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a  b  s  t  r  a  c  t

We  report  a simple  hydrochloric  acid  (HCl)  impregnation  method  to  substantially  improve  the  lyophobic-
ity  of  a paper  against  gallium-based  liquid  metal.  Based on the  HCl-impregnated  paper,  we also  propose  an
extremely  simple  fabrication  method  of microfluidic  channel  for gallium-based  liquid  metal,  Galinstan®.
Due to  its low  cost,  easy  fabrication,  and  flexibility,  recently  paper  has drawn  attention  as  microflu-
idic  platforms  for  various  applications.  We  have  treated  two  different  types  of  paper  (paper  towel  and
printing  paper)  with  various  treatment  methods  such  as  laser  printer  flattening,  fluorocarbon  polymer
coating,  HCl-impregnation,  and  combination  of these  methods.  We  then  studied  their  lyophobicity  char-
acteristics  by  measuring  static  and dynamic  contact  angles  as  well  as bouncing  experiment.  We  found
that  HCl-impregnation  is  a simple  yet powerful  method  to  engineer  certain  types  of  papers  to  make
them  super-lyophobic  substrates  against  gallium-based  liquid  metals  and  effective  for  more  than  30-
days  after  impregnation.  To show  the  feasibility,  we demonstrated  manipulation  of  a  Galinstan® droplet
along  microfluidic  channels  formed  on  the  HCl-impregnated  paper.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Paper is abundant and extremely cheap cellulosic material.
Untreated paper is highly porous and thus paper can easily absorb
most liquids. Due to these properties, paper can transport fluid
only using capillary force without any active pumping system [1].
Great potential of paper as disposable microfluidic platforms has
only recently unleashed and there have been demonstrations on
the paper-based microfluidics for analytical chemistry [2], health
diagnostics [3,4], and environmental monitoring [5] for the past
few years. In these work, microfluidic channels were typically fab-
ricated by patterning hydrophobic regions on super-hydrophilic
papers. Chitnis et al. reported a method of converting paper’s
hydrophilicity into hydrophobicity using a CO2 laser [6]. Balu
et al. demonstrated that super-hydrophobicity can be created
on a paper surface via a combination of etching by an oxygen
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plasma and deposition of a fluorocarbon film [7]. In addition,
Bruzewicz et al. used polydimethylsiloxane (PDMS) to define
hydrophobic microfluidic channels in a paper [8]. Based on these
ease fabrication merit of paper-based microfluidic devices, various
researches use expensive reagents as the working media [9,10]
because paper offers a wide range of other advantages, such that
a paper is flexible, does not easily break, portable, liquid-wicking
as received, and so forth. Therefore, although reagents or other
liquids add significant amount of cost to the final product, this
character of paper allows the paper-based microfluidic devices to
be fabricated in countries with very poor infrastructure, and thus
the paper still has a merit even if it loses its low cost benefit.

As an alternative to toxic mercury, non-toxic gallium-based liq-
uid metal alloy such as EGaIn (a binary gallium and indium alloy)
[11] and Galinstan® (a ternary alloy of gallium, indium and tin)
[12] have been recently studied. Based on its favorable proper-
ties such as higher thermal and electrical conductivity compared
to mercury, low melting point and low toxicity, gallium-based
liquid metals have been investigated for a variety of applica-
tions including heat transfer [13], stretchable microfluidic antenna
[14], hyperelastic pressure sensor [15], microfluidic wireless strain
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sensor [16] and tunable frequency selective surface [17]. However,
gallium is readily oxidized in air, forming a gallium oxide layer at
the outer skin of the gallium-based liquid metal alloys. This causes
the gallium-based liquid metals to be viscoelastic and to adhere to
almost any surface [18], which is an extremely challeging ptoblem
to solve.

In microfluidic devices such as a stretchable microfluidic
antenna, a hyperelastic pressure sensor, and a strain sensor, liquid
metal fills the entire microfluidic channel and the oxide layer does
not compromise the performance of the device rather enhances
the adhesion between the liquid metal and the surface of channel.
However, for applications such as heat transfer and a microfluidics-
based switch in which it is essential to have a dynamic movement of
the meniscus of liquid metal, the viscoelastic oxide layer is severely
problematic. There have been several efforts to overcome this issue
by using non-wettable surface against oxidized gallium-based liq-
uid metal. It was reported that HCl solution or vapor can chemically
remove the oxide skin from gallium-based liquid metal [19–21].
Rather than removing oxide skin, it was also reported that hierar-
chical micro-/nano-scale structured surface is super-lyophobic and
oxidized Galinstan® does not adhere to the engineered surface [22].

In this paper, we report lyophobicity of (i) a paper towel
and a printing paper, (ii) papers treated with laser printer flat-
tening, fluorocarbon polymer coating, and HCl-impregnation, as
well as their combinations. We  characterized the lyophobicity by
measuring static and dynamic contact angles and observing bounc-
ing patterns of naturally oxidized Galinstan® droplets on various
paper-based substrates. In addition, we demonstrated Galinstan®

droplet manipulation on a HCl-impregnated paper as a substrate.

2. Method of experiment

2.1. Materials

In our study, we chose two different papers: a conventional
paper towel (Uline S-7127, Uline, Pleasant Prairie, WI,  USA) and a
printing paper (Office Depot #348037, letter-sized, Boca Raton, FL,

USA) which are widely used in our daily life. Conventional paper
towel is extremely hydrophilic, and readily absorbs water due to
its chemical preference and porous structure; its cellulose which
has hydroxyl group prefers to have hydrogen bonding with water
molecules and its cellulous fibers formed spatial solid network at
the paper making process. The printing paper used in this experi-
ment was  for the inkjet printing, and thus, the surface of the paper
was extremely smooth and easily absorbs water-based ink. How-
ever, if the printing paper has super-hydrophilicity, the water can
spread to nearby regions and distort the printed image. There-
fore, it was  chemically treated with starch to have some degree
of hydrophobicity [23,24]. In addition, calcium carbonate and tita-
nium dioxide were deposited to modify the brightness and optical
property of the paper [25,26].

Fig. 1 shows top-view scanning electron microscopy (SEM)
images of a conventional paper towel and a printing paper. Both
papers show micro-/nano-scale randomly distributed cellulose
fibers. As shown in the SEM images, the porosity of the paper towel
is larger than that of the printing paper as the surface of the prin-
ting paper was chemically treated with starch, calcium carbonate,
and titanium dioxide (Fig. 1d). Numerically, we  calculated density
of the papers used in this experiment based on the given informa-
tion from the company. They were turned out to be 0.150 g/cm3 for
the paper towel and 0.735 g/cm3 for the printing paper.

2.2. Static/dynamic contact angle measurement

We  investigated wetting characteristics of papers against natu-
rally oxidized Galinstan® by measuring static and dynamic contact
angles. In order to increase the lyophobicity of two papers, we  mod-
ified the paper with three different methods and their combina-
tions: flattening the paper towel by running through a laser printer
fuser, fluorocarbon (FC) polymer coating (∼20 nm) by applying
inductively coupled plasma power with a mixture of fluorocarbon
precursors (C4F8) and Ar gas, and HCl (37 wt%, 7 �L) impregnation.
From the combinations of three methods above, eight different
types of paper were made and tested: non-treated paper towel

Fig. 1. SEM images of (a and b) a paper towel and (c and d) a printing paper; (b) is close-up view of (a) showing highly porous, randomly oriented micro-/nano-scale cellulose
fiber  structures; (d) is close-up view of (c) showing chemical treatment.
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