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Cells possess sensors to detect external mechanical
stimuli, and the process of converting these cues into
biochemical reactions is known as mechanotransduc-
tion. Various vibration devices have been developed
to evaluate cellular responses under vibratory stimu-
lation. However, few devices can apply vibratory stim-
ulation to a localized area while maintaining a low con-
tamination risk during long-term culture. To address
this challenge, we propose a magnetically driven de-
vice capable of applying vibratory stimulation to cells
in vitro to evaluate cell proliferation and differentia-
tion induction. The device integrates a polydimethyl-
siloxane membrane equipped with a neodymium mag-
net and a ring structure into a standard lidded culture
dish. By utilizing the magnetic repulsive force from an
electromagnet, the membrane vibrates via non-contact
actuation. The device maintains a semi-sealed environ-
ment, minimizing the risk of contamination and mak-
ing it highly suitable for long-term cultivation. Perfor-
mance evaluations confirmed that membrane acceler-
ation increased with the applied voltage. When vibra-
tory stimulation with an acceleration of 0.1 G or higher
was applied to cultured cells, the stimulated group ex-
hibited a cell proliferation rate approximately 1.4 times
greater than that of the non-stimulated group. Further-
more, culturing osteoblast-like cells in a differentiation-
inducing medium resulted in widespread positive stain-
ing for alkaline phosphatase, confirming that the device
environment supports osteogenic differentiation. No-
tably, no contamination or cell detachment occurred
during a 72 h culture period. These results suggest that
the proposed device is a potentially useful tool for eval-
uating cellular mechanotransduction under vibratory
stimulation.

Keywords: mechanotransduction, osteoblast, magnet-
ically driven device, polydimethylsiloxane, cellular re-
sponse

1. Introduction

Cells possess sensors that detect external mechanical
stimuli and alter their activity in response to these stim-
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uli [1-3]. Mechanotransduction is a cellular process that
converts such mechanical stimuli into biochemical reac-
tions [4]. Among various stimuli, vibratory stimulation
plays an important role in cell proliferation and differen-
tiation. For example, applying mechanical vibration with
appropriate frequencies and accelerations to osteoblasts
has been reported to promote bone regeneration and os-
teogenic differentiation [5-8]. Elucidating the function
of mechanotransduction is crucial for investigating the
mechanisms of homeostasis, developing treatments for dis-
eases such as osteoporosis, and advancing regenerative
medicine. Therefore, numerous studies have been con-
ducted on this aspect to date.

Various vibration devices and systems have been devel-
oped to evaluate cellular mechanotransduction in response
to vibratory stimulation in vitro. As a common method,
systems in which an entire incubator or a multi-well plate
is fixed to a large vibration generator driven by a motor or a
piezoelectric element are widely used [9-16]. In addition,
miniaturized vibration and dynamic stimulation devices
fabricated using microelectromechanical systems (MEMS)
technology have been reported, which have been used to
evaluate cellular responses to stimuli in detail during in situ
observations under a microscope [17].

Although cellular characteristics in response to vibra-
tory stimulation have been evaluated in several studies, few
devices can apply this stimulation to a localized area while
maintaining device convenience and a low risk of contam-
ination. This is particularly important for experiments re-
quiring long-term cultivation and observation over several
days to weeks, such as those involving the proliferation and
differentiation induction of osteoblasts. In conventional
systems that use external vibration generators, the large
size occupies a significant space within an incubator, and
because they vibrate the entire culture dish, applying vi-
bration to a localized area is difficult. It is also challenging
to accurately control the frequency and amplitude of the
vibrations applied to the cells. Furthermore, devices that
operate with the culture chamber in an open state pose a
risk of contamination, and they are therefore considered
unsuitable for long-term culture experiments. For time-
lapse observations and safe, long-term cultivation in appli-
cations such as drug screening, a device capable of apply-
ing vibration in a non-contact manner while maintaining a
semi-sealed environment is warranted.
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In this study, we propose a magnetically driven cell vi-
bration device capable of applying vibratory stimulation
to cells in vitro and confirming the induction of differ-
entiation. The proposed device primarily consists of a
polydimethylsiloxane (PDMS) membrane equipped with a
neodymium magnet, a PDMS ring structure, and a standard
cell culture dish. By utilizing the magnetic repulsive force
generated by the magnetic field of a small electromagnet,
the membrane can be vibrated through non-contact actua-
tion. In addition, the vibratory stimulation (acceleration)
applied to the cells adhering to the PDMS membrane can
be easily controlled by varying the voltage applied to the
electromagnet. Because the proposed device is incorpo-
rated into a cell culture dish with a lid, the risk of contam-
ination is low, rendering it suitable for long-term culture
experiments. The primary novelty of the proposed device
lies in its structural and operational advantages over ex-
isting platforms. Unlike large, whole-plate external shak-
ers that occupy considerable incubator space and lack lo-
calized control, our device achieves non-contact, localized
actuation within a standard culture dish using a magnetic
repulsive mechanism. Furthermore, compared with typi-
cal MEMS-based devices that involve complex and high-
cost fabrication, our PDMS-based design offers a simple
and cost-effective fabrication process. These characteris-
tics successfully facilitate both microscopic imaging and
quantitative evaluation, including cell proliferation and dif-
ferentiation assays. This paper describes the device de-
sign, working principles, fabrication method, and actu-
ation characteristics, including resonance characteristics.
We also report the findings of the cell proliferation rate
and induction of osteogenic differentiation through alka-
line phosphatase (ALP) staining after vibratory stimulation
experiments on osteoblast-like cells using the proposed de-
vice.

2. Materials and Methods
2.1. Device Design and Working Principle

Figure 1 shows a conceptual diagram of the proposed
magnetically driven vibration device. The proposed device
consists of a PDMS membrane, PDMS ring, ring-shaped
neodymium magnet, and plastic culture dish with a hole. A
120-pm-thick PDMS membrane is used for cell vibration,
and a PDMS ring (outer diameter: 22 mm, inner diameter:
16 mm, height: 2 mm) supports the PDMS membrane. A
ring-shaped neodymium magnet (®4 X 2.5 X 1.5 mm) is
used as a driving element to vibrate the PDMS membrane.
The bottom surface of the PDMS ring is bonded to the
culture dish, and the neodymium magnet is bonded to the
back of the PDMS membrane. Because metal ions released
from magnetic materials tend to be cytotoxic [18], the pro-
posed device was designed to prevent the magnet from be-
ing submerged in the culture medium, thereby avoiding
cytotoxicity (i.e., poor cell adhesion). Fig. 2 shows the
driving principle (cross-sectional view) of the proposed
device. A small electromagnet is placed under the de-
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Fig. 1. Conceptual diagram of the proposed magnetically
actuated cell-vibration device.
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Fig. 2. Principle diagram of actuation in the proposed de-
vice in cross-section view.

vice. An alternating magnetic field with an offset generated
by the electromagnet vertically displaces the neodymium
magnet. Combined with gravity and the restoring force
of the PDMS pulling it back to its original position, this
mechanism enables the PDMS membrane to vibrate in
a non-contact manner. Among the cells adhering to the
PDMS membrane, a uniform vibratory stimulation is ap-
plied to those located within the inner area of the ring-
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Fig. 3. Fabrication process of the proposed device: (i) spin-
coating the Barrier Coat, (ii) forming the PDMS membrane,
(iii) curing the PDMS solution for the ring, (iv) releasing
the PDMS sheet, (v) punching the PDMS sheet to form
the PDMS ring, (vi) bonding the PDMS ring to the PDMS
membrane, (vii) bonding the magnet to the PDMS mem-
brane, (viii) peeling off the assembled parts, and (ix) bond-
ing the assembled parts to the plastic culture dish.

shaped neodymium magnet. Previous studies have re-
ported that vibratory stimulation at approximately 50 Hz
with an acceleration amplitude of 0.5 G increases cell pro-
liferation capacity [9, 12]. Therefore, by applying similar
vibratory stimuli to cells using this device, we expected
that their responses would be evaluated. Because the tar-
get area for cell observation was enclosed within the small
inner region of the rigid neodymium magnet (inner diame-
ter: 2.5 mm), the influence of membrane deflection was
minimized, thereby ensuring relatively uniform stimula-
tion within the evaluated region.

2.2. Fabrication Process

Figure 3 shows the fabrication process of the proposed
device. The fabrication process consisted of fabrication of
the PDMS membrane and PDMS ring, followed by the as-
sembly process.

First, a glass substrate (22 x 22 x 0.17-0.25 mm,
C022222, Matsunami Glass) was cleaned with a piranha
solution. Then, Barrier Coat No. 7 (Shin-Etsu Chemical),
an anti-adhesion agent for PDMS, was spin-coated onto
the substrate. To form a 120-um-thick PDMS membrane,
a PDMS solution (SILPOT 184, DuPont Toray Specialty
Materials) mixed at a base-to-curing agent ratio of 10 : 1
was spin-coated onto the substrate at 1000 rpm. After coat-
ing, the PDMS membrane was cured by baking at 75°C for
90 min using a hot plate (ND-1, AS ONE).
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Fig. 4. Schematic diagram of the experimental setup for
evaluating the displacement of the membrane.

To fabricate the PDMS ring, a PDMS solution mixed
at a base-to-curing agent ratio of 10 : 1 was poured into a
plastic case (1-4698-01, AS ONE). Subsequently, the solu-
tion was degassed for 45 min to remove air bubbles. After
the degassing process, the PDMS solution was cured by
heating at 75°C for 90 min on a hot plate. After curing, the
fabricated 2-mm-thick PDMS sheet was punched out using
hole punches with diameters of 20 and 16 mm to fabricate
a PDMS ring with an outer diameter of 20 mm, inner di-
ameter of 16 mm, and thickness of 2 mm.

The PDMS membrane, PDMS ring, and ring-shaped
neodymium magnet (NOR039, NeoMag; magnetic flux
density: 243 mT; ®4 X ®2.5 X 1.5 mm) were assembled.
To enhance the bonding strength among the PDMS mem-
brane, PDMS ring, and neodymium magnet, their surfaces
were treated using a plasma modifier (PM 100, Yamato Sci-
entific) [19]. These surface-treated parts were aligned such
that their center positions roughly matched, and they were
bonded together by baking on a hot plate at 120°C for
120 min. The magnetic flux of the neodymium magnet was
perpendicular to its end face, and the magnet was placed
such that the south pole side served as the bonding surface
for the PDMS membrane. After the parts were bonded, the
PDMS membrane was peeled off from the glass substrate.
Finally, the assembled parts and a 35-mm-diameter plastic
culture dish with a hole (hole diameter: 14 mm, D129300,
Matsunami Glass) were bonded together using a silicone
adhesive (KE-441, Shin-Etsu Chemical).

2.3. Evaluation Method of Driving
Characteristics of Device

To evaluate the driving characteristics of the device, the
acceleration of the PDMS membrane was measured rel-
ative to the voltage applied to the electromagnet. Fig. 4
shows a schematic of the experimental setup used to eval-
uate the displacement of the membrane. To prevent mag-
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netic attraction between the neodymium magnet of the de-
vice and the iron core of the electromagnet, and to achieve
the desired driving displacement, two glass plates, each ap-
proximately 1.5 mm thick, were inserted between the elec-
tromagnet and the device. A 50 Hz sine wave generated by
a multifunction generator (WF1974, NF Corporation) was
applied to the electromagnet. The applied voltages were
set to 0.2, 0.4, 0.6, 0.8, and 1.0 V, each with a 50% off-
set. The maximum acceleration a of the PDMS membrane
was calculated from the displacement of the neodymium
magnet bonded to the PDMS membrane using Eq. (1).

Hx107° !

a= > X Q2rf) X9.81' (1)
Here, H is the displacement of the magnet [um], and f is
the frequency of the applied voltage [Hz]. The displace-
ment H, which is the change in the position of the magnet
inresponse to the applied magnetic field, was measured us-
ing a laser Doppler vibrometer (sensor: AT0042, demod-
ulator: AT3600, Graphtec). The average value was calcu-
lated from five amplitudes of the waveform output using
an oscilloscope (T3DS01204, Teledyne LeCroy). Seven
devices were measured in this experiment, and their mean
values and standard deviations were calculated.

The change in acceleration with respect to frequency
was evaluated to investigate the resonance frequency of
the fabricated device. In this experiment, the voltage ap-
plied to the electromagnet was setto 1.0V, (witha 0.5V
offset). The displacement was measured using a laser
Doppler vibrometer while increasing the frequency from
5to 103 Hz in 2 Hz increments. The acceleration was then
calculated from the measured displacement using Eq. (1).

2.4. Experimental Method for Cell Vibration
Using the Fabricated Device

The mouse calvaria-derived osteoblast-like cell line
MC3T3-E1 (RCB1126) used in this experiment was pro-
vided by RIKEN BRC through the National BioResource
Project of MEXT, Japan. For the cellular vibratory stim-
ulation experiment, the device was sterilized with 70%
ethanol and washed with Dulbecco’s phosphate-buftered
saline (D-PBS; 045-29795, FUJIFILM Wako Pure Chem-
ical). To improve cell adhesion to the PDMS surface,
D-PBS containing 1 pg/mL of laminin (23017015, Thermo
Fisher Scientific) was introduced into the device to coat
the surface. After the laminin solution was removed, the
device was rinsed with D-PBS at room temperature. Fi-
nally, the osteoblast-like cells were seeded into the de-
vice at a concentration of 1.0 x 10* cells/mL. The above
procedures were performed strictly in a clean bench to
minimize the risk of contamination. Cells from pas-
sages 3 to 7 were used. The culture medium was MEM-a
(135-15175, FUJIFILM Wako Pure Chemical) containing
1 wt% penicillin-streptomycin (09367-34, Nacalai Tesque)
as an antibiotic-antimycotic and 10 wt% fetal bovine serum
(173012, Sigma-Aldrich). After culturing for 24 h in an
incubator (MCO-20AIC, SANYO Electric), 1 h of vibra-
tory stimulation was applied to the cells by subjecting the
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device to an alternating magnetic field inside the incuba-
tor. To ensure the application of vibratory stimulation with
maximum accelerations of at least 0.1, 0.5, and 1.0 G, the
voltage applied to the electromagnet was set as a 50 Hz si-
nusoidal wave at 0.2, 1.0, and 2.0 Vp_p, respectively (with
an offset equal to half of the set voltage). Following vi-
bratory stimulation, cells within the inner region of the
neodymium magnet were observed every 12 h under an
inverted microscope (CKX41, Olympus) equipped with
4x and 10x objective lenses and a charge-coupled device
(CCD) camera (DP72, Olympus). The number of cells
was counted from 4x images using the multipoint tool in
ImageJ (National Institutes of Health). As a control, a par-
allel experiment was conducted without vibratory stimu-
lation. Three independent experiments were performed
for each condition. Statistical analysis was conducted us-
ing one-way analysis of variance (ANOVA) followed by
Dunnett’s test to compare the vibratory stimulation groups
with the control group. A p-value of less than 0.05 was
considered statistically significant. This analysis was per-
formed using EZR (Jichi Medical University), a graphical
user interface for R (R Foundation for Statistical Comput-
ing) [20].

2.5. Evaluation Method of Osteoblast
Differentiation

Yashiro et al. confirmed that when osteoblast-like cells
differentiate into osteoblasts, the expression of ALP, a
marker enzyme for osteoblasts, increases [21]. To con-
firm differentiation into osteoblasts on the fabricated de-
vice, cells were seeded into the device in the same manner
as described in the previous section. After the cell culture
reached confluence, the medium in the device was replaced
with a differentiation-inducing medium (MEM-« contain-
ing 1% penicillin-streptomycin, 10% fetal bovine serum,
10 mM pg-glycerophosphate (50020, Sigma-Aldrich), and
50 um ascorbic acid (A92902, Sigma-Aldrich)), and vi-
bratory stimulation was applied for 1 h. Thereafter, the
medium was changed every two days. Five days after vi-
bratory stimulation, the cells were fixed using 3.7 wt%
paraformaldehyde in D-PBS and permeabilized using a
1 : 1 (v/v) mixture of acetone and ethanol. The cells
were stained for ALP using a staining kit (294-67001,
FUJIFILM Wako Pure Chemical). After staining, the cells
were observed using an inverted microscope equipped with
a 10x objective lens and CCD camera. As a control, a par-
allel experiment was conducted using culture medium lack-
ing differentiation-inducing reagents.

3. Results and Discussion

3.1. Characteristics of the Fabricated Device

Figure 5 shows a photograph of the fabricated device.
No magnet sinking or damage to the membrane was ob-
served in the fabricated devices. Furthermore, on the sur-
face of the PDMS membrane where cells adhere, there
were no large foreign substances or scratches that would
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Fig. 6. Average maximum acceleration of the PDMS mem-
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interfere with cell adhesion or observation. Therefore, the
fabricated device was considered suitable for cell culture
and cell vibratory stimulation experiments.

Figure 6 shows the relationship between the applied
voltage and maximum acceleration. In this experiment,
the actuation characteristics of seven devices were eval-
uated, and in all devices, the maximum acceleration in-
creased with increasing applied voltage. The average max-
imum accelerations at applied voltages to the electromag-
net of 0.22, 0.40, 0.56, 0.76, and 0.96 V were 0.13+0.02,
0.27+0.05, 0.39+0.08, 0.51+0.11, and 0.63+0.15 G, re-
spectively. Fig. 7 shows the measurement results of the
maximum acceleration relative to the applied frequency.
The fabricated device reached a maximum value of 0.82 G
at 43 Hz. Moreover, beyond 45 Hz, the acceleration de-
creased rapidly with an increase in the applied frequency.
This sharp decline is characteristic of the device after it
passes its resonance point. The acceleration at frequen-
cies above 59 Hz was lower than the values recorded in
the 5-41 Hz range, demonstrating that the performance in
the higher-frequency range was inferior to that in the lower-
frequency range. The variation in the standard deviation of
the acceleration measurement relative to the applied volt-
age was attributed to the difference in the thickness of the
PDMS membrane during device fabrication, which caused
a change in the resonance frequency. Regarding the eval-
uation of the frequency response, the decrease in accel-
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Fig. 7. Evaluation results of the frequency response of the
device.

eration at frequencies above 59 Hz was attributed to the
low responsiveness of the electromagnet, which resulted
in a weakened magnetic field. However, because no de-
tachment of the magnet or breakage of the membrane was
observed during actuation, the fabricated device could be
used for cell vibratory stimulation experiments. In this ex-
periment, accelerations of at least 0.1 and 0.5 G were ob-
tained by setting the applied voltages to 0.2 and 1.0 V.,
respectively. Therefore, these voltage settings were appro-
priate for applying accelerations of 0.1 and 0.5 G in the
cellular vibratory stimulation experiments. Furthermore,
given that the maximum acceleration increased linearly
with the applied voltage, 2.0 V,,_, was suitable for applying
an acceleration greater than 1.0 G.

3.2. Results of the Cell Vibratory Stimulation
Experiment Using the Fabricated Device

Figure 8 shows enlarged images captured using a 10X
objective lens under each vibratory condition (0, 0.1, 0.5,
and 1.0 G) at 24 h, immediately prior to vibratory stim-
ulation, and after 72 h of culture. The cells adhered to
the PDMS membrane and proliferated as the culture pro-
gressed. In addition, the cells subjected to vibratory stim-
ulation tended to show higher proliferation rates than those
without vibratory stimulation. Fig. 9 shows the cell prolif-
eration rate over culture time under each condition, where
the number of cells immediately before vibratory stimu-
lation (after 24 h of culture) was normalized to 1. As
shown in the graph, after 72 h, the control and vibration
(0.1 G) groups showed 3.1-fold and 5.0-fold increases, re-
spectively, indicating a maximum difference in prolifera-
tion rate of approximately 1.6 times. The increase in pro-
liferation rate due to vibratory stimulation was consistent
with the results of Choi et al. [10]. Therefore, the device
fabricated in this experiment successfully applied vibra-
tory stimulation to cells. Furthermore, because the 72 h
culture was performed without any entry of foreign mat-
ter into the culture dish, cell contamination, or cell de-
tachment, this device was considered highly suitable for
cell culture. As shown in Fig. 9, a statistically signifi-
cant increase in the cell proliferation rate was observed
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Fig. 8. Time-lapse observation results of the cells with or
without vibratory stimulation. The enlarged images were
captured using a 10x objective lens under each vibratory
condition (control, 0.1 G, 0.5 G, and 1.0 G).
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Fig. 9. Cell proliferation rate over culture time. The cell
proliferation rate was normalized to the value at 24 h for
each condition. Data are expressed as mean +SD (N = 3).
*p < 0.05 compared to the control group (one-way ANOVA
with Dunnett’s test).

in the 0.1 G group compared to that in the control group
(p < 0.05). Although the 0.5 G and 1.0 G groups also
demonstrated an increasing trend, these differences were
not statistically significant (p > 0.05). This could be at-
tributed to the limited sample size (N = 3). Further inves-
tigations with larger sample sizes are necessary to clarify
the effects of higher vibratory stimulation on cell prolifer-
ation.
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Fig. 10. Micrographs of cells stained for ALP cultured in
the (a) absence and (b) presence of differentiation-inducing
reagents at five days after vibration.

3.3. Evaluation Results of Osteoblast
Differentiation

Figure 10 shows micrographs of cells stained for ALP,
an osteoblast marker enzyme. Figs. 10(a) and (b) show
cells cultured for five days after vibration in the absence
and presence of the differentiation-inducing medium, re-
spectively. When cultured in the absence of differentiation-
inducing medium, the stained areas were limited to spe-
cific regions. In contrast, when cells were cultured in
differentiation-inducing medium, stained areas were ob-
served over a wide area. Because positive ALP staining
was confirmed and the results showed a similar tendency
to those in a study by Yashiro et al. [21], this device was
considered applicable as a platform for differentiation ex-
periments of osteoblast-like cells. However, it should be
noted that the primary focus of the differentiation assay in
this study was to verify that the long-term dynamic driv-
ing environment of the proposed device does not interfere
with the inherent differentiation capability of the cells. Al-
though the observed osteogenic differentiation was largely
driven by the differentiation-inducing medium, these re-
sults successfully demonstrated the biological compatibil-
ity of the device. A rigorous comparison between the vi-
bratory and non-vibratory conditions under identical dif-
ferentiation settings is required in future studies to isolate
and evaluate the specific effects of vibratory stimulation on
the differentiation process.

On the basis of the experimental results of cell vibra-
tory stimulation, the proposed device was found to have
potential as a reliable experimental platform for investi-
gating the mechanisms of cellular mechanotransduction,
specifically regarding mechanosensitive sensors and intra-
cellular information transmission. Cells sense external me-
chanical cues through specialized molecular sensors, such
as mechanosensitive ion channels (e.g., Piezol/2), inte-
grins, and the cytoskeleton [22-24]. These physical stim-
uli are subsequently converted into biochemical signals
and transmitted into the nucleus via intracellular signal-
ing cascades (e.g., calcium signaling or MAPK/ERK path-
ways) [25, 26], ultimately triggering the downstream os-
teogenic differentiation observed in this study. Because
our PDMS-based device achieves non-contact, controlled
local vibration within a semi-sealed, standard culture dish,
it can provide a highly stable and sterile mechanical micro-
environment. This enables researchers to securely stimu-
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late cells over extended periods and subsequently analyze
the dynamics of these mechanosensitive molecular path-
ways without the risk of contamination. Consequently, this
system can contribute to the understanding of intracellular
sensing and information transmission in cells and tissues
under defined vibrational conditions.

4. Conclusion

In this study, we developed a magnetically driven de-
vice capable of applying vibratory stimulation to cells in
vitro to evaluate the induction of cell proliferation and dif-
ferentiation. By combining non-contact actuation with a
lidded structure, we achieved long-term culture with a min-
imized risk of contamination. The evaluation of the driv-
ing characteristics confirmed that the membrane accelera-
tion increased with increasing applied voltage. Moreover,
using this device, we confirmed that vibratory stimulation
promoted cell proliferation and verified the induction of
osteogenic differentiation via ALP staining. The success-
ful maintenance of a stable culture environment for 72 h
demonstrates the high practicality of the device. These re-
sults suggest that the proposed device is a useful tool for
elucidating cellular mechanotransduction under vibratory
stimulation.
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