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Abstract
A mechanical bioreactor to exert cyclic strain on mammalian cell culture was designed and built by a
multidisciplinary student team. Polydimethylsiloxane (PDMS) was custom-molded to create a flexible
chamber for 3T3 fibroblast cell culture. A uniaxial actuator with a hole-and-peg attachment system was
designed and built to stretch this culture chamber. The device demonstrated robust function in an
incubator setting, which provided a nurturing environment for the mammalian cell culture. Issues with
cell attachment were seen using both 50 micrograms/mL rat collagen and 10 micrograms/mL fibrinogen
as extracellular matrices. Poor cell attachment could be attributed to basic or hydrophobic properties in
the PDMS chamber that were not supportive of cell viability. In the future, surface treatments to make the
PDMS more hydrophilic are recommended. Different ECM coatings could also be investigated. Once
robust cell culture has been achieved, users can customize experiments with up to 20% strain and up to 1
Hz frequency using the device coding provided.
Introduction
In the body, cells are loaded with many different mechanical forces. These include repetitive mechanical
forces such as from breathing air and pumping blood. Cells anchor themselves and attach to an
extracellular matrix (ECM) through attachments called focal adhesions. When put under cyclic
mechanical strain, adherent cells are known to change structure and orientation by modifying these focal
adhesions [1]. Golyn et al. found that cells put under mechanical stress changed from random orientation
to perpendicular orientation [2].
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Figure(1): Cell orientation change from random to perpendicular to mechanical strain over a course of eight hours.
Golyn et al.

Devices that mimic mechanical conditions in the body can model cell behavior under those conditions. As
an example, Huh et al. developed a microscale “lung-on a chip” that was exposed to breath-like
movement by a vacuum device. This device showed that the breath-like movement increased tissue
sensitivity to a toxic substance. The device provided more accurate toxicology modeling than that of static
cultures and did not include the use of animal testing. [3]

Figure (2): A microscale lung device that more effectively modeled tissue response to toxic substances by applying
mechanical strain to lung tissue.

Our team’s objective was to create a device that applied cyclic mechanical strain to cell culture. This
device would be used in an advanced cell culture academic course to teach students the different effects
of static versus dynamic conditions on cell culture. The device would be used as a final project for
students previously trained in static, mammalian cell culture.
Process
The team began designing the bioreactor by defining customer needs and identifying engineering
requirements to meet those needs. Firstly, the bioreactor needed to sustain cell life over multiple weeks
during experimental tests for a student in the Advanced Cell Culture course. This involved maintaining a
sterile environment of 37℃, 100% humidity, 5% CO2, and pH 7.4. To do this, the team decided to design
the bioreactor to be placed inside of a standard lab incubator.
The bioreactor needed to allow tensile strain on cells of up to 20% while allowing the cells to attach and
thrive on the substrate. The assembly, programming, and disassembly of the device had to be reasonably
intuitive, efficient, and safe for an undergraduate biomedical engineering student. Steps in the experiment
process needed to be completed within a three-hour lab period. The device had to be compatible with the
microscopes available in the lab so students could view the cells and perform quantitative analysis. The
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device needed to be buildable within a two-semester time frame with a budget of $1200. Finally, the
device needed to be reusable so students could complete multiple experiments over multiple lab sections.
Polymethylsiloxane (PDMS) was selected to make up the cell-containing chamber. PDMS is a custommoldable, flexible substrate that is clear to allow viewing of the cells with a microscope. The PDMS is
molded by mixing a silicone elastomer and a platinum-based curing agent and pouring into a mold. The
poured PDMS is degassed to remove bubbles and promote uniformity of material. While curing, the
PDMS cross-links to form a polymer with a yield strength of 6.7 MPa as reported by Dow Corning. A
curing condition of 100℃ for 35 minutes was chosen for convenience to the students. The ASTM standard
D638, which outlines strength test procedures for flexible materials, was used to confirm that the PDMS
had appropriate strength properties that did not change after incubation for 24 hours. An Instron 1125 was
used to complete this testing as shown in Figure 3.

Figure (3): A PDMS mold designed using ASTM D638 was used to create material tabs for testing (left). Tabs were
stretched to failure on an Instron 1125 (middle). An example set of material tabs with and without incubation is
shown (right).

A Pugh’s analysis was used to select a hole-and-peg system to attach the PDMS cell chamber to the
mechanical strain apparatus. The key strength of this system is ease of assembly, portability, and analysis
for the student. The use of uniaxial force makes this system compatible with many cell types including
fibroblasts, myocytes, and epithelial cells. In addition, uniaxial force is simpler to model and analyze
compared to an equi-biaxial alternative.

Figure (4): Initial brainstorm (left) and final CAD model (right) of mechanical bioreactor. The actuator is stabilized
in a stainless steel housing. The PDMS cell chamber (top right) is mounted on a hole-and-peg mechanical strain
apparatus.

An Arduino Uno, Adafruit Motor Shield (V.2), and LCD screen were utilized to control the uni-axial
motion of the actuator. An Arduino program was developed by the team to manage frequency,
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displacement, and duration of the uniaxial straining motion via voltage supply. This program was
uploaded to an LCD screen, which allowed the program to be utilized by user through three basic input
prompts for the device parameters. Once desired parameters are set, the LCD screen sends the program to
an Arduino Microcontroller which communicates with Motor Shield desired voltage supplies to the
actuator. The power source is supplied from a generic 120V wall outlet via an outlet converter. The
voltage is then filtered through the motor controller, which will only supply the actuator with desired
voltage from the program. The amount of voltage supplied to the actuator will determine speed and
displacement of the actuator arm; increasing voltage will essentially increase speed and reversing polarity
will switch direction. In order to determine when voltage should be changed (in order to control
displacement), a feedback loop needed to be established. This was accomplished utilizing a built-in
potentiometer. The potentiometer feedback position information that is utilized to help direct the Arduino
Program. Figure 5 below illustrates the basic electrical schematic which illustrates generalized
communication points between the different components of our electrical system.

Figure (5): Electrical schematic of electrical system components.

Results and Discussion
Material testing per ASTM standard D638 was completed for PDMS heat-cured at 100°C for 35 minutes.
Samples that had been incubated at 37°C for three days and control non-incubated conditions were
compared to ensure that 10:1 PDMS can withstand operational conditions. The data collected found
average elastic moduli for control and incubated conditions to be 3.116 MPa and 3.266 MPa respectively.
Tensile strength values were found to be 2.052 MPa for control conditions and 2.07 MPa for incubated
conditions. This data suggests that material properties stay relatively consistent between control and
incubated conditions. The average yield strength was recorded as 6.7 MPa by DOW Corning; however, it
is known that heat curing can affect the material properties of PDMS. The observed moduli, tensile
strength, and maximum strain for our samples appear well-suited for the percent strain required by the
device.
Table 1: Material testing results for control and incubated PDMS heat-cured at 100°C for 35 minutes.
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Figure (6): Strain values resulting from stress during material testing for the incubated heat-cured PDMS tabs (left).
Strain for the control, non-incubated heat-cured PDMS tabs (right). The dots represent failure points for individual
samples.

Static cell testing was performed in room temperature-cured PDMS chambers. The bottom of these
chambers were coated with the extracellular matrix collagen at a concentration of 12.5 micrograms
collagen per cm2 PDMS. This coating proved to be sufficient for cell adherence. The pictures presented
below were captured using an imaging microscope. The striation marks visible on the chamber were the
results of using 3-D printed molds. The final machined PDMS mold would provide a smooth surface
better suited for cell growth and analysis.

Figure (7): Static cell culture testing of 3T3 fibroblast cells grown on PDMS with an extracellular matrix coating of
collagen at a concentration of 12.5 micrograms collagen per cm2 PDMS. The cells showed decent attachment but
appear stressed. The 10x (left) and 4x (right) objectives are shown. Pictures were taken on a Leica DFC3000 G
imaging microscope.

The device mount and hole-and-peg attachment, seen in Figure 8, were machined from 6061 and 5052
aluminum alloy. Once assembled, the device was cycled up to 24 hours in room temperature conditions
and for up to 4 hours in incubator conditions to ensure its performance for multiple-hour experiments.

Figure (8): Assembled device with PDMS mold in place. Cell culture is grown in the well of the PDMS mold.
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Once the device had been assembled, the team began to do dynamic cell culture testing. However,
difficulties were experienced with the cell seeding step. After seeding the cells onto the chamber and
allowing them to incubate overnight, the cells could often not be found to image. Figure 9 shows one case
where cells were found but poor attachment was observed. Both 50 micrograms/mL rat collagen and 10
micrograms/mL fibrinogen were used to coat the PDMS according to manufacturer recommendations.
Unfortunately, poor cell attachment was seen with both ECM types. Dynamic testing could not be
completed by this MSD team given the cell culture conditions.
Poor cell attachment could be attributed to the hydrophobic nature of PDMS or to a high pH level of 7.6-8
that was observed. Restructuring the cell-PDMS interface using a plasma treatment could make the
PDMS more hydrophilic, and therefore more compatible with cell attachment. ECM coatings other than
collagen and fibrinogen could also be tested.

Figure (9): Cell culture on PDMS chamber before stretching. Cells seemed to have poor
attachment. After stretching, the team had difficulty finding the cells to reimage.
Conclusions and Recommendations
The team successfully created a device that stretched a cell chamber with up to 20% strain and up to 1 Hz
frequency. The device demonstrated robust function in an incubator setting, which provided a nurturing
environment for the mammalian cell culture. Issues with cell attachment were seen using both 50
micrograms/mL rat collagen and 10 micrograms/mL fibrinogen as extracellular matrices. Poor cell
attachment could be attributed to basic or hydrophobic properties in the PDMS chamber that were not
supportive of cell viability. In the future, surface treatments to make the PDMS more hydrophilic are
recommended. Different ECM coatings could also be investigated. Once robust cell culture has been
achieved, users can customize experiments with up to 20% strain and up to 1 Hz frequency using the
device coding provided.
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