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The Micro-Nano Science and Technology Division of the JSME (Japan Society of Mechanical
Engineers) promotes academic activities to pioneer novel research topics on microscopic mechanics.
The division encourages interdisciplinary studies to deeply understand physical/chemical/biological
phenomena at the micro/nano scale and to develop applied technologies. Since 2009, the past seven
symposiums on Micro-Nano Science and Technology have taken place in a more interdisciplinary
manner, incorporating the related societies of electronics and applied physics. We have promoted
in-depth studies and interactions between researchers/engineers in various fields with more than
140 papers presented at each symposium for the past few years. Thanks to the previous activities and
the great effort of the committee members, the Micro-Nano Science and Technology Division has been
recognized as a formal division within the JSME.

This Special Issue collects 14 papers from the 9th Symposium on Micro-Nano Science and
Technology, which was held from October 30 through 1 November 2018, in Sapporo, Hokkaido, Japan.
All of the papers highlight new findings and technologies at micro/nano scales relating to a wide
variety of fields of mechanical engineering, from fundamentals to applications.

This issue present new fabrication technologies ranging from nano, micro, and mili scales. Direct
writing of copper (Cu) in an ambient environment using femtosecond laser was proposed [1]. The laser
reduces a glyoxylic acid Cu complex, which can be spin-coated onto a glass substrate. The resulting
resistance of the patterned Cu was found to be large. The authors carefully investigated it and found
the re-oxidation of the glyoxylic acid Cu complex to be the source. Nano-scale surface modification
is known to be effective for control of heat transfer. Given the difficulty of direct observation of the
phenomena, molecular dynamics simulation was conducted, which nicely explained the contact angle
and water condensation at the surface [2]. Micro/nano fabrication is not limited to inorganic material
but organic material that is soft, flexible, and biocompatible. Printing of a stimuli-responsive hydrogel,
which includes printing an N-isopropylacrylamide-based stimuli-responsive pre-gel solution and an
acrylamide-based non-responsive pre-gel solution in a supporting viscous liquid, and polymerizing
the printed structures using ultraviolet (UV) light irradiation, was introduced [3]. Not only do the
fabrication processes enable three-dimensional structures but the formed hydrogel can also respond to
the stimuli. The authors claimed the process as 4D printing. Kirigami structures can generate large
deformation with good controllability while the manufacturing process is rather two-dimensional and
compatible with micro/nano technologies. However, the edges of the structures are typically not well

Micromachines 2019, 10, 618; doi:10.3390/mi10090618 www.mdpi.com/journal/micromachines1
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constrained and cause instability in the motion. Therefore, a model comprising of connected springs in
series with different rigidities in the regions close to the ends and the center is proposed [4]. It showed
good agreement with experiments and will contribute to the theoretical design of kirigami structures.

Fabricated micro/nano features and devices must be assembled and packaged at the mili-scale to
exhibit the best performance. The contact resistance when the electronic components are mounted
using elastic adhesives was investigated, which is crucial in solderless writing in low temperature
at low cost [5]. The careful investigation with respect to the contact pressure and Cu layer thickness
led to the development of the sandwich structure to decrease the contact resistance. Micro/nano
medical devices that exploit the small size and beneficial scale effects have been developed, however,
the connection to the body is by far the most challenging. The connecting mechanism between the
artificial blood vessels to facilitate the surgical procedure was proposed and demonstrated [6]. The
mechanism allows blood to have contact only with the highly biocompatible surface; that is, the inner
surface of the artificial blood vessels. The biocompatibility was experimentally investigated.

Sensors are one of the major applications of micro/nano technologies, which exploit beneficial
scale effects in electro/magneto/mechanical science and engineering. A near-infrared spectrometer
with a wide wavelength range using a plasmonic gold grating was proposed and demonstrated [7].
By improving the spectrum derivation procedure, the wavelength range covers 1200 to 1600 nm.
A thin-film magnetic field sensor with a logarithmic amplifier was newly proposed [8]. The amplifier
can translate hundreds of MHz signals to a direct current (DC) voltage signal which is proportional to
the radio frequency (RF) signal. A whole sensor system can be small enough to be practically used to
detect foreign materials in industrial and medical products. Tactile sensation is considered to be the
next tool for the intuitive and efficient human/computer interface. A thermal tactile sensation display,
which controls the effective thermal conductivity, was proposed and demonstrated [9]. A highly
thermally conductive liquid metal is introduced into the device, whose amount controls the effective
thermal conductivity of the device. The range of the effective thermal conductivity was experimentally
deduced and human perception tests were conducted to verify the concept.

Micro/Nano fluidics have been studied from their fundamentals to their biomedical applications.
This Special Issue covers these topics with five papers. First, separation of nano- and micro-particle
flows in branched microfluidic channels using thermophoresis [10]. Localized temperature increases
near the branch are achieved using the Joule heat from a thin-film micro electrode embedded in the
bottom wall of the microfluidic channel. The particle flow into one of the outlets is blocked by microscale
thermophoresis since the particles are repelled from the hot region in the experimental conditions used
here. The nano-particle case was also discussed theoretically and experimentally. The steady streaming
that can generate net mass flow from zero-mean vibration is attracting many researchers in this field.
To achieve the steady streaming, the numerical analysis for three-dimensional and unsteady flow
was proposed [11]. The particle trajectories induced around a cylindrical micro-pillar under circular
vibration was solved in the Lagrangian frame and the results were converted to a stationary Eulerian
frame to compare with the experimental results, which showed good agreement. The proposed model
can be a strong tool to design the micro scale flow of interest.

Biomedical applications using micro/nano fluidics and biocompatible polymer material,
in particular hydrogels, are discussed. The degeneration of adipocyte has been reported to cause
obesity, metabolic syndrome, and other diseases. To treat these diseases, an effective in vitro evaluation
and drug-screening system for adipocyte culture is required. An in vitro three-dimensional cell
culture system to enable the monitoring of lipid accumulation by measuring electrical impedance was
proposed [12]. The relationship between the impedance and lipid accumulation of adipocytes was
investigated experimentally and the lipid accumulation of adipocytes was found to be monitored
in real time by the electrical impedance during in vitro culture. Reconstructing a three-dimensional
muscle using living cells is promising for restoration of damaged muscles. However, the regenerated
tissue exhibits a weak construction force due to the insufficient tissue maturation. A cell-laden
core-shell hydrogel microfiber as a three-dimensional culture to control the cellular orientation with
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cyclic mechanical stimulation was proposed and demonstrated [13]. The directions of the myotubes
were oriented and the mature myotubes could be successfully formed by cyclic stretch stimulation.
An anchoring device with pillars to immobilize an adipocyte microfiber was proposed to track the
specific positions of the microfiber for a long period [14]. Temporal observations of the microfiber
on the device for a month successfully revealed the function and morphology of three-dimensional
cultured adipocytes. Lipolysis of the microfiber’s adipocytes by applying reagents with an anti-obesity
effect was also demonstrated, which indicates the effectiveness of the system for drug tests.

We would like to thank all the contributing authors for their excellent research work. We appreciate
all the reviewers who provided valuable comments to improve the quality of the papers and the
tremendous support from the editorial staff of Micromachines.
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Direct Writing of Copper Micropatterns Using
Near-Infrared Femtosecond Laser-Pulse-Induced
Reduction of Glyoxylic Acid Copper Complex
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Abstract: We have fabricated Cu-based micropatterns in an ambient environment using femtosecond
laser direct writing to reduce a glyoxylic acid Cu complex spin-coated onto a glass substrate. To do
this, we scanned a train of focused femtosecond laser pulses over the complex film in air, following
which the non-irradiated complex was removed by rinsing the substrates with ethanol. A minimum
line width of 6.1 μm was obtained at a laser-pulse energy of 0.156 nJ and scanning speeds of 500 and
1000 μm/s. This line width is significantly smaller than that obtained in previous work using a CO2

laser. In addition, the lines are electrically conducting. However, the minimum resistivity of the line
pattern was 2.43 × 10−6 Ω·m, which is ~10 times greater than that of the pattern formed using the
CO2 laser. An X-ray diffraction analysis suggests that the balance between reduction and re-oxidation
of the glyoxylic acid Cu complex determines the nature of the highly reduced Cu patterns in the
ambient air.

Keywords: laser direct writing; femtosecond laser; glyoxylic acid Cu complex; reduction;
Cu micropattern

1. Introduction

Laser direct writing of metal micropatterns has attracted attention from fields such as printed
electronics and microelectromechanical systems. Two-dimensional (2D) metal micropatterns are
generally fabricated using well-established methods of semiconductor technology consisting of
lithography, metallic film deposition methods, and etching processes. However, deposition methods
such as sputtering and evaporative coating must be done in an inert atmosphere, making it difficult to
fabricate 2D metal micropatterns in air. In addition, multiple complicated steps such as lithography,
metal deposition, and etching are needed to form metal micropatterns.

To overcome this problem, direct writing using laser-induced reduction has been proposed [1–4].
With this technology, Cu micropatterns are directly written using a laser-induced thermochemical
reduction of copper oxide nanoparticles (NPs), such as CuO and Cu2O NPs, which are mixed with
reductants and dispersants, and reduced to Cu by laser irradiation. When a CuO NP solution containing
CuO NPs, polyvinylpyrrolidone (PVP), and ethylene glycol (EG) is irradiated by continuous-wave and
nanosecond-pulsed lasers, acetaldehyde generated by dehydrating EG reduces the CuO NPs to Cu
NPs, which are subsequently sintered to form Cu micropatterns [1]. When using a Cu2O NP solution,
which contains Cu2O NPs, 2-propanol, and PVP, 2-propanol and PVP react thermally to generate
formic acid, which then reduces Cu2O to Cu [2].

Micromachines 2019, 10, 401; doi:10.3390/mi10060401 www.mdpi.com/journal/micromachines4
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Two-dimensional Ni micropatterns can also be formed on glass and polyimide films using laser
reductive sintering [3,4]. In this technique, NiO NPs mixed with toluene and α-terpineol are reduced
to Ni by nanosecond-laser-induced thermochemical reduction. This technology has been used to
fabricate Ni microwires with highly transparent electrodes on flexible films.

We have also fabricated Cu-based micropatterns using femtosecond-laser-reductive sintering
of CuO NPs. An advantage of this approach is that the short pulse duration leads to rapid heating
and cooling of the materials because the total irradiated energy can be reduced in femtosecond laser
heating. In this research, irradiation by femtosecond laser pulses thermally reduces CuO NPs mixed
with PVP and EG. Further, Cu- and Cu2O-rich micropatterns can be formed selectively by tuning
the laser-irradiation conditions. The temperature coefficients of resistance of the Cu- and Cu2O-rich
micropatterns are positive and negative, respectively, which is consistent with their respective metallic
and semiconductive properties [5,6].

Metal complexes are promising candidate materials for direct laser writing using reduction, as
demonstrated by the reduction of Cu complexes to produce 2D Cu micropatterns [7–9]. Typically,
these Cu complexes are easily reduced at a relatively low temperature (~200 ◦C) [7]. In other work, Cu
formate has been reduced to form Cu NPs by irradiation with an ultraviolet (UV) nanosecond-pulsed
laser in an inert atmosphere under N2 gas flow [7,8]. A glyoxylic acid Cu (GACu) complex has also
been developed for ambient-air Cu micropatterning using a CO2 laser [9]. This complex can be reduced
in ambient air because of its high resistance to oxidation, ease of reduction, and strong absorption of
CO2-laser irradiation. The minimum line width was ~200 μm, and the resistivity of the resulting Cu
micropattern was ~3 × 10−7 Ω·m. However, finer line patterning has not been achieved because the
line width depends on the irradiated diameter of the CO2 laser beam, which cannot be focused to a
smaller spot diameter due to its long wavelength.

In this study, we report herein 2D Cu micropatterns fabricated in ambient air by using femtosecond
laser reduction of a GACu complex to fabricate finer patterns with small line width. We first investigate
the absorption properties of GACu, following which we discuss the patterning properties of GACu,
such as resolution, crystal structure, and resistivity.

2. Experimental Methods

2.1. Direct Writing Process of Two-Dimensional Cu Micropatterns

Figure 1 shows schematically the process for direct writing of 2D Cu micropatterns. A GACu
complex was prepared using a previously reported method [9]. First, glyoxylic acid (4.5 mmol, Sigma
Aldrich, St. Louis, MO, USA) dissolved in H2O (5 mL, FUJIFILM Wako Pure Chemical Corporation,
Tokyo, Japan) was adjusted to pH 7 by adding NaOH aqueous solution (10 wt%, FUJIFILM Wako Pure
Chemical Corporation). Next, CuSO4·5H2O (4.5 mmol, FUJIFILM Wako Pure Chemical Corporation)
dissolved in 5 mL H2O was added to the GA solution and stirred for three hours. The GACu
complex precipitated from the solution and was filtered out, washed by H2O, and dried in a cooled,
reduced-pressure atmosphere.

The GACu complex (6.0 mmol) was dissolved into a 2-amino-ethanol: ethanol (1:2, 3 mL, FUJIFILM
Wako Pure Chemical Corporation) solution and was then spin-coated onto a glass substrate. The
spin-coated film was heated at 50 ◦C using a hot plate for 30 min. To accomplish laser direct writing,
we used a commercially-available femtosecond laser direct writing system (Photonic Professional GT,
Nanoscribe GmbH, Eggenstein-Leopolds-hafen, Germany) to form Cu micropatterns by reducing and
precipitating the GACu complex.

The wavelength, pulse duration, and repetition frequency of the femtosecond laser were 780 nm,
120 fs, and 80 MHz, respectively. The laser pulses had a Gaussian intensity distribution and were
focused onto the surface of GACu complex films using an objective lens with a numerical aperture
(NA) of 0.75. The focal spot diameter was 1.3 μm. The sample substrates coated with the GACu
complex film were scanned using an xyz-piezo stage. The maximum scanning speed was 1000 μm/s.

5
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(a) (b) (c) 

Figure 1. (a) Spin-coating of a glyoxylic acid Cu (GACu) complex film on a glass substrate.
(b) Femtosecond-laser direct writing by reduction of the GACu complex film. (c) Nonirradiated
GACu complex removed by rinsing the substrate with ethanol.

2.2. Evaluation of GACu Complex Films and Cu Micropatterns

The absorption properties of the GACu complex film are important for laser direct writing. The
absorbance of the film in the UV-to-visible range was examined using a UV-visible spectrometer
(UV-2600 100V JP, Shimadzu, Kyoto, Japan). The line width was measured using field-emission
scanning electron microscopy (FE-SEM). The crystal structure of the micropatterns was examined
using X-ray diffraction (XRD) (Rint Rapid-S diffractometer, Rigaku, Tokyo, Japan). The diameter of the
collimated X-ray beam was 0.3 mm, and the angle of incidence was 20◦.

The resistance of the line patterns was measured using a multimeter (Truevolt series 34465A,
Keysight Technology, Santa Rosa, CA, USA). The resistivity was calculated from the resistance and
the cross section of the line patterns which were obtained using a surface coder (SURFCODER ET200,
Kosaka Laboratory Ltd., Tokyo, Japan).

3. Results and Discussion

Here we discuss the properties of the Cu micropatterns on the SiO2 glass substrates. First, we
examine the absorption of the GACu complex film, following which we investigate the properties of
the micropatterns such as line width, the generation of Cu-based micropatterns, and their resistivities.

3.1. Absorption of the GACu Complex Film

Figure 2 shows the absorption spectrum of the GACu complex film on a glass substrate. The
absorbance at 780 nm was almost the same as that at 390 nm, which indicates that single-photon
absorption, rather than multi-photon absorption, is dominant during irradiation with femtosecond laser
pulses at 780 nm. However, it is possible that three-photon absorption may occur. The relatively small
absorption allows precise control of energy absorbed by the material by controlling the irradiated energy.

Figure 2. Absorption spectrum of GACu complex thin film.
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3.2. Patterning Properties

We next examined the relationship between pattern line width and laser-irradiation conditions,
such as pulse energy and scanning speed. Figure 3a shows how the line width depends on the pulse
energy at scanning speeds of 300, 500, and 1000 μm/s. Although scanning speed had relatively little
effect on the line width, the width was affected significantly by the pulse energy.

 
(a) (b) 

 
(c) 

Figure 3. (a) Relationship between line width and laser irradiation conditions, (b) optical microscope
image at scanning speed of 1000 μm/s and various pulse energies, and (c) field-emission scanning
electron microscopy (FE-SEM) image showing the line width obtained when using a pulse energy of
0.156 nJ and scanning speed of 500 μm/s.

An optical microscope image of the lines for evaluation is shown in Figure 3b. The scanning speed
was 1000 μm/s and pulse energy was 0.156−0.780 nJ. We observed line patterns with a copper-like luster.

Figure 3c shows a FE-SEM image of a line pattern fabricated using a pulse energy of 0.156 nJ and
a scanning speed of 500 μm/s. We observed the minimum line width of 6.1 μm at a pulse energy of
0.156 nJ and scanning speeds of 500 and 1000 μm/s; this is 7.4 times wider than the focal spot diameter.
The greater line width appears to be due to the diffusion of thermal energy around the irradiated
region. However, the line width is smaller than that previously obtained using CO2 laser reduction of
a GACu complex [9] and using laser direct writing in air [1,5,7,8].

The direct writing of finer Cu wires is advantageous for the fabrication of integrated microdevices
and of connections between electrodes. We expect that the line width can be reduced further by
employing tightly focused femtosecond laser pulses using a high-NA objective lens.
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3.3. Resistivities of the Line Patterns

The resistivity of the line patterns was obtained by measuring the resistances and cross sections
of the line patterns formed to connect Cu thin-film pads on a glass substrate. The size of each pad
was 2 mm × 2 mm, and the gap between them was 110 μm which was the length of the line. The
film thickness was ~300 μm. The resistance was less than 1 mΩ. Figure 4a shows a typical line
pattern connecting the two Cu-thin-film pads, which were fabricated using lithography and sputtering
methods. Figure 4b shows the resistivity as a function of pulse energy at various scanning speeds.
Compared with the resistivities of the lines, the resistance of the Cu thin-film pads (<1 mΩ) is negligible.
The minimum resistivity was 2.43 × 10−6 Ω·m for a line pattern formed with a pulse energy of 0.468 nJ
and a scanning speed of 500 μm/s when the line width was ~14 μm as shown in Figure 3a. The line
thickness was also estimated to be ~600 nm from the cross-sectional profile shown in Figure 4c. The
center of the line was thinner than the sides. This indicates that the center was well sintered because
of the higher central intensities of the laser pulses. This line width is significantly smaller than that
obtained in the previous work, i.e., 200 μm [9]. However, the resistivity of the line pattern fabricated
using femtosecond laser reduction was larger than the resistivity obtained in previous reports [9]. The
resistivity increased at higher and lower pulse energies. The femtosecond laser pulse-induced rapid
heating produced a combination of phenomena, such as the balance between reduction and reoxidation
of Cu, sintering, and heat accumulation. The thermal history of the irradiated region must therefore be
taken into account in order to determine the generated composition such as Cu and copper oxides. As
a result, the line patterns are made of various composites of Cu and copper oxides under different
laser-irradiation conditions.

 

 
(a) (b) 

 
(c) 

1.E-06

1.E-05
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1.E-03

1.E-02

1.E-01

1.E+00

Figure 4. (a) Optical microscope image of a typical line pattern connecting two Cu thin film pads.
(b) Resistivity of micropatterns fabricated under various laser irradiation conditions. (c) Cross-sectional
profile of a line pattern produced at scanning speed of 500 μm/s and pulse energy of 0.468 nJ.

3.4. Crystal Structures of the Micropatterns

We now discuss the crystal structure of the micropatterns fabricated under various laser-irradiation
conditions. The micropatterns measured 600 μm × 900 μm. The raster pitch of the micropattern was

8
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determined to be 1 μm by considering the laser focal spot of 1.3 μm. Figure 5a–c shows the XRD
spectra of the micropatterns fabricated with scanning speeds of 300, 500, and 1000 μm/s, respectively.
All spectra exhibit the diffraction peaks for Cu and Cu2O.

  
(a) (b) 

 
(c) (d) 

Figure 5. XRD spectra of fabricated micropatterns at a scanning speed of (a) 300 μm/s, (b) 500 μm/s,
and (c) 1000 μm/s. (d) Intensity ratio of Cu2O to Cu as a function of pulse energy.

To compare the generation of Cu and Cu2O under different laser-irradiation conditions, we formed
the XRD intensity ratio, for which the peak XRD intensity ICu2O(111) of Cu2O(111) was divided by that
of Cu(111), ICu(111) (i.e., ICu2O(111)/ICu(111)). Figure 5d shows this intensity ratio as a function of pulse
energy. The generation of Cu2O increases with increasing pulse energy for all scanning conditions,
which indicates that Cu2O is generated by re-oxidation of previously generated Cu. The larger amount
of Cu2O generated at high pulse energy is attributed to the grown Cu NPs generated by reduction at
low scanning speed and that is difficult to re-oxidize, thereby preventing an increase in Cu2O.

By accounting for the generation of Cu and Cu2O, the increase in resistivity at high pulse energy
is attributed to re-oxidation of previously generated Cu. In contrast, the increase in resistivity at low
pulse energy suggests a lack of reduction of GACu. In general, the use of a short pulse duration
prevents re-oxidation [10–12]. Controlling the temperature distribution and history in the line patterns
may reduce the resistivity of the line patterns by changing the laser-pulse intensity distribution.
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4. Conclusions

Cu-rich micropatterns were fabricated by femtosecond laser pulse-induced reduction of
GACu complex.

(1) The minimum line width in the micropatterns was 6.1 μm, which was obtained with a laser-pulse
energy of 0.156 nJ and scanning speeds of 500 and 1000 μm/s.

(2) The minimum resistivity of the line pattern was 2.43 × 10−6 Ω·m which was ~10 times greater
than that of the pattern formed using a CO2 laser.

The results of the XRD analysis suggest that the balance of the reduction and the reoxidation of
the GACu complex determines the ambient-air generation of highly reduced Cu patterns.
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Abstract: Recent advances in the microfabrication technology have made it possible to control
surface properties at micro- and nanoscale levels. Functional surfaces drastically change wettability
and condensation processes that are essential for controlling of heat transfer. However, the
direct observation of condensation on micro- and nanostructure surfaces is difficult, and further
understanding of the effects of the microstructure on the phase change is required. In this research,
the contact angle of droplets with a wall surface and the initial condensation process were analyzed
using a molecular dynamics simulation to investigate the impact of nanoscale structures and their
adhesion force on condensation. The results demonstrated the dependence of the contact angle of the
droplets and condensation dynamics on the wall structure and attractive force of the wall surface.
Condensed water droplets were adsorbed into the nanostructures and formed a water film in case of
a hydrophilic surface.

Keywords: functional surface; condensation; molecular dynamics; wettability; nanoscale structure

1. Introduction

With recent advances in the micro- and nanoscale processing and measurement technology, it has
become possible to add fine structures to surfaces [1–3]. These microstructures are known to have
significant effects on wettability of liquids [4–6] and are expected to be able to control water–surface
interactions and wettability by changing the size of wall structures [7,8]. Wettability of metals and
nanostructures changes the friction of objects, chemical reaction on the surface, and crystallization
of proteins [9–15]. Mirco-nanosurface is also expected to be used as a highly efficient heat transport
device. In case of the condensation heat transfer, micro-nanostructure of a condensation surface
is quite essential for achieving a high heat transfer [16]. The condensation growth morphology
depends on micro-nanoscale surface topography [17,18]. Also, the condensation form, filmwise and
dropwise condensation, is controlled by the surface structures [19,20]. For this reason, the impact
of surface structure and wettability on the condensation characteristics has been experimentally
investigated [21–29]. However, it is still difficult to observe the initial stage of liquid condensation on
nanoscale surfaces directly and analyze the mechanism of the observed phenomena using experimental
methods alone. Wettability is affected not only by the shape and size of asperities but also the molecular
scale crystal structure of materials [30,31]. Therefore, detailed observations at the atomic scale are
required to understand the mechanism of condensation on nanoscale structures.

Analysis using a molecular simulation is one way to elucidate such nanoscale phenomena [32,33].
In previous studies, wettability and the contact angle of droplets with nanoscale surfaces were analyzed
using molecular dynamics simulations [6,34,35]. They demonstrated that the Wenzel state [36] and
Cassie-Baxter state [37] can be observed depending on the size and spacing of nanostructures, as well
as parameters of the molecular interactions between water and surface molecules. The schematic
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diagrams of the Wenzel state and Cassie-Baxter state are shown in Figure 1. Larger adsorption energy
between a wall and water puts the former in the Wenzel state. Also, the smaller the height of a structure,
the lower the gap between its wall and droplets, which puts the structure in the Wenzel state [34].
While molecular dynamics calculations have been performed for droplets on nanosurfaces, there
are not enough studies focusing on condensation, except only a few investigating condensations on
nanostructures under limited conditions [38,39]. These latter studies analyzed the temperature change
during condensation and heat flux on surfaces. In the condensation heat transfer on wall surfaces, the
size of the structure, material, and water–solid interaction are considered to play an important role.
Widely analyzing the size of structures and their interaction with water is essential for understanding
the micro- and nanostructure effects on water condensation. Therefore, in this study, we performed a
molecular dynamics simulation to reveal the condensation mechanism of water droplets from vapor
on nanoscale structures. In addition, we analyzed the contact angles in the static state in relation to the
condensation types. The wall–water interaction parameter was changed in the range of hydrophilic to
hydrophobic region.

Figure 1. Schematic diagrams of Wenzel state and Cassie-Baxter state.

2. Computational Methods

We performed a molecular dynamics simulation to analyze the effect of the surface structure
on the water wettability and condensation process. Coulombic and van der Waals interactions were
treated as the intermolecular interactions. The TIP4P model [40], which is the four-site model, was
employed as a water molecule model and the Lennard-Jones particle was used as the wall surface.
To investigate the effect of adhesion force of wall on the wetting and condensation, the parameter
ε was changed as shown in Table 1, ε = 19.74 kJ/mol (hydrophilic) to 0.06168 kJ/mol (hydrophobic).
This approach that changes the ε parameter is similar to the previous molecular dynamics simulation
in graphene [35]. The molecular size parameter was set to σ = 0.233 nm, the distance at which the
intermolecular potential between the two particles is zero. The LJ parameter ε = 19.74 kJ/mol, the upper
value of ε, and σ = 0.233 nm are same values used for copper, a typical hydrophilic metal [27]. The cutoff
radius for the van der Waals interaction was 1.3 nm, and timestep was set to 2.0 fs. The Ewald method
was employed for the calculation of Coulombic interaction. The calculation was performed using
GROMACS [41,42]. The simulation was performed under constant number of molecules, volume, and
temperature (NVT). The temperature was controlled by Nose–Hoover thermostat [43,44].
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Table 1. The parameters of ε in the calculation. The ε = 19.74 kJ/mol is the case of copper.

Ratio ε (kJ/mol)

1.0 19.74
0.9 17.76
0.8 15.79
0.7 13.82
0.6 11.84
0.5 9.869
0.4 7.895
0.3 5.921
0.2 3.948
0.1 1.974

1/20 0.9869
1/40 0.4935
1/80 0.2467
1/160 0.1234
1/320 0.06168

Three patterns of a nanostructure with different heights and a flat surface were employed as the
microfabricated surface as shown in Figure 2. The heights of the nanostructure were set as multiples of
the length of the lattice constant of fcc copper 0.362 nm (0.724 nm, 1.448 nm, and 2.896 nm, respectively).
The surface wall was a 10 nm square, 1.448 nm in thickness, under periodic boundary condition.
The length of the height direction of the simulation box was 50 nm.

Figure 2. Prepared surface structure. (flat, asperity height 0.724 nm, asperity height 1.448 nm, and
asperity height 2.896 nm).

The contact angle of droplets deposited on the wall was measured using the half-angle method [45].
The schematic figure of the determination of contact angleθ on the nanosurface in this study is illustrated
as Figure 3. The contact angle was determined as the angle of the line from the triple phase point to
the apex of the drop and the line of the top of the wall. In the initial state of the simulation, a droplet
was placed 0.5 nm from the wall and its natural adsorption on the wall was analyzed. To understand
the effect of the size of the droplet on the wall, two diameters of the droplet, about 5 nm (2259 water
molecules) and about 6 nm (3787 water molecules) were explored. The contact angle was calculated
after 4 ns to reach the equilibrium at 300 K.
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Figure 3. Schematic diagram of contact angle θmeasurement on nanostructures by half angle method.

The condensation process of water vapor on the nanostructured surface was calculated by 5 ns
simulation under 300 K. The initial structure of the calculation was prepared by the 2 ns calculation
under 600 K for 2259 water molecules on the surface as shown in Figure 4. We changed the LJ potential
parameter ε in three patterns, 19.74 kJ/mol, 1.974 kJ/mol, 0.06168 kJ/mol. Three calculations were
performed for each condition to obtain average values.

 

Figure 4. Snapshot of water vapor and nanostructure prepared as the initial condition of the
condensation simulation.

3. Results and Discussions

Figure 5 and Tables 2 and 3 show the calculated contact angles when the droplets with sizes of 5
nm and 6 nm were on the wall surface. Both contact angle dependence on the water–wall interaction
and height of pillar showed similar trends with the previous study on graphene [35]. In Tables 2
and 3, the numbers on the gray background correspond to the Wenzel state, the numbers without any
background represent the Cassie-Baxter state, while no number means no droplet. The contact angle
was determined as the angle at the top of the surface of asperity. The part where the angle could not
be calculated corresponds to the area where the solid–liquid part was not formed stably because the
liquid spread over the entire surface. Figure 6 shows a snapshot of the case, where water molecules
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spread into a film and the contact angle could not be determined on the plane of ε = 19.74 kJ/mol.
When the adsorption force of the wall was large, water spread into a film on both the flat and uneven
surfaces. Even when there was unevenness, water adhered to the available contact area and did
not form droplets. The process of forming such a liquid film is consistent with previous molecular
simulations on copper surfaces [39]. This behavior is similar to that of macroscopic films spread thinly
when droplets are adsorbed on a hydrophilic surface [46,47]. Two layers of water molecules were
found on the surface in the case of a film formed by 5 nm droplets on the flat surface. The hydrophilic
surface adsorbed water molecules and aligned them. The boundary ε for the wetting state changing
from Wenzel to Cassie-Baxter was 1.974 or 0.9869 kJ/mol, depending on the pillar height. There was no
difference in the size of the droplets.

  
(a) 5 nm droplet (2259 water molecules) (b) 6 nm droplet (3787 water molecules) 

Figure 5. Relation between the water–wall interaction and the contact angle. The surface with asperity
resulted in the increase of the contact angle.

Table 2. Contact angle and wetting state of 5-nm droplets on each surface. The numbers on the gray
background correspond to the Wenzel state, whereas the numbers without background correspond to
the Cassie state.

ε (kJ/mol) Flat 0.724 nm 1.448 nm 2.896 nm

19.74 - 10.6 - -
17.76 - 8.1 - -
15.79 - 10.0 - -
13.82 - 7.5 - -
11.84 - 11.8 - -
9.869 - 7.0 - -
7.895 - 15.8 16.7 -
5.921 - 18.5 21.1 25.3
3.948 26.5 39.0 34.3 37.2
1.974 85.4 99.7 99.9 74.4
0.9869 108.8 120.0 143.4 137.5
0.4935 124.4 157.1 153.7 151.8
0.2467 143.3 167.0 162.0 171.3
0.1234 139.6 170.5 171.9 171.4
0.06168 153.0 174.5 174.6 170.5
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Table 3. Contact angle and wetting state of 6-nm droplets on each surface. The numbers on the gray
background correspond to the Wenzel state, whereas the numbers without background correspond to
the Cassie state.

ε (kJ/mol) Flat 0.724 nm 1.448 nm 2.896 nm

19.74 - - - -
17.76 - - - -
15.79 - - - -
13.82 - - - -
11.84 - - - -
9.869 - - 10.9 -
7.895 - - 12.3 -
5.921 - - 18.1 27.4
3.948 - 44.0 59.6 36.0
1.974 82.6 95.0 87.3 83.8
0.9869 103.2 124.1 130.6 140.3
0.4935 124.6 144.1 148.2 145.9
0.2467 143.7 170.1 161.8 153.0
0.1234 146.3 168.5 167.5 163.7
0.06168 152.1 173.2 170.3 170.7

   

Figure 6. Snapshot of the water film on the flat and nanostructured surfaces with the Lennard-Jones
parameter ε = 19.74 kJ/mol (the left upper: 2259 water molecules, others: 3787 water molecules).

Figure 7 shows the change in the wetting state when asperity changed for a wall adsorption force
of ε = 3.948 kJ/mol and a droplet with a diameter of 6 nm. While the liquid spreads over the whole
plane on a flat wall, the Wenzel state is manifested by adding unevenness. Similarly, Figure 8 shows
how the Wenzel and Cassie states are switched depending on the size of unevenness for the wall
adsorption energy ε = 0.9869 kJ/mol. Overall, the contact angles were increased by the nanostructures
by about 10◦ to 40◦. The contact angle tended to increase with asperity and as the interaction between
water molecules and the wall surface decreased. It was also possible to estimate how the liquid film,
Wenzel state, and Cassie state changed depending on the surface adsorption force and nanoscale
unevenness size when droplets adhered to the solid surface.

    

Figure 7. Droplets on nanostructures with ε = 3.948 kJ/mol.
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Figure 8. Droplets on nanostructures with ε = 0.9869 kJ/mol.

Figures 9–11 show the appearance of the convex surface in the case of ε= 19.74 kJ/mol, 1.974 kJ/mol,
and 0.06168 kJ/mol. These parameters correspond to the liquid film, Wenzel state, and Cassie-Baxter
state, respectively, in the calculation of the water droplets. When water molecules cooled down, both
condensation near the surface and in the vapor could be observed. Figure 9 shows the snapshot of
condensation with a strong water–surface interaction. Condensed water molecules formed a liquid film
and uniformly attached to the inner wall of asperities. The surface of the hydrophilic nanostructure
was wet in the initial stage of the condensation process. In addition, the small water droplets formed
in the water vapor were observed to be absorbed into the asperity surface. Figure 12 shows the
absorption behavior of water droplets intruding into the inside of asperities. It was found that the
time scale of droplet adsorption is several tens to hundreds of ps. In such a hydrophilic nanostructure,
water molecules spreading thinly inside asperities formed an orderly structure different from a bulk
liquid. Figure 13 illustrates a snapshot of the two-dimensional structure of water observed in the
nanostructured surface. This type of ordered structure is unique to confined systems such as inside
nanotubes and graphene plates [48,49]. These results indicate that water molecules in nanostructured
hydrophilic metal surfaces form unusual phase structures similar to other confined systems. Figure 10
demonstrates condensation of water on a wall with a low interaction level. When the interaction level
became smaller, smaller droplets gradually attached to the solid surface but were not uniformly spread.
Several droplets formed and gradually integrated. Figure 11 demonstrates the case of condensation
on a hydrophobic surface with a very small interaction level. Even when a small number of water
molecules formed a few clusters within the asperity, they gradually discharged to the outside of the
asperity. In the end, almost no water molecules were left inside the asperities, and the droplets were
attached to the surface.

  

Figure 9. Snapshot of water molecules during the condensation on the ε = 19.74. kJ/mol surface from
the different viewpoints. The water molecules are adsorbed into the pillar and formed water film.
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Figure 10. Snapshot of water molecules during the condensation on the ε = 1.974. kJ/mol surface from
the different viewpoints. The water molecules formed small clusters in the pillar.

  

Figure 11. Snapshot of water molecules during the condensation on the ε = 0.06168. kJ/mol surface
from the different viewpoints. The water droplet did not enter the nanostructure.

    

Figure 12. Absorption behavior of water droplets intruding into the inside of asperities with
ε = 1.976 kJ/mol. (0 s, 35 ps, 90 ps, 350 ps).

 

Figure 13. Snapshot of the two-dimensional structure of water observed in a nanostructured surface
with ε = 19.74. kJ/mol.

Figure 14 shows the average number of water molecules inside the surface nanostructure for each
case. The number of water molecules was increased for the cases of ε= 19.74 kJ/mol and ε= 1.974 kJ/mol
by adsorption on the surface. For the first 1 ns, isolated water molecules near the surface adsorbed on

18



Micromachines 2019, 10, 587

the nanostructures continuously. After 1 ns, the increase in the number of water molecules showed
jumps due to the adsorption of water droplet formed in the vapor phase. On the other hand, the
number of water molecules was decreased in the case of ε = 0.06168 kJ/mol. After 1 ns, a small number
of water molecules was trapped in the nanostructure. Figure 15 shows the mean square displacement
(MSD) of the water molecules in the nanostructure. The MSD of the case of ε = 19.74 kJ/mol and
ε = 1.974 kJ/mol is small because the water molecules on the surface were almost fixed or restricted
in the droplet. The MSD for the case of ε = 0.06168 kJ/mol is much larger than the others. The small
number of water molecules trapped in the nanostructure moved quickly on the surface.

Figure 14. Number of water molecules in the nanostructure on surfaces.

Figure 15. Mean square displacement (MSD) of water molecules in the nanostructure on surfaces.

As demonstrated here, the three types of condensation behavior—film, droplet, and
discharge—appeared according to the difference in the strength of the surface interaction. In particular,
when the adsorptive force was large, as is the case with copper, water molecules aggregated on the
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surface of the asperity and prepared a water film. The differences in the condensation behavior affected
the condensation speed and diffusion of water molecules on the surface.

4. Conclusions

The impact of the wall nanostructure and adsorption force on the contact angle of droplets and
condensation was analyzed using molecular dynamics simulation. As a result, the dependence of
the contact angle and condensation behavior on the microfabrication shape and size of the wall was
revealed. As the condensation behavior, the liquid film formation, droplet adsorption in the structure,
and droplet discharge process were observed. The water molecules adsorbed on the surfaces showed
little diffusion in the case of ε = 19.74 kJ/mol and ε = 1.974 kJ/mol. In addition, a two-dimensional
structure of water molecules spread into the fine structure was observed.
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Abstract: We propose a method to print four-dimensional (4D) stimuli-responsive hydrogel structures
with internal gaps. Our 4D structures are fabricated by printing an N-isopropylacrylamide-based
stimuli-responsive pre-gel solution (NIPAM-based ink) and an acrylamide-based non-responsive
pre-gel solution (AAM-based ink) in a supporting viscous liquid (carboxymethyl cellulose solution)
and by polymerizing the printed structures using ultraviolet (UV) light irradiation. First, the printed
ink position and width were investigated by varying various parameters. The position of the printed
ink changed according to physical characteristics of the ink and supporting liquid and printing
conditions including the flow rates of the ink and the nozzle diameter, position, and speed. The
width of the printed ink was mainly influenced by the ink flow rate and the nozzle speed. Next,
we confirmed the polymerization of the printed ink in the supporting viscous liquid, as well as its
responsivity to thermal stimulation. The degree of polymerization became smaller, as the interval time
was longer after printing. The polymerized ink shrunk or swelled repeatedly according to thermal
stimulation. In addition, printing multi-hydrogels was demonstrated by using a nozzle attached
to a Y shape connector, and the responsivity of the multi-hydrogels to thermal-stimulation was
investigated. The pattern of the multi-hydrogels structure and its responsivity to thermal-stimulation
were controlled by the flow ratio of the inks. Finally, various 4D structures including a rounded
pattern, a spiral shape pattern, a cross point, and a multi-hydrogel pattern were fabricated, and their
deformations in response to the stimuli were demonstrated.

Keywords: 4D printing; 3D printing; stimuli-responsive hydrogel

1. Introduction

Accompanying the recent advances in three-dimensional (3D) printing technologies, not only static
objects but also shape-changing structures have been fabricated by 3D printers using stimuli-responsive
materials. These printed structures have been defined as four-dimensional (4D) printed structures
by adding one dimension (time variation) to 3D printed structures [1–5]. 4D printed structures can
change their shapes and functionalities in response to external stimuli such as light, heat, and pH
changes. Thanks to these characteristics, 4D printed objects and machines can be expected to achieve
self-assembly [6], self-adaptability [7], and self-repair [8].

In terms of the materials used for 4D printing, stimuli-responsive polymers [9] and hydrogels [10]
have mainly been adopted. In particular, stimuli-responsive hydrogels have been applied
to drug delivery systems [11] and soft actuators [12,13], owing to their biocompatibility and
softness. Using stimuli-responsive hydrogels, 4D microstructures have usually been printed using
photolithography [14–18] and deposition printing on substrates [19–23]. For all these methods,
fabricated hydrogel structures are mainly layered structures, creating bending or twisting motions for
the printed structures. However, it is difficult to fabricate 4D structures with internal gaps or suspended
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beam structures, both of which can be critical to achieving complex motions and encapsulating materials
or micro-channels inside structures for soft robots or medical tools.

Here, we propose a new fabrication method for 4D printing that can fabricate 3D multi-hydrogels
structures with internal gaps (Figure 1). We introduce a viscous liquid—carboxymethyl cellulose
aq (CMC aq)—as a supporting viscous liquid during printing. As a printing ink, we chose a
mixture of a poly-N-isopropylacrylamide (pNIPAM) solution, which exhibits a stimuli-responsive
(thermo-responsive) shrinking/swelling characteristic after gelation, and a polyacrylamide (pAAM)
solution, which does not respond to stimulation. To adjust the viscosity of the pNIPAM and pAAM
print ink solution, we added a sodium alginate solution (NaAlg) to the printing ink. The print ink
was printed directly through a nozzle in CMC aq (supporting viscous liquid) such that the printed ink
can be maintained in the printed position to create 3D patterns with internal gaps. Then, the printed
3D ink patterns can be polymerized using ultraviolet (UV) irradiation. We printed a straight line of
ink and investigated the position and width of the printed ink under various conditions. Next, we
printed a corner of the ink and investigated the printing resolution. We polymerized the printed ink in
the supporting viscous liquid and investigated the degree of gelation and the responsivity to external
stimuli. In addition, we polymerized multi-hydrogels and investigated their printed pattern and
responsivity to stimuli. Finally, we printed various 4D structures and investigated their responsivity
to thermal stimuli. Our method can provide an effective tool for fabricating hydrogel 4D structures
with various types of physical or chemical stimuli for applications in soft actuators/robotics and
self-assembly/adaptive systems.

 
(a) (b) (c) 

Figure 1. Concept of our proposed method for fabricating 4D structure with internal gaps. (a) Pre-gel
monomer ink is ejected into supporting viscous liquid to print 3D ink pattern. (b) The printed ink is
exposed to UV and is polymerized to a obtain 3D hydrogel structure. (c) After replaced the supporting
liquid into water, the polymerized 3D hydrogel structure deforms in response to stimulation.

2. Materials and Methods

2.1. Materials

N-isopropylacrylamide (NIPAM) (monomer) (113.16 g/mol, 095-03692) and N,N′-methylene-
bis-acrylamide (BIS) (cross-linking agent) (154.17 g/mol, 134-02352) were purchased from FUJIFILM
Wako Chemicals USA, Corp. (Richmond, VA, USA). IRGACURE1173 (photo polymerization initiator)
was purchased from BadischAnilin and Soda-Fabrik (Ludwigshafen, Germany). In addition, sodium
alginate (NaAlg) (80–120 cp, 194-13321) and acrylamide (AAM) (71.08 g/mol, 019-08011) were purchased
from FUJIFILM Wako Chemicals USA, Corp. (Richmond, VA, USA), and carboxymethyl cellulose
(CMC) (1000–50000 Pa·s, CMF-150) was purchased from AS ONE Corporation (Osaka, Japan). New
Coccine (coloring dye) was purchased from Kyoritsusyokuhin Inc. (Osaka, Japan), and acryloxyethyl
thiocarbamoyl rhodamine B (652.2 g/mol, 25404-100) was purchased from Polyscience, Inc. (Warrington,
PA, USA). Fluorescence beads (1934417A, 1927586) were purchased from Thermo Fisher Scientific
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(Waltham, MA, USA). All chemicals were utilized with no further purification. Deionized water was
obtained from a Millipore purification system. Table 1 shows a glossary of the abbreviation of materials.

Table 1. Glossary of abbreviation of materials.

Material Abbreviation

N-isopropylacrylamide NIPAM
carboxymethyl cellulose CMC

Acrylamide AAM
sodium alginate NaAlg

2.2. Set Up for 4D Printing

The ink was injected using a syringe pump (LEGATO 180, KD Scientific, Holliston, MA, USA)
through a nozzle composed of SUS304 (NN-2225R, TERUMO, Tokyo, Japan) in CMC aq, using xyz
stages (OSMS20-(XY), OSMS26-(Z), SIGMAKOKI, Tokyo, Japan). The nozzle was fixed with a jig. The
program of the stages was set using sample103 (SIGMAKOKI). Figure 2 illustrates the setup for our
printing system.

 
Figure 2. Schematic of setup. A nozzle is fixed on a z stage, and a container of carboxymethyl cellulose
aq (CMC aq) is fixed on xy stages. By moving the xyz stages, the pre-gel ink is ejected via the nozzle
into CMC aq by a syringe pump.

2.3. Evaluation of Printed Ink Patterns in Supporting Material

The printing ink for our 4D printing was composed of 10% (w/w) NIPAM monomer, 0.01% (w/w)
BIS, 1% (w/w) New Coccine, 0.5% (w/w) IRGACURE1173, and 1–3% (w/w) NaAlg. The supporting
viscous liquid, 0.4–1.6% (w/w) CMC was tested (concentration of CMC: CCMC). To investigate printing
performance, we printed a straight line (20 mm in length) of printing ink under various conditions,
as follows (Table 2). The flow rate of the printing ink, Q, was 0.5–1.5 μL/s, and the stage speed, v,
was 0.5–1.5 mm/s. In addition, the diameter and depth of the nozzle, d and h, were 400–800 μm and
5–10 mm, respectively. Table 2 shows the values of the all parameters.
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Table 2. Value of the all parameters.

Parameter Value Unit

Concentration of NaAlg, CNaA 1.0, 2.0, 3.0 % (w/w)
Concentration of CMC, CCMC 0.4, 1.0, 1.6 % (w/w)

Flow rate of a syringe pump, Q 0.5, 1.0, 1.5 μL/s
Stage speed, v 0.5, 1.0, 1.5 mm/s

Diameter of a nozzle, d 400, 500, 800 μm
Depth of a nozzle, h 5.0, 7.5, 10 mm

To evaluate the corner patterns, a 20 mm line with a single corner (corner angle θ: 30–150◦) was
printed (ink: 10% (w/w) NIPAM monomer, 0.01% (w/w) BIS, 1% (w/w) New Coccine, and 3% (w/w)
NaAlg. Conditions: CCMC = 1% (w/w), v = 1.0 mm/s, Q = 1.0 μL/s, d = 400 μm, and h = 5 mm) and
analyzed. All printing was independently conducted three times. The printed ink was captured when
printing using a microscope (VH-5500, KEYENCE, Osaka, Japan) from the z-axis and y-axis.

In all experiments we conducted, we used symbols defined in Table 3. The detailed definitions of
these symbols are described in each experiment section.

Table 3. Glossary of symbols.

Define Symbol

Maximum position of printed ink ztop
Minimum position of printed ink zbottom

z-axis width of printed ink wz
y-axis width of printed ink wy

Dragged area of the patterned ink at the corner Aerror
Diameter of polymerized ink dpolymer

Diameter of printed ink dinitial
Diameter of polymerized ink before stimuli d0
Diameter of polymerized ink after stimuli dn

Patterned ratio of pAAM gel in multi-hydrogel structure PA
Patterned ratio of pNIPAMgel in multi-hydrogel structure PN

Width of pAAM gel in multi-hydrogel structure wA
Width of pNIPAM gel in multi-hydrogel structure wN

Total width of multi-hydrogel structure wH

2.4. Polymerization of Printed Ink in Supporting Viscous Liquid

Acryloxyethyl thiocarbamoyl rhodamine B (0.002% (w/w)) was added to the printing ink to
visualize the polymerized hydrogel. After printing a 20 mm straight line of the ink under the standard
printing condition (Figure 3b: CCMC = 1% (w/w), v = 1.0 mm/s, Q = 1.0 μL/s, d = 400 μm, and h = 5 mm),
the printed ink was exposed to UV light (170 mW/cm2, HLR100T-2, SEN LIGHTS CORPORATION,
Osaka, Japan) at an interval time of 20–60 s after printing. After the irradiation, the container of CMC
aq was placed into a beaker filled with water to replace CMC with the water to obtain the polymerized
ink. The polymerized ink was placed into water that had settled at room temperature, imaged using a
fluorescence microscope (IX73P1-22FL/PH, OLYMPUS, Tokyo, Japan), and measured using imaging
software (Cellsens, OLYMPUS). Then, we obtained the gelation ratio (dpolymer/dinitial, where dpolymer is
the diameter of the polymerized ink and dinitial is the width of the printed ink).
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Figure 3. Measurement of the position of the printed ink in the supporting viscous liquid. (a) Schematic
of ztop and zbottom for the printed ink and parameters. (b) Table of the standard conditions. (c) Images
of the printed ink with various concentrations of CMC aq. The ztop and zbottom increased when the
concentration of CMC aq increased. (d) The ztop and zbottom for the printed ink under various conditions.
The dotted line shows the position of the tip of the nozzle.

2.5. Responsivity of Polymerized Printed Ink

When heating, the polymerized printed ink was placed into heated water (48 ◦C), which was
heated to the specific temperature using a hotplate (ND-1, AS ONE). The temperature of the water was
measured using a thermometer (HI98501, Hanna Instruments, Woonsocket, RI, USA). When cooling,
the polymerized printed ink was placed into water that had settled at room temperature. The heated or
cooled polymerized ink was imaged using a fluorescence microscope and measured using the Cellsens
software. Then, we obtained the shrinking ratio (wn/w0, where wn is the diameter of the heated or
cooled polymerized ink and w0 is the initial diameter of the polymerized printed ink).

2.6. Printing of Multi-Hydrogels Structures

We printed multi-hydrogels, including NIPAM-based and AAM-based ink. The NIPAM-based ink
was composed of 10% (w/w) NIPAM, 0.02% (w/w) BIS, 3% (w/w) NaAlg, and 1% (w/w) fluorescence beads.
The AAM-based ink was composed of 10% (w/w) acrylamide, 0.02% (w/w) BIS, 1% (w/w) fluorescence
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beads, 0.5% (w/w) IRGACURE1173, and 3% (w/w) NaAlg. We attached a Y-shaped connecter to the
nozzle. We printed multi-hydrogels simultaneously, where the flow rate of the NIPAM-based ink was
0.5–0.7 μL/s, and the flow rate of the AAM-based ink was 0.3–0.5 μL/s. UV light was irradiated on the
printed ink for 60 s. After the irradiation, the container of CMC aq was placed into a beaker filled with
water to get the multi-hydrogel. Then, the multi-hydrogels were placed into heated water (48 ◦C) for 5
min. We obtained the curvature using a microscope.

2.7. Demonstration of 4D Printing

The NIPAM-based ink was composed of 10% (w/w) NIPAM monomer, 0.01% (w/w) BIS, 1%
(w/w) fluorescence beads, 0.5% (w/w) IRGACURE1173, and 3% (w/w) NaAlg. The AAM-based ink
was composed of 10% (w/w) acrylamide, 0.02% (w/w) BIS, 1% (w/w) fluorescence beads, 0.5% (w/w)
IRGACURE1173, and 3% (w/w) NaAlg. We printed a circle, the character “T”, and a spring shape using
the NIPAM-based ink only. We also printed the character “C” by ejecting NIPAM-based and AAM-based
ink. The printed structures were exposed to UV light for 60 s to polymerize. After irradiation, the
container of CMC aq was placed into a beaker filled with water to get the polymerized structures.
Then, the polymerized structures were placed into water that had settled at room temperature. Then,
the polymerized structures were placed into heated water (48 ◦C), which was heated using a hotplate.
The polymerized structures were observed using a microscope.

3. Results

3.1. Position of Printed Ink in Supporting Viscous Liquid

Our printing system was simply composed of a nozzle consisting of a needle, a syringe pump, and
xyz-motorized precision stages (Figure 2). The printed ink was ejected from the nozzle into a container
filled with CMC aq and kept the constant width of the printed pattern. In our system, CMC aq was
viscous (8.11–383 mPa·s) and worked as a supporting viscous liquid for the printed ink, enabling us to
fabricate 3D hydrogel structures after the polymerization of the patterned ink.

To investigate the printing performance of the ink in CMC aq, we evaluated the printed position
of the ink. We printed a straight 20 mm line of ink and measured the top and bottom positions (z-axis)
of it, ztop and zbottom, respectively, at 10 mm from the nozzle (Figure 3a). We tested six parameters: Two
liquid parameters (the concentrations of NaAlg in the printed ink CNaA and CMC in the supporting
viscous liquid CCMC), two ejection parameters (the diameter d of the nozzle and the flow rate Q of the
ejected ink solution), and two printing parameters (the stage speed v and the depth of the nozzle h).
The listed values for these parameters (Figure 3b) were set as a standard condition for the experiment.
These parameters were varied one at a time to examine the effect on the printed ink pattern. For
example, Figure 3c presents the images of printed ink patterns in the z-axis when CCMC was varied as
0.4%, 1.0%, and 1.6%.

Figure 3d.1–d.6 shows the plots of ztop and zbottom when single parameters were varied. For the
liquid parameters, ztop and zbottom increased when CNaA decreased or CCMC increased (Figure 3d.1,d.2).
As these concentrations determine the viscosities of the liquids, the results suggest that the z position
of the printed ink can be adjusted through the viscosities of the printed ink and supporting fluid. For
the ejection parameters, ztop and zbottom increased when d increased or Q decreased (Figure 3d.3,d.4),
indicating that the z position of the ink depends on the ejection speed, V, of the ink at the nozzle tip,
described as.

V =
Q

π( d
2 )

2 (1)

Finally, for the printing parameters, the ztop and zbottom increased when v or h increased
(Figure 3d.5,d.6). We consider that pressure loss occurred at the back of the cylindrical nozzle,
where the nozzle moved. Because pressure loss depends on v and h, the position of the printed ink
was moved upward.
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3.2. Width of Printed Ink in Supporting Viscous Liquid

Next, we investigated the width of the printed ink in terms of the above parameters. Similarly to
the experiment in 3.1, we printed a 20 mm straight line of ink and measured the width of the printed
ink from the side view (z-axis width), wz, and top view (y-axis width), wy, at 10 mm away from the
nozzle (Figure 4a,b). Based on the standard conditions in Figure 3b, the parameters were varied one at
a time. For example, Figure 4c shows that the widths, wz and wy, of the printed ink patterns changed
at stage speeds v of 0.5, 1.0, and 1.5 mm/s.

 

Figure 4. Measurement of the width of the printed ink in the supporting viscous liquid. (a) wz is
defined as the z-axis width of the printed ink at 10 mm away from the nozzle. (b) wy is defined as
the y-axis width of printed ink at 10 mm away from the nozzle. (c) Images of the printed ink with
various stage speeds. wz and wy decreased as the stage speed increased. (d) wz and wy under various
conditions. wz and wy can be mainly controlled by the flow rate and stage speed.
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Figure 4d.1–d.6 presents the plots of wz and wy when individual parameters were varied. In
our experiments, wz and wy approximately ranged from 600 μm to 1.3 mm and 400 μm to 1 mm,
respectively. In addition to these experimental values, the theoretical width of the printed ink, w0,
expressed as

w0 =

√
Q

v( d
2 )

2 (2)

was also plotted as open circles. Note that we hypothesized that the shape of the printed ink was an
ideal cylinder.

The widths of the printed ink, wz and wy, varied depending on Q and v (Figure 4d.1,d.2). Both
widths increased when Q increased or v decreased. This tendency matched with the theoretical
description in Equation (1). For the liquid parameters, wz decreased as CNaA increased, although wy

remained constant (Figure 4d.3). Furthermore, wz increased as CCMC increased, although wy also
remained constant (Figure 4d.4). We consider that the changes in wz resulted from the drag force in
the z-direction caused by the pressure loss around the nozzle. The two parameters d and h did not
influence wz and wy (Figure 4d.5,d.6).

The tendencies of the position and width of the printed ink when the parameters varied are
summarized in Table 4. The results confirm that, although the z-axis position was affected by the various
parameters, the width of the printed ink could be simply controlled by adjusting Q and v. Unless
otherwise noted, we adopted the standard conditions (Figure 3b) for the following printing experiments.

Table 4. Trends of ztop, zbottom, wy, and wz under printing parameter changes.

Parameter ztop, zbottom wz wy

CNaA↑ ↓ ↑ →
CCMC↑ ↑ ↓ →

d↑ ↑ →
Q↑ ↓ ↑
v↑ ↑ ↓
h↑ ↑ →

3.3. Evaluation of Printed Ink Patterns

The printed inks can be patterned in the supporting liquid using programmed motions of the
x, y, and z motors. To examine drawing capability, we printed a line with a single corner of various
angles θ ranging from 30 to 150◦ (Figure 5). Ideally, the patterns of the printed ink should be the same
as the tracks of the nozzle. However, the patterns of the printed ink were slightly dragged by the
motion of the nozzle and did not exactly match with the tracks of the nozzle (Figure 5a). To evaluate
the difference between the printed patterns and the track of the nozzle, we defined the error area Aerror

as the dragged area of the patterned ink at the corner (Figure 5a).
As shown in Figure 5b, the patterned ink (v = 1.0 mm/s, Q = 1.0 μL/s) was distorted depending on

the angle of the corner. We examined the relationship between the error area Aerror and corner angle θ
for three different nozzle speeds and flow rates (v = 0.5, 1.0, and 1.5 mm/s: Q = 0.5, 1.0, and 1.5 μL/s,
respectively) to keep the diameter of the printed ink patterns constant. The error area Aerror increased
as the angle θ increased, reaching the maximum when θwas 120◦ for all three nozzle speeds (Figure 5c).
For all angles θ, the slower the nozzle speed v, the lower the error area Aerror. According to these
results, to print a corner pattern precisely, a small flow rate and slow stage speed should be chosen.
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Figure 5. Evaluation of printed ink pattern. (a) The error area is defined as the dragged area of the
patterned ink at the corner. (b) Images of the printed corners with different angles θ. The patterned
ink (v = 1.0 mm/s, Q = 1.0 μL/s) was distorted depending on the angle of the corner. (c) Relationship
between the error area and θ with different Q and v values. The error area increased as the angle
increased, reaching the maximum when the angle was 120◦ for all three nozzle speeds. For all angles,
the slower the nozzle speed, the lower the error area.

3.4. Polymerization of Printed Ink in Supporting Viscous Liquid

In our printing method, the printed ink is polymerized using UV irradiation in the supporting
viscous liquid (CMC aq), where the printed ink gradually diffuses. Thus, the interval time between the
UV irradiation and printing is important for polymerization. We examined the relationship between
the polymerization of the printed ink in CMC aq and the interval time. To verify the polymerization, we
defined the gelation ratio as the diameter dpolymer of the polymerized pattern after the UV irradiation
divided by the diameter dinitial of the printed ink pattern before UV irradiation (Figure 6a). Figure 6b
shows that the diameter of the polymerized ink became narrower as the interval time increased. Thus,
the gelation ratio decreased as the interval time increased (Figure 6c). This is because the gelation
area became narrower, owing to the diffusion of the printed ink in CMC aq before UV irradiation.
These results indicate that a shorter interval time between printing and UV irradiation can reduce the
difference between the polymerized patterns and printed ink patterns.

 
Figure 6. Polymerization of the printed ink in CMC aq. (a) Gelation ratio is defined as the diameter of
the polymerized ink after UV irradiation divided by the diameter of the printed ink pattern before UV
irradiation. (b) Fluorescence images of the polymerized printed ink. (c) Gelation ratio for different
interval times. The gelation ratio decreased as interval time increased.
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3.5. Responsivity of External Stimuli

We investigated the responsivity of the polymerized printed hydrogel patterns to thermal
stimulation. The shrinking/swelling characteristics of the polymerized hydrogel pattern were evaluated
by measuring the shrinking ratio wn/w0 in response to changes in the temperature (Figure 7a), where
w0 is the initial width of the polymerized pattern, wn is the width of the pattern after stimulation, and
n is the number of stimuli. We repeatedly heated (48 ◦C) and cooled (23 ◦C) the polymerized hydrogel
pattern (5 min per each cycle) and evaluated the shrinking ratio (Figure 7b). The shrinking ratio was
repeatedly varied from approximately 0.3 to 0.95, corresponding to heating and cooling, respectively.
These results suggest that the polymerized printed hydrogel patterns could deform repeatedly in
response to heating/cooling cycles.

Figure 7. Responsivity of the polymerized hydrogel to thermal stimuli. (a) Definition of the shrinking
ratio dn/d0. Shrinking ratio is obtained by the diameter of the polymerized printed ink after being
heated or cooled divided by the initial diameter of the polymerized printed ink before stimuli. (b) The
repeatability of shrinking/swelling behavior of the polymerized printed ink. The polymerized printed
ink shrunk or expanded according to heating or cooling.

3.6. Printing of Multi-Hydrogels Structures

In addition to investigating the simple shrinking/swelling motions of the printed hydrogel patterns,
the printing of multiple types of materials was performed, enabling various deformations. We utilized
two different pre-gel inks, NIPAM-based and AAM-based, and infused these inks to the nozzle
simultaneously via a Y-shaped connecter (Figure 8a). After UV irradiation, the polymerized hydrogel
pattern exhibited a double-layer structure. We prepared three different double-layer hydrogel structures
which were fabricated by NIPAM/AAM flow rates of 0.5/0.5 μL/s, 0.6/0.4 μL/s, and 0.7/0.3 μL/s. First,
we investigated the printing pattern of the double-layer structure by measuring the patterned ratios
PN and PA (PN = wN/wH, PA = wA/wH, where wN is the width of the pNIPAM gel, wA is the width
of the pAAM gel, and wH is the total width) (Figure 8b). Figure 8c shows that PN increased and PA
decreased when the flow rate of the NIPAM ink increased and that of the AAM ink decreased. Next,
we investigated the responsivity of the double-layer structure to a thermal stimulus. The pNIPAM
hydrogel responds to thermal stimuli, whereas the pAAM hydrogel does not. Thus, a folding motion
of the polymerized double-layer hydrogel pattern can be achieved in response to a thermal stimulus.
We measured the curvatures of these double-layer hydrogel patterns after heating (Figure 8d). The
curvature of the double-layer hydrogel structure increased when the flow rate of the NIPAM-based
ink increased (Figure 8e,f). A large curvature resulted from increasing the cross-sectional area of the
pNIPAM. Figure 8c,e shows that a large curvature can be achieved by setting a large flow rate for the
NIPAM ink to increase PN. These results suggest that deformation control can be achieved by printing
multi-hydrogels with controlled layer thicknesses by adjusting the flow rate of the ink.
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Figure 8. Printing of multi-hydrogel structures. (a) A schematic of the setup to print multi-hydrogel
inks. The N-isopropylacrylamide-based stimuli-responsive pre-gel solution (NIPAM)-based pre-gel
ink and the acrylamide-based non-responsive pre-gel solution (AAM)-based pre-gel ink were ejected
into CMC aq via the nozzle attached to a Y shape connector. (b) The definition of the patterned
ratios PN and PA which is obtained by the width of poly-N-isopropylacrylamide (pNIPAM) gel or
polyacrylamide (pAAM) gel divided by the total width of the polymerized inks, respectively. (c) Results
for the patterned ratios PN and PA with different flow rates Q. The scale bars are 500 μm. The PN

increased and the PA decreased when the flow rate of the NIPAM ink increased and that of the
AAM ink decreased. (d) The definition of the curvature radius of a heated multi-hydrogels structure.
(e) Results for the curvature radius of heated multi-hydrogels structures with different flow rates. The
curvature increased when the flow rate of the NIPAM-based ink increased. (f) Images of the deformed
multi-hydrogels structures.

3.7. Demonstration of 4D Printing

Finally, we fabricated variations of 4D structures to demonstrate the effectiveness of the proposed
method. We set the program of stages to be performed in a circle (Figure 9a.1). Figure 9a.2 presents the
images of the fabricated circular structure and its response to thermal stimuli, indicating that not only
angulated patterns (see Section 3.3) but also rounded patterns can be fabricated using our method.
Furthermore, we printed the character “T” and a 3D spring shape (Figure 9b.1,c.1). Figure 9b.2,c.2
presents the images of the fabricated structures and their response structures, indicating that the
cross point (Figure 9b.2) and internal gaps (Figure 9c.2) can be fabricated and maintained following
stimulation. By printing cross points, complex 4D structures such as deformable 3D meshes could
be fabricated.
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Figure 9. A demonstration of 4D printing. (a) Schematic illustration and images of printed structures
and heated structures with a rounded pattern. (b) Schematic illustration and images of a fabricated
T-shaped structure and a heated T-shaped structure with a cross point. (c) Schematic illustration and
images of a fabricated spring structure and heated spring structure with an internal gap. (d) Schematic
illustrations of printing a C-shaped structure with multi-hydrogels (d.1) and its 3D deformation from
the C-shaped structure to the spring-shaped structure. (d.2) Fluorescence images of the fabricated
C-shaped structure (d.3) and the transformed spring structure obtained by heating. (d.4) Time-lapse
images of the C-shaped structure.

Finally, we printed the character “C” by moving the stages in a “C” shape and ejecting
NIPAM-based (0.7 μL/s) and AAM-based (0.3 μL/s) ink at the same time (Figure 9d.1). The printed
structure exhibited twisted ink patterns and deformed three-dimensionally into a spiral shape
(Figure 9d.2). Figure 9d.3 presents the images of the fabricated structure, a spring shape, and its
response. Figure 9d.4 presents the time-lapse images of the deformation. Figure 9d.3,d.4 shows that
the fabricated 4D structure can deform three-dimensionally by printing with multi-hydrogels. By
printing internal gaps and multi-hydrogels, 4D structures can exhibit various deformations in response
to external stimuli, as there is space in which to deform. These results suggest that our proposed
method could enable the printing of complex 4D multi-hydrogels structures with cross points and
internal gaps.

4. Discussion

We demonstrated a fabrication method for 4D structures composed of multiple types of
stimuli-responsive hydrogels while using a viscous liquid as the supporting material during printing
with the simple setup: A nozzle, syringe pumps, and motorized stages. Regarding printing performance,
the condition shown in Figure 3b is suitable for printing conditions in the current setup. The width
of the printed ink is controlled by Q and v rather than the diameter of the nozzle d. In addition, our
approach allows us to expand the number of printing materials by using a nozzle with branched
channels. Regarding printable structures in our method, it is possible to fabricate 4D structures with
internal gaps that have not been fabricated in previous methods [10,11]. By printing internal gaps,
it is possible to create functional materials and machines that achieve complex motions or material
encapsulation inside the printed structures. Regarding the deformation of 4D structures in response to
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stimuli with our method, various complex motions of printed structures could be achieved depending
on the patterned ratio of multi-layered structures controlled by an adequate flow ratio of NIPAM/AAM
inks. In addition, 4D structures with internal gaps can deform in various ways, including the formation
of 3D spring structures from a 2D printed C-shaped pattern (Figure 9d) and the anisotropic deformation
of multi-layered stimuli-responsive hydrogel springs [24]. Moreover, those 4D structures could deform
repeatedly in response to thermal-stimuli because the repeatable responsivity of pNIPAM gel to
thermal-stimuli was already reported elsewhere [25,26]. During deformation, the delamination of
gel at the cross point (Figure 9b) did not occur (even if the area of the bonding area was smaller than
the width of the printed ink) because of proper crosslinking by covalent bond between the layers (c.f.
three possible combinations of layers: pNIPAM/pNIPAM gel layers, pNIPAM/pAAM gel layers, and
pAAM/pAAM gel layers) [12,27].

Regarding 4D printing techniques, printing ink directly in a viscous liquid is characteristic
in our printing method. On the other hand, similar methods in 3D printing techniques have
been demonstrated: Printing ink directly in a supporting self-healing gel to fabricate hydrogel 3D
structures [28], electronics [29], and vascular networks [30] has been reported. In addition, printing
ink directly in granular gel to fabricate silicon 3D structures and hydrogel 3D structures [31] has
been reported. Compared to those reported methods, we used a simple viscous supporting material,
CMC aq. That is, the printing performance of our method could be enhanced by combining it with
reported methods.

There are some challenges in this method. First, the printed ink in the supporting viscous liquid
was dragged in the direction of movement of the nozzle because the flow of the supporting viscous
liquid (CMC aq) occurred around the nozzle. To improve this, it is necessary to reduce the flow of
the supporting material by using a nozzle with a small diameter or by decreasing the stage speed.
Second, the printed ink becomes narrow and gradually disappears because of its diffusion in the
supporting viscous liquid (Figure 6c). This phenomenon would be a problem for printing large-scale
patterns that take longer to print. To solve this problem, it is necessary to polymerize the printed
ink immediately after the ink is printed in the supporting viscous liquid. For example, an integrated
nozzle that has an optical waveguide for UV irradiation at the tip of the nozzle could be adopted for
immediate polymerization.

5. Conclusions

We proposed a new fabrication method for 4D structures composed of stimuli-responsive hydrogels
by using a viscous liquid as a supporting material during printing. Using this method, printed 4D
structures with internal gaps, which have not been fabricated using previous methods, can be fabricated.
We confirmed that the position of the printed ink was influenced by various parameters. The widths
of the printed ink, wz and wy, ranged from approximately 600 μm to 1.3 mm and 400 μm to 1 mm,
respectively. To print 4D structures accurately, a slower stage speed and smaller nozzle diameter
should be utilized. Polymerized printed ink that has been irradiated by UV in liquid CMC aq can
repeatedly respond to external stimulation. Complex 4D structures exhibiting various deformations
in response to external stimuli could be fabricated by printing multi-hydrogels with cross points
and internal gaps. We believe that our proposed method would be useful for printing complex 4D
structures with multiple functions in environmental monitoring and medical applications.
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Abstract: We modeled a kirigami structure by considering the influence of non-uniform deforming
cuts in order to theoretically design the mechanical characteristics of the structure. It is known that
the end regions of kirigami structures are non-uniformly deformed when stretched, because the
deformation is inhibited at the regions close to both the ends connected to the uncut region in the
longitudinal direction. The non-uniform deformation affects the overall mechanical characteristics
of the structure. Our model was intended to elucidate how cuts at both ends influence these
characteristics. We focused on the difference in the deformation degree caused by a cut between
the regions close to the ends and the center of the stretched kirigami device. We proposed a model
comprising of connected springs in series with different rigidities in the regions close to the ends
and the center. The spring model showed good prediction tendency with regard to the curve of
the stress–strain diagram obtained using the tensile test with a test piece. Therefore, the results
show that it is possible to theoretically design the mechanical characteristics of a kirigami structure,
and that such a design can well predict the influence of cuts, which induce non-uniform deformation
at both ends.

Keywords: flexible device; stretchable electronic substrate; kirigami structure; mechanical metamaterials

1. Introduction

Our objective in this study was to design the mechanical characteristics—such as rigidity and
breaking point—of a kirigami structure theoretically by means of a model that considers the influence
of cuts, which induce non-uniform deformation at both ends of the stretched kirigami structure.

In recent years, many researchers have conducted investigations using sheets with incised periodic
cuts, or so-called kirigami structures. Such structures show interesting mechanical characteristics [1–27].
For example, a kirigami structure can tune the rigidity and breaking strain of the overall device by virtue
of changes in its length or the density of cuts in the structure [1–9]. Shyu et al. elucidated the tendency
of the stress–strain diagram by stretching the kirigami structure using different parametric conditions
and by analyzing the deformations of the structure with finite element modelling [1]. Isobe and
Okumura studied the relation between the geometric parameters and rigidity of a kirigami-structured
device using the balance of elastic strain energies. They considered a beam model of the kirigami
structure and fixed the number of cuts per unit cycle in the longitudinal direction of the structure [2].
Hwang and Bartlett designed a kirigami structure to specifically increase the breaking strain by
approximately 1.7 times. The structure was novel in that “minor cuts” were also introduced at
both cut ends [3]. Wang et al. developed a kirigami-patterned stretchable conductive film (KSCF)
fabricated by laser cutting composites of carbon nanotube conductive networks and an elastic
polydimethylsiloxane substrate. Interestingly, the normalized resistance change of the KSCF was
0.10, even after 5000 stretching tests using 0 to 400% strain [4]. Tang and Yin controlled the inclining
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direction of out-of-plane deformation in a kirigami structure by devising patterns of notches at
the front and reverse sides [5]. Lei and Nakatani analyzed the transiting process from in-plane to
out-of-plane deformation by modeling a kirigami structure with a beam combination [6]. Rafsanjani
and Bertoldi [7] and Tang and Yin [8] designed rigid sheet kirigami structures with square cut units.
Moshe et al. proposed an elastic change framework to understand kirigami mechanics in thin sheets
with perforations [9]. Dias et al. designed linear actuators that can perform four fundamental
forms of linear actuation, that is, roll, pitch, yaw, and lift, by tuning the locations and arrangements
of the cuts [10]. Various practical applications have been suggested by changing the mechanical
characteristics of kirigami structures, such as increasing the breaking strain of the material and testing
steric out-of-plane deformations by stretching the structure [11–26]. Such applications include strain
sensors [11–14], stretchable heaters [15], solar cells with solar tracking systems [16], bioprobes [17],
crawling robots [18], artificial muscles [19], soft deployable reflectors [20], self-folding hinges [21,22],
metamaterial bricks [23], and adhesives with tunable anisotropic adhesive strength [24]. It has been
confirmed that a kirigami structure becomes non-uniformly deformed when it is stretched, because the
deformation is inhibited at regions close to both ends connected to the uncut region in the longitudinal
direction [1–5,11–17]. The non-uniform deforming affects the mechanical characteristics of the overall
device. However, the influence of non-uniform deformation on these characteristics has not been
analyzed and designed theoretically. In a conventional kirigami structure, the issue of the non-uniform
deforming affects has been ignored by increasing the number of patterns per unit cycle of the kirigami
structure. This conventional approach can reduce the influence of non-uniform deformation but is
not applicable when the range including a kirigami structure is determined or when it is desired to
have as low a range as possible. For example, consider a kirigami structure used in an electronic
circuit to obtain stretchable wiring parts; it is important to reduce the number of wiring parts to the
greatest possible extent and increase the area of the substrate region available for mounting electronic
elements. If the mechanical characteristics of the kirigami structure can be theoretically designed while
considering non-uniform deformation, it is possible to realize the required mechanical characteristics
by making cuts in the minimum range.

In this study, we modeled a kirigami structure to elucidate how cuts at both ends, which induce
non-uniform deforming, influence the mechanical characteristics of the overall device. We focused on
the difference in the degree of deformation caused by cuts between regions close to the ends and the
center of a stretched kirigami device. We proposed a model of connected springs in series based on the
hypothesis that there is different rigidity of the regions close to the ends and the center. We derived
formulas from the connected springs model, showing the relation between the number of patterns per
unit cycle and the mechanical characteristics of the overall device containing the kirigami structure.
Comparing the derived model formula and the value measured using the tensile test, we examined
whether the proposed model is applicable to kirigami structures. The test piece with a kirigami
structure was used for the tensile test. It was made of polyimide (PI) copper (Cu) substrate, which
is often used as a film substrate in a flexible device. Section 2 describes the definition of a kirigami
structure, and the theory of the spring model proposed in this study and tensile test method. Section 3
describes the mechanical characteristics of a kirigami structure by tensile test. Moreover, we examined
whether the proposed spring model was applicable to the kirigami structure by comparing the model
values to the spring model values measured by the tensile test. Section 4 describes the conclusions of
this study.

2. Theory and Methods

2.1. Definition of a Kirigami Structure

In this paper, we define a kirigami structure as shown in Figure 1. The kirigami structure has
periodic cuts in the width direction, and the set of cuts lined in the width direction is repeated in the
longitudinal direction. Here, two repetitive cut lines are defined as one pattern cycle. A circular hole is
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provided at each end of the cut to reduce stress concentration because it is known that when a kirigami
structure is stretched, stress is concentrated at both ends of the cut, which could induce cracks [27].
The various dimension parameters that can describe a kirigami structure include cut width w [mm],
cut distance d [mm], cut pitch p [mm], diameter of circular hole h [mm], and number of pattern cycles
n. The mechanical characteristics of a kirigami structure or a device that includes this structure can
change with any modifications to the dimension parameters [1–10]. The kirigami structure shown in
Figure 1 is deformed in the three-dimensional and out-of-plane directions after in-plane deformation
in two dimensions.

Figure 1. Parameters of a kirigami structure and cut patterns.

2.2. Theory of the Spring Model Proposed in This Study

The stretching of the kirigami structure shown in Figure 1 results in the shape seen in Figure 2a.
As shown in Figure 2a, there are differences in deformation between the regions in the center and
non-uniformly deformed regions. The deformation in one pattern cycle at the edge is non-uniform
compared with the other. Based on this fact, we divided a kirigami structure into three regions,
with two regions showing non-uniform deformation at both ends, and one region showing uniform
deformation at the center, as shown in Figure 2b. The three divided regions are considered as a model
of springs in series, in which two hard springs sandwich n − 2 soft springs, as shown in Figure 2c.
A typical stress–strain diagram of a kirigami structure shows non-linear curves, as shown in Figure 2d.
Thus, we considered elongation stress per strain E(ε) and breaking strain εcb to characterize a kirigami
structure mechanically. The elongation stress per strain E(ε) is a physical value that extends Young’s
modulus beyond the linear region. Therefore, if the structure is in the linear region, E(ε) is constant
and takes the same value as Young’s modulus. The definition of the elongation stress per strain is
depicted as seen in Equation (1) and Figure 2d.

E(ε) def
=
σ(ε)

ε
(1)

Then, we considered that a combined spring, namely the two hard springs and the n − 2 soft
springs connected in series, are stretched by stress σ, as shown in Figure 2c. We assumed that the
strains of the two hard springs and the n − 2 soft springs are ε0 and ε1, respectively, and the combined
strain of the whole spring of length L is εc. Considering the displacement by stress σc, we obtained
Equation (2).

εcL =
2
n
ε0L +

n− 2
n
ε1L (2)

In Equation (2), we assumed that each spring has the same length (L/n), corresponding to the cut
pitch of the kirigami structure. Then, we posited that the two hard springs and the n − 2 soft springs
have an elongation stress per strain E0(ε0) and E1(ε1), respectively, as shown in Figure 2c. Considering
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the balance of stress when the springs connected in series are stretched by stress σ, the combined
elongation stress per strain of the whole spring Ec(εc) is represented as

εcEc(εc) = ε0E0(ε0) = ε1E1(ε1) (3)

Figure 2. (a) Photograph of a stretched kirigami structure. (b) Definition of non-uniform deformed
regions at both ends. (c) A spring model of the kirigami structure, in which two hard springs with an
elongation stress per strain E0(ε0) sandwich n − 2 soft springs with an elongation stress per strain E1(ε1).
(d) The combined stress–strain curve of the whole spring σc(ε) can be obtained from stress–strain curves
σ0(ε) and σ1(ε) of each spring.

In Equation (3), we assumed that all the springs are of the same cross-sectional area, corresponding
to the cross-sectional area of the substrate. From Equations (2) and (3), the elongation stresses per
strain of each spring E0(ε0) and E1(ε1) are used to express the elongation stress per strain of the whole
spring Ec(εc), as shown in Equation (4) and Figure 2d.

Ec(εc) =
nE0(ε0)E1(ε1)

2E1(ε1) + (n− 2)E0(ε0)
(4)

We used the model of Equation (4) to analyze the kirigami in Figure 1. In our analysis, if we
obtained E0(ε0) and E1(ε1) experimentally, we could obtain the elongation stress per strain Ec(εc) for
any number of pattern cycles n. The values E0(ε0) and E1(ε1) were obtained by fitting to the model
of Equation (4) using the measured value Ec(εc) on various number of pattern cycles n. In addition,
we considered the connected springs in series model to elucidate the relationship between n and
breaking strain. The breaking strains of the springs with the respective elongation stress per strain
E0(ε0) and E1(ε1) are defined as ε0b and ε1b respectively. If we assume the breaking strains ε0b and ε1b

are almost the same, we can obtain the combined breaking strain εcb of the whole spring is as follows
from Equation (2).

εcb =
2
n
ε0b +

n− 2
n
ε1b (5)

In our analysis, the values ε0b and ε1b were obtained by fitting to the model of Equation (5) using
the measured values εcb on various number of pattern cycles n.
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2.3. Tensile Testing Method

Comparing the derived formula and results from the tensile test, we examined the applicability of
the proposed model to the kirigami structure. Test pieces for the tensile test were fabricated using
PI-Cu substrate (Toray Advanced Materials Korea, Metaroiyal®), and a film of Cu was formed by
sputtering and electrolytic Cu plating. The thicknesses of the PI and Cu layers on the substrate were
25 μm and 8 μm, respectively. The test piece for the tensile test was shaped as a bar and the kirigami
structure was included in the central region. The test piece included non-cut areas, which measured
10 mm in the longitudinal direction, at both ends. The kirigami structure for the test piece was cut out
using an ultraviolet laser beam machine (Osada Photonics International, OLMUV-355-5A-K) with a
wavelength of 355 nm. The tensile test was performed by stretching the test piece using the tensile
testing machine with an integrated force gauge (IMADA, ZTA-5N) and electric measurement stand
(IMADA, MX2-500N). The test piece was fixated by jigs (IMADA, FC-41U, FC-41U-F) equipped with
urethane rubber on one side, so as not to break the chuck region on stretching. Figure 3 shows the
experimental setup for the tensile test. The test piece was fixed by the jig so that the tested length
was 6 mm from both ends in the longitudinal direction. The static tensile test was selected in order to
evaluate the mechanical characteristics of the kirigami structure, and the lifting speed of the tensile test
was 10 mm/min, which was sufficiently slow compared to the length of the test piece. When stretching
the test piece with the tensile testing machine, load and elongation were monitored by the force gauge,
and the load–elongation diagram was prepared for the kirigami structure. The test piece started
stretching from its bended state and, once the load reached 0.01 N, the zero position of load–elongation
diagram was set (namely, the load and elongation were zero at this point). The stress–strain diagram
was produced using the obtained load–elongation diagram. The obtained load was divided by the
cross-sectional area of the substrate, and the strain was divided by the gauge length of the test piece.
Here, we considered cross-sectional area of the substrate without cuts and defined length between
the ends of the cuts in the kirigami structure as the gauge length of the test piece. Figure 3b shows
definition of the cross-sectional area and gauge length of the test piece. The dimension parameters of
the test piece were fixed as follows: cut width w, cut distance d, cut pitch p, diameter of each round hole
h, and thickness of the substrate were 5 mm, 1 mm, 1 mm, 0.3 mm, and 33 μm, respectively. Six types
of pattern cycles (n) were used (3, 5, 10, 15, 20, and 25). A tensile test was conducted five times for each
of the six patterns.

Figure 3. (a) Photograph of the tensile test setup, and (b) definition of the test piece shape in the tensile
test and parameter dimensions.
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3. Results and Discussion

We examined whether the proposed spring model was applicable to the kirigami structure by
comparing the measured values when n was changed using Equations (4) and (5). Figure 4 shows
the stress–strain diagram using the tensile test. When n was 25, the stroke reached the upper limit
of the electric measurement device, and the test piece did not break. The elongation stress per strain
and breaking strain were calculated using the stress–strain diagram in Figure 4. Figure 5 shows the
relationship between the mechanical characteristics of the kirigami structure and n. As shown in
Figure 5a, elongation stress per strain decreased as n increased. As shown in Figure 5b, breaking
strain also increased as n increased. In the case of n = 10 where the influence of the non-uniformed
cuts at both ends is large, Ec(εc) increased by about 20% and εcb decreased by about 15%, compared
to the case of n = ∞. The case of n = ∞ means the ideal case occurs without the influence of the
non-uniformed cuts at both ends. These graphs indicated that the increase in n reduced the influence
of non-uniform deformation in both end regions, and the uniform deformation in the center region
became predominant toward determining the elongation stress per strain and breaking strain of the
overall device. The values of E0(ε0), E1(ε1), ε0b, and ε1b were then calculated from the measured values
Ec(εc), ε0b, and ε1b on various number of pattern cycles n as shown in Figure 5. The fitting curves
using the least squares method in Figure 5 were produced using Equations (4) and (5). In Figure 5,
we show that the values of the elongation stress per strain are E0(ε0) = 32.8 MPa and E1(ε1) = 0.878 MPa
at σc = 1.0 MPa, E0(ε0) = 7.78 MPa and E1(ε1) = 1.49 MPa at σc = 2.0 MPa, E0(ε0) = 5.83 MPa and
E1(ε1) = 1.78 MPa at σc = 3.0 MPa. In addition, we found that the values of the breaking strain were
ε0b = 0.451 strain, and ε1b = 1.41 strain. It was found that the proposed spring model was applicable to
the kirigami structure, because all the measured values fit the theoretical curves of Equations (4) and
(5). We confirmed whether the predicted curve of the stress–strain diagram from the spring model
shows the mechanical characteristics of the overall kirigami-structured device. When n = 10, the
non-uniformly deformed regions at both ends predominantly influence the mechanical characteristics
of the overall device. The average values of the elongation stress per strain and breaking strain of the
overall device at n = 10 in Figure 4 were plotted in the stress–strain diagram in Figure 6. The measured
values of E0(ε0), E1(ε1), ε0b, and ε1b for 10 pattern cycles were substituted into Equations (4) and (5).
Based on these equations, the model values of the elongation stress per strain and breaking strain for
n = 10 were plotted in the stress–strain diagram in Figure 6. The values derived from the equations
and the measured values were compared and found to be in good agreement. Accordingly, theoretical
design of the mechanical characteristics of the kirigami structure was made possible by applying the
spring model to the kirigami structure; the model can well predict the influence of cuts, which induce
non-uniform deformation at both ends.

Figure 4. Stress–strain diagram when stretching the kirigami structure for different values of n.
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Figure 5. Comparison between fitting curve by theoretical and measured values: (a) Relation between
n and elongation stress per strain, (b) Relationship between n and breaking strain.

Figure 6. Comparison of values calculated using the spring model and values in the stress–strain
diagram from the tensile test for n = 10 using the test piece.

4. Conclusions

In order to design the mechanical characteristics of a kirigami structure theoretically, we modeled
the stretching of such a structure when considering the influence of cuts inducing non-uniform
deformation at both ends. The stress–strain diagram for the stretched kirigami structure showed
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non-linear curves. Thus, we considered elongation stress per strain and breaking strain to characterize
the kirigami structure mechanically. For the modeling, we focused on the difference in the deformation
degree of the cut and divided the kirigami structure into three regions: two non-uniform deformed
regions for one cycle at both ends, and one uniform deformed region at the center. We proposed a
model of connected springs in series, which had different elongation stress per strain depending on the
regions, considering the cuts in one cycle as one spring. We derived formulas from the spring model,
which showed the dependence of elongation stress per strain and breaking strain of the kirigami
structure on the number of pattern cycles n. Comparing the derived formulas and the measured values,
we validated the proposed model. The values provided by the formulas of the spring model were in
good agreement with the values measured from the tensile test for both elongation stress per strain and
breaking strain, illustrating that the proposed spring model was applicable to the kirigami structure.
Our proposed spring model well predicted the tendency of the stress–strain diagram curve of the
kirigami structure test piece with n = 10, and compared to case of n =∞, it showed the large influence
of the non-uniform deformation at both ends, Ec(εc) increased by about 20% and εcb decreased by
about 15%. Based on the above, it is possible to theoretically design the mechanical characteristics of a
kirigami structure for certain values of w, d and p, while considering the influence of non-uniformly
deformed cuts at both ends. This can be accomplished by calculating E0(ε0), E1(ε1), ε0b, and ε1b in
Equations (4) and (5) by fitting from measured values.
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Abstract: For mounting electronic components through contact pressure using elastic adhesives, a
high contact resistance is an inevitable issue in achieving solderless wiring in a low-temperature and
low-cost process. To decrease the contact resistance, we investigated the resistance change mechanism
by measuring the contact resistance with various contact pressures and copper layer thicknesses.
The contact resistivity decreased to 4.2 × 10−8 Ω·m2 as the contact pressure increased to 800 kPa
and the copper layer thickness decreased to 5 μm. In addition, we measured the change in the total
resistance with various copper layer thicknesses, including the contact and wiring resistance, and
obtained the minimum combined resistance of 123 mΩ with a copper-layer thickness of 30 μm using
our mounting method. In this measurement, a low contact resistance was obtained with a 5-μm-thick
copper layer and a contact pressure of 200 kPa or more; however, there is a trade-offwith respect to
the copper layer thickness in obtaining the minimum combined resistance because of the increasing
wiring resistance. Subsequently, based on these measurements, we developed a sandwich structure
to decrease the contact resistance, and a contact resistivity of 8.0 × 10−8 Ω·m2 was obtained with the
proposed structure.

Keywords: surface mounting; flexible electronic device; contact resistance; contact pressure

1. Introduction

Recently, flexible electronic devices, such as flexible displays [1–5], batteries [6–10], and sensor
arrays [11–15], have been developed by many research groups [16–22]. In particular, healthcare
monitoring systems using flexible electronic devices, which can adhere to human skin, have attracted
considerable interest. In previous studies, to mount electronic components on a flexible circuit,
solders [23,24] or conductive adhesives [25,26] were used, and the contact resistivity is on the order of
10−11 Ω·m2 in solders and 10−9 Ω·m2 in conductive adhesives. The conductivity is the contact resistance
per unit contact area. Although a simple fabrication process is required for high-mix, low-volume
manufacturing to achieve individual optimization of healthcare monitoring systems, these fabrication
processes are quite complicated owing to both the dispensing and patterning processes. Moreover,
polyurethane and rubbers are mainly used for substrates of stretchable circuits, but their low heat
resistance causes problems in soldering and misalignment of electronic components owing to thermal
expansion. To solve these issues, solderless mounting methods via contact pressure using an elastic
adhesive [27,28] were proposed as a new simple manufacturing processes. These methods do not
require complex mounting processes and heating. Their applicability is, however, hindered by their
high contact resistance because the electrical connections are based on physical contact. The mechanism
for controlling resistance change to achieve low contact resistance is still not clear.
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Therefore, in this study, we first considered the mechanism of contact resistance change to clarify
the causes of this change. Then, the change in the contact resistance was experimentally measured
to investigate the relationship between the expected causes and the contact resistance. Second, we
developed a new mounting structure to obtain a high compression force to decrease the contact
resistance and evaluated the contact resistance.

2. Materials and Methods

First, the basic mechanism of contact resistance was considered. Contact resistance is the sum of the
constriction resistance and film resistance. The constriction resistance is influenced by the concentration
of current that flows into the real contact area between the conductor surfaces. The film resistance is
influenced by chemical films, such as oxide films, oil, and dirt films, on the conductor surface. In this
research, we focused on constriction resistance because the constriction resistance must be dominant
in this solderless mounting of electronic components; constriction resistance would decrease as the
real contact area increased. Figure 1a shows the schematic image of the contact resistance change in
the solderless mounting method. The electrical connection is formed via contact of surface-mounted
electronic components with contact pads of the metal layer, where the elastic adhesives provide
restoring forces to press them. For example, a surface-mounted electronic component is held by elastic
adhesives sandwiching from above and below in the sandwich structure proposed in this research,
shown in Figure 1c. The important feature here is the surface shape of the electrode of the electronic
components, as shown in Figure 1b. Most of the electrodes in surface-mounted electronic components
are generally not perfectly flat but slightly curved and rough, and so are the chip resistors. These
electrodes are gradual convex shapes 400-μm wide and 20-μm high, and the surface roughness of the
electrodes is less than a few micrometers. Figure 1 shows the decrease in the contact resistance caused
by the change in the contact area when an electronic component is pressed against the contact pads.
On applying the contact pressure, the contact pad deforms and the contact area with the electrodes
of the component is enlarged. Hence, Figure 1c suggests that the thinner metal electrodes exhibit
large deformation, and thus they make contact with the electrodes to lower the contact resistance.
Nevertheless, the thinner metal layers show larger resistance and are susceptible to damage owing to
excessive deformation. Therefore, it is important to investigate contact pressures to obtain a sufficiently
small contact resistance with different metal layer thicknesses and determine the thickness when the
sum of the contact resistance and wiring resistance is the lowest.

To evaluate the effect of the contact pressure and thickness of the metal layer on the contact
resistance, we experimentally measured the change in the contact resistance considering the contact
pressure and thickness of the metal layer. Figure 2a shows schematic images with the dimensions of
the experimental sample. The acrylic foam double sided adhesive sheet (Y-4905J, 3M, Maplewood, MN,
USA) with a thickness of 0.5 mm was cut to a length of approximately 30 mm and width of 20 mm and
affixed to a glass plate. A metal layer was patterned by laser cutting to a length of 10 mm and width of
5 mm using rolled copper films (Nilaco Co., Tokyo, Japan) with thicknesses of 5, 10, 30, and 50 μm. The
metal layers were transferred onto the elastic adhesive with a gap of 1 mm, and a surface-mounted chip
resistor (MCR10EZPJ000, ROHM Co., Kyoto, Japan) was placed on it. Figure 2b shows optical images
of a sample used in the experiment. Figure 3a,b shows optical images of the apparatus used to measure
the change in the contact resistance. The sample was fixed onto a movable stage with polyimide tape
to be pushed by a compression testing machine (ZTS-20N, IMADA Co., Aichi, Japan); this machine
has a pole with a small and flat end to press the chip resistor. The movable stage went up to apply
pressure on the chip resistor, and the value of the pressure was monitored by the compression testing
machine. The contact resistance was measured using a source meter (2614B, Keithley Instruments,
Cleveland, OH, USA) with four-terminal sensing. The applied voltage was 10 mV, and the current
compliance was 100 mA. Figure 3c shows the backside images of the experimental sample without and
with pushing by a compression testing machine. With pressing pressure, the chip resistor sunk into the
contact pad regions of the metal layer, and the contact pads largely deformed along the surface of the
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chip resistor. To measure and compare the total resistance, contact resistance (Rcontact), and wiring
resistance of the metal layer (Rwiring), we fabricated a sample device composed of a surface-mounted
electronic component with a metal layer of contact pads and wave-shaped wirings and an elastic
adhesive (Figure 4). We employed a chip resistor (MCR10EZPJ000, ROHM Co., Kyoto, Japan) with
an internal resistance (Rinternal) of 11 mΩ, a 0.5-mm-thick acrylic foam adhesive sheet, and a metal
layer of rolled copper films with thicknesses of 5, 10, 30, and 50 μm for the device fabrication. The
copper films were patterned to form contact pads and wave-shaped wirings with a width of 1.0 mm
and radius of 0.9 mm. The contact pads were fabricated with a length of 2.8 mm and width of 2.8 mm
at both ends of the wiring. The patterned copper film was placed on the adhesive sheet with a gap of
1 mm. Rwiring of the wave-shaped electrodes was measured by the source meter with four-terminal
sensing. Total resistance (Rtotal) is the sum of Rcontact, Rwiring, and Rinternal.

Figure 1. (a) Schematic image of electronic component mounting through contact pressure using an
elastic adhesive; (b) electrode surface profiles of surface-mounted electronic component; (c) deformation
of contact pad of metal layer of elastic adhesive sheet by gradually increasing contact pressure.
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Figure 2. (a) Schematic images of experimental sample; (b) optical image of sample.

Figure 3. Optical images of experimental apparatus used to measure the change in contact resistance.
(a) Optical image of apparatus; (b) optical image of enlarged view of experimental sample pressed by
compression testing machine; (c) optical images of experimental sample with and without pushing.
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Figure 4. Schematic image of sample device.

Based on the results obtained by measuring the above parameters, we fabricated several types of
electrode structures to obtain lower resistance using higher pressure and investigated the relationship
between the structures and compression force. We fabricated several samples of the simple adhesive,
concave, and sandwich structures and compared the contact resistivity of each structure. In this
measurement, we used an elastic adhesive with a thickness of 0.5 mm and a metal layer of rolled
copper films with a thickness of 5 μm for device fabrication. The depth of the concave region was
0.5 mm because we used two elastic adhesive sheets to make the concave structure. The metal layers
were patterned to the contact pad with a length of 10 mm and width of 5 mm formed via laser cutting.
Then, the electrodes were transferred onto the elastic adhesive with a gap of 1 mm, and a 0.5-mm-thick
chip resistor (MCR10EZPJ000, ROHM Co., Kyoto, Japan) as an electrical component was placed on
it. The contact resistivity (rcontact) was measured using the source meter 10 min after connecting. In
addition, we measured the contact resistivity in the sandwich structure with other surface-mounted
electronic components to investigate the encapsulation of the sandwich structure. A 0.6-mm-thick chip
resistor (RK73ZW2HTTE, KOA CORPORATION, Tokyo, Japan), a 0.64-mm-thick chip resistor (3522ZR,
TE Connectivity Ltd., Kanagawa, Japan), and a 1.1-mm-thick chip resistor (WSL251200000ZEA9,
Vishay Intertechnology, Inc., Pennsylvania, USA) were mounted in a sandwich structure in the same
manner as the chip resistor (MCR10EZPJ000, ROHM Co., Kyoto, Japan). Finally, to demonstrate the
application of the sandwich structure for flexible electrical circuits, we fabricated an electronic device.
A surface-mounted light emitting diode (LED) chip (OSR50805C1C, OptoSupply, N.T., Hong Kong,
China) was embedded in the sandwich structure using a 5-μm-thick copper film and 0.5-mm-thick
acrylic foam adhesive sheets to form an electrical contact.

3. Results and Discussion

Figure 5 shows the change in the contact resistivity (rcontact) against various contact pressures
(Pcontact) with various thicknesses of the copper contact pads (tmetal). rcontact is the contact resistance
per unit contact area. rcontact was much higher than 10−2 Ω·m2 at 0 kPa; it then dramatically decreased
to 10−7 Ω·m2 as Pcontact increased for each tmetal. Then, rcontact gradually decreased to as low as
approximately 10−8 Ω·m2 after Pcontact increased. Moreover, the contact pressure values with an
rcontact of 1.0 × 10−7 Ω·m2 for each tmetal are shown in Figure 5. The pressure value for an rcontact of
1.0 × 10−7 Ω·m2 decreased as tmetal decreased; these results indicate that the thin electrode decreases
the pressure value at an rcontact of 1.0 × 10−7 Ω·m2. The sample device fabricated to measure and
compare the total resistance, contact resistance (Rcontact), and wiring resistance of metal layer (Rwiring)
is shown in Figure 6. The copper films patterned to form contact pads and wave-shaped wirings are
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shown in Figure 4. Rcontact at a pressure of 800 kPa was measured as shown in Figure 3. Figure 6
shows Rcontact, Rwiring, Rinternal, and Rtotal for various values of tmetal. Rcontact decreased from 131.5 to
49.6 mΩ as tmetal decreased from 50 to 5 μm. Rwiring increased from 23.5 to 215 mΩ as tmetal decreased.
Rtotal decreased as tmetal decreased from 50 to 30 μm, and the resistance reached a minimum value of
123 mΩ at a tmetal value of 30 μm. Rtotal remained the same as tmetal decreased from 30 to 10 μm, and
then increased to 275 mΩ as tmetal decreased from 10 to 5 μm. Therefore, with these dimensions of the
device, Rtotal reached a minimum value in the tmetal range 30–10 μm. This result indicates a trade-off
point with respect to tmetal for minimizing Rtotal.

Figure 5. Relationship between contact pressure and contact resistivity with various copper layer
thicknesses. The number of trials in each thickness was five.

Figure 6. Relationship between thicknesses of copper layer tmetal, contact resistance Rcontact, wiring
resistance Rwiring, internal resistance Rinternal, and total resistance Rtotal. Five trials were carried out
to measure Rcontact for each thickness. Two trials were carried out to measure Rwiring and Rinternal for
each thickness.
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Figure 7 shows schematics and optical images of the structures based on three different designs
with the considered contact pressure and metal layer thickness for electrical connection from the
above measurement results. In this measurement, we used an elastic adhesive with a thickness of
0.5 mm, a metal layer of rolled copper films with a thickness of 5 μm, and a surface-mounted electronic
component with a height of 0.5 mm for device fabrication. Figure 7a is a simple adhesive structure, in
which a surface-mounted electronic component is simply placed on the contact pads of the metal layer
on the elastic adhesive. In this design, first, the electronic component is pressed against the contact
pads through an external force, and the electronic component contacts the elastic adhesive. Then,
after removing the external force, the elastic adhesive under the electronic component is deformed,
and the restoring force of the deformed elastic adhesive presses the electronic component against
the contact pads. As a result, an electrical connection is caused because of the restoring force. The
restoring force based on the deformation of the elastic adhesive is weak, however, and the contact
resistance is expected to be high. Therefore, we proposed a concave structure and a sandwich structure
to increase the restoring force and obtain lower contact resistance in different ways. Figure 7b shows
schematic images and an optical image of a concave structure, which is used with the non-uniform
thickness substrate of the elastic adhesive. Owing to the concave shape of the elastic adhesive under
the surface-mounted electronic component, the bottom of the concave shape of the elastic adhesive is
stretched more, and the electronic component is pulled down stronger than in the simple structure.
Figure 7c shows schematic images and an optical image of a sandwich structure. A surface-mounted
electronic component is placed on the contact pads on a base layer of the elastic adhesive; then, an
upper layer containing the elastic adhesive is placed on the electronic component and pressed via an
external force to contact the base layer strongly. After removing the external force, the elastic adhesives
are stretched to press the electronic component against the contact pads by providing a restoring force.

Further, we fabricated testing structures and obtained contact resistivity (rcontact) values of
2.5 × 10−2, 1.9 × 10−2, and 8.0 × 10−8 Ω·m2 for the simple adhesive, concave, and sandwich structures,
respectively, as shown in Figure 8a. Though the contact pressure value in these structures cannot be
directly measured because the contact pressure is an internal pressure, we can estimate the contact
pressure value from the contact resistance value based on the relationship between the contact pressure
and the contact resistance explained in Figure 5. According to the values of the contact resistance in
Figure 8a, the values of the contact pressure were estimated at less than approximately 60 kPa for
the simple adhesive and concave structures, and more than approximately 320 kPa for the sandwich
structure. The contact resistivity in the sandwich structure was on the order of 106 Ω·m2 lower than
that in the simple adhesive structure. This result indicates that the contact pressure was not sufficient
to obtain low contact resistivity with the simple adhesive structures or concave structure. In the case of
the concave structure, though high contact pressure was expected, it was considered that the elastic
adhesive under the metal layer was deformed via tilting, and the contact pressure was decreased. The
high contact pressure is also considered to be able to prevent the electrical component from slipping
off the contact pads of the metal layer when a flexible electronic device using contact pressure is
stretched or bent. Therefore, we are considering that the contact pressure is important for not only
the contact resistance but also the mechanical stability. In addition, we confirmed that the contact
resistivity in electronic components with different heights between 0.5 and 1.1 mm mounted by the
sandwich structure was less than 5 × 10−7 Ω·m2. Therefore, our method can use electronic components
with different heights. Figure 8b shows that an LED device fabricated using a sandwich structure
can function as an electronic device. In this experiment, the light intensity of the LED device was not
affected by the acrylic foam adhesive sheet because of the high transparency. We confirmed that the
chip LED continued emitting light for ten hours. Because the chip LED seemed to keep almost same
brightness ten hours later, we could consider that the contact resistivity of the chip LED was kept on
the order of 10−8 Ω·m2 for more than ten hours. These results indicate that a low contact resistance
can be obtained using the proposed sandwich structure, which facilitates the development of flexible
electrical circuits through a simple and low-cost process.
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Figure 7. Schematic images and optical images of the (a) simple adhesive structure, (b) concave
structure, and (c) sandwich structure.

Figure 8. (a) Comparison of contact resistivity values in simple adhesive, concave, and sandwich
structures; (b) flexible electronic device with light emitting diode (LED) chip mounted on a
sandwich structure.

4. Conclusions

We achieved a sufficiently small contact resistivity of 8.0 × 10−8 Ω·m2 between a surface-mounted
electronic component and a flexible circuit substrate through pressure using an elastic adhesive.
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First, we investigated the mechanism of contact resistance change to obtain a low contact resistance.
The change in contact resistance was measured at various pressures and using copper films having
thicknesses of 5, 10, 30, and 50 μm. As a result, the contact resistivity decreased to below 10−2 Ω·m2

when the pressure increased to approximately 200 kPa. Above 200 kPa, the contact resistivity gradually
decreased to 10−8 Ω·m2 as the contact pressure increased. Based on these measurement results, we
designed a sandwich structure to obtain a resistivity of 8.0 × 10−8 Ω·m2. Moreover, we fabricated a
simple flexible electronic device with an chip LED using the sandwich structure, and the chip LED
continued emitting light for ten hours after mounting.
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Abstract: This paper proposes a connecting mechanism for artificial vessels, which can be
attached/detached with ease and does not deteriorate the biocompatibility of the vessels at the
joint. The inner surface of the artificial vessels is designed to have high biocompatibility. In order
to make the best of the property, the proposed connecting mechanism contacts and fixes the two
artificial vessels whose contacting edges are turned inside out. In this manner, blood flowing inside
the vessels only has contact with the biocompatible surface. The biocompatibility, or biofouling at the
joint was investigated after in vitro blood circulation tests for 72 h with scanning electron microscopy.
Blood coagulation for a short term (120 min) was evaluated by activated partial thromboplastin time
(APTT). A decrease of APTT was observed, although it was too small to conclude that the connector
augmented the blood coagulation. The micro dialysis device which our group has developed as the
artificial kidney was inserted into the blood circulation system with the connector. Decrease of APTT
was similarly small. These experiments verified that the proposed connector can be readily applicable
for implantable medical devices.

Keywords: connector; artificial blood vessel; medical device; blood coagulation; implant; artificial
kidney; biocompatible

1. Introduction

Micro/nano technologies have enabled miniaturized medical devices [1–5]. When they are small
enough to be implanted, they can monitor and/or treat the patients continuously without bothering
their daily lives. Our group has been developing micro filtering devices which we aim to use as an
artificial kidney [6–8]. Currently, there are over 320,000 hemodialysis patients in Japan and 2.6 million
patients in the world [9,10]. The hemodialysis therapy is well developed, particularly in Japan, however
it leads to low quality of life of the patients. The patients are mandated to visit hospital three times
a week where they receive the treatment for 4 h. Frequent punctures do not only give pain to the
patients but also damage the blood vessels. The patients have severe restriction in water and salt
intake. Implantable artificial kidneys will alleviate these problems and drastically improve the quality
of life of patients.

One of the major challenges of the artificial kidney is biofouling, which deteriorates the dialysis
performance and may mandate the device to be replaced. In order to simplify the surgery procedures
and alleviate invasiveness to the patients, we propose to use a connector, as shown in Figure 1. The
device is connected to the blood vessels with the biocompatible artificial vessels, which can be separated
at the connector. In replacement of the device, or maintenance surgery, the access to the blood vessels
is preserved and only the device is exchanged. When the device is implanted at the shallow region
beneath the skin, the surgery will be of further ease.

Micromachines 2019, 10, 429; doi:10.3390/mi10070429 www.mdpi.com/journal/micromachines57
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Figure 1. Maintenance surgery of the artificial kidney (a) without and (b) with the connecting system.
It allows the device to be replaced while the connections between the artificial vessels and the artery,
vein, and bladder are maintained. The surgery can be less invasive and easier by implanting the device
at the shallow region beneath the skin.

The requirements for the connector include high biocompatibility, as well as ease of manipulation.
In this paper, we propose a connector mechanism which makes the best of the high biocompatibility
of the artificial vessels [11–13]. The connector brings the artificial vessels in contact, with their edges
being turned inside out, so that blood only comes in contact with the highly biocompatible inner
surface of the artificial vessels. It has a snap-fit mechanism for simple and firm connection. The
detailed mechanism was discussed and its biocompatibility, or blood coagulability, of the connector
was experimentally assessed. The proposed connector mechanism can be readily applicable to other
implantable medical devices.

2. Design and Assembly of the Connector

2.1. Biocompatibility

The biocompatibility that we focus on in this work is blood anti-coagulation. Blood coagulation
leads to the formation of blood clots and the clogging of the medical device. In case of the artificial
kidney, its filtration capacity deteriorates with the coagulation. One of the major factors of blood
coagulation is the contact of blood to foreign body surfaces [14]. Another factor is turbulence in the
blood flow which can be caused by the geometry of the flow paths [15–17]. The proposed connector
can be the solution for both factors. The blood anti-coagulation can be assessed by optical investigation
of thrombus at the surface and activated partial thromboplastin time (APTT), which represents the
speed of blood coagulation [17,18].

2.2. Mechanism Design and Assembly

In order to exploit the high biocompatibility of the artificial blood vessels, the connector is designed
such that blood only contacts the inner surfaces of the artificial blood vessels to be connected.

The connector consists of the cylindrical parts A and B made of metal and the snap-fit mechanism
that was manufactured by 3D printing, as shown in Figure 2a. The artificial vessels are the ePTF
graft (thin-wall straight type, W. L. Gore & Associates, Co., Ltd., Tokyo, Japan). The inner and outer
diameter are 6.0 mm and 6.8 mm, respectively. The parts A and B are manufactured from stainless steel
(SUS304) with inner and outer diameters of 6.8 mm and 7.6 mm and 8.2 mm and 9.0 mm, respectively.
The outermost parts for the snap-fit mechanism are 3D-printed from Nylon 12.
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Figure 2. Proposed connecting mechanism of artificial blood vessels. (a) The mechanism consists of
metal part A and B, 3D-printed snap fit mechanism, and artificial vessels. (b,c) The edges of the vessels
to be joined are turned inside out over part A. (d) They are brought into contact inside part B. (e) The
snap fit mechanism secures the connection. (f) The photo of the connected mechanism. The resulting
size of the connection mechanism is 15.4 mm in diameter and 29.0 mm in length.

First, the artificial vessels are inserted into the cylindrical part A and the edges to be contacted
are turned inside out (Figure 2b,c shows the case for one artificial vessel). They are brought into
contact and the cylindrical part B covers the joint part, as shown in Figure 2d. The 3D-printed snap-fit
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mechanism is brought over part B and locks the connection (Figure 2e). Figure 2f shows the photo of
the joint part with the connector. The assembly completes in 1 min, which we consider sufficiently
short. The fixing with the case was experimentally verified to be strong enough; no detachment or leak
was observed during the experiments. At the joint, a small ditch at the wall surface will be formed, as
shown in Figure 3. Biocompatibility at the ditch will be investigated later.

Figure 3. Joint area inside the connector. A small ditch is formed at the interface, where blood
coagulation might be promoted.

Since the mechanism is designed such that the blood only flows through the artificial vessels
without any deformation, the pressure drop across the connector was negligible, which was later
verified in the experiments.

2.3. Micro Filtering Device as the Artificial Kidney

The micro filtering device consists of nano porous polyether sulfone (PES) membranes and
microfluidic channels made of Titanium (The Nilaco Corporation, Tokyo, Japan). PES membranes
are formed by the wet inversion method from PES (Sumitomo Chemical Grade 4800P, Sumitomo
Chemical, Co., Ltd., Tokyo, Japan), poly(ethylene glycol) (PEG; molecular weight of 1000, Wako Pure
Chemical Industries, Ltd., Osaka, Japan), and N,N-dimethylacetamide (DMAc; Wako Pure Chemical
Industries, Ltd.). The microfluidic channels are formed by electrolytic etching. The PES membranes
and microfluidic layers are stacked in sequence. The details of the device and the fabrication processes
are described elsewhere [8,19,20].

3. Experimental Methods

Experiments were conducted based on ISO 10993, the biological evaluation about the medical
machine. Thrombus formation and blood coagulation was investigated [21–23].

3.1. Thrombus Formation Tests In Vitro

Figure 4a–c illustrates the blood circulation system that includes (a) the connector, (b) two
connectors, and (c) the connector and the device, respectively. Thrombus formation at the connection
part was investigated in the blood circulation system with one connector (Figure 4a). Human whole
blood type A (KOJ, Cosmo Bio, Japan) was used for the experiments. In practical use, the blood flow
rate through the connector is expected to be several tens of mL/min. In our prior work, thrombus
formation took place in the area where the blood flow rate was low [8]. In this work, since we would
like to highlight the thrombus formation and change of blood coagulability, we set the blood flow rate
to be 1 mL/min. In case of the setup shown in Figure 4a, the resulting pressure was 90–100 mmHg,
which was measured and recorded by polygraph. The fluctuation of the pressure was induced by the
pulsation of the pump. The blood contains 3.2% sodium citrate as anti-coagulate and exchanged every
24 h. After 1, 24, 48, and 72 h of circulation, the surface of the artificial blood vessels near the ditch
part was treated for cell fixation and then optically investigated with scanning electron microscopy.
The cell fixation process included a rinse with PBS, cell fixation with glutaraldehyde solution (2.5%
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glutaraldehyde, 50% PBS, 47.5% DI water) for 1 d followed by 100% glutaraldehyde for 1 h, rinse with
ethanol, and osmium coating for the SEM inspection.

Figure 4. Blood circulation circuit with (a) one connector, (b) two connectors and (c) the connector and
the fluidic device. The polygraph measures the pressure before and after the connectors and the device.
Blood coagulation at the contact point and change of the activated partial thromboplastin time (APTT)
was investigated.

3.2. Blood Coagulation Tests In Vitro

Activated partial thromboplastin time (APTT) was measured to assess the blood coagulability
caused by the connector. Blood circulation circuits without and with two connectors (Figure 4b) were
tested. The flow rate was set to be 1 mL/min and the pressure was 90–120 mmHg. APTT was measured
at the beginning and then every 20 min until 120 min.

The APTT measurement protocol is centrifugal extraction of plasma (200 rpm, 11 min), incubation
with APTT test reagents for 180 s, and measurement of APTT with calcium chloride solution.

Since the blood contacts air and the quality degrades in 120 min, the in vitro experiments cannot
be continued longer than 120 min. In the previous experiment to investigate the thrombus formation,
we exchanged the blood, which is not suitable for this experiment. Long term in vivo experiments will
be conducted to further validate the effect of the connectors.

3.3. Blood Coagulation Tests with the Micro Filtering Device In Vitro

Effect of the micro filtering on the blood coagulation was experimentally investigated. Blood
circulation systems including the micro filtering device and both the connector and the micro filtering
device (Figure 4c) were prepared. In the experiments, the one-layer filtering device was used. At the
beginning, the device is filled with a solution of heparin Na (Mochida Pharmaceutical, Japan) and
physiological saline (Otsuka Pharmaceutical, Japan) with a ratio of 1:9 in order to prevent the initial
adhesion and coagulation of proteins inside the device. APTT was measured at the beginning and then

61



Micromachines 2019, 10, 429

every 20 min until 120 min (7 data points). APTT measurement protocol is described in Section 3.2.
The flow rate was set to be 1 mL/min and the resulting pressure was 90–120 mmHg.

4. Experimental Results and Discussion

4.1. Thrombus Formation inside the Artificial Blood Vessel

Figure 5 shows the SEM images of the artificial blood vessel in which blood flowed for 1, 24, 48,
72 h. Aggregates of proteins approximately 50 μm in size were found on the surface after 1 h. After
24 h the number of the aggregates increased and they were found inside the fiber structures. Large
aggregates on the order of 1 mm in size were found after 48 h. After 72 h, these large aggregates were
still found though the number of them did not increase significantly.

Figure 5. Thrombus formation near the joint observed by SEM. Thrombus formation was observed at
each interval. However, it was not concluded that the ditch at the interface initiated the formation.

The ditch at the interface of the two artificial blood vessels was suspected to initiate blood
coagulation. However, in this experiment the thrombus formation was not limited to the ditch
part and no significant effect was found at least for 72 h. It was reported that the thrombosis film
was formed on the surface of the artificial vessels, on which vascular endothelial cells subsequently
settled. This augments the long-term stability of the artificial vessels [24,25]. We expect the artificial
vessels connected with the proposed connector would exploit this phenomenon, though longer-term
experiments in vivo will be necessary.

4.2. Blood Coagulation Caused by the Connector

Figure 6 shows the change of APTT with each time interval with or without the connectors. The
typical APTT of human blood without anticoagulant is 24–34 s. The APTT was extended to 57–60 s
with 3.2% sodium citrate. APTT was found to gradually decrease with time. No significant effect of
the connectors was observed for 120 min. This indicates that the proposed connectors do not promote
blood coagulation.
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Figure 6. Progress of APTT with and without the connector. No significant differences were induced
by the connector during 120 min.

Since the quality of blood degrades in 120 min, the in vitro experiments cannot be continued
longer than 120 min. Long term in vivo experiments will be conducted to further validate the effect of
the connectors.

4.3. Blood Coagulation Caused by the Connector and the Filtering Device

Figure 7 shows the variation of APTT with time. For all three cases, i.e., no additional components,
with the one-layer micro filtering device, and with the device and the connector, APTT was found to
be within the range of 50–60 s.

 
Figure 7. Progress of APTT with the device and the connector. During 120 min of experiments, no
significant differences were observed.

APTT measurement for 120 min did not show any significant effects of the connectors. The longer
experiments need to be conducted to verify the long-term stability of blood coagulability. However, in
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the in vitro experiments, the property of the blood changes with time and the resulting APTT does not
reflect the effect of the connectors. Therefore, long-term in vivo experiments need to be conducted,
where control of the anticoagulant concentration in blood will be challenging.

5. Conclusions

We designed and demonstrated the enfold connecting system of artificial blood vessels.
The design allows blood to contact only the highly biocompatible surfaces of the artificial vessels.
Optical investigation after 72 h of blood circulation did not show any significant differences between
the joint part (ditch) and the other parts. APTT measurement for 120 min verified that the connector
did not augment blood coagulability. The connector proposed herein can be readily applicable to
simplify the surgical process of implantable medical devices without degrading the biocompatibility.
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Abstract: In this paper, we proposed near-infrared spectroscopy based on a Si photodetector
equipped with a gold grating and extended the measurable wavelength range to cover 1200–1600 nm
by improving a spectrum derivation procedure. In the spectrum derivation, photocurrent data during
alteration of the incidence angle of the measured light were converted using a responsivity matrix R,
which determines the spectroscopic characteristics of the photodetector device. A generalized inverse
matrix of R was used to obtain the spectrum and to fit a situation where multiple surface plasmon
resonance (SPR) peaks appeared in the scanning range. When light composed of two wavelengths,
1250 nm and 1450 nm, was irradiated, the two wavelengths were distinctively discriminated using
the improved method.

Keywords: near-infrared; spectroscopy; surface plasmon resonance; Schottky barrier; grating; Si

1. Introduction

Near-infrared (NIR) spectroscopy is a method of analyzing an object by its optical spectrum, and this
method is used in many fields, such as agriculture, chemistry, and medicine [1–4]. In recent years,
compact near-infrared spectrometers have been intensively studied. Particularly, plasmonic-based
spectrometers are attracting attention because dispersal of the incident light is performed with a thin
layer to allow a compact optical system [5–9]. One such example is based on a plasmonic color filter
where the transmission wavelength can be selected by designing periodic structures of a plasmonic
metal [6–8]. The transmitted light is usually measured by a photodetector located below the plasmonic
filter. In addition, an NIR spectrometer using a plasmonic grating on silicon is reported [9]. Since a
Schottky barrier is formed at an interface of the grating metal/silicon (Si), coupled surface plasmon
resonance (SPR) on the grating is directly detected as a current on the device. The photodetector
is integrated with a plasmonic grating, thus this method is well suited for constructing compact
NIR spectrometers. However, there is an issue with the Schottky-type spectrometer: The operating
wavelength range is only as small as 100 nm. It is therefore required to widen the measurable
wavelength range to cover the whole NIR wavelength range for this spectrometer to become practical.

In this paper, we increased the NIR spectroscopy range from 1200 nm to 1600 nm based on a Si
photodetector equipped with a gold grating by improving the spectrum derivation procedure.

Micromachines 2019, 10, 403; doi:10.3390/mi10060403 www.mdpi.com/journal/micromachines66
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Although a basic spectrum derivation procedure is provided in a previous reference [9], the simple
application of this procedure for a wider NIR range resulted in artifacts in the calculated results due to
the multiple SPR coupling points that appeared in the angular photocurrent spectrum. We thus revised
the spectrum derivation method to be applicable for a wider NIR wavelength range. We fabricated
a plasmonic grating Si photodetector and integrated it with a measurement circuit for low signal
noise measurement. The electrical characteristics and SPR photodetection performance of the device
were investigated. The spectroscopic performance was evaluated by irradiating the device with light
composed of two NIR wavelengths, and the spectroscopic results are shown in the figures below.

2. Principles of Light Detection Using Surface Plasmon Resonance (SPR)

The structure of the proposed spectrometer is shown in Figure 1a, which was almost the same as
that in a previous report [9]. The device consisted of an n-type silicon substrate and a one-dimensional
diffraction grating of a thin gold film formed on the n-type silicon substrate. The grooves of the
diffraction grating running from the front to the back side of the paper surface are shown in Figure 1a.
The gold film also served as the anode electrode. The surrounding medium around the gold grating
was assumed to be air. An aluminum film was formed at the bottom surface of the device and served
as a cathode electrode.

 

Figure 1. Proposed spectrometer configuration. (a) A structure of the photodetector device. (b) A
current detection mechanism of incident light using surface plasmon resonance (SPR). (c) Angular
photocurrent spectra for four different wavelength lights.

SPR was excited on the gold grating surface by the light incidence on the grating surface at the
resonant incidence angle θ, which was dependent on the wavelength λ of the light. The SPR coupling
behavior was as follows: When transverse magnetic (TM) light with wavelength λ entered the grating
surface with an incidence angle θ, the incident light was diffracted by the grating. At a certain angle of
incidence θ, the following SPR condition was satisfied, and SPR can be excited on the gold grating
surface [10],

ω
c
√
εair sinθ+

2mπ
a

=
ω
c

√
εairεAu

εair + εAu
, (1)

where ω is the angular frequency of the incident light, c is the speed of light in a vacuum, m is the order
of diffraction, and εair and εAu are the relative permittivity of air and gold, respectively. The left side of
Equation (1) is the wavenumber component along the device surface of the diffracted light. The right
side is the wavenumber of SPR on the gold/air interface. SPR was excited on the gold surface when the
angular frequency and wavenumber of the incident light and SPR coincided with each other due to
the effect of diffraction. Based on this relationship, it can be confirmed that SPR occurred at different
angles θ if the wavelength λ was different. In addition, since the gold grating was formed on the
n-type silicon, a Schottky barrier was formed at the interface between gold and n-type silicon [11–14].
Normally, a Schottky barrier with a height ΦB of 0.7–0.8 eV (detection limit wavelength approximately
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1.55–1.77 μm) was formed there (Figure 1b) [15]. Free electrons excited by the SPR overcame the barrier
and flowed from the gold grating to the n-type silicon, and the current Iph had a peak value there.

Figure 1c shows schematic photocurrent Iph plots with respect to the angle of incidence θ for
five different wavelength lights, from λ1 through λ5. In this plot, the device was tilted to alter the
angle of incidence θ. The photocurrent peaks corresponded to situations where Equation (1) was
satisfied. The peak’s angular position thus shifted when the wavelength was changed. Assuming
that λ1 < λ2 < λ3, the angular positions monotonically shifted from θ1 through θ2 to θ3, as depicted
within a dotted line square in Figure 1c. This angular shift direction, plus or minus, is determined by a
sign of the corresponding diffraction order m. Since the resonant angular positions are determined
by the wavelength, the spectral information can be derived using the data plots. This measurement
was performed only on a device surface, so the proposed method did not require an optical path to
disperse the light.

3. Spectral Calculation Procedures

The spectral calculation basically followed the procedures presented in Reference [9]. We first
presented the basic procedures and expanded them for a wider range of wavelengths. To calculate the
spectrum, we first experimentally derived the light detection sensitivity of the photodetector called
the responsivity R, which expresses the conversion efficiency from the input light intensity Pin into a
measured photocurrent Iph, defined as

R =
Iph

Pin
(2)

Since the photocurrent is measured during θ alteration, the responsivity R can be determined
at each angle of incidence θ for monochromatic light irradiation as Rλθ = Iθ/Pλ, where λ is the
wavelength of the light. When light composed of several monochromatic lights of different wavelengths
is simultaneously illuminated, the generated photocurrent is assumed to be a linear summation of the
photocurrent responses of each wavelength component. Assuming that only three different wavelength
lights, λ1, λ2, and λ3, as in Figure 1c, are incident on the photodetector, the photocurrent measured
at the SPR angle for λ1, i.e., θ1, becomes Iθ1 = Rλ1θ1 Pλ1 + Rλ2θ1Pλ2 + Rλ3θ1Pλ3 . The measured value
includes contributions from two other light wavelengths, λ2 and λ3. Under the same irradiation
conditions, if the photocurrents were measured at two other SPR angles of incidence θ2 and θ3,
the relationship between the photocurrent and incident intensity is expressed in a matrix form as,

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
Iθ1

Iθ2

Iθ3

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

Rλ1θ1 Rλ2θ1 Rλ3θ1

Rλ1θ2 Rλ2θ2 Rλ3θ2

Rλ1θ3 Rλ2θ3 Rλ3θ3

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

Pλ1

Pλ2

Pλ3

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦. (3)

This relationship can be extended to a larger matrix. Let λn be the wavelength range discretized into
n components, In be the current of the SPR peak value, θn be the incident angle of the peak value,
and the light intensity corresponding to each wavelength component λn be Pn. We obtain the following
expression: ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Iθ1
...

Iθn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Rλ1θ1 · · · Rλnθ1
...

. . .
...

Rλ1θn · · · Rλnθn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Pλ1
...

Pλn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (4)

In short, I = RP, where P vector components indicate the intensity for each wavelength, and I vector
components correspond to the measured photocurrents at each SPR angle of incidence. Since the
diagonal components Rλiθi (1 ≤ i ≤ n) of the responsivity matrix R take a maximum among each
column, the responsivity matrix R becomes regular with an inverse matrix. Because the P vector can
be calculated by the equation P = R−1I, the spectrum of the incident light can be derived.
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When the operating wavelength range is narrow, the amplitude of the resonant angular position
shift becomes narrow, and only a single SPR peak appears for each wavelength, as shown in a square
of dotted lines in Figure 1c. If the wavelength range is expanded to cover the NIR wavelength range,
the angular scanning range should also be expanded. Assuming that λ3 < λ4 < λ5, multiple SPR peaks
corresponding to different diffraction orders m may appear in the scanning range, as shown in the
solid line square in Figure 1c. For example, with respect to the response to λ1, not only θ1 but also θ9

peak appears. If we maintain a strategy to measure the photocurrents at SPR angles, the matrix takes
the following form: ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Iθ1
...

Iθ9

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Rλ1θ1 · · · Rλ5θ1
...

. . .
...

Rλ1θ9 · · · Rλ5θ9

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Pλ1
...

Pλ5

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (5)

so that the R matrix is not a square matrix. Therefore, it is impossible to perform a calculation using
a simple inverse matrix. Therefore, as a simple extension, we adopted a method of constructing
an R matrix using the measured current values at all SPR peak angles occurring in the angular
scanning range and reconstructed the incident spectrum using the generalization inverse matrix.
When a generalized inverse matrix is used, the spectral derivation can be applied for a wider range of
wavelengths. In summarized form, the spectral derivation equations become:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Iθ1
...

Iθk

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Rλ1θ1 · · · Rλnθ1
...

. . .
...

Rλ1θk · · · Rλnθk

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Pλ1
...

Pλn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (6)

and
P =

(
RTR
)−1

RTI, (7)

where RT is a transpose of the R matrix. In the following, we experimentally constructed an R matrix
and evaluated the applicability of the above method for NIR spectroscopy.

4. Materials and Methods

The design of the photodetector device was slightly modified from that in the previous report [9].
The substrate of the device was an n-Si wafer whose resistivity was 10–20 Ω·cm. One-dimensional
gratings with 3.46-μm-pitch (denoted as a in Figure 1a) and height h of 40 nm were formed on the front
surface of the n-Si substrate with an area size of 12.7 mm × 12.7 mm by reactive ion etching. The surface
had a 100 nm thick Au film caused by vacuum evaporation during rotation with an oblique angle such
that the sidewalls of the grating were covered in gold. On the back side of the n-Si substrate, an Al film
was also formed as a cathode electrode. A photograph of the device is shown in Figure 2a. To confirm
the diode rectification and photodetection characteristics, the current-voltage curve was measured
(Figure 2b). The curve presented a typical diode characteristic. The Schottky barrier height was
calculated following a procedure described in Reference [16], and was 0.776 eV. Since the detection limit
wavelength of the Schottky barrier height corresponds to 1.62 μm, near-infrared light detection was
confirmed to be possible. In addition, a surface topographic image was taken using an AFM (JSPM-5000,
JEOL, Tokyo, Japan). It was confirmed that a grating with a height amplitude of approximately 40 nm
was fabricated. Since obtainable photocurrent signals for spectral measurements were on the order of
nA to μA, the signal often suffered from noise. The current was therefore converted and amplified to a
voltage in the immediate vicinity of the device using an operational amplifier to improve signal-to-noise
ratio and signal resolution (Figure 2c). The first operational amplifier converted the output current Iph

to a voltage through a feedback resistor R = 1 MΩ according to an equation below:

Vo = Iph ×R. (8)
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Then, the converted voltage Vo was passed to a voltage follower to provide the output voltage Vout.
In the following, the current values were calculated by dividing Vout by R = 1 MΩ. The conversion
amplifier and the photodetector device were put into a shielding box, and an aperture was made in a
box wall in front of the photodetector such that the light was incident on the photodetector, as shown
in Figure 2a.

Figure 2. Photographs of the fabricated photodetector and the measurement circuit unit (bar = 5 mm).
(a) The fabricated photodetector in a shield box. (b) A characteristic current-voltage curve of the
photodetector. (c) An AFM image of the grating area. (d) An I-V conversion amplifier circuit.

5. Experimental Results

A responsivity matrix R was experimentally constructed. The experimental setup is shown
in Figure 3a. In the measurement, the device was fixed on a rotational stage, and infrared light
from a wavelength tunable laser (SC-450, Fianium, Southampton, UK) was incident on the device.
The wavelengths of the monochromatic infrared light were scanned from 1200 nm to 1600 nm with
a 25-nm interval of wavelength. A linear polarizer was installed between the light source and the
device such that the light became TM-polarized. The photocurrent was converted to a voltage signal
by an I-V conversion amplifier and was measured using a source meter (6242, ADCMT, Tokyo, Japan).
Using the rotating stage, the angle of incidence θ was rotated from 0◦ to 30◦ with a resolution of
0.1◦. The light intensity at each wavelength was measured using a power meter (PM300, Thorlabs,
Newton, NJ, USA). Experiments were conducted in a darkroom to prevent stray light. The obtained
photocurrent angular spectra are shown in Figure 3b, where the SPR peaks are highlighted with arrows.
The vertical axis is the logarithmic representation of the responsivity, and the horizontal axis is the
angle of incidence. Since the laser spot area was smaller than the grating area, all of the incident
energy was used to calculate the responsivity. Noise reduction due to the I-V amplifier provided clear
photocurrent waveforms in a wide wavelength range. The SPR peak angular positions systematically
shifted depending on the wavelength. Since the angular scanning range was wider than that in a
previous report [9], multiple SPR peaks corresponding to different diffraction orders m were found
in each curve. It was also found that a photocurrent was generated even when SPR did not occur.
This baseline photocurrent can be attributed to excitation of electrons by the direct irradiation of the
near-infrared light on the Au/n-Si Schottky interface through the Au film. This photocurrent presented
a tendency to decrease with an increase in the wavelength because the photon energy of the light was
inversely proportional to the wavelength. Elimination of this baseline photocurrent by optimization of
device structures will be necessary to improve the spectrometer performance in the future.
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Figure 3. (a) An experimental setup. (b) Responsivity angular spectrum for near-infrared (NIR)
monochromatic laser irradiation for wavelengths ranging from 1200 nm to 1600 nm.

To investigate the validity of the obtained angular spectrum, the SPR peak angular positions
were compared with the calculated ones using Equation (1). The dispersive permittivity of the gold
was taken from Reference [17] in the calculation. The calculated theoretical SPR angles were plotted
with respect to the wavelength in addition to the measured angles in Figure 4. The calculated and
experimental SPR angular positions showed high consistency. Although there was some error in the
angle, particularly for m = −3, the amplitude was as small as 1◦. It was therefore concluded that the
obtained photocurrent peaks can be attributed to SPR. The responsivity matrix R was then constructed
using responsivity values at SPR peak angular points belonging to all three diffraction orders.

 

Figure 4. SPR angle positions with respect to the wavelength of the incident light. Measured and
calculated theoretical angle positions belonging to three different diffraction orders.

To check the spectroscopy performance using an R matrix with a generalized inverse matrix
method, light composed of two wavelengths, 1250 nm and 1450 nm, was irradiated at the same time,
and the spectrum was calculated. The results are shown in Figure 5a.
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Figure 5. Spectrum of the light composed of two different wavelengths, 1250 nm and 1450 nm. (a)
Calculated spectral data obtained with the fabricated device in this article, (b) spectrum of the light
obtained with a commercial spectrometer.

The horizontal and vertical axes indicate the wavelength and intensity, respectively. Distinctive
peaks were observed at λ = 1250 nm and 1450 nm. The intensity at these two peak wavelengths was
consistent with the values measured with a power meter. The reference spectrum data in Figure 5b
were measured with a commercially available NIR compact spectrometer (Sol. 2.2A, B&W Tek, Newark,
DE, USA). Peak positions and spectrum shapes were consistent between the two. This spectral
data consistency can be attributed to the fact that the inverse matrix method takes contributions
from all diffraction orders into consideration. Therefore, NIR spectroscopy was performed using the
responsivity data ranging from λ = 1200 nm to 1600 nm. There is, however, a difference on the power
peak height between Figure 5a,b. It may be attributed to the laser intensity fluctuation because these
two data were obtained at different times. Quantitative evaluation of the proposed sensor performance
should further be performed in the future.

6. Conclusions

In this paper, we proposed NIR spectroscopy based on a Si photodetector equipped with a gold
grating and extended the measurable NIR wavelength range by improving a spectrum derivation
procedure from a previous study [9]. A responsivity matrix R was constructed, and a generalized
inverse matrix of R was used to obtain the spectrum to fit a situation where multiple SPR peaks
appeared among the scanning range. When light composed of two wavelengths, 1250 nm and 1450 nm,
was irradiated at the same time, the two wavelengths were distinctively discriminated using the
improved method. The reduction of the angular scanning resolution will provide a denser R matrix
to improve the wavelength resolution. Moreover, since sharpening of an SPR peak curve shape can
be realized by tuning the grating profile, the wavelength resolution can further be improved [18–20].
It is noted that the improvement of sensitivity should be pursued for the use with a normal white
light source instead of a laser as a light source because the responsivity of the proposed device is still
around 10–100 μA/W. Since the previous literature indicates that responsivity as large as several mA/W
is possible with the similar plasmonic and Schottky approach [21], two-orders of improvement can
be expected, which will provide us with spectrum data with practically high signal-to-noise ratio.
The proposed spectrometer device is made of Si, so it is possible to integrate the angular scanning
mechanism into the photodetector as a micro-electro-mechanical systems (MEMS) device [22,23].
The proposed spectroscopy method enables spectroscopy with only a thin-film plasmonic layer and
an integrated photodetector located beneath the layer, and it is advantageous from the viewpoint of
miniaturization. Advancement of the proposed method will provide a new microsized integrated
spectrometer that will provide rich information about our environment.
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Abstract: A thin-film magnetic field sensor is useful for detecting foreign matters and nanoparticles
included in industrial and medical products. It can detect a small piece of tool steel chipping or
breakage inside the products nondestructively. An inspection of all items in the manufacturing
process is desirable for the smart manufacturing system. This report provides an impressive candidate
for realizing this target. A thin-film magneto-impedance sensor has an extremely high sensitivity,
especially, it is driven by alternatiing current (AC) around 500 MHz. For driving the sensor in such
high frequency, a special circuit is needed for detecting an impedance variation of the sensor. In this
paper, a logarithmic amplifier for detecting a signal level of 400 MHz output of the sensor is proposed.
The logarithmic amplifier is almost 5 mm × 5 mm size small IC-chip which is widely used in wireless
devices such as cell phones for detecting high-frequency signal level. The merit of the amplifier is that
it can translate hundreds of MHz signal to a direct current (DC) voltage signal which is proportional
to the radio frequency (RF)signal by only one IC-chip, so that the combination of a chip Voltage
Controlled Oscillator (VCO), a magneto-impedance (MI) sensor and the logarithmic amplifier can
compose a simple sensor driving circuit.

Keywords: magneto-impedance sensor; thin-film; high frequency; logarithmic amplifier;
nondestructive inspection

1. Introduction

A thin-film magneto-impedance sensor [1–6] is useful for detecting magnetic materials
nondestructively. The sensor has high sensitivity and also has tolerance of normal magnetic field
because of its demagnetizing force in the thickness direction. Our previous report showed that this
sensor has sensitivity of 1.7 × 10−9 T at 300 Hz inside the normal field of 0.1 T [7]. By using this sensor,
a single magnetic particle with 65 μm diameter could be detected in the distance 0.5 mm above the
sensor plane. In this measurement, the output signal was over 6 V out of the measurement of the single
65 μm particle with a low remanence property. The point is that it was detected with subjecting a static
normal field of 0.1 T around a measurement area including the thin-film sensor. Based on the previous
work, we are trying to extend the application of this sensor system. The aim of this study is developing
a method of nondestructive detection of magnetic small bodies such as foreign matters included in
industrial products and also detection of a density of magnetic nanoparticles in a drug solution. In the
case of the industrial application, it can detect a small piece of tool steel chipping or breakage inside
the products nondestructively. An inspection of all items in the manufacturing process is desirable
for the smart manufacturing system. In order to apply an actual manufacturing process a system
without magnetic shielding is desirable due to its low cost and small installation space of equipment.
An environmental noise in a factory which overwhelms the detected signal can be solved by making
the detection signal stronger using a stronger normal magnetic field. The thinner the sensor thickness
the more tolerance appears against strong normal field, because of the demagnetizing field. For
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driving such thin sensor, high frequency is essential for the skin-effect of magneto-impedance. For the
measurement system which applied for a conveyer in manufacturing process and medical application
the signal frequency range is expected to be from DC to several Hz due to the movement speed of
products or scanning speed of measurement probe. This paper provides an impressive candidate
for realizing this target. A Co85Nb12Zr3 thin-film magneto-impedance sensor has an extremely high
sensitivity, especially, it is driven by AC current around 500 MHz [8]. For driving the sensor in
such high frequency, a special circuit is needed for detecting an impedance variation of the sensor.
Previous works which report high frequency magneto-impedance [9–11] used impedance-analyzer,
network-analuzer and signal-analyzer for detection. In this paper, an application of a logarithmic
amplifier for detecting a level of the sensor signal at 400 MHz, which is proportional to the sensor
impedance, is proposed. The logarithmic amplifier is almost 5 mm × 5 mm size small IC-chip which
is widely used in wireless devices such as cell phones for detecting high-frequency signal level. The
merit of the amplifier is that it can transfer hundreds of MHz signal to a DC voltage signal which is
proportional to the RF signal by only one IC-chip, so that the combination of a chip Voltage Controlled
Oscillator (VCO), a MI sensor and the logarithmic amplifier can compose a simple sensor driving
circuit. By using the logarithmic amplifier, the output of the sensor circuit suited for a frequency range
from DC to several Hz. The sensing circuit has a configuration of differential input for the purpose
of getting high sensitivity. One of the inputs is a sensor signal and the other is a reference signal
which has the same phase and the amplitude as the one where an external magnetic field is a certain
reference value. The output frequency bandwidth of the logarithmic amplifier was ranging from DC to
20 kHz. But in this study the output frequency range was limited in which a signal of measured object
carried on a conveyor. This frequency was under several Hz, and the system will be designed without
using a magnetic field shield structure. The most sensitive frequency range of our sensor element was
around 500 MHz, due to the element sensitivity dZ/dH marks a maximum around 500 MHz, here Z is
element impedance and H is external field in the sensing direction. Whereas the circuit in this study
was 400 MHz. The reason is a selection of devices which are commercially accessible. If a suitable
device would be getting accessible the 500 MHz driving circuit can be made using the same design
rule as this paper.

2. Experimental Procedures and Results

2.1. Sensor Element and Driving Circuit

Figure 1 shows the view of sensor element. The element was fabricated by a thin-film process.
An amorphous Co85Nb12Zr3 film was RF-sputter deposited onto a soda glass substrate and then
micro-fabricated into rectangular elements by a lift-off process. The element was 1000 μm length,
50 μm wide, 2.1 μm thick. The tens of elements are aligned in a parallel configuration and connected
by Cu thin-film strips to form a meander pattern. A magnetic field was applied while the RF-sputter
deposition for the purpose of inducing uniaxial magnetic anisotropy. The direction of the magnetic
anisotropy in this study was in the width direction, Y, so to say short side direction of the element strip.
It is induced by the direction of the magnetic field while sputtering. The sensor element was mounted
on printed circuit board (PCB) and electrically connected by a conductive silver paste.

A typical example of variation of impedance of the sensor itself without a PCB as a function of
external field is shown in Figure 2. In this figure, the external field was applied in the in-plane length
direction of the sensor strip, X-direction, which is the sensing direction. This impedance variation was
obtained by S11 measurement of a network-analyzer using high-frequency probe for electric connection
with the electrode pads of sensor element. The result shows a parabolic variation, which is typical
for a magneto-impedance sensor having magnetic anisotropy in the width direction. The minimum
impedance, |Z|=138 Ω at 0 kA/m (0 Oe), and the maximum was 275 Ω around ±1.76 kA/m (±22 Oe).
In this figure, a bias point is shown, on which this sensor was operated.
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Figure 1. View of the sensor element.

Figure 2. Typical example of variation of impedance of the sensor.

Figure 3 shows the magnetic domain of the sensor element observed by Kerr microscope
(BH-762PI-MAE, NEOARK Corporation, Tokyo, Japan). The magnetic domain forms contiguous
regions of magnetic momentum with anti-parallel direction. This picture shows a magnetic domain
when an external magnetic field was zero. As increasing or decreasing the external field applied along
the length direction, X, which is the sensing direction of sensor, the width of the contiguous domain
regions changes and finally the domain would be a single domain with a momentum directing the
same as the external field direction. In this element, the magnetic momentum in each region vibrates
by the effect of the high-frequency current running through the element, and the impedance of the
element changes as the magnetic domain changes. In another word, the magneto-impedance effect
comes from the change of the condition of the momentum vibration caused by the change of both the
direction and the distribution of the momentum in the thin-film element having an in-plane uniaxial
magnetic anisotropy.

Figure 4 shows a schematic of magnetic field when the sensor is operated. The sensor needs
a biasing field for operation in the X direction, it is about 1.4 kA/m (17.5 Oe) as shown in Figure 2.
The sensing magnetic field is also in X direction. Therefore, a constant bias field is essential for this
sensor system.

77



Micromachines 2019, 10, 355

 

Figure 3. Magnetic domain of the sensor element observed by Kerr microscope.

Figure 4. Schematic of magnetic field when the sensor is operated.

Figure 5 shows the proposed driving circuit of the thin-film sensor. A 400 MHz alternating signal
at −5.3 dBm was generated by a voltage-controlled oscillator. The signal was divided into two and one
was introduced to the sensor element and the other was introduced to a series of RF control devices.
As shown in the figure the latter is a series of variable attenuator and a variable phase shifter. Both of
them were electrically voltage-controlled ones. The RF signal going through the latter way of circuit
branch was controlled in the same phase and amplitude as the one going through the sensor when an
external magnetic field is a certain reference value. Each signal was inputted to a logarithmic amplifier
as a pair of differential inputs. The logarithmic amplifier detects 400 MHz signal into a voltage signal
logarithmically proportional to the signal level. A final output of the circuit was processed with an
offset compensation and an amplifying 100 times. The baseline stability of the output is satisfactory
even its high-sensitivity.

 
Figure 5. Proposed driving circuit of the thin-film sensor.
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2.2. Results of Experiment

At first, a certainty of the output of this sensor system is confirmed. The system was composed of
the sensor on PCB (Figure 1) and driving circuit (Figure 6). It is confirmed by measuring the output
signal of the system caused by the change of the element impedance. This measurement was carried
out by applying magnetic field in the X direction to the sensor on PCB with driving it by the circuit.
The variation of element impedance without PCB is previously shown in Figure 2. The driving circuit
was the same as Figure 5 but the attenuator was set to be maximum attenuation. This setting makes an
input of the ‘–‘ terminal of the logarithmic amplifier to be almost zero, then the output was expected to
be logarithmically proportional to the sensor impedance.

 

Figure 6. Method of confirmation of certainty of the output of sensor system.

Figure 7 shows a result of measurement. The external magnetic field was applied in X direction.

Figure 7. Result of sensor impedance measurement by the circuit.

In this measurement, the normal magnetic field was in a room condition of Japanese north-east
region. The output voltage was ranging from −7 V to +0.2 V and it was in good agreement with the
impedance profile of the sensor element. In our measurement the baseline level was an arbitrary one
because a level of offset compensation in the final circuit stage was arbitrary. The profile of sensor
output (Figure 7) was a vertical inversion of the element impedance (Figure 2). The reason is that the
RF level come out from sensor element is inversely proportional to its impedance.

Figure 8 shows measured results when a normal magnetic field, Bz = 1,100 G (0.11 T), was applied
to the sensor element. In this measurement, the external magnetic field was applied in X direction.
As the normal field increases, the vertical range of variation slightly decreases even it is keeping a
low hysteresis of impedance variation. It means the sensitivity dV/dH does not decrease even in 0.11
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T normal field, where V is the output voltage and H is the magnetic field. Here the normal field
was applied by NdFeB magnets placed both on the upper side and on the lower side of the sensor
element. These magnets were attached on an opening tip of a C-shaped magnetic core made by a
bundle of silicone-steel sheets. The external field in the sensing direction was applied by a Helmholtz
coil. A photograph of the measurement apparatus is shown in Figure 9. This result shows that the
thin-film magneto-impedance sensor has a possibility to be useable even in hundreds of mT normal
magnetic field and a strong candidate for detecting foreign inclusion in the manufacturing process.

Figure 8. Measured result when a normal magnetic field BZ = 0.11 T.

 

Figure 9. Photograph of the measurement apparatus with applying normal field.

Now it proceeds to an evaluation of output property and sensitivity of the sensor system. This
confirmation of sensing property was carried out without normal field. Figure 10 shows a schematic
of measurement apparatus which was used in this experiment. Figure 11 shows a photograph of
dual-Helmholtz coil equipment used in this study. One of the Helmholtz coil was used for applying
a DC bias magnetic field and the other was used for generating a small AC magnetic field for the
purpose of sensing limit evaluation. The biasing DC field was 1.4 kA/m (17.5 Oe) and the AC field was
ranging from 0.5 × 10−7 T to 160 × 10−7 T. From here the applied magnetic field is assumed to be a
value in vacuum, therefore it is expressed in a magnetic flux density in vacuum.
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Figure 10. Measurement apparatus used in the sensitivity evaluation.

 

Figure 11. Photograph of dual-Helmholtz coil equipment used in sensitivity evaluation.

Figure 12 shows a variation of the sensor output as a function of AC magnetic flux density at 5 Hz
applied to the sensor element. This log-log plot shows that it has approximately linear relation. Due
to a limit of output level of the final-stage amplifier, up to +14 V, the maximum value of output was
+14 V in this study. The system developing in this study is designed for use in manufacturing process
without magnetic shielding. Due to it a circumferential magnetic noise would be approximately several
mG. With consideration of a background noise of the driving circuit, the minimum signal level must
be larger than 0.1 mV in amplitude level. The output level of the developed driving circuit conforms to
this design criterion. The AC field ranging from 1 × 10−7 T to 160 × 10−7 T corresponds to the output
level ranging from 0.1 V to 14 V.

Figure 12. Variation of the sensor output as a function of AC magnetic flux density at 5 Hz.
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The sensor sensitivity was measured by using spectrum analyzer. The sensitivity was defined as
a minimum limit of the amplitude of magnetic field where a peak of the signal sunk under a noise
level of the spectrum measurement. In this measurement, a DC-cut filter and a 20 dB attenuator was
used for the reason of minimizing the noise level around DC and protect from over power. A Real
Time Spectrum Analyzer (RTSA) was used for this measurement due to its ability of low frequency
spectrum measurement including DC. The Tektronix RSA3408A was used for this measurement.

Figure 13 shows a measurement result. The horizontal-axis shows a frequency from DC to 50 Hz,
the vertical-axis shows a signal level of output which is including alternating magnetic field, 3.2 ×
10−8 T0-P (0.32 mG0-P) at 3 Hz. From this figure, the 3 Hz peak clearly sticks out above the noise level.
In other words, the sensitivity of the sensor system achieves 3.2 × 10−8 T (0.32 mG).

Figure 13. Result of spectrum measurement for a signal of 3.2 × 10−8 T0-P at 3 Hz.

3. Discussion

A discussion on the experimentally obtained sensitivity using the proposed driving circuit and a
future subject of this work would be carried out here.

In this section, a cause of background noise and a relevance of achieved sensitivity are discussed.
Figure 14 shows a noise level obtained for measurement apparatus RSA3408A only. The input

was terminated by 50 Ω and the sensor system was not connected. Figure 15 shows a noise level
with connection of the sensor unit without AC magnetic field. With comparison of them, the noise
of measurement apparatus (RSA3408A, Tektronix) was lower than the one with sensor unit. The
50 Hz noise in Figures 13 and 15 can be estimated as the Japanese commercial power supply signal.
The 1/f-noise observed in the range from DC to 50 Hz would be estimated as a combination of system
noise of the sensor driving circuit and circumferential magnetic field in the laboratory. The ratio of
strength of these noises could be obtained by a measurement using magnetic shielding, but in my lab.
we have not it.

Figure 14. Noise level of measurement apparatus RSA3408A only.
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Figure 15. Noise level with connection of the sensor unit without AC magnetic field.

Figure 16 shows an actual time-domain measurement result of the noise from the sensor system.
This result was obtained using the sensor driving circuit without AC magnetic field. The 0.67 s interval
dip-point was observed as a periodically repeated waveform with constant baseline, and it seems that
it comes from the driving circuit. The small sine-signal is come from the commercial power supply
because of the frequency 50 Hz. The previous report [7] was measured without using the electrically
controlled attenuator and phase-shifter. It also used narrow band-pass filter at 300 Hz. If the cause of
noise in the circuit will be cleared, the sensitivity will have a possibility to go up nearly 1.7 × 10−9 T.

Figure 16. Measured time-domain noise of the sensor system.

Figure 17 shows a measured signal when a 5.1 × 10−8 T0-P in 5 Hz was applied to the sensor
element. We can see the periodical sine signal in this measurement. It is natural that this sine-signal is
combined with the system-noise (Figure 16), but the 0.2 s periodical peak is clearly observed.

The achieved sensitivity 3.2 × 10−8 T0-P shown in the results may be reasonable based on Figure 17.
We can easily understand that a reduction of the system noise and 50 Hz noise could make the
sensitivity drastically improve. An estimation of system sensitivity with application of the strong
normal magnetic field is a future subject. The sensor-head apparatus shown in Figure 9 suffered
a vibration coming from both the C-shaped core and the sensor fixing metal-arm. The more rigid
apparatus and larger electro-magnetic core for generating a normal field will be needed for the precise
experiment. I am now preparing such apparatus and will soon make a report about it.
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Figure 17. Measured signal when a 5.1 × 10−8 T0-P in 5 Hz was applied to the sensor element.

4. Conclusion

A driving circuit for a thin-film magneto-impedance sensor using 400 MHz logarithmic amplifier
is proposed. The highest sensitivity of the sensor used in this study is around 500 MHz, and the result
of this article is well approaching and applicable to this frequency. An expected application of this
sensor system is a nondestructive inspection of foreign matters in industrial products and detection of
magnetic nanoparticles in drug solutions. For applying these targets, the frequency range of detection
signal must be under several Hz. The proposed circuit using a logarithmic amplifier detects 400 MHz
signal and make an output of the suitable frequency range. The achieved sensitivity of this system was
3.2 × 10−8 T at 3 Hz. This is a result without strong normal magnetic field, but it is expected to have
nearly the same sensitivity in case of applying normal field because of the slight degradation of MI
property of the sensor element (Figure 7). The sensitivity evaluation in a strong magnetic field will
soon be reported in a future article.
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Abstract: We demonstrate a thermal tactile sensation display that can present various thermal
sensations, namely cold/cool/warm/hot feelings, by varying the effective thermal conductivity of the
display. Thermal sensation is one of the major tactile sensations and needs to be further investigated
for advanced virtual reality/augmented reality (VR/AR) systems. Conventional thermal sensation
displays present hot/cold sensations by changing the temperature of the display surface, whereas the
proposed display is the first one that controls its effective thermal conductivity. The device contains
an air cavity and liquid metal that have low and high thermal conductivity, respectively. When the
liquid metal is introduced to fill up the air cavity, the apparent thermal conductivity of the device
increases. This difference in the thermal conductivity leads to the users experiencing different thermal
tactile sensations. Using this device, the threshold to discriminate the effective thermal conductivity
was experimentally deduced for the first time. This thermal tactile display can be a good platform for
further study of thermal tactile sensation.

Keywords: tactile display; thermal tactile display; thermal sensation; thermal conductivity;
liquid metal

1. Introduction

Tactile displays have been studied to present pseudo-tactile sensations to users for advanced
information communication technologies, such as efficient teleoperation and virtual reality/augmented
reality (VR/AR) [1–7]. Tactile sensations are categorized into five sensations: wetness, roughness,
hardness, pain sensation, and thermal sensation [8,9]. Roughness can be represented by the surface
geometry. An array of micro-actuators can form various surface geometries, and therefore, many tactile
devices to present various roughness sensation have been proposed, where microelectromechanical
systems (MEMS) technologies have played an important role [10–12]. Hardness in tactile research is
stiffness, to be precise. Stiffness is a material property and is difficult to control. In previous work,
a magnetorheological fluid was encapsulated inside flexible membranes, whose apparent stiffness
could be varied with the external magnetic field [13–15]. The encapsulation process was developed,
and the device was used as the stiffness distribution display.

Thermal sensation is the sensation of cold/cool/warm/hot nature when we touch the surface of
objects and plays a crucial role in tactile perception [16,17]. Conventionally, the thermal sensation
displays present hot/cold surfaces by varying the surface temperature using Peltier elements [18–20].
The thermal module using the Peltier elements can be combined with other types of tactile displays,
such as mechano-tactile display with an array of actuators [21,22] and electrostatic tactile display [23].
Thermal sensation display using radiation was proposed, which can stimulate subjects who are not in
direct contact with the display [24]. Note that the thermal sensation is not determined only by the
surface temperature, but also the thermal conductivity of the objects in contact [25]. For example,
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when we touch objects made of wood and metal which are at the same temperature, we perceive the
metal to be colder than the wood, as illustrated in Figure 1. Materials with high thermal conductivity,
such as metal, absorb heat from our finger, which leads to a cold/cool sensation. Control of thermal
conductivity is challenging since it is an inherent physical property to each material and is determined
by molecular configuration. Therefore, there have been no effective thermal tactile displays reported to
date that can control their thermal conductivity.

Figure 1. Illustration of heat transfer when we touch wood and metal at the same temperature
with fingers.

In this work, we demonstrate a thermal tactile sensation display that can vary its thermal
conductivity in a wide range and in an analogue manner by controlling its effective thermal conductivity.
Effective thermal conductivity is the total thermal conductivity of the material and device, which
depends not only on the material property, but also on the heterogeneous geometry. Since the
temperatures of the device surface and the finger are room temperature (~25 ◦C) and body temperature
(~37 ◦C), respectively, and are both low, we considered that the heat conduction through the device
surface is dominant in the heat transfer. The conceptual sketch of the proposed tactile display is shown
in Figure 2. The participant touches the display surface, which is a titanium plate. The display has
an air cavity beneath the plate. Since the thermal conductivity of the air is as low as 0.024 W/mK at
0 ◦C, the effective thermal conductivity is also low at the original state. The display contains liquid
metal encapsulated inside a flexible membrane. Liquid metal has equally high thermal conductivity to
solid metals. As the liquid metal is supplied, it occupies the air cavity and the contact area between
the liquid metal and the top plate increases. This increases the effective thermal conductivity of the
display. The thermal property of this device was experimentally characterized and then perception
tests were conducted to verify the effectiveness of this thermal tactile display. The property of thermal
tactile perception was successfully characterized in a quantitative manner using the display. All the
experimental protocols were approved by the Research Ethics Committee of Faculty of Science and
Technology, Keio University.

Figure 2. Conceptual sketch of the proposed thermal tactile display.
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2. Principle and Fabrication Process

2.1. Principle

The working principle and the structure of the device are shown in Figures 2 and 3, respectively.
The device encapsulates liquid metal with high thermal conductivity inside copper structures.
The liquid metal we used for this device is Galinstan (68.5% gallium, 21.5% indium, and 10% tin),
which has the thermal conductivity of 82 W/mK. It is sealed in the device with a latex rubber membrane
with thermal conductivity of 0.13 W/mK. By controlling the amount of the liquid metal contacting
the device’s surface, different thermal conductivities can be presented to a fingertip which is to be
placed on the top surface. As shown in Figure 2, at the initial state, liquid metal is separated from
the titanium surface, resulting in a low thermal conductivity, which is determined by the geometry of
the copper structures. When the liquid metal is injected into the device from the syringe underneath,
it expands spherically with the latex rubber and reaches the titanium surface. Here, the thermal
conductivity of the latex rubber is assumed to be negligible since its thickness is as thin as 20 μm.
The larger the contact area it becomes, the better the effective thermal conductivity the device possesses.
The effective thermal conductivity can be increased until the whole surface is fully in contact with the
liquid metal. The contact area and thus the effective thermal conductivity can be controlled in the
range continuously.

Figure 3. Structure of the thermal sensation tactile display.

2.2. Fabrication Process

Figure 4 shows the fabrication process of the thermal sensation tactile display. (a) Latex rubber
is spin-coated onto a glass substrate at 1500 rpm for 30 s, which results in a membrane of 20 μm
in thickness. Subsequently, the latex rubber was baked at 100 ◦C for 72 h. (b) An acrylic plate
(20 mm × 20 mm × 1 mm) and a copper plate (20 mm × 20 mm × 5 mm) are processed with a numerical
control (NC) cutting machine (MM-100, Modia Systems Co., Saitama Japan). Holes of 7 mm in diameter
are drilled in a 2 × 2 array with intervals of 1 mm in the acrylic plate. In addition, two grooves
with the size of 23 mm × 1 mm × 0.2 mm are formed on the acrylic plate, which pass through the
center of the circles and work as the air escape paths when the air cavity decreases. Cavities of
17 mm × 17 mm × 2 mm and holes with diameters of 4.1 mm and 3 mm are processed onto a copper
plate. (c) Both the acrylic plate and the copper plate are bonded to the latex rubber. (d) Liquid metal,
Galinstan (Cool laboratory, Magdeburg, Germany), is injected into the cavity of the copper plate with a
syringe. The syringe is connected to a luer fitting and a silicon tube so that the device can be set in a
device holder. The cavity is sealed with polydimethylsiloxane (PDMS; Silpot 184 W/C, Dow Corning
Toray Co., Ltd., Tokyo, Japan). (e) Finally, the titanium cover (20 mm × 20 mm × 0.05 mm) is bonded
onto the acrylic plate of the device.
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Figure 4. Fabrication process of the thermal sensation tactile display.

3. Experimental Procedure

3.1. Measurement of the Contact Area

The relationship between the amount of injected liquid metal and the contact area of the liquid
metal and the titanic plate was investigated with a microscope. In this experiment, to visualize the
contact area, the titanium cover was replaced by a glass plate.

3.2. Measurement of Effective Thermal Conductivity

The effective thermal conductivity of the device was measured with respect to the contact area
using the flat plate comparison method (Figure 5) [26]. The effective thermal conductivity of the device
was calculated using Fourier’s law, as described in Equation (1).

Q = −Aλ1
(T1 − T2)

l1
= −Aλ2

(T2 − T3)

l2
(1)

where Q is the heat transferred via the metal plate and the device. Since these materials are thermally
insulated, the heat transfer quantity is constant. A is the contact area of the two materials. λ1 is the
thermal conductivity of a metal plate (λ1 = 83.5 W/mK), and λ2 is the thermal conductivity of the
device. T1, T2, and T3 are the measured temperatures at the interface between the metal plate and the
hot plate, at the top surface of the device, and at the bottom of the device, respectively. l1 and l2 are the
thicknesses of the metal plate (l1 = 5 mm) and the device (l2 = 6 mm), respectively. Note that all the
other experiments were conducted at room temperature without the hot plate and the cool air.
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Figure 5. Experimental setup for measurement of thermal conductivity.

3.3. Evaluation of Thermal Sensation

A sensory experiment was carried out with ten participants (21 to 24 years old, 8 males and
2 females) to investigate how the thermal conductivity of the device affects the thermal sensation.
First, the participants were requested to touch the device when the injection amount of the liquid metal
was 0.00 mL and 0.08 mL, i.e., when the hottest and coldest sensation were supposed to be presented.
Then, the participants were requested to touch the device with the injection amount ranging from
0.00 mL to 0.08 mL and score the coldness on a seven-item scale from 1 (cold) to 7 (hot).

3.4. Perceptual Threshold of Thermal Conductivity

Perception tests were conducted to deduce the perceptual threshold of thermal conductivity, if
any, using the two-point identification method [27]. In this experiment, the injection amount was
accurately controlled with a micro-syringe pump. We prepared two devices with different injection
amount and thermal conductivity. The thermal conductivity of one device was fixed to be 75 W/mK,
and the thermal conductivity of the other device was controlled between 80 W/mK and 105 W/mK
with a step size of 5 W/mK in a random sequence. The participants were asked to touch the center
of the device with the index fingers of both hands simultaneously, and then were asked whether
they recognized a difference in coldness. To deduce the threshold more accurately, we conducted
the same experiments varying the thermal conductivity with a step of 1 W/mK near the threshold.
We consider that the initial temperatures of the finger and the device surface need to be consistent
in the experiment. In the case that the participant uses his one finger to compare two conditions, a
sufficiently long interval is needed between the perception tests. This interval may affect the answers,
including reducing the accuracy. Therefore, we decided to request the participants to use both hands to
detect the differences of thermal perception between the two conditions. The experimental conditions
were as follows: contact time to the device—5 s; room temperature—25 ◦C.

4. Results and Discussion

4.1. Measurement of the Contact Area

Figure 6 shows the relationship between the amount of injected liquid metal and the contact area
between the top surface and the liquid metal via a latex rubber membrane. The horizontal axis shows
the injection amount of the liquid metal, and the vertical axis shows the contact area between the liquid
metal and the titanium cover. The result shows that the contact area of the liquid metal increased with
the injection amount in an almost linear manner.
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Figure 6. Measurement of the contact area.

4.2. Measurement of Thermal Conductivity

Figure 7 shows the relationship between the contact area and the thermal conductivity.
The horizontal axis shows the contact area, and the vertical axis shows the measured thermal
conductivity. The result indicated that the device could successfully present a wide range of thermal
conductivities from 70.3 W/mK to 105 W/mK in a linear manner.

Figure 7. Measurement of thermal conductivity.

4.3. Evaluation of Thermal Sensation

Figure 8 shows the relationship between the thermal conductivity (horizontal axis) and the
average and standard deviation of the scores of the thermal sensation (vertical axis). As the thermal
conductivity increased, the scores of the thermal sensation increased, i.e., the participants felt the
surfaces cooler. Significant differences were found between the initial state (70.3 W/mK) and 90.7 W/mK.
These results verified the effectiveness of the proposed thermal tactile display. Though the case at
the thermal conductivity of 90.7 W/mK showed significant difference against the one at 70.3 W/mK,
the cases of 93.6 W/mK and 97.1 W/mK did not. All the cases have rather large standard deviation.
Ambiguity in the thermal sensation needs to be taken into consideration when designing the thermal
sensation display.

The human sensory experiment was conducted at room temperature, and the differences between
the body temperature and the room temperature lead to change in the surface temperature of the device.
One may consider that the participants detected the thermal sensation based on the surface temperature.
However, if this is the case, the device with higher thermal conductivity should represent a warmer
sensation, which is contrary to the experimental results. We conclude that in the experiments, the
thermal conductivity was the dominant factor in determining the thermal sensation of the participants.
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Figure 8. Evaluation of thermal sensation using the semantic differential (SD) method.

4.4. Perceptual Thershold on Thermal Conductivity

According to Figures 6 and 7, the standard deviation of the contact area and the thermal
conductivity is no more than 4.6 mm2 and 0.64 W/mK, respectively. From this result, we can say that
the thermal conductivity could be controlled precisely by the injection amount of the liquid metal. In
the experiments, we prepared two devices for both hands, which had the identical thermal conductivity
with the same injection amount of liquid metal. Tables 1 and 2 show the analysis results of the
experiment. The binomial test was used as an analysis method, for which the significance level was 5%.
As a result of increasing the thermal conductivity by 5 W/mK (Table 1), when the difference of thermal
conductivity between the two devices was 20 W/mK, a difference in the thermal sensation could be
perceived. Then, the thermal conductivity was increased by 1 W/mK in the range of 91 W/mK to 94
W/mK. According to Table 2, when the difference of thermal conductivity was 18 W/mK, a difference in
thermal sensation could be perceived. Therefore, it can be said that the perception threshold of thermal
conductivity is approximately 18 W/mK. However, the perceptual threshold of thermal conductivity
might not be the same in other ranges. Therefore, as a future study, we are planning to investigate the
perception threshold within different ranges of thermal conductivity by changing the structure of the
device. To the best of our knowledge, this is the first time that the thermal perception threshold has
been experimentally deduced.

Table 1. Result of threshold experiment by using significant different judgement.

Thermal Conductivity (W/mK) Value Difference (W/mK) Significant Difference

75 vs. 80 5 NS
75 vs. 85 10 NS
75 vs. 90 15 NS
75 vs. 95 20 *
75 vs. 100 25 *
75 vs. 105 30 ***

NS: Not significant; *** p < 0.001; * p < 0.05.

Table 2. Result of threshold experiment by using significant different judgement.

Thermal Conductivity (W/mK) Value Difference (W/mK) Significant Difference

75 vs. 91 16 NS
75 vs. 92 17 NS
75 vs. 93 18 *
75 vs. 94 19 *

NS: Not significant; * p < 0.05.
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5. Conclusions

We successfully developed a thermal sensation display with controllable thermal conductivity.
The encapsulated liquid metal increased the thermal conductivity as it contacts the device’s top
surface in a larger area. Control of the effective thermal conductivity with the contact area was
successfully demonstrated. Using this device, the threshold of the thermal conductivity necessary to
perceive differences in thermal sensation was experimentally deduced to be 18 W/mK. The proposed
thermal sensation display can be readily applicable to the presentation of thermal sensations, i.e.,
hot/warm/cool/cold, for virtual/augmented reality applications and as a research platform for human
thermal sensation.
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Abstract: Particle flow separation is a useful technique in lab-on-a-chip applications to selectively
transport dispersed phases to a desired branch in microfluidic devices. The present study aims to
demonstrate both nano- and microparticle flow separation using microscale thermophoresis at a
Y-shaped branch in microfluidic channels. Microscale thermophoresis is the transport of tiny particles
induced by a temperature gradient in fluids where the temperature variation is localized in the
region of micrometer order. Localized temperature increases near the branch are achieved using
the Joule heat from a thin-film micro electrode embedded in the bottom wall of the microfluidic
channel. The inlet flow of the particle dispersion is divided into two outlet flows which are controlled
to possess the same flow rates at the symmetric branches. The particle flow into one of the outlets
is blocked by microscale thermophoresis since the particles are repelled from the hot region in the
experimental conditions used here. As a result, only the solvent at one of outlets and the residual
particle dispersion at the other outlet are obtained, i.e., the separation of particles flows is achieved.
A simple model to explain the dynamic behavior of the nanoparticle distribution near the electrode
is proposed, and a qualitative agreement with the experimental results is obtained. The proposed
method can be easily combined with standard microfluidic devices and is expected to facilitate the
development of novel particle separation and filtration technologies.

Keywords: microscale thermophoresis; multiphase flow; microfluidic channels; nano/microparticle
separation; micro-electro-mechanical-systems (MEMS) technologies

1. Introduction

Fluids that contain dispersed phases, such as nano- and microparticles, appear in a wide
range of applications. For instance, a nanofluid is a class of fluid that contains nanometer-sized
materials, in which a significant increase in the heat-transfer rate compared to conventional
engineered fluid has been reported [1,2]. Ever since its discovery, the nanofluid has served
in several engineering applications, e.g., fuel-cells [3–5], porous materials [6–8], and petroleum
engineering applications [9–12]. In addition to these applications, nanofluids have become an
important research topic in the development of lab-on-a-chip (LOC) devices, where the sorting
and/or accumulation of target nanomaterials in fluidic devices are necessary for a controlled chemical
reaction or an analysis of the targets [13,14]. In LOC devices, controlling and separating the flow
of tiny dispersed phases, such as nanoparticles in nanofluids, is one of the main concerns in the
field of microfluidics and nanofluidics [15–21]. To be more specific, flow control of nanoparticles
can enhance the detection/identification performance of the biosensor [22] installed in a LOC
device. Therefore, various techniques to control the particle flow in microfluidic channels have
been proposed in [15–20]. For instance, electrophoresis [23,24] and dielectrophoresis [25] in micro- and
nanofluidic devices are widely acknowledged experimental techniques using electrokinetic effects.
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However, applying electrical potential differences across the device may result in electroosmotic
flows and/or the electrolysis of solvents, which may complicate data analysis and be undesirable
depending on a situation. Other than these electrokinetic methods, other driving mechanisms such
as diffusiophoresis [26–30] and thermophoresis [31–33] have also been actively investigated recently.
Since each method has a different physical basis, one may choose a suitable technique according to the
properties of the target materials.

Among these driving mechanisms, thermophoresis is expected to introduce a new direction for
particle flow control since it is sensitive to the composition of a continuous phase and the nature of
particle characteristics, such as chemical surface modifications. More specifically, the direction of
particle motion may be controlled by choosing a proper experimental setting. For instance, it has been
shown that the direction of thermophoresis can be reversed by controlling the average temperature
of the solution [34–36] or by adding electrolytes [37–40] or polymers [41,42] into the solution. Owing
to the high sensitivity of thermophoresis, depending on the nature of particle and/or solvent,
microscale thermophoresis has recently been developed to evaluate protein-binding [43,44]. Here,
the prefix terminology “microscale” is used to emphasize that the driving temperature distribution
is localized in a microscale spatial region. However, although there have been theoretical [33,45–48]
and simulation-based [49–52] approaches to understand the nature of thermophoresis, its physical
mechanism is not yet fully understood.

Given such a growing interest in thermophoretic manipulation, the previous study by the
authors tried to apply microscale thermophoresis to particle flow control in LOC devices [53,54].
More specifically, using micro-electro-mechanical-systems (MEMS) technologies, a micro heater was
installed in a straight microfluidic channel, and the on-chip thermophoretic separation device was
developed [53]. The counterbalance between the flow of the continuous phase and the thermophoresis
of microparticles resulted in the formation of a localized particle distribution in the straight channel.
However, the particle flow separation to branched channels, as demonstrated in [15–17,19,20], was
not achieved in the previous study. It is useful in LOC applications to transport dispersed phases to a
desired branch. The present paper is an extension of the previous study [53] on branched microfluidic
channels, which are more suitable for the separation of a dispersed phase from a continuous one.
To eliminate unnecessary complexity, a symmetric Y-shaped branch is used as a microfluidic channel.
In this way, the effect of thermophoresis on the particle flow separation is elucidated. Moreover,
a simple numerical model is introduced to explain the separation dynamics at the Y-shaped branch.
In the present study, the size of the particle is reduced from microscale to nanoscale to demonstrate that
the present approach is also applicable not only to cells with O(1) μm but also to viruses [55,56] or pollen
allergen particles [57] with O(10)–O(100) nm, broadening the scope of application of state-of-the-art
micro- and nanofluidics in biosciences. The present demonstration of nano- and microparticle flow
separation using thermophoresis suggests the function of selective particle flow control may feasibly
be installed to existing microfluidic devices.

2. Experimental Methods

2.1. Details of Microfluidic Devices

Microfluidic channels are fabricated by bonding a block made of polydimethylsiloxane (PDMS)
and a glass substrate using a similar protocol to that described in the previous study [53]. In the
present paper, the PDMS block has a Y-shaped branch in a microfluidic channel. The schematic of
the test section near the branch is shown in Figure 1a. The channel has a uniform cross-section with
a height h = 17.2 μm and a width w = 450 μm. The dimension of the cross-section of the channel is
similar to that in the previous study [53], where unwanted thermal convection was confirmed to be
absent thanks to the small channel height. Three holes with a diameter 2 mm for an inlet and two
outlets are fabricated, as shown in the inset of Figure 1a. These holes are connected to reservoirs using
silicone tubes, as shown in Figure 1b. The distance from the holes to the Y-shaped branch, i.e., the
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channel lengths, is L = 5 mm for the inlet and two outlets. This technique is considered in terms of
the fluid dynamics of the continuous phase to realize a fully developed flow at the test section and
almost equal flow rates in two branched outlets. To induce a temperature increase for thermophoresis
of the dispersed phase, an electrode heater, which has the boundary condition of uniform heat flux,
is used, as shown in Figure 1a, where the electrode width is welec = 20 μm and thickness is 150 nm.
The electrode thickness is thin compared to the channel height h, and it does not affect the flows.
The fabrication process is described in the following.
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Figure 1. (a) Schematic of the test section. The branched microfluidic channel has a rectangular
cross-section in the yz plane with a height h = 17.2 μm and a width w = 450 μm. The inlet flow is
divided into two outlet flows α and β. A thin-film electrode heater is fabricated at the entrance of the
outlet flow α. Flow profiles of the inlet and outlets are schematically drawn based on the analytical
solution of the Poiseuille flow in a rectangular channel [58]. (b) Overview of the experimental setup. EF:
emission filter. AF: absorption filter. DM: dichroic mirror. OL: objective lens. PC: personal computer.

2.1.1. Fabrication of a PDMS Block

A mold for the microfluidic channel pattern is prepared on a Si substrate by a photolithography of
negative photoresist SU-8 3005 (MicroChem Corp., Westborough, MA, USA). The PDMS block is cast
from the mold to obtain the microfluidic channel pattern. The height of the mold, which determines
the height of the microfluidic channel h, is measured as h = 17.2 ± 0.2 μm by scanning the PDMS block
using a laser displacement sensor (LK-H008W, Keyence, Osaka, Japan).

2.1.2. Fabrication of the Electrode Pattern on the Glass Substrate

The glass substrate is sonicated in dimethylformamide (DMF), ethanol, and ultra-pure water in
series for 15 min each. After drying out the glass substrate at 200 ◦C for 5 min, an Au thin-film is
deposited on the substrate by sputtering, where the thickness of the Au layer is 150 nm. Here, Cr
is used as an adhesion layer between the glass and Au. A positive photoresist (AZ5214E, Merck,
Germany) is spin-coated onto the substrate. After a prebake at 90 ◦C for 2 min, the substrate is exposed
to UV light with 20 mJ·cm−2 through a photomask to obtain an electrode pattern. The substrate is
then immersed in a developer solution (a mixture of 1:1 ultra-pure water and AZ developer; Merck,
Germany) to obtain the photoresist layer with the electrode pattern. After the postbake at 120 ◦C for
2 min, the substrate is immersed into etching solutions for Au (AURUM-301, Kanto Chemical Co., Inc.,
Tokyo, Japan) and Cr (Mixed-Acid Cr Etching solution, Kanto Chemical Co., Inc., Tokyo, Japan) layers.
Finally, the substrate is sonicated in acetone and ultra-pure water.
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The electrode heater has an electrical resistance of 23.3 ± 1.7 Ω, i.e., the variation in the fabrication
error is 7%. The error may be attributed to the presence of a gap between the photomask and the
substrate during UV exposure, which determines the accuracy of the pattern transfer; this is difficult
to control precisely using a manual mask aligner such as that which is used in the present fabrication.
For the present research, the error is within the acceptable range, but a direct pattern exposure system,
such as a laser lithography system, will be necessary to achieve further miniaturization of the electrode.

2.1.3. Bonding Process

The contact surfaces of the PDMS block and the glass substrate are treated by oxygen plasma
(RIE-10NR, Samco, Kyoto, Japan) to enhance the adhesion. The bonding process is carried out using
an aligner so that the electrode is placed at the entrance of the outlet α, as shown in Figure 1a. A direct
current (DC) power source (PAN35-10A, Kikusui Electronics Corp., Yokohama, Japan) is connected
to the electrode. An electric current IJH produces the Joule heat from the electrode and a microscale
temperature distribution is formed at the entrance of the outlet α. In the previous study [53], where
the dimensions of the electrode were the same as that of the present study, the maximum temperature
Tmax near the electrode was measured to be about 360 K. Therefore, a similar temperature increase
is expected in the present device. Finally, the inlet and outlets are connected to the reservoirs by
silicone tubes.

2.2. Experimental Setup

The complete experimental setup is shown in Figure 1b. An inverted microscope (IX-71, Olympus,
Tokyo, Japan) with an objective lens (OL, 10x magnification, numerical aperture = 0.3) and a scientific
complementary metal-oxide-semiconductor (sCMOS) camera (Zyla 5.5, Andor Technology Ltd., Tokyo,
Japan) are used for observation of the device. To prevent the overall temperature increase of the device,
it is placed on sapphire glass, which has high thermal conductivity and optical transmissivity. The DC
power source is controlled by a function generator (WF1973, NF, Kanagawa, Japan). A trigger signal
from the camera synchronizes the image acquisition in a personal computer (PC) and the onset of Joule
heating through the function generator.

A mercury lamp (U-HGLGPS, Olympus, Tokyo, Japan) is used as the illumination light source.
The illumination light goes through an excitation filter (EF) and is converted to the excitation light.
Being irradiated by the excitation light, micro- or nanoparticles in the device emit fluorescence, which
is monitored by the camera through an absorption filter (AF).

The flow rate within the device is controlled by water-level differences between the reservoirs.
First, the z-stage, which holds the reservoir for outlet α, is manipulated to eliminate the water-level
difference between the reservoirs for outlets α and β. Then, the particle flow becomes symmetric
with respect to a plane, S, shown in Figure 1a. Next, the z-stage, which holds the reservoir for the
inlet, is manipulated to stop the flow in the microfluidic channel, i.e., all the water-levels in three
reservoirs are controlled to be the same. Then, the reservoir for the inlet is lifted by ΔH, as shown
in Figure 1b, to induce the fluid flow of a sample solution with a required flow rate. As discussed
in [54], the generated pressure difference ΔP in Figure 1 is estimated as ΔP = ρgΔH, where ρ is the
mass density of the sample solution and g = 9.8 m·s−2 is the acceleration of gravity. In this research,
an aqueous solution is used and thus ρ = 1.0 × 103 kg·m−3. Because the resolution of the z-stage is
1 μm, the resolution of ΔP can be estimated as 1 × 10−2 Pa. The resulting flow fields will be discussed
in Section 3.1.

2.3. Sample Solutions

Polystyrene (PS) particles are used as a dispersed phase. In the experiments, PS particles with
carboxylate surface modifications in a Tris-HCl aqueous buffer (pH = 8.0, 321-90061, Nippon Gene
Co., Ltd., Tokyo, Japan) are used since this choice was confirmed to yield thermophoresis in the
previous experiments [53] when the particle diameter d was 0.99 ± 0.022 μm. The concentration of
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Tris-HCl is 10 mM. To avoid the occurrence of inter-particle interactions, the concentration of particles
should be dilute and is set to be less than 4 × 10−2 wt%. These sample solutions were prepared
using ultra-pure water. Microparticle (d = 0.99 ± 0.022 μm, F8823, Molecular Probes, Eugene, OR,
USA) and nanoparticles (d = 99 ± 8 nm, F8803, Molecular Probes, Eugene, OR, USA) are tested in the
present paper.

2.4. Procedures

As described in Section 2.2, the mean flow in the microfluidic channel is induced, where the flow
is symmetric with respect to the plane S in Figure 1a. At t = 0 s, heating the microfluidic channel is
induced by applying the electric current IJH = 4 × 10−2 A, and recording the subsequent behaviors
of PS particles. The duration of the experiment is set to 300 s. To focus on the effect of temperature
increase, it must be ensured that the pressure difference ΔP does not change during the experiments of
300 s. This is confirmed as follows. As will be shown in Section 3.1, the flow speed in the inlet channel
is less than 10 μm·s−1. That is, the flow rate, which is obtained by multiplying the flow speed by the
cross-sectional area wh = 7.7 × 103 μm2, is estimated as 7.7 × 10−14 m3·s−1. Due to mass conservation,
this flow rate must be compensated by the decrease (and increase) of the reservoir water level in the inlet
(and outlets). The cross-section of the reservoir is 2.3 × 10−4 m2, that is, ΔH decreases with the speed
3.3 × 10−10 m·s−1 to compensate for the mass flow in the microfluidic channel. For the experiment of
300 s, the difference between ΔH(t = 0 s) and ΔH(t = 300 s) is estimated as, at most, 1.0 × 10−7 m,
which corresponds to ΔP(t = 0 s)− ΔP(t = 300 s) = ρg[ΔH(t = 0 s)− ΔH(t = 300 s)] ≈ O(10−3) Pa.
Since ΔP(t = 0 s) = 0.5 or 1.0 Pa is used in the present paper, it is considered that the variation of
ΔP is negligibly small in the experiments. In other words, the mean flow can be considered to be in a
steady state during the experiments.

3. Results and Discussion

3.1. Flow Fields

Thermophoresis is a rather weak effect, that is, it can be hindered by the fast flow of continuous
phase. Therefore, to observe the effect of thermophoresis effectively, we should induce a creeping flow
of O(1)–O(10) μm·s−1 in the microfluidic channel [53,54]. However, in general, the creeping flow is
difficult to control since a finer pressure control resolution is required. In this section, the reliability of
the control on the flow of the continuous phase is investigated.

The flow field in the absence of temperature increase is presented, where ΔP is set to 1.0 Pa.
Figure 2a shows the experimental result obtained by the particle image velocimetry (PIV) using the
microparticle as a tracer, where the inset shows corresponding stream lines. Since the channel height
h ≈ 17 μm is small, the fluorescence of particles in the entire z-direction is recorded by the camera,
i.e., the PIV result is considered to be the average in the z-direction. The inlet flow is separated at the
Y-shaped branch into two symmetric outlet flows. The flow speed is about 4 μm·s−1 and 2 μm·s−1

for the inlet and the outlets, respectively. To validate the experimental results, the flow field obtained
from a numerical simulation using a finite element method is shown in Figure 2b. The simulation is
carried out by a commercial software, COMSOL Multiphysics 5.3 (COMSOL, Inc., Stockholm, Sweden).
The result shows the velocity vector u at a plane z = h/2. The overall flow profile is consistent with
the experimental result in Figure 2a, although the magnitude of the flow is larger than that observed in
the experiment. For the Poiseuille flow between two parallel plates, the flow speed averaged in the
z-direction is 2/3-times the maximum at z = h/2. Therefore, multiplying the result in Figure 2b by a
factor 2/3 is expected to yield the result in Figure 2a.
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Figure 2. Flow field at the test section without Joule heating for ΔP = 1 × 10−2 Pa. The inlet flow
is equally separated into two outlet flows. (a) Experimental result obtained by the particle image
velocimetry (PIV) analysis. (b) Numerical result at z = h/2 obtained by the simulation using a finite
element method.

Furthermore, the simulation result is validated using the theoretically obtained inlet flow speed
Vin, which is the flow speed averaged over the cross-section. The channel length is L = 5 mm, the
experimentally observed flow speed is Vin = O(1)− O(10) μm·s−1, and the viscosity of the solution
at room temperature is η = 8.94 × 10−4 Pa·s. Then, laminar flow in the microfluidic channel can be
assumed, since the Reynolds number is estimated as Re = ρVinL/η < 6× 10−2 and is sufficiently small.
Neglecting the minor pressure losses, such as velocity head, entrance loss, and branch loss, the pressure
difference ΔP = 1 Pa should be compensated by the friction losses along the microfluidic channel.
Considering the incompressible and Newtonian fluid with small Reynolds number, the hydraulic
resistances of the inlet Rin and that for the outlet Rout are expressed as Rin = 12ηL

h3w [1− 0.630(h/w)]−1(=

Rout), where the Poiseuille flow in a thin square duct is assumed [58,59]. Then, using Bernoulli’s
theorem, the relation ΔP = RinQin + RoutQout holds, where Qin and Qout are the flow rates in the
inlet and outlet, respectively. It should be noted that Qout values in both outlets are equal due to
the symmetric nature of the microfluidic channel. Then, due to the mass conservation, Qin = 2Qout

holds. Therefore, it is concluded that ΔP = (3/2)RinQin, which turns out to be Qin = (2/3)ΔP/Rin.
The average flow speed Vin = Qin/(wh) given by the above relation is Vin = 3.5 μm·s−1. This
theoretical value overestimates the simulation value 3.14 μm·s−1 by 10%, where the simulation value
is evaluated at the position (x, y) = (−320 μm, 280 μm) in the inlet. The overestimation may be due to
the neglected minor losses. Nonetheless, the agreement among the experiment, the simulation, and
the theory is reasonable, and it is concluded that the control of the continuous phase is adequate to
carry out the thermophoresis experiments.

3.2. Microparticle Flow Separation

In this section, the result for microparticles with d = 1 μm using the pressure difference ΔP = 1.0 Pa
is presented. As demonstrated in the previous work [53], the PS microparticles under the present
experimental conditions were thermophobic, that is, the particles were repelled from the hot region.
Therefore, it was expected that the particles would move away from the thin-film electrode.

Figure 3a shows the snapshot at t = 0 s, at which the Joule heating of the thin-film electrode
starts. According to the previous study [53] using the same electrode heater, the temperature near the
electrode gradually increases with increasing time. Since the continuous phase at room temperature is
supplied from the inlet, a non-uniform temperature field is formed near the electrode. The temperature
field reaches an almost steady state in several seconds, producing a magnitude of the temperature
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gradient of about 0.6 K·μm−1 near the electrode. It should be noted that the fluid flow is driven by the
pressure difference from the inlet to outlets α and β. As time progresses, the particle flow separation
begins to be observed, as shown in Figure 3b. More specifically, it seems that microparticles cannot
enter the outlet α, and the particle-concentrated region emerges near the thin-film electrode upstream.
As a result, the particles are flushed out in the outlet α, and the high-concentration dispersion is
obtained in the outlet β. At t = 250 s, few particles exist in the outlet α, resulting in complete particle
flow separation.

at which the Joule heating of the thin-film electrode starts.
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Figure 3. (a–g) Time series of the particle flow separation induced by microscale thermophoresis for
the case with a particle diameter d = 1 μm and ΔP = 1.0 Pa. At t = 0 s, the heating by electrode is
initiated. Particle flow from the inlet is separated at the Y-shaped branch. Because the thermophoresis
is directed to the colder region, the PS particles cannot enter the outlet α.

The increase in fluorescence of particular regions A, B, C, and D indicated in Figure 3a is evaluated
to investigate the separation process in more detail. It should be noted that the increase in the
fluorescence indicates the increase in the particle concentration. Figure 4 shows the time-development
of the fluorescence intensity for these four regions. It is found that the intensity increases as time
progresses for all regions; however, the onset of the increase in region A is earlier than that in region D.
The time-dependent behaviors in Figure 4 are compared with the snapshots in Figure 3. At the early
stage of the experiment, as shown in Figure 3b–d and Figure 4 for t ≤ 100 s, the particles begin to
accumulate in the region where the flow drag is counterbalanced by the thermophoretic force, as in [53].
At the later stage of the experiment, as shown in Figure 3d–g and 4 for t ≥ 100 s, these concentrated
particles are gradually transported to the outlet β as time progresses. Therefore, the increase in the
fluorescence intensity in regions B, C, and D occurs later, as shown in Figure 4. The saturation of
the intensity in region A and the intensity increase in region D are caused by the transport of these
particles to the outlet β.

For the concentration range investigated in the present study, no apparent particle concentration
effect is observed since the initial concentration of O(10−2) wt% is sufficiently diluted to neglect the
finite-size effect and the inter-particle interaction. In the case of the straight channel of the previous
study [53], the concentration increased by 100-fold to 4 wt% after 5 min of operation with a similar
flow rate. When the device is operated for a longer duration, such a large concentration ratio may
cause the finite-size effect and/or the inter-particle interaction that complicate the phenomena. On the
contrary, the saturated particle density observed in Figure 4 is more favorable than that in the straight
channel since the present device can avoid reaching too high a particle concentration even with a
longer operation time. That is to say, the branched channel is suitable for practical applications
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where continuous particle flow separation may be required. With the aim of achieving more effective
particle separation with a larger flow rate, the design of both the flow and temperature fields are
important because the position of the highly concentrated particle region and the value of the saturated
particle density are determined as the result of the interaction between these two fields. The present
demonstration is a first step toward designing better channel and electrode patterns.
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Figure 4. Time-development for fluorescence intensity of microparticles in the regions A, B, C, and D
indicated in Figure 3a. The pressure difference ΔP is set to 1.0 Pa.

3.3. Nanoparticle Flow Separation

In this section, the results for nanoparticles with d = 100 nm are presented. In the previous
study [54], it was demonstrated that the PS nanoparticles were repelled from the hot spot produced
by laser irradiation. Although the sample solution in [54] contained an additional surfactant, it was
expected that the nanoparticles in the present experimental condition were also repelled from the hot
region since the addition of a surfactant did not result in a reversal of the thermophoresis direction of
PS microparticles in [53].

First, ΔP = 1.0 Pa is used as in Section 3.2. Figure 5 shows the snapshots of the obtained video
images. It should be noted that the nanoparticles are too small to distinguish each of them with
the present optical setup. This is the reason for using florescent nanoparticles. As time goes on, the
left side of the electrode starts to become bright, indicating the increase of fluorescent nanoparticles.
At t ≥ 200 s, the lower-left region near the electrode, indicated by an arrow in Figure 5f, shows
an apparent increase in the fluorescence intensity. This is clearly seen from Figure 5h, which is the
magnification of a rectangular region indicated in Figure 5b. The increased nanoparticle concentration
is then transported to the outlet β. This behavior of nanoparticles is qualitatively similar to that of
microparticles presented in Figure 3; however, the position of the particle-concentrated region is closer
to the electrode in this case. Such a difference is attributed to the difference in thermophoretic mobilities
between micro- and nanoparticles. These results indicate that the nanoparticles are more insensitive
to the temperature gradient and/or they have larger diffusion coefficients D than microparticles, as
expected from the Stokes–Einstein relation D = kBT/(3πηd), where kB is the Boltzmann constant and
T is the temperature. Figure 6 shows the time-development of the fluorescence intensity in regions
A, B, C, and D indicated in Figure 5a. It is found that the intensity for all the regions increases with
increasing time; however, the increment is smaller than that for the experiment using microparticles,
as shown in Figure 4. More specifically, the intensity is, at most, three times higher than that at the
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initial state t = 0 s, indicating an almost three-fold increase in nanoparticle concentration. The increase
of the intensity in region D, which is placed at the entrance to the outlet β, is slightly delayed but
larger compared with that of other regions, because the concentrated nanoparticles in regions A, B,
and C are transported to the outlet β as time progresses. The dynamic behavior of nanoparticles will
be discussed in Section 3.4 using a simple model.
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Figure 5. (a) Schematic figure of the test section and the positions of region A, B, C, and D analyzed in
Figure 6; (b–g) Time series of the nanoparticle fluorescence. The particle flow separation is induced
by microscale thermophoresis for the case with a particle diameter d = 100 nm and ΔP = 1.0 Pa.
At t = 0 s, the heating by the electrode is initiated. Particle flow from the inlet is separated at the
Y-shaped branch. Because the thermophoresis is directed to the colder region, the PS particles cannot
enter the outlet α. (h) Magnified figures of (b–g) for a rectangular region indicated in (b).

Comparing the results from microparticles, as shown in Figures 3 and 4, with those from
nanoparticles, as shown in Figures 5 and 6, it can be concluded that the nanoparticles are more
difficult to separate. This is because the thermal fluctuations become comparable to or stronger than
the thermophoretic force and flow drag. If one wants to separate the nanoparticles more effectively,
there are some methods of improvement. It should be noted that producing a larger temperature
increase is not an appropriate option since it will easily cause the solution to boil if an aqueous solution
is used. Firstly, downsizing the electrode width to produce a steeper temperature gradient will be
effective. For this approach, the fabrication process of the electrode pattern should be improved to
achieve a better yield ratio. Another approach is to use a different choice of electrolyte. It was reported
in [34] that the Debye length, which is determined by the concentration of the electrolyte, affects the
strength of the thermophoresis. Since the theory of thermophoresis has not been fully developed yet,
such an approach will depend on trial and error. The present study can be used as a reference toward
achieving more efficient nanoparticle separation using thermophoresis.
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Figure 6. Time-development for fluorescence intensity of nanoparticles in the regions A, B, C, and D
indicated in Figure 5a. The pressure difference ΔP is set to 1.0 Pa.

Next, a similar experiment for the nanoparticles using a smaller pressure difference ΔP = 0.5 Pa
is carried out with a longer experimental duration of 900 s. The intention here is to increase the
nanoparticle concentration near the electrode using a slower mean flow of the continuous phase.
It should be noted that the slower flow speed is expected to prevent the transport of the concentrated
particles into the outlet β. The result is presented in Figure 7. The fluorescence in the left side of the
electrode starts to increase as in the previous case with ΔP = 1.0 Pa, as shown in Figure 5. At a first
glance, the increase of the fluorescence intensity is enhanced due to the slower flow speed. However, it
seems that the intensity increase converges to a constant value at a later stage of the experiment, as
shown in Figure 7f–h. Then, the time-development of the fluorescence intensity in regions A, B, C, and
D as indicated in Figure 7a is investigated. Figure 8 presents the intensity for these four regions. First,
it is found that the intensity for region C is the most prominent. This trend is different from that in
Figure 6, where the intensity of region D is the largest. This is attributed to the slower flow velocity
component in the y direction, which transports the particles from region A to the negative y direction.
The intensity for regions A, B, and D becomes saturated and fluctuated slightly. The fluctuation is
caused by the occasional leak of trapped nanoparticles into the outlet α. Such a leak may be attributed
to the longer experimental duration, which may cause an increase in the overall temperature in the
entire microfluidic channel. Recall that the thermophoresis is driven by the temperature gradient,
which may be diminished by the increase of the entire temperature. The result from region C, at which
the increase of the intensity is the most prominent, shows that the intensity starts to decrease after
t = 300 s. These results indicate that the effect of thermophoresis diminishes as time goes on, which
also supports the speculation stated above regarding the entire temperature increase. To avoid the
entire increase in the temperature, the use of different material for the channel wall is proposed. For
instance, a Si substrate instead of the present glass substrate will dissipate the heat more efficiently,
resulting in a more stable temperature field. A better design of the device which reduces such a leak
will be explored in the future studies. Despite the remaining challenges, it is concluded that the concept
of nanoparticle flow separation is demonstrated successfully using the present microfluidic device.
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Figure 7. (a) Schematic figure of the test section and the positions of region A, B, C, and D analyzed in
Figure 8; (b–h) Time series of the nanoparticle fluorescence. The particle flow separation is induced
by microscale thermophoresis for the case with a particle diameter d = 100 nm and ΔP = 0.5 Pa.
At t = 0 s, the heating by electrode is initiated. Particle flow from the inlet is separated at the Y-shaped
branch. Because the thermophoresis is directed to the colder region, the PS particles hardly enter the
outlet α.
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Figure 8. Time-development for fluorescence intensity of nanoparticles in regions A, B, C, and D
indicated in Figure 7a. The pressure difference ΔP is set to 0.5 Pa.

3.4. Numerical Modeling for Nanoparticle Distribution

In this section, a simple model is proposed to explain the dynamics of the nanoparticle distribution
observed in the experiment detailed in Figures 5 and 6. A rectangular region near the left side of the
electrode is focused, as shown in Figure 9a. The width δ is smaller than w, and we consider the number
density of the nanoparticles is uniform in the x direction. More precisely, a one-dimensional convection
diffusion equation along the Y axis, that is, the left side of the electrode heater, is considered. It should
be noted that Y is used for the 1D model in Figure 9a, instead of y in the original coordinates. Let N(Y, t)
be the number density of the nanoparticles with a time variable t. Velocity vectors of the continuous
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phase are denoted by (ux, uy) in the xy plane. These quantities are obtained from the experimental
results and thus are given functions in the following numerical model. Due to the temperature gradient
produced by the heater, thermophoresis of the particles with the velocity uT = −DT(

∂T
∂x ) is induced in

the x direction, where DT is the thermophoretic mobility. As described in the previous study [54], DT

was estimated to be almost 1 × 10−12 m2 · s−1·K−1, that is, the thermophoretic velocity was directed
toward the colder region. The temperature gradient ∂T

∂x was estimated from the previous study [53]
to be ∂T

∂x = 0.6 × 106 K·m−1. It should be noted that uT is considered to be uniform with respect to Y,
and the effective speed of particle transport in the x direction can be written as Ux(Y) = ux(Y)− uT.
Using these notations, the governing equation for N can be written as

∂N
∂t

+
∂(Nuy)

∂Y
+ D

∂2N
∂Y2 = S(Y), S(Y) = N0Ux(Y)/L0, (1)

where S is a source term that represents the supply of nanoparticles to the computational domain,
N0 is a uniform initial value of N, D is a diffusion coefficient, and L0 is the length of the simulation
region in the x direction. The flow velocity (ux, uy) is obtained from the PIV data. More specifically,
the values presented in Figure 2a at x = −100 μm and |y| < w/2 = 225 μm are used, and a
least-squares fit is made to determine (ux, uy). D is obtained from the Stokes–Einstein relation, that is,
D = kBT/(3πηd), where T = 360 K is the temperature near the electrode heater at the steady state,
η = 3.2 × 10−4 Pa·s [60] is the viscosity at temperature T, and the particle diameter is d = 100 nm,
as in the experiments. It should be noted that the steady temperature field is used for the modeling
because an almost steady state was established after several seconds of heating [53].

Boundary conditions for Equation (1) are given as

∂N/∂Y = 0, (Y = w/2), (2)

∂N/∂t = S(Y), (Y = w/2) → N(Y = w/2) = N0 + (N0Ux(Y)/L0)t, (3)

where Equation (3) is introduced by assuming that ∂uy/∂Y|Y=w/2 = 0. The boundary conditions
(2) and (3) physically mean that N and (ux, uy) for Y > w/2, i.e., in the inlet channel, are uniform,
respectively. Equation (3) results in the increase of particle density at a constant rate due to the
source term.
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Figure 9. (a) Schematic of the numerical model on the concentration increase at the branch.
(b) Numerical results regarding the time-development for fluorescence intensity of nanoparticles
in the regions A (Y ≈ 0 μm), B (Y ≈ −72 μm), C (Y ≈ −144 μm), and D (Y ≈ −198 μm), shown in
panel (a) and corresponding to Figure 6, where Y = 0 μm is placed at the center of the outlet α in the
Y direction.
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The initial condition is uniform with the bulk value N(Y, 0) = N0. Since the number of particles is
linearly correlated to the fluorescence intensity in the experiments, N and N0 can be interpreted as the
fluorescence intensity at Y and t and that for the initial state. For L0, the value L0 = 1.0× 104 μm is used,
which is chosen so that the model gives a result with a similar order of magnitude as the experiment.
This is larger than the actual value of O(100) μm, as shown in Figure 9a. The overestimation in the
model may be due to the crude approximation made for the source term S. Nonetheless, the model
is considered to be suitable for use as the first step in the qualitative investigation of the particle
distribution made below. This model can be solved using a standard finite-difference scheme.

The numerical results are shown in Figure 9b, where the time-development of the intensity,
which is scaled so that the initial value is consistent with the experimental results given in Figure 6, is
presented for several positions Y. Here, Y = 0, −72, −144, and −198 μm correspond to regions A, B,
C, and D in the experiments, as indicated in Figure 9a. By comparing the experiment in Figure 6 and
the simulation in Figure 9b, a qualitative agreement is found; however, the range of times is different
in these figures. From the simulation, the dynamic behavior of the nanoparticle concentration can be
explained as follows. The nanoparticles are supplied to the left-side region of the electrode heater by
the flow ux of the continuous phase. Due to the thermophoresis, the nanoparticles cannot go beyond
the heated electrode, and are concentrated in its left-side region. This is the reason for the overall
increase in the intensity that can be observed in Figure 9b. As Y decreases, uy also decreases, as shown
in the PIV result of Figure 2a. Therefore, an increased particle concentration is transported in the
negative Y direction. This leads to the larger concentration increase rate for region D compared with
that for A. The present model indicates that the formation of a more concentrated region near the
electrode is related to the spatial distribution of (ux, uy), and the design of the flow field at the branch
is important for the control of the nanoparticle distribution.

4. Concluding Remarks

In the present study, a microfluidic channel with a Y-shaped branch, at which an inlet flow
was separated into two symmetric outlet flows, has been developed. A thin-film electrode heater
was fabricated at the entrance of one of the outlets to induce a local temperature rise for microscale
thermophoresis of dispersed particles. Since the particles were repelled from the hot region, only
the solvent entered the outlet with the heater, and the micro- and nanoparticles were transported to
the other outlet. A simple model for the nanoparticle distribution based on the convection diffusion
equation, which includes the effect of thermophoresis, was introduced, and a qualitative agreement
with the experimentally observed nanoparticle motion was obtained. In this way, the particle flow
separation using the microscale thermophoresis was demonstrated at the branched channel.

It resulted that the flow and temperature profiles were important to understand the detail of the
particle behavior at the branch, such as the formation of a highly concentrated region. This was not
shown in the previous study [53], and is an important finding of the present experiment. Therefore,
the design of the device should be improved for the systematic investigation toward optimal particle
flow control. Some fundamental research on flow separation, including the effect of heat transfer,
was also presented in [61,62], where a backward facing step was considered instead of branched
channels. In this research, the formation of recirculation zone, flow separation, and reattachment
was investigated. The effect of thermophoresis on such flow geometries will be another interesting
direction of thermophoretic particle flow separation. The theoretical aspects of the underlying physics
of microscale thermophoresis and the above-mentioned systematic experiments will be carried out in
future studies.
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Abstract: The steady streaming (SS) phenomenon is gaining increased attention in the microfluidics
community, because it can generate net mass flow from zero-mean vibration. We developed numerical
simulation and experimental measurement tools to analyze this vibration-induced flow, which has
been challenging due to its unsteady nature. The validity of these analysis methods is confirmed
by comparing the three-dimensional (3D) flow field and the resulting particle trajectories induced
around a cylindrical micro-pillar under circular vibration. In the numerical modeling, we directly
solved the flow in the Lagrangian frame so that the substrate with a micro-pillar becomes stationary,
and the results were converted to a stationary Eulerian frame to compare with the experimental
results. The present approach enables us to avoid the introduction of a moving boundary or
infinitesimal perturbation approximation. The flow field obtained by the micron-resolution particle
image velocimetry (micro-PIV) measurement supported the three-dimensionality observed in the
numerical results, which could be important for controlling the mass transport and manipulating
particulate objects in microfluidic systems.

Keywords: vibration-induced flow; micro-pillar; numerical analysis; micro-PIV; acoustofluidics

1. Introduction

The hydrodynamic phenomenon known as steady streaming (SS) is gaining increased attention
for controlling flows and associated transport and mixing of chemical species as well as micro objects
such as functionalized particles and cells in microfluidic devices [1–12]. This term represents the
time-averaged non-zero mean flow induced by relative periodic oscillation with zero mean between
the substrate and the adjacent bulk fluid. When an infinite planar substrate is oscillating in parallel to
its surface, only a transient velocity field with zero mean is generated within a thin layer whose length
scale is characterized by the Stokes boundary layer thickness represented as δs ~ (2ν/ω)1/2, where ν

and ω are the kinematic viscosity and angular frequency, respectively [13]. However, when an obstacle
is present in the flow field, the interaction between the oscillating bulk fluid and the obstacle creates
vorticity and causes net-momentum transfer. This is similar to the Reynolds shear stress that arises
from the correlation of the fluctuating velocity components in turbulent flows, and it appears as an
additional forcing term in the averaged Navier-Stokes equations. As a result, the steady time-averaged
velocity is generated, although the applied periodic forcing does not have a mean component. Because
it requires no net displacement or a pressure gradient to drive the flow, the SS is expected to simplify
and miniaturize microfluidic systems without introducing external pumps or tubing.
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Despite its simplicity, prediction of the flow field induced by SS is nontrivial. Classically the SS
flow fields around simple objects, such as a sphere and a cylinder, induced by the oscillatory motion
relative to a surrounding fluid were studied [14,15]. The analytical solutions can be obtained in these
cases. However, for practical microfluidics applications, a situation could be more complicated; the
presence of (often non-straight) channel walls and obstacles with complex shapes does not allow
us to derive analytical solutions. To date, several research groups have tackled this problem using
numerical analysis. The group of Dr. Schwartz carefully studied the uni-directional oscillating
flow in a straight channel with the rectangular cross section, in which an array of cylindrical
posts is placed [16,17]. For the numerical analysis, they employed a perturbation approach under
two-dimensional flow assumption, in which the periodically oscillating and steady flows were solved
separately. Their experimental and numerical results showed good agreement in terms of the
streamlines. However, since their main interest was in predicting the location of the center of eddies,
into which small particles were trapped, the detailed velocity profile was not fully examined. One of the
co-authors of the present work (Dr. Hayakawa) showed that circular vibration, instead of unidirectional
vibration, induced the circularly rotating mean flow around a cylindrical micro-pillar. He and his
colleagues utilized this phenomenon for manipulation and trapping of cells [7–9]. They numerically
calculated the flow field using the perturbation approach under the two-dimensional assumption, and
obtained peak velocity values in the profile that matched the experimental observations. In addition,
the group of Dr. Costanzo established a numerical model to predict the flow in the acoustic-driven
micromixing device developed by Dr. Huang in the same university [18–20]. Since the frequency of
acoustic excitation is higher than SS, they considered the compressibility of the fluid, but the model
was based on the perturbation approach under the two-dimensional assumption.

Although numerical results in the abovementioned studies were able to reproduce the
experimentally observed SS flow fields, they are based on two assumptions; (1) the amplitude of
perturbation (s) is small compared to the characteristic length of the system (e.g., the radius of the
cylinder a), and (2) the flow is two-dimensional. However, the practical operational conditions
of SS device may not be limited to the assumed condition of s/a << 1. Furthermore, in most
microfluidic devices, the length-scale perpendicular to the substrate (e.g., the height of channels
and structures) is generally much smaller than that in horizontal directions (e.g., the width and length
of channels). In such cases, the Stokes layers developing from both top and bottom boundaries are not
negligible, so that two-dimensional flow assumption breaks down in most of the flow domain [21].
The three-dimensionality of the SS flow should also arise when the obstacles have 3D shapes. So
far, the assessment of the numerical results has mainly been limited to qualitative comparison to the
streamlines, which can be readily obtained by the long-time exposure images of the tracer fluorescent
beads in experiments. However, the streamlines as well as the magnitude of velocity should strongly
depend on the height. To fully predict the SS flows and optimize them, an analytical tool that can
directly simulate the 3D field without assumptions is needed.

More recently, several groups reported the 3D numerical simulations of SS flows. Amit et al.
calculated the flow around a moving boundary by a commercial solver based on the finite element
method [22]. The comparison between the numerical results and the experimental particle image
velocimetry (PIV) measurement around a vibrating long cantilever showed quantitative agreement
of the velocity field. Rallabandi et al. analyzed the 3D flow field induced by the acoustic actuation
of a microbubble, and verified the results through comparison with astigmatism particle tracking
velocimetry (APTV) measurements, although the analysis was still based on the small perturbation
assumption [23].

Based on the above background, we developed a versatile numerical tool to calculate the 3D SS
flow without assuming small perturbation and two-dimensionality of the flow in order to examine the
flow induced around a circularly vibrating cylinder placed in a quiescent fluid between two parallel
substrates. We employed a Lagrangian approach, in which the coordinate system of the simulation
is fixed to the moving (vibrating or oscillating) substrate, instead of an Eulerian approach, in which
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the boundary is moving relative to the stationary reference frame. The governing equations of an
incompressible fluid, i.e., Navier-Stokes and continuity equations, in which a temporally periodic
inertia force due to the circular vibration was included, were directly solved by a pseudo-spectral
method [24]. Once the numerical results in the moving (Lagrangian) coordinate were obtained, the
flow field was converted to the stationary (Eulerian) coordinate. This approach enabled us to calculate
the SS flow field without imposing the moving boundary nor the small perturbation approximation.
A fluid-solid boundary is expressed by the level-set function [25], which is defined as a signed
distance function from the surface. This allows to immerse an arbitrary 3D shape in the Eulerian
coordinate system and a no-slip condition at a solid surface is achieved by a volume penalization
method (VPM) [26]. Such an approach has a great advantage in implementing arbitrary complex
obstacles in the fluid domain without generating numerical grids for each geometry. After obtaining
the periodically varying instantaneous velocity field, the time-averaged velocity field of Stokes drift
was obtained by tracking the virtual fluid particle imposed within the fluid.

The 3D SS velocity field obtained by the numerical simulation was validated by quantitatively
comparing with the 3D micro PIV measurement results obtained from the confocal microscopy
equipped with a high-speed camera. Our results exhibited the good agreement even within the
steeply varying velocity profile within the Stokes layer. The 3D paths of tracer particles induced by the
vortex structure adjacent to the edge of the cylinder observed in the experiment were reproduced in
the numerical simulation.

2. Numerical Procedures

2.1. Computational Domain and Governing Equations

In this study, we calculated the flow field around a cylindrical micro-pillar placed between two
parallel plates (Figure 1a). Both plates and a pillar fixed to the bottom plate periodically oscillate
following a circular path parallel to the substrate (Figure 1b). To simulate this system, we employed
a moving coordinate system that moves with the plates instead of the stationary coordinate system
with moving boundaries. The flow field obtained in the moving coordinate system was eventually
converted to the coordinate system at rest. The advantage of this approach is that the calculation code
is simple and numerical accuracy is high, since boundaries (the substrate and the pillar) are stationary
with respect to the coordinate system. The effect of the circular vibration was considered by applying
an inertia force that rotates in accordance with the acceleration/deceleration of the moving coordinate.

Assuming that the liquid is incompressible and a Newtonian fluid, the liquid flow is governed by
the following Navier-Stokes and the continuity equations:

∂ui
∗

∂t∗ + uj
∗ ∂ui

∗

∂xj
∗ = − 1

ρ∗
∂p∗

∂xi
∗ + ν∗ ∂2ui

∗

∂xj
∗∂xj

∗ (1)

∂ui
∗

∂xi
∗ = 0 (2)

Here, variables with an asterisk represents a dimensional quantity. The fluid kinetic viscosity and
density are denoted by ν and ρ, respectively. The two orthogonal directions tangential to the substrate
are set as x and z, while the wall-normal direction is y. The origin is located at the center of the bottom
substrate. Time is defined as t. The under-bar indicates a physical quantity in the coordinate system
at rest, which is introduced so as to be distinguished from the moving coordinate along a circular
orbit defined later. The fluid velocity and static pressure are denoted by ui and p, respectively, where
the subscript of i represents the three directions, namely, i = 1, 2, 3 corresponds to x, y, z, respectively.
A micro-pillar was attached to the bottom substrate and its height was set to be equal to the channel
half height δ*. No-slip conditions were applied at the bottom and top walls, i.e., y* = 0 and 2δ*, as well
as the surface of the pillar. Periodic boundary conditions were employed in the x and z directions.
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This condition corresponds to the case where the geometry shown in Figure 1a repeats in these two
directions. The present configuration is chosen because it is relatively simple (the two parallel walls
and the periodic placement of cylinders between the walls), while the truncation of the cylinder at the
middle of the channel causes complex three-dimensionality of the resulting flow.

Figure 1. (a) Schematic of coordinate system and computational domain. (b) Circular vibration of
the micro-pillar.

In the present study, the solid substrate with micro-pillars oscillates along a given circular
tangential orbit as shown in Figure 1b. When the radius and period of the circular oscillation are
expressed by A* and T*, the relative displacement of the substrate x*

R is given as
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Accordingly, the velocity of the solid substrate, u∗
R, can be obtained from the time derivative of

x*
R as
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Solving Equations (1) and (2) under the boundary condition of Equation (4) on the surfaces of the
top and bottom substrates and the pillar requires the treatment of moving boundaries. In order to avoid
it, a new coordinate system x∗ = (x∗, y∗, z∗)T , which moves with the same speed as the substrate,
is introduced. With the reference length scale of δ* and the oscillation period of T*, the generalized
dimensionless forms of Equations (1) and (2) on a rotating frame are expressed as

∂ui
∂t

+ uj
∂ui
∂xj

= − ∂p
∂xi

+
1

Re
∂2ui
∂xj∂xj

+ fi (5)
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∂ui
∂xi

= 0 (6)

where the fluid velocity relative to the substrate motion is defined as ui = ui − uRi . The effect of the
rotational vibration appears as a dimensionless inertia force fi due to the acceleration/deceleration of
the moving coordinate, which is given by

fi =
2π
St

⎛
⎜⎝ cos(2πt)

0
sin(2πt)

⎞
⎟⎠ (7)

The detailed derivation of Equations (5)–(7) can be found in the Supplementary Materials.
Here, the Strouhal number St is defined as the ratio of the time scales of the flow and the oscillation.

Considering that the time scale of flow is given by δ∗/U∗
max, where U∗

max = 2πA∗/T∗ is the maximum
velocity of the substrate, the Strouhal number is given by

St =
δ∗

U∗
max

T∗ =
δ∗

2πA∗ (8)

The Reynolds number is given by

Re =
δ∗2

ν∗T∗ (9)

The above two dimensionless parameters characterize the flow field considered in the present
study. Since we solved the velocity field in the reference frame moved with the substrate, the top
and bottom walls as well as the micro-pillar stay at rest, and therefore all the velocity components on
these boundaries became null. In order to impose a no-slip condition at a solid surface with arbitrary
geometry, we used a volume penalization method introduced in the next subsection.

2.2. Volume Penalization Method

One of the main objectives in the present study is to develop a numerical code that is capable of
simulating a flow around pillars with arbitrary shapes. A volume penalization method is a kind of
immersed boundary techniques, in which a complex structure is embedded in the Cartesian coordinate
system. In contrast to using a boundary-fitted coordinate system, the immersed boundary technique
has the advantages that grid generation is quite straightforward regardless of the complexity of the
geometry and highly accurate discretization schemes developed for the Cartesian grid system can
be applicable.

In the present study, the geometry of the pillar was first expressed by a level-set function in the
Cartesian coordinate system. The level-set function φ0 is a signed distance function from a surface [25]
and it has been widely used to represent complex interface geometry. Here, φ0 was defined positive
inside the solid, and negative in the fluid domain. Then, we converted φ0 to the phase-identification
function φ, which was φ = 0 inside the fluid, whereas φ = 1 in the solid. In order to avoid numerical
instability, the phase-identification function smoothly changes from zero to one across the interface
within a few grid points. Specifically, the level-set function is converted to the phase-identification
function by the following formulas:

φ = 0 φ0 < −δint (10)

φ =

[
1 + exp

{
4(φ0/δint)

(φ0/δint)
2 − 1

}]−1

− δint < φ0 < δint (11)

φ = 1 δint < φ0 (12)
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The above function was chosen because it is differentiable within the entire domain, while it is exactly
zero and unity in the fluid and solid domain, respectively.

In the volume penalization method, a no-slip condition at the solid surface is realized by
introducing an artificial damping force to the Navier-Stokes equation (Equation (5)) as follows:

∂ui
∂t

+ uj
∂ui
∂xj

= − ∂p
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+
1

Re
∂2ui
∂xj∂xj

+ fi − ηφui (13)

Here, the final term on the right-hand side is the volume penalization term. Obviously, this term has a
non-zero value and acts to suppress all the velocity components inside the solid, while Equation (13)
reduces to the original Navier-Stokes equation (Equation (5)) within the flow domain where φ = 0.

The advantage of the volume penalization method is that solid objects with different shapes can
be easily implemented by changing the spatial distribution of φ in the same Cartesian grid system.
The drawback is that the grid convergence is relatively slow, since the interface is not explicitly
captured and smeared within a few grid points as mentioned above. In the present study, we made
grid convergence tests and confirmed that the present results do not change significantly by refining
the mesh further (Figure S1).

2.3. Numerical Methods and Conditions

We solved Equations (6) and (13) to obtain the velocity field in the moving coordinate by a
pseud-spectral method, in which a solution was expanded by Fourier modes in the x, z direction and
Chebyshev polynomials in the y direction, respectively. For time advancement, the Crank-Nicolson
was used for diffusion terms, whereas the second-order Adams Bashforth scheme is applied for the
convection terms. The inertia and VPM terms appearing in the third and fourth terms are taken into
account with the Euler explicit method. The preset code was validated and successfully applied to
control and estimation of unsteady turbulent flows in previous studies [24,27].

In this study, we set the diameter and height of micro-pillar to be 200 and 100 μm, respectively.
The diameter of the pillar was shown to have only minor effect on the radial profile of the induced flow
using the perturbation theory [8], so we studied the flow around the pillar with this representative
diameter. The width of the computational domain was 4δ* = 800 μm, which is equal to the spacing of
pillars in the experiment. This dimension was set to be large enough so that induced flow profiles of
neighboring pillars do not interact. The height of the domain was 2δ* = 200 μm. The numbers of modes
employed in the current simulation were (N1, N2, N3) = (64 × 33 × 64) in x, y, z directions, respectively.
3/2 rule was used for removing aliasing errors, so that the non-linear terms were evaluated in 1.5 times
finer physical grid points in each direction. Throughout this work, the vibration amplitude was A = 4
μm and frequency was f = 1000 Hz. Accordingly, dimensionless numbers were Re = 10 and St = 12.4/π,
respectively. The numerical time step was set to be Δt = 1.0 × 10−4, which indicates that t−1 = 104 time
steps are required to compute the velocity field for one oscillation period (t = 1). The computation was
started from a stationary flow at t = 0, and the rotational vibration was applied for t = 60 to achieve a
fully developed velocity field. After the transient period, the flow field became completely periodic in
one oscillation cycle. All statistics shown below were obtained by integrating the velocity data over
one oscillation period after the flow field had reached the statistically steady state.

2.4. Derivation of Steady Streaming Flow (Time-Averaged Velocity Field)

It is widely known that the SS flow field could be essentially different depending on whether the
averaging is made at a fixed stationary location (Eulerian frame) or along a particle moving with the
local fluid velocity (Lagrangian frame) due to its oscillatory nature [20,23]. Therefore, we examined
and compared the time-averaged SS velocity fields obtained in the Eulerian and Langrangian frames.
In the Eulerian approach, the average velocity field was calculated by simply averaging the vector at
identical positions in the stationary coordinate system converted from the moving coordinate system.
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In the Lagrangian approach, trajectories of virtual fluid particles initially located at a uniform spacing
of Δ = 8.33 μm in the 3D flow field were calculated using the 4th order Runge-Kutta method [28].
The instantaneous velocities between the grids were linearly interpolated from the velocity of the
surrounding 6 grid points. The instantaneous velocity field data during one circulating period
consisted of 50 time frames, and the velocities at the time points between frames were also linearly
interpolated using two neighboring frames. After tracking for five periods of the rotational vibration,
the velocity field was obtained from the displacement vectors that connect the start and end points at
the identical phase.

3. Experimental Procedure

3.1. Fabrication of Micro-Pillar Array

We fabricate the 5 × 5 array of cylindrical pillars with 200 μm diameter and 100 μm height, with
800 μm center-to-center intervals in accordance with the numerical simulation described in Section 2,
using poly-dimethylsiloxane (PDMS) as the material (Figure 2). Four cylindrical pillars with 1.4 mm
diameter and 200 μm height were arranged at the four corners of the substrate as spacers to determine
the height of the fluid volume. In practice, the master mold was fabricated on a 2-inch silicon wafer by
the deep reactive ion etching apparatus (RIE-400iPB, Samco, Japan) using the Bosch process at a rate of
0.4 μm/cycle. PDMS resin (KE-106, Shin-Etsu Chemical, Japan) mixed with its curing agent at 10:1
weight ratio was poured into the master mold. After curing at 50 ◦C for 120 min, the PDMS substrate
was obtained by peeling it off from the mold (Figure 2b).

Figure 2. (a) Arrangement of the micro-pillars on a substrate. (b) SEM image of the micro-pillars.

3.2. Experimental Setup and Conditions

Since the PDMS is hydrophobic, air bubbles are often trapped around pillars when the liquid
(water) is dropped on its surface. Thus, the substrate was made hydrophilic by the oxygen plasma
(SEDE-GE, Meiwafosis Co., Ltd., Japan) treatment for 5 min. Immediately after this treatment, 10 μL
of deionized (DI) water containing 0.5 μm yellow-green fluorescent beads (F8813, Thermo Fisher
Scientific Inc., MA, USA) as a tracer was dropped to the center of the substrate. Then, the substrate was
covered with a cover glass. The thickness of the fluid layer was set to 200 μm by spacers (Figure 3a).
Then this assembly was fixed to the XY piezo-drive stage (ML-20XYL, MESS-TEK, Japan) (Figure 3b)
using small slips of double-sided tape.
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Figure 3. (a) Assembly of the micro-pillar plate. (b) Experimental setup for application of
circular vibration.

To generate the circular vibration, sinusoidal wave signals with 90◦ phase offset was applied to
the piezo stage using the waveform generator (AG 1022F, OWON, China) via the amplifier (M 2501-1,
MESS-TEK, Japan). Applied voltage at 60 V induced A = 4 μm displacement over a wide range of
frequency below the resonance of this actuator, which was confirmed from the image of the high-speed
camera (Mi-2000, Photron, Japan). The vibration frequency was set at f = 1000 Hz throughout the
present study in accordance with the numerical simulation.

3.3. PIV System

We used the confocal micro-PIV technique to measure the flow field around a micro-pillar. Figure 4
shows the schematic diagram of the confocal micro-PIV system. In this system, sequential images of
fluorescence tracer particles are obtained by a high-speed camera (Mi-2000, Photron, Japan) via the
high NA objective water immersion lens (XLUMPLFLN 20 XW, OLYMPUS, Japan) and a confocal
scanner (CSU-X1, YOKOGAWA, Japan), and are stored in the PC. The continuous wave (CW) blue
laser (488 nm, Sapphire SF, COHERENT, CA, USA) was used as the illumination light source. Since the
frequency of the micro-pillar was 1000 Hz, the shutter speed was set to 1/21,000 s (~48 μs) so that
the instantaneous particle images could be resolved without blurring. The frame rate of the image
acquisition was set to 2000 fps.

Figure 4. Schematic diagram of the confocal micro-PIV system.
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3.4. PIV Analysis

Based on the acquired images, we obtained a two-dimensional velocity field using PIV analysis
software (Koncerto II, Seika Digital Image, Japan). For obtaining the velocity vector, a recursive
cross-correlation method was used, with a 8 × 8 pixel interrogation window and 50% overlap.
This window size corresponds to 6.4 μm × 6.4 μm in the physical dimension. In the post processing,
standard deviation validation and median filter were used to remove incorrect vectors. Since the
micro-pillar oscillates at 1000 Hz, two images were recorded during the one cycle of a pillar rotation
when the frame rate was 2000 fps. The SS velocity field was obtained from the displacement of tracer
images at every two frames; i.e., images at identical rotational phase. Finally, the average velocity
field induced around the pillar was obtained by averaging the flow fields of the 60 rotational cycles.
We confirmed that the resultant average profile was almost independent of the interrogation window
size (Figure S2).

3.5. Horizontal Visualization

A horizontal view of the trajectory of tracer particle was obtained through the objective lens with a
long working distance (PAL-10-A, x10, SIGMAKOKI CO. LTD., Japan; WD = 34 mm) located on the side
of the pillar substrate and captured by a monochrome CCD camera (BFS-U3-32S4M-C, FLIR Systems,
Inc., OR, USA). Polystyrene beads with 10 μm diameter (01-00-104, micromod Partikeltechnologie
GmbH., Germany) were used as tracer particles for easy visualization with low magnification lens.
The sedimentation velocity of 10 μm bead with a specific density of 1.03 in water is estimated to
be around 6.5 μm/s, so that the sedimentation distance within 1.7 s (duration of observation) is
not significant.

4. Numerical Results

4.1. Instantaneous Velocity Field

In the present numerical simulation, a 3D instantaneous flow field around the pillar was obtained
after converting the results in the moving coordinate to the stationary one. Figure 5 shows a
two-dimensional (2D) vector plot in the plane 0.5δ away from the non-slip boundary at the bottom
(y = 50 μm; the center plane of the pillar in y direction). The vectors and color maps in Figure 5
represent the flow direction and the absolute values of the horizontal component of the velocity

(|Vhor| =
√

u2
1 + u2

3), respectively. The region near the pillar is enlarged while the calculation area
is 800 μm for x and z directions. Figure 5a–d show the instantaneous fields with the phase shift of
every 90◦ (see Movie S1 for all velocity fields within one rotation). Each flow field is rotationally
symmetric, showing that the flow field reaches a fully developed state. High-speed regions appeared
at the front and back faces of the cylindrical pillar in the traveling direction. These high-speed regions
separate near the two sides of the pillar and cause a pair of vortex-like structures. The maximum fluid
velocity in this region is ~ 25 mm/s, which is comparable to the velocity of oscillation Umax = 2πAf
~ 25.2 mm/s. Although not shown in the figure, the comparable speed was also observed at the
vicinity of no-slip boundaries (e.g., the upper and lower walls).
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Figure 5. 2D vector plot of the instantaneous velocity field at phases of (a) 0◦, (b) 90◦, (c) 180◦, (d) 270◦

within the one rotational cycle. White arrows indicate the instantaneous moving directions of the pillar.

4.2. Time-Averaged Flow Field

In a periodically vibrating flow field, the time-averaged velocity becomes null if there is no
obstacle in the oscillating direction. However, a non-zero net velocity field appears when the obstacle
exists as a result of the Stokes drift. As mentioned previously, we examined the two time-averaging
approaches, i.e., Eulerian and Lagrangian averaging. In the latter, we calculated the velocity vectors
from the displacement of the virtual tracer particles. An example of the 2D trajectory of a tracer,
initially placed at (x, y, z) = (150, 50, 0 μm) (horizontally 50 μm away from the side wall of the pillar)
is shown in Figure 6. The tracer particle moves along the distorted orbital path, which can be seen
as the superposition of the circular periodic motion and the steady translational movement toward
the upper left in the figure. When the pillar is absent, the trajectory draws a perfect circle and returns
to the original position after one rotation. Due to the existence of the pillar, however, the position in
the same phase is shifted after each rotation. This displacement divided by the time of one rotation
period corresponds to the mean velocity observed in experimental particle tracking generated in the
SS flow field.

The two-dimensional vector plots of the averaged velocity field obtained by Eulerian and
Lagrangian methods at the y = 50 μm horizontal plane are depicted in Figure 7. The color map
represents the absolute value of the horizontal component |Vhor| of the average velocity. It is clear
that a net flow is induced around the pillar in both cases. However, the radial peak position of the
velocity is closer to the pillar in the former case (r ~ 120 μm in the Eulerian method, but r ~ 130 μm
in the Lagrangian method). Moreover, the peak value is about two times greater in Eulerian method
compared to the Lagrangian method. The result clearly indicates that the averaged flow field depends
on the averaging methods. Because the mass transport and the paths of suspended molecules/particles
are governed by the Lagrangian trajectories, the Lagrangian averaging is necessary to predict the
above-mentioned transport phenomena in micro devices. In the following sections, the Lagrangian
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velocity obtained from the present simulation will be compared with the averaged translational velocity
of fluorescence particles in the experiment in order to validate the present numerical code.

Figure 6. A 2D trajectory of a particle during five rotations.

Figure 7. 2D vector plots of the averaged velocity flow field calculated by the (a) Eulerian and (b)
Lagrangian approaches.

5. Comparison with experimental results

5.1. Results of PIV Measurement

The image of the movement of fluorescent tracer particles obtained at the y = 50 μm horizontal
plane is shown in Figure 8a. Sixty instantaneous images at an identical rotational phase, captured by
a high-speed camera, are superimposed. Although tracer beads actually moved along the rotating
trajectory in accordance with the rotational vibration, the net displacement along the pillar sidewall
can be clearly seen by connecting the positions at the same phase. The result of PIV analysis, obtained
in this series of images, is depicted in Figure 8b. The condition is the same as that in the numerical
result shown in Figure 7. The overall profile and the magnitude of the velocity are similar to those
obtained in the Lagrangian averaging (Figure 7b).
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Figure 8. (a) Raw image of fluorescent tracer beads overlaid for sixty cycles. (b) 2D vector plot of the
averaged velocity flow field obtained from PIV measurement.

5.2. Comparison of Radial Velocity Profile

To compare the results quantitatively, we plotted the radial profiles of |Vhor| in Figure 9.
The profiles were averaged in the azimuthal direction of the pillar. The magnitude of the peak
velocity obtained by Eulerian method is twice as large as the other, and the peak position of the velocity
is closer to the pillar, as qualitatively seen in Figure 7. On the other hand, the velocity distributions
obtained by the Lagrangian method and PIV measurement showed a similar trend in terms of the
peak position (r = 130 μm; 30 μm away from the pillar wall) and the decay of the profile. There is a
difference between the two profiles close to the pillar; this difference could be partly caused by the
difficulty in resolving the high-shear region in both simulation and PIV. The size of the single grid
in the simulation corresponds to be 8.3 μm, and the size of the window for image correlation in PIV
corresponds to be 6.4 μm. Particle images tended to blur in the region close to the wall due to the 3D
flow described later. Nonetheless, a good agreement in the decaying profile after the peak supports
the validity of the present simulation.

Figure 9. Distribution of the mean horizontal velocity magnitude of particles in radial direction. (�)
Eulerian averaging and ( ) Lanrangian averaging of the simulation result. ( ) PIV measurement. PIV
was repeated three times with different setup, and the average and standard deviation are shown.
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Overall, the significant difference between two averaging methods is reasonable considering that
the flow is unsteady. The virtual fluid particles in the flow do not stay at the constant radial position r
with respect to the center of the pillar. Instead, their radial position changes as they rotated around the
reference position (center of the rotational path) at each phase. Thus, the velocity at the actual particle
position is different from that at the reference position. As this slight difference accumulates, the time
averaged velocity per one cycle becomes different from the average velocity obtained at the stationary
coordinates. The present result confirms that it is necessary to use the Lagrangian tracking method to
reproduce the unsteady flow around the vibrating pillar.

5.3. Comparison of Normal Velocity Profile

Next, we examined the velocity distribution in the vertical plane including the Stokes layer. To do
this we conducted the micro PIV measurement from y = 0 to 100 μm at 10 μm interval. The plane at y >
100 μm was not obtained experimentally due to the limitation in the working distance of the objective.
The color maps of |Vhor| in r-y plane obtained in the numerical simulation (Lagrangian averaging)
and the PIV measurement are shown in Figure 10a,b, respectively. They showed a similar trend in
terms of the peak position of r = 130 μm at 40 < y < 80 μm, which slightly moves closer to the pillar
near the top (y ~ 100 μm). This is attributed to the strong three-dimensionality of the flow around the
tip of the pillar, as will be shown later. The magnitude of the velocity decays rapidly as the position
gets closer to the bottom wall.

Figure 10. Contour plots of mean horizontal velocity magnitude |Vhor| in r-y plane of (a) numerical
result (Lagrangian averaging) and (b) PIV measurement. The dashed line indicates the Stokes layer
thickness calculated based on the present experimental condition.

The horizontal velocity distributions in the vertical (y-) direction at r = 130 μm are plotted shown
in Figure 11. Both profiles agreed well, with velocity values close to 0 μm/s on the substrate surface
(y = 0 μm), which increased to ~1.8 mm/s towards the tip of the pillar. The peak value is obtained in
the vicinity of y = 70 to 80 μm.

In the Stokes second problem of a unidirectional oscillation of the flat solid wall in contact with
the fluid, the fluid in the vicinity of the wall almost follows the wall movement, but this influence
exponentially decays as it moves away from the wall with a characteristic length δs = (2ν/ω)1/2 [13].
From its analytical solution, the effect of the wall motion decreases down to ~5% (1/e3) at y = 3δs.
In the present condition, 3δs corresponds to 53.4 μm by substituting ν = 1.0 × 10−6 m2/s (25 ◦C) and
ω = 2πf = 6.28 × 103 rad/s. The height is indicated by dotted lines in Figures 10 and 11. Since the
net flow discussed in the present system is induced by the relative velocity between the fluid and the
substrate, the maximum average flow field occurs outside the Stokes layer. In contrast, the fluid within
the Stokes layer thickness 3δs is dragged by the motion of the wall due to the viscous effect so that the
relative velocity diminishes on the bottom wall.

The present results indicate that the viscous effect adjacent to the solid wall has a strong impact
on the net travel distance of a passive tracer, and the thickness of this fluid layer is determined by the
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Stokes layer thickness. It should be also noted that, for each height y, the peak of the averaged velocity
occurs about 30 μm away from the side wall of the pillar as shown in Figure 10. This horizontal gap
is also similar to the Stokes layer thickness. When SS is applied to micro devices, the Stokes layer
thickness is not negligibly small in general, and this causes the strong dependency of the induced
averaged flow on the vertical location, i.e., the distance from the top and bottom substrate. Therefore,
in order to predict and design the entire velocity field inside a micro device, 3D analysis is requisite.

Figure 11. Comparison of vertical distributions of mean horizontal velocity magnitude |Vhor|.

5.4. Three-Dimensionality of the Flow

Lastly, we investigated the three-dimensionality of the averaged velocity field around the
pillar. Figure 12 shows a vector and a contour plot of the averaged velocity in the vertical plane

(|Vver| =
√

u2
1 + u2

2) obtained from the numerical simulation. In the vicinity of the upper and lower
wall surfaces, it is clear that there is almost no upward/downward motion, so that the flow is practically
two-dimensional. However, at the intermediate region between the top and bottom plates, the velocity
toward the pillar with the magnitude as large as ~200 μm/s appears around the corner of the pillar
(r = 130 to 150 μm and y = 50 to 100 μm). This flow is diverted upward at the pillar edge. As a result,
a vortical motion is generated close to the corner of the pillar. Although the magnitude is about
10 times smaller than |Vhor|, the presence of the vertical velocity component has a strong impact on
the averaged velocity field as discussed in Figure 10.

To confirm the three-dimensionality of the averaged velocity flow field in the experimental flow
field, the motion of the particle was observed from the side of the pillar using an objective lens with
a long working distance placed horizontally. Because the confocal illumination is not possible away
from the wall, we introduced 10 μm polystyrene beads as tracers into the fluid at a low concentration
so that individual beads were visible from a long distance. Two representative paths visualized by
superimposing ~50 successive frames (1.7 s) are shown on the left column in Figure 13a,b (see Movie
S2 and S3 for corresponding movies). In both cases, tracer particles exhibited three-dimensional
motions including upward and downward movements, instead of a simple orbital movement in the
same horizontal plane. In Figure 13a, a bead initially circulating around the middle of the pillar was
suddenly raised at the region close the apex, and then hovered above the pillar. The similar path could
be reproduced by tracking an ideal tracer in the averaged velocity field obtained by the Lagrangian
averaging (Figures 7b and 12) in the simulation (right figures). This sudden ascension should be caused
by the upward flow near the apex discussed in Figure 12. Another bead shown in Figure 13b, which
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was circulating a bit far outside of the pillar slightly, shifted downward as it got closer to the pillar,
and then raised. This path was also reproduced in the numerical simulation (right figures), which was
convected by the downward net velocity at r = 120 ~ 170 μm and y = 100 ~ 130 μm, and raised by the
upward net velocity at r = 110 ~ 150 μm and y = 40 ~ 100 μm shown in Figure 12. These trajectories
show the validity of numerical prediction for three-dimensionality of flow induced around the pillar
at the present vibration condition.

Figure 12. Vector plot of the averaged velocity flow (Lagrangian method) in the vertical plane.

Figure 13. Comparison of particle trajectories obtained in the experiment and the numerical simulation.
(a) Ascending motion near the apex of the pillar. (b) Descending and ascending motion.
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6. Conclusions

In this work, we developed a simulation tool to predict the SS flow induced by vibration without
assuming 2D flow and small vibration amplitude. The developed numerical code was based on the
volume penalization method in the Cartesian coordinate system, so that arbitrary three-dimensional
structures can be readily embedded without requiring grid generation for each geometry. As pointed
out in the past SS studies, we confirmed that the average velocity at fixed points (Eulerian mean) and
that of fluid particles advected by the local flow velocity (Lagrangian mean) are essentially different.
In practical microdevice applications, the Lagrangian-averaged flow governs mass transport and
mixing. In this work, we compared the Lagrangian mean field obtained by numerical calculation
with micro PIV experimental results. The quantitative agreement between them validates the present
simulation method.

Through these numerical and experimental analyses, we observed two 3D characteristics of the
SS flow even at the flow Reynolds number of 10. First, inside the Stokes layer, which develops from the
solid surface toward the fluid region, the averaged velocity due to the Stokes drift diminishes because
the fluid is dragged by the solid motion due to the viscous effect, and thereby the relative velocity
between the fluid and the solid reduces. Since the thickness of the Stokes layer cannot be neglected
with respect to the length scale of microdevices in general, it is necessary to accurately predict the
influence of the Stokes layer in order to understand the flow inside the device. Secondly, a large
strong vortex motion accompanying upward and downward motions was confirmed in the vicinity
of the apex of the micro-pillar. Such vertical fluid motions could have significant influences on mass
transport, and may result in a complicated flow field combined with the three-dimensionality caused
by the Stokes layer mentioned above. Since the present numerical results reproduce the 3D nature of
the flow fields observed in experiment, our numerical code could be a powerful tool to optimize the
structure of a micro-pillar and the vibration mode in order to develop innovative microfluidic devices
in future work.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/9/12/668/
s1, Supplementary Text: Governing equations of fluid in a moving frame with rotational vibration. Figure S1:
Comparison with the radial profile of |Vhor| calculated with different grid resolutions in the numerical simulation.
The distribution calculated with a low-resolution grid (48 × 25 × 48) differ significantly, but those calculated with
medium (96 × 49 × 96; used in the main results) and high-resolutions (144 × 73 × 144) were similar., Figure S2:
Comparison of the radial profile of |Vhor| calculated with different window size in PIV analysis. One pixel in
images corresponds to 0.8 μm. Supporting Movie 1: Animation of the velocity field (u1, u3) at y = 50 μm obtained
from the numerical simulation., Supporting Movie 2: Motion of a tracer particle depicted in Figure 13a in the main
text., Supporting Movie 3: Motion of a tracer particle depicted in Figure 13b in the main text.
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Abstract: The degeneration of adipocyte has been reported to cause obesity, metabolic syndrome, and
other diseases. To treat these diseases, an effective in vitro evaluation and drug-screening system for
adipocyte culture is required. The objective of this study is to establish an in vitro three-dimensional cell
culture system to enable the monitoring of lipid accumulation by measuring electrical impedance, and
to determine the relationship between the impedance and lipid accumulation of adipocytes cultured
three dimensionally. Consequently, pre-adipocytes, 3T3-L1 cells, were cultured and differentiated to
the adipocytes in our culture system, and the electrical impedance of the three-dimensional adipocyte
culture at a high frequency was related to the lipid accumulation of the adipocytes. In conclusion,
the lipid accumulation of adipocytes could be evaluated in real time by monitoring the electrical
impedance during in vitro culture.

Keywords: electrical impedance measurement; three-dimensional cell culture; adipocyte; lipid
droplet; 3T3-L1

1. Introduction

Lipids are a critical factor for maintaining cellular energy homeostasis. Energy is stored as
tryglycerides in lipid droplets when additional energy is ingested and hydrolyzed into fatty acids
during energy shortage [1]. Although lipids contribute to the survival of living organisms, they cause
diseases such as obesity and metabolic syndrome, both of which are related to lipid accumulation.
Obesity, which is defined as an increase in adipose tissue, is a major problem worldwide, and considered
to be caused by the intake of high calorie foods. Lysosomal diseases (LDs) are a type of genetic
disease that cause metabolic disorders and are characterized by the accumulation of byproducts in the
lysosome, owing to a defective catabolism. LDs are designated as an orphan disease [2] and occur in
1 out of 8000 live births [3]; therefore, a therapeutic approach is required to treat LDs. To establish
medical treatment for various diseases related to metabolism effectively, it is essential to establish
in vitro evaluation systems for lipid accumulation.

In adipocyte activity research, many types of assays have been used to evaluate the processes
of adipogenesis and lipid accumulation. For example, Oil Red O staining is a primary evaluation
method for the accumulation of lipid droplets in adipocytes [4,5]. Furthermore, glycerol-3-phosphate
dehydrogenase activity [6], triglyceride content, and marker of genes such as PPARγ have been
measured to evaluate adipocyte metabolism. However, these assays are only end-point assays and
do not enable the real-time monitoring of adipocyte activities. A histological assessment is required
to obtain photomicrographs such that they can be analyzed to evaluate the degree of stained area.
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Therefore, it is essential to develop a new technique to evaluate the degree of lipid accumulation
quantitatively and conveniently in real time.

Electric cell-substrate impedance sensing was established by Giaever and Keese in 1984 [7]. It is a
technique for measuring cellular properties, such as cell density [8], cell aging [9], cell adhesion [10],
and cytotoxicity [11]. Furthermore, this sensing technology has been applied in monitoring cell
differentiation, for example, stem cell differentiation [12] and neural differentiation [13]. It can also
be applied in cell monitoring without cellular damage and hence enable a real-time evaluation.
Because adipose tissue exhibits higher electrical impedance than other tissues, it is considered that
the electrical characteristics of adipocytes would change during lipid accumulation. Several reports
have been published regarding the monitoring of electrical characteristics during lipid accumulation
in adipocytes [14,15]. However, few studies have evaluated the relationship between the electrical
characteristics and the amount of lipid droplets in adipocytes. Furthermore, the evaluation was not
performed under physiological conditions, because the measurement was only performed in the
two-dimensional culture of adipocytes. Therefore, a platform for a screening system or a fundamental
study to evaluate lipid accumulation under a three-dimensional culture is required.

In this study, we developed a cell culture device that can simultaneously measure electrical
characteristics under a three-dimensional cell culture condition. Moreover, the relationship between
the electrical characteristics and the lipid accumulation of adipocytes cultured three-dimensionally
was determined using our novel cell culture device.

2. Materials and Methods

2.1. Impedance Measurement of Three-Dimensional Cell Culture

An impedance measurement device was developed to evaluate the electrical characteristics of
adipocytes cultured under three-dimensional conditions (Figure 1). The device was composed of two
platinum wires bridged between two polycarbonate fixtures in each well of a six-well cell culture plate.
A cell-seeded collagen gel disk could be cultured in each well. The two platinum wires were embedded
in the gel and held by two polycarbonate fixtures to be positioned in parallel with each other (10 mm
apart) and 1 mm height from the bottom surface of the six-well plate. The length of each platinum wire
in the cell-seeded gel was set as 20 mm, and the diameter was 0.2 mm. Each platinum wire passed
through the inside of the polycarbonate fixture and was connected to the electrical impedance meter
(Chemical Impedance Meter, Hioki, Japan). The complex impedance between two platinum wires
was measured to evaluate the electrical characteristics of the three-dimensionally cultured adipocytes.
Furthermore, this device could be set in a CO2 gas incubator to enable real-time impedance monitoring
during cell culture.

To evaluate how to pass electric currents between the two platinum wires, numerical analysis was
performed to evaluate the electric field in the cultured area of the device, using finite element analysis
software (COMSOL Multiphysics Version 5.2a, COMSOL Inc., Stockholm, Sweden). In the analysis,
the conductivity and relative permittivity were set as follows: 1.38 S/m [16–18] and 80 [16] in culture
medium; 0.30 S/m [19] and 2.28 [20] in collagen gel. The result of this numerical analysis indicated
that electric currents passed through both areas of culture medium and collagen gel (Figure 2). The
proportion of electric current that flowed in the collagen gel was approximately 20% of the total electric
current between the two wires and was considered as sufficient to reflect the electrical characteristics
of the cell-seeded collagen gel.
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(a) 

 
(b) 

 
(c) 

Figure 1. (a) Cell culture device for electrical impedance measurement. (b) Two platinum wires were
fixed with a polycarbonate fixture and placed inside the 3T3-L1-cell-embedded collagen gel. It was
placed within a 6-well cell-culture plate. (c) Cross-sectional view of the culture region of impedance
measurement device. Voltage was applied between the two platinum wires.
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(a) 

 
(b) 

Figure 2. (a) Numerical analysis model of electrical field. (b) Pathway of electric currents between two
platinum wires in the cell culture region. Streamlines show the pathway of the electric current, and the
contour plot shows the magnitude of the electric current density.

2.2. Evaluation of Characteristics of Living Cell

Intracellular and extracellular properties can be evaluated separately by measuring the electrical
characteristics of cells in multiple frequency bands. Ions in a cytoplasm are gathered around the
surface of a cell membrane to increase the apparent dielectric constant of cytoplasm if the cells are
subjected to a low-frequency alternating-current (AC) electric field (Figure 2). The electric currents
can pass through the surface of the cell membrane but not through the cytoplasm because of the
increased dielectric constant of the cytoplasm. By contrast, if cells are subjected to a high-frequency AC
electric field, the ions inside the cells cannot follow the change in electric field to decrease the dielectric
constant of the cytoplasm. Furthermore, the apparent electrical impedance decreases in relation to the
decrease in dielectric properties of the cytoplasm to enable the penetration of electric currents into the
cell membrane. Therefore, if a high-frequency AC electric field is applied to living cells, the measured
data would reflect the electrical characteristics of intracellular constituents.

As for the two-dimensional culture of pre-adipocytes (3T3-L1 cells) and adipocytes, it was reported
that the effect of lipid accumulation on the change in impedance at lower frequencies (10–65 kHz) was
negligible [15]. Meanwhile, the impedance at higher frequencies (1–15 MHz) changed according to the
lipid accumulation [21]. These results indicate that lipid accumulation could not affect the impedance
at lower frequencies (approximately 10 kHz) but could affect the impedance at higher frequencies
(1 MHz). The impedance at lower frequencies could be related partially to the electrical characteristic
of cell membranes and primarily to the experimental setup of the measurement device. Therefore, we
propose an impedance at a higher frequency corrected by a lower frequency, i.e., Z(1 MHz)’ = Z(1 MHz)
− Z(10 kHz) as an evaluation parameter for the change in intracellular constituents, especially for the
lipid accumulation.
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2.3. Cell Culture with Impedance Measurement

Murine pre-adipocyte 3T3-L1 cells were maintained in 75 cm2 flasks in Dulbecco’s modified eagle
medium (DMEM, high glucose, Gibco), supplemented with 10% Equa-FETAL (Equa FETAL, EF-0500-A,
Atlas Biologicals, Fort Collins, CO, USA) and 2% antibiotic–antimycotic (Antibiotic-Antimycotic Mixed
Stock Solution, Nacalai Tesque, Japan) in a humidified CO2 incubator (5% CO2 at 37 ◦C). From a
cryopreserved stock, 3T3-L1 cells were passaged twice before being embedded in collagen gel. In
this study, two types of basal mediums were used for 3T3-L1 cells to evaluate the effect of glucose
concentration on lipid accumulation. The lipid metabolism is closely related to the glucose metabolism
in adipocyte. DMEM with high glucose (4.5 g/L) was used for the high-glucose condition (high-G
group), and DMEM with low glucose (1.0 g/L) was used for the low-glucose condition (low-G group).
The basal medium supplemented with 1.0 μM dexamethasone, 0.50 mM isobutyl-methylxanthine,
and 10 μg/mL insulin was prepared as an adipocyte differentiation medium. A basal medium with
10 μg/mL insulin was prepared for the maintenance culture after adipocyte differentiation. A collagen
gel without 3T3-L1 cells was prepared as a no-cell group to confirm the effect of 3T3-L1 cells on the
electrical impedance.

In the high-G and low-G groups, the 3T3-L1 cells were suspended with 2.4 mg/mL neutralized
type-I collagen solution at a concentration of 1.0 × 106 cells/mL. A 2.0 mL of cell-suspended collagen
solution was poured into the well of the impedance measurement device and gelled for 30 min at
37 ◦C in the incubator. In the no-cell group, the neutralized type-I collagen solution without cells was
poured into the well of the device, following gelation in the incubator. An amount of 2.0 mL of basal
medium was poured into the well after the gelation, and the cell-seeded collagen gel was cultured
for 48 h. Subsequently, the culture medium was changed to a differentiation medium to induce the
adipogenesis of 3T3-L1 cells. Following adipogenesis for 48 h, the culture medium was changed to a
maintenance medium. In this experiment, at the start of the maintenance culture, the time was set
as t = 0 h (Figure 3). The 3T3-L1 cells in the collagen gel were cultured until t = 288 h. The culture
medium was changed every 48 h during the maintenance culture.

 

Figure 3. Time-course of cell culture experiments. The 3T3-L1 cells were cultured three-dimensionally
in basal medium for 48 h following adipogenesis in differentiation medium for 48 h. After adipogenesis
(t = 0 h), the differentiated 3T3-L1 cells were cultured in maintenance medium and the electrical
impedance of the cells was measured until t = 288 h.

2.4. Biochemical Characterization

In this study, to focus on real-time and in situ monitoring of lipid accumulation, the evaluation of
lipid accumulation was performed without fluorescent staining of cells. The lipid accumulation was
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evaluated from the phase-contrast images of the cells. The images were acquired at the center plane
between the top and bottom surface of cell-seeded gel. In our preliminary studies, the lipids in 3T3-L1
cells were stained by Oil red O and demonstrated sphere-like shapes (Figure S1) [22]. Based on these
results, the circle-like constituents from 1 μm to 10 μm in the 3T3-L1 cells were defined as lipids, and
the total area of these constituents was measured for the evaluation of lipid accumulation.

To examine the effect of cell mass on electrical characteristics in collagen gel, the cell number was
evaluated by the quantification of total DNA amount in collagen gel. It was reported that the total DNA
was related to the cell number in hydrogels or living tissues [23,24]. After the cell culture experiment,
the samples were lyophilized overnight and treated with 125 μg/mL papain solution at 60 ◦C for 6 h to
solubilize the collagen gel. The total DNA amount in the digested specimen was determined using a
fluorescence spectrophotometer (Qubit 2.0 Fluorometer, Life Technologies, Carlsbad, CA, USA).

2.5. Statistical Analysis

Most of the data are representative of three individual experiments with similar results. For each
group, 4 samples (n = 4) were analyzed per time point, and each data point represents the mean and
standard deviation. Data from each experimental group were examined for significant differences
using t-tests. Pearson’s correlation analyses were also carried out on pooled data sets of high-G and
low-G groups to determine the relationship between the electrical impedance and lipid accumulation.

3. Results and Discussion

3.1. Effect of Glucose Concentration on Proliferation and Lipid Accumulation of 3T3-L1 Cells

In this study, to evaluate the number of living cells in collagen gel at the end of culture time,
the amount of total DNA in the cultured specimen was quantified using a fluorometric assay.
The quantification of total DNA was used for the evaluation of cell number in living tissues or
three-dimensional cultures [25]. No significant differences were found between the DNA amount of
high-G and low-G groups (Figure 4). Therefore, it was assumed that the change in electrical impedance
was primarily dependent on the lipid accumulation and adipogenesis of 3T3-L1 cells.

 

Figure 4. Total DNA amount in adipocytes cultured in collagen gel. Data are presented as mean ± S.D.,
n = 4.

For the evaluation of lipid accumulation in 3T3-L1 cells, the phase-contrast images of the cells
in the collagen gel were acquired every 48 h. Before adipocyte differentiation, at t = −48 h, the cells
demonstrated similar morphology and the cell number was similar in both the high-G and low-G
groups (Figure 5a). At t = 96 h, small lipid droplets were observed in the cells in both groups (Figure 5b);
therefore, it was revealed that the 3T3-L1 cells in collagen gel differentiated into adipocytes and
accumulated lipid droplets. With increasing culture time, the number of lipid droplets increased in
both groups and the size of each droplet became larger (Figure 5c,d). Therefore, it was suggested that
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the 3T3-L1 pre-adipocytes could be cultured three-dimensionally and the amount of lipid droplets
could increase with culture time.

 
 (a) (b) 

 
 (c) (d) 

Figure 5. Phase-contrast images of 3T3-L1 cells cultured in collagen gel at (a) −48 h, (b) 96 h, (c) 192 h,
and (d) 288 h post adipogenesis. Lipid droplets were accumulated after t = 96 h (black arrows indicate
lipid droplets). Scale bar: 50 μm.

The area ratio of lipid droplets to the entire imaged area at every 48 h is shown in Figure 6. During
the adipocyte differentiation period (from t = −48 h to 0 h), no lipid droplets were detected in both the
high-G and low-G groups, whereas a small number of lipids was observed at t = 48 h. In the low-G
group, the area ratio of the lipid droplet increased at a rate of approximately 0.5% per 48 h until t =
192 h and did not change after t = 192 h. Meanwhile, in the high-G group, the area ratio increased
at a rate of approximately 0.5% per 48 h until t = 192 h and at a rate of approximately 1% per 48 h
after t = 192 h. At each time point, the proportion of lipid droplets in the high-G group was larger
than that in the low-G group and a significant difference was observed after t = 96 h. Therefore, it was
considered that the concentration of glucose in the culture medium would affect the accumulation of
lipid droplets in adipocytes.
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Figure 6. Area proportion of lipid droplets in phase-contrast microscopic images. The amount of lipid
droplets in the high-G group was significantly larger than that in the low-G group after t = 96 h. Data
are presented as mean ± S.D., n = 4. * and ** indicate significant differences between low-G and high-G
groups (*: p < 0.05, **: p < 0.01).

3.2. Electrical Impedance of 3T3-L1 Cells Cultured Three-Dimensionally

As described in the “Materials and Methods” section, the corrected impedance at higher frequencies,
Z(1 MHz)’ = Z(1 MHz) − Z(10 kHz), was defined as the evaluation of the electrical impedance. The
change in Z(1 MHz)’ from t = 0 h, Z(1 MHz)’t − Z(1 MHz)’0, is shown in Figure 7. In the no-cell group,
the Z(1 MHz)’ did not change during the culture time. Meanwhile, the Z1MHz’ of the low-G group
decreased monotonically and that of the high-G group decreased until t = 144 h and saturated from t =
144 h to 288 h.

 

Ω

Figure 7. Change in Z(1 MHz)’t − Z(1 MHz)’0 in three experimental groups. Both the values of low
and high-G groups decreased with increase in culture time. Data are presented as mean ± S.D., n = 4. *
indicates a significant difference between low-G and high-G groups, p < 0.05.

Significant differences between the Z(1 MHz)’t − Z(1 MHz)’0 values of the no-cell and cell-seeded
groups (high-G and low-G groups) were detected at t = 96 h and 192 h. Moreover, a significant
difference between the values of low-G and high-G groups was also observed from 96 h to 144 h and
240 h. In previous studies, the electric property of a living cell was modeled as an equivalent circuit
consisting of resistances and capacitance (Figure 8) [25]. At higher frequencies, the dielectric constant
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of the inner cell constituents would decrease with lipid accumulation, thus resulting in the decrease in
conductance. Therefore, the impedance at higher frequencies was considered to decrease with lipid
accumulation. Our experimental results were consistent with the analysis based on the equivalent
circuit model of a cell. As mentioned in Section 3.1, no significant difference was found between the
cell numbers of the high-G and low-G groups. The difference in the values of Z(1 MHz)’t − Z(1 MHz)’0
could be related to lipid accumulation in the cell.

 
Figure 8. Equivalent circuit of a living cell. Cytoplasm was modeled as a parallel circuit of resistance
Rc and capacitance Cc, cell membrane as capacitance Cm, and extracellular medium as resistance Re.

3.3. Relationship between Lipid Accumulation and Electrical Impedance

The relationship between the time change in electrical impedance at high frequencies, Z(1 MHz)’t
− Z(1 MHz)’0 and the area ratio of lipid droplets to the total area of phase-contrast images is shown in
Figure 9. Significant negative correlations were found between the change in Z(1 MHz)’t − Z(1 MHz)’0
and the area proportion of the lipid droplets (R2 = 0.55, p < 0.05 for low-G group; R2 = 0.65, p < 0.05 for
high-G group). These experimental results were qualitatively consistent with the equivalent circuit
model of a cell (Figure 8) [25]. It was suggested that the amount of lipid droplets in a three-dimensional
adipocyte culture could be evaluated by monitoring the change in impedance at high frequencies,
Z(1 MHz)’ during an in vitro culture.

Figure 9. The relationship between Z(1 MHz)’t − Z(1 MHz)’0 and the proportion of area of lipid
droplets to entire area. The entire data in low-G and high-G groups are plotted. A significant negative
correlation was found (R2 = 0.49, p < 0.05).

4. Conclusions

In this study, a cell culture device that could simultaneously measure electrical characteristics
under a three-dimensional culture was developed. The pre-adipocytes, i.e., 3T3-L1 cells, were cultured
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and differentiated in collagen gel and their electric property was evaluated during the culture. The
relationship between the amount of lipid droplets and the electrical impedance of three-dimensionally
cultured adipocytes was evaluated. Results indicated that the lipid accumulation of adipocytes could
be evaluated in real time by measuring the impedance at higher frequencies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/10/7/455/s1,
Figure S1: (a) Phase-contrast and (b) Oil red O stained images of differentiated 3T3-L1 cells. Scale bar: 100 μm.
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Abstract: Engineering of the skeletal muscles has attracted attention for the restoration of
damaged muscles from myopathy, injury, and extraction of malignant tumors. Reconstructing a
three-dimensional muscle using living cells could be a promising approach. However, the regenerated
tissue exhibits a weak construction force due to the insufficient tissue maturation. The purpose of this
study is to establish the reconstruction system for the skeletal muscle. We used a cell-laden core-shell
hydrogel microfiber as a three-dimensional culture to control the cellular orientation. Moreover, to
mature the muscle tissue in the microfiber, we also developed a custom-made culture device for
imposing cyclic stretch stimulation using a motorized stage and the fiber-grab system. As a result,
the directions of the myotubes were oriented and the mature myotubes could be formed by cyclic
stretch stimulation.

Keywords: myoblast; skeletal muscle; core-shell hydrogel fiber; cyclic stretch; engineered muscle

1. Introduction

Muscle tissue consists of an ordered muscle fiber array, which is tightly bundled, long, and
cylindrical multinucleated myotube cells. Muscles play an important role in daily human activities
including metabolic regulation of internal organs. Myopathy, injury, and extraction of malignant
tumors are some of the common issues to restore muscle tissue. Therefore, the tissue engineering
approach for muscle regeneration is beneficial. There are several approaches to reconstruct the
three-dimensional muscle tissue: Cell-seeded collagen gel [1], cell-based sheets [2], cell aggregates [3],
etc. In addition, aligned electrospun nanofibers are also used for scaffold materials, to promote cellular
alignment [4,5]. These approaches also have the potential for in vitro drug screening and disease
modeling [6–9]. Muscle tissue can be regenerated by these approaches. However, the maturation of
the engineered tissue is still far from the “native” muscle [10].

In this study, we control the orientation of myoblast-like cells and reconstruct the maturated
muscle tissues by mechanical stimuli. The effect of mechanical stimulation on cell homeostasis and
development, which are critical factors in tissue maintenance, repair, and regeneration, has drawn
a lot of attention. As mechanical stimuli to promote tissue regeneration, the stimuli mimicking
in vivo physiological condition was imposed on living cells: Shear stress or stretch for blood vessel
remodeling [11,12], stretch for the bone [13] and ligament [14] remodeling, and stretch or electric
stimuli [15,16] for muscle remodeling. For myogenesis, the mechanical and chemical stimulations
promote the myogenesis of myoblasts or myoblast-like cells to become multinucleated myotube
cells [17]. It has been reported that mechanical stretch can affect the remodeling of the cytoskeleton
in myocytes [18,19]. Considering the results of previous studies, mechanical stretch was used as
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the stimuli in this study. Nguyen et al. already developed the cell culture device to impose cyclic
stimuli on a cell-seeded sheet-shaped scaffold and reported the effect of mechanical stimuli on fibrous
tissue reconstruction [20]. However, their research was performed regarding the fibroblast culture
on the sheet-shaped scaffold, which was not suitable to simulate muscle tissue. Skeletal muscle has
the possibility to restore itself after minor injury. However, promotion of myogenesis by mechanical
stimuli also benefits cardiac muscle tissue engineering and has drawn a lot of attention in severe
cardiac disease cases.

To mimic the “native” muscle structure, we focused on cell fiber technology [21]. This technology
encapsulates living cells into the core region of a hydrogel core-shell microfiber, allowing the cells
to grow, migrate, promote cell-cell interaction, and form a fiber-shaped tissue called “cell fiber”.
Using this cell fiber technology based on the hydrogel tube structure, gases (O2 and CO2) and nutrients
are allowed to penetrate into the core region containing cells [22], leading to an efficient cell expansion
with high viability.

Here, we develop a custom-made culture device for “cell fiber” to impose mechanical stretch
cyclically on the cell fiber using a motorized stage and the fiber-grab system. In addition, we also
evaluate the effect of the cyclic stretch on in vitro skeletal muscle regeneration.

2. Materials and Methods

2.1. Cells

Mature murine myogenic cell line C2C12 cells were purchased from Riken Cell Bank (Tsukuba,
Japan). The culture medium was Dulbecco’s modified essential medium (DMEM, Sigma, St. Louis,
MO, USA) containing 10% fetal bovine serum (FBS), and 1% antibiotic/antimycotic solution (A/A,
Thermo Fisher Scientific, Waltham, MA, USA). The cells were maintained in a 5% CO2 atmosphere at
37 ◦C in a CO2 incubator and used for experiments before they reached 5 passages.

2.2. Formation of Core-Shell Hydrogel Microfibers

According to previous studies, C2C12 cells were cultured in collagen gel [23,24]. To encapsulate
C2C12 cells suspended in the collagen gel in the core region of alginate fibers, the double-coaxial
laminar-flow microfluidic device was fabricated by assembling pulled glass capillary tubes, rectangular
glass tubes, and custom-made three-way connectors, as previously described (Figure 1) [16].
Three solutions were required for core-shell hydrogel microfiber formation: (1) core stream: A
solution of C2C12 cells suspended in 4.0 mg/mL neutralized type I collagen (AteloCell®, IC-50,
KOKEN, Tokyo, Japan) at 1.8 × 108 cells/mL, (2) shell stream: A solution of 1.5 wt % sodium alginate
(80–120 cP, Wako Pure Chemical Industries, Osaka, Japan), and (3) sheath stream: A solution of
100 mM calcium chloride (CaCl2, Kanto Chemicals, Tokyo, Japan) with 3% w/w sucrose (Nacalai
Tesque, Kyoto, Japan). The flow rates of the core, shell, and sheath streams were 25μL/min, 120μL/min,
and 3.6 mL/min, respectively. The fabricated fibers were finally cultured in the culture medium for
24 h to induce the collagen gelation and for cell adhesion.

The differentiation protocol for C2C12 cells were already standardized. However, that for the
three-dimensional culture of C2C12 cells were not fully established. To validate the culture medium
for three-dimensional culture of C2C12 cells, three types of medium, DMEM with 2% horse serum
(HS) [25], 10% HS, and 10% FBS, were tested for preliminary study. As a result, the cells in fibers
cultured in DMEM with 2% and 10% HS tended to decrease whereas the cells cultured in DMEM with
10% FBS tended to increase in a 6-day culture (Figure 2). Based on this data, DMEM with 10% FBS was
determined as the culture medium for C2C12-cell fibers.
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Figure 1. Schematic for fabrication of core-shell hydrogel microfibers. The C2C12 cell-laden core-shell
hydrogel microfiber was formed by the double co-axial laminar flow.

(a) 

 
(b) 

Figure 2. Cell-laden core-shell hydrogel microfiber culture under 2%, 7%, and 10% horse serum (HS)
and 10% fetal bovine serum (FBS) conditions. (a) Phase-contrast images and (b) the change in the
diameter of cell-laden core along with culture time. Scale bar: 200 μm.

2.3. Three-Dimensional Cell Culture with Cyclic Stretch

To impose cyclic stretch on the cell fibers, a custom-made stretching device was developed.
The device was composed of a motorized stage and a culture chamber containing two guide rods to
hold the cell fiber (Figure 3a). The cell fibers were wrapped around two parallel rods to stretch the
cell fibers and the distance of the rods was changed cyclically using a computer controlled motorized
stage (Figure 3b). Briefly, the guide rods were set to be parallel (10 mm apart) using a supporting block
and the fibers were wrapped around the rods. After the fiber wrapping, 4.0 mg/mL type I collagen
solution was dropped on the connecting part of the fibers and the guide rods to ensure the adhesion.
Following collagen gelation, the rods were removed and connected to the custom-made stretching
device (Figure 3c). The chamber was then filled with 5 mL culture medium to immerse the fibers
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in the medium. The stretching device was set in a CO2 incubator to culture the fibers in a 5% CO2

atmosphere at 37 ◦C. After 2-day static culture, the cell fibers were subjected to 3% tensile strain at 1
Hz for 4 h/day for 2 days. The tensile strain and frequency were decided according to previous studies
to avoid the destruction of hydrogel fibers [26]. For control specimens, the cell fibers were cultured
under same condition except for the cyclic stretch.

(a) 

 
(b) (c) 

Figure 3. Custom-made cell culture device for “cell fiber” to impose the cyclic stretch. (a) Schematic of
the culture device, (b) photograph of the gripper for hydrogel fibers, and (c) procedure to grab the
fibers using the collagen gel and two stainless rods.

2.4. Microscopy and Image-Based Analysis

To evaluate the myogenesis of C2C12 cells, phase-contrast images were acquired after the 4-day
culture (2-day static culture following a 2-day cyclically stretch stimulation). The cells in hydrogel fibers
were also stained with calcein-AM to evaluate the morphology of live cells, with rhodamine-phalloidin
to evaluate the cytoskeleton. The calcein-AM stains cytoplasm of live cells and the rhodamine
phalloidin stains actin filaments. For the calcein-AM staining, the fibers were firstly washed with
a serum-free medium two times and incubated with 0.1 mg/mL calcein-AM in DMEM for 30 min.
For the rhodamine-phalloidin staining, the cells in the fiber were fixed with 4% paraformaldehyde for
10 min following permeabilization with 0.1% Triton X-100 in phosphate buffered saline (PBS) for 5 min
at room temperature. After cell fixation, the cell fibers were incubated with 0.7% rhodamine-phalloidin
(PHDR1, Cytoskeleton) for 30 min at 37 ◦C. After fluorescent staining, the cells were observed by
a fluorescent microscope (CKX41, Olympus, Tokyo, Japan) equipped with a CCD camera (DP73,
Olympus) and a confocal scanning microscope (FV10i-DOC, Olympus).

To evaluate the myogenesis of C2C12 cells from fluorescent images, the image-based analysis was
performed using Image J software (NIH). The fluorescent images were preprocessed using a smooth
filter and a sharpen filter with 3 × 3 neighborhood. After the preprocessing, the images were converted
to 8-bit grayscale images and binarized using Otsu’s method. Finally, the cell regions in the binary
images were fitted to ellipses and the aspect ratio of each ellipse was measured. In this study, cultured
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C2C12 cells were divided into three groups: (1) undifferentiated cells (aspect ratio < 2.0), (2) immature
myotube-like cells (2.0 ≤ aspect ratio < 3.0), and (3) mature myotube-like cells (aspect ratio ≥ 3.0).

3. Results and Discussion

3.1. Difference in Tissue Remodeling in the Cell Fibers and in the Two-Dimensional Culture

To evaluate the effect of the three-dimensional culture condition on myogenesis of C2C12 cells, the
cytoskeletons of both the monolayer culture and the cell fiber were evaluated (Figure 4). The direction
of the cytoskeleton in the monolayer culture was random, whereas the cytoskeleton in the cell fibers
aligned to the cylindrical axis of the fiber. It was suggested that the C2C12 cells reorganized their
structure of cytoskeleton to align the wall of the gel fiber. Many studies reported that the direction of
the cells aligned to the groove of the culture substrate to reorganize the cytoskeleton of the cell [27–30].
The result of our study was consistent with these studies.

(a) (b) 

Figure 4. Fluorescent images of rhodamine-phalloidine/DAPI counterstaining to visualize the actin
cytoskeleton of the C2C12 cells. (a) Monolayer culture and (b) three-dimensional culture using a
hydrogel microfiber culture of the C2C12 cells. Scale bar: 50 μm.

3.2. Effect of Cyclic Stretch on Tissue-Reconstruction in the Cell Fibers

The diameter of the C2C12-cell region in the cell fibers subjected to the cyclic stretch decreased as
compared to that in the control group (Figure 5a). Using calcein-AM staining, almost all the cells were
positively stained in both the cyclic-stretch and the control group (Figure 5b). This result indicates that
the cell viability was maintained in our custom-made cell culture device. The cells in the cyclic-stretch
group elongated themselves and aligned to the axis of the fiber. The cells in the control group, on the
other hand, were uniformly distributed and did not elongate themselves. As shown in Figure 6, the
actin cytoskeleton of the cells in the cyclic-stretch group was concentrated and also aligned to the axis
of the cell fiber as compared to the ones in the control group. In this study, we assessed myogenesis of
the C2C12 cells based on the aspect ratio of each cell (Figure 7). Cyclic stretch promoted the myogenesis
of the C2C12 cells and increased the ratio of the mature myotube-like cells as compared to the ones
in the control group. Approximately 70% of the cells were differentiated in the cyclic-stretch group
whereas approximately 50% of the cells were differentiated in the control group. Moreover, the ratio of
the mature myotube-like cells in the cyclic stretch group was over two times larger than that of the
cells in the control group.
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(a) 

 
(b) 

Figure 5. (a) Phase-contrast and (b) fluorescent images (calcein-AM staining) of C2C12-cell laden
hydrogel fibers subjected to cyclic stretch. Scale bar: 100 μm.

  
(a) (b) 

Figure 6. Fluorescent images of rhodamine-phalloidine/DAPI counterstaining to visualize the actin
cytoskeleton of C2C12 cells in (a) control and (b) cyclic stretch groups. Scale bar: 100 μm.

In order to reconstruct the skeletal muscle tissue for the tissue engineering therapy, it is important
to culture the cells three-dimensionally with physical stimuli. For in vitro skeletal muscle regeneration,
various physical factors are reported to align the cells and progress tissue maturation [15,16,27–31].
Among them, mechanical stress-like tension or electrical stimuli have been reported to affect the cell
alignment and maturation in vitro [15,16]. For myoblasts or myoblast-like cells, the stretch could
enhance the myosin expression to promote myogenesis [26]. Consistent with these studies, it was
considered that the cyclic stretch promoted the myogenesis of the C2C12 cells and the maturation
of the muscle fibers in cell-laden hydrogel fibers. Especially, cells in the skeletal muscles, also in
addition to the cardiac muscles, are constantly subjected to cyclic mechanical stretch to generate highly
differentiated and maturated muscle fibers. Therefore, mechanical stimuli could be an important factor
for tissue regeneration of the skeletal and the cardiac muscles.
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(a) 

(b) 

Figure 7. (a) Image-based classification of cells (blue: Mature, green: Immature, and red:
Undifferentiated) and (b) the ratio of three types of C2C12 cells in the cell laden microfibers. A
* indicate a significant difference (p < 0.05) between control and cyclic stretch groups. Scale bar: 100 μm.

In addition, for the reconstruction of the three-dimensional muscle tissue, it is important to
maintain cell viability in the tissue over the culture time. In this study, the C2C12 cells were contained
in the core-shell hydrogel fiber, which is suitable for three-dimensional tissue reconstruction [21].
Moreover, the hydrogel fiber structure could induce exchange of O2, CO2, and nutrients [32]. Therefore,
our skeletal muscle reconstruction system using the cell-laden hydrogel fiber and mechanical stretching
stimuli is anticipated to be applicable for in vitro tissue regeneration and clinical applications.

4. Conclusions

This study established an in vitro muscle regeneration system to use a cell-laden hydrogel fiber
culture and to develop a custom-made culture device to impose the cyclic stretch stimulation on
the hydrogel fiber. From the results, it was revealed that the core-shell hydrogel fiber structure
could simulate “native” muscle fibrous structure to maintain the cell and muscle fiber alignment.
The mechanical stretch could also promote myogenesis and maturation of muscle fibers in the cell-laden
hydrogel fibers. In conclusion, our three-dimensional muscle cell culture system with mechanical
stimuli could be a promising approach for tissue engineering therapy and its clinical applications.
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Abstract: In this paper, we propose an anchoring device with pillars to immobilize an adipocyte
microfiber that has a fiber-shaped adipocyte tissue covered by an alginate gel shell. Because the
device enabled the immobilization of the microfiber in a culture dish even after its transportation
and the exchange of the culture medium, we can easily track the specific positions of the microfiber
for a long period. Owing to the characteristics of the anchoring device, we successfully performed
temporal observations of the microfiber on the device for a month to investigate the function and
morphology of three-dimensional cultured adipocytes. Furthermore, to demonstrate the applicability
of the anchoring device to drug testing, we evaluated the lipolysis of the microfiber’s adipocytes by
applying reagents with an anti-obesity effect. Therefore, we believe that the anchoring device with
the microfiber will be a useful tool for temporal biochemical analyses.

Keywords: microfluidics; biofabrication; adipose tissue; lipolysis

1. Introduction

Core-shell cell microfibers, a fiber-shaped cellular-tissue covered by a shell of alginate gel, have
become attractive in various applications, such as tissue engineering, cell therapy, and drug testing [1],
because the three-dimensional (3D) culture of cells are performed at the core, and the alginate gel
shell protects the cells from physical stimuli while allowing the diffusion of nutrition and oxygen [2].
Hence, core–shell cell microfibers have been widely used to construct various types of tissues including
connective [2–5], neural [6], stem cell [7–10], smooth muscle [11], and adipose tissues [12]. Particularly,
the culture of adipocytes in microfiber is a promising approach in the construction of adipose tissue, as
the microfiber maintains the 3D culture of adipocytes by covering with the shell of the alginate gel
for a long period. Therefore, core–shell adipocyte microfibers achieved the formation of large lipid
droplets comparable to living adipose tissues. The adipocyte microfiber has advantages in culture
dimension, handleability, and high-throughput production [12], compared to the recent methods for
the adipocyte tissue formation with synthetic scaffolds and structures of extracellular matrix [13].
Moreover, conventional two-dimensional (2D) culture methods induce the detachment of adipocytes
from a culture dish because of the increase of the adipocyte buoyancy during lipid accumulation [13,14].
Meanwhile, although the 2D culture enables the studies of lipid metabolism [15–17], the adipocyte
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microfibers cannot investigate the time course of changes in the function and morphology of the
adipocytes because the microfibers move freely in a culture medium during their transportation and
the exchange of medium.

In this paper, we propose a donut-shaped anchoring device with pillars to tangle an adipocyte
microfiber (Figure 1). By placing the microfiber at a hollow section in the device and immobilizing both
ends of the microfiber at the pillars, the microfiber can be observed clearly for a long period without
damaging the cells in the microfiber. In addition, by referring to the position guides of the anchoring
device, tracking a specific site in the microfiber is possible even after placing it out of the field of view
of the microscope. Here, to evaluate the characteristics of the anchoring device, we set the adipocyte
microfibers on the device and investigate the effect on the maturation of the adipocytes. Furthermore,
by long periods of clear observations, we demonstrate that the anchoring device facilitates in the
continuous observation of cellular morphology in the microfiber and evaluation of fatty acid release
from the adipocyte microfiber by applying reagents, as an example of a drug testing application.

 

Figure 1. Conceptual illustration for immobilization of an adipocyte microfiber using the proposed
anchoring device. By tangling the microfiber with pillars on the device manually, the microfiber becomes
observable at the hollow section of the device for a long term without damaging the adipocytes.

2. Materials and Methods

2.1. Cell Preparation

3T3-L1 cells (mouse adipocytes, JCRB Cell Bank, Osaka, Japan, Cell No. JCRB9014) were
seeded and maintained according to the manufacturer’s instructions, using a growth medium that was
Dulbecco’s modified eagle medium low glucose (DMEM LG, 041-29775, FUJIFILM Wako Pure Chemical
Corp., Osaka, Japan) containing 10% (v:v) fetal bovine serum (FBS (Chile Origin, USDA approved),
FB-1365/500, Biosera, Nuaille, France), and 1% (v:v) penicillin/streptomycin (P/S, Sigma-Aldrich, St.
Louis, MO, USA) at 37 ◦C in a 5% CO2 atmosphere. Passages were performed before the confluence of
the cells.

2.2. Fabrication of the Anchoring Device

The anchoring device for the immobilization of an adipocyte microfiber is 17 mm in outer diameter,
10 mm in inner diameter, and 6 mm in height (Figure 2); it is designed to be placed within a 35-mm
culture dish and not to be floated in 2 mL of culture medium. Furthermore, 50 patterns of 5 pillars
(500 μm in diameter, 1 mm in height) with 300-μm intervals were placed on the top surface of the
device. The intervals were almost the same as the diameter of the microfiber. Bars of 0.3 mm width
were arranged at the center of the device and used as a position guide for the identification of the
observation area. The anchoring device was fabricated using a 3D printer (Perfactory 4 mini, Envision
TEC, Dearborn, MI, USA). The fabricated device was coated with a 2-μm parylene layer using a
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chemical vapor deposition machine (Parylene Deposition System 2010, Specialty Coating Systems, Inc.,
Indianapolis, IN, USA) to improve the cell compatibility of the device [18,19].

 

Figure 2. Design of the anchoring device with pillars: (a) Schematic illustration of the anchoring device
with dimensions; (b) Image of the fabricated anchoring device. Scale bar is 5 mm.

2.3. Formation of Adipocyte Microfibers

We fabricated adipocyte-laden hydrogel microfibers using a previously proposed method with
a triple coaxial microfluidic device [2]. In the formation of the microfibers, a core solution, shell
solution, and sheath solution were infused into the innermost channel, intermediate channel, and
outermost channel of the microfluidic device, respectively. The flow rate of the core solution, i.e., a
collagen solution (I-AC 50, KOKEN Co., Ltd., Tokyo, Japan) with 3T3-L1 cells at 1.0 × 108 cells/mL,
was 50 to 150 μL/min and that of the shell solution, i.e., a 1.5 wt% sodium alginate solution (194-13321,
FUJIFILM Wako Pure Chemical Corp., Osaka, Japan), was 300 μL/min. The flow rate of the sheath
solution, i.e., a 100-mM calcium chloride solution (191-01665, FUJIFILM Wako Pure Chemical Corp.,
Osaka, Japan) for gelling sodium alginate, was 3600 μL/min. After infusing the solutions into the
microfluidic device, an adipocyte-laden hydrogel microfiber was formed; the fiber comprises an inner
fiber-shaped adipocyte-laden collagen gel covered by an alginate gel layer. Subsequently, we placed
the fabricated microfiber in the growth medium. After 2 days of culture, the growth medium was
replaced with a differentiation medium (Preadipocyte Growth Medium-2 BulletKit™, PT-8002, Lonza,
Basel, Switzerland). After 2 days of the culture with the differentiation medium, the medium was
changed to a maturation medium that was DMEM high glucose (D5796, Sigma-Aldrich, St. Louis, MO,
USA) containing 10% (v:v) FBS, 1% (v:v) P/S, and 5 μg/mL insulin (10516, Sigma-Aldrich, St. Louis,
MO, USA). The maturation medium was replaced with a fresh medium every three days. Finally,
the adipocytes were in contact with each other in the microfiber, thus resulting in the formation of
adipocyte microfibers composed of a fiber-shaped adipocyte tissue covered by an alginate gel layer.

2.4. Microfiber Immobilization

For the immobilization of the adipocyte microfiber with the anchoring device, we first cut the
microfiber to a length of ~5 cm with a pair of scissors such that the microfiber is mountable to the
device (Figure 3a). To increase the strength of the alginate gel layer of the microfiber, we transferred it
to a new dish containing a 1 mL aliquot of a 100-mM calcium chloride solution and 10-mL maturation
medium (Figure 3b). Next, as a pretreatment of immobilization, we wetted a 35-mm dish containing
the device with the culture medium to prevent the microfiber from adhering to the bottom of the dish;
we also wetted the pillars on the device (Figure 3c). In addition, we used a static electricity removal
gun and stopped the fan of the clean bench to prevent the microfiber from adhering to unintended
positions. Subsequently, the microfiber was manually tangled with pillars using a pair of tweezers
(Figure 3d). In this state, the surface tension of the culture medium between the pillars pushed the
microfiber to the top surface of the device. Finally, to facilitate an observation with a microscope, we
turned over the device on the dish bottom (Figure 3e). Then, the culture medium was injected gently
from the outside of the device for the culture.
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Figure 3. Process flow of immobilization of an adipocyte microfiber with an anchoring device: (a) Cut
the microfiber with scissors; (b) Add CaCl2 solution to increase the strength of the alginate gel layer; (c)
Wet a dish bottom and the pillars with a culture medium; (d) Tangle the microfiber with pillars using a
pair of tweezers; (e) Turn the device over on the dish bottom for a clear observation.

To verify the immobility of the microfiber on the anchoring device during culture, we observed
the movements of a fluorescent alginate hydrogel microfiber in the presence of disturbances. The
fluorescent alginate hydrogel microfiber was fabricated by infusing a 1.5 wt% sodium alginate solution
containing 1 μL/mL red fluorescent beads (F8810, Life Technologies Corp., Carlsbad, CA, USA) as a
core solution and a 1.5 wt% sodium alginate solution with 1 μL/mL green fluorescent beads (F8811,
Life Technology, Inc.) as a shell solution into the microfluidic device. When we applied a flow to the
device as a disturbance, we connected syringes to the dish using septums and Teflon tubes (Figure 4).
First, a 5-mm-thick silicone rubber sponge (5-3030-04, AS ONE, Osaka, Japan) was punched out with a
trepan for biopsy, and 2 pieces of 4-mm-diameter rubber sponges with a 1-mm-diameter hole at the
center were prepared. Subsequently, we pressed them into 2.5-mm diameter holes that were made
on the cover of a 35-mm culture dish. Finally, we inserted the tubes into the septums and connected
them to the syringe through silicone tubes. Then, we flowed sterilized water at 0.01 to 10 mL/min
for 60 s and measured the distances between the guides of the device and the microfiber using a
microscope (IX71N, Olympus Corp., Tokyo, Japan) and imaging software (Image J, 1.46r software
package, National Institutes of Health (NIH), Bethesda, MD, USA). The distances were labeled as d1,
d2, d3, and d4 in order from the left side of the images. In the case of applying rotations to the device,
the dish with the device was placed on a turntable (NA-301, Nissinrika, Tokyo, Japan) and rotated at 30
to 120 rpm for 30 s. After the rotation, we measured the distances between the guides and microfibers
using the same method as the measurement under an applied flow.
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Figure 4. Experimental setup to evaluate immobilization of the microfiber in the anchoring device: (a)
Conceptual illustration of applying flow to the microfiber in the device; (b) Image of the experimental
setup. Scale bars are 10 mm.

2.5. Morphology Evaluation of the Microfiber

To evaluate the dimensions of the adipocyte-laden hydrogel microfibers according to the flow
rates of the infused flows in the microfluidic device, we prepared the microfibers with different flow
rates of core solution (50 μL/min, 100 μL/min, 150 μL/min), and measured the diameters of the shell
and core of the microfibers using a microscope (IX71N, Olympus Corp., Tokyo, Japan) and an imaging
software (cellSens, Olympus Corp, Tokyo, Japan). Moreover, we measured the sizes of lipid droplets in
the adipocytes of the cultured adipocyte microfibers using bright-field images or fluorescent images
in the case of staining the lipid droplets with BODIPY 493/503 (D3922, Thermo Fisher Scientific,
Waltham, MA, USA). In the measurement, we defined the diameter of the lipid droplets as the average
value of the orthogonal diameters measured on an imaging software (Image J 1.46r software package,
National Institutes of Health (NIH), Bethesda, MD, USA). To compare the lipid droplet size between
the adipocyte microfibers and the 2D cultured adipocytes, we seeded the adipocytes to a dish at 18,000
cells/cm2 and changed the growth medium to the differentiation medium after confluence. After the
adipocytes were cultured on a dish, we measured the diameters of the lipid droplets in the adipocytes
using the same method as that for the adipocyte fibers.

To investigate the effect of the anchoring device to the culture of the adipocyte microfibers, we
measured the size of the lipid droplets in the microfibers cultured on the device using the method above.
In addition, we set an adipocyte microfiber on the anchoring device to observe the edge of an adipocyte
tissue and verified the morphological changes in lipid droplets of the tissue. In the experiment, we
used the maturation medium containing oleic acid-BSA complex (O3008, Sigma-Aldrich, St. Louis,
MO, USA) at 500 μM. Five minutes after culture in the culture medium, we started the observation
for the lipid droplets using an all-in-one microscope (BZ 9000, KEYENCE Corp., Osaka, Japan) and
captured their images hourly for 24 h.

2.6. Evaluation of Lipolysis in Adipocyte Microfiber

To demonstrate the applicability of the adipocyte microfiber immobilized with the anchoring
device to drug testing, we evaluated the lipolysis of the adipocytes in the microfiber. In the experiment,
we first cultured the microfiber with 2 mL of a DMEM high glucose solution to prevent the effects of
serum and insulin and 1 μL of 1 mg/mL BODIPY to dye the lipid droplets. After incubation for 3 h
or more, we changed the culture medium to DMEM low glucose solution containing 2% (v:v) BSA
(A7906, Sigma-Aldrich) and 5% (v:v) FBS. 5 min after the medium change, we started the observation
of the microfiber using the all-in-one microscope and captured fluorescence images hourly for 6 h.
Subsequently, we changed the culture medium to DMEM low glucose solution containing 2% (v:v)
BSA, 5% (v:v) FBS, and 1 mM isoproterenol (I5627, Sigma-Aldrich, St. Louis, MO, USA). After 5 min
of culture, we recorded fluorescence images hourly for 6 h. To get multiple data, we repeated the
experiment after 24 h and more from the previous experiment. After repeating experiments three times,
we extracted green-channel images from the captured full-color images and measured the fluorescence
intensity of the microfiber using Image J.

153



Micromachines 2019, 10, 358

3. Results and Discussion

3.1. Characterization of the Anchoring Device

To verify the characteristics of the anchoring device for the immobilization of the adipocyte
microfiber, we applied flows to the device with the fluorescent hydrogel fiber (Figure 5a). Consequently,
we confirmed that the moving distance of the hydrogel microfiber induced by the flows was within
50 μm under a flow rate lower than 1 mL/min (Figure 5b). Meanwhile, when the flow rate was 10
mL/min, the hydrogel microfiber was immobilized on the device. However, the device moved, thus
causing the microfiber to be outside the microscope’s field of view. In the case of applying rotations
to the device, the moving distance was within 100 μm even when the rotation speed was 120 rpm
(Figure 5c). These results indicate that our anchoring device can maintain the position of the microfiber
even under disturbances, such as transportation of the culture dish and exchanges in the culture
medium. Therefore, the anchoring device allows us to trace the specific position of the adipocyte
microfiber during culture. Although immobilization has been achieved by reeling and weaving the
microfibers and sucking both ends of the microfibers [2–4,10,20–25], both methods are not suitable for
investigating the time course of cellular changes in the microfibers. The reeling and weaving cause
difficulties in maintaining a clear observation because the microfibers may overlap each other. While
sucking can immobilize the microfibers to avoid overlapping, it is not suitable for the investigation
during culture because a culture medium is also sucked during the immobilization, resulting in
dynamic changes in culture conditions. Thus, we believe that the anchoring device is a useful tool for
the investigation of the microfibers by temporal observation.

 

Figure 5. Evaluation of immobilization of a microfiber with fluorescent beads with the anchoring
device: (a) Images of the microfiber before and after applying a 1 mL/min flow in the device; (b,c)
Moving distance of the microfiber in the anchoring device when we applied (b) a flow and (c) a rotation
to the device (N = 5, mean ± s. d.). Scale bar is 1 mm.

3.2. Characterization of Adipocyte Microfiber

To investigate the appropriate fabrication conditions for the formation of the adipocyte microfiber,
we prepared the adipocyte-laden hydrogel microfibers under different flow rates of the core solution.
Although the diameter of the whole fiber (the diameter of the alginate gel shell) was not changed
significantly with the increase in the flow rate of the core solution, the diameter of the adipocyte-laden
collagen core was increased (Figure 6a,b). This result indicates that it is possible to control the
thicknesses of the shell and core without changing the diameter of the whole fiber by controlling
the flow rate of the core solution, to induce changes in the culture condition for adipocytes under
maintenance of mountable microfiber diameter (~ 300 μm) to the anchoring device. As a result of
culturing for the maturation of adipocytes, we recognized that the adipocyte microfiber fabricated
at 100 μL/min of the core solution exhibited larger lipid droplets than those fabricated at 50 and
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150 μL/min of the core solution (Figure 6c). Therefore, in this paper, we decided to use the adipocyte
microfiber prepared with 100 μL/min of the core solution in the following experiments.

 

Figure 6. Relationship between flow rate of core solution and size of lipid droplets in adipocytes:
(a) Images of adipocyte-laden hydrogel microfibers (the flow rate of core solution was 50 μL/min,
100 μL/min, 150 μL/min); (b) Relationship between diameters of the microfibers and flow rates of core
solution under 300 μL/min flow of shell solution (N ≥ 5, mean ± s. e. m.); (c) Size of lipid droplets after
21 days of culture depending on the flow rate of the core solution (N = 3, mean ± s. e. m.). Scale bars
are 100 μm.

To evaluate the effects of the culture using microfiber for the adipocytes, we compared the
morphology of the adipocytes cultured in the microfiber with those cultured in a 2D culture dish.
While the adipocytes in 2D culture became sparse, the adipocytes in the microfiber became dense
adipose tissue as in vivo (Figure 7a). The average lipid droplet size of the microfiber was 28 ± 13 μm,
which was approximately twice larger than that of the 2D culture, 13 ± 7 μm (mean ± s. d.) (Figure 7b).
In addition, the peak of the size distribution of the lipid droplets in 2D culture was as small as 10 μm,
while the size of lipid droplets in the microfiber was distributed widely from 10 μm to 50 μm (Figure 7c).
The formation of large lipid droplets in the adipocytes is important to mimic the state of obesity because
the responses of adipocytes to biochemicals change depending on the size of the lipid droplets [26,27].
Therefore, these results indicate that the adipocyte microfiber provides an adipocyte tissue which is
more useful in the investigation of biochemical reactions under obesity than 2D cultured adipocytes.
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Figure 7. Comparison of 2D-cultured adipocytes in a dish and adipocytes in a microfiber: (a)
Fluorescence images of lipid droplets in 2D culture and microfiber culture; (b) Average size (n = 100,
mean ± s. d.) and (c) size distribution of lipid droplets on day 30 in both culture conditions. Scale bars
are 100 μm.

Furthermore, we investigated the culture characteristics of the adipocyte microfiber on the
anchoring device. By tangling the microfiber with pillars on the device, we achieved the immobilization
of the adipocyte microfiber and clear observation of the adipocytes (Figure 8a). Owing to the features
of the device, we successfully evaluated the time-dependent change of the size of the lipid droplets for
a month (Figure 8b). In the comparison of the lipid droplet sizes when cultured with or without the
device, no significant difference was indicated (p > 0.2, Student’s t-test) (Figure 8c). This result indicates
that the anchoring device does not affect the maturation of the adipocytes in the microfiber. Moreover,
we continuously observed the edge of an adipocyte tissue in an adipocyte microfiber. Consequently,
we confirmed the migration of lipid droplets, changes in their size, and fusion of the droplets in the
adipocyte microfiber (Figure 9). This result indicates that the anchoring device allows us to observe
the behaviors of single adipocytes in the microfiber, leading to studies of lipid metabolism based on
the morphology of the lipid droplets.

 
Figure 8. Observation of an adipocyte microfiber cultured on the anchoring device: (a) Images of an
adipocyte microfiber on day 28; (b) Size of lipid droplets varying with time (n ≥ 10, mean ± s. d.);
(c) Comparison of lipid droplet size in adipocyte microfibers cultured with or without the anchoring
device for 24 days (n = 20, mean ± s. d.). Scale bar is 500 μm.
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Figure 9. Time-lapse images of an adipocyte microfiber on the anchoring device. A fusion (green
arrow) of lipid droplets (red and blue arrows) was observed. Scale bar is 100 μm.

3.3. Lipolysis of Adipocyte Microfiber

To demonstrate the applicability of the adipocyte microfiber immobilized with the anchoring
device to drug testing, we examined the lipolysis of the adipocyte microfiber using isoproterenol, a
reagent with anti-obesity effect. When we added isoproterenol to the microfiber stained with BODIPY
for the visualization of lipids on the device, the fluorescence intensity of the microfiber decreased as
time progressed, in contrast to the fluorescence intensity of the microfiber without the addition of
isoproterenol (Figure 10). As the exposure times were the same in both experiments, the decrease in
fluorescence intensity was not caused by the quenching of BODIPY with laser irradiation. Therefore,
the results indicate that the decrease was caused by the release of fatty acids from the adipocytes,
demonstrating that lipolysis by isoproterenol was achieved in the microfiber. Hence, the anchoring
device enabled the observation of lipolysis by the immobilization of the microfiber. Therefore, the
feature of the device enabling the temporal observation of the specific position in the microfiber is
useful in lipid metabolism research or early-stage drug screening.

 

Figure 10. Changes in fluorescence intensity of lipid droplets stained with BODIPY when applying
isoproterenol to the adipocyte microfiber on the anchoring device: (a) Time-lapse fluorescent images of
the microfiber on the anchoring device; (b) Variation with time of fluorescence intensity of the adipocyte
microfiber in specific observation area under repeating the experiment three times (mean ± s. d.). The
fluorescent intensity is normalized with that at 0 h. Scale bars are 100 μm.

4. Conclusions

In this study, we developed an anchoring device with pillars for the temporal observation of an
adipocyte microfiber. The advantages of the anchoring devices are as follows: (i) temporal observation
of the specific position in the microfiber even when applying disturbances; (ii) maturation of adipocytes
in the microfiber on the anchoring device comparing to that without the device; (iii) clear observation
of lipid droplets and cell morphology in the microfiber. Based on these advantages, we show that the
adipocyte microfiber immobilized on the anchoring device could be used for drug testing by enabling
the study of lipolysis under the addition of isoproterenol. Although we focused on the adipocyte
microfiber herein, the anchoring device enabled the temporal observation of various types of cell
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microfibers. Therefore, we believe that the anchoring device will be a useful tool for studies in various
fields, such as biochemistry and drug testing.
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