
  

  

Abstract—Patterning liquid-metal circuits and devices at 

high resolution requires expensive equipment. This work 

demonstrates a low-cost method to rapidly prototype liquid-

metal patterns for flexible and stretchable electronics. The 

setup consists of a programable syringe pump connected to a 

3D printer with polymeric tubing. The liquid-metal flow rate 

and printing speed are simultaneously adjusted to obtain high-

resolution printed features of 35-µm lines, with 105-µm 

spacing between the lines. A proof-of-concept circuit is 

demonstrated on a polymeric substrate to show the 

compatibility of the technique with flexible surfaces. 

I. INTRODUCTION 

Printed electronics have been used for a variety of 
devices and circuits such as sensors [1], transistors [2], 
biological sensors [3], solar-cell electrodes [4], and antennas 
[5]. Many of these printed circuits and devices are 
implemented using conductive nanoparticle inks [6]. 
Patterns made with nanoparticle inks can crack after the 
solvent evaporates, reducing the conductivity of the printed 
features [7]. Electronic circuits can also be created by liquid 
metal (LM) [8]–[12], which does not crack like nanoparticle 
inks; additionally, it can heal cracked conductive paths [13]. 
The printing of LM is a rapid prototyping method that can 
create conductive patterns that are also compatible with 
flexible substrates.  

A challenge to printing LM is attaining high-resolution 
features using low-cost printers. An elastomer printhead on 
a three-axis Cartesian robot can deposit individual droplets 
of LM on an elastomer substrate [14], but the droplet size of 
340 µm limited the resolution of the printed patterns. The 
printhead also needed to be inked before depositing each 
droplet. Another setup for printing LM costs about $15,000, 
with a reported resolution of ~50 µm [15]. Other researchers 
created a droplet generator capable of creating 10-μm LM 
droplets [16], resulting in a minimum printed feature size of 
48 µm.  

In this work, we report a new method of rapidly 
prototyping high-resolution LM patterns using a low-cost 
setup. We integrated a programmable syringe pump (KDS-
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210 or NE-300) with plastic 3D printer (MakerGear M2); the 
setup costs about $2500. The synchronization between the 
LM flow rate and printing speed has been optimized to 
achieve high-resolution LM patterns. Different needle sizes 
have been used to print diverse line widths ranging from 200 
µm down to 35 µm. The bed temperature has been optimized 
to promote the wetting of printed LM on 
polydimethylsiloxane (PDMS) and polyethylene 
terephthalate (PET) substrates. The printed LM, Galinstan, 
is a non-toxic gallium-based LM alloy with an electrical 
conductivity of 3.4 × 106 S/m [17]. 

 

Fig. 1 Schematic diagram for the printing setup 

 

II. DESIGN, SETUP, AND PRINTING PARAMETERS 

A. Design 

The first step in the design and fabrication process was 
using Autodesk 123D software to design the drawing file 
exported as stereo-lithography file extension (STL). The 
STL file was then imported into the slicing software (Cura) 
in which the layers settings (layer height and shell thickness) 
were edited to ensure that the output file would include a 
single pass of the pattern. Cura software produces a G code 
which dictates the trajectory and stops of the printhead. 
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B. Setup 

Fig. 1 shows a schematic diagram for the printing setup. 
The syringe pump (Fig. 2a) can be controlled either 
manually or by LabView code (developed by National 
Instruments). Polymer tubing (Tygon) with inner diameters 
of 0.25, 0.51, or 0.76 mm was attached to the syringe. The 
other end of the tubing was inserted into the hot-end channel 
of the 3D printer after the nozzle was removed (Fig. 2b). A 
needle of size 21, 23, 25, or 34 gauge was inserted and sealed 
into the end of the tubing of the 3D printer. 

 

Fig. 2 Fabrication setup (a) syringe pump with 1-mL syringe of LM, (b) 

3D printer with tubing coming from syringe pump and inserted into the 

printhead 

B. Printing Parameters 

The fluid flow rate from the syringe pump was within 
0.025 to 0.1 mL/min, and synchronized to the 1 mm/s x-y 
printing speed controlled by the printing software. The 
syringe pump and the 3D printer must be synchronized 
carefully to start ejecting LM once the printhead receives the 
command to start moving to create the pre-designed pattern. 
The syringe pump was started 2 s before running the G code 
to move the printhead. This allowed the pressure to 

accumulate inside the tubing to eject LM as the printhead 
starts to follow the coded trajectory.  

III. RESULTS AND DISCUSSION 

Following the procedures described above, a series of 
test structures were produced to demonstrate the technique. 
Fig. 3 shows the LM patterns achieved by 2D printing LM 
on PDMS substrate with a thickness of 0.5 cm. The bed 
temperature of the printer was varied from 25 °C to 120 °C 
to enhance LM adhesion with the substrate. 

A.  Optimizing Printing Conditions 

The goal of this work was to print the finest possible 
features while preserving the continuity and edge quality of 
the printed lines. First, a wide needle was used until the 
proper flow rate, bed temperature, and printing speed was 
determined for continuous printed LM features. Then, the 
needle gauge was decreased while adjusting the flow rate 
and bed temperature to determine the printing parameters 
resulting in the smallest possible feature size. Table 1 shows 
the printing parameter sets used. Fig. 3a shows a spiral shape 
with an outer diameter of 10 cm and 0.7-mm linewidth, 
achieved using a 21-gauge needle tip with a 0.1 mL/min 
flow rate and a 100 °C bed temperature. A significant 
number of bulges and inconsistencies were found in the LM 
pattern due to Rayleigh instability [17].  

TABLE I.  PRINTING PARAMETER SETS 

Parameters 

Set # 

Printing Condition 

Flow rate 

(mL/min) 

Platen temperature  

(C) 

Needle size 

(gauge) 

a 0.1 100 21 

b 0.05 100 23 

c 0.025 120 25 

 

Decreasing the flow rate to 0.05 mL/min at the same bed 
temperature eliminated the LM bulges with a 21-gauge 
needle. The same flow rate and bed temperature were used 
with a 23-gauge needle to produce a printed 0.5-mm 
linewidth (Fig. 3b). It was observed that only one section of 
the pattern had excess LM, and this was eliminated with a 
0.025 mL/min flow rate at the same bed temperature (100 
°C). After that, the printing parameters of a 0.025 mL/min 
flow rate and 100 °C bed temperature were used with a 25-
gauge needle, but the printed LM pattern tended to coalesce 
rather than sticking to the PDMS substrate, introducing 
discontinuities and excess LM in the pattern. Better results 
showing a consistent 0.3-mm linewidth were achieved with 
the 25-gauge needle by adjusting the bed temperature to 120 
°C (Fig. 3c). 

(a)

(b)



  

 

Fig. 3 Spiral LM pattern with an extrusion rate of: 

(a) 0.1 mL/min at 100 °C print bed temperature using 21-gauge needle 

(b) 0.05 mL/min at 100 °C print bed temperature using 23-gauge needle 

(c) 0.025 mL/min at 120 °C print bed temperature using 25-gauge needle 

 

 

 

 

Fig. 4 Printed LM lines on a PET substrate, printed at 100 °C bed 

temperature (a) printed LM lines (b) lines with widths of 100 to 200 µm, 

(c) lines with a width of 35 µm  

B. High Resolution Printing 

The highest resolution of printed lines was 
approximately 35 µm. It was achieved using the 34-gauge 
needle tip for lines printed on a PET substrate with a 
thickness of 100 µm (Fig. 4c). A bed temperature of 100 °C 
was enough to stick the printed LM on the PET substrate as 
its small thickness, compared to the 0.5-cm thickness of 
PDMS, allowed better heat transfer from the substrate 
bottom to top surface. The spacing between the lines was 
105 µm, which is the minimum step size (100 µm) that can 
be reached by the 3D printer’s X-Y motors.  
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Fig. 5 Proof-of-concept circuit demonstration with push-button switch (a) 

circuit with printed LM as wires, (b) push-button switch open, LED off, 

(c) push-button switch closed, LED on 

C. Proof-of-Concept Circuit 

A proof-of-concept circuit was built to demonstrate the 
electrical continuity of the LM circuitry after it had been 
patterned and encased in PDMS. Four ports were used to 
connect two LM “wires” to the rest of the circuit (labeled in 
Fig. 5a). The positive DC probe was connected to port 1, and 
current flowed through the Galinstan to port 2. The current 
entered the part of the circuit on a breadboard, which 
consisted of a push-button switch, a 1.5-kΩ resistor, and a 
blue LED. The current left the components on the 
breadboard and returned to the patterned LM circuitry at port 
3. The current flowed through Galinstan to port 4, which was 
connected to the negative DC probe. 

IV. CONCLUSION 

The proposed technique has provided a successful 
alternative to high-cost LM printers to rapidly prototype 
high resolution LM patterns. A programmable syringe pump 
was connected to a 3D printer to extrude LM instead of 
plastic filament. The fluid flow rate was optimized and 
synchronized with the printer speed, as well as the bed 
temperature, to achieve high-resolution printed LM lines of 
35 µm width. The spacing of the printed lines was 105 µm, 
limited by the X-Y motor step size of the printer. 
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