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In this study, a numerical investigation of microcantilever sensors for detecting the contractile behavior of cardiomyocytes (CMs) was performed.
Recently, a novel surface-patterned perforated SU-8 microcantilever sensor has been developed for the preliminary screening of cardiac toxicity.
From the contractile motion of the CMs cultured on the microcantilever surface, a macroscopic bending of the microcantilever was obtained, which
is considered to reflect a physiological change. As a continuation of the previous research, a novel numerical method based on a surface traction
model was proposed and verified to further understand the bending behavior of the microcantilevers. Effects of various factors, including surface
traction magnitude, focal area of CMs, and stiffness of microcantilever, on the bending displacement were investigated. From static and transient
analyses, the focal area was found to be the most crucial factor. In addition, the current result can provide a design guideline for various
micromechanical devices based on the same principle. © 2017 The Japan Society of Applied Physics

1. Introduction

The quantitative analysis of the physiological responses of
cardiomyocytes (CMs) is important for achieving a stable
cell culture as well as for understanding the mechanism of
heart failure.!” Their autonomous motion of periodical
beating has also been attracting more attention, thereby being
employed in developing new microsystems and/or in under-
standing the biochemical effects of several drugs.>*®
Particularly for the investigation of the biochemical effects,
simple polymeric structures such as micropost™” or micro-
cantilever® have been commonly utilized because a change
in the physiology of the CM’s contraction force produces a
macroscopic behavior of these structures. The micropost or
micropillar method optically measures the deflection, which
is then translated into the corresponding contraction force
using a well-known beam-bending theory.'®!"V However,
because it requires a post-analysis of optical microscopy
images,'>'¥ a real-time analysis cannot be easily achieved.
In addition, because there exist different effects of cell
adhesion and locomotion compared with a typical flat
surface, the reliability of the obtained experimental result is
insufficient together with a relatively small displacement
from a single-cell level.'> In contrast, the cantilever method
measures a macroscopic bending of the microcantilever,
which is caused by a contractile behavior of the CMs in
three-dimensional structure with reconstituted cell-to-cell
connections and synchronized tissue-like behavior.'®!” In
this manner, it can usually yield a larger displacement with
an improved ease of use. Like the micropost method, it shows
difficulties in a real-time measurement because of the post-
analysis of optical images. Even though impedance sensor
arrays are also valuable candidates for high-throughput drug
screening, it was reported that there exists a potential of
unwanted side effects due to the current flow.'82%

To overcome the drawbacks of the previous techniques,
a novel SU-8 microcantilever sensor to characterize the
contractile behavior of CMs in vitro has recently been
developed.?" This cantilever-based measurement system
including a laser vibrometer and a micro-motorized stage
was built to measure the changes in contraction force during

06GMO01-1

the cell culture period. In addition, it was a fast and real-
time measurement so that the effects of drugs on contraction
force and beating frequency could be timely and precisely
analyzed.

However, the microcantilever was designed and produced
to have holes for the easy lift-off from the substrate during the
fabrication step. As any geometrical change in the micro-
cantilever structure can affect its performance, the influence
of holes should be investigated to achieve a more precise
sensing output. Furthermore, although there have been
several developments of micromechanical devices utilizing
the autonomous motion of CMs, the relationship between
the CMs’ contractile motion and the resultant macroscopic
behavior of the micro-mechanical device was not clearly
investigated. It is also required to establish a guideline of
designing other microdevices based on the same principle.

In this study, we present a numerical investigation to
analyze the bending characteristic of the perforated SU-8
microcantilever. To treat the surface traction induced by the
CMs, a simple numerical model was proposed and used to
impose the boundary conditions. The effects of surface
traction magnitude and focal area of the CMs on the
mechanical response of the microcantilevers were inves-
tigated. The stiffness of the perforated microcantilever was
analyzed to elucidate the effect of holes on the macroscopic
bending motion. The transient analysis based on the time-
varying surface traction was also carried out to verify the
usefulness of the current numerical model.

2. Numerical method

In this study, a numerical analysis was performed using a
commercial software (COMSOL Multiphysics®), which was
developed on the basis of a finite element method. To
consider both static and transient situations, a linear elastic
model of Navier’s equation [as indicated in Eq. (1)] was
solved.
o u

In Eq. (1), u, o, and F, represent displacement field, stress
tensor, and body force, respectively.
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Fig. 1. (Color online) Schematic diagram of the perforated
microcantilever sensor investigated in this study.
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Fig. 2. (Color online) Proposed surface traction model with two
parameters to describe the contraction force within a single cell.

Figure 1
model of the previously developed microcantilever sensor.
It basically consisted of body structure and microcantilever
whose width, length, and thickness were 2 mm, 4 mm, and
20 um, respectively. On the top surface of the microcantilever
where CMs were cultured, longitudinal microgroove struc-
tures of 0.8 um depth and 3 um width were formed. Note that
the micro-groove structures in the longitudinal direction
could produce the accumulated action of the cultured CMs,
thereby enhancing the macroscopic bending motion of the
microcantilever. The bending motion was detected by the
external laser displacement sensor in real time.

To implement the surface traction on the top surface as the
boundary condition, a simple numerical model was proposed
as shown in Fig. 2. This model assumes that there exists
only a shear component of the surface traction. The surface
traction is also assumed to be parallel to the longitudinal
direction of the microcantilever due to the perfectly aligned
CMs. It is worth noting that the forces in other directions
were considered to have little effect on the vertical bending
of the microcantilever.>?* Two parameters of Cp and Cy
represent lower and upper bounds of the focal area,
respectively. The areas defined by Cp and Cy are the
effective areas for positive and negative surface tractions
within a single cell, generating the compressive stress only on
the top surface. By controlling these parameters, the effect of
focal area on the bending motion could be easily investigated.
In this study, the constant surface traction within the focal
area was assumed. Because the magnitude of the surface
traction was reported as 2—5nN/um? for typical CMs,?> the
values of the suggested range were investigated.

Figure 3 shows the finite element meshes of the micro-
cantilever structures. Figures 3(a) and 3(b) represent plain
and perforated microcantilevers, respectively. To investigate

illustrates the three-dimensional geometrical
21)
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Fig. 3. (Color online) Finite element meshes used in the present study:
(a) plain microcantilever, (b) perforated microcantilever, (c) plain
microcantilever with confined cells for the comparative study, and (d) half
model of the perforated microcantilever for the transient analysis.

the correlation between stiffness and surface traction area, a
comparative model [Fig. 3(c)] was also prepared. It was
designed to have the same geometry as the plain microcanti-
lever, resulting in the same mechanical stiffness. However,
some areas corresponding to holes in the perforated micro-
cantilever were assumed to have no surface traction. In this
manner, the comparative study could be carried out. For
the transient analysis, only half of the geometrical model
was used to minimize the required computational cost.
Figure 3(d) shows the half model of the perforated micro-
cantilever as one example.

The left-hand-side surface among the six planes of the
geometrical model was assumed to be connected to the body
structure. The fixed boundary condition, where there is no
displacement, was assigned only on this plane. The top
surface was exposed to the periodic surface traction based on
the proposed model. Four other planes were treated as the
free surface.

3. Results and discussion

3.1 Bending displacement of microcantilever sensors
The static numerical analysis of the microcantilevers was
carried out to verify the current model and to investigate the
effect of holes embedded in the perforated microcantilever
on the bending displacement. Three finite element models,
namely, plain [Fig. 3(a)], perforated [Fig. 3(b)], and com-
parative microcantilevers [Fig. 3(c)], were used. For all
cases, the constant magnitude of surface traction was
assumed to be 5nN/um’. Two parameters for the surface

© 2017 The Japan Society of Applied Physics
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(Color online) Representative numerical results of the static analysis: (a) surface traction distribution (with a dimension of N/m?, which corresponds

to 10> nN/um?) and bending displacement of the plain model (with a dimension of um), (b) those of the perforated model, (c) those of the comparative model,

and (d) effective strain distribution of the perforated microcantilever.

traction model, C; and Cy, were chosen as 0.0 and 1.0,
respectively. It was reported that the typical length of a single
CM varies from 62.9 to 112.05 um depending on cell type
and measurement method.>*?® In this study, a length of
100 um was assumed for the sake of simplicity in imposing
the periodic surface traction as the boundary condition.
Young’s modulus and Poisson’s ratio for the microcantilever
material were assumed to be 2 GPa and 0.22, respectively.’?

Figure 4 shows the representative results from the static
analysis under the prescribed conditions. As shown in
Figs. 4(a-1), 4(b-i), and 4(c-i), the periodic surface traction
was properly assigned with the maximum and minimum
values of 5 and —5nN/um?, respectively. Note that for the
comparative model [Fig. 4(c-1)], the areas corresponding to
holes in the perforated microcantilever were excluded from
the periodic surface traction. Because the periodic contractile
surface traction was assigned only on the top surface, the
asymmetric deformation of the microcantilever was pro-
duced, consequently resulting in the upward bending motion.
The bending behaviors of the investigated models are shown
in Figs. 4(a-ii), 4(b-ii), and 4(c-ii). The maximum displace-
ment, which was observed at the free edge, for each model is
summarized in Table I. As listed, it was predicted that the
maximum bending displacement of the perforated micro-
cantilever was reduced to around 48% compared with the
plain one even though only 3% of the total area exposed to
the surface traction was reduced. The total amount of the
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Table I. Maximum displacement for each case.
Displacement Relative reduction
Model type
P (um) (%)
Plain microcantilever 7414 —
Perforated microcantilever 3.847 48.112
Comparative model 3.619 51.187

surface traction from the cultured CMs was found to show a
larger effect on the macroscopic bending motion than the
mechanical stiffness of the microcantilever. This effect could
be confirmed from the comparative model, which was
constructed to have the same stiffness as the plain micro-
cantilever. On the other hand, the surface area exposed to
the periodic traction was equal to that of the perforated
microcantilever. As shown in Fig. 4(c-ii), the comparative
model showed the reduced displacement, which was similar
to that of the perforated microcantilever. Note that from the
viewpoints of bending direction and magnitude, the present
numerical results agreed well with the real experiment.?!
Figure 4(d) shows the effective strain distribution of the
perforated microcantilever as the representative example. The
maximum strain appeared over the top surface in a periodic
manner owing to the compressive surface traction within a
single cell area. The level of the maximum strain was about
107>, which is within the linear range of the typical SU-8.3"

© 2017 The Japan Society of Applied Physics
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Fig. 5. Effect of model parameter Cyy on the maximum bending
displacement (for the case of constant Cp, = 0.0 and E = 2 GPa).

Therefore, a linear elastic analysis in this study can be
considered as the suitable approach.

3.2 Effects of focal area and stiffness

As discussed earlier, the total area exposed to the surface
traction showed more effect on the macroscopic bending
behavior of the microcantilever. To continue the investigation
further, the effect of focal area on the bending displacement
was examined on the basis of three microcantilever models.
In the current surface traction model, the two parameters Cp,
and Cy define the focal area. While Cp, was kept at 0.0, Cy
was increased from 0.2 to 1.0 with intervals of 0.1. Because
the increase in Cy represents the enlarged focal area, the
effect of focal area on the bending behavior can be
investigated in this way. It is worth noting that the
controllable focal area is an advantage of the current surface
traction model over the previously employed methods for the
contractile forces.>!33D

The maximum displacements of the bent microcantilevers
are shown in Fig. 5. As the total amount of contractile force
increases with increasing Cy, the resultant bending displace-
ment was found to increase for all cases. Note that the Stoney
formula, which has been commonly employed to estimate the
surface stress of a thin film, a cell, or a biomolecule on one
surface of the substrate, predicts a linear increase in the
maximum bending displacement with increasing surface
traction.*” However, in the Stoney formula, it was assumed
that the surface stress is equally distributed over the entire
surface, which is quite different from the present case. The
different distribution of the surface traction can be considered
to be a reason for the current asymptotic change in the
maximum bending displacement, like in the case of patterned
films on the substrate.>® In addition, the maximum displace-
ment of the perforated microcantilever was always lower
than that of the plain one. Note that the slight decrease in the
displacement came from the numerical mismatch between
the length of the cell and the area of holes in the perforated
microcantilever when Cy exceeded 0.8. In this regard, the
same trend was also found in the case of the comparative
model.

The perforated microcantilever had a lower stiffness due to
the holes in the body. To investigate the stiffness effect, two
simple approaches were carried out. The stiffness of the
cantilever structures was calculated using (1) Hooke’s law
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Table Il. Calculated stiffness of the microcantilever structures (in N/m).
Simulation model Hooke’s law Effective mass method
Plain microcantilever 0.128 0.125
Perforated microcantilever 0.122 0.108
5
O E=2GPa
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Fig. 6. Effect of magnitude of surface traction and Young’s modulus on
the bending displacement in the perforated microcantilever.

on the basis of a static structural analysis assuming a simple
line force along one side edge and (2) effective mass based
on a dynamic structural analysis of natural frequency.’*3>
Table II lists the calculated stiffness values. In the case of
the perforated microcantilever, the loss of mass in the body
resulted in a decreased stiffness. Note that the stiffness of the
plain microcantilever calculated using a well-known Euler—
Bernoulli equation was 0.125 N/m, which is the same as the
stiffness calculated by the effective mass method. In this
regard, the perforated microcantilever tended to show a
slightly larger bending displacement under the same surface
traction condition (comparative model case). However,
compared with the plain microcantilever, the perforated one
showed the decreased bending displacement despite the
lowered stiffness. It means that the surface traction or the
amount of the contractile force of CMs cultured on the
surface is the most crucial factor for the macroscopic bending
deformation of the microcantilever sensor.
3.3 Effects of surface traction magnitude and Young’s
modulus
To validate the current numerical method, the effects of the
magnitude of the surface traction and Young’s modulus of
the microcantilever material were investigated. As discussed,
the surface traction of the typical CMs varies from 2-5
nN/um?. Moreover, Young’s modulus of the cured SU-8
usually ranges from 2 to 4 GPa. In this regard, three levels of
the surface traction magnitude (i.e., 2, 3.5, and 5nN/pm2)
and two levels of Young’s modulus (i.e., 2 and 4 GPa) were
chosen. By changing these parameters, the maximum dis-
placement of the perforated microcantilever was calculated.
Figure 6 shows the relationship between the magnitude
of the surface traction and the maximum displacement of
the perforated microcantilever with respect to two distinct
Young’s moduli. The maximum displacement was linearly
proportional to the surface traction. It can be easily expected
from a linear elastic theory used in the current numerical

© 2017 The Japan Society of Applied Physics
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(Color online) Representative numerical results of the transient analysis: (a) normalized Gaussian function with respect to time as the unit function

for the time-varying surface traction, (b) displacement changes in representative points and distribution of the maximum displacement at 0.25s (with a
dimension of um) for the plain microcantilever, and (c) those for the perforated microcantilever.

analysis because the effective strain for all the cases was quite
small. In contrast, the displacement was proportional to the
inverse of Young’s modulus. Because the cultured CMs exist
only on the top surface of the microcantilever, the contractile
surface traction is applied within a single cell domain. When
only a unit volume corresponding to the single cell domain
is considered in the entire microcantilever structure, one can
easily establish an equivalent model where the bending
moments are applied on the two side surfaces instead of the
contractile surface traction pair on the top surface. Therefore,
an elastic beam bending theory combining bending moment
and beam curvature can be applied.*®
*v

EIl Frie M(x) 2)
In Eq. (2), E, I, v, and M(x) represent Young’s modulus,
moment of inertia of the cross-sectional area, vertical

displacement, and bending moment, respectively. From

06GMO01-5

Eq. (2), the inverse relationship between the maximum
displacement and the equivalent bending moment from the
contractile surface traction can be predicted.

3.4 Transient response of microcantilever sensor
The transient response of the microcantilever sensor was
investigated. As explained, the symmetrical model based on a
half of the full microcantilever was used to reduce the
required computational cost. In addition, the time-varying
surface traction was assigned as the transient boundary
condition on the top surface. Note that the normalized
Gaussian function (mean of 0.25 and standard deviation of
0.05) with a period of 0.5 s was used as the unit time-varying
function as plotted in Fig. 7(a). By multiplying the maximum
surface traction (5nN/um? in this specific case) and the unit
time-varying function together, the transient surface traction
could be simply built. Because only one period was
considered in the transient numerical analysis, the surface
traction was increased to up to 0.25s and then decreased.

© 2017 The Japan Society of Applied Physics
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Figure 7(b-i) shows the displacement change of two
representative points in the plain microcantilever when the
prescribed transient surface traction was imposed. The dis-
placement distribution at 0.5 s is also shown in Fig. 7(b-ii).
The maximum displacement, which was almost identical to
the displacement in the static analysis, was observed in the
center of the free edge. It was found that there was a slight
warpage during the bending of the microcantilever because
the corners of the microcantilever showed a relatively lower
displacement. The transient response of the microcantilever
was similar to the Gaussian function, which was used as the
unit function for the surface traction. It showed that the
mechanical response of the microcantilever directly reflected
the transient change in the CMs contractile surface traction.
The same result could be obtained from the transient analysis
of the perforated microcantilever, as shown in Figs. 7(c-1)
and 7(c-ii).

It may be mentioned that the current numerical model can
be used to predict the macroscopic behavior of the micro-
cantilever sensors incorporating CMs. The static and transient
investigations showed the same maximum displacement,
which is mainly determined by the maximum surface
traction. In addition to the effects of focal area and stiffness,
the transient analysis also confirmed that the surface traction
is the most important factor, which should be considered in
designing a similar micromechanical devices.

4. Conclusions

In this study, a numerical investigation was carried out to
analyze the macroscopic bending behavior of the perforated
microcantilever sensor. To efficiently impose the contractile
surface traction of CMs on the numerical analysis as the
boundary condition, the simple surface traction model was
proposed. From the static and transient analyses, it was
verified that the current surface traction model can be
efficiently used in a numerical investigation of the micro-
mechanical devices incorporating the CMs. The surface
traction or the amount of the contractile force of CMs
cultured on the surface was found to be the most crucial
factor for the macroscopic bending deformation of the
microcantilever sensors compared with the stiffness. In
addition, the mechanical response of the microcantilever
directly reflected the transient change in the CMs’ contractile
surface traction.

The proposed numerical method was found to be a useful
tool for analyzing the macroscopic behavior of the micro-
cantilever sensors. It can also significantly enhance the
understanding of the microcantilever’s motion correlated
with the CMs’ contractile force, thereby providing additional
valuable information on the accumulated CMs’ physiology.
Furthermore, the current method can promote the more
efficient development of other micromechanical devices based
on the same principle by providing the basic design guide.
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