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Impact Statement

The improvement of the mechanical loading device
in this article is the foundation of mechanobiologi-
cal research since mechanical signals influence
the morphology, function, differentiation, prolifera-
tion, and growth of cells. This article proposes a
design and manufacturing scheme for a cell load-
ing device, which effectively solves the problem of
non-uniform strain in past experiments. With the
innovative design of the culture chamber, research-
ers can more accurately study the responses of
cells under strain loading. The innovative chamber
provides a more reliable tool for cell mechanobio-
logical research.

Abstract

Mechanical signals influence the morphology, function, differentiation, proliferation,
and growth of cells. Due to the small size of cells, it is essential to analyze their
mechanobiological responses with an in vitro mechanical loading device. Cells
are cultured on an elastic silicone membrane substrate, and mechanical signals
are transmitted to the cells by the substrate applying mechanical loads. However,
large areas of non-uniform strain fields are generated on the elastic membrane,
affecting the experiment’s accuracy. In the study, finite-element analysis served
as the basis of optimization, with uniform strain as the objective. The thickness of
the basement membrane and loading constraints were parametrically adjusted.
Through finite-element cycle iteration, the “M” profile basement membrane
structure of the culture chamber was obtained to enhance the uniform strain field
of the membrane. The optimized strain field of culture chamber was confirmed
by three-dimensional digital image correlation (3D-DIC) technology. The results
showed that the optimized chamber improved the strain uniformity factor. The
uniform strain area proportion of the new chamber reached 90%, compared to

approximately 70% of the current chambers. The new chamber further improved the uniformity and accuracy of the strain,

demonstrating promising application prospects.
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Introduction

As the smallest living activity unit in the human body, cells
behavior is affected by various biological, chemical, and
mechanical signals.> The mechanical signals continuously
stimulate cells and trigger different behaviors regulating cell
activities, such as growth, proliferation, and migration.>
Studies have demonstrated that mechanical stimulation affects
organ morphogenesis,® skeletal muscle differentiation,” and
central nervous system development.® However, it is difficult
to directly observe the mechanisms of cell mechanobiological
responses due to the complexity of the in vivo environment,
and the challenges also occur in studying cell responses in
isolated animal tissues.® Therefore, researchers have turned
to macro-scale investigations'® to study cellular responses to
mechanical stimulation through in vitro experiments.!-13
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In mechanobiological studies, an appropriate loading
system is crucial for simulating mechanical signals in the
natural environment.!* In vitro mechanical loading devices
have been developed to study cell survival, differentiation,
and proliferation.!>!” These devices typically comprise driv-
ing, transmission, and culturing chamber modules. Cells are
seeded onto the culturing chamber basement membrane,
and mechanical stimulation is indirectly transferred to the
cells via the membrane.!8-2! The culture chamber in the
device, as a direct function module for delivering mechani-
cal stimulation to cells, has garnered attention from research-
ers. The chamber can be a silicone membrane or a closed
chamber with different loading conditions according to the
device used to study specific biomechanical phenomena.
The basement membrane is mainly round or rectangular,?>-2>
with thicknesses ranging from 200 to 2000 um, and other
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dimensions of the chamber depend on the specific mechani-
cal experiments. However, the experimental results are
affected by the limited transfer force of the membrane, non-
uniform strain distribution, and low accuracy of the strain
field.2627

The non-uniform strain field of the membrane is the key
factor badly affecting the experimental results. In fact, the
chamber’s rectangular basement membrane elongates lon-
gitudinally while shortens laterally, resulting in different
strains at various locations on the membrane. At the same
time, mechanical signal-induced cell responses depend on
strain magnitude,®®? which further increases the complex-
ity of cell mechanobiological response. Researchers have
devised multiple strategies, such as designing cylindrical or
O-ring structures with flat-top surfaces that are concentric
with a circular membrane®-32 or reducing the thickness of
the flexible basement.? However, the uniform strain of the
basement membrane was not specifically quantified in the
relevant studies. Therefore, the strain uniformity of the base-
ment membrane needs to be studied by selecting a reason-
able culture chamber structure.

In our previous experiments and studies, an “M” profile
structured culture chamber was designed and optimized to
enhance the strain uniformity area of the basement mem-
brane (recommended for cell culture).3* The proportion after
optimization of the uniform strain area reached up to 70%,
compared to 57% in the constant thickness membrane of
chamber. In this article, culture chambers with two different
elastic basement membrane thicknesses were designed using
the finite-element optimization function, introduced strain
uniformity factors, and further enhanced the strain uniform-
ity area on the basement membrane. A self-designed cell
loading device was used to examine the affects of mechanical
loading on cultured cell growth. Three-dimensional digital
image correlation (3D-DIC) was used to verify the strain
field generated by the tensile of the culture chamber.

Materials and methods
Development of cell loading device

The cell loading device is based on the substrate deformation
technique,® as shown in Figure 1. It consists of a drive con-
trol system, a power transmission system, and a cell culture
system. The drive control system includes a stepper motor
(model: 28BY]J-48, power: 800 W, stop accuracy: + 0.05°) and
a programmable controller, which can realize functions such
as program writing, controlling displacement, zero position,
and the number of cycles. In the power transmission system,
the stepper motor is connected to the ball screw to generate
a linear motion, and the end of the screw is connected to the
telescoping platform where the culture chamber is placed.
The cells adhering to the basement membrane are subjected
to mechanical strain. The cell culture system consists of a
culture chamber and medium. The chamber is made of medi-
cal type A and B silicone at a ratio of 1:1 and processed by
vacuum, plasma cleaning, and ultrasonic cleaning.

Data determination of silicone material

The chamber is cast from a silicone rubber material, classi-
fied as a hyper-elastic material. To determine the material
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Figure 1. Development of a tensile loading device for adherent cells.

parameters as the basic data for finite-element analysis,* a
tensile test must be conducted. The dumbbell-shaped speci-
men is shown in Figure 2, and its manufacturing method
is consistent with the culture chamber. The dimensions in
Figure 2(a) are L,=33mm and S,=18mm?. It is assumed that
the rubber material is isotropic, with large deformation and
incompressible material. The uniaxial static experiment was
conducted using an Electromagnetic Dynamic Mechanical
Analysis System (M100, CARE). The tensile speed was
8.3mm/s, and the tensile displacement from 1 to 10 mm.
The average load-displacement data were obtained by
repeated experiments three times, as shown in Figure 2(b).
The stress—strain curve of the silicone material was derived
using Equations (1) and (2), as shown in Figure 2(c), and the
data were then imported into the finite-element software.

g AL M
LO
AL is the axial deformation of the test piece, in mm, and
L, is the original length of the specimen, in mm;

P
o=—(1+¢) (@)
So
P is the axial load on the tensile test piece, in N; S, is the
initial cross-sectional area of the tensile test piece, in mm?.

Optimization design of culture chamber

Structural optimization is an iterative solution process
in which the finite-element model is modified several
times. This iteration is based on a series of constraints to
approach the set goal. The shape optimization function in
the ABAQUS (SIMULIA, Paris, France) software was used
for model design in this study. A condition-based algorithm
was used to determine the optimized direction based on the
solved results and update the design variables according to
the constraints. The optimization area is the lower surface
of the basement membrane, and the reference value in the
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Figure 2. Specimen tensile test: (a) dumbbell | specimen was tested in a dynamic tensile machine; (b) three sets of tensile load displacement test data of the
specimen under the same condition; and (c) stress-strain curve of specimen material properties.

objective function is the predetermined strain value, such as
strain 1%, 5%, and 10%. The upper surface of the membrane
is constrained, which does not change shape during the opti-
mization process. The optimization variable is the basement
membrane thickness (T#), and the optimization objective is
the maximum strain ¢,,,, . The optimization can be expressed

max

by the mathematical model, as follows in Equation (3):

Objl: Maximum - ¢,

T,i<T,<T ©)

nmin — nmax

The simulation is based on the condition that strain is
applied to the loading pile. The model and meshing are
shown in Figure 3. The culture chamber has a rectangular
membrane with dimensions of 40mm X 26.8 mm X 1 mm,
and the material properties are selected from the Mooney—
Rivlin strain potential energy; these parameters are the uni-
axial tensile measured data of silicone material (Figure 2(c)).
The chamber model uses C3D8R-type mesh, and the loading
pile employs C3D10R-type mesh. The left loading pile is
constrained, while the right is subjected to an outward strain
of 1% to 10%. The basement membrane is optimized accord-
ing to the strain distribution obtained from the simulation.
Compared to the shape of the membrane after tensile strain,
this optimization has a contour thickness profile. To quantify
the strain uniformity on the membrane, a strain uniformity
factor is introduced, as follows in Equation (4):

7 (x%) = S0 @

In the Equation (4), S represents the total area of the base-
ment membrane, and s(x%) represents the effective strain
area, which the strain amplitude does not exceed * x% of

the longitudinal strain amplitude at the center point of the
membrane. The blue area is s, and the overall rectangular
area is S, as shown in Figure 4. We use the IMAGE software
to adjust the strain color cloud image to a gray image, and
the strain uniformity factor is calculated. For example, if
the longitudinal strain at the center point of the membrane
is 1% and the area is 0.57572*S (the effective strain area),
and the strain in this area ranges from 0.95% to 1.05%, then

the strain uniformity coefficient 7(5%) is 0.57572. Under
a given x%, the larger the ¥ value, the higher the strain
uniformity. As the chamber is longitudinally stretched, the
value of ¥ strain represents the strain uniformity on the
membrane.

As shown in Figure 5, our laboratory has previously
optimized a double-column symmetrical structure culture
chamber with a basement membrane thickness of 0.5mm
(Double-0.5 chamber). The strain uniformity factor has been
raised from 0.57 to 0.70. There is still a possibility for improve-
ment in the optimization. In the study, the thickness of the
membrane was increased to 1 mm, as shown in Figure 6(a),
resulting in a double-column symmetrical structure with a
membrane thickness of 1 mm (Double-1 chamber). A single-
column symmetrical structure with a membrane thickness
of 0.5mm (Single-0.5 chamber) was designed to simplify the
machining process, as shown in Figure 6(b). The two struc-
tures were optimized to obtain strain uniformity factors and
compared with the previous optimization results.

Experiment on 3D-DIC

The 3D-DIC experiment uses the XTDIC strain measure-
ment and analysis system, which is an optical non-contact
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Figure 4. Expression of strain uniformity of basement membrane: (a) the ratio
of effective strain area, (b) the strain uniformity factor is obtained to express the
strain uniformity, and (c) enlargement.

3D deformation measurement system. This system uses a
digital image correlation algorithm to match deformation
points on the object surface. Based on the parallax data of
each point and the pre-calibrated obtained camera param-
eters, the 3D coordinates of the object surface points were
rebuilt.” As shown in Figure 7(a), a square reference sub-
set of 2M + 1)*(2M + 1) pixels centered on point “C” was
picked up in the reference image. The matching process
was to find the corresponding subset centered on point
“C” in the deformed image. Therefore, the center points
“C” and “C’,” “P” and “P’” represent the corresponding
points before and after deformation. The corresponding

subset positions can be determined by searching for the
maximum or minimum in the specified area. The speckle
image of the basement membrane of the culture chamber
is shown in Figure 7(c), which was made by spraying with
matte black paint. The color of the edges of the membrane
of the chamber in Figure 7(c) was lighter, which may affect
the measurement result. The uneven spraying of spots on
both sides of the chamber in Figure 7(e) can lead to errors
in speckle recognition. The camera did not recognize the
speckles on the membrane due to the excessive spraying of
spots in the chamber in Figure 7(f). Therefore, the chamber
in Figure 7(d) was selected as the sample in this experiment.
It had uniform speckles and optimal color contrast, which
can keep the accuracy of image matching, and the size of
the spots was the same to avoid the jumping phenomenon.

Results

Three structures of culture chamber with “M”-type
optimized profile

The basement membrane shapes of three chambers were
obtained based on the optimization results by finite-element
simulations. The change trends have a high similarity. The
thickness of the middle area of the membrane is larger, along
the longitudinal decrease sequentially and then increases
at the side. Figure 8 shows the “M”-type thickness profile
of the optimized chamber. The upper and lower surfaces
of the membrane before optimization are planar with con-
stant thicknesses “t” of 0.5 and 1 mm, respectively. To achieve
strain uniformity, the “t” value is continuously changed by
optimization iterations. The membrane with a flat upper
surface and a curved lower surface exhibited an “M”-type
profile after optimization, and the strain field on the mem-
brane surface was more uniform.

The optimization results showed that the strain uniformi-
ties of the surface of the three chambers membrane were
substantially improved. As shown in Figure 9, the optimized
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Figure 5. Optimized design model of double-column symmetrical structure (Double-0.5 chamber) culture chamber with 0.5mm basement membrane thickness and
coordinate diagram under 1% strain: (a) basement membrane contour before optimization, (b) the optimized basement membrane contour, (c) thickness coordinate of
basement membrane before optimization, and (d) thickness coordinate of optimized basement membrane.

Figure 6. Three-dimensional model of culture chamber: (a) a double-column symmetrical structure (Double-1 chamber) with a basement membrane thickness of
1mm and (b) a single-column symmetrical structure with a basement membrane thickness of 0.5mm (Single-0.5 chamber).

Double-1 chamber membrane obtained an effective strain at
the surround, increasing the utilization of the membrane.
The Single-0.5 chamber membrane before optimization
made the strain value fluctuate greatly during loading, and
it was not easy to reach the predetermined value. However,
the strain values were more stable after optimization. The
optimized structure further improved strain accuracy and
stability.

In summary, the strain uniformity factor 7(5%) of
the three chambers was significantly improved after

optimization. Strain uniformity varies with the central lon-
gitudinal strain, which means that the strain uniformity
changes during loading. As shown in Figure 10, the opti-
mized Double-1 chamber has the largest 7(5%) value.

The optimization further improved the }’(5%) value and
increased the accuracy of the values, which ensured that
the strain was within the allowable error range during

loading. The small 7(5%) value of the Single-0.5 chamber
before optimization indicated poor structure adaptability.
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Figure 8. Profile of “M”-type thickness of the chamber membrane.

However, the ¥(5%) value significantly improved after
optimization and compensated for the problems of the origi-
nal structure, which can be reasonably selected according to
the laboratory conditions. The optimized Double-0.5 cham-

ber also improved the 7 (5%) value, with the improvement
being more pronounced at small strain and decreasing as
strain increases. After optimization, the Double-1 chamber

7’(5%) value raised from 0.6722 to 0.9022, an increase of
23%. The Single-0.5 chamber 7(5%) value increased from

0.3368 to 0.6775, an increase of 34.07%. Furthermore, the

Double-0.5 chamber 7(5%) value increased from 0.6561 to
0.784, an increase of 12.79%. These results demonstrated the
feasibility of the optimization method and improved strain
uniformity of the chambers.

Optimized chamber was manufactured

The optimized chamber models was used to establish
by SolidWorks (Dassault, USA) software. Due to the low
stiffness and strength of resin mold material prepared by
3D printing technology, it is easy to have defects such
as mold surface paint chipping, de-molding difficulties,
and loading pile fractures. Therefore, according to ASTM
standards, A283 material was used to prepare the cham-
ber mold. The mold was fabricated using CNC precision
milling, and the surface was polished and painted with a
roughness of Ra0.8. This method can ensure high surface
quality and transparency after forming the chamber. As
shown in Figure 11, the positioning column was designed
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to be removable for easy de-molding, thus reducing fric-
tion and damage to the chamber.

Experiment results

The Double-1 chamber was subjected to a 3D digital image
experiment using high-precision cameras to measure the
strain field distribution of the membrane at 1%, 5%, and
10% strains. As shown in Figure 12, the strain field distribu-
tion on the membrane was verified; the experimental results
demonstrated high consistency with the numerical simula-
tions, which substantiates the rationality of the optimized
chamber.

Discussion

This study improved the problem of non-uniformity strain
on the chamber membrane during loading. Gilbert et al. stud-
ied the strain of the membrane under pressure, whose results
indicated that achieving a more uniform strain was diffi-
cult when using either too-thick or too-thin membranes.3
Wang et al. explored the effect of profile thickness varia-
tion in column-free circular elastic membranes to study the
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uniformity of radial strain. Four structures were designed by
varying the thickness and height of the membranes, and the
results showed that the new structures lacked a theoretical
basis, although they improved the uniform strain. Cell ten-
sile experiments were carried out with a cell loading device
and culture chamber developed in this article; after 60h of
stretching, cells with crystal violet staining were observed
under a 40X and 100X microscope, as shown in Figure 13.
The results showed that the cell growth density was rela-
tively uniform, which proved that the device could produce

a certain loading effect on cell mechanics and provided con-
ditions for the research of cell mechanobiology.

This article optimized three “M” structure membranes
based on the finite-element method. During the iterative
process, node positions on the lower surface of the mem-
brane were adjusted until the strain value on the upper sur-
face of the membrane remained constant, reducing partial
stress concentration and enhancing strain uniformity. The
proposed optimization method can be applied to various
strain conditions. The experiment verified the rationality of
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Figure 13. Micrograph of cell tensile loading: (a) to (c) cell changes after 60 h of stretching under a 40X microscope; (d) to (f) cell changes after 60h of stretching

under a 100X microscope.

the optimization, which the variation of membrane thickness
with strain and the thickness would not interfere with the
optical measurement.!”

Furthermore, the strain uniformity factor is combined
to better analyze the strain situation of the three cham-
bers basement membrane. The results showed that the
Double-1 chamber generated a more uniform strain field and
enhanced the strain uniformity factor up to 90%. In contrast,
the Single-0.5 chamber exhibited stress concentration due
to the single-column stretching, and excessive longitudinal
strain led to significant vertical contraction, resulting in infe-
rior strain uniformity; however, the strain uniformity factor
can still be improved to 67.75% after optimization. Currently,
Double-0.5 chambers are more commonly employed in
applications. The double-column structure facilitates a more
secure fixation of the chambers, minimizing the deflection
of the fixed end during loading. The applied displacement
load is more uniformly distributed to the membrane, pre-
venting excessive partial strain and increasing the precision
of the experiment. In addition, the overall structure is more
adaptable.

Conclusions

In this article, a culture chamber with an “M” profile struc-
ture has been obtained that can transmit uniform uniaxial
strain to cultured cells in vitro. This chamber was poured
using a multi-step molding process. The strain uniformity
of the membrane was quantified according to the strain uni-
formity factor. Among the three structures, the strain uni-
formity factor of the Double-1 chamber could reach 0.90,
and the strain uniformity area was more extensive, which
could be applied in cell mechanobiological experiments. The
3D-DIC experiments showed that culture chambers with an
“M”-type profile structure could generate a larger strain field

area during loading than chambers with a constant thick-
ness membrane. Therefore, the culture chambers using the
cell loading device with an “M”-profile structure could help
improve the accuracy when cell regulation and adaptation
mechanisms are mechanobiological researched. This article
provides a robust theoretical and experimental foundation
for biomechanics-related research.
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