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3D Printed Liquid Crystal Polymer Thermosiphon for Heat

Transfer under Vacuum

Bharath Seshadri,* Illias Hischier, Kunal Masania, and Arno Schlueter

A novel approach is presented to 3D print vacuum-tight polymer components
using liquid crystal polymers (LCPs). Vacuum-tight components are essential
for gas storage and passive heat transfer, but traditional polymer 3D printing
methods often suffer from poor interfaces between layers and high free
volume, compromising vacuum integrity. By harnessing the unique properties
of LCPs, including low free volume and low melt viscosity, highly ordered
domains are achieved through nematic alignment of polymer chains. Critical
gas-barrier properties are demonstrated, even in thin, single—print

robotic-fabrication, and assembly pro-
cesses to build technologically advanced,
high-performance products. Integrating
3d printing into manufacturing pro-
cesses is also an opportunity to integrate
heat transfer mechanisms into compo-
nents, machines, and structures for ther-
mal management. printing makes it pos-
sible to fabricate such components in a
way that is impossible to realize through

line—walled samples ranging from 0.8 to 1.6 mm. A 200 mm evacuated
thermosiphon is successfully printed, which exhibits a thermal resistance of
up to 2.18 K/W and an effective thermal conductivity of up to 28 W/mK at

60 °C. These values represent a significant increase compared to the base LCP
material. Furthermore, the geometric freedom, enabled by 3D printing
through the fabrication of complex-shaped thermosiphons, is showcased.
The authors study highlights the potential of LCPs as high—performance
materials for 3D printing vacuum-tight components with intricate
geometries, opening new avenues for functional design. An application of
integrating 3D printed thermosiphons as selective heat transfer components
in building envelopes is presented, contributing to greenhouse gas emissions

mitigation in the construction sector.

1. Introduction

Over the last decade, industries ranging from building
constructionl!l to automobiles!?] to aerospacel’] have seen a
digital transformation with the integration of 3d printing,
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conventional manufacturing techniques,
for example, with complex multiscale or
hierarchical geometries,[**] tuning meta-
material characteristics!®?®! for in situ
or prefabrication. Temperature-critical
structures, i.e., removing and transport-
ing heat to maintain ideal process tem-
peratures, or maintenance-critical struc-
tures, i.e., with long lifetimes and largely
unsupervised operation, are possible ap-
plications.

However, the critical performance re-
quirements of highly efficient heat trans-
fer components, such as evacuated heat
pipes, are still challenging to achieve
with 3d printing. Besides mechanical
strength, high gas barrier and vacuum
tightness are required for long-lasting operation. So far, re-
searchers have 3D-printed metal components (aluminum, cop-
per, and stainless steel) because of the high mechanical strength
and gas barrier behavior. By using an energy- and resource-
intensive metal sintering technique, 3D printed evacuated heat
pipes for use in electronics, nuclear reactors,® and structurally
integrated and geometrically optimized satellite systems!'%! have
been demonstrated.

Compared to metal 3d printing, polymer 3d printing tech-
niques, especially fused filament fabrication (FFF), is a more
cost-, material-, and energy-efficient!] alternative. It has been
shown that polymer heat pipes can achieve high heat- and mass
transfer performance.l'?l Polymer 3D printed parts can be
built on top of different substrates, thus allowing heat pipes to
be integrated into digital fabrication and assembly processes.
However, the critical performance characteristics of heat pipes,
i.e., high gas barrier and mechanical strength to maintain
vacuum pressure, are more challenging to achieve compared
to the metal sintering techniques. To achieve vacuum com-
patibility for polymer FFF 3D printed parts require consider-
able time- and resource-intensive postprocessing, e.g., anneal-
ing polymer-metal composites,”] coating with a sealant or metal
electroplating!'®! to improve vacuum performance. Large-scale

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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architectural applications, as we describe in Section 3.3, requires
larger postprocessing equipment (ovens, and solution contain-
ers). Fabricating vacuum-compatible parts without postprocess-
ing is therefore highly desired for construction.

Here we show that liquid crystal polymer (LCP) samples can
be printed using an off-the-shelf 3D printer to achieve high gas-
barrier properties without any postprocessing to solve the prob-
lem of hermetically sealing FFF polymer components. Coupled
with optimal FFF 3D printing parameters, we demonstrate that
the critical gas-barrier properties can be achieved even in thin-,
single-walled (0.8-1.6 mm) components for different scales and
geometries.

1.1. Material, Morphology, and Fabrication Process

The LCP (Vectra A950, Ticona) used in this research has strong
mechanical properties (rupture modulus = 135-145 MPa, spe-
cific stiffness (10.6-10.9 MN m kg™'), and high gas barrier
(0.0184-0.0326 cm® mm m~ day bar for O, gas), compared
to other FFF 3D printed thermoplastics such as polypropylene
(PP), acrylonitrile styrene acrylate (ASA), acrylonitrile butadiene
styrene (ABS), polyethylene terephthalate glycol (PETG), polycar-
bonate (PC), and polyether ether ketone (PEEK). We compare
these properties of commonly printed materials and LCPs in the
Supporting Information S1. Among the commercially available
FFF compatible 3D printed polymers, PEEK (specific stiffness
2.87-3.02 MN m kg™', flexural strength 105-116 MPa, O2 gas
permeability 6.54-11.3 cm® Mm m~2 day bar) could also be used.
Based on more recent information, PEI (specific stiffness 2.27-
2.4 MN m kg™, flexural strength 144-159 Mpa) could be a strong
alternative to LCPs for vacuum-compatible applications. The gas
barrier properties should be further investigated. Noteworthy is
that both PEEK and PEI require carefully controlled chamber
temperatures, whereas LCPs do not and are far better suited to
scaling in size, through lower energy consumption and need for
specific print environment conditions.

We used a bio-inspired patented process!*®! to FFF 3D print ne-
matically aligned polymer chains in an extruded LCP filament.
We used the LCP filament developed by the process of i) dry-
ing, ii) heated extrusion, iii) cooling, and iv) rolling to achieve
a filament diameter of 1.75 mm which was verified using digital
callipers. When extruded through a heated nozzle, the shearing
stresses on the filament result in highly oriented domains. Upon
exiting the nozzle, the outer domains are in contact with the am-
bient air, experience rapid cooling, and retain their highly ordered
structure. The domains in the interior of the filament are cooled
more slowly and have sufficient time to reorient, resulting in a
highly oriented shell and a less-oriented core. The process com-
bines geometric freedom with molecular orientation along the
print path to achieve exceptional mechanical strength and stiff-
ness (Figure 1).

We make use of the low free volume in LCP structures
that have properties ideally suited for high-vacuum applications,
namely high gas-barrier and mechanical properties due to the
highly oriented nematic domains. The overall gas barrier of the
FFF 3D printed LCP element depends on the bulk diffusion
across the material (Qy;) and the leakage rate between the ad-
ditively deposited layers (Qy;) resulting from small voids or im-
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perfections induced during the FFF process within the printed
layers. However, despite a high Qy;; (0.9 cm?® m=2 day bar for Oxy-
gen gas), the leakage rate between the additively deposited layers
(Q,.) that depends on the printing parameters and tool-path set-
tings needs to be minimized.

2. Results and Discussion

2.1. 3D Printing Parameters and Tool-Path Settings

We identified the effect of FFF 3D printing parameters and tool-
path settings on the printed sample’s ability to hold vacuum. The
inherent drawback of FFF 3D printed parts arises from the pro-
cess itself. Since the process is “additive,” small voids or imper-
fections are induced within the printed element, which results in
air leakage or structural failure when exposed to vacuum condi-
tions. Others have similarly investigated the impact of 3d printing
parameters on performance-critical properties, mainly mechani-
cal strength.[20-24]

Through a preliminary statistical analysis, we concluded that
print temperature (Ty), nozzle size (D), boundary shells, or, in
the case of single-walled structures—layer width (Ly,) and layer
heights (L,;) —were critical parameters for gas-barrier (Support-
ing Information S2). We first examined the effects of these pa-
rameters using optical microscopic images for imperfections that
could compromise the ability to hold vacuum (Figure 2). Using
the microscopic images, we determined boundary conditions for
print temperature, layer height, and the ratio of layer width to
nozzle diameter (Ly,:Dy >1.0) or extrusion multiplier for single-
walled structures (Figure 2C). With Ty, = 330 °C, L,; = 1 mm,
and Ly:Dy > 1.0, we observed better layer adhesion and a lower
chance of defects. When we printed LCPs at lower temperatures
(Ty < =290 °C), we observed layer delamination, i.e., adjacent
layers could not bond because of the speed at which the de-
posited layers were cooled. Similarly, when we printed larger
layer heights (L; > = 0.5 mm), we observed defects because of
the presence of defects because of smaller contact area between
adjacent layers. The images also confirm the “core-shell” struc-
ture of oriented (lighter regions) and nonoriented polymer chains
(darker areas) caused by the differential cooling rates of the
polymer chains, clearly visible in larger layer heights. More ori-
ented domains have higher optical reflectivity and appear white,
whereas nonoriented domains tend to have lower reflectivity and
appear dark. We show a larger sample with the core-shell struc-
ture in the Supporting Information S3.

We determine that layer adhesion and, in turn, vacuum com-
patibility (gas-barrier and mechanical strength) can be optimized
by choosing the optimal parameters. However, the extruder’s ver-
tical movement after each layer’s completion and before start-
ing the next (commonly referred to as “z-hop”) results in a “z-
seam” with surface defects causing voids and renders FFF sam-
ples incompatible with vacuum applications. To counter these
defects, we used a continuous tool path to program the move-
ment of the nozzle. More commonly known as the “spiral”
or “vase” mode, the print layers progress upward in one con-
tinuous spiral path. Instead of countable layers, we build the
sample through smooth, continuous movements of the z-axis
(Figure 2E). We show the macro and microscopic differences
between layer-upon-layer FFF 3D printed samples and samples
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Figure 1. Schematic 3d printing process of a vacuum-tight liquid crystal polymer (LCP) cylinder showing A) FFF process and print path; polymer chain
orientations within the filament, B) before- and C) after-heated extrusion. D) Cross-section of the cylinder wall describing additively deposited layers’
characteristics, namely Layer Height (L) and Layer Width (Ly), and E) optical microscopy image of the cross-section wall demonstrating the “core—
shell” morphology, i.e., light-colored shells and darker cores — indicating highly ordered shells and less-ordered cores, and F) a description of vacuum
induced surface pressure (AP) as a result of different pressures on the inside (P,) and outside (P,) the component, and material- (Q, ) and layer- (Q,)
leakage through the walls, and G) schematic of oriented polymer chains with high gas barrier properties.

printed in a continuous spiral path in the Supporting Informa-
tion S3.

Following this image analysis, we measured the effect of the
above-mentioned parameters (Ty, Ly, and Ly:Dy) on the gas bar-
rier using leak testing.

2.2. Characterizing Gas-Barrier and Leakage Rates Relative to 3D
Printing Parameters

We used the insights gained from microscopic imaging to iden-
tify the FFF 3D-printing parameters necessary to fabricate sam-
ples with high gas-barrier properties. We printed single-walled,
hollow cylinders (inner diameter 51.7 mm, height 100 mm) with
different parameters, which could be used to quantify the gas bar-
rier properties by measuring the samples’ leakage rate.

In Figure 3A-C, we show the influence of print temperature,
layer height, and layer width: nozzle diameter on the relative leak-
age rates of the samples from the leak test. Relative to the nor-
malized baseline leakage rate at the start of the test (107! mbar
L s™!), at Ty = 330 °C and Ly = 0.1 mm, we found the rela-
tive leakage rate to be the lowest (<107!! mbar L s7!) and the
least spread in the measurement results. We concluded that we
minimize the imperfections in layer adhesion under these con-
ditions. At Ty> 330 °C, the LCP material exits the nozzle un-
controlled manner, which causes defects in the print. The op-
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timized Ty and L,; parameters were used to determine the ef-
fect of Ly,:Dy, tool path (spiral vs nonspiral), and postprocess-
ing (annealing) on the relative leakage rates (Figure 3C). We in-
crease Ly:Dy, from 1.0 to 2.0, ie., for Dy = 0.8 mm, Ly, in-
creased from 0.8 to 1.6 mm, by increasing the amount of ex-
truded material. We found that relative leakage rates were the
smallest (10712 mbar L s7!) for Ly:Dy, = 2, i.e., Dy = 0.8 mm,
and Ly = 1.6 mm. “Non-spiral” samples had more defects (sig-
nificantly along the z-axis seam) and higher leakage rates than the
spiral samples. Annealing (200 °C for 3 h) did not substantially
affect the relative leakage rates, despite evidence that annealing
leads to better layer adhesion in FFF samples.?>2¢] The analysis
shows that FFF 3D Printed LCP samples do not require postpro-
cessing to achieve high gas-barrier characteristics and can meet
the leakage rate requirements of vacuum applications.

Next, temporal tests were conducted to measure the absolute
leakage rates for samples with optimal printing parameters. The
length of the samples was increased from 100 to 200 mm to de-
tect increase in defects/leakage rate with surface area. Compo-
nents are classified as leaky if Qis >107* mbar L s~! and tight
if <1071 within 10 and 100 mbar. Consistent with the results
from the leakage test, increasing the Ly,:D, ratio decreases the
leakage rate, while increasing the length of the sample has no
significant effect on the leakage rate. The leakage rates shown
here could also be the result of outgassing of the sample and
residual moisture build-up resulting in a higher leakage rate than
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Figure 2. A-D) Polarized light microscopy of 3D printed LCP samples cross-sections (left) and side-views (right) describe the interlayer adhesion
resulting from different 3d printing parameters, namely printing temperature (Ty), layer height (L,,) and layer width to nozzle ratio (Ly:Dy). The 3D
plot shows the identified 3d printing envelope that enables vacuum-tight prints. E) Images of a continuous “spiral” tool path, and a discontinuous,
layer-upon-layer deposition in a “non-spiral” tool paths shown for delaminated samples.

a completely evacuated sample. In the Supporting Information
S4, we demonstrate the long-term (>800 h) applicability of FFF
3D printed LCP samples by measuring the leakage behavior of
a 200 mm prototype cylinder printed using the optimal print,-
parameters, and path.

Our results indicated that LCPs exhibited significantly lower
leakage rates with optimized printing parameters. The find-
ings suggest that LCPs have potential for vacuum applica-
tions, but further research is needed to fully understand their
gas barrier properties and compare their performance to other
vacuum-compatible materials. For example, future work should

Adv. Mater. Technol. 2023, 2300403 2300403 (4 of 10)

include investigating the gas barrier properties of FFF polymers,
such as polyetheretherketone (PEEK), polyetherimide (PEI),
and a blend of PEEK/PEI. As noted in the literature, PEEK,
PEI, and PEEK/PEI blends have excellent properties for space
applications.[?*28-30] However, we did not find any vacuum tight-
ness, leakage rate, or gas barrier data for 3D printed samples
of these materials in the literature. Other researchers demon-
strated leakage and vacuum applications of FFF polymers, but
they required postprocessing using electroplating or coatings!!®!
to achieve a comparable results from the He leak tests, and low
leakage rates (107°~10~8 mbar L s7!) for temporal vacuum tests.
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Figure 3. Analysis of the effect of critical 3d printing parameters on the leakage rates of the printed LCP samples, and identification of an optimal
combination of parameters A) Ty =330 °C, B) Ly = 0.1 mm, C) Ly:Dy =2, and comparison to samples printed using nonspiral tool-paths and samples
which are postannealed. The “dashed-line” shown in (A-C) are the normalized base-line vacuum pressure within the samples prior to He being sprayed.
The yellow highlighted sections achieved the lowest relative leakage rates and are the optimal print parameters and path D) Short-term leakage (14 h)
testing of air leakage by measuring the internal air pressure of a @52, 200 mm prototype printed using optimal 3d printing parameters and tool path.

The gas-barrier performance of FFF printed LCP elements is
attributed to two aspects: i) the low permeability of the LCP ma-
terial itself, and ii) the optimized printing parameters to reduce
defects, without the use of postprocessing, which has implica-
tions for resource usage and recyclability.'-1>3! Our contribu-
tion falls under the second aspect, where we investigated ideal
printing parameters to reduce defects and maintain low perme-
ability. Additionally, we demonstrate the effect of printing param-
eters on the crystalline and noncrystalline regions in Figure 2;
and the Supporting Information S3. Future studies will test the
layer adhesion and explore the effect of crystalline fraction of FFF
printed LCP on gas barrier properties!*23* and the use of larger
extruder nozzles, which could become a critical issue. Nozzle ge-
ometry could be tweaked to achieve better adhesion and higher
crystallinity, thus improving gas barrier properties.3>-7]

2.3. Performance of Prototype FFF 3D Printed LCP Thermosiphon
Using the process proposed above to achieve vacuum-tight sam-

ples, in this section, we demonstrate a prototype of an evacuated
FFF 3D printed LCP thermosiphon. A thermosiphon is a type

Adv. Mater. Technol. 2023, 2300403 2300403 (5 of 10)

of heat pipe—a device that rapidly transfers heat from a high-
temperature “source” to a low-temperature “sink” without ad-
ditional mechanical action. Typically, they are hollow cylinders,
partially filled with a liquid. When heat is applied, the liquid ab-
sorbs and transitions to vapor, travels along the adiabatic sec-
tion(s), condenses at the cold interface(s), and releases the latent
heat. The liquid returns to the hot interface either by gravitational
force in the case of the thermosiphon or through the capillary
action of a microporous wick in the case of a wicked heat pipe.
Before usage, heat pipes are evacuated and hermetically sealed.
The vacuum inside the pipe is critical to its operation and allows
the working fluid to change phase at lower temperatures. Due to
the high heat transfer coefficients for evaporation and condensa-
tion, heat pipes are highly effective thermal conductors (several
orders of magnitude higher than the base material). Heat pipes
are effective at transferring heat at high power rates over long
distances with minimal heat losses. Since they contain no me-
chanical components, they tend to have a long lifespan with no
maintenance.[*®] Thermosiphons and heat pipes have been ap-
plied for heat transfer applications in buildings and infrastruc-
ture. Gaugler patented the working principle in 19443°) as an air-
conditioning system that cools the inside of a building by using
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heat pipes connected to a pan of crushed ice. In 1962, engineers at
the Los Alamos National Laboratory, USA, and National Aeronau-
tics and Space Administration (NASA) installed metal heat pipes
for satellites to circulate heat from the side of the satellites facing
the sun to the dark side. Since then, heat pipes have been used ex-
tensively in heat-transfer applications in electronic devices, solar
thermal collectors, permafrost cooling of long-distance pipelines,
heat recovery for air-conditioning, nuclear reactors, and combus-
tion engines. The benefits of using heat pipes (highly efficient,
zero-energy, lightweight, highly robust) as thermal management
components have been reported across several industries.[384041]
Researchers have determined key design parameters and operat-
ing boundary conditions of heat pipes.[**~]

After achieving the printing of vacuum-tight FFF 3D printed
LCP prototypes, we demonstrate the performance of a prototyp-
ical thermosiphon (inner diameter 51.7 mm, thickness 1.7 mm,
length 200 mm). The working principle of the thermosiphon us-
ing a simple schematic and a computational fluid dynamic (CFD)
simulation is described in the Supporting Information S6.

The experimental setup (Figure 4A) is described in the Experi-
mental Section. For increasing input powers, an increasing tem-
perature gradient in the evaporator section of the thermosiphon
was observed, likely because of a higher evaporation rate in the
upper part of the evaporator section. An increasing difference be-
tween the average evaporator (Ti,p.,) 2and condenser (T gng )
temperatures from 2.63 to 27.41 K with increasing input power
(0,,) from 1.0 to 14.0 W were also noted. In Figure 4C,D, the sur-
face temperature difference was used to plot the thermal resis-
tance (R) which decreases from 4.33 to 2.23 K W', and effective
thermal conductivity (k.;) which increases from 13.30 to 25.68 W
mK-~" for the same range of Q...

The thermal conductivity was measured of the base material
(3D printed LCP) using the Transient Hot Bridge (THB) method
(Supporting Information S5). For the optimal FFF parameters
(Ty =330°C, L; =0.1 mm, L:Dy = 2.0), the thermal conductiv-
ity is 0.45 W mK~! with variability in the measurement direction
relative to printing/layer orientation. The FFF 3D printed LCP
thermosiphon has a k. between 30 and 58 times higher than the
base material depending on Q.. Although the absolute k. is sev-
eral magnitudes lower than conventional metal thermosiphons
owing to the thermal conductivity of the base material, the scale
factor is comparable.

In this research, we studied the effectiveness of an FFF 3D
printed LCP polymer thermosiphon. Prior research in polymer
thermosiphons focused on using a combination of polymer
(polyvinylchloride,[*? fluororubber,!**! polyurethane,!**! and PET
(14]) with metal (copper). These non-3D printed prototypes were
thin (diameters ranging between 1.8 and 6 mm) and long (length
ranging between 75 and 450 mm) thermosiphons. At the highest
reported fill ratios (30-60%) and input powers (6-25 W), these
thermosiphons achieved thermal resistances between 0.8 and 1.5
K W1, with further improvement at optimal fill-ratios. Recently,
a purely TPU polymer heat-pipel“®! with a fill ratio of 60% and
input power of 6 W achieved a thermal resistance of 3.5 K W~1. It
is worth noting that metal thermosiphons of similar length have
demonstrated higher power throughput (100 W and above) com-
pared to polymer or metal-polymer thermosiphons, with thermal
resistance values below 1.5 K W~L.[*/] Based on these findings,
the following improvements can be made to reduce the thermal
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resistance below 1.5 K W~: i) optimization of fill ratio and di-
mensions of the evaporator- and condenser-sections, ii) inclusion
of metal components in the evaporator and condenser sections,
and iii) increasing the heat-transfer rate in these sections through
improved surface area between the wall of the thermosiphon and
the working fluid.

3. Conclusions and Future Outlook

3.1. Geometrical Explorations and Applications

Several thermal management applications require passive, zero-
energy removal, and transfer of heat. By fabricating ther-
mosiphons with complex forms using 3d printing, we found that
heat sources and sinks can be thermally bridged despite specific
geometric requirements or spatial constraints. The design free-
dom increases the application of thermosiphons in new indus-
tries.

Figure 5A shows a FFF 3D printed LCP thermosiphon with a
“double-curved” geometry. The evaporator section of the sample
was heated to 35 °C, and observed a surface temperature differ-
ence of 4 K over 150 mm using an IR camera (FLIR E96). Unlike
the linear prototypes, we did not apply insulation to observe the
surface distribution better using an IR camera. Under the same
conditions, a “helical” geometry shows a more uniform surface
temperature (1.2 K over 150 mm) distribution. The effective ther-
mal conductivity of thermosiphons with complex geometries de-
pends on the barrier to vapor flow and the heat-transfer coeffi-
cients of the surface geometries. For these reasons, helical ge-
ometry performs better than double-curved geometry. We note
that these samples have been printed using a commercially avail-
able 3-axis 3D printer. Samples were also prototyped with 5-axis
robotic extruder to demonstrate that more complex geometries
may be fabricated (Supporting Information Video S1).

3.2. Application in Energy-Efficient Architecture

In the architecture and building construction context, there is
an interest in using recyclable polymers and large-scale robotic
material extrusion because of their cost-, material-, and energy-
efficiency.*>1! The introduction of digital fabrication in build-
ing constructionl®33! facilitates the integration of more sophis-
ticated, zero-energy heat transfer mechanisms within building
structures. Polymers can serve as effective insulating materi-
als, particularly when designed with higher porosity.>*5% How-
ever, here we propose a heat transfer component by integrating
a polymer-based thermosiphon within a building fagade to se-
lectively insulate and conduct heat depending on the outdoor
and indoor conditions. The proposed facade would reduce the
demand for building heating and cooling systems, comprising
nearly half of the CO, emissions of global building stock (30% of
global emissions)[**! while maintaining a comfortable indoor en-
vironment for occupants. Figure 5C,D shows, how we apply the
research described in this paper in the FFF 3D printed LCP ther-
mosiphon facade application. The orientation and geometry use
the “helical” and “curved” geometries described in Figure 5A,B
to harness the solar radiation of the winter sun to heat indoors.
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Figure 4. A) Schematic of the experimental setup to measure the thermal performance of the 3D printed LCP thermosiphon prototype consisting of

equipment and measurement devices for input/output power, surface temperature and internal pressure. B) Surface temperature sensor data at the
evaporator, adiabatic, and condenser sections showing measurements at steady state input power between 0 and 14 W is applied at the evaporator
section. C) The thermal resistance of the prototypes for the range of input powers and D) the effective thermal conductivity values and scale factors
relative to the thermal conductivity of the 3D printed LCP material. Photographs of the prototype and cross-section of the E) Photograph of the prototype
and F) view inside a sliced-open prototype.
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Figure 5. Thermal images of 3D printed LCP A) double-curved B) helical thermosiphons demonstrate nonlinear heat- and mass-transfer and increased
surface area. The infrared (IR) images show that both geometries reach a steady state within 7 min with different surface temperature gradients. C) An
application of the double curved geometry and the helical surface is shown in the selective heat-transfer fagade, which D) transfers solar radiation to
the inside of the building to reduce the building’s heating demand. The geometry of the evaporator section is fabricated for low-winter-sun angles. The
working principle of the thermosiphon ensures that heat will not be lost from the inside of the building to the outside.

The orientation of the thermosiphon ensures heat transfer works
only unidirectionally. When not activated, i.e., heated, the facade
would block heat loss from the inside to the outside with the ther-
mosiphons acting as vacuum insulation. Depending on the cli-
mate zone and building typology, the application could be used
for daytime heating in the winter and night-time cooling in the
summer. Important aspects that will be addressed in subsequent
research are the cost effectiveness of large-scale robotically ex-
truded LCPs and recyclability of printed structures to better eval-
uate the potential of the application.

3.3. Summary

In this paper, we demonstrate that FFF 3D printed structures
fabricated using nematically aligned liquid crystal polymers are
able to withstand vacuum. Using an off-the-shelf 3D printer, we
successfully fabricated single-walled (0.8-1.6 mm) LCP vacuum-
tight elements without postprocessing. We identified and tested
optimal FFF parameters (printing temperature 330 °C, layer
height 0.1 mm, and the ratio of layer width to nozzle diameter 2.0)
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and used a continuous “spiral” print path to reduce the probabil-
ity of defects and air leakage. The samples demonstrated lower
than 10~ mbar L s~! leakage during the tests, which is suitable
for vacuum applications. Our study further contributes to the cur-
rent state of the art by demonstrating the successful fabrication
of vacuum-tight LCP components using FFF, with a particular
focus on thermosiphons. Using the identified parameters, we
demonstrated a prototype thermosiphon functioning under vac-
uum pressures. The prototype thermosiphon achieves a thermal
resistance of 2.23 K W™, and effective thermal conductivity of
25.68 W mK™1, a 58-fold increase in the conductivity of the base
material (0.45 W mK™1).

To demonstrate the benefit of FFF 3D printing, we proto-
typed thermosiphons with more complex geometries (spiral and
curved) and analyzed the thermal performance using infrared
images. Adding the geometric freedom enabled by FFF, we
explore the integration of thermosiphons as zero-energy heat-
transfer devices through digital fabrication and assembly pro-
cesses. We propose and describe an architectural/building con-
struction application for selective heat transfer through build-
ing facades to provide heating and cooling without additional
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mechanical devices. In subsequent research, we will address top-
ics such as the cost of producing LCPs, cost comparison with con-
ventional manufacturing processes, sustainability and recyclabil-
ity, and potential obstacles to scalability. The study offers a way to
integrate heating and cooling performance within 3D printed and
robotically fabricated building facades to reduce Green House
Gas Emissions of the building sector.

4. Experimental Section

Leak Detection: Two different approaches were used to measuring
leakage rates. First, a vacuum leak detector, Pfeiffer Vacuum Smart Test
HLT 550, was used to measure the relative leakage rate of a test gas (He-
lium) infiltrating the samples. This allowed to detect the likelihood of leak-
age and quantify the size and/or quantity of defects. The sample was evac-
uated using a vacuum pump until the system reaches a leakage rate be-
tween 107% and 107° mbar L s~'. The baseline internal leakage rate was
normalized to 10712 mbar L s~ to be able to compare the different sam-
ples before conducting the leak test. The measurements were repeated
four times, each time with a new sample printed under identical condi-
tions. Details of the setup and measurement are provided in the Support-
ing Information S4.

Temporal Leakage Rate Measurements:  Next, temporal tests were con-
ducted to measure the absolute leakage rates for samples with optimal
3d printing parameters. The length of the samples was increased from
100 to 200 mm to detect increase in defects/leakage rate with surface
area. A pressure sensor (Pfeiffer Vacuum TPG 202, measurement accuracy
0.3%) was used to read pressure measurements at 30 s intervals. Samples
were connected to the setup and evacuated for 60 min and simultaneously
heated the sample to remove moisture build-up. The temporal pressure
increase and absolute leakage rate for each of the samples for different
printing parameters is shown in Figure 4D.

The leakage rate (mbar L s™') is defined as

AP XV
Q= At

M

where AP [mbar] is the pressure difference from time t to t; = ty+At;
V[L] is the internal volume the tested sample; and At is the measurement
interval [s).

Components are classified as leaky if Q is >107* mbar L s™' and tight
if <107127] within 10 and 100 mbar. Consistent with the results from the
leakage test, increasing the Ly:Dy ratio decreases the leakage rate, while
increasing the length of the sample has no significant effect on the leakage
rate. The leakage rates shown here could also be the result of outgassing
of the sample and residual moisture build-up resulting in a higher leakage
rate than a completely evacuated sample. In the Supporting Information
S4, the long-term (>800 h) applicability of 3D printed LCP samples by
measuring the leakage behavior of a 200 mm prototype cylinder printed
using the optimal print parameters and path was demonstrated.

Performance Testing of the Thermosiphon Prototype: A typical ther-
mosiphon testing methodology was used to measure the surface temper-
ature gradient along the prototype. Detailed information, including speci-
fications and photographs of the apparatus, evacuation-charging method-
ology, pressure measurements, performance definitions, and limitations
of the testing approach are included in the Supporting Information S7.

As shown in Figure 4A, the thermosiphon was connected to a vacuum
pump using a series of flanged vacuum-compatible connectors. A pres-
sure sensor and surface temperature sensors were used to study the ther-
mal performance of the prototype. First the evaporator section was filled
to a fill ratio of 1.0 with distilled water and evacuated the thermosiphon for
60 min. The evaporator section of the thermosiphon was heated using a
band heater controlled by a voltage transformer. Except for the condenser
section, the entire experimental apparatus and prototype with 50 mm glass
wool were insulated. The condenser section was exposed to the ambient
environment at 15 °C, and use an electrical fan to remove heat from the
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condenser section via active convection. A heat flux sensor was mounted
in the condenser section to measure the heat output.

The temperature, pressure and heat flux were measured to determine
the prototype’s performance. The input voltage was varied from 0 to 40 V
(0-14 W) and measured the performance of the thermosiphon. A good
correlation was observed between input power and heat generated by the
band heater. A progressively decreasing correlation between input power
at the evaporator section and heat output was found for the condenser
section. The steady-state surface temperatures measured at various input
powers are shown in Figure 4B, and the corresponding operating pres-
sures (Supporting Information S7).

To assess the performance of the thermosiphon, the following defini-
tions of terminology were used

T, T

R= evap,avg ~ 'cond,avg 2
Qout
R is the thermal resistance of the thermosiphon [K/W], Te,ap avg is the av-

erage surface temperature in the evaporator section [K] calculated by the
average of the temperature sensors in the evaporator section; Teyng avg IS
the average surface temperature in the condenser section [K] calculated by
the average of the temperature sensors in the condenser section, and Q;,
is the input electrical power [W]

L
ko = eff
F = AxR

®3)

ke is the effective thermal conductivity of the thermosiphon [W mK~],
L. is the effective length of the thermosiphon calculated using the lengths
of the evaporator, adiabatic and condenser sections Leyqp, Lagiar and Legng
[m], respectively. A is the internal cross sectional area of the thermosiphon
[m?).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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