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A B S T R A C T   

To meet the power supply development needs of electronic devices in spacecraft, the optimized design and 
fabrication of geometric configuration of thermoelectric (TE) legs to increase the power output of radioisotope 
thermoelectric generators are proposed. The principle of performance enhancement is the increase of heat 
dissipation on the increased side area, which is analyzed according to Fourier’s law. Helix-shaped and spoke- 
shaped TE legs with special geometrical shapes are proposed and fabricated by 3D printing technology. The 
geometric design makes the TE legs produce a larger temperature difference and inevitably brings about an 
increase in resistance. Variation of TE legs’ output performance with the geometrical parameters is analyzed 
based on the finite element method. Results show that the helix-shaped TE legs with the appropriate geometrical 
parameters can produce maximum output power of 2.78 mW, which are 2.55 times of the traditional cylinder- 
shaped TE legs with the same mass. And the spoke-shaped TE legs can produce maximum output power of 2.28 
mW, which are 2.09 times of the traditional cylinder-shaped TE legs. Nine TE legs with special shapes and sixteen 
with traditional shapes are integrated into the same space (16.5 mm × 16.5 mm). The results show that the 
combination of TE legs with special shapes produce a higher power density, more than 66%–98% compared with 
traditional shapes due to lighter mass. TE modules with different shapes are fabricated by direct-writing 3D 
printing technology, and their output performances are tested. TE modules with special shapes exhibit greater 
open-circuit voltage and output power than the traditional shapes, which are consistent with the simulation 
results. The simulation and experimental results indicate that the geometric design of TE legs with larger side 
areas can improve the output performance of TE devices. This design concept of optimizing the geometry to 
increase the temperature difference can be applied to thermoelectric generators under the condition of natural 
heat dissipation to improve power output and heat dissipation, and reduce weight.   

1. Introduction 

With the increase of multifunctional electronic devices with small 
size, high integration and high energy consumption are equipped in 
spacecraft [1–3], and more researchers are turning their exploration to 
deep space [4,5]. However, solar cells cannot satisfy the power con
sumption of the space spacecraft due to the increasing distance between 
the spacecraft and the sun [6], and chemical battery with stable output 
cannot provide long-term power for spacecraft [7,8]. Radioisotope 
thermoelectric generators (RTGs) are seen as promising power supply 
devices in deep space exploration due to their long life [9], high stability 
[10], and compact structure [11,12]. RTGs convert the decay heat of the 
radioisotope into electricity directly based on the Seebeck effect. 

However, relatively low conversion efficiency limits their wider appli
cation [13,14]. Conversion efficiency can be expressed by η =

Th − Tc
Th

*
̅̅̅̅̅̅̅̅̅
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√
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1+ZT
√

+Tc/Th
, where Tc and Th represent the temperature of the cold 

side and hot side of the thermoelectric (TE) legs, respectively, and T is 
the average temperature of the TE legs.ZT is the dimensionless figure of 
merit that evaluates the TE properties of materials in TE legs; ZT =

α2σ/κ, where ̂I ± is the Seebeck coefficient, σ is the electrical conduc
tivity, κ is the thermal conductivity, and T is the absolute temperature 
[15,16]. Thus, to obtain a high conversion efficiency, not only does the 
ZT value of the materials need to be improved but also the temperature 
difference (ΔT) between two sides of the TE legs should be increased 
[17–19]. In the process of heat flowing from the hot side to the cold side 
in the TE legs, it will dissipate to the surroundings on the side of the TE 
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Nomenclature 

Sets 
RTG Radioisotope thermoelectric generator 
TE Thermoelectric 
FEM Finite element method 
I–V Current-Voltage 
PVP Polyvinylpyrrolidone 
DMF Dimethyl formamide 
1D One-dimensional 
3D Three-dimensional 
Bi2Te3 Bismuth telluride 

Parameters 
η Conversion efficiency (%) 
Tc Temperature of cold side of TE leg (K) 
Th Temperature of hot side of TE leg (K) 
T Average temperature of TE leg (K) 
ZT Figure of merit (a. u.) 
α Seebeck coefficient (μV/K) 
σ Electrical conductivity (S/m) 
κ Thermal conductivity (W/(m⋅K)) 
T Absolute temperature (K) 
ΔT Temperature difference (K) 
μ Shape parameter of TE leg (a. u.) 
t Temperature of differential element of TE leg (K) 
t∞ Temperature of surroundings (K) 
x Distance that heat flows in TE leg (mm) 
Φ Heat generated in differential element of TE leg (W) 
λ Heat transfer coefficient of materials (W/(m⋅K)) 

dV Volume of the differential element of TE leg (mm3) 
Φs Heat dissipation on side of the differential element of TE 

leg (W) 
h Convective heat transfer coefficient (W/(m2⋅K)) 
ds Side area of differential element (mm2) 
dx Height of differential element (mm) 
t0 Surface temperature of heat source (K) 
H Height of TE leg (mm) 
a Length of rectangle-shaped TE leg (mm) 
b Width of rectangle-shaped TE leg (mm) 
R Radius of the cross section of helix-shaped and cylinder- 

shaped TE leg (mm) 
r Radius of the helix of helix-shaped TE leg (mm) 
n Number of the helix turns of helix-shaped TE leg (a. u.) 
φ Angle between the orientation of helix-shaped TE leg and 

direction of heat flow (◦) 
m Number of the spokes of spoke-shaped TE leg (a. u.) 
θ Angle of the spokes of spoke-shaped TE leg (◦) 
r1 Inner radius of the spoke-shaped TE leg (mm) 
r2 Outer radius of the spoke-shaped TE leg (mm) 
V Voltage (mV) 
P Power (mW) 
Rin Resistance of TE leg (mΩ) 
RL Resistance of load (mΩ) 
ρ Resistivity of materials (m/S) 
A Cross-sectional area of TE leg (mm2) 
Voc Open-circuit voltage (mV) 
Pmax Maximum output power (mW)  

Fig. 1. Schematic view of heat transfer and differential element of TE legs with geometrical shapes of (a) cylinder, (b) rectangle, (c) helix, and (d) spoke.  
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legs in forms of convective heat transfer and radiative heat transfer. And 
the amount of heat dissipated into the surroundings by means of 
convective heat transfer and radiative heat transfer is proportional to the 
side area of the TE legs. For this reason, TE legs with larger side area due 
to special geometrical shapes may produce larger ΔT between the hot 
and cold sides and better conversion efficiency. 

Sahin et al. demonstrated that the shape parameter (μ) of TE legs has 
a substantial influence on conversion efficiency and power generated by 
the devices [20]. Thimont et al. analyzed the output performance of TE 
legs with three newly proposed shapes of prismatic, hollow and layer, 
and the results showed that the TE legs with hollow and layer produce 
higher voltage than the traditional cylinder [21]. Zebin et al. proposed 
the variable-angle annular thermoelectric generator, and found that it 
shows an improvement in output performance under different boundary 
conditions, compared with conventional constant-angle annular ther
moelectric generator [22]. Jhonathan et al. proposed the stretchable 
helical architecture thermoelectric generator to maintain a greater 
temperature difference between the hot and cold sides and obtain a 
greater output power [23]. Khalil et al. studied the TE conversion per
formance of TE legs with different geometrical shapes of the same vol
ume using the finite element method (FEM) and found that the Y-leg 
produces a greater conversion efficiency under the same hot junction of 
the cross-sectional area [24]. In the research on the geometric config
uration of TE legs, the TE legs with high output performance have larger 
side area due to special geometrical shapes for heat dissipation to a 
certain extent. 

Traditional preparation methods, including hot pressing and spark 
plasma sintering, can only fabricate TE legs with regular shapes, such as 
cylinder and cuboid [25–28]. These shapes have definite side areas, and 
their contributions to the ΔT between the two sides of TE legs are 
limited. With the application of 3D printing technology to TE materials 
in recent years, it has become a simple, low-cost preparation method for 
TE legs with complex shapes [29,30]. Su et al. prepared in-plane and 
annular TE devices with excellent TE properties and good output per
formance using direct-writing 3D printing technology [31]. Abu et al. 
fabricated trapezoidal-shaped and rectangular-shaped TE legs with 
dispenser printing technology, and the trapezoidal-shaped TE prototype 
generates better electrical output than the rectangular-shaped prototype 
[32]. Improvement of the performance of TE legs derived from the 
optimal design of geometry provides new inspirations for the develop
ment of RTGs. 

In this work, two design methods of the TE legs’ geometric config
uration were proposed, based on the increment of side area to enhance 
heat dissipation under the condition of natural heat dissipation. 
Compared with the previous research works on the geometry of the TE 
legs, TE legs with special geometrical shapes proposed in this work have 
larger side areas for heat dissipation, and the enhancement in output 
performance is also more obvious. The principle of performance 
enhancement was analyzed according to Fourier Law. The enhancement 
effect of geometrical parameters on the output performance of the TE 
legs was studied using the FEM. Comparison of output performance of 
the combination of TE legs with different geometrical shapes and 
numbers was carried using FEM. TE legs with traditional and newly 
proposed geometrical shapes were fabricated by 3D printing technology 
and connected to TE modules, and their output performance was tested. 
The consistency of simulation and experimental results prove that TE 
legs with special geometrical shapes can produce greater output per
formance by increasing the side area. 

2. Design method and experiment 

2.1. Heat conduction analysis of TE legs 

Fig. 1 shows that during the conversion from heat into electricity, 
heat flows along the axial direction of the TE legs, which can be analyzed 
by the one-dimensional (1D) Fourier law of heat conduction as follows 

[33]: 

d2t
dx2 +

Φ
λ
= (1) 

where t is the temperature of differential element; x is the distance 
that heat flows; Φ is the heat generated in the differential element, 
which is negative because only heat dissipation exists in TE legs; and λ is 
the heat transfer coefficient of the TE materials in TE legs. 

For TE legs, the heat generated in the differential element can be 
expressed as follows: 

Φ = −
Φs

dV
(2) 

where dV is the volume of the differential element, and Φs is the heat 
dissipation on the side of the differential element, which can be 
expressed as follows: 

Φs = hÂ⋅(t − t∞)ds (3) 

where h is the convective heat transfer coefficient, ds is the side area 
of the differential element, and t and t∞ represent the temperature of the 
differential element and the surroundings, respectively. To simplify the 
mathematical model, the λ and h of the TE materials in the TE legs are 
assumed to be constants, and the temperature effect of λ and h are 
neglected. The temperature distribution in the differential elements is 
uniform. What’s more, the amount of heat dissipated into the sur
roundings by means of radiative heat transfer is much less than that of 
convective heat transfer. Therefore, the radiative heat transfer that oc
curs on the side of the TE legs is included in the convective heat transfer 
by setting h to a slightly larger value [34,35]. 

The cold and hot sides of the TE legs can be defined by boundary 
conditions. For the hot side, 

t = t0|x=0 (4) 

where t0 is the surface temperature of the heat source. The temper
ature of the hot side is the same as the surface temperature of the heat 
source. For the cold side, 

− λ(
dt
dx
)|x=H = h(t − t∞) (5) 

where H is the height of the TE leg. The top surface of the TE legs 
dissipates heat to the surroundings by means of convective heat transfer. 
And the temperature of the cold side can be obtained by solving the heat 
conduction equation with boundary conditions [36]. 

TE legs with different geometrical shapes exhibit diverse heat 
transfer effects due to the difference in the side area of the differential 
elements, as shown in Fig. 1. For TE legs with traditional shapes of 
cylinder and rectangle, as shown in Fig. 1(a) and 1(b), respectively, the 
heat dissipation on their differential elements can be expressed as 
follows: 

Φcylinder = −
2h(t − t∞)

R
(5)  

Φrectangle = −
2(a + b)h(t − t∞)

ab
(6) 

TE legs with helix-shaped and spoke-shaped specific geometric 
configuration were proposed, as shown in Fig. 1(c) and 1(d), respec
tively, and the heat dissipation on their differential elements can be 
simplified as follows: 

Φhelix = −
2h(t − t∞)

R
Â⋅

2
πcosφ

(7)  

Φspoke = − 2h(t − t∞)[
mθr2 + (360 − mθ)r1

mθr2
2 + (360 − mθ)r2

1

+
360m(r2 − r1)

π[mθr2
2 + (360 − mθ)r2

1

] (8) 

where R is the radius of the cross section of the helix-shaped and 
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cylinder-shaped TE legs; a and b are the length and width of the 
rectangle-shaped TE legs, respectively; φ is the angle between the 
orientation of the helix-shaped TE legs and the direction of heat flow; m 
and θ are the number and angle of the spokes of the spoke-shaped TE 
legs, respectively; and r1 and r2 are the inner radius and outer radius of 
the spoke-shaped TE legs, respectively. As shown in Equations (7) and 
(8), the differential elements of the helix-shaped and spoke-shaped TE 
legs can dissipate more heat to the surroundings on the increased side 
areas, compared with traditional cylinder-shaped and rectangle-shaped 
TE legs. 

The generated voltage (V) of the TE legs can be calculated as follows: 

V = αÂ⋅ΔT (9) 

and the power (P) of the TE legs can be calculated according to 
Ohm’s law: 

P =

(
V

Rin + RL

)2

RL (10) 

where α is the Seebeck coefficient of the materials in TE legs; ΔT is 
the temperature difference between the hot and cold sides of the TE legs; 
Rin and RL are the resistance of TE legs and load, respectively, and the 
output power can reach the maximum when Rin = RL. 

Power is determined by voltage and resistance together. However, 
the resistance of TE legs with special shapes is affected by its geometrical 
parameters. The resistance of cylinder-shaped, spoke-shaped, and 
rectangle-shaped TE legs can be expressed as [37]: 

Rin = ρ H
A

(11) 

Where ρ is the resistivity of the materials in TE legs; H and A are the 
height and cross-sectional area of TE legs, respectively. TE legs with 
three geometrical shapes have the same formula for Rin because the 
movement direction of the carriers inside them is the same as the heat 
flow. For the helix-shaped TE leg, it can modify to [33]: 

Rin = ρ H
Acosφ

(12) 

The helix-shaped and spoke-shaped TE legs proposed in the current 
work have larger side areas based on two methods: 1) producing an 
angle between the orientation of TE legs and the direction of heat flow, 
2) increasing the perimeter of the cross profile of TE legs. The heat 
dissipation that occurs on the side of the TE legs is enhanced due to the 
increased side area, and the ΔT between the hot and cold sides also in
creases. Compared with traditional cylinder and rectangle, the helix- 
shaped and spoke-shaped TE legs with optimized geometrical parame
ters can considerably increase output performance. 

2.2. Design method 

Fig. 2(a) shows the design of the helix-shaped TE legs that is formed 
by the underside in the horizontal plane stretched along a helix. Notably, 
the underside stretches vertically along the helix, and the underside is 
always parallel to the horizontal plane but not perpendicular to the 
helix. And the radius of the cross section of the helix-shaped TE legs and 
the radius of the helix are set to R and r, respectively. Therefore, this 
geometric structure has the same volume and mass as a cylinder with the 
same bottom area and height, that is, the r and the number (n) of the 
helix turns do not affect the volume and mass of the TE legs if the bottom 
area and height are fixed. Moreover, the helix-shaped TE legs with 
different n and r are shown in Fig. 2(b). The contributions of the r and n 
to the output performance of the TE legs were studied. 

The spoke-shaped TE legs are formed by a pattern in the horizontal 
plane stretched vertically along an axis, and the axis is perpendicular to 
the pattern, as shown in Fig. 2(c). The side area of the spoke-shaped TE 
legs is increased by increasing the perimeter of the pattern in the hori
zontal plane, and the perimeter is determined by the inner (r1) and outer 
(r2) radius, and the number (m) and angle (θ) of the spokes. Fig. 2(d) 
shows spoke-shaped TE legs with different r1, m and θ. The contribution 
of various geometrical parameters to the enhancement of output per
formance of the TE legs was further analyzed. 

Fig. 2. Schematic diagram of TE legs with different geometrical shapes. (a) Design method of helix-shaped TE legs; (b) Helix-shaped TE legs with different r, n; (c) 
Design method of spoke-shaped TE legs; (d) Spoke-shaped TE legs with different r1, m and θ; (e) Traditional square-shaped (left) and cylinder-shaped (right) TE legs. 
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To study the improvement of the output performance caused by the 
special geometry, the cylinder-shaped and square-shaped (for rectangle- 
shaped TE legs, when a = b) TE legs with the same bottom area and 
height (with the same mass and volume) were selected as the control 
group. For all TE legs, the height (H) was set to 10 mm. The bottom of 
the cylinder-shaped and helix-shaped TE legs was a circle with a radius 
of 2 mm. The side length of the square-shaped TE legs was set to 3.544 
mm. For the spoke-shaped TE legs, r2 was set to 2.25 mm, and r1 varied 
with m and θ to have the same bottom area (12.56 mm2) as the other TE 
legs. The contribution of different geometrical parameters to the 
enhancement of output performance was studied in detail, and the 
geometrical parameters are shown in Table 1. 

COMSOL Multiphysics software based on the FEM was used to 
simulate the conversion of heat into electricity. Fig. S1 in Supplementary 
Material shows TE legs with different geometrical shapes established in 
COMSOL. A cuboid with a surface temperature is kept constant of 400 K 
was used as a heat source. In the simulation, the TE legs and heat source 
were opened to the surroundings with a temperature of 293.15 K, and 
the TE legs dissipate heat into the surroundings by means of natural 
convection heat dissipation. The TE properties of Bismuth Telluride 
(Bi2Te3) based TE material used in COMSOL are shown in Fig. S2 and 
Table S1. 

2.3. Experimental preparations and testing 

Preparation and molding of TE slurry: Direct-writing 3D printing 
technology was used to manufacture TE legs with specific geometrical 
shapes. Polyvinylpyrrolidone (PVP) and dimethyl formamide (DMF) 
were used as organic binder and volatile solvent, respectively, due to 
their excellent viscosity and non-toxicity. P-type Bi0.5Sb1.5Te3 and N- 
type Bi2Se0.3Te2.7 powders (Chengdu Alfa Metal Material Co., Ltd, 
China) with particle sizes of less than 10 μm were used as TE fillers. PVP 
was dissolved in DMF to form a uniform colloid solution by mechanical 
stirring, and then TE powders were added to the above solution in 
batches. Stirring continued until most of the DMF was evaporated and 
TE powder was evenly dispersed in the solution to form a stable TE 
slurry. The above preparation method was inspired by Su et al.’s work 
[31]. After many attempts, the mass ratio of DMF, PVP, and TE powders 
was determined to be 2:1:25. This TE slurry have a suitable viscosity and 
modulus to print objects with special shapes. Fig. 3(a) depicts the 
preparation of TE slurry. The TE slurry was molded into different shapes 
by Adventure 3D-LB-Printer (Shenzhen Adventuretech Co., Ltd., China). 
The slurry was loaded into a syringe, where the diameter of the needle 
was 260 μm. The other side of the syringe was connected to an air 
compressor, and the flow rate of the slurry was controlled by air pres
sure. The moving path, speed of the needle and the extrusion of slurry 
were controlled by the computer control system in a layer-by-layer 
deposition fashion. The TE slurry was printed on a glass substrate. The 
as-3D-printed TE legs were dried at 120 ◦C in a drying oven for 24 h, and 
then annealed at 450 ◦C for 6 h in a tube furnace flowing a mixture of gas 
of 15% H2 and 85% Ar. The reducing atmosphere can remove the oxide 
layer on the surface of TE legs and increase conductivity. The 3D 
printing process is shown in Fig. 3(b). 

Combination and performance testing of TE legs: The sintered TE legs 
were combined into a single TE module consisting of N-type and P-type 
TE legs to test the output performance. The TE legs were assembled on a 
glass substrate with a thickness of 1 mm using conductive silver glue. 

Table 1 
Geometrical parameters of various TE legs.  

Geometrical 
parameters 

Helix-shaped Spoke- 
shaped 

Square- 
shaped 

Cylinder- 
shaped 

Geometrical 
variables 

n = 1–15 
r = 0.25–1.5 
mm 

m = 5–9 
θ =
21◦–25◦

– – 

Constant H = 10 mm 
R = 2 mm 

H = 10 mm 
r2 = 2.25 
mm 

H = 10 mm 
a = 3.544 
mm 

H = 10 mm 
R = 2 mm 

Note: r1 changes with the m and θ of the spokes in the spoke-shaped TE legs. 

Fig. 3. (a) Schematic diagram of preparation of TE slurry; (b) Photograph of 3D printing process; (c) Photograph of manufactured TE modules with shape of helix of 
“r = 0.25, n = 5” (top), and “r = 0.5, n = 3” (bottom); (d) Electrical output performance measurement system. 
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Copper sheets were used as an electrode to connect the P-type and N- 
type TE legs. An electric heating plate was used as the heat source, and 
the surface temperature can be set artificially. Keithley 4200 source 
meter was used to test the Current-Voltage (I–V) characteristic curves of 
the TE modules. 

3. Result and discussion 

In the simulation, the variation trend of output performance of the 
helix-shaped and spoke-shaped TE legs with the geometrical parameters 
was studied, and the output performance comparison of the TE legs with 
different geometrical shapes integrated in the same volume was carried 
out. In the confirmatory experiment, TE legs with different geometrical 
shapes were fabricated by direct-writing 3D printing technology and 
connected into a π-shaped module, and the I–V characteristic curves 
under heat source with different temperatures were tested to verify the 
correctness of the simulation works. 

3.1. Helix-shaped TE legs 

The temperature and voltage diagram of the helix-shaped TE legs 
with different geometrical parameters are shown in Figs. S3 and S4, and 
the variation of output performance with geometrical parameters is 
shown in Fig. 4. 

Fig. 4(a) shows that the side area of the helix-shaped TE legs in
creases linearly with the number (n) of helix turns, and the rate of in
crease rises with helix radius (r), which is determined by its geometrical 
properties. The temperature of the cold side decreases as n increases, and 
the rate of decrease increases with r, which is due to the increments of 

radiant and convective heat dissipation that occur on the increased side 
area. For different r, a corresponding n can reduce the temperature of the 
cold side to the surroundings temperature of 293.15 K. Traditional 
cylinder-shaped and square-shaped TE legs have small side areas for 
heat dissipation; thus, the cold side temperature is higher than the helix- 
shaped TE legs with all geometrical parameters. The ΔT between the hot 
and cold sides is converted into voltage based on the Seebeck effect, and 
the changing trend of open-circuit voltage (Voc) with n is opposite to that 
of the cold side temperature, as shown in Fig. 4(b). The cylinder-shaped 
and square-shaped TE legs produce the lowest Voc. In general, the helix- 
shaped TE legs have larger side areas for heat dissipation, so they can 
generate larger ΔT and Voc under the condition of natural heat dissipa
tion. And the traditional cylinder-shaped and square-shaped TE legs 
generate the lowest ΔT and Voc due to the smaller heat dissipation 
occurred on the smaller side areas. 

However, the change of geometry prolongs the path of carriers, 
which lead to an increase in resistance as shown in Fig. 4(c). Similarly, 
resistance increases as n increases, and the rate of increase is propor
tional to r that can be explained by Equation (12). The output power of 
TE leg is determined by voltage and resistance together, and the trend of 
change is shown in Fig. 4(d). Output power has a tendency of increasing 
first and then decreasing as n increases, that is, a peak is observed here. 
At the same time, the n at the peak value appears decreases as r in
creases. For example, the peak values appear at n = 7, 3, 2, when r = 1, 
1.25, 1.5 mm, respectively. The n that the peak values appear may 
exceed 15 when r is less than 1 mm because the inclination (φ) between 
the orientation of TE leg and the direction of heat flow increases as n 
increases, and the side area and resistance increase accordingly. The 
enhancement effect of voltage on output power exceed the reduction 

Fig. 4. Variation of output performance of helix-shaped TE legs with the helix radius (r) and number (n) of helix turns. (a) Side area and cold side temperature, (b) 
Open-circuit voltage, (c) Resistance, and (d) Maximum output power. 
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effect of resistance; hence, output power shows a trend of increasing 
with the increase of n (before the peak value appear). However, as n 
continues to increase, the reduction effect of resistance on output power 
exceed voltage, resulting in a decrease in output power. Moreover, φ 
increases as r increases; thus, the n at which the enhancement effect of 
voltage is equal to the reduction effect of resistance would decrease as r 
increases, that is, the n at which the peak of output power appear de
creases as r increases. Therefore, the output power of the helix-shaped 
TE legs has a maximum value for different r, which exceed that of the 
traditional cylinder-shaped and square-shaped TE legs. In the current 
simulation work, the helix-shaped TE legs can produce the maximum 
output power of 2.78 mW when the geometrical parameters are “r = 0.5, 
n = 15”, which exceed 155% of the cylinder-shaped TE legs (1.09 mW) 
and 124% of the square-shaped TE legs (1.24 mW). 

3.2. Spoke-shaped TE legs 

The temperature and voltage diagram of the spoke-shaped TE legs 
with different geometrical parameters are shown in Figs. S5 and S6, and 
the variation of output performance with geometrical parameters is 
shown in Fig. 5. 

Fig. 5 shows the variation trend of the output performance of spoke- 
shaped TE legs with angle (θ) and number (m) of spokes, and cylinder- 
shaped and square-shaped TE legs with the same bottom area, as well 
as the cylinder-shaped TE legs with a radius of R = 2.25 mm (the same as 
the outer radius r2) as the control group. Fig. 5(a) shows that the side 

areas of the spoke-shaped TE legs are higher than that of the TE legs in 
the control group due to the contribution of the spoke. Side area in
creases as θ, and the rate of increase rises with the number (m) of spokes. 
The increase in side area leads to a decrease in the temperature of the 
cold side, which is attributed to the increased heat dissipation on the 
side area. The cold side temperature of all spoke-shaped TE legs are 
lower than that of the three traditional shapes, as shown in Fig. 5(b). 
However, the contribution of the spoke to the increase of side area and 
the decrease in temperature of the cold side is limited, and the cold side 
temperatures of all spoke-shaped TE legs are higher than the sur
roundings temperature. 

Notably, spoke-shaped TE legs have the same resistance (Rin = 115 
mΩ) as cylinder-shaped and square-shaped ones due to the same bottom 
area and moving path of carriers. The cylinder-shaped TE legs with a 
radius of R = 2.25 mm has a smaller resistance (108 mΩ) due to the 
larger bottom area. Ultimately, maximum output power (Pmax) shows a 
trend similar to that of Voc as shown in Fig. 5(d). The output perfor
mance of spoke-shaped TE legs exceed that of traditional shapes, even 
the cylinder-shaped ones with larger mass. Unlike helix-shaped ones, the 
output performance of spoke-shaped TE legs increases as m and θ in
crease, and no peak value is observed, that is, m and θ of the spokes 
should be as large as possible for greater power output. In current 
simulation work, the spoke-shaped TE legs with the best parameters of 
“m = 9, θ = 25◦” can produce the power of 2.28 mW, which exceed 
109% of the cylinder-shaped TE legs (1.09 mW) and 84% of the square- 
shaped TE legs (1.24 mW). 

Fig. 5. Variation of output performance of spoke-shaped TE legs with angle (θ) and number (m) of spokes. (a) Side area; (b) Cold side temperature; (c) Open-circuit 
voltage; and (d) Maximum output power. 
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3.3. Integrated output performances 

The arrangement of TE legs with different geometrical shapes and 
numbers will affect the output performance of TE devices in the same 
volume. FEM was used for further analysis. The helix-shaped TE legs 
with “r = 0.75, n = 10” and the spoke-shaped with “m = 9, θ = 25◦” were 
selected as the research objects. The traditional cylinder-shaped and 
square-shaped TE legs with the same bottom area were used as control. 
These TE legs were integrated in a space of 16.5 mm × 16.5 mm with a 
manner of series, as shown in Fig. 6. 

For the helix-shaped and spoke-shaped TE legs, nine TE legs are 
connected in series with a center distance of 5.95 mm, and five P-type 
and four N-type are shown in Fig. 6(a) and 6(b). As for the traditional 
square-shaped and cylinder-shaped TE legs, sixteen TE legs are con
nected with a center distance of 4.16 mm, and the number of P-type and 
N-type is 8 shown, as in Fig. 6(c) and 6(d). The output performance of 
integrated TE legs with different shapes is summarized in Table 2, and 
the corresponding voltage diagrams are shown in Figs. S7. 

The voltage generated by the helix-shaped TE legs is comparable 
with that of the traditional shaped ones due to the increased heat 
dissipation on the increased side area, although the number is only 9. 
The spoke-shaped TE legs generate lower voltage due to the limitation of 
number and side area. The extension of the carrier path leads to a 

substantial increase in resistance of the helix-shaped TE legs, and the 
spoke-shaped TE legs have the lowest internal resistance due to the 
number of TE legs and unchanged carrier path. In general, spoke-shaped 
TE legs produce a power output equivalent to that of the traditional 
shapes, but helix-shaped ones produce slightly less power output. 
Notably, the power density of TE legs with special geometrical shapes far 
exceed that of traditional shapes, and even increased by 66% and 98% 
when the helix-shaped and spoke-shaped TE legs are compared with 
cylinder-shaped ones. Traditional cylinder-shaped and square-shaped 
TE legs have the same internal resistance, and the square-shaped ones 
generate a slightly higher voltage due to the larger side area. Therefore, 
the output power and power density of the square-shaped TE legs are 
slightly higher than that of the cylinder-shaped TE legs. 

3.4. Output performance test of TE module 

Five TE modules with geometrical parameters in the above simula
tion work were tested, including two helix-shaped with parameters of “r 
= 0.25, n = 5” and “r = 0.5, n = 3”, one spoke-shaped with the parameter 
of “m = 6, θ = 25◦” and the cylinder-shaped and square-shaped. Fig. 7(a) 
shows the TE modules with different geometrical shapes fabricated by 
3D printing technology, and the corresponding TE modules constructed 
in COMSOL are shown in Fig. 7(b). The height of the TE modules in the 
experiment and simulation is 10 mm. A heating plate was used as the 
heat source in the test system. The surface temperature changed from 
353.15 K to 393.15 K, which was used to study the output characteristics 
of the TE modules. The TE modules were placed on the heating plate, 
and the cold side was in surroundings of 300.5 K for natural heat 
dissipation, as shown in Fig. 3(d). 

Fig. 8 describes the variation of the maximum output power (Pmax) 
generated by the TE modules with different geometrical shapes under 
different heat source temperatures in the experimental and simulation 
results, and the I-V characteristic curves of the TE modules under the 

Fig. 6. Temperature diagram of integrated TE legs in COMSOL. (a) Helix-shaped; (b) Spoke-shaped; (c) Square-shaped; and (d) Cylinder-shaped.  

Table 2 
Output performance of integrated TE legs.  

Output parameters Helix- 
shaped 

Spoke- 
shaped 

Cylinder- 
shaped 

Square- 
shaped 

Voc/mV  146.79  115.00  142.31  148.86 
Rin/mΩ  212.06  109.31  186.74  186.69 
Pmax/mW  24.92  30.49  28.24  31.10 
Power density/ 

mW/g  
3.15  3.75  1.89  2.07  
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heat source temperature of 393.15 K. The variation of the open-circuit 
voltage (Voc) of the TE modules under different heat source tempera
tures in the experimental and simulation results are shown in Fig. S8, 
and the I-V characteristic curves of the TE modules under the heat source 
temperatures of 353.15 K, 363.15 K, 373.15 K and 383.15 K are shown 
in Fig.S9. In the experimental and simulation results, the Pmax and Voc of 
the TE modules with all geometrical shapes increase with the temper
ature of the heat source increases. The increase of the Voc is because the 
temperature difference (ΔT) between the hot and cold sides increases 
with the temperature of heat source increases, and the Pmax also in
creases as the heat source temperature increases due to the Voc. The 
variation of the output performance of the TE modules with all 
geometrical shapes as the heat source temperature shows the same trend 
in the experimental and simulation results. And the Pmax of TE modules 
with different geometrical shapes in the experimental and simulation 
results are summarized in Table 3 when the temperatures of the heat 
source are 353.15 K and 393.15 K. 

The TE modules with geometrical shapes of helix and spoke exhibit 
greater output performance in the experimental results compared with 
the traditional cylinder-shaped and square-shaped TE modules, which is 
consistent with the simulation results. For example, when the temper
ature of heat source is 393.15 K, the experimental results show that the 
spoke-shaped TE module with “m = 6, θ = 25◦” and the helix-shaped TE 

module with “r = 0.5, n = 3” generate the Pmax of 2.73 and 2.55 μW 
respectively, which exceed the traditional cylinder-shaped TE module of 
2.05 μW by 33.2% and 24.4%. The simulation results show that spoke- 
shaped TE module with “m = 6, θ = 25◦” and the helix-shaped TE 
module with “r = 0.5, n = 3” generate the Pmax of 3.44 and 3.05 mW 
respectively, which exceed the cylinder-shaped TE module of 2.61 mW 
by 31.8% and 16.9%. The performance improvement between the TE 
modules with special and traditional geometrical shapes shows the same 
magnitude in the experimental and simulation results. However, the 
output performance of the TE modules in the experimental results are 
lower than the simulation results, and the square-shaped TE module 
shows a greater output performance than the cylinder-shaped ones, 
which is somewhat different from the experimental results. This is 
because the properties of the TE materials, the geometrical structure of 
TE legs, and the heat dissipation process occurred on the side of TE leg 
were idealized in the simulation. And the environment where the TE 
modules located is not as stable as in the simulation. What’s worse, the 
conductive silver glue has a significant impact on the output perfor
mance of the TE modules, and the electrical contact resistance and 
thermal contact resistance are not considered in the simulation work. 
And the Pmax of TE modules with different geometrical shapes in the 
experimental and simulation results are summarized in Table S3 when 
the temperatures of the heat source are 363.15 K, 373.15 K and 383.15 

Fig. 7. (a) Photograph of TE modules with different geometrical shapes fabricated by 3D printing technology, (b) the corresponding TE modules constructed 
in COMSOL. 
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K. 
The improvement of output performance between TE modules with 

special and traditional shapes in the experimental results is consistent 
with the simulation results, and output performance increases as the side 
area. This result also verifies that by increasing the side area of the TE 
legs, the heat dissipation effect under natural heat dissipation conditions 
is improved, thereby enhancing the output performance of the TE legs. 

4. Conclusions 

This work proposes a new geometric design concept to improve the 
output voltage and power of the TE legs in RTGs based on increasing side 
area to enhance heat dissipation caused by convective heat transfer and 

radiative heat transfer. Helix-shaped and spoke-shaped TE legs with 
different geometrical shapes are designed, where the helix-shaped TE 
legs are based on producing an angle between the direction of heat flow 
and the orientation of TE leg, and the spoke-shaped TE legs are based on 
increasing the perimeter of cross profile. The helix-shaped TE legs have a 
larger side area and can generate a larger temperature difference and 
voltage than the traditional cylinder-shaped and square-shaped TE legs, 
but the extension of the carrier path leads to an increase in resistance 
due to geometrical properties. Optimal geometrical parameters are 
needed for the helix-shaped TE legs to produce the best output power. 
For the spoke-shaped TE leg, the resistance does not change with 
geometrical parameters, and the number and angle of the spokes should 
be as much as possible to obtain the optimal power output. In the 

Fig. 8. Maximum output power of TE modules with different geometrical shapes in the simulation and experimental results under different heat source temperatures, 
(a) Helix-shaped of r = 0.5, n = 3, (b) Helix-shaped of r = 0.25, n = 5, (c) Spoke-shaped of m = 6, θ = 25◦, (d) Square-shaped, (e) Cylinder-shaped; (f) I–V char
acteristic curves of TE modules under the heat source temperature of 393.15 K. 
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COMSOL simulation, the helix-shaped and spoke-shaped TE legs with 
best geometrical parameters can generate the maximum output power of 
2.78 and 2.28 mW, respectively, which exceed the cylinder-shaped with 
same mass by 155% and 109%, respectively. 

Sixteen TE legs with traditional shapes and nine with special shapes 
are integrated into the same volume. The combination of the TE legs 
with special shapes produces the voltage and resistance slightly lower 
than the traditional shapes due to the limitation of quantity, but the 
output power is similar to the traditional shapes due to the increase in 
voltage of each TE leg. Finally, the power densities of the helix-shaped 
and spoke-shaped TE legs exceed that of the cylinder-shaped TE legs 
by 66% and 98%, respectively, due to less quantity and mass. Therefore, 
the combination of TE legs with special shapes can produce sufficient 
output performance with lighter mass, which can be applied in scenarios 
where the weight of power supply is limited. 

TE modules with special geometrical shapes show greater output 
performance under different heat source temperatures than traditional 
shapes. The consistency of the experimental and simulation results 
shows that optimizing the geometry of TE leg to increase the side area, 
thereby enhancing heat dissipation on the side area, can improve per
formance output. Moreover, TE legs with more complex geometrical 
shapes still bring a little difficulty to the fabrication, although the helix- 
shaped and spoke-shaped TE legs have been fabricated by 3D printing 
technology. At the same time, considering the temperature of the heat 
source and the power requirements of the electronic equipment, there 
are more geometrical parameters, such as the helix radius (r), the 
number (n) of helix turns, and the number (m) and angle (θ) of the 
spokes of the TE legs need to be optimized to achieve good heat dissi
pation effects and output performance. This design concept of opti
mizing the geometry of TE leg can be applied to improve power output, 
conversion efficiency, heat dissipation and reduce weight, especially for 
the radioisotope thermoelectric generators and other TE generators 
under the condition of natural heat dissipation. 
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