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Abstract

Material extrusion (MEX) of soft, multifunctional composites consisting of liquid
metal (LM) droplets can enable highly tailored properties for a range of applications
from soft robotics to stretchable electronics. However, an understanding of how LM ink
rheology and print process parameters can reconfigure LM droplet shape during MEX
processing for in-situ control of properties and function is currently limited. Herein,
the material (ink viscosity, and LM droplet size) and process (nozzle velocity, height
from print bed, and extrusion rate) parameters are determined which control LM mi-
crostructure during MEX of these composites. The interplay and interdependence of
these parameters is evaluated and nearly spherical LM droplets are transformed into
highly elongated ellipsoidal shapes with an average aspect ratio of 12.4 by systematically
tuning each individual parameter. Material and process relationships are established
for the LM ink which show that an ink viscosity threshold should be fulfilled to program
the LM microstructure from spherical to an ellipsoidal shape during MEX. Additionally,
the thin oxide layer on the LM droplets is found to play a unique and critical role in the
reconfiguration and retention of droplet shape. Finally, two quantitative design maps
based on material and process parameters are presented to guide MEX additive man-
ufacturing strategies for tuning liquid droplet architecture in LM-polymer inks. The
insights gained from this study enable informed design of materials and manufacturing

to control microstructure of emerging multifunctional soft composites.

Keywords: Direct ink writing, liquid metal, additive manufacturing, microstructure, rheology



1 Introduction

Soft, multifunctional polymer composites are essential for fields ranging from soft robotics
to physical intelligence [1-5]. The properties of these functional composite materials are
controlled by the material constituents and how these multi-phase systems are assembled
and structured across a range of length scales. In the recent years, additive manufactur-
ing (AM) of functional polymeric materials has rapidly progressed due to the versatility in
materials choice combined with the in-situ programming capabilities [6-9]. This results in
process-structure-property relationships that enable a unique combination of functional and
mechanical characteristics [10-13|. The programmed materials developed using AM tech-
niques have shown potential for achieving excellent thermal, electrical, and adaptive prop-
erties for next generation high performance multifunctional materials desirable for sensors,
dielectrics, energy harvesters, and health monitoring applications and devices [14-20].
Direct ink writing (DIW) is an material extrusion AM technique that can enable versatile,
novel material systems with a unique property and application space combined with the
ease of design and rapid manufacturing for complex geometries [21-24]. DIW has been
widely utilized to create films and structures using polymeric resins and has in turn enabled
significant advancements in polymer composite printing due to the precise control of the
orientation, loading, and location of the functional fillers within a printed part [25-28]. The
functional and mechanical properties of a printed part in DIW are dictated by two groups
of parameters - material/ink and printing/process [29,30]. The former are related to the
initial as-prepared properties of the ink such as polymer matrix viscosity, cross-linking type,
filler shape, size, and phase (solid/liquid) [31]. Whereas the process parameters include the
extrusion rate, printing speed, nozzle shape, nozzle size, nozzle height from print bed, the
degrees of freedom for the nozzle, and the presence of any external fields (thermal, electrical,
UV light, magnetic) [32,33]. These two groups have interrelated and interdependent effects

on the final characteristics of the part. Although, several rigid filler systems have been



demonstrated that can induce alignment in the filler, there is little knowledge of process-
structure relationships in emerging systems that are based on liquid droplet fillers [34-37].

Liquid metal (LM) composites are attractive to a variety of technologies including soft
robotics and wearable electronics owing to their soft mechanical compliance with high per-
formance thermal, electrical, and mechanical properties [38-45]. One of the key enabling
features of these functional properties is the unique liquid nature of the filler which allows
droplet shape (i.e. aspect ratio), size, and connectivity to be tuned during processing and
mechanical deformation. This has imparted advanced functional and mechanical properties
to these soft composites. For example, the ability to tune aspect ratio from spherical to
ellipsoidal shapes has resulted in over 70x enhancement in thermal conductivity by creat-
ing oriented and anisotropic thermal pathways [40,46-48]. Reconfiguration of the insulated
and isolated LM droplets to an electrically conductive and connected network through me-
chanical activation has produced unconventional strain-independent electrical conductivity
and robust self-healing abilities [49-53]. Further, tunability in the droplet size and spatial
arrangement has enhanced adhesion control [54-56] while orientated droplets have increased
toughness and eliminated cracks [41,57]. This prior work illustrates that LM microstruc-
tural aspects such as shape, size, connectivity, and spatial organization impart exceptional
mechanical and functional behavior to these soft functional composites.

Previous research efforts have also shown that due to the liquid nature of the LM, DIW
technology can be readily applied to create soft circuit traces through modifying the adhesion
of LM inks [58], rheological modification with solid metal fillers [59], and multi-layered cir-
cuits with a LM layer followed by a silicone layer [60]. Hybrid approaches have also been em-
ployed to create deployable and reconfigurable multifunctional lattice materials [61]. There
have also been approaches where LM emulsion inks are created as silicone oil greases [62]
or LM-polymer emulsions [63] which have been either adapted or present a potential for
DIW technologies. Recently, it has been demonstrated that the LM droplet shape and ori-

entation can be controlled during DIW processing [64|. The on-demand morphology control
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Fig. 1 Material and process parameters in DIW printing. (a) Ink and material parameters
that are controlled by rheological modification. (b) Schematic showing the DIW printing pa-
rameters and resulting droplet aspect ratio. Optical microscopy and schematics illustrations
showing the resulting microstructures in a variety of ink/printing conditions including, the
(c) General condition, (d) Increasing V*, (e) Decreasing H, (f) Increasing D, (g) Increasing
M. Scale bar is 500 pm.



during DIW printing is intriguing because the morphology governs the material properties
and performance of the composite. This enables the creation of parts with programmable
material properties utilizing a single manufacturing system and ink. These capabilities can
advance the utility of DIW systems for the fabrication of functional devices for applications
in energy harvesting [19] and strain sensors [20] to morphing structures [24] and gripping
devices [27]. However, the interdependence of ink properties and printing process parameters
that is essential to tune final part microstructure requires further investigation.

Here, we determine how ink properties (Fig. 1(a)) and printing process parameters
(Fig. 1(b)) control LM droplet microstructure programming during DIW. The functional
emulsion ink contains nearly spherical LM droplets (Fig. 1(c)) that can be transformed into
ellipsoidal shapes by increasing the nondimensionalized nozzle velocity (V* = V/C, where V
is the nozzle velocity and C' is the extrusion velocity (C); Fig. 1(d)) or decreasing the nozzle
height (H; Fig. 1(e)). This results in an increased average aspect ratio (AR) of elongated
LM droplets from an initial AR of 1.3 to 3.7. Further, by increasing the droplet size (D;
Fig. 1(f)) and zero-shear viscosity (7)) of the LM ink (Fig. 1(g)), higher AR up to 12.4 can
be achieved. Through these process and rheological relationships, we found that a viscosity
threshold (np = 500 Pa-s) should be fulfilled to tune the LM microstructure from spherical
to ellipsoid shapes during DIW. Additionally, larger D plays a substantial role in achiev-
ing higher AR. In a series of experiments with glycerol and LM droplets, we further show
the unique and critical role of the oxide layer on the LM droplets in retaining the AR of
elongated LM droplets. We present these results in two quantitative design maps based on
material and process parameters. These design maps are constructed to rationally guide
the DIW printing of functional emulsion inks, enabling the precise control of liquid droplet

architecture in soft composites.



2 Results and Discussion

2.1 Ink materials and composition

The LM inks used in this study are comprised of LM droplets at a volume ratio of ¢ = 50 %
in PDMS and ExSil silicone elastomers. Fumed silica (FS) nanoparticles (lateral size: 16
nm) are added as a rheological modifier at two different weight ratios of ¢» = 5,10%. The
addition of FS to pristine elastomers or LM-elastomer inks resulted in an increase of 7.
Hexane (10 wt.% or 30 wt.%) was used as a solvent to decrease the viscosity and increase
the droplet size (D) when required. A combination of LM, elastomer, F'S, and hexane were
used to study how different ink properties and printing process parameters can be utilized

to control the aspect ratio of LM droplets in LM-polymer inks during DIW printing.

2.2 Effect of polymer matrix viscosity on LM droplet size

To investigate the effect of polymer viscosity on the D of LM droplets in LM inks, we per-
formed rheological measurements and microscopic analysis on inks formulated with PDMS
and ExSil elastomers. These two elastomers have an order of magnitude difference in vis-
cosities as-purchased and we further modify their viscosity using FS nanoparticles. Fig.
S1(a-b) shows that adding F'S (¢» = 5,10 %) to elastomers results in increased ink viscosity
as F'S restricts the flow of uncured elastomer [65,66]. To obtain zero-shear viscosity (1),
the Carreau-Yasuda model, which is developed for fitting rheological data of non-Newtonian

fluids, can be defined by Equation 1:

1(3) = Moo + (10 — 7o) (1 + (X)) "5 (1)

where 7.: infinite shear viscosity, 7: shear rate, A: time constant, a: transition control

factor, and n: power index [67-69]. As shown in Fig. 2(a) and Fig. S2(a), D of LM droplets



decreases as 1y of the ink increases during LM-polymer ink formulation (see Material and
Methods section for details). Fig. 2(b) and Fig. S2(b) also illustrate the difference in viscosity
of the three inks by showing their spreading behavior on the substrate after being extruded
from the DIW nozzle.

We consider two ink characteristics to evaluate its ability for LM microsturcture pro-
gramming in our screw-based, mechanically driven DIW setup: (1) the rheological analysis
indicates that the ink is shear thinning and (2) a sufficiently high 7y (> 500 Pa-s) is obtained
for tuning the shape of LM droplets in the printed ink [69,70]. We utilize n, obtained through
the Carreau-Yasuda model to relate rheological properties to the elongation of LM droplets
in Section 2.4. We hypothesize that in the LM-polymer inks with higher 7y, the uncured
matrix induces significantly increased drag forces between the LM droplet and the matrix
phase, which facilitates the elongation and retention of LM droplet shape in ellipsoidal state
after being printed [71].

First, to evaluate the rheological properties of PDMS-based LM inks with different
amounts of FS; steady-state flow shear rate sweep tests were performed. Fig. 2(c) shows
that the addition of LM droplets to the PDMS prepolymer results in an increase in the
overall viscosity of the ink. This behavior is expected and has been previously reported [35].
The viscosity of the LM-polymer inks can be further increased by increasing the loading of
FS. All LM inks exhibit shear thinning behavior that is crucial for their ability to program
LM microstructure in the DIW process, even as the viscosity is substantially increased.

For PDMS- and ExSil-based inks, the Carreau-Yasuda model provides a good fit for
the data as presented in Fig. S3(a-b) and Table S1. From these fits, we obtain the 7y value
plotted in Fig. 2(d) for different PDMS-based LM inks, which is the viscosity of the system in
the first Newtonian plateau region. The addition of LM droplets and F'S to the ink increases
71o. The addition of LM to a high viscosity matrix results in smaller LM droplets as presented
in Fig. 2(a) and (e). This is because when LM is mixed with a high viscosity resin by a shear

mixer, it is subjected to a higher shear stress than a less viscous system [72,73|. Additionally,
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Fig. 2 Rheological analysis of different LM-polymer inks (¢ = 50 %) and viscosity effect
on droplet size. Microscope images of PDMS-based LM inks: (a) The D of LM droplets
decreases with increasing 7. Scale bar is 200 um. (b) Less spreading is observed after
extrusion with increasing 7. Scale bar is 2 mm. Colored borders for images in (a) and (b)
indicate inks with similar colors in (c)-(e). (c) Apparent viscosity (1) vs. shear rate ()
of PDMS-based inks. 1 is the F'S content in weight ratio. (d) Zero-shear viscosity (1) of
different PDMS-based inks as measured from the Carreau-Yasuda model. (e) Droplet size
(D) of LM droplets in different PDMS-based inks before printing. (f) n vs. 4 of ExSil-based
inks. (g) 1o measured from the Carreau-Yasuda model of different ExSil-based inks. (h)
D of LM droplets in different ExSil-based inks before printing. Error bars in (e) and (h)
represent + 1 standard deviation of log-normal fits to the particle analysis histograms from
micrograph image analysis.

an ink with smaller LM droplets shows higher g (Fig. S4). This is due to the higher surface-
to-volume ratio in smaller LM droplets leading to an increase in the total droplet surface area

in the system. The oxide layer on LM droplets strongly influences the rheological behavior



of LM [74], and as decreasing the droplet size for a given volume loading leads to higher
surface area-to-volume ratio compared to larger droplets, the viscosity increases [75].

Our second set of rheological tests to study the effect of viscosity on D are performed on
ExSil-based inks. As shown in Fig. 2(f), the addition of LM droplets results in an increased
viscosity of the ink system and exhibit a shear-thinning behavior similar to the PDMS-based
inks. When compared to PDMS-based inks, Fig. 2(g-h) also shows that ExSil-based ink
results in an increases in 7y and a decrease in D with the addition of FS. Therefore, we
can conclude that the initial D of LM droplets is highly dependent on the viscosity of the

polymer matrix for a given set of mixing conditions.

2.3 Effect of printing parameters (VV* and H) on AR

To investigate the factors that govern the shape control of LM droplets when printed, both
PDMS- and ExSil-based inks were printed at different V* (1, 6, and 12) and H (40, 150,
and 300 pum) combinations. To tune V* the nozzle velocity (V') is varied while the flow rate
(C) of the ink during printing was held constant at 2.27 mm?® /s for all conditions. The AR
of LM droplets for all samples was calculated from log-normal fits on the particle analysis
histograms (Fig. S5-S9). As shown in Fig. 3(a-c), the AR of LM droplets in PDMS-based
inks increased with increasing V*, decreasing H, and increasing 7, by increasing F'S loading.
For example, considering an LM ink consisting of PDMS with ¢ = 0% and an average D
of 177 pm. When printed with a V* =1 and H = 300 pm, the resulting LM droplets had
an AR of 1.3. However, when the same ink is printed with different parameters, V* = 12,
H = 40 pm, the resulting droplets exhibit a higher AR of 2.0. Moreover, by introducing
1 = 10% to the PDMS ink with the same printing conditions, despite having a smaller D
of 40.1 pm, the resulting droplets exhibited a significantly higher AR of 7.6. For this ink,
the shape change of LM droplets as a function of different printing conditions is shown in
Fig. 3(g). Furthermore, AR plateaus are observed in all samples with an increase in H.

To assess the influence of the shear stresses generated as the ink flows through the nozzle
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Fig. 3 LM droplet AR analysis in printed inks with varying rheological properties and
printing conditions. The inset illustration in (a) describes how we define AR. Measured AR
of LM droplets in PDMS-based inks with V* = (a) 1, (b) 6, (c) 12. (b) and (c) follow the
legend in (a). Measured AR of LM droplets in ExSil-based inks with V* =(d) 1, (e) 6, (f)
12. (e) and (f) follow the legend in (d). Microscope images of printed inks with different V*
and H for (g) PDMS, ¢ = 10 %, and (h) ExSil, 1) = 5%. Scale bars are 100 pm.

on droplet shape, we conducted extrusion of PDMS-based ink without any movement of the
print head. We observed no significant changes to the shape of LM droplets due to extrusion

through the nozzle (Fig. S10). This result indicates that the resulting LM droplet shape is

controlled by the shear generated between the nozzle and print bed (Yprintpea = V/H ), where



printing conditions with higher V* and lower H produce a higher shear rate during printing,
resulting in higher LM droplet AR. Shear rates (Yprintpea) for different printing conditions
are presented in Table S2. As shown in Fig. S11(a), higher shear rate results in higher shear
stress on the printed material with increased 7y (more FS content). Moreover, inks exhibit
viscoelastic properties (Fig. S11(b)), when the shear stress is sufficiently high (G' < G")
the ink can flow by shearing. Therefore, at higher V* and lower H printing condition, LM
droplets are deformed by the rapid movement of the nozzle tip resulting in a higher AR.
Similar trends to the PDMS-based inks are observed in ExSil-based inks (Fig. 3(d-f)).
The AR of LM droplets in ExSil-based inks increases from 1.3 (¢ = 50%, v = 0%, V* =
1, H = 300 um) to 5.8 (¢ = 50%, v = 5%, V* =12, H = 40 pwm). ExSil-based ink
(¢ =50 %, b =5 %) also shows large LM droplet shape change that depends on the printing
conditions as shown in Fig. 3(h). These observations are consistent with previous research,
which showed that AR increases with higher V* and lower H [64]. Similar to PDMS-based
inks, the shape change of LM droplets in ExSil-based inks would be expected not to occur
during extrusion through the nozzle as all the ExSil-based inks in this study have lower
no than the highest PDMS-based ink (¢ = 50 %, ¢ = 10 %) viscosity (Fig. 2(d) and (g)).
Additionally, ExSil-based inks exhibit increasing shear stress with increasing shear rate (Fig.
S11(c)) and viscoelastic properties (Fig. S11(d)). Therefore, the shape changes of LM
droplets within ExSil-based ink also occurs after extrusion from the nozzle. Owing to these
similarities between PDMS- and ExSil-based inks and the higher range of achievable viscosity
with PDMS (ExSil prepolymer is more viscous which limits the lower end of the range), we
will only analyze PDMS-based inks in the following sections. However, ExSil-based inks
are also presented in this study as the work time for both PDMS and ExSil prepolymers is
strikingly different (24 h for ExSil and 4 h for PDMS) which allows for higher processing
time for ExSil-based inks and could be advantageous for DIW 3D printed parts with multiple
layers or for parts that involve an in-situ curing and/or imaging characterization step during

the fabrication process.
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2.4 Effect of ink parameters (1) and D) on LM droplet AR

Next, we investigated the effect of ink parameters (19 and D) on the AR of LM droplets in
printed LM-polymer inks. The addition of FS to LM-polymer inks is desirable to increase
the AR of LM droplets during printing (Fig. 3). However, as the content of F'S is increased,
the LM droplet is decreased resulting in smaller LM droplet AR [64]. To tailor the D of
the LM droplets and 7y of the ink, hexane was first added to the PDMS prepolymer matrix
(including dispersed FS) to control the viscosity of the emulsion during ink formulation.
Subsequently, LM was added and shear mixed to form the LM-polymer ink (see Material
and Methods for details). The hexane was then removed prior to rheological analysis or
printing.

Steady-state flow shear rate sweep tests were conducted to measure the rheological prop-
erties of each ink as a function of LM droplet size D. This sweep test data is shown in
Fig. 4(a) and 7y calculated from Carreau-Yasuda model fit in Fig. S12. We observed that
the viscosity of the PDMS-based LM inks increase with FS loading and decreasing LM
droplet D. Importantly, through the ink formulation process, the D of LM droplets can be
controlled from 40 to 280 um for inks with ¥ = 5% and from 90 to 250 pm for inks with
1 = 10% by adding hexane during mixing process as measured through optical microscopy
(Fig. 4(b)). As depicted in Fig. 4(c), for fixed printing conditions (V* = 12 and H = 40
pum), the ink with higher ny and larger D results in higher LM droplet AR. The ability
to create higher LM droplet AR is due to the higher shear stress experienced by the LM
droplets. This results from the higher 7y of the ink and the higher possibility of larger LM D
to be elongated as the droplets are more compliant as the stiff surface oxide plays a smaller
role in the deformation of larger droplets [76,77].

The effect of D and 7y on the AR of LM droplets in printed LM inks is shown in Fig.
4(d). First, when inks with similar low viscosity (1.0x10% < 7y < 2.0x10% Pa-s) are printed,

D has a critical effect on controlling the AR of LM droplets. For example, ©» = 5%, D =
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250 pum can achieve a high AR of 8.1 with the printing condition of V* = 12, H = 40 um,
compared to ¢ = 5%, D = 90 um (AR = 3.7). Furthermore, even though the ink with
larger D is printed at a higher nozzle height (H = 300 um), it still shows an AR of 5.2.
This AR value is higher than the AR of ¥ = 5%, D = 90 um ink printed at V* = 12 and
H = 40 pm. Therefore, when the inks have 7 in the order of 10 Pa-s, D plays a significant

role in determining the AR of LM droplets.
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Fig. 4 Effect of ny and D on the AR of LMs in printed material. All PDMS-based inks
in here include ¢ = 50%. (a) n vs. 7 results with different FS contents (¢ = 5 or 10 %)
and D. (b) D of different inks. Error bars represent + 1 standard deviation of Gaussian
fits to the particle analysis histograms from micrograph image analysis. It follows legend in
(a). (c) Microscope images of different PDMS-based LM inks with a fixed printing condition
(V* =12, H =40 um): i) ¥ = 5%, D =90 pm, ii) v = 10%, D = 40 um, iii) ¢ = 5%,
D = 250 pm, iv) ¥ = 10%, D = 280 pm. All images have the same scale bar of 100 pum.
(d) The AR of LM droplets in printed PDMS-based inks with different print heights. (c-d)
follow the legend in (a). The log-normal distributions of AR for D = 250 um and D = 280
pm inks are presented in Fig. S13.

Secondly, the effect of D on AR in highly viscous inks (7 > 3.7x10° Pa-s) is demonstrated
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in the middle plot of Fig. 4(d). In this high viscosity regime, the maximum AR is dictated
by D of LM droplets and shows a similar trend as in low 7y regime. For example, the ink
with larger D of 280 um results in a higher AR (12.4) compared to the ink with D = 40 um
(AR = 7.6) when printed at same condition (V* = 12 and H = 40 pm). It means that D
is also a dominant factor that determines AR for LM inks that have a high 7y (> 3.7x10°
Pa-s). Additionally, both of these inks still show higher AR (> 6.3) even when printed at
higher nozzle height of H = 300 um. So, when the inks are in high viscosity regime (1 >
3.7x10%), inks with a larger D show a higher AR than ink with a smaller D.

Thirdly, an ink with large D (> 250 um) and minimum threshold 7y (> 500 Pa-s) can
result in elongated LM droplets (AR > 5.0) even with a higher print height (H = 300 um).
Additionally, PDMS, ¢ = 50 %, v = 10 %, D = 280 pum ink can achieve a higher LM droplet
AR of 12.4 compared to ¢ = 50%, ©» = 5%, D = 250 um ink (AR = 8.1), though they
have similar D. Thus, when two inks have similar D and are printed with the same printing
conditions, we can expect that ink with higher 7y will result in a higher LM droplet AR.

To summarize, if an ink has a sufficiently large D (> 250 um) or a sufficiently high 7o
(> 3.7x10° Pa-s), higher AR of LM droplets can be achieved with a printing condition of
V* =12 and at all Hs in this study (40, 150, 300 pum) whereas at lower V* (1 or 6), a high

AR (> 5) of LM droplets cannot be achieved in any of the inks (Fig. S14).

2.5 The role of the Ga-oxide shell in LM droplet shape control

One of the distinct aspects of LM when compared to other liquid fillers is the thin Ga-
oxide layer (0.7-3 nm) that spontaneously forms in the presence of ppm levels of oxygen on
the surface of the LM droplets [78-80]. This oxide shell provides mechanical stability to the
droplets and also acts as a surfactant when dispersed in polymers [81-83]. To demonstrate the
important role of this oxide layer in LM droplet shape reconfiguration, we created two PDMS
inks, one with glycerol (¢pgc = 50 %, ¢ = 10 %,) and the other one with LM (¢ = 50 %,

¥ =5%). We added different content of F'S to the glycerol and LM inks to achieve a similar
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droplet size and ensure 79 > 500 Pa-s.
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Fig. 5 Role of surface oxide layer in elongating LM droplets. (a) n vs. 4 of PDMS, ¢y =
50 %, and ¢gc = 50 % ink. (b) D of two different inks. (c) AR of two different inks with
different printing conditions, V* = 1, 12 at H = 40 um. (d) Microscope images of two
different inks: PDMS, ¢rp = 50%, 1) V* = 1, ii) V* = 12 with H = 40 pm and PDMS,
dce = 50%, iii) V* =1, iv) V* = 12 with H = 40 pum. The scale bar is 40 ym. The
schematic images show LM and glycerol droplet structures. Observation of droplets’ shape
change when they are deformed. i) Pristine state. ii) After deformed (5 min). (e) A LM
droplet in PDMS, ¢ = 10 %. (f) A glycerol droplet in PDMS, v = 5%. The dashed red lines
in (e) and (f) visually highlight the boundary of each droplet. The scale bar is 2 mm. (g) A
LM droplet deformed in uncured PDMS with fumed silica (¢ = 5%) followed by the addition
of HCI on the surface. The scale bar is 500 ym. Error bars in (b) and (c) represent £ 1
standard deviation of Gaussian fits and log-normal fits, respectively, to the particle analysis
histograms from micrograph image analysis.
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Steady-state flow shear rate sweep tests were performed to characterize the rheological
behavior (Fig. 5(a)). Even though the volume loading of the filler is the same for both inks
and more FS is included in PDMS-glycerol ink (¢» = 10 %), the PDMS-LM ink has a higher
viscosity. This is due to the presence of an oxide layer on LM in contrast to the fluid nature of
glycerol droplet (see schematics in Fig. 5(d)). The thin oxide layer on the LM droplet surface,
predominantly comprised of gallium oxide, strongly influences the interfacial rheological of
the LM droplets [84]. Without the presence of this oxide layer, the rheological behavior of
LM could be considered comparable to other liquid fillers such as glycerol. However, due
to the oxide layer, the LM droplet has higher resistance to flow resulting in higher viscosity
of LM inks compared to glycerol inks. The prepared inks were observed to have a similar
D (Fig. 5(b)), which allows us to disregard the effect of D on the final AR when printed.
These inks were printed with the same printing conditions, V* = 1 or 12, and H = 40
um. However, the resulting AR of each droplet was different as shown in Fig. 5(c) and (d).
The LM droplets show an increase in AR from 1.4 to 3.1 as V* is increased from 1 to 12,
respectively, while the glycerol droplets have no observable change in AR as V* is increased.
We attribute this to two primary factors. First, the LM oxide layer is a solid state that leads
high 7. This results in a larger shear stress on the droplet during printing. Second, once the
droplet is reconfigured into a high AR ellipsoid, the LM droplets rapidly reform the oxide
layer to re-encapsulate and lock in the shape. The oxide layer forms even in the presence
of ppm levels of oxygen [78]. In contrast, glycerol has no oxide shell and thus the surface
tension drives a spherical droplet shape, and we do not observe a retained,stretched shape
after removing the external force [85]. Therefore, we only observe that LM droplets elongate
and maintain the deformed shape during the DIW printing process.

To qualitatively observe the shape change mechanism, a manual droplet deformation ex-
periment with tweezers was conducted as shown in Fig. 5(e) and (f) with LM and glycerol
droplets, respectively. Both droplets are ~600 pum in size (Fig. S15). LM and glycerol
droplets are placed in an uncured PDMS, ¢ = 5% (Fig. 5(e-i)) and ¢ = 10 % mixture
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(Fig. 5(f-1)), respectively, to mimic the DIW printing environment. The glycerol droplet is
dyed with blue pigment to aid in visualization. As shown in Fig. 5(e-ii) and supplementary
video 1, the LM droplet maintains its elongated shape after deforming, and does not split
into small droplets. However, as shown in Fig. 5(f-ii) and supplementary movie S1, the
glycerol droplet splits into several smaller droplets. For the larger LM and glycerol droplets
(D = 2 mm), a shape recovery is observed after deforming the glycerol droplet (Fig. S16(a),
supplementary movie S2) while LM droplet maintained its elongated shape after being de-
formed (Fig. S16(b), supplementary movie S2). Additionally, a LM droplet in a deformed
state recovers its shape to spherical shape if the oxide layer is removed (supplementary movie
S3). This is demonstrated in Fig. 5(g) where a LM droplet placed in an uncured PDMS,
1 = 5% is manually deformed by tweezers and maintains its elongated shape until the oxide
layer is removed by exposing to hydrochloric acid (HCl) added on the PDMS surface. These
experiments illustrate the unique and critical role of the Ga-oxide skin during DIW printing

to lock in the programmed shape of the LM droplets.

2.6 Design maps for DIW of LM microstructures with desired AR

There are multiple printing process parameters and ink properties that can be utilized to
control the AR of LM droplets in LM-polymer inks during DIW printing. To summarize our
results and guide the design of LM microstructures during DIW printing, we created two
quantitative design maps for droplet AR based on printing process parameters (V* and H)
and ink properties (19 and D). Fig. 6(a) describes the effect of the DIW printing process
parameters (V* and H) on the AR of LM droplets in PDMS-based inks (¢ = 10%, D =
280 pm). When the material parameters are fixed, the resultant AR of LM droplets as a
function of printing conditions can be illustrated as three distinct regions in this design map.
The regions in Fig. 6(a) are divided into three tiers based on the maximum achievable AR of
LM droplets. For example, in Region 1, the AR < 5 at all levels of H. However, in Region 2,

an AR > 7 can be achieved with all H conditions. Moreover, in Region 3, highly elongated
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LM (AR > 10) is achievable by modifying the printing condition (V* > 10 and H < 150
um). Therefore, for DIW printing of LM ink, printing at higher V* (12) and lower H (40
pum) will achieve the most elongated LM droplets.

Fig. 6(b) describes the overall effect of ink properties (19 and D) on the AR of LM
droplets in PDMS-based inks for fixed printing conditions (V* = 12, H = 40 um). There
are four different regions in this map with the gray regions representing the limitations of
DIW processing (ink formulation and/or printing difficulties) of LM (¢ = 50 %) inks. In
Region 1 of Fig. 6(b), an AR value greater than 5 cannot be achieved with LM inks. For
example, although LM inks have a large D of about 300 pum, they do not have a sufficiently
large 1o to achieve printed LM droplets with high AR. Furthermore, even at high 1y ~ 10*
Pa-s, the small D of 50 um prevents the printing of LM droplets with high AR values. In
Region 2, LM inks can be printed with an AR greater than 6. If 1 is smaller than 103 Pa-s,
larger D is needed to achieve AR > 6. On the other hand, if the D is small (< 100um),
a higher 7y is needed to achieve desired AR. In Region 3, the maximum AR (12.4) can
be achieved. The LM inks that have 7y > 2.4 x10* Pa-s, and D > 150 gm can print LM
droplets with an AR > 10.

These maps present two primary approaches to increase the AR of LM droplets: 1) Modify
printing conditions, 2) modify the rheological properties of the LM ink. If the material
properties cannot be modified, a greater AR of LM droplets can be achieved through higher
V* and lower H. On the other hand, if printing condition cannot be changed, a higher AR

can be achieved by increasing 7y and D.

3 Conclusions

Through a DIW 3D printing strategy, we have determined the effects of the printing pro-
cess parameters and ink properties on the LM droplet microstructure in LM-polymer inks

during DIW printing, specifically the droplet AR. Tuning of LM droplet microstructure can
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Fig. 6 Design maps for programming LM droplet AR through ink and processing parameters.
(a) AR as a function of H and V* for a high 7, (3.7 x 10* Pa-s) and large D LM ink (PDMS,
¢ =50%, v =10%, D = 280 um). (b) AR as a function of 79 and D for inks with fixed
processing conditions (V* = 12 and H = 40 um). The gray region is not accessible for DIW
printing of inks with ¢ = 50 % LM, and the color bar for AR is same for both maps.

be achieved by changing the printing parameters (V*, H), and/or ink properties (19, D),
resulting in LM droplets with shapes ranging from spherical (AR = 1) to ellipsoidal (AR =
12.4). To achieve LM droplets with high AR, LM-polymer inks should be formulated with
high ny and large D and printed at high V* and low H. The ink properties can be modified
by adding FS and/or hexane during ink formulation. Adding more FS to the LM-polymer
ink results in an increase in 79 and a decrease in D at the same time. To increase D, hexane
can be added during the mixing process and removed prior to printing. Additionally, the
role of the oxide layer in LM droplet reconfiguration is demonstrated by comparing manu-
ally deformed LM and glycerol droplets in uncured PDMS elastomer. The LM oxide layer
increases 7y of the ink and forms a new oxide layer instantaneously after being deformed
through the DIW printing process, enabling the retention of an elongated shape.

Finally, we provide two design maps, one for tuning printing parameters and another
for tuning ink properties to achieve the desired AR of LM droplets in the printed material
through the DIW process. These design maps rationally guide the DIW printing of LM-

polymer inks for achieving spatially controlled LM architectures through programming the
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rheological properties of LM inks or DIW printing conditions. This new capability provides a
path towards achieving printed parts with spatially-tuned electrical, thermal, and mechanical
properties. Additionally, such design maps could be created for other functional fillers such
as multiphase solid-in-liquid magnetic filler emulsions with polymers and immiscible polymer
mixtures to achieve spatially controlled microstructures and desired properties through DIW
printing. Future work could also be focused on realizing such elongated microstructures in
other fluid fillers by tuning the viscosity of the mixture and the architecture of the filler
droplet to have a pseudo oxide-like layer either by incorporating surfactants or ligands that
form the interface of the droplet and the polymer matrix. In summary, the combination of
these two design maps offers valuable insights and opportunities for the additive manufac-
turing and liquid metal communities to create innovative materials and devices that possess

unique multifunctional capabilities.

4 Material and Methods

4.1 Materials and ink fabrication

LM is a eutectic alloy of gallium and indium (EGaln) that was prepared by mixing Ga:In
(3:1 ratio by mass) and homogenized on a hot plate at 200 °C overnight. The LM emulsion
inks were fabricated by homogeneously dispersing LM as droplets in either PDMS Sylgard
184 (Dow) or ExSil 100 (Gelest Inc.) by using a planetary centrifugal mixer (DAC 1200-500
VAC, FlackTek speed mixer). The mixing process was performed at specified speed and time
profiles to achieve desired D of LM droplets in the ink. General PDMS- and ExSil-based
inks were mixed at 800 rpm for 1 minute with the addition of LM (¢ = 50%). Fumed
silica (hydrophobic, Eastchem) was added at the same time with the addition of LM as a
rheological modifier up to ¢ = 10 % of the elastomer matrix to increase the viscosity of the
low viscous inks. For creating inks with larger D (250-280 pm) LM droplets, hexane was

premixed with the uncured elastomer in a 1:10 ratio by weight for PDMS, ¢ = 5 % inks and
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at a 3:10 ratio for PDMS, ¢ = 10 % inks before adding LM at ¢ = 50 % to both. Then, the
inks were placed in a vacuum chamber for 3 h to remove any residual hexane before printing.
The Glycerol emulsion inks were fabricated by mixing ¢ = 50 % glycerol (Acros Organics),
in PDMS, ¢ = 10% at 600 rpm for 1 minute. To match the D of LM to glycerol, ¢ = 50 %
LM, ¢ = 5% FS were mixed in PDMS at 2000 rpm for 5 minutes.

4.2 Material extrusion setup

The prepared inks were transferred to a 10 ml syringe (BD 10 mL Syringe) with a smooth
flow nozzle that has a 0.84 mm inner diameter. The syringe was placed in a Hyrel SR
3D printer with an SDS-10 syringe head. Single-layer samples were printed on a PET film
(McMaster-Carr) that has a thickness of 100 pm. An extrusion velocity of 4.1 mm s~ was
used for V* = 1, 6, and 12. Print head velocity was 4.1, 24.6, and 49.2 mm s~! for V* = 1,

6, and 12, respectively. After printing, all samples were cured in a convection oven at 100

°C for a minimum of 2 h.

4.3 Optical microscopy

Images of the printed samples were obtained using a Zeiss Axiozoom v16 stereo-microscope,
and image analysis was performed on the microscope images in Fiji software. LM droplets
were outlined manually and converted into a binary image with elastomer and LM droplet
areas. An ellipse fit was performed on each LM droplet area and major axis was considered
as the droplet size D for spherical droplets. The ratio of the major to the minor axis of the
ellipse was presented as the AR of the LM or glycerol droplet. A log-normal fit was applied
on this data to analyze the AR distribution of printed LM droplets. A Gaussian distribution
function was applied to analyze the distribution of D for spherical LM and glycerol droplets.

The log-normal and Gaussian fits were performed in Origin software.
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4.4 Rheological analysis

Rheological parameters of the inks were measured using an AR-G2 rotational rheometer
(TA instruments). Two parallel plates with 25 mm in diameter and a 1 mm gap were used
for all rheological analysis. The apparent viscosity was measured by flow sweep test with
shear rates from 0.001 to 100 s~!. The storage modulus and loss modulus were measured
using a standard oscillatory amplitude sweep test, with an oscillation strain range from 0.01
to 100 % and an angular frequency of 1 Hz. All measurements were conducted at room
temperature (~ 22 °C). The Carreau-Yasuda model was fit on the apparent viscosity data
to obtain zero-shear viscosity in Origin software. The parameters related to the fitting were

presented in Table S1.

4.5 LM and glycerol reconfiguration test

For rheology experiments, PDMS-based inks with ¢ = 50% LM, ¢ = 5% for LM droplets,
and ¢ = 50% glycerol, ¥ = 10% for glycerol droplets were fabricated by using FlackTek
mixer with mixing conditions of 2000 rpm and 5 min for LM inks and 600 rpm 1 min
for glycerol inks. For the deformation experiments, glycerol was dyed with blue pigment
(Smooth-On Silc Pig). LM and glycerol droplets were placed in an uncured PDMS elastomer
with ¢ = 5% for LM, ¢ = 10% for glycerol by using a syringe with a metal tip (diameter:
0.4 mm). LM and glycerol droplets were manually deformed with tweezers. To demonstrate
oxide layer’s role in reconfiguration, hydrochloric acid (HCI, Fisher scientific) was used to

remove oxide layer.

4.6 Design maps

To generate design maps, analyses of LM droplet AR from different inks and printing condi-
tions were used. To make the design map in Fig. 6(a) for printing condition (V* and H), 9

data points were used with a combination of V* =1, 6, 12 and H = 40, 150, 300 um. For a
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design map of ink properties in Fig. 6(b), 15 data points were used. Data includes the range
of 2x 10! Pa-s < 1y < 5 x 10° Pa-s and 40 ym < D < 300 pum. For creating the maps, the
data points were first plotted as a 3D plot and then contour color fill function was utilized

to generate the colored regions in Origin Pro data analysis software.
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