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HIGHLIGHTS

« We demonstrate an uncomplicated
and easy to implement method for
fabricating 1D microparticle
structures outside liquid.

« Different types of microparticles can
be assembled in seconds into long
chains using an electrical field
supported by capillary action.

« Capillary forces were found to help
aligning particles and creating one
particle-thick structures.

« A comparative study demonstrates
that the process functions best in
dispersing liquids with high viscosity
and low ionic conductivity.

o The 1D structures produced with the
new method can be used to create
electrically conductive micropaths on
a substrate.
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ABSTRACT

Assembling microparticles into one-dimensional (1D) particle structures formed outside a liquid environ-
ment is challenging. This greatly hinders possible applications of such structures and the development of
new materials. Herein, we demonstrate a simple, efficient, and easy-to-implement method for fabricating
one particle-thick chain-like structures. Electrically conductive particles, initially dispersed in a nonpolar
and weakly conductive liquid, are pulled out of the liquid using an electric field supported by capillary
action. We study in detail how capillary and electric interactions, viscosity and ionic conductivity of
the dispersing phase, particle shape, size and density, and pulling rate affect the general performance
of our method. Our experimental results reveal that different types of microparticles can be assembled
within seconds to form long chains. We found that capillary forces help aligning particles and creating
single particle-resolution structures. The results show that dispersing liquids with large viscosity and
low ionic conductivity are preferred as they reduce the negative effect of ionic screening. In the second
part of our research, we investigate the physical properties of the produced beaded structures that we
deem intriguing for both fundamental and applied research. We finally demonstrate that 1D particle

structures can be used to design electrically conductive micropaths.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

1D particle structures—their characterization, application, and
assembly methods—have been extensively studied over the past
few decades. Current research on particle assembly is thriving
and largely attracting funding and industry attention worldwide.
Low-dimensional particle structures are often considered superior
to 2D and 3D assemblies in terms of the added value of the mate-
rials after their assembly [1]. The useful properties of 1D particle
structures, such as high surface-to-volume ratio, long-range order-
ing, or periodicity at the mesoscale, can be utilized in a variety of
applications, including optical [2-4], biosensing [5], and electronic
applications [6-9]. However, the fabrication of 1D particle struc-
tures is typically more difficult than the formation of structures
with higher dimensionality. There are several approaches for creat-
ing 1D particle structures on a substrate. These include magnetic
[10,11] or electric field-assisted assembly [12-17], self-assembly
on lithographically patterned substrates [18-24], capillary flow-
assisted assembly [25,26], self-assembly in pipe-like flows [27],
dip coating techniques [28], and acoustic field-controlled pattern-
ing [29]. However, it is much more challenging and laborious to
create one particle-thick freestanding structures or particle strings
formed in air. The limited number of methods available for this
type of assembly include transfer printing [30,31], direct writing
using liquid metals [32], mechanical manipulation with the use
of microrobots, tapered fibers, microneedles connected with
hydraulic micromanipulators [33-36], and optical tweezers [37].
These approaches are either expensive, time consuming, or ineffi-
cient (e.g., only a limited number of particles can be manipulated
in a single step and relatively short particle units can be built when
using micromanipulators or optical tweezers). They may also
require access to advanced tools and laboratories (e.g., cleanrooms
for producing templates or patterned substrates using electron
beam lithography or photolithography). This hugely hinders the
possible applicability of 1D particle microstructures and develop-
ment of new materials and devices based on them.

In this study, we demonstrate a simple, efficient, and easy to
implement method for fabricating single particle-thick chain-like
structures outside a bulk liquid. The experiment can be set up by
a nonspecialist in a few hours at a low cost (the budget version
of the setup may cost less than a thousand dollars). As briefly com-
municated in our previous work, the method relies on electric and
capillary interactions [38]. The concept of simultaneous usage of
electric fields and surface tension is not new. It has been used to
guide and concentrate DNA molecules [39], bundled carbon nan-
otubes [40-44], and silicon [45] or silicon carbide nanowires [46]
onto electrode tips to form fibril structures for different applica-
tions. In these examples, the electric field was used to dielec-
trophoretically gather particles at a tip of an electrode, from
which the particle structure started to grow, whereas capillary
interactions ensured the fibrils had a small diameter. Despite
researchers’ efforts, a long one particle-thick structure could not
be produced in any of the aforementioned works. In this study,
we show how this can be achieved. We also provide new essential
features of the electric approach for bottom-up assembly (commu-
nicated in ref. [38]), which greatly expand the state-of-the-art
knowledge in this field. Various aspects of the presented
fabricating route, including the role of particle size and shape,
physicochemical parameters of the dispersion liquid (e.g., viscosity
and ionic conductivity), electric parameters (voltage, frequency),
and the role of capillary interactions are here thoroughly
studied.

Beaded particle structures have several characteristics that ren-
der them unique and useful in many applications. 1D micro and
nanostructures that are flexible to a certain extent could find use
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in crack-free, inorganic coatings, wherein flexible particle wires
can form self-assembled coatings that do not crack because of
shrinkage in materials for soft robots and responsive matter [47],
or in other mechanical applications, such as flexible artificial flag-
ella or cilia [48-50]. Because the physical properties (e.g., mechan-
ical or electrical properties) of the produced beaded structures are
intriguing for both fundamental research and applied research, we
also design experiments for studying them. In the second part of
the work, we present the study results on the macroscopic
mechanical properties of freestanding particle chains and electrical
properties of 1D particle assemblies deposited on a substrate. The
latter can be used as a new type of conductive micropath in elec-
tronic applications.

The main outcome of the research is the development and
description of uncomplicated and easy-to-implement electric
method for fabricating one particle-thick chain-like structures.
The results of this research will make the fabrication of 1D materi-
als more efficient and accessible and will unlock the potential of
the single particle-thick structures and their unique properties.

2. Methods
2.1. System configurations and experimental setup

The method for fabricating a long 1D particle structure pre-
sented here is robust, meaning that it works for various types of
particles independently of their size, shape, and electrical proper-
ties. It enables formation of 1D structures regardless of the particle
density (p,) in relation to that of the surrounding liquid (p,); see
Fig. 1a,b.

The experimental setup used for the fabrication of 1D
microstructures consisted of a signal generator (SDG1025, Siglent),
high-voltage bipolar amplifier (10HVA24-BP1, HVP), digital micro-
scope (AM7115, Dino-Lite), light source (KL 300 LED, Schott), PC for
collecting images, and motorized stage (MT1-Z8, Thorlabs) for
translating vertically (with a controlled speed) an electrode
attached to it through an electrically nonconductive holder. A sam-
ple (a thin layer of particle dispersion) was dispensed on a sub-
strate attached to an XY translation stage (LT3, Thorlabs). The
stage was used to ease the sample positioning relative to the signal
electrode. A schematic figure illustrating the experimental setup is
shown Fig. 1c.

2.2. Materials and sample preparation.

Silicone oils (Rhodorsil Oils 47; with different viscosities in the
range of 50-1000 cSt at 25 °C, density 0.96-0.97 g-cm~> at 25 °C,
electrical conductivity of 5-10 pS-m~!, and relative permittiv-
ity ~2.8), castor oil (MA-220-1, Mareo, Poland; density
of ~0.96 g.cm™ at 25°C, electrical conductivity of ~50-100
pS-m~!, relative permittivity ~4.7, and kinematic viscosity
of ~ 750 cSt at 25 °C), UV-curable epoxy (Formlabs, FLGPCLO4;
electrical conductivity ~ 100 pS-m~!, relative permittivity ~ 2.7,
density ~ 1.1 g.cm~3, and viscosity ~ 2500 cSt, all measured at
25 °C), and liquid flux (TK83, ThermoPasty, Poland; with density
0.85 g-cm > at 25 °C) were used to form different dispersions with
microparticles. We used several types of microparticles: conduc-
tive Ag-coated silica microspheres (from Cospheric LCC, USA; M-
60-0.17, 55-63 um; M-60-AG-0.20, 125-150 um; and M-40-0.67,
10-20 um, with specific density 0.17, 0.21, and 0.67 g-cm~2,
respectively); Ni-plated silica microspheres (from Cospheric LCC,
USA; M-18-Ni-0.69, 5-30 um, with density 0.69 g-cm~3); Cu parti-
cles (provided by Prof. Piotr Garstecki from the Polish Academy of
Sciences, Warsaw; 40-50 um, with specific density 8.96 g-cm~3);
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Fig. 1. (a) Lightweight particles float on the surface, and a particle chain is formed at the air-liquid interface. (b) Heavyweight particles sediment at the bottom of the liquid,
and a particle chain is formed in the liquid phase. (c) Schematic figure illustrating part of the experimental setup. A high-voltage signal (red line) was provided to the needle-
shaped electrode. (d) The image of two conductive particles aligned vertically along the direction of electrode lifting. The lower particle is being pulled out from the liquid. The
upper particle is outside the bulk liquid and is in contact with the signal electrode. Two types of capillary liquid bridges are formed, which are well resolved in the image and
depicted in the schematic drawing. The force stemming from the particle-planar liquid surface capillary bridge (type I) opposes the electric force by trying to pull the particle
down to the bulk liquid (as indicated by the arrow). The particle-particle capillary bridges (type II) aid in stabilizing the chain and influence its mechanical properties. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

solder particles (from IPS, France; SngssAgszCups, 45-75 pm);
weakly conductive polystyrene particles (from Microbeads AS,
Norway; ~140 um, with specific density of ~1.05 g.cm~3, sul-
fonated for 32 min to increase their electrical conductivity from
107'° to 1077 S\ m~' measured at 1 kHz, as described in ref. [50]);
stainless steel particles (from Cospheric LCC, USA; 23-28, 41-48,
95-105, and 190-220 um, with specific density 7.8 g-cm~>). Disc-
shaped particles were made by mechanically compressing the sol-
der particles. Hydrogel particles were made of agar powder
(~5wt%, 88588, Sigma-Aldrich) doped with iron nanoparticles
(~5 wt%, 637106, Sigma-Aldrich).

3. Results and discussion
3.1. Fabrication of 1D particle structures

A schematic representation of a method for fabricating 1D par-
ticle structures is presented in Fig. 1a,b. A signal electrode (here a
needle or a thin wire) is first brought close to the interface of a lig-
uid or is dipped into the liquid. An electric voltage (U), applied
through the signal electrode, polarizes the particles and attracts
them toward the tip of the electrode. As the electrode rises, the
particles are successively pulled out from the air-liquid interface
on the condition that the strength of the electric force acting on
the particle being pulled out from the interface is stronger than
that of the force stemming from the capillary bridge (which tries
to pull the particle back to the liquid). As the electrode is lifted
higher, this particle-planar liquid surface capillary bridge (anno-
tated as type I in Fig. 1d) extends and eventually undergoes a tran-
sition into the particle-particle liquid bridge (annotated as type II
in Fig. 1d). Meanwhile, a new particle-planar liquid surface capil-
lary bridge is formed at the particle below (see also Movie S1).
Once the particle structure of the desired length is formed outside
the bulk liquid, the electric tension can be turned off. The newly
formed particle chain will remain stable owing to the capillary

liquid bridges (type II) that provide attractive interactions between
the neighboring particles. In the next section, we will discuss in
greater detail the roles of each type of capillary liquid bridges in
the 1D particle structure formation, stability, and mechanical
properties.

In Fig. 2, we show experimental realizations of the electric route
for fabricating 1D particle structures composed of light (floating)
and heavy (sedimented) particles. The structures presented in
Fig. 2a-e were assembled using a mixture of Ag-coated hollow sil-
ica microspheres (with diameter ~ 60 pm) in silicone oil (with vis-
cosity ~ 100 mPa-s). Using a regular mechanical pipette, a few
droplets of the mixture were deposited onto the substrate. Because
the particle density was much lower than that of the silicone oil,
the particles quickly moved upwards, forming a particle layer on
the air-silicone oil interface. To initiate the formation of the 1D
particle structure, we first lowered the signal electrode to approach
the interface (Fig. 2a). Then, we applied an alternating current (AC)
electric voltage (U =500V, f= 10 kHz, square wave). As a result, the
microparticles were attracted to the electrode (Fig. 2b). As the elec-
trode was elevated (with a rate of 0.2 mm-s~!), particles—one after
another—were successfully pulled out of the interface forming a
structure resembling a beaded necklace (Fig. 2c-e). The particles
were held via electrostatic forces and the capillary particle-particle
liquid bridges formed by the silicone oil. The whole process is
presented in Movie S2.

In the next experiment, we used stainless steel particles (with
diameter ~ 100 pm) suspended in the same silicone oil. The sus-
pension was poured into a small glass container. The heavyweight
particles sedimented on the bottom of the container. To form 1D
particle structures, we used the same electric conditions and sim-
ilar pulling speeds as those in the first experiment. The particle
chain was initiated in a liquid phase (Fig. 2g,h). After lifting the
electrode, the particle chain grew as the sedimented particles kept
being attracted to the chain’s bottom end. Eventually, the structure
transited through the air-liquid interface (Fig. 2i) and continued
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Fig. 2. Fabricating 1D particle structures outside bulk liquid—examples of experimental realization. Images from experiments on (a-e) Ag-coated hollow silica microspheres
(size ~ 60 um), and (f-j) stainless steel particles (size ~ 100 um) being pulled out of the bulk liquid. In both cases, an AC electric voltage (U =500V, f= 10 kHz) was provided

to the signal electrode. See also corresponding Movie S2 and Movie S3.

growing to form a 1D particle structure outside the bulk liquid
(Fig. 2i,j). See also the corresponding Movie S3.

Fig. 3 summarizes the experimental observations of the 1D par-
ticle structure assembly. The electric route presented here enables
the formation of long structures comprising hundreds of particles.
In Fig. 3a, we show a nearly 3-cm long chain composed of around
600 Ag-coated silica microspheres (size ~ 60 pm) stabilized by sil-
icone oil (viscosity ~ 500 mPa-s). Furthermore, the beaded chains
can be made of different particle materials, for example, 100-pum
stainless steel particles (Fig. 3b), ~55-um solder particles
(Fig. 3¢), and other kinds of electrically conductive materials, such
as solid particles of nickel, silver, and gold; or core-shell particles
with a conductive shell. Interestingly, these particles can be dis-
persed in different nonpolar and weakly conductive liquids, such
as natural or synthetic oils, liquid paraffin, UV-light curable epoxy
(Fig. 3b), or liquid flux (Fig. 3c). We noted that the size

2o o g sl » 9000 0 00 o @ -

polydispersity of particles practically does not affect the structure
formation. In fact, we found that the method can be used for creat-
ing binary microstructures using a dispersion of two types of par-
ticles, e.g., stainless steel particles measuring 45 and 200 pm
(Fig. 3d). The particles should be conductive to make a long chain.
However, short 1D structures (composed of several particles) can
be formed using particles with electrical conductivities several
orders of magnitude smaller than those of typical conductors. In
Fig. 3e, we present a nearly 2-mm long structure formed outside
bulk liquid. It comprises several 140-pum polystyrene particles with
electrical conductivity of ~ 1077 S/m (measured at 1 kHz). Apart
from solid particles and microspheres, it is also possible to use con-
ductive hydrogel microparticles. In Fig. 3f, we present a chain made
of soft spheres composed of agar gel and iron nanoparticles. It is
worth mentioning that the method also works for nonspherical
particles, such as discs (Fig. 3g) or rods. However, these shapes

Fig. 3. Viability of the method. The electric method enables the fabrication of single-particle resolution structures made of different types of particles: (a) 60-um Ag-coated
silica, (b) 100-um stainless steel, (c) SnoesAg3Cugs solder with size 45-75 um, (d) 45 and 200-um stainless steel, (e) 140-um polystyrene with increased electrical
conductivity, (f) conductive hydrogel balls with sizes 300-600 pm, and (g) disc-shaped particles with an average diameter of 200 um. Different liquids were used as
dispersing phase, including (a,e,h) silicone oil, (b) UV-curable epoxy, (c) liquid flux, and (d,f,g) castor oil. All the presented structures were stable after turning off the electric
tension. The beaded structures were flexible and could bend, as in the example shown in panel (h). See also corresponding Movie S4.
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are not favorable because the electric interaction between such
nonspherical particles objects is weak and only short structures
composed of several particles can be created.

Finally, we observed that all the presented structures were
stable after turning off the electric tension, ie., the particles
remained in the chain held by the particle-particle capillary
bridges. Interestingly, even small wind drafts in our laboratory
did not damage the structures that fluttered and bent, as shown
in Movie S4. Their flexibility is also revealed in Fig. 3h, where a
long chain (still under the electric tension) bends toward the cam-
era lens seeking the nearest electrical grounding.

3.2. Physics behind the method and its performance

The method relies on the interplay between electric force, grav-
itational force, and the force stemming from capillary interactions.
Additionally, its performance depends on several parameters, such
as the electric properties of particles and dispersing liquid, particle
wettability, liquid viscosity, particle density, and pulling rate. We
will first discuss the role of capillary bridges and the influence of
the gravitational force.

3.2.1. Type I capillary bridge

As already noted, there are two types of liquid bridges in the
system. The type I capillary bridge emerges upon pulling a particle
out from the air-liquid interface, which creates a downward force
(Fsp) that is the sum of capillary force, buoyancy force, and gravita-
tional terms (hydrostatic pressure and particle weight). The magni-
tude of this force depends on the shape of the capillary bridge
(defined by the particle position (h) in respect to the planar liquid
interface; see schematic drawing in Fig. 4a), and its precise estima-
tion is nontrivial and requires numerical calculations (see ref. [51]).
Generally, when taking into account a spherical geometry of a par-
ticle and assuming that the dispersing liquid is perfectly wetting
(justified for nonpolar liquids and various kinds of particles used
in this study), the magnitude of Fs, scales as « 27mRy for R — 0

and « R? for R — co. Based on our previous theoretical work (ref.
[51]), we estimated Fj, for two types of particles (light and heavy)
with radii (R) between 1 pm and 4 mm, for a given liquid-gas sur-
face tension (y = 20 mN-m ™). In Fig. 4a, we plot Fy;, as a function of
particle radius for two different particle densities (0.17 and 7.85
g-cm ).

From the plot in Fig. 4a, we learn that the gravitational terms
are insignificant for a particle with a diameter below ~1 mm.
Therefore, the particle density does not play a role for particles
in the micrometer scale, i.e., the magnitude of electric force (F.)
needed to pull out a particle (of radius R) from the air-liquid inter-
face is the same independent of the particle density. For a
microparticle with a radius ranging between 5 and 500 pm (typi-
cally used in this study), the electric force acting on the particle
at the air-liquid interface needs to be in a range 10>-10°N.

The type I capillary bridge may be deemed an unfavorable phys-
ical phenomenon. However, this capillary liquid bridge plays an
important role: it aids particle aligning and prevents particle
grouping. As shown in Fig. 4b, conductive Ag-coated silica
microparticles (sprinkled on a dry substrate) assemble irregularly
and form agglomerates when the signal electrode is lifted (see also
Fig. S1 and Movie S5). These unwanted features are greatly reduced
by the action of the surface tension force. In the bottom panel of
Fig. 4b, we demonstrate the formation of a straight, one particle-
thick chain, made of the same Ag-coated silica microparticles,
pulled out from silicone oil. Note that a chain formed originally
with defects can be straightened when pulled through the interface
due to the surface tension force (see Movie S6).

Materials & Design 223 (2022) 111233

Fgp (N)

10-8 1 1 1 1
| 10 100 1000

R (um)

Ag- coated silica particles in air.

g
|
4
=G t=9s § =14s

Ag -coated silica particles pulled out from oil.

g t=12s t=20s

Fig. 4. (a) A log-log plot of F;, as a function of the particle radius R calculated for
two different particle densities (0.17 and 7.85 g-cm ) assuming 7 = 20 mN-m ™.
The inset image is a schematic showing the shape of a sphere-planar liquid surface
bridge, the direction of force stemming from that bridge (Fsp), and the direction of
the electric force (F.). The magnitude of Fy, is determined by this shape (assumed as
cylindrically symmetric), which largely depends on the relative position h of the
particle in respect to the planar-liquid interface. (b) Comparison of chain formation
in the air (top row) and pulled out of the liquid (bottom row). Type I capillary
bridges are visible at the bottom of the images for the latter case. The electrode was
moved upward, as indicated by the arrows. (c) Surface tension helps aligning
particles during the formation of a 1D particle structure. At to, the particles float at
the air-oil interface. Once the middle particle is lifted (by the action of the electric
force), the conformation of particles changes and so does the shape of the interface
affecting the values of «. This, in turn, influences the magnitude of the components
of capillary force, promoting particle alignment in a vertical direction.
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As illustrated in Fig. 4c (showing simplified two-dimensional
sketch), the capillary force acting on a (second/third) particle can
be decomposed into the y component that pushes the particle
downward in the direction of gravity F,, ~ 2Ry cos o and an axial
force acting to push the particle sideway just under the above
located particle: F,x ~2nRysino . The angle o comes from the
inclination of the air-liquid interface. From the experimental
images, we estimated that o changes from nearly 0 to around
75°, indicating that the x component of the capillary force is signif-
icant and may indeed play a role in the vertical alignment of par-
ticles and the formation of a single particle-thick microstructure.
This capillary effect is particularly appreciable for particles with
small mass and density for which the gravitational force is too
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small to straighten the particle chain (and prevent particle
agglomeration).

3.2.2. Type II capillary bridge

When pulling a particle chain out of the liquid, the particle-pla-
nar liquid surface capillary bridge (type I) undergoes a transition
into the particle-particle liquid bridge (type II).

As described in ref. [51], the capillary bridge transformation can
be smooth and continuous or discontinuous (as in Movie S1)
depending on the particle diameter. Yet, the character of this trans-
formation does not seem to influence the creation of the 1D parti-
cle structure outside the suspension. Remarkably, the presence of
the type II capillary bridges makes it possible to reliably hold the
formed particle chain even after the electric tension is turned off.
This is possible only when the force stemming from the single par-
ticle-particle capillary bridge (F;,) is greater than the weight of the
chain formed below that bridge. This sets the limit for the maxi-
mum number of the particles comprising the particle chain and
ultimately defines its maximum length (in the absence of electric
force). In Table 1 we present calculations of the maximum number
of particles constituting the chain and the chain length for particles
with different radii (10-1000 pm) and densities (0.17 and
7.85 g-cm~>). In our calculations, we included the weight of the lig-
uid forming the capillary bridges, assuming the volume of a single
bridge is equal to a quarter of the volume of a particle. The liquid
density is 1 g-cm~3, and the surface tension y = 20 mN-m~'.

From the theoretical calculations, we see that several cm-long
1D particle structures comprising of thousands of particles would
remain stable in the absence of the external field. This is, indeed,
what we found experimentally. We were able to form a 20-cm long
chain made of thousands of Ag-coated hollow silica spheres
(R~30pum and p, = 0.17 g-cm~) and a 2-cm chain made of hun-
dreds of steel particles (R ~22 pm and p, = 7.85 g-cm ).

3.2.3. Pulling rate

As mentioned above, in our calculations we assumed that the
volume of a single interparticle bridge is V, =V,/4. However,
the amount of liquid dragged during the particle pulling depends
on the pulling speed (v) and liquid’s viscosity (7). An example is
shown in Fig. 5a, where a chain of particles with a size of
~500 pm is pulled out from a liquid with pulling rates ranging
from 0.02 to 1 mm-s~! (gray circles with a yellow rim are added
to mark the position of the particles; the black part is the pho-
tographed liquid capillary bridge). From an investigation employ-
ing particles with radii in the range of 20-500 um dispersed in
silicone oil with viscosities in the range of 10-1000 mPa-s, we find
that V,, — 0.05 V,, for (v-#)/R < 0.01 Paand V,, > V,, for (v-#)/R >
1 Pa. As presented in Fig. 5b, the magnitude of Fp, (stemming from
the particle-particle capillary bridge) decreases when V), increases.
Therefore, the maximum length of a freestanding particle chain
(attached to the electrode) is determined by the pulling rate.

Moreover, we observe that the liquid bridges stabilize the 1D
particle structure when (v-#)/R < 1Pa, that is, when V, > V.
Otherwise, surface tension may cause the particle chain to curl
up after removing the electric force (see Fig. 5c). This principle pro-
vides a rough estimation of the maximum pulling speed, at which
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the particle chain can be formed outside the bulk liquid and
remains stable in absence of the external force. For instance, for
spheres with a radius of R = 50 pm dispersed in silicone oil of vis-
cosity # =50 mPa-s”!, the maximum pulling speed is approxi-
mately 1 mm-s~'; a 1D particle structure with a length of ~1 cm
can be formed in just a few seconds. The maximum pulling speed
needs to be considered if the electric tension needs to be turned off
for any postprocessing work on the assembled structure, unless it
is permanently locked (e.g., by hardening of the liquid constituting
the capillary bridges) before switching off the electric tension.

3.2.4. Electric effects

As sketched in Fig. 1a,b, the substrate is ungrounded and the
direct-current flow is restricted. Thus, the electric circuit can be
simplified to the RC-circuit, which has two passive components
of a resistor (R) and capacitor (C). In such a case, a frequency
dependency on the minimal electric voltage (Un,) required to pull
a particle out from the liquid interface should be expected. We
conducted an experiment in which we used Ag-coated hollow sil-
ica microspheres (with a density of 0.17 g-cm~3) and investigated
Unmin as a function of its frequency (f). Additionally, we tested the
influence of liquid viscosity (ranging from 10 to 1000 mPa-s) on
the value of Up,. The experimental results shown in Fig. 6a indi-
cate that for high frequencies (f) of the alternating electric field,
Unin is both viscosity- and frequency-independent, reaching a con-
stant value of around 100 V.

We accept that the following parameters, namely the surface
tension (y), dielectric constants (&p, &), and electrical conductivi-
ties (op, goi) of the particle and liquid remain constant within
the tested frequency range (10-5000 Hz). Such frequency depen-
dence on the electric tension can be understood by a simple anal-
ogy to an RC circuit, with the substrate acting as a capacitor.
Assume that we apply an AC voltage drop U(t) = U-cos (27 - f - t)
to the system. The voltage drops across the capacitor and the resis-
tor, Uc(t) and Ug(t), obey the relations Uc(t) + Ur(t) = U(t), and
since i(t) = R- Ur(t) = CLUc(t), it gives Ug(t) = RCL Uc(t). A Four-
ier transform yields Ug(f) = i27tf - RC - Uc(f). Given the RC charging
frequency 1/f. = 2nRC, we can derive the voltage drop on a resis-

tor as follows: Ug(f) = 14 U. To pull a 1D particle structure out of
the silicone oil, we need a sufficiently large electric force between

spheres, which is determined by the magnitude of the voltage drop

‘f]R(f)‘. Considering Ux(f) = U/\/1 + (f./f)? the threshold in the
total applied should then be:
Unin o< y/1 + (fc/f)z. This is consistent with the experimental
observation, that is, at high frequency, the threshold voltage U is

independent of the field frequency; however, at a low frequency,
Unin is nearly inversely linear with f.

electric tension U

3.2.5. Dispersing liquid viscosity and its ionic conductivity

The results in Fig. 6a also show that for each oil viscosity value,
there is a different threshold frequency (f,,), below which the
value of U, increases. We collapsed the data presented in
Fig. 6a by multiplying each curve by its corresponding viscosity
value (see Fig. 6b). The data collapsed reasonably well, indicating

Table 1
Calculated maximum number of particles making up the chain and the chain’s length for particles of different radii (R) and densities (p,,).
R[um] 10 20 50 100 200 500 1000
no. particles (p, = 7.85 gcm3) ~4 x 10° ~1 x 10° ~150 ~40 ~10 ~1 0
lengthmax [cm] ~4 ~2 ~0.75 ~0.4 ~0.2 ~0.05 -
no. particles (p, = 0.17 g-cm?) ~7 x 10* ~2 x10% ~3 x 10% ~700 ~200 ~30 7
lengthpax [cm] ~70 ~40 ~15 ~7 ~4 ~1.5 0.7
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Fig. 5. (a) Stainless steel particles (size of ~500 pm) pulled out from silicone oil (~100 cSt) with different pulling rates 0.02-1 mm-s~'. The amount of liquid dragged during
the particle pulling depends on the pulling speed (and the liquid’s viscosity). (b) The magnitude of the force F,, plotted against the dimensionless volume of the particle-
particle capillary liquid bridge. The calculations were performed for particles with R =25 pm and y = 20 mN-m™. Note that the plot starts fromV,,/V, = 0.02, as the lower
values would not be physical, i.e., for the given surface tension and the atmospheric pressure, it is not possible to form a bridge with V},/V,, < 0.02 even if the pulling rate
would go to zero. The inset image shows schematically-four examples of different shapes of the capillary liquid bridge with their corresponding dimensionless volumes
Vy/V,. (€) A particle chain made of Ag-coated silica microspheres (~60 pm) pulled out from silicone oil at 1 mm-s~". Due to the surface tension of the liquid (with V}, > V),

the chain curls up after the electric tension is turned off.
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Fig. 6. Minimum electric tension required for pulling a particle out from the interface. (a) Below a threshold frequency, Un, is f~-dependent, whereas at high frequencies, Un;n
reaches a constant value of around 100 V. (b) The collapsed data reveal scaling of the threshold frequency (i.e., fy, o< 7).

that f,, oc =1 (see also Fig. S2, where we plot f,, vs #). This transi-
tion frequency f. can be associated with the electrostatic screening
of the electric field by ions (impurities) present in the oils. For the
oils in the viscosity range studied here (i.e., 10-1000 mPa-s), the
ionic diffusivity is inversely proportional to viscosity [52]. This
may explain the shift of the threshold frequency toward higher fre-
quency values for the oils with smaller viscosities featuring greater
ionic diffusivity.

Furthermore, to investigate the influence of ions, we conducted
an experiment using both pure and modified silicone oils (with vis-
cosity 7 = 350 mPa-s). The latter possesses an increased concentra-
tion of mobile ions, increasing the ionic conductivity, provided
from a dissolved quaternary ammonium salt. As shown in Fig. S3,
the addition of ions affects the Unmin(f) curve by shifting it toward
higher frequency values, which is consistent with the abovemen-
tioned results.

Generally, we observed that the proposed electric method for
fabricating 1D particle structures outside the bulk liquid works
better for dispersing liquids with viscosities much larger than that
of water and with ionic conductivity lower than around 10~°
S-m~'. Otherwise, a frequency greater than 10 kHz must be used
to suppress the unfavorable effect of electrostatic screening.

Increasing the magnitude of electric tension may also help by gen-
erating stronger electric force between particles. However, it leads
to increased electric current flowing through the particle chain,
which could be ultimately destructive. We noted that the heat gen-
erated by the high current flow caused the degradation of the fluid
and/or damaged the hollow particles with thin shells, thus pre-
venting the formation of a long and stable particle chain.

3.3. Toward applications

The assembly method we describe here is simple, efficient, and
easy to implement. As mentioned in the Introduction, the experi-
mental setup can be assembled within hours and is inexpensive
(starting from around $1000). The formation of 1D particle struc-
tures can be parallelized if needed, enabling simultaneous assem-
bly of dozens of chains. As demonstrated in the previous section
(see Fig. 3), the particle structures can be designed to be several
centimeters long and composed of thousands of particles. Such a
low-cost and relatively efficient method should find use in differ-
ent applications. Therefore, our method could lead to new
approaches of organizing particles that could be utilized in both
fundamental studies and applied research. In this section, we
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demonstrate two application examples of the method. We will
begin with presenting the formation of particle chains for studying
their intrinsic mechanical and electric properties.

3.3.1. Fabricating particle chains to study their mechanical properties

There are several research studies on the mechanical properties
of locked/fused granular and colloidal chains in the absence of
external fields, where researchers investigated their elasticity, flex-
ibility, or stretchability [16,53]. These mechanical properties are
often attributed to the intrinsic properties of the locking material,
such as grafted DNA [54,55] or polymer crosslinkers [56], that
forms flexible joints connecting rigid micro or nanoparticles.
Unfortunately, very little is known about the mechanical proper-
ties of capillary bridges—joint particle assemblies forming 1D parti-
cle structures. In particular, the literature lacks studies on the
mechanical properties of such systems produced outside a bulk lig-
uid and subjected to electric tension. The reason for this could be
the difficulty in producing such single particle-resolution
structures.

Here, we present the preliminary results of our ongoing project,
in which we investigate the mechanics of a freestanding particle
structure and study in detail the role of particle size, liquid viscos-
ity, and dielectric properties, as well as the magnitude of the elec-
tric tension on the mechanical parameters of a particle chain. In the
first example, we fabricated a short (~3 mm) particle chain made
of stainless steel particles (~100 pm). One of its ends was attached
to a pointy piece of a nonconductive substrate. The substrate was
placed on a mechanical stage that moved vertically. By moving
the substrate up and down we could change the mechanical com-
pressive force acting on the chain. We varied the strength of the
electric tension (100-450 V) applied to the electrode and studied
qualitatively how the compressive mechanical stress is absorbed
by the particle chain. As presented in Fig. 7a-e, the bending stiff-
ness increases as the electric tension increases. It is interesting to
see that at low electric tensions, the mechanical stress absorption
is through particle structure buckling (see panels a,b). In contrast,
at high electric tensions, the particle chain bends (see panels d,e).

(a) (b) (c)

1 #4 u=100V T

(f)

U=150V

| t=4ms

| t=8ms

t=15ms

RARA
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To gain a deeper insight into the particle chain stability, we per-
formed additional experiments on its mechanical properties. We
formed a chain that spanned between a static electrode and an
electrode that could rapidly translate in the vertical direction, nor-
mal to the gravity direction (see Fig. 7f). By moving the electrode
by ~ 0.25 mm (the initial position of the electrode is indicated by
the shaded image in the top panel of Fig. 7f), we created a down-
ward motion to form a transverse wave propagating along the par-
ticle chain. The propagation velocity of the wave was recorded
using a high-speed camera replacing the digital microscope
(shown in Fig. 1c¢). We extracted four images (see Fig. 7f) from
the movies to estimate the magnitudes of wave propagation veloc-
ities. We repeated the experiment for different magnitudes of elec-
tric voltage (between around 20 and 400V) and estimated the
wave propagation velocity. The results are plotted in the Fig. 7g.
The velocity of the wave propagation v, the tension F; « v? along
the particle chain, and the bending stiffness K  Fr, all sharply
increase with the magnitude of the electric tension above 100V,
making the 1D particle structure less flexible. The experimental
data points were fitted to the formula v = C; + C, - U?, where the
first term is the contribution from the capillary interactions and
the second term describes the electric relationship. The fitting
curve captures the trend relatively well, although more quantita-
tive data is needed to be conclusive on the role of the electric ten-
sion on the mechanics of the particle chain. Nevertheless, we
demonstrated that the electric method can easily produce a parti-
cle chain outside the bulk liquid and that the chain’s mechanical
properties could be studied to enhance the fundamental
knowledge.

3.3.2. Formation of conductive micropaths and studies of their electric
properties

Regarding the electronic properties of 1D particle microstruc-
tures, if the neighboring particles in the 1D particle structures
are physically connected and the electrical resistivity is kept as
low as in the bulk particle material, it should make them excellent
candidates for conductive paths that are far cheaper than the

(d) (e)

U=200V t #& u=250V t g u=450v

80} [a experimental points
70k —— fitting curve, v ~ C1+U2-C2

C, — capillary bridges contribution

10 1(50
U (V)

Fig. 7. Mechanical properties of a particle chain under electric tension. (a—e) Buckling to bending transition of the 1D particle structures under mechanical compression
observed at increased electric tension. A pointy piece of a nonconductive substrate (to which a bottom end of the chain was attached) was moved up and down to change the
mechanical compressive force acting on the chain. (f) Images of a particle chain made of stainless steel particles (~100 pm) captured at different times show the propagation
of a transverse wave. The front of the wave is marked with a dot. (g) The velocity of wave propagation (v) plotted against the applied electric tension (U). See also

corresponding Movie S7 and Movie S8.
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conventionally used materials (nanoparticles or liquid metals). As a
result, such particle structures could be used for various electronic
applications. In the following example, we show how to deposit
particles on a substrate to form conductive micropaths.

First, we produced a long particle chain composed of hundreds
of solder balls (~200 pm) initially dispersed in a liquid flux. Then,
the particles were deposited on a glass substrate by simultane-
ously translating the substrate and lowering the electrode to which
the particle chain was attached (see Fig. 8a). The final shape of the
deposited particle structure is governed by the motion of the sub-
strate. As presented in Fig. 8a, a simple linear pattern was made in
around 10s.

The as-deposited micropath was poorly conductive owing to
the small contact area between particles. Therefore, a postproces-
sing step is required to improve the electrical conductance. The
conductance can be increased through heat or pressure sintering
leading to the formation of a solid mass of material or by other
means. Here, we demonstrate that mechanical compression can
be used to increase the contact area, and thus the conductance of
the particle chain. In Fig. 8b, we show three images (taken from
above in direction along the compressive force) of 250-pum solder
particles compressed by 6%, 21 %, and 45 %. The particle chain
was deposited on a carrier with two gold pads designed for impe-
dance measurements (see Fig. S4) so that we could simultaneously
measure the resistance of the chain and study the shape of the
compressed particles. In Fig. 8c, we present COMSOL results of
the simulated shape changes of the compressed solder balls, with
the blue area denoting the contact area between neighboring balls.
In Fig. 8d, we plot (dashed curve) the theoretically estimated
(based on COMSOL results) values of resistance of 250-um solder
balls forming a conductive path between 1.6-mm distanced electri-
cal contacts and compare them with the experimental results (red

(@) t=o0s
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circles). The results show that the theoretical and experimental
data match qualitatively although the experimental values are con-
sistently smaller. With our ongoing research project, we hope to
find out the reason for this discrepancy. Nevertheless, it is interest-
ing to note that even a small deformation of a few % leads to a
reduction in resistance by several order of magnitudes. Eventually,
with a further compression, the resistance becomes very low,
reaching a range of mQ.

4. Discussion and conclusions

Within this work, we developed and explored the electric
method for efficient formation of 1D particle structures. We stud-
ied in detail the influence of different parameters (such as electric
field tension, size and shape of particles, viscosity, and ionic con-
ductivity of the medium liquid) on the assembly process and the
stability of the final particle chain.

Particles: Our results reveal that different types of microparti-
cles (solid, core-shell, and soft particles) of any density can be
assembled within seconds to form long chains. The particles should
preferably be highly conductive to make a long chain, otherwise
the voltage drop along the particle chain results in fast weakening
of the electric force along the particle structure. Although, it was
possible to form 1D structures using disc- or rod-shaped particles,
the preferred shape is spherical. This is because the electric and
capillary interactions between particles are much stronger for
spherical particles. The spherical particles studied here had radii
in the range of 20-500 pm. We failed to form long particle chains
using particles larger than 500 pm. This is due to the increased sig-
nificance of the gravitational force (see Table 1). In regard to the
smallest particle size, in principle, it should be possible to go down

t=11s

— — —theoretical calculations | |
—e— experimental data points

30
& (%)

Fig. 8. (a) Solder particle chain (length of 0.74 mm) formed in air is deposited on a glass substrate by simultaneously translating the substrate and lowering the electrode. (b)
Solder particles (size of 250-um) deposited on a holder with two gold pads for impedance measurements. The chain was compressed by 6 %, 21 % and 45 % in direction along
the viewing direction. (c) COMSOL simulated shapes of compressed solder balls with blue area denoting the contact area between neighboring balls. The degrees of the
compression correspond to those from the experiment shown in panel b. (d) Experimental data and theoretically estimated values of the resistance (Z..) plotted against the
degree of compression (¢). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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below 1 pm. We attempted to form chains using spherical particles
with radii of around 8 pm. However, the success rate was low and
only short (several particle long) chains could be formed. Those
small particles agglomerated more readily than larger particles of
the same material, preventing successful formation of 1D struc-
tures outside liquid. Thin 1D particle structures (below 20 pm)
are fragile and more prone to breaking. Therefore, stable
experimental conditions are required, i.e., eliminating micro vibra-
tions of the experimental setup, wind draft in the lab, etc. It is
worth mentioning that unlike in the methods described in ref.
[54-58], the particles need no special pretreatment (functionaliza-
tion) to form a stable 1D structure after the process of their forma-
tion is finished. The stability of the structure is attributed to the
attractive interactions of capillary liquid bridges formed between
neighboring particles.

Liquids: We showed that different types of dispersing liquids
can be used. This ability to combine different particles with differ-
ent liquids has practical relevance. For example, the liquid flux
coats solder particles preventing the formation of an undesired
passivation layer on the particle’s surface and may promote parti-
cle sintering (if the 1D solder particle structure is to be used, for
example, for electronic applications). On the other hand, the UV-
hardened epoxy or paraffin wax may influence the particle chain
flexibility. It can be also used to permanently lock particles (see
Fig. S5) and form 1D, out-of-plane structures to be used, for exam-
ple, as simple artificial cilia or cantilever arrays for robotics or sen-
sors. Our experimental results reveal that liquids with large
viscosity and low ionic conductivity are preferred as they reduce
the negative effect of ionic screening, affecting the strength and
frequency of the applied electric tension.

1D structure: We found that capillary forces help aligning parti-
cles and create one particle-thick structures preventing agglomer-
ate formation. Additionally, we estimated the optimal pulling
conditions to form a 1D particle structure that remains stable after
turning off the electric tension. The maximum pulling velocity is pri-
marily determined by the particle size and liquid viscosity. Interest-
ingly, as shown in Fig. 3d, a binary microstructure can be formed
using a dispersion of two types of particles having different size. Such
structures may be desired, for example, for creating particle-based
superstructures [59]. We also took advantage of the possibility of
creating freestanding 1D structures to investigate their mechanical
properties. The results indicate that the mechanical properties,
including the stiffness of the primary 1D structure, are greatly
affected by the strength of electric tension in a nontrivial fashion.
This has not been studied before. Therefore, we are now running a
follow-up project to understand in detail the influence of electric
potential on the mechanics of one particle-thick assemblies aiming
to generate new knowledge in this research area. Another thing to
note is that high electric tensions may lead to formation of agglom-
erated rather than one particle-thick structures (see ref. [50]).

Example of applications: We also investigated possibilities of
future application of beaded chains, including formation of conduc-
tive pathways on substrates for use in a variety of electronic applica-
tions. We are aware that the scheme presented in Fig. 8a—c may be
impractical, especially in the industry settings. Still, the experimen-
tal results show the feasibility of the concept of using electric and
capillary interactions for creating one particle-thick micropaths.
This, in turn, stimulated us to explore the possibility of simultaneous
formation of particle chains and their alignment on a substrate,
which will ultimately enable the deposition of thousands of
microparticles per second in a continuous manner [60]. We, there-
fore, foresee the method (which relies on the interplay between
electric force, gravitational force, and the force stemming from cap-
illary interactions) to be potentially useful in the display sector
(open defect repair technology, fabrication of transparent conduc-
tive films), smart glass industry, security printing, and more.
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