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Abstract
Conformal printing enables the integration of functional structures onto arbitrarily shaped
surfaces and therefore has seen a drastic increase in research interest. ultra-precise dispensing
(UPD) is a promising technology since it allows to print structures down to 1µm and thereby
pushes the technological limits. However, it typically requires heavy manual intervention for
conformal printing, reducing its usefulness and scalablility. In this work, we present a
semi-automatic approach for conformal printing with the UPD system in which external
measurements and subsequent automatic print path generation replace manual scripting and
teaching. We compare the printing time and segmentation of three different projection algorithms,
and quantify a tolerance window for the alignment. We then introduce the challenge of nozzle drift
in long-duration print jobs, which can reach up to 10 s of µm. Additionally, we evaluate three
printing approaches in terms of line uniformity and show how it can be improved from 40%
increased width at segment junctions to only 7% changes. The developed workflow for conformal
printing substantially extends the field of application of UPD printing, and makes it an excellent
choice for high-precision conformal printing with structure sizes down to 1µm.

1. Introduction

In recent years, there has been a significant increase
in research on 3D-printed electronics. According to
Google Scholar, approximately 16 000 publications
containing the term printed electronics appeared in
the second decade of this century, compared to
fewer than 3000 in the first decade. This trend is
likely driven by the growing performance and excep-
tional design flexibility of additively manufactured
components.

Printed electronics offer capabilities that are
often unattainable through traditional manufac-
turing techniques. They enable rapid prototyping,
offer scalability, and allow mechanically flexible
devices [1, 2]. Furthermore, they offer ecological
advantages over conventional subtractive-additive

processes such as photolithography or laser abla-
tion. These traditional methods generate substantial
material waste and lithography relies on corrosive
chemicals, both ofwhich contribute to environmental
pollution [3, 4].

In addition to being sustainable, printing techno-
logies enable fast, cost-efficient prototyping, acceler-
ating design cycles and fostering innovation. This ver-
satility has made printed electronics attractive for a
wide range of applications. Notable examples include
biomedical systems, such as implantable battery-free
sensors for hemodynamic monitoring [5] and wear-
able health diagnostics [6, 7].

Moreover, flexible hybrid electronics combine the
mechanical adaptability of printed components with
the computational power of conventional silicon-
based ICs [8]. These systems promise innovation in
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wearables [9], industrial [10], environmental [11],
agricultural [12], and structural health monitoring
applications [13].

More recently, the topic of conformal printing
has gained traction among researchers and engineers
in the field. Unlike traditional approaches that rely
on flat substrates, conformal printing refers to the
deposition of functional inks onto arbitrarily shaped
surfaces. This enables electronics to be seamlessly
integrated into curved or complex geometries [14],
expanding the design space for engineers. Curved
electronics offer improved spatial adaptability and
better integration into natural environments [15].
Demonstrated advantages include enhanced per-
formance in antennas [16], advanced sensors [17],
and biomedical applications [18].

The most commonly used technologies for con-
formal printing are inkjet, electrohydrodynamic
(EHD), and aerosol jet (AJ) printing [15]. Inkjet
is a mature technology with wide industrial applic-
ation and a broad range of inks commercially avail-
able. However, the minimum feature size is typically
restricted to 20–50µm [19]. EHD overcomes this
limitation but requires high electric fields [20] which
may damage sensitive substrates such as integrated
circuits. AJ printing can go down to 10–20µm min-
imum feature size with ink viscosities between 1 and
1000 cP and a high printing speed [21] but suffers
from so-called overspray: Small satellite droplets are
deposited next to the printed line which can lead to
short circuits in small structures [22].

An emerging technology that overcomes the
drawbacks of the previously mentioned technolo-
gies is ultra-precise dispensing (UPD) by the com-
pany XTPL [23]. This direct-write technique extrudes
highly viscous metal nanoparticle ink through a glass
nozzle with an opening diameter between 1.5 and
20µm, enabling extremely fine and accurate pattern-
ing down to 1µm features [24]. However, the nozzle
must remain in close proximity to the substrate,
and the system lacks an automated surface-following
mechanism [25]. As a result, conformal printing with
UPD requires extensive manual labor for teaching
of the surface topography, making it impractical for
medium- or large-scale applications.

To address this limitation, we present a semi-
automated approach for conformal printing using
the UPD system. Our method significantly reduces
the need for manual intervention and enables print-
ing on more complex three-dimensional surfaces. It
is based on an offline surface measurement onto
which printing paths are projected. This approach
has successfully been implemented for large-scale dir-
ect ink writing (DIW) systems in [26, 27]. Both
studies utilize standard dispensing needles with an
opening diameter of several hundred micrometers.
Our study transfers this approach to a machine

that supports single-digit micrometer scale features
for the first time to the best of our knowledge.
We thoroughly analyze the challenges that arise in
this regime, notably projection precision and nar-
row alignment tolerance. We elaborate on the pro-
jection algorithm, provide a mathematical analysis
of the importance of alignment in direct-write con-
formal printing, and showcase demonstrators pro-
duced using our method. Finally, we draw attention
to nozzle drift which is an issue idiosyncratic to the
utilized printing system, and propose strategies to
improve the uniformity of printed lines.

2. Materials andmethods

2.1. UPD printing system
The UPD printer by XTPL is a direct-write printing
system. It utilizes highly viscous inks that are extruded
at pressures of up to 10 bar through a glass nozzle with
typical opening diameters of 1.5, 3.5, 5, 8, 10, and
20µm. Precisely matching the applied pressure to the
nozzle geometry and the rheological properties of the
used ink enables exceptionally low printing tolerances
of 1–2 um, in the case of CL85 ink, andminimum fea-
ture sizes that approximately correspond to the size of
the nozzle opening. Figure 1 illustrates the working
principle of the UPD printer.

The most commonly used ink in this system is
a silver nanoparticle ink provided by XTPL. The
ink features an unusually high solid content, giving
it shear thinning behavior. This means, it exhibits
low viscosity while being extruded and regains high
viscosity upon deposition. This rheological beha-
vior enables the formation of printed structures with
higher aspect ratios than typically achievable using
inkjet or AJ printing.

The nozzle is mounted on a set of precision
motion axes, enabling controlled movement in the
x, y, and z directions. Both the nozzle motion and
the applied pressure can be programmed using a
proprietary scripting language. This language sup-
ports the use of variables, control loops, and set-
ting motion parameters including direction, velocity,
acceleration, anddeceleration. It also allows the defin-
ition of user-defined functions, which simplifies the
implementation of complex functionalities.

One particularly relevant command, which
will be discussed further in the context of pro-
jection algorithms and line homogeneity, is called
veclineramp. This command enables the coordin-
ated control of acceleration and deceleration dis-
tances in conjunction with printing extrusion pres-
sure and printing speed. It compensates for the inher-
ent delay in pressure buildup and decay at the start
and end of a printed line segment. This is especially
important in the older versions of the UPD printing
system due to limitations of the motion controllers
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Figure 1. Schematic drawing of the UPD printing system excluding the axes. A controlled pressure is applied to the ink reservoir,
which results in silver nanoparticle ink being extruded through the glass nozzle and deposited onto the substrate.

used in the older systems. Consequently, the nozzle
comes to a short rest between printing two adjacent
segments, creating bulges if no countermeasures (e.g.
veclineramp) are taken.

To ensure continuous material deposition, the
nozzle must remain in very close proximity (typically
⩽ 1µm) to the substrate, or even make physical con-
tact. If this gap is exceeded, the printed lines become
interrupted. The nozzle is made from a thin, tapered
glass capillary, which is inherently flexible and can
deflect by several micrometers without breaking. This
allows for an overtravel of approximately 10µm bey-
ond the contact point, increasing the misalignment
tolerance. The acceptable overtravel depends on the
nozzle and the substrate. However, excessive bending
degrades the accuracy of the printed structures and
increases the risk of breakage. We therefore recom-
mend limiting the overtravel to less than 3µm. This
allows the nozzle to passively compensate for sub-
strate height variations of up to ±3µm. Larger devi-
ations must be actively incorporated into the pro-
grammed toolpath. In this paper, we refer to the
nozzle’s passive compensation capability as nozzle
slack.

2.2. 3D printing path creation
One must choose between two fundamentally dif-
ferent approaches when developing conformal print-
ing for a direct-write system. The first option is to
measure the surface height in situ and dynamically
adapt the printing path during the printing process.
This can either be done by measuring the surface
geometry before printing-similar to leveling proced-
ures in modern FDM 3D printers-or by continu-
ously sensing the surface in real time during print-
ing. Both approaches require a sensor integrated into
the printing system or heavy manual labor if the
automatic substrate detection is replaced by manual
teaching.

Since our printer does not include such a sensor,
and we aimed to develop a versatile approach without
complex or costly hardware modifications, we opted
for the second strategy: surface measurement outside
the printer. For this approach, the surface is scanned
in advance, the printing paths are projected onto the
measured geometry, and the resulting 3D printing
paths are imported into the printer. This method
leverages pre-existing surface metrology tools avail-
able in many laboratories and avoids the need for
additional investment. Its main limitation is that pre-
cise alignment is indispensable, as will be discussed
in section 3.2. In this work, all surface measurements
have been performed with a Bruker Contour GT-K
white light interferometer (WLI).

Because the UPD printer can only execute
straight-line movements, all curved surfaces must
be approximated by sequences of linear segments.
Figure 2 shows three strategies for such approxim-
ations, each of which will be discussed in terms of
their advantages and limitations. All algorithms con-
sidered here are assumed to incorporate safeguards
against surface edges, which can be achieved through
additional checks. The illustrations in figure 2 were
generated under the assumption that this additional
precautions is in place.

The first approach, shown in figure 2(a), adds a
new point whenever the surface height changes by
a predefined threshold. This method is intuitive for
the UPD system, as it allows the nozzle to increment-
ally follow the topography only when the built-in
nozzle slack is exhausted. However, it produces many
short segments, increases printing time, and intro-
duces high variability in segment length depending
on local surface steepness. This can lead to inhomo-
geneous printed lines.

The second strategy, illustrated in figure 2(b),
uses line segments of constant length. Compared
to the previous method, it offers uniform segment
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Figure 2.Multiple strategies to approximate a complex surface with linear segments. Dots mark the endpoints of each segment
and indicate where printed lines are most likely to exhibit bulging.

spacing, simplifying the tuning of printing paramet-
ers for optimal line quality. Its drawback is that the
fixed segment length must be sufficiently short to
approximate the surface accurately. Consequently,
most use cases require a short length, which again res-
ults in longer printing times.

The third and most sophisticated strategy is
shown in figure 2(c). Here, the surface is approxim-
ated using theminimal number of segments such that
the vertical deviation between the approximation and
the actual surface remains below a defined threshold.
This keeps the toolpath within the permissible nozzle
slack while substantially reducing the number of
segments. As a result, many segments become long
enough to benefit from the veclineramp command,
improving line uniformity. However, some segments
may still be too short to allow for pressure and speed
ramping, which necessitates additional care to avoid
changes in line width.

2.3. Workflow
This section elaborates on our workflow for semi-
automatic conformal printing on complex surfaces
using the approach described above. Accurate align-
ment between the measured surface and the physical
sample in the printer is essential, as will be discussed
in section 3.2. Rotational misalignment around the
x- and y-axes can be prevented by leveling both the
WLI and the printer to the same reference substrate.
In other words, ensuring that both the WLI and the
printer are leveled to an identical flat surface guar-
antees that all features in the measurement data-such

as surface tilt or height steps-are also present on the
physical sample. A simple glass slide or silicon wafer
serves well as a reference surface.

Once the WLI is leveled, the surface of the
actual sample can be measured. If the desired print
area exceeds the field of view, x-y stitching can be
employed. Because leveling was performed with a
physical reference, it is critical to avoid any form of
digital leveling or flattening during post-processing of
the measurement data.

The resulting surface data must be exported in
.sdf format, which can be read by the projection
software developed in this work. The 2D printing
paths are designed in AutoCAD and imported into
the projection software as .dxf files. It is essential
to define the precise location at which the origin of
the 2D path (from the .dxf) should be positioned
on the measured surface. This origin can be determ-
ined, for example, usingVision64 in conjunctionwith
Bruker WLI systems. The identified origin must then
be manually entered into the projection program.

The software also provides the capability to com-
pensate for rotational misalignment between the
imported .dxf paths and the measured surface. This
is achieved by virtually rotating the surface around the
z-axis prior to projection.Once the desired projection
algorithm is selected, the 2D paths are projected onto
the 3D surface, and a print file suitable for the UPD
system can be exported.

Next, the UPD printer must be leveled using the
same reference surface that was previously used for
leveling the WLI. After leveling, the sample is loaded
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Figure 3. This flow chart illustrates the necessary steps to print onto a complex surface topography with the semi-automatic
projection approach developed in this work. Some steps are optional: Alignment to a reference surface only needs to be checked
sporadically, and the dry run without pressure applied can be omitted for rather simple surfaces or less important samples.

and the nozzle is visually aligned to the origin of the
print paths. At this point, the print file can be loaded
and the printing process initiated.

However, it is prudent to verify the alignment
before starting the actual material deposition. To do
so, the pressure amplifier can be disabled and any
residual pressure in the tubing released. The print
job is then started without active pressure, allowing
the nozzle to follow the programmed path without
depositing ink. This enables visual inspection of the
nozzle trajectory across the surface and validation of
the alignment.

The complete workflow is summarized in the flow
chart shown in figure 3.

3. Results and discussion

3.1. Execution time
The most relevant performance metrics for the pro-
jection algorithms described in section 2.2 are: the
number of points required to project the printing
paths onto the surface, the resulting printing time,
and the smoothness (or uniformity) of the printed
structures. To evaluate the first two metrics, we cre-
ated two synthetic surfaces and projected predefined
printing paths onto them.

The first surface is a linear ramp with a height of
100µmand a slope of 45◦. The second surface corres-
ponds to the first half of a sine wave with a total length
of 200µm and a peak height of 100µm. Each surface
profile is connected to a flat 50µm-long segment at
both ends. The profiles are shown in the second rowof
table 1. To create surfaces, the profiles were extruded
along the x-axis.

The printing paths projected onto these surfaces
are five parallel lines spanning from end to end of
the profiles. An example of the projected paths on
the ramp-shaped surface, as visualized in our projec-
tion software, is shown in figure 4. Printing time was
measured by executing the generated print scripts on

the printer without attaching a nozzle, thus avoiding
ink deposition while preserving realistic timing.

The veclineramp command was used for seg-
ments longer than 5µm, with a 10µm ramp-up and
40µm ramp-down distance. Segments shorter than
or equal to 5µmwere printed without velocity ramp-
ing. For the equidistant projectionmethod, a segment
length of 5µm was used, meaning that this method
did not utilize the veclineramp command at all. The
z-step height and the maximum allowed deviation
between the projected path and the original surface
were both set to 1µm. Line uniformity was evaluated
according to the criteria established in section 3.4.

Table 1 shows that the equidistant height projec-
tion method is the least favorable among the three. It
results in the longest printing times and the poorest
line uniformity. In contrast, the other two methods-
constant segment length and maximum segment
length-perform similarly in terms of total printing
time. The choice between them should be based on
the surface topography for each specific application.

If the surface can be approximated using long seg-
ments (e.g. segments of 80µm or more), the max-
imum segment method yields great uniformity and
the shortest printing duration. This is the case for the
ramp-shaped surface in table 1. However, when the
geometry requires many short segments for accur-
ate approximation-as in the sinusoidal surface-the
constant segmentmethod achieves higher uniformity
andmaintains a comparable or shorter printing time.

3.2. Alignment
In most printing systems, the importance of align-
ment is well understood. Misalignment typically res-
ults in a positional shift of the deposited structure and
can lead to functional defects. In conformal printing
using the UPD system, however, alignment is even
more critical.

If the substrate is shifted, tilted, or rotated relat-
ive to the projected 3D print paths, the nozzle may
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Figure 4. The projected printing paths on the ideal ramp shaped surface utilized in the analysis of the projection algorithms as
shown in table 1.

Table 1. Evaluation of the three discussed projection algorithms. Two artificial surface have been used to evaluate the number of points
required to map the printing paths to the surface and to measure the printing time. The printing paths consist of five parallel lines
spanning from the beginning to the end of the profiles shown in the second line.

Projection method Number of points Printing time / s Uniformity

Equidistant height 510 760 197 298 —
Constant segments 245 395 108 174 ++
Longest segments 20 350 56 197 +

either crash into the surface or lose contact altogether.
In the first case, the nozzle can be damaged due to
mechanical stress. In the second case, ink deposition
may be interrupted, leading to incomplete or missing
structures. Both scenarios produce defective prints
and cause process failure.

This section investigates the precision require-
ments for alignment, depending on the surface geo-
metry to be printed on.

The first key factor is the allowable height devi-
ation along the z-axis. As discussed in section 2.1,
the nozzle is made of thin glass and exhibits limited
flexibility. The nozzle can be lowered by approxim-
ately 10µm beyond its contact point without break-
ing. This extra tolerance is referred to as nozzle slack.
However, excessive bending degrades the accuracy of
the printed features and increases the risk of fracture.
To reduce this risk, we recommend limiting the over-
travel to no more than 3µm. Given that ink depos-
ition remains continuous up to a nozzle-substrate
distance of 1µm, a total deviation of up to ±4µm
between the projected path and the actual substrate
can be tolerated under these conditions.

Having established the maximum permiss-
ible height deviation, we now turn to the types
of misalignment that may occur. Broadly, three

misalignment modes are possible: (1) translational
shifts along any axis, (2) tilts of the substrate along the
x- or y-axes, and (3) in-plane rotation of the substrate
around the z-axis. Rotational misalignment around
the z-axis can usually be avoided, as the printer stage
can be rotated manually, and distinct reference fea-
tures that support precise rotational alignment can
be included into most substrates. Therefore, this
section focuses on translational shifts and substrate
tilts.

For easier visualization, we consider a ramp-
shaped surface along the y-axis, which is constant
along the x-axis. It is illustrated in figure 5, where
the orange surface corresponds to the measured geo-
metry, and the blue surface represents the actual (mis-
aligned) sample in the printer. The printer will, there-
fore, follow the orange curve.

Shifting the print paths relative to the actual sur-
face can easily occur if the origin of the print job is
not accurately determined. A displacement in the z-
direction leads to a direct 1:1 deviation between the
programmed path and the actual surface-i.e. every
micrometer of z-misalignment results in a micro-
meter vertical offset. In contrast, shifts in the x- or
y-directions interact with surface slope and therefore
require a geometric analysis.

6
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Figure 5.Misalignment mechanisms for conformal printing. The orange line depicts the surface that has been measured, that the
printing path is projected on, and therefore the path that the nozzle follows. The blue face represents the surface actually found in
the printer. (a) shows misalignment by shifting, while (b) shows a tilting misalignment.

Figure 5(a) shows the effect of a y-directional off-
set∆y for a surface inclined at an angleα. In this case,
the resulting vertical deviation∆z is given by:

∆z=∆y · tan(α) . (1)

As expected, a larger positional misalignment res-
ults in a greater deviation between the nozzle and
the surface. Furthermore, the equation illustrates that
this deviation becomes increasingly critical as the sur-
face inclination α grows steeper.

The second type of misalignment worth analyz-
ing is a tilt of the substrate. Figure 5(b) illustrates a
ramp surface along the y-axis with an additional tilt
around the x-axis. As before, the measured geometry
and, therefore, the print paths are shown in orange,
while the actual (tilted) substrate surface is depicted
in blue.

In the orange curve (measurement data), the
slope is assumed to be at zero height (z= 0) at posi-
tion y0, and its inclination is α. Due to misalignment,
the actual surface is tilted by an additional angle ∆α
around the x-axis, resulting in an effective inclination
of α ′ = α+∆α. When printing at the location yp,
the vertical displacement between the nozzle and the
actual surface is given by

∆z= yp · [tan(α+∆α)− tan(α)]

+ y0 tan(α) · [1− cos(∆α)− tan(α+∆α)

× sin(∆α)] . (2)

Since ∆α is typically small, a first-order approx-
imation can be used to simplify the expression. This

yields the simplified approximate form:

∆z=yp · [tan(α+∆α)− tan(α)]

− y0∆α tan(α) tan(α+∆α) . (3)

This simplified form reveals that the resulting z-
deviation increases with steeper surface inclinations.
It is also amplified at larger distances from the start
point of the printjob (yp) and when the slope is loc-
ated farther from the origin (y0).

From practical experience, lateral misalignments
in the x- and y-directions can typically be held
within ±3µm. Given a known surface inclination
from the measurement data, equation (1) can be
used to estimate the resulting z-deviation from lateral
misalignment. This allows one to assess the remain-
ing nozzle slack available to tolerate further devi-
ations. Subsequently, equation (3) can be employed
to determine the maximum permissible tilt.

In section 2.3, we introduced a leveling strategy
in which both the surface measurement system (e.g.
WLI) and the printer are leveled using a common ref-
erence plane. By consistently applying this method,
we have achieved tilt values (∆α) too small to detect.
This enables reliable printing on steep surfaces, since
only translational (shifting) misalignment must be
taken into account.

3.3. Nozzle drift
During long print jobs on the UPD printer, nozzle
drift can sometimes be observed. This is the phe-
nomenon becomes apparent when the print head is
commanded to return to its starting position after
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Figure 6. Structures printed during a long term stability test. The inner part of the structure is printed in the beginning of each
iteration. Two adjacent completing lines are then separated by a 5min jog motion, making it possible to observe the nozzle drift
over time and distance. (a) Shows little drift while (b) shows a significant nozzle drift in x-direction, as visible from the
misalignment of the original and continued vertical line segments.

completing a print job and is found to be misaligned.
Nozzle drift can occur along all three spatial axes and
directly affects the precision of the printed structures.
To systematically analyze this effect, we developed an
experimental procedure to quantify nozzle drift.

3.3.1. Experimental setup
The experiment begins by printing a series of
equidistant L-shaped alignment patterns. Since these
patterns are printed one after another, the drift
between them is assumed to be negligible. After com-
pleting this initial reference structure, the printer per-
forms a defined jog movement or idles for 5min.
Then, the system extends one L-pattern with one
vertical and one horizontal line. This procedure
is repeated until all alignment patterns have been
extended. Nozzle drift is revealed as a misalign-
ment between the original pattern and the extended
segments.

Bymeasuring the offsets between the original and
the extended segments, drift in the x- and y-directions
can be quantified. Drift in the z-direction ismeasured
directly using the printer’s built-in substrate detec-
tion function. A structurewithminimal drift is shown
in figure 6(a), while figure 6(b) shows a case of signi-
ficant drift along the x-axis.

Each jog/idle cycle lasted 5min, and a total of 25
alignment structures were printed per test, resulting
in approximately 2 h of printing time per test struc-
ture. In total, 12 such test structures were fabricated
sequentially. Three sequentially fabricated structures
always share the same jog/wait pattern.

Including time for printing, performing z-
height detection, and rinsing the nozzle for 30 s
between patterns, the total duration per test struc-
ture was approximately 8 h. The total runtime of
the experiment-and hence the duration over which
nozzle drift was evaluated-was 32 h and 16min.

The following jog movement scenarios were
investigated:

(i) A diagonal back-and-forthmovement of 50mm
in x and y, and 10mm in z.

(ii) The same movement pattern as above, but with
all distances scaled by a factor of 0.01.

(iii) No movement, with an idle wait time of 5min.
(iv) A movement pattern simulating the filling of a

100µm-long pad in the y-direction with lines
spaced at a pitch of 3µm.

Each movement pattern was repeated until a
total time of 5min had elapsed. After each jog
sequence, the nozzle was rinsed for 30 s. To capture
the precise distance the nozzle moved between pat-
terns, all built-inmovement commands (vecmoveto,
moveby, moveto) were modified to record the
traveled distance. Before extending the alignment
structures, the total displacement along each axis and
the elapsed time were saved. This procedure enabled
a detailed evaluation of nozzle drift as a function of
both time and travel distance.

The corresponding print files 3d_userfile_
lineramp_nozzle_drift.xtpl and nozzle_
drift_test.xtpl are published along this

8
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Figure 7.Measured nozzle drift in the UPD printer during a long term test. Jog movements are differentiated by color saturation
while axes are color-coded according to the legend in (a). The plots show that nozzle drift is time-dependent rather than
distance-dependent, but no pattern with predictive capacity is discernible. (b) and (c) Show the nozzle drift for each of the 12
sequentially printed structures individually, while (a) shows the integrated drift over the entire duration of the experiment.

manuscript. The userfile also contains our custom
code used to allow 3d velineramp movements and
has to be loaded first. The test can then be started by
running main.

An unevenness of the substrate would directly
translate into a measurement error of the z-drift.
To avoid inaccuracies, we have printed onto a glass
slide which was leveled inside the printer effectively
removing tilt. The test required a surface of approx-
imately 3.1mm× 4.2mm over which we measured
a maximum surface waviness of ±0.2 µm, which is
negligible compared to the recorded nozzle drift.

3.3.2. Results and analysis
Figure 7(b) presents nozzle drift as a function of
cumulative travel distance along each axis. Each data-
set corresponds to one of the 12 test structures. The
different jog movement patterns are distinguished
by decreasing color saturation, following the same
order listed above. The axes are color-coded. The res-
ults reveal that reducing movement distance does not
reduce nozzle drift; instead, the same amount of drift
is compressed into a shorter range. This indicates that
nozzle drift is predominantly time-dependent rather
than movement-dependent.

9
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This hypothesis is further supported by
figure 7(c), which plots x-axis drift as a function
of elapsed time. Again, each curve corresponds to
one of the 12 structures, using the same color sat-
uration coding. The data suggests that nozzle drift
occurs over time, although no clear periodicity or
deterministic pattern is observed. Moreover, the type
of jog movement does not appear to influence drift
behavior.

Figure 7(a) displays the cumulative nozzle drift
over the course of the full experiment. Because all 12
structures were printed sequentially, their drift data
can be combined to yield a long-term assessment
of the process. No correlation is observed between
jog movement type (indicated by color saturation)
and overall drift. This reinforces the hypothesis that
nozzle drift is primarily governed by time, not by
movement distance or pattern complexity. However,
the data also shows no regularity that could be used
to predict drift behavior.

One possible explanation is a sensitivity of the
mechanical system to minor temperature fluctu-
ations. Although theUPDprinter is situated in an air-
conditioned cleanroom environment, small thermal
variations may occur due to operating equipment or
the presence of personnel. At this stage, however, the
cause of nozzle drift remains undetermined.

This study experimentally confirms the existence
of nozzle drift in long-duration UPD print jobs. The
results demonstrate that drift is primarily a time-
dependent phenomenon. For short-duration print
jobs, nozzle drift is unlikely to cause significant issues.
For long-duration and high-precision tasks, how-
ever, incorporating a manual realignment step dur-
ing printing may be necessary to maintain the desired
accuracy.

3.4. Line uniformity
Depending on the application, it is often critical that
printed lines exhibit high uniformity. When struc-
tures are composed of multiple segments, deviations
from a uniform line are most pronounced at the seg-
ment junctions. Since conformal prints inherently
consist of many short segments, particular care must
be taken to ensure line homogeneity.

In this work, we evaluated three different print-
ing strategies in terms of line uniformity: stand-
ard printing with no additional care (figure 8(a)),
printing using the veclineramp command as dis-
cussed in section 2.1 (figure 8(b)), and a method
where each line is subdivided into 5µm-long seg-
ments (figure 8(c)). The latter method accepts that
bulges at segment endpoints cannot be fully elimin-
ated, and instead places them close enough together
to create a uniformly ‘bulged’ structure.

To assess uniformity, we measured both the
line width and the bulges at the connection points

between adjacent segments. Without any measures
taken, i.e. using neither veclineramp nor segment-
ation, width deviations at the segment junctions
reached up to 40%. This is caused by the lack of
an advanced motion controller which causes the
system to shortly stop between adjacent segments.
Introducing the veclineramp command signific-
antly reduced the width deviation to approximately
15%. This is achieved by reducing the pressure at the
end of a segment which results in less excess ink being
extruded during the short stop of the motion sys-
tem. Segmenting the line into 5µm intervals further
improved uniformity, reducing the maximum devi-
ation from the average line width to just 7%. The idea
behind this approach is not to avoid bulges but to
place them so closely that the entire line is made of
them. This effectively renders them invisible.

However, the increased uniformity for segmented
lines comes at the cost of an increased line width and
a longer print time. To partially compensate for the
wider line, the printing pressure was reduced from
9000mbar to 6500mbar. Nonetheless, the line width
increased from 6.8µm to 8.0µm for a segmented line
compared to one printed with no measures or with
veclineramp.

In conclusion, we recommend using the
veclineramp command when thinner lines and
shorter printing times are prioritized. If maximal
uniformity is essential, segmenting lines into 5µm
intervals is the most effective strategy. This segment-
ation approach may become unnecessary in future
systems equipped with advanced motion control-
lers that allow continuous multi-segment printing
without stopping between segments.

3.5. Conformal printing demonstrators
We have fabricated several demonstrators to show-
case the potential of our semi-automatic con-
formal metal microstructure printing approach. Two
different types of substrates were used for these
demonstrations.

The first substrate is a glue line dispensed onto
a glass slide. It has a width of 540µm and a height
of 43µm. As a result, the slope is relatively shallow,
which reduces the required alignment precision, as
discussed in section 3.2. A 100µm mesh was printed
across this glue line, and a 200µmscale bar was added
next to it for reference. This demonstrator is shown in
figure 9(a).

The second substrate was manufactured using
µSLA printing by Horizon Microtechnologies. It fea-
tures a cylindrical pyramid structure with a total
height of 43µm and near-vertical 5µm high steps.
These steep stepsmake precise alignment essential. To
demonstrate the robustness of our approach, we prin-
ted a star-shaped pattern across the pyramid. This
not only illustrates that arbitrary printing directions
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Figure 8. Printing the same structure with and without veclineramp. TheΩ-shaped structure has 100 µm long segments and the
vertical line is printed with multiple 100µm long segments which end at the corners of the adjacentΩ-structure. The rightmost
structure is printed without veclineramp but by splitting all lines in 5µm long segments, which also significantly increases line
uniformity.

Figure 9. Demonstrators using the semi-automatic conformal metal microstructure printing presented in this paper.

are possible, but also highlights that the surface does
not need to exhibit uniformity in any direction. Since
our method is based on projecting paths onto full 3D
surface measurements, it can accommodate arbitrary
geometries.

We employed our semi-automatic conformal
printing approach to fabricate a radio frequency

interconnect between two monolithic microwave
integrated circuits with a complex surface topology.
This application is illustrated in figure 9(c). The figure
shows that the center conductor becomes notice-
ably wider after approximately one third of the total
length. This is intentional behavior to compensate for
changes in the dielectric properties of the material
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below the interconnect and shows the excellent align-
ment of the printed structure. This usecase has been
presented in detail in [28].

4. Conclusion

Previous approaches to conformalUPDprinting have
typically relied on extensive user intervention, requir-
ing the operator to manually teach the surface geo-
metry to the printer. The method presented in this
work significantly reduces human interaction and
enables conformal printing on nearly arbitrary sur-
face topographies. Our approach is based on external
surface measurement and projection of print paths
onto the measured geometry, effectively eliminating
the need for manual surface teaching.

We have analyzed the importance of alignment in
conformal UPD printing and presented how differ-
ent projection algorithms influence printing time and
path segmentation.Moreover, we introduced the phe-
nomenon of nozzle drift, and measured it in a long-
term experiment. While we cannot definitely determ-
ine its cause, our experimental results indicated that
nozzle drift is a time-dependent phenomenon rather
than being caused by axis movement. We also dis-
cussed line homogeneity for three different printing
approaches and discussed the trade-off between uni-
formity, printing time and line width.

In summary, this work advances the capabilit-
ies of UPD printing technology, providing a semi-
automated conformal printing workflow and essen-
tial process insights to achieve the highest precision.
It provides a solid foundation to make UPD print-
ing onto non-planar surfaces an interesting option for
industrial applications.
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