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We present an extrusion-based dispensing system designed for the planar patterning of tungsten ink through direct ink
writing. This system achieves uniform ink deposition by precisely controlling the dispensing pressure and the motion of the
substrate along predefined writing paths. To assess the impact of pressure on pattern geometry, we fabricated line patterns
under various pressure conditions and analyzed their widths and thicknesses. To gain further control over pattern width, we
employed an adjacent line overlapping strategy, where several lines, each approximately 200 um wide, were written with
partial overlap. We quantitatively verified the relationship between the number of adjacent lines and the resulting pattern
width. This method was also adapted to create planar patterns with complex geometries, including variable widths, curved
paths, and discontinuous features. The resulting patterns demonstrated uniform quality and precision. These findings
confirm that our proposed system provides a versatile solution for fabricating planar conductive patterns with intricate
geometries, suitable for applications in printed electronics and interconnects.

1. Introduction

The demand for precise and versatile patterning techniques has
steadily increased with the rapid advancement of electronic,
sensing, and energy devices [1-7]. As functional devices require
increasingly  tunable geometries, traditional fabrication
techniques face limitations in terms of process complexity,
material compatibility, and geometric flexibility [3,8-14].
Photolithography, while offering high resolution, relies on rigid
processes and cleanroom environments, making it less suitable

for cost-effective or scalable production [3,8,9,15]. Screen and
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inkjet printing provide greater flexibility, yet each comes with
trade-offs in terms of ink viscosity, resolution, and pattern
precision [7,16,17]. To address these limitations, extrusion-based
direct ink writing (DIW) has emerged as a promising alternative
for printing high-viscosity, metal-rich pastes [4,18-21]. Unlike
droplet-based methods, DIW enables continuous deposition with
minimal clogging [5,10,22]. These characteristics are well suited
for applications requiring thick, uniform, and durable conductive
patterns, such as printed electronics, heaters, and interconnects
[4,5,19,23].

Here, we introduce an extrusion-based dispensing system for the
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planar patterning of tungsten ink. The system consists of a
dispensing unit to regulate dispensing pressure (P), an XY motion
stage for the substrate motion, and a control PC to coordinate both
dispensing and motion. P was varied to study its effect on pattern
geometry, particularly width and thickness. Based on a line pattern
of approximately 200 pm in width, an adjacent line overlapping
strategy was applied to modulate the overall pattern width by
increasing the number of adjacent lines. This method was further
extended to fabricate planar patterns with complex geometries,
including variable widths, curved paths, and discontinuous
features. The proposed method enables the straightforward
fabrication of planar patterns with complex geometries,
demonstrating its applicability to various planar electronic
structures.

2. Experimental Setup

Fig. 1(a) shows a schematic of the extrusion-based dispensing
system that was used in this study for DIW of planar patterns. Fig.
1(b) presents a photo of the experimental setup. It consists of a
dispensing unit (ML-5000XII, Musashi Engineering) to regulate
the P, a metallic nozzle with an inner diameter of 100 pum for
dispensing tungsten ink, and an XY motion stage (OSMS26-300,
Sigma Koki) to control substrate motion. The PC controls stage
motion and dispensing. The syringe contained tungsten ink
(Winner Technology), which was then dispensed onto alumina
substrates. The writing path was segmented with a spacing of
100 um between neighboring points, and the stage moved at a
constant speed between these points. The average writing speed
along the entire path was approximately 0.7 mm/s. This segmented
approach is particularly advantageous in curves, where maintaining
smooth motion is critical. Although momentary acceleration and
deceleration may occur between neighboring points, their influence
was negligible in our experiments. Further optimization of the
writing motion will be studied in the future work. A camera
provided real-time visual monitoring. The tungsten ink had a
viscosity of approximately 50,000 mPa‘s (as provided by the
manufacturer), and all experiments were conducted at room
temperature.

Figs. 2 shows the procedure for fabricating single lines using the
extrusion-based dispensing setup shown in 1. As shown in Fig.
2(a), the process begins with the dispensing of tungsten ink
through the nozzle. The motion stage then moves along a
predefined writing path (Fig. 2(b)), and dispensing stops once it
reaches the specified length (15 mm) (Fig. 2(c)). The fabricated
line pattern is shown in Fig. 2(d).
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Fig. 1 (a) Schematic of the extrusion-based dispensing system and
(b) Photo of the experimental setup

[E—
Writing
path

(b) Stage movement along the

(a) Dispensing start

predefined writing path

(c) Dispensing stop at the . .
. (d) Fabricated line pattern
specified length

Fig. 2 Fabrication procedure of a line pattern using the extrusion-
based dispensing setup. Scale bars are 5 mm in (a)-(d)

3. Results and Discussion

3.1 Effect of Dispensing Pressure on Pattern Quality

To investigate the effect of P on the geometry of the fabricated
patterns, the width and height of line patterns were measured under
varying P conditions: 300, 400, 500, and 600 kPa, as shown in Fig.
3(a). Higher P increased the ink flow rate, leading to wider and

thicker line patterns. Fig. 3(b) presents optical microscope images
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Fig. 3 (a) Width and height measurements of line patterns fabricated
under varying dispensing pressures (300, 400, 500, and 600
kPa) and (b) Optical microscope images of line patterns
fabricated under the same conditions as in (a). Scale bars are
300 pm in (b)

of line patterns fabricated under the same conditions, illustrating
the influence of P on pattern quality. At 300 kPa, bulge defects
were observed, likely due to insufficient ink flow relative to the
writing speed [10,24]. At 400 kPa, uniform patterns with a width
of approximately 200 um were obtained. Despite using a nozzle
with a 100 pm inner diameter, the ink spread laterally after
extrusion, increasing the pattern width to approximately 200 pm.
However, by adjusting parameters such as writing speed, nozzle
height above the substrate, and P, it is expected that the pattern
width can be further reduced. The influence of these parameters
will be investigated in future work. Further increases in P resulted
in wider patterns, but no noticeable change in pattern quality was
observed. These results indicate that control of P is effective for
adjusting pattern geometry. However, the achievable pattern width
is constrained by the nozzle diameter and the rheological behavior
of the ink [25,26], making it difficult to fabricate planar patterns
wider than a line pattern. To overcome these limitations, we
implemented an adjacent line overlapping strategy to modulate

pattern width and fabricate planar patterns.
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Fig. 4 Optical microscope images of the pattern (a) before and (b)
after ultrasonic cleaning. Scale bars are 300 pum in (a) and (b)
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Fig. 5 (a) Schematic of the adjacent line overlapping strategy and (b)
In-situ images capturing the fabrication of planar patterns with
adjacent lines. Inset in (b): schematic of the writing path used
in the fabrication process. Scale bars are 5 mm in (b)

3.2 Adhesion Test of Tungsten Patterns

Additionally, to evaluate the adhesion of the patterns to the
substrate, samples fabricated at 400 kPa were treated with
ultrasonic cleaning at 40 kHz for 5 minutes. Figs. 4(a) and 4(b)
show optical microscope images of the patterns before and after
cleaning. No notable changes or defects were observed, indicating
sufficient adhesion of the pattern to the substrate.

3.3 Planar Pattern Fabrication via Adjacent Line Overlapping
Fig. 5(a) schematically illustrates the adjacent line overlapping
strategy used in this study. To fabricate planar patterns wider than a
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Fig. 6 (a) Planar patterns fabricated by sequentially overlapping O
(single line), 1, 3, 7, and 15 adjacent lines, (b) Pattern widths
as a function of the number of adjacent lines. Insets in (b):
corresponding optical microscope images. Scale bars are 5
mm in (a), 1 mm in the insets of (b). (c) Thickness profile
measurements of planar patterns fabricated with 0 (single
line), 1, 3, 7, and 15 adjacent lines

single line, several lines were sequentially written with a uniform
spacing of 100 pm. Each adjacent line, approximately 200 pm in
width, was written to partially overlap the previous one, forming a
planar pattern with increased width. Fig. 5(b) presents snapshot
images showing the fabrication of planar patterns with a single line
and up to three adjacent lines using the proposed strategy. During
this process, the nozzle followed the writing path shown in the
inset of Fig. 5(b).

Fig. 6(a) shows planar patterns fabricated using the adjacent line

overlapping strategy with varying numbers of adjacent lines: 0

(b)

Fig. 7 (a) Schematic diagram of a planar pattern with variable width
and (b) Fabricated planar pattern with variable width. Scale
bar is 5 mm in (b)

(single line), 1, 3, 7, and 15. As the number of adjacent lines
increased, the overall pattern width also increased, demonstrating
the effectiveness of the proposed strategy. Fig. 6(b) presents
measured pattern widths and corresponding optical microscope
images, confirming uniform pattern widths. Fig. 6(c) shows the
thickness profiles of the same patterns, indicating how pattern
thickness changes with varying numbers of adjacent lines. The
thickness increased as more lines overlapped, due to increased
material deposition. To further demonstrate the versatility of this
approach, we applied it to fabricate planar patterns with variable

widths and complex geometries.

3.4 Fabrication of Planar Patterns with Variable Width and
Complex Geometries

To demonstrate the capability of the proposed system to
fabricate patterns with variable widths, a planar pattern was
designed. Fig. 7(a) shows a design in which the pattern width
varies along its length. Fig. 7(b) presents the fabricated pattern
based on this design, where the width was controlled by
adjusting the number of adjacent lines. These results
demonstrate that modulating the number of adjacent lines
enables precise control of pattern width and provides a
straightforward method for fabricating patterns with variable
widths. To further demonstrate the applicability of the adjacent
line overlapping strategy, planar patterns with more complex
geometries were fabricated. Figs. 8(a)-8(c) show representative
patterns, including a zigzag pattern, letter patterns, and an
animal-shaped pattern. The corresponding reference images are

shown as insets for comparison. These patterns include
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Fig. 8 Representative patterns using the adjacent line overlapping
strategy: (a) a zigzag pattern, (b) a letter pattern, (c) an
animal-shaped pattern, and (d) in-situ images of the
dispensing sequence for the discontinuous features in (c).
Insets in (a)-(c): corresponding reference images. Scale bars
are 5 mm in (a)-(d)

complex geometries such as curved paths, directional changes,
and discontinuous features.

Figs. 8(d) shows snapshot images of the in-situ dispensing
sequence used to fabricate the discontinuous features in 8(c).
Along the writing path, dispensing was stopped at each
discontinuous feature. To prevent contact between the nozzle and
the previously written pattern, the substrate was lowered by 1 mm
under the control of the Z motion stage (OSMS40-5ZF, Sigma
Koki). The nozzle was then moved to the next position, the
substrate was returned to its original height, and dispensing was
resumed. The high viscosity of the tungsten ink caused a slight
delay in material extrusion through the nozzle after dispensing was
resumed. To address this issue, a pause of 300 ms was applied
before initiating nozzle movement. We note that no clogging was
observed in our experiments for 3 hours. This controlled sequence
enabled the fabrication of discontinuous features without nozzle
interference. These results demonstrate that the proposed system
enables planar pattern fabrication with complex geometries,
including variable widths, curved paths, and discontinuous

features.

4. Conclusions

In summary, we introduced an extrusion-based dispensing
system for the planar patterning of tungsten ink using direct ink
writing. By precisely controlling the dispensing pressure (P) and
substrate motion, the system enabled uniform ink deposition
along predefined writing paths. To investigate the effect of P on
pattern geometry, line patterns were fabricated under varying
pressure conditions, and their widths and thicknesses were
measured. To expand the achievable pattern width, an adjacent
line overlapping strategy was implemented, wherein several lines
approximately 200 pm in width were written with partial overlap.
The relationship between the number of adjacent lines and the
resulting pattern width was quantitatively verified. Using this
approach, planar patterns with variable widths and complex
geometries, such as curved paths and discontinuous features,
were successfully fabricated. Discontinuous features were
fabricated by lowering the substrate along the Z-axis to prevent
nozzle interference. The fabricated patterns exhibited uniform
quality and precision. These results demonstrate that the
proposed system provides a versatile solution for fabricating
planar conductive patterns with complex geometries, applicable
to printed electronics and interconnects. While the system
enables fabrication of patterns for such applications, the printed
tungsten patterns in this study were not electrically conductive, as
no sintering process was applied. Future work will focus on
sintering of the pattern and evaluation of its electrical
performance to verify its applicability to electronic devices. In
addition, efforts will include improving pattern resolution,
optimizing motion control for more complex geometries, and
validating the method with other materials and substrates to

broaden its applicability.
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