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Spatially, Spectrally Single-Mode and Mechanically
Flexible 3D-Printed Terahertz

Transmission Waveguides
Bo Chen , Wei Wei, Jingzhu Shao, Borui Xu, Huan Zhu, Gangyi Xu, and Chongzhao Wu

Abstract—Emerged terahertz transmission waveguides or fibers
will enable novel terahertz systems and applications. High-quality
output beam profiles, mechanical flexibility and reliability are
among the most crucial and challenging characteristics of tera-
hertz transmission waveguides. Here, we design and fabricate the
flexible and stretchable transmission waveguides by 3D printing
to guide radiation from terahertz (THz) quantum cascade lasers
(QCLs) lasing at the frequency of 2.58 THz. Composite silver
nanoparticles and polydimethylsiloxane are coated on the inner
surface of the 3D-printed polycarbonate/rubber substrate tube.
Output beam profiles from the transmission waveguides, which are
captured by a room-temperature terahertz camera, demonstrate
single-mode spatial intensity distribution. Transmission spectra are
measured out from the waveguides and single-mode characteristics
of THz QCLs are preserved from threshold to peak bias. More
than 300 times of bending and force-strain curves are tested for the
3D-printed flexible terahertz transmission waveguides, the propa-
gation losses exhibit no obvious change, demonstrating a superior
mechanical endurance.

Index Terms—Terahertz waveguide, terahertz quantum cascade
lasers, 3D-printing.

I. INTRODUCTION

T ERAHERTZ (THZ) waves have attracted increasing at-
tentions in the field of biomedical applications due to the

characteristics of being non-ionizing, non-invasive and sensitive
to moisture in biological tissues [1], [2]. What’s more, many
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molecules have strong rotational and vibrational absorption
features at THz frequencies, leading to spectroscopic finger-
printing in the THz range [3]. Rapid developments in terahertz
technologies, such as sources and detectors, have promoted
various applications in sensing [4], [5], non-destructive imaging
[6] and spectroscopy [7]. However, water vapor and other gas
molecules during transmission process could lead to severe
absorptions, which limit the applications of terahertz technology.
As important and effective methods to guide and deliver THz
radiation, terahertz transmission waveguides or fibers have been
emerging technologies, which are able to be utilized in THz
imaging, sensing and communication [8], [9]. However, due
to the high absorption coefficient of many dielectric materials
in the wavelength range of THz radiation, high performance
terahertz fibers are challenging. So far, various designs of tera-
hertz transmission waveguides, according to the materials and
geometries, including circular metals [10], metal wires [11],
planar metals [12], dielectric solid-core [13], porous-core [14]
and hollow-core with metallic or dielectric coating [15], hollow
core antiresonant structures [16] have been explored.

Terahertz quantum cascade lasers (THz QCLs) are the
electrically-pumped semiconductor lasers, which emit
terahertz radiation due to intersubband optical transitions in
semiconductor superlattices [17]. Currently, lasing frequency of
THz QCLs ranges from∼ 1 to 5 THz and THz QCLs are the most
powerful solid-state THz sources so far. THz QCLs with various
designs and schemes have demonstrated single-mode emission
[18], collimated beam [19]–[21], frequency tunability [22],
[23], high operating temperature [24] and high output power
[25]–[28]. For terahertz transmission waveguides which were
able to effectively deliver radiation from THz QCLs, Vitiello
et al. presented a silver-coated polycarbonate waveguide and a
hollow aluminum waveguide coupling with edge-emitting and
surface-emitting THz QCLs [29], [30]. Cumis et al. investigated
the effects of metallic and dielectric inner coatings deposited on
the silver film of polycarbonate waveguide [31]. Utilizing THz
QCLs as radiating sources as well, Degl’Innocenti et al. showed
a copper pipe structure [32] and Wallis et al. demonstrated
hollow cylindrical metallic waveguides using un-annealed,
annealed copper and stainless steel [33] to guide THz power
and coupling with a PS-metallic waveguide [34]. However,
metallic wire or metallic tube-based terahertz waveguides
are not suitable for the biomedical applications due to the
rigidity and poor biocompatibility. In addition to the hollow
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cylindrical terahertz waveguides discussed above, Nazarov et
al. designed a microstructured polymer waveguide to improve
the quality of radiation from THz QCLs [35]. However, the
fatigue of micro-structured caused by repeated bending would
significantly decrease the transmission performance of terahertz
waveguides and the fabrication is much more complicated. A
low-cost, flexible, mechanically reliable terahertz transmission
waveguide with single-mode transmission will be of great
importance for related applications.

3D printing technology has been widely utilized in fab-
rication because it is simple, effective, low-cost and could
greatly improve the freedom of designing various structures and
schemes [36]. 3D-printed metal-pipe rectangular waveguides
were demonstrated in the frequency range of 500–750 GHz
and 750 GHz–1.1 THz [37]. Kagome photonic crystal structure-
based THz waveguides fabricated by 3D printing were character-
ized by using terahertz time-domain spectroscopy (THz-TDS)
at the frequency of 0.2–1.0 THz [38]. Terahertz plasmonic
waveguides with abrupt out-of-plane bends and continuously
varying bends were created via 3D printing and measured by
THz-TDS as well [39]. 3D-printed THz Bragg waveguide with
defect layers achieved THz resonant surface sensing at 0.1–0.5
THz using α-lactose monohydrate powder as an analyte [40].
3D-printed dielectric tube THz waveguide with anti-reflection
structure showed a close-to-zero dispersion guidance of THz
radiation from 0.2–1.0 THz [41]. However, all the 3D-printed
THz waveguides are rigid or fragile after bending and stretching.
Therefore, 3D-printed terahertz transmission waveguides, which
are flexible and stretchable, are highly desired.

In this work, flexible substrate tubes made of polycarbon-
ate/rubber with a shore-A hardness are fabricated by a multi-
material 3D printer. Compared with the shore-D hardness ma-
terials, such as polycarbonate, resin and polymers [42], the sub-
strate tubes here are much more flexible to be bent easily with a
smaller bending radius, which is very crucial for non-destructive
inspection and endoscopy in a narrow space. Composite sil-
ver nanoparticles (Ag NPs) and polydimethylsiloxane (PDMS)
polymers are coated on the inner surface of substrate tube. Silver
has been widely used in terahertz transmission waveguides due
to a reflectivity larger than 99% in terahertz band and relatively
low cost compared with gold. PDMS has steady dielectric
characteristics, low transmission loss in the THz wavelength
[43] and serves as the role of smoothing the inner surface of
the substrate tube fabricated by 3D printing [44]. Transmission
loss and beam profiles of the flexible terahertz waveguides are
investigated at the frequency of 2.58 THz, which is the lasing
frequency of the THz QCL. The results show that the transmis-
sion losses of waveguides with 4 and 2 mm-bore diameters are
∼0.22 dB/cm and ∼0.46 dB/cm and bending losses with a 60°
bending angle are∼5.6 dB and∼8.8 dB, respectively. The output
beam profiles of the 2 mm-bore diameter waveguides exhibit
the single-mode Gaussian-like distribution intensity, while the
4 mm-bore diameter waveguides show a dominant single mode
spatial distribution with a slightly split output mode. The 3D-
printed flexible terahertz waveguides show superior mechanical
endurances. More than 300 times of bending are applied to the
waveguides, no obvious change is observed in the propagation

losses and force-strain relations of the 3D-printed terahertz
waveguides with different bore diameters are tested. To the best
of our knowledge, this is the first time to demonstrate 3D-printed
flexible and stretchable terahertz transmission waveguides. Such
waveguides fabricated by low-cost and flexibly designed 3D
printing technology will play an important role in terahertz
sensing, non-destructive inspection and medical diagnosis.

II. FABRICATION AND EXPERIMENTAL SETUP

The fabrication methods of the 3D-printed flexible terahertz
transmission waveguides are shown in Fig. 1. Firstly, ProJet
MJP 5600 3D printer was used to fabricate substrate tubes. The
material of substrate tubes consists of polycarbonate (PC) and
rubber with a shore-A hardness (65-75). The thickness of the
substrate tubes is 1 mm, with two bore diameters of 2 mm and
4 mm, and two lengths of 10 cm and 20 cm, respectively. The
substrate tubes were then washed by alcohol, deionized (DI)
water and dried in an oven. Polydimethylsiloxane (PDMS) were
prepared by mixing the pre-polymer base (Sylgard 184 silicone
elastomer) and curing agent (Sylgard 184 silicone). The absorp-
tion coefficient of PDMS in the THz frequency range would
decrease slightly when decreasing the weight ratio of curing
agent [45]. However, a lower curing agent concentration may
lead to a longer curing time. Thus, the curing agent and PDMS
pre-polymer base were mixed with the weight ratio of 1:10 and
stirred vigorously for 30 mins. Ag nanoparticles (NPs) were
added into the PDMS with various weight ratios and stirred for
about 30 mins to get composite PDMS and Ag NPs suspended.
Next, Ag NPs in PDMS suspension were dried in a vacuum oven
for 45 mins to remove bubbles. Finally, the mixture of Ag NPs
and PDMS was injected into the 3D-printed substrate tubes for
10 mins at the flow rate of 10 ml/min and cured at an optimized
temperature of 50 °C for 5 hours. The composite coating layer
of PDMS and Ag NPs was deposited on the inner sidewall of
the flexible 3D-printed terahertz transmission waveguides.

The experimental setup of characterizing the fabricated flex-
ible terahertz transmission waveguides is shown in Fig. 2. THz
QCLs with a double-metal master-oscillator power-amplifier
(MOPA) architecture [46] served as the terahertz radiative
sources and were operated in pulsed operation with 400 ns
pulse duration and 100 kHz repetition rate under liquid nitrogen
condition. Output beam from THz QCLs was coupled into the
transmission waveguide with a 25 mm focal length TPX lens,
which was placed at the input end of the waveguide. The input
and output lasing signal of the terahertz transmission waveguide
were recorded by a Golay cell detector, and the corresponding
beam profiles were detected by a two-dimensional terahertz ar-
ray detector operating at room temperature, realizing a real-time
detection of spatial intensity distributions. At the bending con-
dition of the 3D-printed flexible THz transmission waveguide,
bending radius of the curvature is 5 cm.

Fig. 3(a) shows light-current-voltage (L-I-V) characteristics
of the THz-MOPA-QCL operated at 78 K. The lasing threshold
voltage and current is ∼8.7 V and ∼3.3 A, respectively and the
peak output power is ∼32 mW at 78 K. The incident terahertz
distribution at the input end of the waveguide is shown in the
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Fig. 1. Schematic of fabrication process for the 3D-printed flexible terahertz transmission waveguide.

Fig. 2. Schematic of experimental setup to characterize the 3D-printed flexible
terahertz transmission waveguides.

Fig. 3. (a) Experimental light-current-voltage characteristics of the THz QCL
at 78 K. The inset shows the beam profile at the entrance of the transmission
waveguide and the THz QCL is biased at the current of 3.8 A. (b) Lasing spectra
of the THz QCL under different biases from threshold to peak biasing condition.

inset of Fig. 3(a). Lasing frequency of the THz-MOPA-QCL
is ∼2.58 THz and spectra at different biases were recorded by
Fourier Transform Infrared Spectrometer (FTIR, Bruker 80V)
with a resolution of 0.5 cm-1 at 78 K in linear-scan mode under
vacuum and with a room-temperature DTGS detector placed
inside the FTIR. Robust single-mode spectra were measured
from the threshold to the peak bias condition of the THz-MOPA-
QCL, as shown in Fig. 3(b).

III. RESULTS AND DISCUSSIONS

PDMS coating layer is not only able to smooth the surface
roughness caused by 3D printing accuracy, but also helps adhere
the Ag NPs to the inner surface of the 3D printed substrate tubes.
Ag NPs form closed and dense structures in PDMS matrix [47]
and the composite layer could serve as a reflective layer of the
3D-printed terahertz waveguides. In order to find the optimized
number of the composite PDMS and Ag NPs coating layer,
the transmission loss of 3D-printed terahertz waveguide was
investigated after coating different numbers of layers, as shown
in the top scale of Fig. 4(a). Transmission loss of 3D-printed
terahertz waveguide was calculated by using Beer-Lambert’s
law with a cutback method [35]. Due to the high viscosity of
the composite PDMS and Ag NPs, which leads to the difficulty
of injecting into 3D-printed substrate tube with a 2 mm-bore
diameter, the substrate tube with a 4 mm-bore diameter was
used as a testing bed. Once introducing one composite PDMS
and Ag NPs coating layer, the propagation loss dropped from
more than 0.5 dB/cm to ∼0.23 dB/cm, which confirms the
functionality of the composite layer to reduce the extra trans-
mission loss and confine THz wave energy in the hollow region
of waveguide. Inset of Fig. 4(a) shows the SEM image of the
composite PDMS and Ag NPs, indicating the coating layer was
deposited successfully on the inner sidewall of substrate tube,
with a thickness of ∼100 μm. Due to the extra absorption loss
induced by PDMS [48], the transmission loss increased to∼0.35
dB/cm after depositing three coating layers. Thus, one composite
PDMS and Ag NPs coating layer was chosen in the following
and further optimization of experimental parameters.

To explore the effect of the composite weight ratio of PDMS
and Ag NPs on the propagation loss of waveguides, transmission
waveguides with different composite PDMS and Ag NPs weight
ratios were fabricated and their transmission loss were charac-
terized. Curing temperature of the composite layer is set as 50
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Fig. 4. (a) Transmission loss of the 3D-printed terahertz waveguide with a 4
mm bore diameter versus different PDMS and Ag NPs composite ratios (bottom
scale) and different numbers of composite PDMS and Ag NPs coating layer (top
scale). The inset shows cross-sectional SEM image of the 3D-printed flexible
terahertz waveguide with one PDMS/Ag NPs coating layer. (b) Loss of four
terahertz transmission waveguides with 10 cm, 20 cm length and 2 mm, 4 mm
bore diameter, respectively at different biases of THz QCL from threshold to
peak. (c) Photographs of the four terahertz transmission waveguides with various
dimensions shown in (b).

°C by considering both successful curing and THz absorption
coefficient of PDMS as low as possible. As shown in bottom
scale of Fig. 4(a), when the weighting percentage of PDMS
decreased from 66.6% to the 50% (weight ratio of PDMS and
Ag NPs decreased from 2:1 to 1:1), the transmission loss shows
slight reduction from ∼0.34 to ∼0.23 dB/cm. The reason is
ascribed to a larger covered region of the reflection layer by Ag

NPs, which increase the reflectivity of inner surface of the tera-
hertz waveguides [49]. However, the loss dramatically increased
when the weighting percentage of PDMS decreased from 50%
to 33.3% (weight ratio of PDMS and Ag NPs increased from
1:1 to 1:2). This is due to a larger amount of Ag NPs in PDMS
resulted in mixing difficulty [50] and a larger Ag NPs cluster was
generated on the surface of coating layer, which increased the
surface roughness and led to extra scattering losses. Therefore,
1:1 weight ratio of PDMS and Ag NPs was employed in this
study.

As shown in Fig. 4(b), the measured losses of four flexible
terahertz waveguides with 10 cm, 20 cm length and 2 mm, 4 mm
bore diameters, respectively, were investigated as a function of
THz QCL biased current. The losses of the 2 and 4 mm-bore
diameter waveguides at ∼2.58 THz were almost stable when
increasing the biased current from the threshold to peak bias
condition of THz QCLs, corresponding to ∼0.46 dB/cm and
∼0.22 dB/cm, respectively and decreased when increasing the
bore diameter. An ideal relationship between transmission loss
(αt) and bore diameter (D) is:

αt =
(μlm

2π

)2 8λ2

D3
Re (υl) (1)

where λ is the incident wavelength in vacuum, D is the bore
diameter, μlm is the mode parameter of the lmth mode, equal
to the zeros of the Bessel function, l and m parameter is the
number of periods or maximums and minimums in the azimuthal
and radial direction, respectively. And Re(υl) is a term which
considers the mode supported, the refractive index of the reflec-
tive layer, and the geometry of the waveguide [51]. The ideal
transmission loss is inversely proportional to the bore diameter
cube of the waveguide, inside which the sidewall is perfectly
smooth without any surface roughness at a given wavelength,
thus no extra scattering loss. Furthermore, to investigate the
relationship of transmission loss and length of waveguide, the
transmission losses were characterized with 10 and 20 cm-length
waveguides, respectively. For the waveguides with both 2 and
4 mm-bore diameters (photographs are shown in Fig. 4(c)), the
transmission losses almost overlap with each other when the
length of waveguide increased from 10 cm to 20 cm, indicating
a preeminent uniformity of the composite coating layer in the
fabricated terahertz transmission waveguides.

The output beam profiles from the 3D-printed terahertz trans-
mission waveguides with 2 mm and 4 mm-bore diameter and
20-cm length were recorded by a room-temperature terahertz
camera (Uncooled FPA micro-bolometer array, Swiss Terahertz
Rigi Series), allowing a real-time detection of spatial intensity
distribution under different biases from threshold to peak bias
condition of THz QCLs, as shown in Fig. 5. The waveguide with
a 2 mm-bore diameter produced a single-mode Gaussian-like
beam profile at the bias current of 3.38 A, 3.69 A 3.74 A, 3.96
A and 4.03 A. A primary single-mode with a very tiny side lobe
was observed in the output beam profiles from the waveguide
with a 4 mm-bore diameter at the same bias current because a
larger bore diameter is more likely to excite the higher order
mode.
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Fig. 5. Beam profiles of the output mode from terahertz transmission waveguides with (a) 2 mm and (b) 4 mm bore diameter when THz QCL is under different
biases from threshold to peak condition.

Fig. 6. Transmission spectra of the 3D-printed terahertz waveguides with (a)
4 mm and (b) 2 mm bore diameter under different biases.

To further investigate the transmission effect of the 3D-printed
terahertz waveguides on the characteristics of output mode,
transmission spectrum of the waveguides from threshold to peak
bias of THz QCLs were measured by FTIR, as shown in the
Fig. 6(a) and (b). The bias is 3.44A, 3.65A, 3.75A, 3.82A and
3.95A, respectively. The single-mode spectra of the THz QCLs
are preserved after transmitting the 3D-printed terahertz waveg-
uides with both two bore diameters 4 mm and 2 mm and no other
spectral modes are excited during the transmission process [52].

Mechanical characteristics of being flexible, bendable,
stretchable, stable and reliable are crucial for terahertz waveg-
uides in various applications, such as in terahertz endoscopy or
probe system. Additional loss will be introduced due to bending
of waveguides [53]. To experimentally measure the bending loss
of the 3D-printed flexible terahertz transmission waveguides, the
input end of the 20 cm length waveguide was fixed and aligned to
the spot focused by the lens, as seen in Fig. 2. The bending radius
is 5 cm and Fig. 7(a) shows the total loss of waveguides with
two bore diameters 2 mm and 4 mm measured at the bending
angles of 30°, 45° and 60°, respectively. For the waveguide with
a 4 mm-bore diameter, total loss is ∼5.6 dB at a bending angle
of 60° and ∼3.3 dB at a bending angle of 30°. In case of the
waveguide with a 2 mm-bore diameter, total loss is ∼8.8 dB at
a bending angle of 60° and ∼4.9 dB at a bending angle of 30°.

So far, there is few reports on the evaluations of antifatigue
for flexible terahertz waveguides. As shown in the Fig. 7(b), the
transmission losses of the fabricated flexible waveguides after
multiple times of bending, up to 300 times were measured to
investigate the mechanical endurance. The losses were nearly
unchanged, which exhibit a superior mechanical endurance of
the 3D-printed flexible terahertz transmission waveguide in
this work owing to the high elastic coefficient of PDMS and
fabricated materials of substrate tube. What’s more, uniaxial
tensile testing was carried out to the 3D-printed flexible terahertz
waveguides. Due to the limitation of space in the mechanical
force-strain testing instrument (TA Electroforce 3200), two 2-
cm-long segments from the 10-cm-long waveguides with 2 mm
and 4 mm-bore diameters were cut to verify the stretchability
of the 3D-printed flexible terahertz waveguides. As shown in
Fig. 7(c), there is a quasi-linear relationship between the strain
of waveguides and tensile force. The strain ε was calculated
according to the following formula [54]:

ε =
l − l0
l

× 100% (2)

where the l0 and l represent the lengths of testing waveguides
prior to and after applying the loading force, respectively. Strain
for the waveguides with two bore diameters is able to reach 40%
by fully using the entire instrumental space. And the correspond-
ing tensile force for 2 mm and 4 mm-bore diameter sample is
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Fig. 7. (a) Total loss measured from the ratio between the output and input
power of the 3D-printed flexible terahertz waveguides under different bending
angles. (b) Transmission loss of the 3D-printed flexible terahertz waveguides
under 50, 100, 150, 200, 250, and 300 times of bending, respectively. (c) Force-
strain curves of the 3D-printed flexible terahertz waveguides with two bore
diameters 2mm and 4mm.

∼ 3.2N and ∼13.7N, respectively. Thus, the 3D-printed flexible
terahertz waveguides can be easily bent for a multitude of cycles
owing to the excellent ductility. This work also reveals the
potential applications of the 3D-printed terahertz waveguides
in the ultra-flexible and stretchable terahertz devices.

IV. CONCLUSION

In summary, we demonstrated a novel flexible and stretchable
terahertz transmission waveguide fabricated by 3D printing tech-
nology. The propagation characteristics of 2 mm and 4 mm-bore
diameter waveguides were investigated at the frequency of 2.58

THz, which is the lasing frequency from the source of THz
QCLs. The results show that the transmission losses are ∼0.22
dB/cm for the waveguides with a 4 mm-bore diameter. The
roughness caused by the printing with accuracy (±0.001 to 0.002
inch per inch of part dimension) degrades the loss performance.
Lower loss can be achieved by optimizing the composite ratio
of PDMS and Ag NPs and further improving the inner surface
smoothness of the 3D-printed waveguides. Single-mode output
beam profiles from the 3D-printed waveguides under different
bias conditions of THz QCLs were presented. Importantly, pre-
eminent mechanical stability, reliability and flexibility of the
3D-printed terahertz transmission waveguides were tested and
verified when bending up to more than 300 times. This work
indicates that the low-cost, flexible 3D printing technology is
able to provide an efficient way to design and fabricate high
performance terahertz transmission waveguides, which will lead
to broad applications in terahertz endoscopic and spectroscopic
systems.
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