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ABSTRACT OF THE THESIS 

 

Creating and Exploring a Tool to Investigate the Cellular Response to Tissue Scale Dynamic 

Mechanical Stimulation 

By 

Chase Taylor Davis 

Master of Science in Biomedical Engineering 

 University of California, Irvine, 2014 

Professor Wendy Liu, Chair 

 

 

A novel, inexpensive, and uniformly characterized uniaxial stretch device was developed to   

study the cellular response to mechanical stretch. This device showed a pure uniaxial 

stretch regime with orders of magnitude difference between the stretched and non-

stretched axis. In this thesis bone marrow derived mouse macrophages were cultured on 

the device for 24 hours under a 1 Hz signal at either 5, 10, 15, or 20% peak strain. These 

cells were also stimulated with pro-inflammatory cytokines to polarize them to M1 

macrophages. These cells responded by aligning and elongating in the direction of strain 

while their inflammatory signaling produced mixed results. Stretch amplitudes from 5 to 

20% did not indicate any significant differences leading to the conclusion that the sensitive 

range for macrophages may be below 5% peak strain. Adhesion time affected TNFα 

secretion but the application of stretch did not have any additional change. Adhesion time 
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also did not affect the stretch induced elongation or orientation of macrophages. Rat 

neonatal cardiomyocytes were also tested on the device and were found to organize 

themselves both under tension and compressive strain. Adhesion time did slightly affect 

the organization of cardiomyocytes. The stretch produced by the device is uniform and 

effects the shape and organization of these two cell types, coupled with the simplicity of the 

device, this tool can be used to elucidate stretch induced phenotypic changes. 
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

Cells respond to an array of signals through many different signaling pathways. Most 

research into cell function and biology has dealt with a wide array chemical signaling such as 

intracellular molecular pathways or intercellular communication. Less understood is the research 

that asks how the mechanical environment can influence cells. Mechanical stress and strain can 

play a role in defining a cell’s mechanical environment. The most obvious examples of this are 

found in the beating heart, expanding and contracting lungs, pulsating arteries, and constantly 

moving and stressed tendons and muscles. While all of these systems have many different 

systems of stretch (direction of stress, strain, strain rate, and frequency variations) it is important 

to begin to study the systems and their effect on the biology of the body. For instance coronary 

artery disease and most tumor environments have a higher stiffness than in a natural 

physiological state [1] [2]. This can lead to changes in the stretch and strain profile in the tissue 

as a response to the forces in their surrounding tissue. 

The effects of mechanical forces on some cells within tissues that routinely endure stress 

and strain have been well studied. For example, stretch can affect the phenotype of smooth 

muscle and cardiomyocytes. It is known that smooth muscles align perpendicular to the 

dominant stretch direction and that this response is modulated by reactive oxygen species and 

nitric oxide but not ion channels. Smooth muscle cells also are known to react to stretch by 

increasing p21 expression, leading to an arresting of the cell cycle in the G1 phase thusly 

inhibiting proliferation [3]. In cardiomyocytes stretch upregulates a variety of genes that are not 

active in traditional static cultures [4].  Stretch also induces a more hypertrophic phenotype in 
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these cells, secreting growth factors and other hypertrophic signals [5].  However, the effects of 

mechanical stretch on immune cells is less well understood, despite the fact that they exist in 

nearly all tissues including those that are subjected to mechanical forces. Initial exploration into 

immune cell response to stretch has focused on Ventilator Induced Lung Injury (VILI), 

hypertension, and joint replacement. As with most biological disease states inflammation is not 

only a symptom but an active aggressor causing damage to surrounding tissue.  

1.2 Background 

1.2.1 Macrophages and Inflammation 

The macrophage cell type can be found all over the body, from microglia in the brain to 

cardiac macrophage, alveolar macrophage, crypt macrophage and more. These resident 

macrophages are derived from monocytes and represent the largest portion of macrophage in the 

body. Additional macrophage can be recruited by inflammatory markers to sites of inflammation 

such as injury or other more chronic inflammation sites. Macrophage can also take on many 

different phenotypes from inflammatory to wound healing. In this thesis the inflammatory or M1 

macrophage type will be studied most closely. 

The M1 phenotype is the pro-inflammatory type of macrophage. Lipopolysaccharides 

(LPS) as well as the cytokine INF-γ stimulate these cells to morphologically change to a flat and 

rounded phenotype as well as secrete other inflammatory cytokines such as TNF-α, interleukin-1 

(IL-1), IL-6, and others. These cells and cytokines can have a positive effect on a tissue, creating 

an antimicrobial environment, but if left unchecked can damage the tissue by chronic 

inflammation [6]. 
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1.2.2 Role of Macrophages and Mechanical Stretch in Disease 

Macrophages, when studied in the context of active mechanical stimulation, have been 

shown to increase inflammatory markers such as macrophage inflammatory protein (MIP-2) [7], 

tumor necrosis factor (TNF-α) [8], Interleukin-8 (IL-8) [8] [9], IL-6 [8], IL-1β [10], 

prostaglandin E2 (PGE2) [11] [12], intracellular esterase [13] [14], and acid phosphatase (AP) 

[13] [14]. Researchers have used many tools to provide this mechanical stimulation.  

1.2.2.1 Ventilator Induced Lung Injury 

Ventilator Induced Lung Injury (VILI) is an injury brought on by the overstretching of 

the alveolar sacs in the lungs. When an individual is placed on a ventilator assumptions must be 

made about lung size and the percentage of healthy lung. By overestimating these values too 

much air can be forced into the lungs and stretch the alveolar sacs far beyond normal. This can 

induce VILI and increase mortality. In one study a group of patients were given half of the 

normal tidal volume ventilation and the mortality of that group was 22% lower [15]. Alveolar 

macrophages are thought to play a large role in upregulating the inflammatory response in the 

lung and therefore causing additional injury to the lung tissue. In rat lungs depleted of their 

alveolar macrophages TNF-α as well as MIP-2 were suppressed as expected but proved that 

these cells contribute massively to the overall inflammatory response due to VILI [16].  

In studies about VILI biaxial ~15% strain produced IL-8. IL-6, and TNF-α in both human 

primary alveolar macrophages as well as THP-1 cells. Both TNFα and IL-8 did not increase with 

stretch alone, however, they did increase synergistically when stretched and stimulated with 

LPS.  IL-6 production increased with stretch only as well as with stimulation. Mechanistically, it 

was found NF-κB is vital to stretch related responses as a knockdown experiment suppressed all 

stretch responses [8]. The mechanism of IL-1β production in mice alveolar macrophages was 
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studied and was determined to be caused by the production of mitochondrial reactive oxygen 

species (ROS). These ROS were produced both by stretch itself as well as uric acid production 

from stretch. These ROS were involved in the NLRP3 inflammasome pathway in producing IL-

1β. Additionally TLR-4 was responsible for producing the IL-1β precursor [10]. 

1.2.2.2 Cardiovascular Disease 

Macrophages also invade plaques and wreak havoc on nearly every stage of plaque 

formation. Macrophages invade plaque areas and ingest lipoproteins, turning themselves into 

foam cells and secreting many pro-inflammatory markers. These cytokines can then result in the 

cell death of endothelial and smooth muscle cells residing in the legion disrupting the vessel 

structure. Additionally macrophages can release matrix metalloproteinases (MMP) leading to 

legion breakdown and possible plaque rupture [17]. 

Hypertension studies were performed at much lower strains (1,2 and 3%) due to the 

environment macrophages encounter. Plaques in arterial walls undergo much less strain than an 

expanding alveolar sac. The targets for these studies were IL-8 as well as class A scavenger 

receptor (SRA). A gene array on THP-1 cells showed an upregulation of IL-8 as well as two 

other genes, prostat apoptosis response-4 and immediate early response gene IEX-1 [9]. When 

exposed to high cholesterol diets mouse macrophages in atherosclerotic lesions had an 

upregulation of SRA just as the macrophages in in vitro experiments when exposed to stretch. It 

is hypothysized that upregulation of SRA allows for high uptake of lipoproteins and therefore 

cause a high generation of foam cells in plaques [18]. 

1.2.2.3 Joint Replacement  

Micromotion has always been a cause of concern for joint replacement and other bone 

implant integration. When a joint replacement implant is not secured properly or the patient 
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begins use before the implant has successfully bonded into place the implant can wiggle causing 

small degradation products to slough of the implant. Additionally this movement can disturb the 

invading host macrophages and prolong the immune response and if serve enough, can possibly 

lead to the rejection of the material. Prostaglandin E2 (PGE2) is a marker typically associated 

with loosening of arthoplasties and was found to be produced by high strain (18%) but low 

frequency (1 Hz) stretch. When coupled together with 5 micron titanium particles the PGE2 

signal was enhanced beyond the levels of each condition individually [11]. A different studying 

using lower strain (4 and 8%) but higher frequency (1 Hz) saw PGE2 upregulated in both LPS 

stimulated and non-stimulated macrophages. 5 micron titanium particles alone did not elicit a 

PGE2 response [12]. 

1.2.3 Uniaxial Stretch 

Uniaxial stretch studies have also shown 

inflammatory markers such as macrophage 

inflammatory protein-2 (MIP-2) and esterase and 

acid phosphatase (AP). Additionally 

macrophages align in the direction of stretch.  It 

is unknown why this alignment occurs but the 

production of MIP-2, esterase, and AP are 

thought to aid in the degradation of foreign 

bodies [13] [14] [7]. 

Many cell types including macrophages elongate 

and orient with stretch [19] [13] [14]. Figure 1 Figure 1: Macrophage alignment due to stretch [19] 
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illustrates one such example clearly showing that in the stretched condition nearly 80 percent of 

cells align within 10 degrees of the stretch direction. 

Cardiac cells experience both stretching and contracting in a normal heart beat. These 

cells also produce their own contractile forces and align when exposed to stretch. Additionally 

many individual aspects of cardiomyocytes orient with stretch such as f-actin, Cx43, and others 

[20].  This Cx43 localization along the longitudinal cell termini shows that the heart cells value 

intercellular communication and impulse propagation and keep these connexins along the axis 

with the least amount of stretch for the most stable cell-cell contact. Mechanical stretch can also 

produce Angiotensin II or, Ang II which is known to play a role in stretch induced hypertrophy. 

Stretch can also increase the expression of Ang II receptors in neonatal rat cardiac myocytes 

[21]. 

1.2.4 Current Devices Used for Mechanical Loading of Cells 

The Flexcell 

device is often used [10] 

[11] [12]and consists of a 

flexible membrane that is 

pulled over a round plug 

by a vacuum. This pulling 

action results in an equi-

biaxial, or isotropic 

stretch, in the middle of 

the membrane and a 

uniaxial stretch in the 

Figure 2: The Flexcell device produces strain by applying a vacuum to draw down the edges 

of a flexible culturing surface. This causes the interior of the membrane to expand equally in 

all directions [28] 
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radial direction around the edge [14]. While there is no standard for the strain or frequency of 

stretch most studies fluctuate from 5% to 10% and have a frequency of about 1 Hz [8] [10] [12] 

[7] Other systems used the Flexcell device with a rectangular plug resulting in a uniaxial stretch 

in the center of the well [13] [14]. Still others used custom biaxial devices [8] [18] [9] or uniaxial 

devices [7]. 

1.2.4.1 The Flexcell FX-5000 

The Flexcell Internation Corporation sells 

the FX-5000 Tension System. The system uses 

vacuum pressure to pull a flexible membrane 

around a solid plug. This causes the system to 

stretch from the center to edge of the plate in an 

equidirectional strain regime. Using this system it has been noted that the center region of the 

culturing surface experiences true biaxial strain while the edge, because it is confined by the 

plastic dish, only 

stretches in the radial 

direction [14]. In fact 

cells exposed to these 

conditions exhibited the 

same elongation with the 

direction of stretch as 

with other macrophages 

cultured in uniaxial 

conditions. 

Figure 3: U937 cells cultured using the Flexcell system. The cells in the middle of the well 

seem to experience an overall area increase while twords the edge of the well elongation 

and orientation are seen [14] 

Figure 4: Flexcell loading posts for varying regime of 

stretch [28] 
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The Flexcell device also has the ability to stretch in a uniaxial manner, meaning that only 

one direction of the membrane is undergoing stretch while the other direction remains at a 

constant length. This is done by building an asymmetric loading post as seen in figure 3. The 

straight sides of the post allow for the sides of the membrane to stretch more than the other axis. 

This hypothetically induces a uniaxial strain 

profile. Matheson et al. has investigated the 

claim of uniaxial stretch on the Flexcell 

Arctangle loading posts. His study found 

that on the 10% stretch setting most of the 

longitudinal tensile strains are about 10%. 

However further away from the center of the 

well these strains can reach close to 20%. 

Interestingly the compressive strains average 

about 3% as well [13]. The Flexcell system 

uses 35 mm well dishes therefore the 

calculated effective area of stretch (assuming 

the area outside the region of 

characterization is non-uniform) is shown as: 

% 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑙𝑦 𝑢𝑛𝑖𝑓𝑜𝑟𝑚 𝑠𝑡𝑟𝑒𝑡𝑐ℎ =
19.1𝑚𝑚 ∗ 14𝑚𝑚

𝜋 ∗ (
35𝑚𝑚

2 )
2

 

∗ 100 = 28% 

Figure 5: Matheson et al. characterization of uniaxial strain 

shows the quantification of the strain profile of the Flexcell device 

[13] 
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1.2.4.2 Other Tools used to Stretch Cells  

Other devices of stretch include the example in 

Figure 5 created by a group at Queen Mary University 

of London. This device features one end at which a 

linear motor pulls a hook that is attached to a collagen band. This band is then attached to 

another hook and a force transducer to provide data on the forces transforming the collagen band. 

The entire well area is flooded with media to sustain the cells seeded in the collagen gel. This 

system used six bands at once all attached to the same drive shaft. The six bands were attached to 

their own individual load cells for monitoring. Additionally, the stretch regimen performed was a 

10% strain at 1 Hz for 24 hours [22]. 

Stretchers without force feedback are more common due to the decrease in complexity in 

designing, building, and maintaining the device. In a device built by a group at the University of 

California, San Diego, a stepper motor is used to very precisely control the strain rate. Wells are 

created by fixing two ends of a .010 in thick silicone sheet to a steel clamp. The edges of the 

wells are formed by the edges of the silicone sheet bowing up about 5mm. The authors claim this 

well can hold up to 5 ml of media. The entire device can fit in an incubator but there is also a 

Figure 6: A uniaxial cell stretcher for stretching rings of collagen. The 

device works by pulling a collagen loop, stretching the cells inside the 

matrix [22]. 
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port for sterile filtered 5% CO2 air. Strain 

characterization on this device was 

performed by placing a grid of small drops 

of fluorescent latex microspheres four 

microns in diameter. Images were taken at 

5% strain intervals at 100x and compared to 

unstretched controls to determine the 

Lagrangian strain tensor [23]. 

Some work has been done creating 

static stretching devices. These typically 

consist of a clamped membrane that then slots into a 

predetermined position. The devices created by Ann 

Lee et al. follow this pattern. The uniaxial device 

simple slots into predefined positions while the biaxial 

stretch device uses an inner ring to press down and 

expand a membrane on the bottom of the well. As 

shown in figure 7 the inner ring is screwed down into 

place stretching the membrane down from a fixed 

gasket. Quantification of the strain profiles was 

performed using fluorescent microbeads similar to the 

previously mentioned methods [24] 

Figure 8: Another multi-channel uniaxial stretching device that 

pulls membranes that are submerged in a large well [23] 

Figure 7: Examples of static stretch devices, in (a) 

the membrane is stretched to pre-defined positions. 

In (b) the membrane is stretched by screwing a ring 

down to stretch the membrane on all sides. [24] 
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1.2.5 Summary  

 The device we have created draws inspiration from several of these devices. In this 

project we wanted to explore amplitudes typically studied in stretch experiments, about 1% to 

20%, and also needed an inert cell culture surface that is flexible, silicone. Once those 

parameters were considered along with the typical frequency range (.5-3 Hz) we set out to build 

a stretcher that would satisfy these factors. Most importantly the stretcher’s amplitude, 

frequency, strain rate, and other wave shape parameters can be easily manipulated and 

controlled. The device is simple and inexpensive in its construction. The consumables are low 

cost and easily manufactured. And the strain profile within each well is uniform allowing for 

bulk population assays such as ELISA tests to be performed with confidence that cells from all 

areas of the well are receiving the same inputs. This corrects the issue with most available 

stretchers of having cells receiving a variety of inputs based on their position in the well. For 

instance biaxial stretch in the middle of a well while the outside receives only radial or a uniaxial 

stretcher where cells receive varying amounts of stretch dependent on their distance from the 

center. With these improvements our device can be seen as the leader in flexibility and 

uniformity. 
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CHAPTER 2: UNIAXIAL DEVICE DESIGN AND FABRICATION 

2.1 Design Characteristics 

In order to design our own system for the mechanical stimulation of cells a few design 

characteristics arose that needed to be satisfied. First the system had to make economic sense, 

there was no point in building a stretcher if buying the Flexcell system or others could have 

satisfied our needs. Secondly, the sterility of the cell chamber must be maintained from start to 

finish. The system must be flexible to different strain rates, stretch profiles, and maximum strain. 

The culturing surfaces must be inert and support health cell growth. Finally, the system must 

have a small footprint per well and be scalable. How each of these objectives were met will be 

detailed in the coming sections. The overall idea 

however, was to create an emulation of a device 

used at Harvard that used a flexible membrane 

and a flexible slice of tubing to create a well for 

culture that is capable of stretch. This well is 

clamped down on either end and one end moves 

via a motor to produce the stretch [25].  

2.1.1 Design Overview 

To satisfy the above requirements our device was constructed as follows (refer to figure 

10 and annotations below): The housing (shown transparent for ease of seeing the interior 

details) is 6061 aluminum and has mounting points for the servo motor (1) and pillow blocks (2) 

to hold the rails. The wells are clamped to a bottom plate that rests on the rail system (3). Top 

clamps are added and hand tightened using wing-nuts (4). Made easier to see in the cutaway, the 

Figure 9: Example of a self contained well on a cyclic 

uniaxial stretcher [25] 
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servo motor gear moves a gear rack on the inside clamp (4). This provides the movement 

required to stretch the cells in the wells (5). As the servo gear twists from its initial position to 

the final position the middle clamp is slid on the rails to its new position. By placing two wells 

side by side duplicate samples are created within the same stretch condition. A spacer of a 

specified thickness is added to one side after the seeded membranes are added. 0.3 in for 20%, 

0.15 for 10% and so on. Once the servo motor is turned on through the controller (to be 

elaborated later) the middle clamp moves back and forth stretching each well. 

Figure 10: (A) A Solidworks model of the stretching device, a cutaway of the model to better show the gear and gear rack 

mechanism, and (B) a schematic of the process of stretch 

A B 
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2.1.2 Cell Culturing Surface 

The culturing surface needs 

to be biocompatible, inexpensive, 

sterile, optically clear, and soft 

enough to stretch without great 

force. HT-6240 manufactured by 

Stockwell Elastomerics satisfied all 

the requirements. Silicone has been 

characterized as an in vitro 

biocompatible substance and 

testing a quick cell sample on the 

surface confirmed no distinct 

differences in cell morphology 

compared to tissue culture plastic as shown in figure 11. The material is 

optically clear and able to be imaged through. The material can also be 

both autoclaved and doused with ethanol to become sterile without 

material degradation. At just one hundredth of an inch thick the 

membrane is easy to stretch. A 3 inch section of the material can be 

stretched to 20% (the maximum strain decided upon for the design) 

repeatedly with a predictable amount of force. Table 1 illustrates that the 

net force required to elongate the substrate is a little over half a kilogram 

unit of force. This data was collected using the MTS mechanical tester 

with our custom designed clamps in a cyclic stretch cycle. Armed with 

Spec#: 

cycle 

Net 

kgf 

3:01 0.5 

3:02 0.515 

3:03 0.521 

3:04 0.522 

3:05 0.525 

3:06 0.522 

3:07 0.521 

3:08 0.521 

3:09 0.521 

3:10 0.52 

Table 1: Force 

required to stretch 

substrate 

 

Figure 11: Cell morphology of BMDM cells cultured on the silicone 

membranes (bottom row) behave similarly to cells cultured on normal TC 

plastic (top row) 
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this data we can calculate the approximate torque required for the motor, this will be elaborated 

on in the next section. Additionally we can see that the substrate does not change properties over 

time, although through just ten cycles. A well is created by bonding soft silicone rubber tubing 

(McMaster 5236K529) to the membrane using a small amount of typical lab PDMS. Soft tubing 

is very important as bonding it to the membrane creates a restive force. The softer the material 

the less different the edge of the well close to the tubing will be from the center unrestricted 

portion of the well. 

2.1.3 Motor 

The device must have a driving motor. There are ranges of motors that would satisfy 

functionality of the stretcher, however many of these options were too large and too expensive. 

In order to maintain a low cost it was decided to use a common hobbyist servo motor. There is an 

incredible range of servo motors available to use with many different specifications. The most 

important specification was functionality and first we calculated the max torque required in the 

device. Many different aspects affected this calculation. Most servos only move the final drive 

gear 90 degrees without modification, this restricts the gear size and therefore effects torque on 

the servo. The elastic modulus of the thin silicone membrane affects the final tension in the 

device. As expressed earlier it took roughly 0.5 kgf to stretch the membrane. To determine the 

max torque required by the servo we will first determine the smallest gear to use as the smaller 

the gear the less torque required by the motor to maintain a certain force. Our substrate is 

clamped on both ends by a ¾ in clamp and is 3 inch long meaning the region of stretch is just 1.5 

in. 20% of 1.5 in is 0.3 in. Because the servo only moves 90 degrees the smallest gear must have 

a circumference of 1.2 in. or a diameter of 0.38 inches (radius=0.19). An 18 tooth gear 

(ServoCity RSA48-2HS-18) has an inner diameter of 0.375in, so it was suited to provide the 
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proper max strain. Servos are typically rated using kg/cm units of torque so converting our 0.5 

kgf at 0.375 in to kg/cm we get just over 0.5 kg/cm. The rotation rate of the servo is directly 

linked to its load and to insure that the servo can still perform the required strain rates a servo 

with a stall torque of 3.3 kg/cm was chosen (ServoCity 31422S).  

2.1.4 Controller and Control System 

The control system used is the Pololu Mini 

Maestro 24. This board is a 24 channel controller which 

supports up to 24 individual servos. Each servo in turn 

can be programmed individually using the built in 

software language. Using the built in script generator 

position and time data can be controlled. 

For instance controlling a servo to go 

from position A to position B then wait, 

then back to position A and wait again, 

repeating this command with 500ms 

delays for each position is an easy way to 

create a 1Hz cyclic stretch signal. This is 

only so powerful as it does not include 

any information about the speed of the 

servo movement. To solve this each 

channel can be set to have a specified top 

speed and acceleration. Using these 

Figure 12: The Pololu 24 channel controller 

Figure 13: Samples of wave forms taken from analyzing servo 

movement 
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parameters coding a square wave, pseudo-

sine wave, triangle wave, and others can be 

done as shown in Figure 13.  

These graphs were generated by 

taking a video of a servo motor with a single 

black dot placed on the gear. This video was 

then fed into ImageJ and a plugin was used 

to track the dot as it rotated around. Using 

the position data generated from the plugin 

a transform to angular position was used. 

Knowing that the video taken was 30 frames 

per second allows for an easy conversion 

from frames to time and a plot of angular 

position vs time was generated to show the 

various shapes and waveforms the servos 

were capable of. A sample of the code used 

to control the servos is provided in figure 

14. To explain briefly, the code uses frames 

that contain information about what servos 

are being controlled and other commands 

about the frame such as a delay. Inputs to 

these frames are used in reverse order, to 

illustrate: the 500 as the first numerical 

# 20% 1hz wave  
# triangle: speed=80  acceleration=XX 
# sine:     speed=80  acceleration=200 
# square:   speed=400 acceleration=255 
 
  5000  
3968 3968 3968 3968 3968 3968 3968 3968  
3968 3968 3968 3968 3968 3968 3968 3968  
3968 3968 3968 3968 3968 3968 3968 3968  frame_0..23 
#go to 0 position for 5 seconds 
 
begin 
  500  
3968 3968 3968 3968 3968 3968 3968 3968  
3968 3968 3968 3968 3968 3968 3968 3968  
3968 3968 3968 3968 3968 3968 3968 3968  frame_0..23 
# Frame 0 
  500  
8000 8000 8000 8000 8000 8000 8000 8000  
8000 8000 8000 8000 8000 8000 8000 8000  
8000 8000 8000 8000 8000 8000 8000 8000  frame_0..23 
# Frame 1 
repeat 
 
sub frame_0..23 
 
  23 servo 
  22 servo 
  21 servo 
  20 servo 
  19 servo 
  18 servo 
  17 servo 
  16 servo 
  15 servo 
  14 servo 
  13 servo 
  12 servo 
  11 servo 
  10 servo 
  9 servo 
  8 servo 
  7 servo 
  6 servo 
  5 servo 
  4 servo 
  3 servo 
  2 servo 
  1 servo 
  0 servo 
  delay 
  return 

Figure 14: Sample code for the Pololu Maestro servo controller 
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command in the frame 0 command corresponds to the delay command in the last line of the 

subframe. The code provided simply moves each channel (0 to 23) from a zero position to the 

max position and back again with each step taking 0.5 seconds. 

2.1.5 Hardware 

Aluminum 6061 was our alloy of choice for many of the stretcher parts as it is inexpensive, 

easy to machine, and quite durable. A hardened stainless steel was used for the linear rail system 

and bronze bushing were used for the middle clamp. Bronze bushing actively self-lubricate on a 

stainless steel shaft making them ideal for use in a humid environment such as the incubator as 

the bushings would not need to be greased of lubricated.  

2.2 Validation of Stretch Area Consistency  

In order to perform bulk assays such as ELISA tests on the cells in our device the stretch 

pattern within the well must remain uniform. A similar method to the tracking and plotting the 

servo wave outputs was used to describe the change on the surface of the membrane during a 

number of stretch cycles. First an 8 by 8 grid of dots was laid out over the surface of the 

membrane. The membrane was stretched for 3 cycles and a video was taken. This video was 

inputed into ImageJ and through the dot tracking plugin. Once the position data was gathered it 

was run through a python script designed to plot the movements of each dot and, most 

importantly, track the change in distance between adjacent dots. The output of just the membrane 

is shown in Figure 15. The average strain in the Y direction was 20.2% with a standard deviation 

of just 0.79%. Average strain in the X direction was 0.05% with a standard deviation of 0.09%. 

These findings prove that the membrane itself is capable of uniform stretch. The placement of 

the well however could change these results. 
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The silicone tubing for the well comes with a defined oblong shape, it is not perfectly 

circular. This gave us a chance to test how the resistive force of the well could have an effect on 

the homogeneity of the strain profile of the well. First we tried orienting the major axis of the 

well in the Y, or stretch, direction. We hypothesized that this orientation would provide the most 

resistive stress in the Y direction and therefore limit the amount of stretch. In this experiment a 4 

by 4 grid of dots were used as the size and spacing of the dots remained constant but we confined 

the analysis area to the area inside the well. As seen in Figure 16 there was a strong resistive 

force around the edge of the well and causing the left and right edges to be confined to a smaller 

strain. The middle of the well behaved as expected. Average peak strain in the Y was 17.0% ± 

2.1 and in the X direction was 0.14% ± 0.1.  

Figure 15: X and Y axis heat maps of strain throughout the membrane 
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Running the same test with the tubing for the well oriented with the major axis in the X 

direction was thought to mitigate the problem of the majority of the resistive force coming the Y 

direction. Resisting any force in the X direction would only aid in providing a more uniform 

strain profile. As expected orienting the major axis in the X direction caused the Y axis to have a 

more uniform strain profile with a mean peak strain in the Y direction of 20.4% ± 1.7 and -0.1% 

± 0.1 in the X. These strain findings are summarized in the table below. 

 

 

Figure 16: Strain maps in the X and Y direction for a well oriented with the major axis in the Y direction (top row) 

and X direction (bottom row) 
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Table 2: Summary of X and Y Peak Mean Strain for the Base Membrane and Different Well Orientations 

Condition Y-Axis Strain X-Axis Strain 

Full Membrane 20.2%±.0.8 0.1%±0.1 

Vertical Well 17.0%±2.1 0.1%±0.1 

Horizontal Well 20.4% ±1.7 -0.1%±0.1 

 

2.2.1 Static Stretcher 

 Macrophages have long been known to orient themselves in the direction of groves on the 

surface of materials. In order to eliminate the possibility that cell alignment was being caused by 

micro or nano scale surface variations in the membrane a simple static stretcher was designed. 

The purpose of this stretcher was not only to study and visualize cells under static stretch but 

also to provide a platform for controls to the dynamic stretch experiments. The design of the 

stretcher consists of a flat base (1) that contains a viewing window for imaging (2) as well as 

holes for the nuts of the clamps. The oblong hole is designed so that the clamp system can be 

Figure 17: Static stretcher design and cutaway 
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initially at 0% strain and then slid to 20%. Pegs (4) are then inserted into holes in the base to 

hold the membrane at 20% stretch. The system utilizes the same clamp and well system as the 

uniaxial device. 

2.3 Summary 

This device was designed to present a uniaxial stretch regime to cells in a way that was 

consistent, inexpensive, flexible, and easy to use. We proved that was have a device that has a 

consistent stretch profile throughout the area of the well. We proved that the device is capable of 

different stretch profiles and is inexpensive to build. It was also important to prove that the cells 

respond to the stretch and not micro-scale surface changes which was determined by seeding 

cells on a pre-stretched membrane and observing no changes with respect to the controls.  
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CHAPTER 3: In Vitro Cell Experiments 

3.1 Introduction 

In order to test the device bone marrow derived macrophages (BMDM) and neonatal rat 

ventricularmyocytes (NRVM) were seeded onto the device and stretched. These cells have been 

briefly studied and a very general overview of their stretch response is known. To confirm the 

device is and our cell models are compatible with other work a few simple studies were 

performed.  It was found that, similar to previous studies, BMDMs align and elongate with 

stretch. The degree to which this effect was witnessed was quantified in a novel way. 

Additionally it was seen that alignment and elongation may be an amplitude related response. 

TNFα secretion varied over the course of the study, leading to inconclusive evidence that stretch 

may upregulate this inflammatory cytokine. Recent experiments suggest that amplitude does not 

have an effect on TNFα. Macrophages do respond differently to pro-inflammatory stimulation 

depending upon their adherence time by increasing their TNFα production the longer they are 

adhered to a surface before being stimulated but this effect is not changed due to stretch. 

NRVMs exhibit alignment in response to stretch that seems to be correlated with how quickly 

stretch is begun after seeding with longer wait times corresponding to decreased alignment. 

Macrophages on the other hand are shown not to have this effect as seed-to-stretch time did not 

affect elongation or orientation. NRVMs were also tested under a compressive strain and were 

not found to be effected differently compared to cells stretched in a tensile strain in preliminary 

data. 
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3.2 Methods 

3.2.1 BMDM Cell Culture 

BMDM cells were isolated from the femurs of 6-12 week old C57BL/6J mice (Jackson 

Labs). The mice were sacrificed by CO2 exposure followed by cervical dislocation and sprayed 

down with 70% alcohol. Using sterile instruments, an incision of the skin and muscle of the thigh 

was performed and the femur was removed using scissors and forceps. This process was repeated 

for both femurs. Once the femurs were in a petri dish, the bone marrow was flushed with DMEM 

(Invitrogen) supplemented with 3% heat-inactivated FBS using a 1 mL syringe and 23G needle. 

ACK lysis buffer (Life Technologies) was added to the cells in order to remove contaminating 

red blood cells. The cells were then centrifuged and resuspended in DMEM supplemented with 

10% heat-inactivated FBS, 100 U/mL penicillin/streptomycin (Invitrogen), 2mM L-glutamine 

(Invitrogen), and 10% macrophage colony stimulating factor (M-CSF). After 7-9 days in culture, 

approximately 95% of the adherent cells were macrophage cells. To harvest the cells, the cells 

were gently rinsed 3 times with sterile PBS without Ca+ and Mg+. 5 mL of cell dislocation 

buffer (Sigma) was added and placed in a 37°C incubator for 5-6 minutes. Plates were checked 

under the microscope to ensure that the cells were not adhered to the petri dish and neutralized 

with 10 mL of media. Cells were centrifuged and resuspended in new media and a cell count was 

performed. 

3.2.2 Cell Culture on Uniaxial Device 

After seeding for 6 hours cells were stimulated with cytokines. M1 stimulation consisted 

of 10 ng/ml LPS and IFN-γ. M1 low stimulation was a 10 times dilution of M1 or 1 ng/ml of 

LPS and IFN-γ. It is at the 6 hour time point where stimulation and stretch begin. Cells are 
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stretched for 24 hours before being removed from the stretcher and imaged. The seeding density 

was 200k cells/ml in 2 ml of media. Adhesion time was varied in the last study from 1 to 6 hours. 

Cells were stretched at 20% peak strain in a triangle wave form unless otherwise noted. 

3.2.3 Manufacture of Stretch Membranes 

The 0.010 in membranes come with a plastic layer on both sides of the surface for 

structure and protection, these plastic coverings are not to be removed until necessary as for the 

protection and cleanliness of the surface. For the stretched membranes a 2 in x 3 in cut of 

membrane material is used. Holes are cut out by a ¼ in paper hole punch to fit over the screw 

posts on the device. Silicone tubing is cut to ½ in lengths and sonicated in ethanol to rid the 

surface of any contaminates and to sterilize the tubing. The tubing arrives as a charged dust 

attractant so it is imperative to clean the surface thoroughly to prevent unwanted results. In a 

sterile biosafety hood remove the tubing from the ethanol and dry thoroughly. After removing 

one plastic covering to expose one side of the silicone membrane dip the bottom tubing in a 

standard PDMS solution of 1 part crosslinker to 10 parts base. Place the well on the exposed 

membrane. Use the minimal amount of PDMS possible to create a full seal around the bottom of 

Figure 18: Schematic of stretcher well manufacturing: A, sheets of the 0.010 in membrane are cut to 3 in x 2 in rectangles. B, a 

fixture is used to trace the outlines of the mounting posts and as a guide for well placement. C, the holes for the mounting pins 

are punched out. D, the plastic sheet surrounding the membrane is removed. E, the silicone tubing is coated with PDMS and 

placed on top of the membrane to create F, the final membrane assembly. 

A B C 

F E D 
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the tubing, using too much PMDS will affect the stretch characteristics and surface properties of 

the membrane while using too little will cause the well to not seal. As a generality the smoother 

and flatter the cut surface of the tubing the easier it is to use less PDMS and still seal the well. 

The control (non-stretched) wells were created in a similar fashion however the wells can be 

crowded together on a membrane. It is easiest to work with these control wells if they are cut out 

and placed in a 6 well plate for culture. Once the wells are prepared they may be placed in a 

sterile tip box and cured in a 60° C oven for one hour. The wells then are autoclaved for sterility. 

The wells then are rinsed once with 70% ethanol and then three times with 1x PBS. Fibronectin 

is then coated on the surface at a concentration of 20 μg/ml and left to sit overnight in a 4° C 

fridge.  

3.2.4 ELISA 

The measurement of TNFα was performed in duplicates by using a commercially 

available Mouse TNFα kit (BioLegend). As per manufacturer’s instructions and using an ELISA 

plate reader readings were taken at 450 nm with 540 nm background subtraction. 

3.2.5 Cell Morphology Analysis 

Once phase contrast images are taken of the cells at the 24 hour time point the images of 

the cells are outlined in ImageJ. These outlines are then measured for their aspect ratio, the result 

of fitting an ellipse and dividing the major axis of the minor axis. This ellipse is also used to 

Figure 19: Representation of the ellipse fit in ImageJ as well as angle calculation 
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determine the angle from the horizontal as the angle of the major axis is measured from the 

horizontal. The wells are always oriented with the stretch direction on the horizontal for the 

pictures. 

3.2.6 NRVM Culture 

NRVM where harvested, cultured, and stained in accordance with Grosberg et al. [26]. 

Briefly, two day old neonatal Sprague-Dawley rats (Charles River Laboratories) were sacrificed 

and the ventricles were extracted and homogenized in Hanks balanced salt solution. An 

overnight 4C incubation with 1mg/ml trypsin was performed then the tissue was digested with 

1mg/ml collagenase at 37C. the released myocytes were resuspended in M199 culture medium 

supplemented with 10% heat-inactivated FBS, 10mM HEPES, 0.1 mM MEM non-essential 

amino acids, 3.5 g/L glucose, 2mM L-glutamine, 2 mg/L vitamin b-12, and 50 U/ml penicillin. 

The cells were then seeded at 1 million cells per well onto fibronectin coated substrates. The 

cells were cultured for 72 hours before being fixed and stained.  

The NRVM on the membranes were fixed in 4% PFA with 0.01% Triton X-100 in PBS 

for 15 min. The cells were then cut out of the silicone wells and stained for actin (Alexa 488 

Phalloidin, Molecular Probes), nuclie (DAPI, molecular Probes), and sarcomeric α-actin (clone 

EA, Simga) Secondary staining was performed using tetramethyrhodamine- conjugated goat 

anti-mouse IgG antibodies (Alexa Fluor 594, Molecular Probes)  

3.2.7 Orientational Order Parameter (OOP) 

A fingerprint, ridge detection algorithm coded in MatLab was used in quantifying 

orientation by identifying and processing sarcomere organization. This code is also detailed in 

[26]. The main concept is that as the cells become more aligned their OOP increases to 1. A 

stochastic orientation has an OOP of 0. 
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3.3 Results 

3.3.1 Macrophage Alignment, Elongation, and TNF-α Response to Stretch 

In Figure 20: Macrophages Respond to Stretch by Elongating in the Stretch Direction it 

can be seen that macrophages under an M1 stimulation (1ng/ml LPS and IFN-γ) both elongate 

and orient when cyclic stretch is applied. In panel A phase contrast images are show to illustrate 

the different macrophage phenotype when the cells are stretched. In the stretched condition the 

cells elongate and align in the direction of stretch compared to the non-stretched condition. 

Knowing the macrophages as well as other cell types respond to topographical cues a control 

experiment was run to determine if the membranes themselves experienced a change in 

topography when stretched. The cells were seeded on a pre-stretched membrane and the same 

Figure 20: Macrophages Respond to Stretch by Elongating in the Stretch Direction. A: Phase contrast images scale bar = 

100µm. B: Small dots represent the average aspect ratio of each experiment, large bar is the mean of the three experiments, the 

vertical bars the standard deviation of the three experiments. C: small dots represent each cell, large dots the average of all cells 

in the condition, error bars the standard deviation.  
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analysis was applied. As evidenced in both the phase image and the cell distribution in panel C 

(to be elaborated upon later) we can conclude that it is indeed the act of stretching the cells that 

causes the phenotypic changes. Panel B plots the mean aspect ratio of each of the three 

experiments run with the solid horizontal line representing the mean of the three experiments. 

The vertical lines extending from the center illustrate the standard deviation of the three 

experiments. The stretched condition increases the average aspect ratio of the cells in the 

condition. Each point in the plot in panel C represents one single cell. The x-axis is centered 

about the direction of stretch and the y-axis is simply the aspect ratio. The large dots represent 

the average aspect ratio and angle all the cells in the experimental condition. Looking at the 

stretched condition there is a clear alignment in the direction of stretch as evident by the number 

of cells with orientations around 0 degrees. This shows on the graph by the stretched condition 

having a significantly lower standard deviation of the angle than the static controls. Additionally 

the cells that did elongate did so along the direction of stretch as shown by the large number of 

cells with large aspect ratios centered about the 0 degree angle. The static stretch or latent stretch 

condition shows similar random orientation as the unstretched controls and the cells are not more 

elongated than the control condition.  

Table 3: The average and standard deviation of the elongation and standard deviation of each experiment 

Condition 
Mean Angle ± 

Standard Deviation 

Mean Aspect Ratio ± 

Standard Deviation 

No Stretch -1.4 ± 51.5 2.3 ± 0.7 

Stretch 1.2 ± 25.8 6.1 ± 4.0 

Pre-Stretch -2.1 ± 47.4 2.9 ± 2.2 

Above in Table 3 is data from 3 separate experiments. The angle standard deviation is the 

average angle standard deviation from three experiments. The M1 low condition has a very 
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consistent and large standard deviation showing how random the alignment is. The stretched 

condition has a much lower standard deviation due to the clumping of elongated cells about the 

axis of stretch. Elongation also is very clear as the stretch condition more than doubles the 

elongation factor, or aspect ratio, of the non-stretched condition. 

In Figure 21 the aspect ratio vs. angle from stretch plots are shown for each condition to 

highlight two main points. Firstly, that the elongated cells tend to elongate in the direction of 

stretch (0 degrees). And secondly, to show that there is inherent variability from experiment      

Figure 21: Aspect Ratio versus angle from Direction of Stretch for macrophage treated with LPS/IFNγ. These cells 

elongate and align with the application of stretch as evidenced by the clumping of cells that are elongated near the 

direction of stretch. 
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to experiment, specifically pointing out the first column and how the average of both conditions 

are lower than the other experiment yet the trend still exists of the cells elongating in the 

direction of stretch. The variability could be due the primary source of the cell or other 

somewhat random environmental factors.  

Inflammatory response was measured by TNFα secretion, a common inflammatory 

marker for pro-inflammatory, or M1, macrophage cells. The M1 low, (M1L) condition (1ng/ml 
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Figure 23: Stretch Changes TNFα Response. N=3 p<0.05 

Figure 22: OOP Data is Quantified. This experiment shows a significant (p<0.05) difference in the 

organization of macrophages when they are stretched. The high variability is likely due to the 

round cells in the stretch condition still remaining randomly oriented. 
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IFN-γ and LPS) is the non-stretched control. The stretch condition, normalized to the non-

stretched in each experiment, increases the TNFα. These results are statistically significant with a 

p-value of slightly less than 0.05. This additional activation is congruent with most previous 

findings of macrophage cells exposed to stretch. 

3.3.2 Macrophage Response to Varying Amplitudes of Stretch 

To test whether macrophage could respond differently to different amplitude stimulus the 

cells were stretched for 24 hours on either a 5%, 10%, 15%, or 20% peak strain amplitude. All 

the frequencies remained at 1 Hz and the wave form was a constant triangular wave therefore the 

rate at which the strain was applied also decreased with decreasing peak stain. As shown in 

Figure 24 there is a slight but statistically insignificant trend for the increasing strain conditions. 

Figure 24: Macrophage Increase Their Response Slightly Due to Increased Strain Amplitude. N=3 The 

asterisk indicates p<0.0. There is a trend of the stretch increasing the average aspect ratio of the cells 

but only the 15% and 20% condition are statistically significant. The differences between the stretch 

conditions are also insignificant although there is a slight increasing trend 
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Statistically significant however, are the 15% and 20% conditions from the 0% no stretch 

condition.  
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In Figure 25 it can be seen that while the cells in the non-stretched condition are 

randomly oriented the cells in the stretched conditions are oriented about the direction of stretch. 

This is seen by the clustering of elongated cells near the center of the plots.  

Figure 25: Regardless of Amplitude Elongated Macrophage Align to the Direction of Stretch. The non-

stretched condition is random in its alignment and also does not include any elongated cells. The 

stretched conditions however, have a large clustering of elongated cells at the direction of stretch. 
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Amplitude does not play a role in changing how macrophages secrete TNFα. Taking into 

account both this data and the elongation and orientation data it is my conclusion that the 

sensitive range of macrophage strain sensing is below the 5% amplitude range. It is also of note 
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Figure 27: Amplitude Does Not Play a Role in TNFα Activation N=3. Results are not statistically different by ANOVA 
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Figure 26: OOP Data is Quantified for Stretch Amplitude. These results are not statistically 

significant, again likely due to the large population of unelongated, randomly oriented 

macrophages. 
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that the 20% stretch results are inconsistent and represent a large source of variability that was 

not seen in previous experiments. 

3.3.3 Macrophage with Varied Adhesion Times Respond to Stretch  

When macrophages are seeded on a surface they begin to adhere to it through many 

different mechanisms. In this experiment cells were seeded onto surfaces and allowed different 

amounts of time to adhere to the surface. After the specified adhesion time the stretch began and 

the experiment was then stopped the next day. It was thought that the longer seed times would 

result in a lower response due to the cells increased adhesion to the surface. It was also 

hypothesized that the cells would not respond when only lightly adhered. In each stretched 

condition it was observed that the average aspect ratio increased with respect to the non-stretched 

control. The stretch conditions are all statistically significantly different from the non-stretched 

controls but not from each other.  

Figure 28: Adhesion Time Effects Aspect Ratio. N=3 p<0.05. Small dots represent individual experiments while the horizontal 

bars are the average with vertical bars being standard deviation. The longer the cells adhere to the surface before stretch has 

begun the higher average aspect ratio is observed.  

* 

Adhesion Time Has a Non-Significant Effect on Aspect Ratio 
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Adhesion time also did not affect how the macrophages aligned to the direction of stretch 

which each condition exhibiting a cluster of elongated cells near the 0 angle, or direction of 

stretch. The unstretched controls remain elongated as well as completely randomly oriented.  

Adhesion Time Does Not Effect Macrophage Orientation 

Figure 29: Adhesion Time Does Not Affect the Orientation of Elongated Macrophages. Small dots represent individual cells 

while the larger dots represent the average with error bars of standard deviation. 
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Figure 30: OOP Data is Quantified with Respect to Adhesion Time. (* represents p<0.05) Similar 

to previous experiments there is large variation in this quantification due to the population of 

randomly oriented round cells 
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Figure 31: TNFα Increases Dramatically with Increased Adhesion Time. N=3 error bars represent standard deviation. This 

effect is similar to the control, non-stretched condition. This dramatic increase in TNFα production did not show itself as a 

morphological change however. 

            TNFα secretion after 24 hours increased with increased adhesion time. There were no 

statistically significant results between the stretched and non-stretched conditions at each time 

point. This effect will be investigated further in work not related to the stretch tool. 
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3.3.4 NRVM Orient with Stretch 

 

NRVMs when seeded onto the stretch membrane do not suffer any deleterious effects as 

evident by the viability of the non-stretched control condition. When stretched on the device the 

cells align nicely as seen in both the fluorescent image. The OOP parameter quantifies the degree 

of organization and has classified the unstretched condition as essentially a random assortment of 

orientations. The stretched condition however, has an OOP as high as cells on a patterned 

fibronectin surface. More trials must be conducted to confirm this result but preliminary 

conclusions can be drawn that stretch causes organization. 

Figure 32: NRVM stained for actin, sarcomeric α-actin, and their nucleus show alignment under a stretched condition. When 

quantified with the OOP parameter the stretched cells exhibit a similar organization to patterned cells. The unstretched 

population has similar organization to previous work done on non-patterned cardiomyocytes. N=1 for the Stretched and 

Unstretched conditions 
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 NRVM have significantly less actin organization when allowed to adhere on the surface 

of the membrane before stretch has begun. Heart cells are more phenotypically stable than 

macrophages and it is hypothesized that the cells have not had a chance to adhere strongly to the 

surface at 30 minutes allowing for the stretch to strongly effect how the cell continues to adhere 

to the surface. After 6 hours however, the cells have a stronger attachment to the surface which 

constrains the changes required to increase the actin organization to levels similar to the 

patterned or 30 minute stretch condition. It was also interesting to use the device to study 

compressive stress on the cells. To the knowledge of the author no studies have been performed 

under a compressive stain. Interestingly the cells organized in a similar fashion to the stretch 

condition. The mechanisms that sense stretch seem to interact similarly to both tension and 

compression. 

Figure 33: Cardiomyocytes Organize Differently to Different Stretch Conditions. ( * is p<0.05, 6hr 

stretch and 6hr compression not statistically different) Error bars represent standard deviation from two 

wells from the same experiment. 
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3.4 Discussion 

 In this report information regarding the design and manufacture of a device to cyclically 

stretch, in a uniaxial manor, cells seeded onto a flexible membrane. Additionally the tool was 

used to discover and identify both macrophage and NRVM response to this application of 

stretch. The device is simply a housing containing a motor in which to drive a clamp back and 

forth on suspended rails. This motion was translated into movement of the dual 0.010in thick 

membranes on either side of this clamp. The whole system was controlled by a microcontroller 

programed by a computer but able to run on its own. This controller processed power to the 

servos and also sent the controlling signal specifying the position, speed, and acceleration of the 

gear and by association the stretched surface. The surface of the device is characterized and close 

to completely uniform. In addition the flexibility of this device offers incredible variation in 

experimental setup, allowing for variables such as maximum strain, strain rate, compression vs 

extension, and frequency. 

 Mouse bone marrow derived macrophages were tested on the device and were found to 

elongate and align under a pro-inflammatory condition. These cells also behaved similarly under 

different peak strains. It could be concluded that the most sensitive range for macrophages that 

sense stretch is lower than 5%. Macrophages also exhibited similar morphological behavior 

when allowed to adhere for different amounts of time before stretch yet vastly different secretion 

behavior. This could indicate that there are different physiologically relevant modes for 

macrophage activation within stretched tissues. NRVMs were also tested on the device and again 

were found to orient with stretch .This orientation was dependent on adhesion time but did not 

depend on the type of strain, compressive or expansion. Knowing that this tool allows not only 

for the collection of this data but the confirmation of past data collected on different tools paves 
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the way for future experiments to follow unique paths and discover new information about how 

these cells and others respond not only to their chemical environment but their mechanical also 

in an inexpensive and reproducible way. 
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CHAPTER 4: Conclusions and Future Work 

 This thesis reports several important conclusions: the stretch device created for the 

purpose of providing an inexpensive way to study how a homogenous strain field effects cells 

preforms those tasks, the macrophages tested on this device exhibit qualities shown in previous 

works as well as behaving in a predictable manor to new conditions, and the cardiomyocytes 

studied on this device confirm previous results and show interesting preliminary data. 

In the future this device will be used to study the membrane mechanics and intracellular 

processes involved in the stretch response. It is important to study these aspects for future 

therapeutic targets to stabilize arterial plaques for instance. Varying strain, strain rate, and 

frequency to explore the cellular reaction to different stretch can also be done in the future. It is 

yet to be seen what variables most effect the cell response.  

 To study more in depth the macrophage response to stretch, stretch amplitudes will be 

studied in the 0-5% range. It is important to find the sensitive range for macrophages as signal 

competition studies can be performed. It is also important to understand how macrophages 

respond to stretch in different chemical environments. In this study a low dose of inflammatory 

cytokines was used but in the future it would be useful to study all the major macrophage 

phenotypes such as M0 (native type) and M2 (pro-healing). 
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