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ABSTRACT The laser-based directed energy deposition of polymers (DED-LB/P) is an additive
manufacturing process which offers the possibility to build up 3D structures with a high level of
individualization on free-form surfaces. In this article, an absorber free DED-LB/P process with a
thulium-doped fiber laser is presented for the first time to produce dielectric image lines (DIL) consisting of
polypropylene (PP) for high frequency applications. This type of transmission line has advantages over the
commonly used stripline technology due to its low signal attenuation, especially at high frequencies, but is
currently hardly found in mass-market applications because no suitable manufacturing technology has been
established for it yet. The steadily increasing demand of higher bandwidth in telecommunication or increased
resolution of radar sensors leads to higher application frequencies and alternative interconnect technologies
will become more important as they significantly define the achievable overall system performance. Based
on the fabricated low-loss DILs in this study, DED-LB/P could represent such an alternative manufacturing
process for future RF-applications.

INDEX TERMS Additive manufacturing, dielectric image lines, directed energy deposition, laser polymer
deposition.

I. INTRODUCTION

The ever growing need for higher bandwidth and therefore
higher frequencies in the field of radio frequency (RF) circuits
and communication pushes established technologies to their
limits. Restrictions on freedom of spatial design and high
losses in microstrip lines and other planar transmission lines
are a huge obstacle and reach values of over 1.37dB/cm [1]
at frequencies higher than 100 GHz. Low loss transmission
lines for high frequency application can only be formed by
a dielectric strip, e.g. with a circular or rectangular cross
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section. Since electromagnetic fields are also present in the
immediate surroundings of this dielectric waveguide, a cer-
tain distance must be maintained by design, strongly limiting
the possibilities of integrating them with other assembly and
interconnect technologies. Since the electric field distribution
of the propagation mode has a symmetry plane, a ‘mirror’
can be introduced at this plane without changing propagation
properties of the transmission line [2], [3]. A perfect mirror
would be a sheet showing infinite conductivity and an ideally
smooth surface. Practical realization with a conductive sheet
affects the propagation properties of the transmission lines
due to conductor loss and inner inductance, which heavily
depend on the surface profile.

© 2023 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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TABLE 1. Attenuation of established transmission lines in W-band.

Line Type Attenuation dB/m  Reference
Coplanar waveguide 130.35 [4]
Microstrip 136.93 [1]
Hollow waveguide 2.63 [5]
Dielectric waveguide 1.80 [6]

In the regarded frequency range above 100 GHz planar
transmission lines, e.g. microstrip lines or coplanar waveg-
uides already show very high attenuation, whereas hollow
waveguides and dielectric waveguides have significantly
lower losses (see Tab. 1 for typical figures) but usually are
difficult to integrate. Thus, a DIL can be considered as a
compromise between the achievable transmission properties
and integrability.

The concept of DILs is well known [7], [8] and it is
widely accepted as a promising type of transmission line.
Theoretically, the signal attenuation of a DIL can be lower
than hollow waveguides and its planar structure could be
used in a wide range of applications. The lack of industrial
application can be regarded as the result of a missing
automated manufacturing process. In laboratory applications,
the DIL is manufactured by subtractive machining and
subsequently gluing the dielectric onto a metallic sub-
strate [3]. In order to address the aforementioned challenges,
DED-LB/P represents a promising approach for fabricating
DILs. DED-LB/P is an additive manufacturing process,
in which a laser beam is used to melt a polymeric feedstock
as it is being deposited [9]. A schematic representation
of the DED-LB/P process using powder feedstock material
is shown in Fig. 1. Analogous to the laser-based directed
energy deposition of metals (DED-LB/M), DED-LB/P offers
the possibility to build up 3D parts on free-form surfaces
through line-by-line deposition [10]. As near-net shapes
are created directly from computer aided design data,
a shortening of the process chain can be reached compared to
conventional manufacturing processes. In addition, complex
functional gradients, multi-material structures and composite
materials with tailored properties can be fabricated by using
a multi-hopper powder feeder [11].

Despite the above-mentioned advantages, DED-LB/P has
been investigated only to a limited extent in literature so
far. In order to enhance the wear-resistance of elastomers
in sealing and sliding systems, polyamide 11 (PA1l) and
thermoplastic polyurethane (TPU) based coatings were
applied by DED-LB/P in previous studies [12], [13]. Results
show a substantial reduction of the frictional forces by
the deposited PA11 coatings compared to the elastomer
substrates. In particular, the admixture of polytetraflu-
oroethylene and molybdenum disulfide powders to the
feedstock was a purposeful approach [12], [13]. In addition
to the consolidation of functional coatings, building up 3D
parts by DED-LB/P was demonstrated in previous stud-
ies [14], [15], [16]. The fabricated polyamide 12 (PA12) [14],
[15] and TPU [16] structures indicate a high level of
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FIGURE 1. Simplified illustration of the DED-LB process using powder
feedstock material.

roughness and poor mechanical properties, which are
attributed to partially molten particles and a high porosity.
Furthermore, an important point to note is that common
near-infrared (NIR) laser beam sources in the wavelength
range between 0.9 um and 1.1 pm were used in the afore-
mentioned studies about DED-LB/P. As polymers exhibit
a high transparency in this wavelength range, the ther-
moplastic feedstocks were modified with additives (carbon
black [12], [16], multi-walled carbon nanotubes [14], [15])
to ensure a sufficient laser absorption. However, the addition
of these additives affects the transmission properties of
DILs, which inhibits the use in millimeter wave applications.
In summary, further developments are necessary at both
material and process level to establish DED-LB/P as a
competitive additive manufacturing process.

Instead of modifying the polymer system with absorbing
additives, the laser beam source can be adjusted to reach
suitable absorption characteristics during DED-LB/P pro-
cessing. Based on previous studies in literature [17], [18], it is
expected that CO» lasers are only partially suitable in DED-
LB/P. Due to the low optical penetration depth in the polymer
powder, the interface between substrate and deposited layer
cannot be heated sufficiently. In addition, the laser radiation
of a CO; laser cannot be guided through glass fibers, which
makes the integration into a DED-LB/P setup more difficult
than with NIR laser beam sources [16].

Since most thermoplastic polymers exhibit characteristic
absorption bands at wavelengths above 1.5 pm [19], the use
of a thulium-doped fiber laser system with a wavelength
of around 2 pm is an interesting approach in DED-LB/P.
Laumer et al. [20] measured at a wavelength of 1.94 um
the optical properties of thermoplastic powders with an
experimental setup consisting of two integration spheres.
PA12 powder layers with a thickness of 200pm show
an absorptance of 31 %, a reflectance of 40% and a
transmittance of 29 %. Based on the optical characteristics
of the polymer powder, a thulium-doped fiber laser with a
wavelength of 1.94 um was investigated in an absorber-free
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DED-LB/P process. The suitability of this laser beam source
was proven by producing single-layer PA12 coatings with
low porosity (2.3 %) and good adhesion on the stainless steel
substrates [21].

In the present manuscript, DED-LB/P is investigated for
the first time to additively manufacture polymer-based DILs
for microwave applications. It is assumed, that an absorber-
free DED-LB/P process with a thulium-doped fiber laser is
appropriate to fabricate low-loss DILs. PP powder is used
for fabricating the DILs due to a suitable loss tangent of
about 2 - 1073 and a relative permittivity of around 2.2.
These values were measured with a cavity resonator up to
36 GHz. As reported in [3], a DIL with rectangular cross
section, made from a dielectric with a relative permittivity of
2.2 should have dimensions of about 1.8 mm times 0.9 mm
for W-Band applications. Unlike presented in [2] and [3],
DILs with a semi-elliptical cross section are fabricated
in this study. This geometry is much easier to realize in
DED-LB/P than rectangular cross sections. The change of
the geometry has no obvious disadvantages except that the
DIL does not fit perfectly into the wave mode transition
presented in this paper. In order to evaluate the potential of
DED-LB/P for producing DILs, the generated PP structures
are analyzed with regard to the geometrical dimensions,
porosity, surface roughness, shear strength and transmission
properties. In this context, the DILs are characterized for
a frequency range from 75 GHz to 110 GHz (W-band) to
exemplify the application and possibilities of this type of line
for frequency bands above 100 GHz.

Il. MANUFACTURING OF DIELECTRIC IMAGE LINES
Due to a low dielectric loss factor, PP powder (AM Polymers,
Willich, Germany) with an average particle size (xsp,3) of
81.6 £ 3.2 pm was used to fabricate the DIL by DED-LB/P.
A fiberglass-reinforced epoxy-laminated sheet (FR4) with
a copper coating of 35um thickness (Bungard, Windeck,
Germany) was selected exemplarily as substrate material
for the experimental investigations. In order to improve the
mechanical interlocking between the substrate and deposited
PP structures, the copper surfaces were sandblasted (SM
2002 A, HGH, Liidenscheid, Germany) using a microblasting
system (HGH 6040, HGH, Liidenscheid, Germany). All
substrates were cleaned with ethanol to remove residues of
the sandblasting process. The average roughness (Ra) of the
sandblasted surfaces was determined as 7.96 + 0.98 pm.
The experimental DED-LB/P setup in this study for
fabricating the DILs is schematically shown in Fig. 2.
A single-mode thulium-doped fiber laser system (TLR-120,
IPG, Burbach, Germany) with a wavelength of 1.94 um
and a maximum output power of 120 W was used. The
laser beam with a Gaussian profile was guided by the laser
processing head (YC30, Precitec, Gaggenau, Germany) onto
the substrate surface. The relative movement between the
laser processing head and the substrate was realized by
a positioning system (Aerotech, Fiirth, Germany) with a
three translational axis. The powder feed to the four-jet
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TABLE 2. Experimental design for the fabrication of DILs by DED-LB/P.

Parameter Set 1 2
Substrate temperature (°C) 23 100
Laser power 1st layer (W) 34 27
Laser power 2nd — 6th layer (W) 27 27
Dwell time (s) 1 8
Feed rate (mm/s) 10

Beam diameter (mm) 1.9
Carrier gas flow (L/min) 6
Shielding gas flow (L /min) 10
Working distance (mm) 14
Powder mass flow (g/min) 0.5

TABLE 3. R; of the weld tracks with five layers.

Parameter Set Ra
1 30.47 £ 0.80 um
2 24.99 +1.21pym
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FIGURE 2. Schematic of the DED-LB/P setup for the fabrication of DILs on
metallic substrates [21].

nozzle of the laser processing head was implemented using
a vibrating powder feeder (Flowmotion, Medicoat, Wohlen,
Switzerland). Argon was used as carrier and shielding gas for
preventing oxidative degradation mechanism of the polymer
powder. A hot plate with a maximum temperature of 150 °C
was integrated into the experimental setup to heat the
substrate plate.

In order to realize the DILs for RF applications, 3D
structures with a semi-elliptical cross section were fabricated
with DED-LB/P. For this purpose, welding tracks with a
length of 30 mm were applied on the copper surfaces. Up to
six layers were deposited by an alternating scan strategy to
reach appropriate heights of the DIL. The DED-LB/P process
was stopped between each layer for a certain period (dwell
time) to avoid excessive heat accumulations. Table 2 presents
two optimized parameter sets for generating homogeneous
structures on the substrate surfaces. As excessive melt
pool temperatures can cause process instabilities during
DED-LB/P processing [21], the energy input was tailored by
varying the substrate temperature, laser power and delay time.
The remaining parameters (feed rate, beam diameter, powder
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‘Substrate

FIGURE 3. Microscopic image of the sample surface processed by
(a) parameter set 1 and (b) set 2.

TABLE 4. Maximum shear forces and shear stresses of the samples with
five layers (n = 3).

Parameter Set ~ Maximum shear force N Shear strength MPa
1 10.4 £ 2.0 0.14 £ 0.03
2 21.8+3.9 0.19 £ 0.03

mass flow, carrier gas flow, shielding gas flow and working
distance) were kept constant.

lll. CHARACTERIZATION OF THE GENERATED
STRUCTURES

Microscopic images (M80, Leica, Wetzlar, Germany) of the
sample surface generated by set 1 and set 2 are shown in
Fig. 3. For the samples processed by set 1 a sharp distinction
between the substrate and DIL is recognizable. By contrast,
an overspray on the substrate can be seen for samples
produced by set 2. Due to elevated substrate temperature of
100 °C, the adhesion of powder particles to the substrate is
promoted in close proximity to the laser-material interaction
zone.

DILs built up by set 1 exhibit a tendency towards lifting
at the corners and thus a localized delamination from the
copper surface. Thermally induced residual stresses due to
non-uniform temperature gradients are implicated as the
underlying cause. Analogous to laser-based powder bed
fusion of polymers (PBF-LB/P), the deformation of the
generated DILs caused by a fast or an inhomogeneous
crystallization have to be considered [22]. As a consistent
adhesion of the DIL on the substrate is observed for set 2, it is
assumed that the residual stresses are reduced sufficiently at
a substrate temperature of 100 °C.

A 3D optical profilometer (VR-6000, Keyence, Osaka,
Japan) was used to measure the geometrical dimensions of the
fabricated DILs. Fig. 4 shows the cross section of a five-layer
structure deposited by set 1 and set 2. On the basis of the
cross-sectional dimensions, the height (Fig. 5) and width of
the DILs (Fig. 6) depending on the number of deposited
layers were determined. DIL heights in the range from 0.17 £
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FIGURE 4. Cross-sectional geometry of a five-layer DIL deposited by
set 1 and set 2.
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FIGURE 5. DIL height as a function of the number of layers for set 1 and
set 2.

0.04mm to 0.76 £ 0.03 mm can be achieved by adapting
the number of layers. When comparing the two parameter
sets, no significant differences are evident with regard to the
DIL height. The DILs deposited by set 1 and set 2 show a
maximum width of 2.58 £ 0.17 mm and 3.88 £ 0.30 mm,
respectively. The higher DIL widths of set 2 compared to set 1
are attributed to the positive effect of a substrate heating on
the wetting behavior [23].

Cross sections of the DILs were prepared using a disc
cutting machine (Discotom-10, Struers, Willich, Germany)
and subsequently grinded as well as polished. The generated
cross sections were analyzed in terms of possible defects
by optical microscopy (BX53M, Olympus, Tokyo, Japan).
In order to quantify the porosity of the DILs, the open-source
image processing software ImageJ was used. The micro-
scopic images (Fig. 7) show a clear differentiability between
set 1 and set 2 with regard to porosity. Compared to set 2,
pores with much larger diameters (188 £ 95 pm to 367 +
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FIGURE 6. DIL width as a function of the number of layers for set 1 and
set 2.
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FIGURE 7. Exemplary microscopic images of polished cross sections of
DILs with five layers fabricated by a) set 1 and b) set 2.

62 nm) are striking for set 1. While a porosity of 0.7 +0.1 %
is reached for DILs fabricated by set 2, a porosity up to
8.1 £ 2.9 % can be seen for set 1.

The arithmetical average roughness (Ra) was analyzed
with a confocal laser scanning microscope (LEXT 4000,
Olympus) longitudinally on the DIL. Thereby, the measure-
ments were performed within the center along the peak
of the DILs. DILs with five layers were characterized
exemplarily to determine Ra. According to DIN EN ISO
4288, a cut-off wavelength (L) of 8 mm was selected.
In general, the fabricated DILs reveal high Ra values
(Table 3). A comparison of the two parameter sets presents
a 20 % lower Ra value of the DILs deposited by set 2. The
reduced density and roughness of 3D structures fabricated
by set 2 can generally be associated with an improved
coalescence of the polymer particles. Due to the lower
cooling rate induced by the heating of the substrate, rapid
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FIGURE 8. Experimental setup for the shear tests.

solidification of the polymer can be avoided, thus extending
the duration of the molten phase.

In order to investigate the influence of the process
parameters on the shear strength between DIL and substrate,
shear tests were carried out. For this purpose, the substrates
were positioned and fixed in the shear test rig, as shown
in Fig. 8. The DIL structures were then sheared off with a
chisel moving at a speed of 0.05mm/s. The forces acting
during the shear process were recorded with a 100N load
cell (KD40s, ME-Messsysteme, Hennigsdorf, Germany).
The corresponding shear strength was calculated by using
the bonding surface between the DIL and substrate. It
is well-known from machining that the chisel edge can
influence the shear strength [24]. Therefore, it is important to
mention that a comparison of the determined shear strengths
with literature values is only possible to a limited extent.
Table 4 presents the determined maximum shear forces and
shear strengths for samples with five layers. A comparison
of both parameter sets shows a 35.7 % higher shear strength
for the samples produced by set 2. The adhesion between
the DIL and the substrate could be attributed to an
interplay of adsorption theory, weak-boundary-layer theory
and mechanical theory [23], [25]. Since the substrate surface
is roughened by sandblasting, the mechanical interlocking
between the DIL and the substrate is a significant factor
for the adhesion. The increased bond strength caused by a
substrate heating is in accordance with previous studies in
literature [26], [27]. Due to the improved wetting at elevated
substrate temperatures, a large active area for intermolecular
interaction and hence a higher strength is ensured [27].

IV. ELECTRICAL MEASUREMENTS

To acquire the transmission characteristics, a back-to-back
measurement setup, like shown in Fig. 9 is used. For
this setup two 3D-printed and subsequently metal plated
transitions from WR-10 waveguides to the DIL are used.
These transitions are screwed onto the substrate, like shown
in Fig. 10. It is important to note, that these transitions were
designed for a DIL with rectangular cross section and tapered
DILs [3]. The geometrical dimensions of these transitions are
shown in Fig. 11 and described in Tab 5. Each transition has

120589



IEEE Access

A. Wittmann et al.: Feasibility of Manufacturing DIL by Using DED-LB/P

ref. planes

FIGURE 9. Back-to-back-setup to measure the S-parameters.

upper part

lower part

FIGURE 10. Exploded-view drawing and cross section of the used
waveguide to DIL transition.

three segments. After a short section of a hollow waveguide
(A), the transition to a dielectrically filled waveguide is
achieved by narrowing the cross section in (B) and finally,
a horn like widening in (C) assures matching to the DIL.

To characterize the transmission capabilities of the pro-
duced specimens measurements with a Rohde & Schwarz
ZVA-24 are performed. It is calibrated with a standard
TOSM-calibration, which sets the reference planes to the
measurement flanges (Fig. 9). Due to the high complexity of
the DED-LB/P process, it must be considered that this study
is focused on the production of DILs with a constant length
(30 mm). Increasing the length of the DILs poses a challenge
regarding the adhesion on the substrate, which should be
investigated in future work. As a consequence, the wave mode
transitions are not de-embedded.

The measured S-Parameters of the produced sets 1 and 2
for a number of 5 layers and over a frequency range from
75 GHz to 110 GHz are shown in Fig. 12 and 13. It is clearly
evident that the specimens which show overspray (set 2),
due to a heated build platform, perform worse than the ones
without (set 1). As mentioned, the transition was not designed
for the resulting cross section. Consequently, a powder
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FIGURE 11. Dimensions of the waveguide to DIL transition.

TABLE 5. Geometric dimensions of the mode transition shown in Fig. 11.

Segment Parameter 1 2 3

h (mm) 127 1.00 192
1 (mm) 10.00  2.00 5.24
w (mm) 2.54 1.9 375

|S11] (dB)

frequency (GHz)
FIGURE 12. |Sy;| of sets 1 and 2 and the simulation.

—e—set 1 set 2 - ®-sim

—10

1521 (dB)

~90 \ | \ | \ \
75 80 85 90 95 100 105 110

frequency (GHz)
FIGURE 13. |Sy;| of the sets 1 and 2 and of the simulation.

overspray in set 2 worsens the performance significantly
compared to set 1. The measured reflection loss for set
1 shows values under 10 dB almost throughout the frequency
range. Set 1 also has an acceptable insertion loss reaching
from —7.85dB to —3.57 dB.
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FIGURE 14. Simulated damping coefficient « of the DIL with the used
crosssection.

On the basis of the measured geometrical dimensions
(Fig. 5, Fig. 6) of the produced DIL, the S-parameters
were simulated. Note that, for this simulation the relative
permittivity of the printed PP was estimated to be 2.2 at
90 GHz, although the DED-LB/P process produces DILs
with pores which can be seen in Fig. 7. Also the measured
average surface roughness of the substrate (Ra) was taken into
account. Despite the determined porosity, the simulations
seen in Fig. 12 and Fig. 13 show an adequate agreement with
the measured data.

Due to the aforementioned constant length of the produced
DILs, multi line measurement could not be performed.
However, a simulative estimation of the line loss itself
was carried out using a multiline method [28] to obtain
the damping coefficient of the transmission line without
influence from the waveguide transitions. The estimated
damping coefficient « is plotted in Fig. 14 and shows
a maximum attenuation of 13dB/m, which is a great
improvement compared to typical planar transmission lines.
Therefore, the feasibility of producing low-loss DILs with the
help of DED-LB/P was demonstrated.

V. CONCLUSION

A dielectric image line would be superior to conventional pla-
nar striplines in terms of attenuation, yet it is rarely found in
any application due to a lack of an automated manufacturing
process. In this work, an absorber-free DED-LB/P process
with a thulium-doped fiber laser is presented to produce DILs
for microwave applications. The produced specimens reached
a reflection loss of 10dB in nearly the entire W-band and
a maximum insertion loss of 7.85 dB, whereas simulations
with parameters based on the experiments indicate line losses
alone with a maximum of 0.13dB/cm. Compared to a
microstrip line with a line loss of around 1.37 dB/cm this is
a good and promising improvement. Since substrate heating
improves the shear strength of the applied DILs on the one
hand and negatively affects the transmission characteristics
on the other, a compromise must be found depending on
the requirements of the RF application. Therefore, further
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investigation should be performed on the manufacturing
parameters and on possible pretreatments of the substrate
surface to improve adhesion as well as electrical performance
of the DIL. Also, the wavemode transducers used to connect
hollow waveguides to the DIL have to be redesigned to fit
to the process specific cross section of the DIL. Overall
the performed attempts give reason for confidence, that the
DED-LB/P process is a manufacturing technology capable
of producing the necessary basic components of a new
alternative assembly and interconnect for future applications
operating at frequencies > 100 GHz. The 3D capability and
its achievable feature sizes together with the variety of usable
polymers enable e.g. new antenna in package concepts or
broadband chip to chip connections.
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