efficiency are proportional to the

material properties as given in Eqs. (18) and (19). The corre-

sponding optimum mopt for both cases is given in Eq. (20) as

follows:

P / S2r

k2
eff

m

ðmþ 1Þ2
; (18)

g / S2r
k2

eff

m

ðmþ 1Þ2
; (19)

mopt ¼ 1þ zTh: (20)

In this case, the importance of the power factor, PF¼ S2r,

divided by the effective thermal conductivity, keff, with

respect to the second power is clearly observed. However,

when R00ext�R00int, i.e., internal thermal resistance per unit

area is very much larger than the external thermal resistance

per unit area, power output and efficiency are proportional to

the material properties as given in the following equations:

P / S2r
m

mþ 1ð Þ2
; (21)

g / S2r
keff

m

mþ 1ð Þ2
: (22)

Thus, conventional material evaluation parameters (zT, PF)

are not effective, especially in cases where high external

thermal resistance per unit area is presented compared with
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the internal thermal resistance per unit area. However, when

the internal thermal resistance is very much larger than the

external resistances,the conventional evaluation parameter

PF becomes sufficient to evaluate the material’s power gen-

eration capability as indicated by Eq. (21). Therefore, the

evaluation parameter should be changed accordingly while

developing materials for wearable applications.

To maximize the power output, internal thermal resis-

tance can be optimized which is known as thermal load

matching in thermoelectric generators. Internal thermal resis-

tance can be changed by adjusting the thermoelectric leg

height. Yazawa and Shakouri16 derived an equation to obtain

optimum leg height, Lopt, which maximizes the power output

in thermoelectric generators. For the symmetric hot and cold

side thermal resistances, the optimum leg height can be cal-

culated using the following equation:16

Lopt ¼ m k R00ext; m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zT
p

: (23)

In practice, thermoelectric element heights cannot reach an

optimum value due to manufacturing and practical constrains

in wearable applications. Usually, external thermal resistan-

ces are high as 0.14 m2 K/W for wearable devices, so that

Lopt becomes also high making it impractical to use elements

with such heights. Therefore, best practice would be to con-

sider the highest possible element height.

B. Module with the gap filling material

In wearable devices, the main functions of gap fillers are

to increase the flexibility and structural stability of the

device. Proper choice of the gap filler material reduces heat

loss through air convection since the filler material can

inhibit bulk air flow and also restrict the heat conduction

through the device. When the thermal conductivity of the

gap filler materials is lower than the thermoelectric material,

then the temperature difference across the element can be

increased by using gap filler materials. Simultaneously, it

also restricts occupiable space for thermoelectric elements

which results in increase in the internal electrical resistance

of the device. Therefore, the power output can be increased

by using gap fillers only if the correct proportion is used.

Eom et al.17 used an acyl based filler to construct a flexible

structure for the wearable thermoelectric generator. Kim

et al.18,19 used a polymer based filler material with a low

thermal conductivity of 0.03 W/m K to increase the power

output of the wearable thermoelectric generator. Suarez

et al.7 used air as the filler material in the non-flexible wear-

able thermoelectric generator to increase the power output

and later designed a flexible version of the generator using

polydimethylsiloxane (PDMS) as the gap filling material.20

Park et al.21 used a mat like structure constructed by a poly-

mer and wires to develop a flexible thermoelectric cooling

device. Lu et al.22 used fabric filler materials to construct a

thermoelectric generator for wearable applications.

The fill factor is the ratio between the thermoelectric

element area, A, and total area, Atotal, which is expressed as

follows:

FF ¼ A

Atotal
: (24)

Thus, the effective thermal conductivity is expressed as

given in Eq. (25), where kf denotes the thermal conductivity

of the filler material.

keff ¼ k FFþ kf

k
� ð1� FFÞ þ zTh

1þ m
� FF

� �
: (25)

Similarly, the power equation is updated by considering the

filler material as follows:

P ¼ LrAtotal FF S2 Thot � Tcoldð Þ2

R00
2

ext;FF

L

R00ext;FF

þ keff

 !2

m

mþ 1ð Þ2
: (26)

Thus, mopt, that yields the maximum power, is given as

shown in the following equation:

mopt ¼ 1þ kzTh:FF
L

R00ext;FF

þ k:FFþ kf : 1� FFð Þ
: (27)

Derivation of Eqs. (25), (26), and (27) is given in the supple-

mentary material (SI 6–SI 8). When the external thermal

resistance exceeds the internal thermal resistance, the expres-

sion is as follows:

L

R00ext;FF

� keff ;

R00ext;FF �
L

keff
� R00int:

(28)

Thus, power is proportional to material properties as given in

the following equation:

P / FF:S2r
k2

eff

m

mþ 1ð Þ2
: (29)

Hence, irrespective of the existence of a filler material, the

power output is proportional to the power factor, PF¼ S2r,

divided by the effective thermal conductivity, keff, to the sec-

ond power for a given fill factor.

C. Optimum fill factor

In most occasions, the minimum and maximum fill fac-

tors are fixed owing to manufacturing limitations. It is

observed that the optimum fill factor changes with respect to

the thermoelectric material properties and also with respect

to element height. Therefore, it is important to obtain the

optimum FF in advance to ensure a better evaluation of

materials. Several simulations in which FF is varied are per-

formed, and an accurate optimum value is easily calculated.

Although this method is time consuming, the derivation of a

simple expression for optimum FF is a considerably difficult

task mainly because m is dependent on the fill factor. The

average value for m is assumed, and the accurate approxima-

tion is performed for the optimum filler factor that is only
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used for estimation purposes. According to Eq. (27), the

maximum value of m is zTþ 1 and the minimum value for m
is 1. Thus, the average value for m, mavg, is considered in the

following equation:

mavg ¼ 1þ zT

2
; (30)

FFopt ¼

L

AtotalðRhot þ RcoldÞ
þ kf

k � kf þ
kzTh

1þ m

: (31)

Using Eq. (31), the optimum fill factor is approximated with

acceptable accuracy. Derivation of the equation is given in

the supplementary material section (SI 9).

III. RESULTS AND DISCUSSION

We analyzed typical wearable thermoelectric generator

devices with variable geometrical parameters and materials.

The thermoelectric properties of the representative cases are

listed in Table I, and they were used for the graphs in Fig. 3.

Simulations were performed for a fixed thermoelectric element

height of 5 mm, Rhot¼ 0.04 m2 K/W, Rcold¼ 0.1 m2 K/W,

Tcold¼ 20 �C, and Thot¼ 36 �C. The thermal conductivity of

the gap filler material is 0.21 W/m K. As shown in Fig. 3,

TABLE I. Various material properties and optimum fill factor calculations for device conditions used for the simulation in Fig. 3.

Material k (W/m K) r (S/m) S (lV/K) zT PF (V/K)

zTwearable

(FF¼ 100%)

Optimum

FF Eq. (31)

zTwearable

(FF¼ optimum)

Bi0.5Sb1.5Te3 Nanostructured 0.7 70 000 232 1.61 0.0037 1.01 27 1.29

PEDOT:PSS23 0.31 90 000 70 0.42 0.0004 0.82 153 0.88

Cu2Se24 0.62 25 000 200 0.48 0.001 0.49 45 0.56

Bi0.5Sb1.5Te3/Bi2Te2.7Se0.3 bulk 1 61 000 215 0.84 0.0028 0.47 21 0.75

Bi2Te3/Sb2Te3 superlattice25 1.15 85 515 257 1.48 0.0056 0.6 15 1.09

Holey silicon26 1.73 30 000 250 0.32 0.0018 0.14 14 0.32

Bi0.3Sb1.7Te3/Bi2Te2.7Se0.3 Screen printed19 0.84 68 600 184 0.83 0.0023 0.55 26 0.77

FIG. 3. Power output relative to fill factors for different thermoelectric mate-

rial properties (see Table I).

FIG. 4. (a) Maximum power output for any fill factor for the given condi-

tions, (b) the thermoelectric figure of merit, zT, and (c) the power factor (PF)

of various thermoelectric materials.
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when the fill factor is considered to be 100%, i.e., no filler

material, the highest power output is obtained in the nano-

structured Bi0.5Sb1.5Te3 and PEDOT:PSS materials. Based on

the material properties shown in Table I, PEDOT:PSS exhibits

the lowest power factor and moderate zT although it produces

power that is almost equal to its counterpart, namely nano-

structured Bi0.5Sb1.5Te3 with the zT of 1.61. This is a good

example in which conventional material evaluation parameters

such as zT and PF are insufficient.

When the filler material is used, most of the materials

exhibited increased performance with the exception of

PEDOT: PSS. As shown in Fig. 4(a), the highest maximum

power is observed in the nanostructured Bi0.5Sb1.5Te3 that

exhibits the highest zT followed by the material with the sec-

ond highest zT, i.e., the Bi2Te3/Sb2Te3 superlattice. Given the

power factor, the Bi2Te3/Sb2Te3 superlattice exhibits the high-

est power factor among the materials listed although its output

power is lower than that of the nanostructured Bi0.5Sb1.5Te3,

which exhibits a lower power factor. The next highest power

output is displayed by PEDOT:PSS that exhibits a lower zT
and power factor compared to a few of the remaining materi-

als (Cu2Se, Bi0.5Sb1.5Te3 and Bi2Te2.7Se0.3, and screen printed

Bi0.3Sb1.7Te3/Bi2Se0.3Te2.7). The main reason for the

enhanced power output corresponds to the inclusion of filler

materials with lower thermal conductivity. This reduces the

effective thermal conductivity as shown in Eq. (25).

Figure 5 shows variation of the device power output

with temperature differences between the hot and cold side

for seven different materials which were the same as used in

Fig. 3. Figure 5(a) shows the power output for an arbitrary

fixed fill factor value of 0.5 while Fig. 5(b) shows the maxi-

mum power output obtainable for any fill factor. In Fig. 5,

Rhot, Rcold, and L are taken as 0.04 m2 K/W, 0.1 m2 K/W,

and 0.005 m, respectively. Differences between the hot and

cold side temperatures are varied from 1 �C to 36 �C.

Generally, in wearable applications, the body temperature

remains constant while the ambient temperature varies. So,

here, a maximum temperature difference of 36 �C is observ-

able when the ambient temperature is 0 �C and material

properties assumed to be constant throughout the tempera-

ture range. Figures 5(c) and 5(d) show the zT and PF values

of respective materials.

From both graphs, no correlation between the power

output to zT and PF. In the fixed fill factor graph,

FIG. 5. (a) Power output with respect to hot (Thot) and cold (Tcold) side temperature difference for an arbitrary fill factor of 0.5 and different thermoelectric

materials. (b) Maximum power output with respect to hot (Thot) and cold (Tcold) side temperature difference for any fill factor and different thermoelectric

materials. The device conditions considered include Rhot¼ 0.04 m2 K/W, Rcold¼ 0.1 m2 K/W, and L¼ 0.005 m. (c) The thermoelectric figure of merit, zT, and

(d) the power factor (PF) of various thermoelectric materials.
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PEDOT:PSS shows similar power to the Bi0.5Sb1.5Te3/

Bi2Te2.7Se0.3 bulk material and the Bi0.3Sb1.7Te3 screen

printed material showing higher power output than the

Bi0.5Sb1.5Te3/Bi2Te2.7Se0.3 bulk material. In the maximum

power output graph, PEDOT:PSS exhibits higher power

output than Cu2Se, Bi0.5Sb1.5Te3/Bi2Te2.7Se0.3, and screen

printed Bi0.3Sb1.7Te3/Bi2Se0.3Te2.7 materials which have

higher zT and PF compared to PEDOT:PSS. These graphs

also highlight the importance of having a fill factor term

in the evaluation parameter. For example, if the device

should have a fill factor of 0.5 due to external reasons, then

it can be shown that the Bi0.3Sb1.7Te3 screen printed mate-

rial is more suitable than PEDOT:PSS. However, if there is

no restriction, PEDOT:PSS would be a better choice over

the Bi0.3Sb1.7Te3 screen printed material as it gives the

maximum power output. Additionally, all materials show

obvious increase in power output with respect to the

increasing temperature difference between the hot and cold

sides.

Figures 6(a) and 6(b) show the power output versus ele-

ment height for a fixed fill factor value of 0.5 and maximum

obtainable power put for any fill factor versus element

height, respectively. Also, Figs. 6(c) and 6(d) present the zTs

and PFs of materials used in the simulation. Element height

ranges from 1 mm to 19 mm while Rhot, Rcold, Thot, and Tcold

have constant values of 0.04 m2 K/W, 0.1 m2 K/W, 36 �C,

and 20 �C, respectively. Similar to previous results, the

maximum power output keeps increasing with the element

heights, but the rate of increment decreases suggesting that

the power output only increases for up to a certain leg

height. Although the power output in the fixed fill factor

shows relationship with zTs and PFs values, especially in

element heights around 8 to 19 mm, when the maximum

power output is considered, the correlation with the power

output to conventional evaluation parameters, i.e., zTs and

PFs, does not exist as PEDOT:PSS exhibits higher power

output than Cu2Se throughout the range and almost equal

power to Bi0.5Sb1.5Te3/Bi2Te2.7Se0.3, and screen printed

Bi0.3Sb1.7Te3/Bi2Se0.3Te2.7 which are much higher zT and

PF materials.

By considering all aspects, here we introduce a new

term referred to as zTwearable to evaluate materials for appli-

cations based on its power generating ability. It should be

noted that zTwearable is not dimensionless in contrast to the

thermoelectric figure of merit, zT. It is expressed in Eq.

(32). With respect to the derivation of new zT, the

FIG. 6. (a) Power output with respect to thermoelectric element height (L) for an arbitrary fill factor of 0.5 and different thermoelectric materials. (b)

Maximum power output with respect to element height for any fill factor and different thermoelectric materials. The simulation conditions and parameters

(Rhot¼ 0.04 m2 K/W, Rcold¼ 0.1 m2 K/W, Tcold¼ 20 �C, and Thot¼ 36 �C). (c) The thermoelectric figure of merit, zT, and (d) the power factor (PF) of various

thermoelectric materials.
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contribution of the term m/(1þm)2 is assumed as indepen-

dent of material properties although this term is slightly

dependent on the material properties. Given a material with

zT corresponding to 1, the maximum value for term [m/

(1þm)2] is 0.25 (when m¼ 1) and the minimum value is

0.22 (when m¼ 2).

zTwearable ¼ FFopt
S2r

L

R00ext;FF

þ keff

 !2
T

keff �
L

R00ext;FF

; zTwearable ¼ FFopt
S2r
keff

2
T

keff �
L

R00ext;FF

; zTwearable ¼ FFopt
S2r

L

R00ext;FF

 !2
T:

(32)

Figure 7 illustrates the power generation capability rela-

tive to zTwearable for certain conditions. As shown in the

graph, the power output varies linearly with the parameter.

As clearly shown in Fig. 7, the proposed parameter zTwearable

provides accurate power output estimation in wearable ther-

moelectrics. In the graph plot, m is considered as 2, although

it changes slightly with material properties and external con-

ditions values, and this is the reason for the slight deviation

between material power output values and line graph. Here,

the fill factor is based on the optimum value for each case.

Thus, according to the zTwearable values, the material with the

highest power output is clearly distinguishable irrespective

of whether a filler is used.

IV. CONCLUSION

The main parameters that are used to evaluate thermo-

electric performance include conventional evaluation

parameters such as the thermoelectric figure of merit, zT, and

the power factor, PF. However, the aforementioned parame-

ters are not adequate for a few applications and especially for

applications involving wearable thermoelectric devices. In

this study, the inadequacy of these parameters is explained by

using theoretical equations and through simulations. We pre-

sented a more suitable thermoelectric evaluation parameter

termed as zTwearable for wearable thermoelectric devices. The

effectiveness of this expression relative to the existing evalua-

tion parameters is discussed by using simulations based on

various representative materials. The new parameter indicates

that the thermal conductivity of the material has become more

critical now. Therefore, low thermally conductive materials,

such as polymer based thermoelectric materials, display addi-

tional advantages over inorganic thermoelectric materials.

Thus, the use of polymer based materials is encouraged in

thermoelectric wearable devices. The proposed new evalua-

tion parameter, namely zTwearable, is extremely useful in the

selection of appropriate thermoelectric materials with respect

to various candidates prior to the commencement of the actual

design process.

SUPPLEMENTARY MATERIAL

See supplementary material for detailed derivations of

the equations for effective thermal conductivity (keff), output

power (P), efficiency (g), optimum load ratio (mopt), and

optimum fill factor (FFopt).
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