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Abstract

Moving the fabrication of electronics from the conventional 2D orientation to 3D space, necessitates 

the use of sophisticated additive manufacturing processes which are capable to deliver 

multifunctional materials and devices with exceptional spatial resolution. In this study, it is reported 

the nozzle-guided 3D-printing of highly conductive, epoxy-dispersed, single-walled carbon nanotube 

(SWCNT) architectures with embedded thermoelectric (TE) properties, capable to exploit significant 

waste thermal energy from the environment. In order to achieve high-resolution and continuous 

printing with the SWCNT-based paste through a confined nozzle geometry, i.e. without 

agglomeration and nozzle clogging, a homogeneous epoxy resin-dispersed SWCNT paste was 

produced. As a result, various 3D-printed structures with high SWCNT concentration (10 wt %) were 

obtained via shear-mixing processes. The 3D printed p- and n-type epoxy-dispersed SWCNT-based 

thermoelements exhibit high power factors of 102 and 75 μW/mK2, respectively. The manufactured 

3D carbon-based thermoelectric generator (3D-CTEG) has the ability to stably operate at 

temperatures up to 180 °C in ambient conditions (1 atm, relative humidity: 50 ± 5% RH), obtaining 

TE values of an open-circuit voltage VOC = 13.6 mV, short-circuit current ISC = 1204 μA, internal 

resistance RTEG = 11.3 Ohm, and a generated power output PMAX = 4.1 μW at ΔΤ = 100 K (with 

TCold=70°C). The approach and methodology described in this study aims to increase the flexibility 

of integration and additive manufacturing processes for advanced 3D-printed conceptual devices and 

the development of multifunctional materials.

* Corresponding author. Tel: +30(695)500-5340, +1(786)819-1831. E-mail: cmytafides@gmail.com (Christos K. Mytafides)
** Corresponding author. Tel: +1(305)284-9364. E-mail: e.celik@miami.edu (Emrah Celik)
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Highlights:

• SWCNT/epoxy-based p-type 3D-printed TE material with power factor 102 μW/mK2 

• SWCNT/epoxy-based n-type 3D-printed TE material with power factor 75 μW/mK2 

• Open circuit voltage of 3D-CTEG: VOC= 13.6 mV

• Short circuit current of 3D-CTEG: ISC= 1204 μA

• Power output of 3D-CTEG: Pmax = 4.1 μW

1. Introduction

Among the most urgent concerns we encounter daily are those related to the environment and energy 

consumption. Vast amount of energy is lost in terms of heat when it is converted from the primary 

carriers to the end use. Waste energy generated as heat worldwide by the most prevalent end use 

sectors including residential, industrial, transportation, and power plants globally, account for nearly 

72 percent of worldwide energy supply. More specifically, 63 percent of the aforementioned heat 

energy is generated at temperatures below 100 °C. The power generation field has the highest 

proportion in this temperature range, followed by industries and transportation [1]. Better utilization 

of this excessive thermal energy has the potential to improve the energy efficiency minimizing the 

consumption. Thermoelectric (TE) generation is a quite promising renewable energy technology with 

a broad variety of potential applications. Thermal energy conversion to electricity is a sustainable 

energy source that may be utilized to exploit waste dissipated heat by leveraging the Seebeck effect 

of thermoelectricity [2]. TE materials with high Seebeck coefficient (𝑆) demonstrate high 

thermoelectric energy generation since the thermoelectric voltage (𝑉) is related to the temperature 

variation (𝛥𝑇) according to the equation of 𝑆 = 𝛥𝑉/𝛥𝑇. In addition, the power factor (𝑃𝐹) is defined 

as 𝑃𝐹 =  𝜎·𝑆2, where σ is the electrical conductivity and S is the Seebeck coefficient, and is used to 

measure the efficiency of a TE material. 

In addition to high Seebeck coefficient and high electrical conductivity, TE material must have low 

thermal conductivity to effectively transform waste heat into useful power. A low thermal 

conductivity is needed to maintain a substantial temperature difference within the material [3, 4]. 

Even though TE materials have the potential to provide an efficient and reliable renewable technology 

theoretically, the majority of materials that currently render the highest efficiency are costly to 

produce and are based on components that are rare in nature or/and toxic. Tellurium, bismuth, lead 
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telluride, bismuth telluride, zinc antimonide, silicon, and germanium are some of the most commonly 

used TE materials [5, 6]. Typical thermoelectric materials and module production is a tedious multi-

step procedure which comprises material production and synthesis, casting of thermoelements and 

metal interconnection of these thermoelements which mandates the employment of advanced 

instrumentation. In addition, this processing method has various limitations, including the fact that it 

is only adaptable to rectangular designs where a considerable proportion of the active material is lost 

during the manufacturing process. In addition, large scale integration requires significant amount of 

time [7, 8]. As a result, the cost of thermoelectric energy generation escalates significantly. This is 

indicative of the fact that there is a lack for commercial demand for thermoelectric generators (TEGs). 

TEGs have a great potential use in remote energy-harvesting and the supply of power for wireless 

and portable devices, and they might make a substantial contribution to the field of Internet of Things 

(IoT). To accomplish these goals, the weight, the design as well as the form-factor of the TE devices 

(i.e. flexibility) become crucially important in addition to the cost and the device performance. This 

dictates the necessity for simple processes based on low-cost carbon-based TE materials that may be 

printed in order to manufacture flexible and organic or carbon-based TE devices [9, 10]. Currently, 

TE materials are of great attention from the scientific community and numerous of organic and 

inorganic materials are being investigated as potential materials for thermoelectric energy-harvesting 

devices [11-14].

Additive manufacturing (or 3D printing) technology provide substantial assets in terms of reducing 

the cost, equipment, time and difficulty of thermoelectric material and device production. 

Furthermore, it is capable to produce sophisticated and adaptable device geometries as well as flexible 

and adjustable manufacturing parameters [6]. TE materials may be printed in a layer-by-layer fashion 

via a computer-aided procedure, simplifying the manufacturing process, minimizing the product-

waste as well as maximizing the freedom of the shape-printing and device design. Additive 

manufacturing methods have recently been employed to produce TE materials in the form of thick 

components or thin films. 

Inkjet printing and screen printing, for example, have been shown to be effective methods for 

effortlessly changing geometrical parameters like size and shape [6, 15-19]. However, because of 

their high porosity, these approaches demonstrate limited power output, high contact resistance 

between the thermoelements, and poor mechanical characteristics. These limitations can be alleviated 

by printing thicker and denser components.

TEGs made from bismuth-telluride were created utilizing the screen-printing technology and 

extrusion-based printing [20, 21]. Accordingly, He et al. showed the manufacturing of TE bismuth-

antimony-telluride nanoparticle-based (NPs) samples in photo-resin using stereolithography in ratios 
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containing up to 60% NPs. The 3D-printed thermoelements can mostly consist of NPs after thermal 

annealing [22]. Stereolithography and dispenser-printing methods are auspicious additive 

manufacturing processes for the production of thick ΤΕ components. Nonetheless, both exhibit 

inadequate TE efficiency comparing to standard manufacturing processes, with orders of magnitude 

lower TE characteristics.

Furthermore, selective laser melting (SLM) and sintering (SLS) are two developing technologies that 

have recently been used to produce thermoelements with complicated shapes and designs [23, 24]. 

These methods rely on the deposition of a thin layer of thermoelectric powder, followed by melting 

with a laser beam and solidification [25, 26]. Notwithstanding the ability to fabricate thermoelectric 

materials with various shapes, such procedures need a significant initial investment in equipment [27] 

limiting the adoptability of these manufacturing processes. 

Carbon-based printable materials are of great interest as they are inexpensive to produce, they are 

abundant, non-toxic, and their low density is beneficial for high specific energy output. Single-walled 

carbon nanotubes (SWCNTs) [28] possess unique electrical, mechanical, and thermal characteristics 

and they can be prepared inexpensively in the form of conductive or semiconductive inks for the 

fabrication of printed electronics [29]. SWCNTs are commonly used as additives to increase the 

conductivity of polymers, which are usually employed for 3D-printing materials. One of the most 

challenging issues in the field of 3D-printed electronics is determining the optimal printing procedure 

for manufacturing high resolution 3D structures. Recent studies have demonstrated the fabrication of 

3D elements in the scale of micrometer utilizing the ink-based printing techniques. In addition, 

SWCNTs have attracted particular interest as raw materials for the development of printed electronics 

and thermoelectric generators [30-32]. This is due to both their significant phonon scattering 

capabilities and their exceptionally high electrical and mechanical properties. Furthermore, SWCNTs 

have adjustable semiconducting qualities since their n- or p-type behavior may be altered using 

certain doping techniques, resulting in noteworthy adaptability in terms of TE properties [33, 34].

In this study, it is demonstrated the manufacturing process and the performance of a flexible carbon-

based 3D-printed thermoelectric generator (3D-CTEG) approaching a low-cost and versatile 

production of energy harvesting devices. Single-wall carbon nanotubes (SWCNTs) were used for the 

production of the printable pastes which were mixed with a flexible epoxy resin to realize self-

standing thermoelectric elements, in order to fabricate the 3D-CTEG with significant TE 

performance. The successful implementation of the carbon-based additively manufactured flexible 

TE systems, reduces current costs and geometric limitations and allows for a wide range of 

applications of these materials.

2. Materials and Methods
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2.1. Preparation of SWCNT-based TE paste

Single-walled carbon nanotubes powder (purity of carbon ≥85%) was acquired from OCSiAl 

(TUBALL™, Russia) with approximately 5µm length and 1.7±0.5 nm outer mean diameter. The p-

type TE ink was produced by a facile epoxy-based solution/mixing process, by adding SWCNTs and 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) in the Superflex (flexible-

after-curing) epoxy resin (3DMaterials, Korea) as presented in Figure 1a-c. The mixture of 10 wt% 

of SWCNTs and 5 wt% of PEDOT:PSS in the epoxy was mixed utilizing the ARM-310 shear mixer 

(Thinky Corporation, Japan) primarily for 5 minutes, then for another 7 minutes. All mixing processes 

using the ARM-310 were performed at 2000 rpm, resulting in viscous SWCNT-based thermoelectric 

inks/pastes of 27 Pa∙s. The n-type SWCNT-based 3D-printed thermoelement was produced by adding 

10 wt% SWCNTs and 10 wt% polyethylenimine (PEI) in the Superflex epoxy resin. In this work, 

PEI was used as a low-cost, air-stable, and easy to process n-dopant. PEDOT:PSS and PEI were 

acquired from Sigma-Aldrich (Merck, Germany). After the SWCNT/epoxy-based TE pastes were 

produced, it were successfully extruded utilizing the direct ink writing (DIW) method as can been 

seen in Figure 1a-c, using a 0.8 mm nozzle at 345 kPa. The printing process of the 3D-CTEG 

thermoelements, were performed at 30 mm/s on forward/backward order, creating 3 uniform layers. 

Each printed line of the SWCNT-based material was in contact with air for 0.9 to 4.5 ± 0.2 seconds 

before forming into an entire thermoelement. The SWCNT/epoxy-based thermoelements were cured 

in an oven at 100 °C for 2 hours, demonstrating a remarkable flexibility for an epoxy-based solid and 

cured material as shown in Figure 1e-f. For high-grade 3D-printable materials with significant TE 

efficiency, it is essential to produce dispersions with qualitative characteristics such as the viscosity 

which significantly contributes to the self-standing printing during the additive manufacturing 

process [35, 36]. Figure 1 shows the production process and the 3D-printed SWCNT-based materials, 

as well as the additive manufacturing process towards the 3D-printed flexible thermoelements. 

 

a b c

d e f

2 mm

2 mm

10
 m

m

TH

TC

ΔΤ

Page 5 of 19 Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
m

aj
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

7-
06

-2
02

4 
20

:0
6:

18
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4YA00182F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00182f


6

Figure 1. Thermoelectric paste production process. (a) The dispersion process of the SWCNTs using a shear-
mixer, (b) the produced p-type SWCNT/epoxy-based dispersion after extrusion printing, (c) the additive 
manufacturing process of thermoelements, (d) the thermoelectric characterization of the 3D-printed materials, 
and (e-f) the flexibility of the SWCNT/epoxy-based 3D-printed TE material after curing.

2.2. Fabrication of the 3D-CTEG module

A flexible carbon-based 3D-printed TEG device was manufactured via facile paste printing processes 

utilizing the produced materials, consisted of 2 p-/n-pairs. Figure 2a, illustrates the additive 

manufacturing of TE module fabrication process. The 3D-CTEG p-/n-pair has the dimensions of 13 

mm × 15 mm × 2.0 mm as indicated in Figure 2b. Initially, p-type TE material was 3D-printed on a 

scaled PTFE/Teflon substrate in order to print-develop the device design architecture. Thereafter, n-

type material printing was processed in the same way on the same substrate to alternate the carbon-

based interconnection resulting in a continuous electric path composed of 2 p-/n- pairings. Copper 

foils were integrated directly while printing the p- and n-type carbon-based materials on top of the 

copper as the anode and cathode terminals of the device. All the thermoelements were cured at 100 

°C for 120 minutes after printing. The 3D-printed highly-dense and conductive SWCNT network was 

also employed as electrodes/interconnections between the printed thermoelements, resulting in a 

carbon-based TEG that does not require metal deposition as it is also described in a previous study 

[13], where the contact resistance between the metal electrode and the SWCNTs is larger in the case 

of highly electrically conductive SWCNTs than the resistance of the metal or the SWCNT itself, and 

as a result, the procedure adding metallic interconnections in large scale results in TEGs with lower 

power output [37]. The carbon-based 3D-printed TEG and its working principle are illustrated in 

Figure 2c-d.
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Figure 2. Carbon-based 3D-printed flexible TEG manufacturing process. (a) Additive manufacturing process 
of the SWCNT/epoxy-based TE materials, (b) printing process and dimensions of the thermoelements of the 
CTEG device, (c) 3D-CTEG device architecture, (d) schematic illustration of the thermoelectrically generated 
carriers, by a given temperature difference (ΔT) as well as the 3D-CTEG’s module working principle and the 
CTEG's equivalent circuit.

2.3. Characterization, thermoelectric properties and performance measurements

Surface morphological micrographs of the 3D-printed TE materials were taken using a Zeiss Gemini 

Field Emission Scanning Electron Microscope (FE-SEM), operating at an accelerating voltage of 1.0 

to 3.0 kV (Zeiss, Germany). In order to characterize the thermoelectric properties of the fabricated 

3D-CTEG module, the performance and the thermal stability of the materials were carried out. The 

thermopower was generated by keeping one block “cold” at room temperature (i.e. Tambient~25°C) 

while heating the other at various temperatures. The measurements were performed in a laboratory 

environment at 1 atm pressure and relative humidity of 50±5%. The temperatures of TCold and THot 

blocks were continuously controlled by K-type thermocouples and a Digital IR Thermometer OS-

VIR50 (OMEGA Engineering Ltd., United Kingdom) for the accurate temperature difference (ΔT) 

monitoring. 3D-CTEG’s current and voltage generated under various temperature differences, were 

measured using the 34401Agilent DMM (Agilent Technologies, USA). Viscosity measurements of 

the thermoelectric materials have been performed using the NDJ-9S digital viscometer.The efficiency 

Page 7 of 19 Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
m

aj
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

7-
06

-2
02

4 
20

:0
6:

18
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4YA00182F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00182f


8

and the performance of the flexible 3D-CTEG was computer-controlled by custom made LabVIEW 

programs in order to deliver the V-I, P-I, V-Rload and P-Rload curves.

The electrical conductivities, Seebeck coefficients, power factors and figure of merits (ZTs) of the 

3D-printed SWCNT-based thermoelements were measured using the Linseis LSR-3 thermoelectric 

characterization instrument (Linseis, Germany). The reported values are average values from at least 

five measurements carried out on different samples. The thermal conductivities of the produced 

materials were determined utilizing the Linseis THB-100 instrument under various temperature 

differences (Linseis, Germany). The thermal behavior of the produced materials was examined by 

using the STA 409 CD thermogravimetric analyser from NETZSCH GmbH (Selb, Germany), where 

the specimens were placed in a ceramic crucible and heated up with a constant heating rate of 10 

°C/min in an oxygen atmosphere under a constant gas flow of 60 ml/min. 

3. Results and Discussion

3.1. Thermoelectric properties and characterization of the developed materials

For the purpose of fabricating optimized p- and n-type 3D-printed thermoelectric structures, various 

SWCNT:additive mass ratios were investigated, initially utilizing flexible epoxy as a dispersion 

medium to create conductive 3D-printable inks, and then modified and investigated accordingly with 

various additive:mass-ratios to achieve preferable viscosity and thermoelectric characteristic to 

manufacture 3D flexible TEG architectures. In particular, Figure 3a, illustrates the achieved 

viscosities of the developed thermoelectric TE materials at various epoxy:SWCNTs mass ratios at 

room temperature. The initial epoxy:SWCNTs developed material achieved the viscosity of 27 Pa∙s. 

Figure 3b-c depicts the recorded Seebeck coefficients, power factors and electrical conductivities of 

the produced p- and n-type SWCNT TE materials at various mass ratios, measured as cured structures. 

While developing the SWCNT dispersions, the optimum ratio regarding the TE properties and the 

viscosity for the 3D-printing process were the 10 wt% of SWCNTs / 20 wt% of PEDOT:PSS in the 

epoxy for the p-type, and 10 wt% of SWCNTs / 15 wt% of PEI for the n-type material. As referred 

[32, 38, 39] and also observed in the this study, the use of PEDOT:PSS prevents nanotube-epoxy 

interactions and any unwanted n-doping modification due to the amine-groups containing in epoxy 

resins. For the n-type fabrication while using PEI, it has been investigated that when the mass ratio 

of PEI to SWCNTs exceeds 10:15, the Seebeck coefficient does not provide any significant 

enhancement while the electrical conductivity decreases significantly as more dielectric PEI  

molecules interact with the conductive nanotubes. Apart from being high-quality and homogeneous 

dispersions, the selected TE pastes, also exhibiting the quite satisfactory functional viscosities for 3D 

printing of 25 Pa∙s and 29 Pa∙s, for p- and n-type respectively, as shown in Figure 3a. As a result, they 

may also be employed for large-scale printing processes. 
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In this study, environmentally friendly methods were acquired to produce TE pastes for facile 3D-

printed applications, avoiding the use of heavy chemicals and strong acids for dopants as has been 

previously referred in other studies [40, 41]. Figure 3 depicts the electrical conductivities of 579 S/cm 

and 434 S/cm and the Seebeck coefficients of 36 μV/K and −35 μV/K were obtained of p- and n-

type structures. As a result, the recorded PFs were as high as 75 μW/mK2 and 54 μW/mK2 at 

ΔT=100K for the developed p- and n-tsnype SWCNT-based flexible 3D-printed materials, 

respectively. 

Figure 3. Thermoelectric characterization of the 3D-printed TE materials. (a) Viscosities of the produced 
additive manufacturing SWCNT/epoxy-based TE materials at various mass ratios at room temperature, and 
(b,c) Seebeck coefficients, electrical conductivities, and power factors of the p- and n-type printed structures 
at various (Epoxy:SWCNTs):Additive mass ratios.

3.2. Thermogravimetric analysis of p- and n-type materials

Thermogravimetric analysis (TGA) was performed to evaluate their thermal performance and 

limitations of the 3D-printed p- and n-type SWCNT/epoxy-based TE materials. This thermal 

investigation demonstrates the capacity and stability of the produced 3D materials for low 

temperature applications up to 180 °C. Figure 4a shows the thermal degradation of the materials in 

terms of their weight mass. Zone “I”, represents the evaporation of water in each material (0-210°C), 

whereas zone “II” indicates the initiation of polymer molecules burning (210-500°C), and zone “III” 

illustrates the beginning of SWCNT degradation and also the combustion of the residual polymer 

molecules (500-1000°C). This is also consistent with the initial SWCNTs as shown in Figure 4a-b.
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To summarize, the PEI-based n-type 3D-printed SWCNT/epoxy-based material, demonstrates a 

stable but highly depended to high-temperature limit at 180°C, making it ideal for low-temperature 

applications, such as biothermal or wearable energy harvesting devices. The remaining ~15% of mass 

on SWCNT-based TGA samples is related to metal impurities produced during the nanotube 

fabrication process [42].

Figure 4. (a) Thermogravimetric analysis (TGA) and (b) the derivative of TG (DTG) of p-type, n-type 
thermoelements, Epoxy, PEI and pristine SWCNTs.

3.3. Surface morphology and microscopy characterization of the 3D-printed materials

The solid-state morphology and the dispersion quality of the 3D-printed SWCNT/epoxy-based n- and 

p-type TE materials were investigated. Figure 5 depicts the SEM images of the surface morphology 

of the n- and the p-type 3D-printed structures. As mentioned before, the SWCNT/epoxy mixtures 

were produced utilizing a shear-mixer at 2000rpm, 3D-printed via DIW and cured at 100°C for 2 

hours. The three-dimensional printed structures demonstrate comparable dense-network structures 

that efficiently assist to carrier transports, implying to the functionalized thermoelectric dispersions 

of the produced n- and p-type materials. Figure 5a-b illustrates the remarkable continuity of the 

SWCNT network of the p-type printed material. Figure 5c-d shows the n-type printed structure, where 

an excellent doping of SWCNTs was established during the thermoelectric characterization as 

described in paragraph 3.4, confirming that adequate PEI molecules were bonded on the surfaces of 

the SWCNTs, leading in efficient doping due to the anion-induced electron transfer between the 

nitrogen anions (N−) of PEI to the SWCNTs. In an earlier study, it is also mentioned the effective n-

doping of utilizing PEI molecules on SWCNTs [37, 43, 44].
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Figure 5. (a,b) SEM micrographs of the p- and (c,d) n-type 3D-printed SWCNT/epoxy-based TE materials. 

3.4. Thermoelectric characterization of the carbon nanotube-based 3D printed materials

The thermoelectric characteristics of the SWCNT/epoxy-based 3D-printed materials were thoroughly 

investigated. More specifically, the 𝜎: electrical conductivity, 𝑆: Seebeck coefficient, 𝑃𝐹: power 

factor, 𝜅: thermal conductivity, 𝑧𝑇: figure of merit, and 𝜂: thermoelectric efficiency of the 3D-printed 

materials were measured or evaluated as a function of temperature. The dimensionless figure of merit 

(𝑧𝑇) of a TE material that is used to describe the TE efficiency is equal to [11]:

zT =
σS2T

κ
(1)

where σ, S, 𝜅, are as described above, and T is the absolute temperature. For a TE material, the ideal 

efficiency of thermal to electrical energy conversion is stated as [45]:

𝜂 =
𝑇𝐻 ― 𝑇𝐶

𝑇𝐻

1 + 𝑍𝑇 ― 1
1 + 𝑍𝑇 + 𝑇𝐶 𝑇𝐻

(2)

The Carnot efficiency is described by the first factor in (2). The second factor specifies how much 

Carnot efficiency may be produced from a TEG under a certain ΔT, which is a function of ZT. TH 

a b

c d

1 μm 200 nm

1 μm 200 nm
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denotes the temperature at the hot surface, whereas TC denotes the continuous temperature of a cool 

surface. The temperature differential (𝑇𝐻 ―  TC) of a TE material is defined by the temperatures on 

its hot side (𝑇𝐻) and cold side (TC), and T is the average of these values.

Figure 6a,b depicts the TE performance of the p-/ and n-type SWCNT/epoxy-based materials as a 

function of 𝑇. The remarkable values of 620 S/cm and 471 S/cm, as well as the significantly high S 

values of 41 μV/K and −40 μV/K at 𝑇=180 °C are notable. As a consequence, the 3D-printed p- and 

n-type SWCNT/epoxy-based TE materials have the substantial 𝑃𝐹𝑠 of 102 μW/mK2 and 75 μW/mK2, 

respectively. The obtained 𝜅 values for the 3D-printed TE structures are 0.174 W/mK and 0.132 

W/mK for the p- and n-type materials, respectively, and decline as the temperature rises, which is 

consistent with earlier findings, reaching the values of 0.09 W/mK and 0.07 W/mK respectively at 𝑇

=180 °C [13, 46, 47]. Ultimately, the significant 𝑧𝑇 of 0.52 and 0.47 at 𝑇=180 °C give remarkable 

conversion efficiencies of 𝜂=3.4% and 𝜂=2.9% for the p- and n-type TE materials respectively. These 

values herald a quite promising future of additive manufacturing in thermoelectrics, as they arise from 

abundant, low-cost, flexible carbon-based and facile to manufacture materials.

Figure 6. Thermoelectric characterization and properties of the 3D-printed SWCNT-based materials. (a,c) 
The measured Seebeck coefficients, electrical conductivities, power factors, and (b,d) thermal conductivities, 
zT and thermoelectric efficiencies of (a,b) p- and (c,d)  n-type epoxy-dispersed nanotube-based TE materials 
respectively at various temperatures.

3.5. Performance and demonstration of the 3D-CTEG device 
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The fabricated 3D-CTEG device exhibited a significant thermoelectric performance, due to the 

excellent characteristics of the n- and p-type 3D-printed materials, manufactured employing the 

SWCNT/epoxy-based semiconducting materials via DIW method. When the 3D-CTEG module is 

exposed to a ΔT between the device's top and bottom sides (through-thickness), a significant power 

output is generated. The experimentally measured TE performance of the 3D-CTEG device in 

multiple ΔTs is illustrated in Figure 7. The measurements were conducted under standard laboratory 

conditions (T:25°C, RH: ~50%, 1atm). Τhe printed architecture of the flexible 3D-CTEG having the 

dimensions of 13 mm × 13 mm × 15 mm, demonstrated a total thermopower of 136 μV/K at 

ΔT=100K. It should be noted that the fabricated 3D-CTEG displayed an excellent TE performance 

for each thermoelement without the need of metallic interconnections. This result was achieved due 

to the superior conductivity of the SWCNT-based 3D-printed materials, as well as the short distance 

between the linked thermoelements. As has been referred in a previous study, the contact resistance 

of a metallic interconnection and a printed nanotube-based structure is larger than the internal 

resistance of either a metal or a SWCNT-based structure alone, resulting in a reduced power output 

[13, 37]. This is not the case with our 3D-CTEG, which is made entirely of SWCNTs with high 

electrical conductivity. At ΔT=100 K, a VOC=13.6 mV (open-circuit voltage) and an ISC=740 μA 

(short-circuit current) were obtained during the 3D-CTEG performance measurements with an 

internal resistance RTEG=11.3 Ohm. This resulted in a significant power output of 4.1 μW, as can be 

seen in Figure 7 and Figure 8. 

The power density of the 3D-CTEG module could be calculated using the equation [48].

Figure 7. The experimentally measured thermoelectric performance of the 3D-CTEG in various ΔTs. (a) The 
obtained curves of Voltage-Current (V-I), Power-Current (P-I) and (b) Voltage-Load resistance (V-RLOAD), 
Power-Load resistance (P-RLOAD).
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𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑃𝑚𝑎𝑥

𝑁 ∙ 𝐴 =
(𝑁 ∙ 𝑆 ∙ 𝛥𝑇)2/4 ∙ 𝑁 ∙ 𝑙

𝜎 ∙ 𝑤 ∙ 𝑑
𝑁 ∙ 𝑤 ∙ 𝑑 =

𝑆2 ∙ 𝜎
4𝑙 ∙ 𝛥𝑇2 (3)

where N represents the number of the thermoelements, A is the area of the thermoelement, w is the 

width, d is the thickness and l is the length of the thermoelements. The power density of the 3D-

CTEG was calculated at 256 mW/m2 and the specific power at 205 μW/g, both of which are amid the 

highest values reported for flexible 3D-printed TEGs [7, 34, 43, 49, 50].

Figure 8. 3D-CTEG-device performance. The generated open-circuit voltage (VOC) and short-circuit current 
(ISC) at (a) ΔΤ=55K and (b) at ΔΤ=100K.

3.6. Flexibility performance of the 3D-CTEG structure

Quantitative assessment of the bending radius of the manufactured structure was performed by 

bending the 3D-CTEG device. The flexibility of the TEG device is quite important for the endurance 

and integrity of the module's performance and functionality. Additionally, it could be useful to 

understand the possibilities and limitations for the device to be applicable to heat sources with 

irregular surfaces to take advantage of the ubiquitous heat dissipation. Conventional π-type TE 

modules consist of p-/n-type TE materials electrically interconnected in-series via metal contacts. 

Furthermore, numerous gold or silver nanometers are often placed as top electrodes on each 
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thermoelement to minimize contact resistance. In contrast to a standard TEG configuration, our 3D-

CTEG lacks rigid metallic contacts between p-type and n-type thermocouples, resulting in 

exceptional flexibility, as illustrated in Figure 9. Figure 9a depicts the variation of resistance ΔR/R0 

of the manufactured 3D-CTEG as a function of bending radius ranging from 5 cm to 1 cm in the 

vertical (A-A’) and horizontal axis (B-B’). The resistance variation ratio is expressed as ΔR/R0, where 

R0 is the 3D-CTEG device's initial resistance and ΔR is the resistance change between the real-time 

resistance measured under specific function and R0 (ΔR=R-R0). When the 3D-CTEG was flexed 

along A-A' and B-B' axes up to a radius of 1 cm, the structure’s ΔR/R0 was 2.9% and 3.8%, 

respectively; contrary, the overall internal resistance change was trivial. Figure 9b depicts the ΔR/R0 

versus the obtained voltage after numerous bending iterations with a radius of 2 cm. Following 500 

bending cycles, the unit’s ΔR/R0 values were 7.6% along the A-A' axis and 10.3% at the B-B' axis. 

During this time, the device's output voltage at ΔT=100°C (TH=170°C), was nearly constant. The 

ΔR/R0 versus the device’s temperature rise is shown in Figure 9c, where an almost linear trend is 

observed, with an average rise of 2.4% every 10°C. The 3D-CTEG's durability is demonstrated in 

Figure 9d, where the device's generated voltage and internal resistance both remained remarkably 

constant after a 100 heating cycle evaluation. In summary, the manufactured 3D-CTEG device is 

shown to have exceptional durability, stability, and flexibility, making it a reliable thermoelectric 

generator.
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Figure 9. Flexibility measurements of the developed 3D-CTEG device. (a) Resistance variation ratios 
(ΔR/R0) of the CTEG while bending with different radii. (b) ΔR/R0 and voltage output in various bending 
cycles @ΔT=100 °C. (c) ΔR/R0 as a temperature function. (d) The repeatability of the ΔR/R0 as well as the 
voltage output of the CTEG over 100 heating cycles at ΔT =100°C. For (b-d) the bending radius was 2 cm.

4. Conclusions

This study has the aim to utilize additive manufacturing via DIW method to develop a carbon-based 

flexible 3D-printed thermoelectric generator and demonstrate its TE performance. The 

SWCNT/epoxy-based TE material employed for the printed TEG architecture is based on 

SWCNT/epoxy dispersions and produced via facile shear-mixing methods and low-cost materials. 

The manufactured 3D-CTEG consisted of two serially interconnected carbon-based p-/n-pairs. Due 

to their excellent electrical conductivity, the SWCNT/epoxy-based printed TE structures were also 

adopted for connectors between the p-/n- thermoelements. The dominant p- and n-type 3D-printed 

TE materials, demonstrated the substantial 𝑃𝐹𝑠 of 102 μW/mK2 and 75 μW/mK2 respectively. The 

additively manufactured 3D-CTEG exhibited a 𝑉𝑂𝐶=13.6 mV and an 𝐼𝑆𝐶=1204 μA at 𝛥𝑇=100K with 

an 𝑅𝑇𝐸𝐺=11.3 Ω. As an outcome, the noteworthy power output of 4.1 μW was achieved by only four 

thermoelements. The fabrication of a flexible 3D-CTEG with thermal energy harvesting capabilities 

is a key step toward sustainable and sophisticated zero-energy consumption components and 
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constructions. This particular thermoelectric device development approach could easily be adjusted 

in wearables (shoes, jacket insulation mesh), transportation (car hoods, heated parts of aircrafts or 

ships), and even existing power generation devices (basis of photovoltaic devices in direct contact 

with the panels, or even wind turbine thermal spots).

It is also a potentially efficient method for a broad range of applications, including distant places 

where powering low-energy consumption devices is required to give entirely energy independent 

solutions. The substantially obtained TE efficiency attained by the carbon-based 3D-TEG expands 

immense for large-scale 3D-ptintable and additive manufacturing processes of low-cost and efficient 

flexible thermoelectric generators, which might have a significant influence on the renewable energy 

sector.
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