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Abstract
Tensile stress is one of the most common mechanical stresses on the connective tissues of human organs. Cell stretching 
devices have been developed to study the effects of tensile stress on cells and tissues. In this study, we review how these 
devices function mechanically and apply them to biological research. To this end, we technically evaluate the four types of 
actuation processes used in cell stretching devices, including electric motor-driven and electromagnetic actuation, along 
with their pros and cons. For example, these cell stretching devices have shortcomings including large size, a complicated 
system, and generation of heat and shock, which hinder the real-time imaging of cells during stretching in high-resolution 
microscopes. We also describe the effects of tensile stress on cellular and tissue homeostasis. With this review, we seek to 
explore future directions for development of cell tensioning devices to understand mechanobiological responses to mechani-
cal stress in vivo.

Keywords Tensile stress · Stretching device · Mechanotransduction · Tensional homeostasis · Epithelial-mesenchymal 
transition

1 Introduction

Cells in normally functioning organs are exposed to various 
kinds of mechanical stresses such as tensile stress, compres-
sive stress, and shear stress [1–5] (Fig. 1). For instance, epi-
thelial cells in the intestine are subjected to tensile stress due 
to the peristaltic movement of the intestine, and endothelial 
cells in blood vessels experience shear stress due to blood 
flow [4–6]. These mechanical stresses induce intracellu-
lar biochemical signals that are essential for cell growth, 

proliferation, and migration [7–9]. In addition, it has been 
recently reported that mechanical stresses can drive cancer 
invasion [10]. Once a mechanical stress is sensed by a cell, 
it is converted into biological responses through various 
signaling processes, known as mechanotransduction [11, 
12] (Fig. 2). Mechanotransduction plays an important role 
in regulating cellular activities, and defects in the process 
can lead to severe diseases such as cancer and heart failure 
[1, 2, 13].

Tensile stress is one of the most common mechanical 
stresses experienced by connective tissues in human organs 
[1]. In the in vivo context, cells in deforming organs, such 
as heart, lung, and intestine, are surrounded by various 
mechanical cues, especially those mediated by tensile stress 
[1]. Thus, it is important to mimic such environments for 
studying the functions and behaviors of cells in deforming 
organs; however, traditional cell culture methods cannot sim-
ulate such conditions due to the complexity of in vivo tissue 
environments [14]. To overcome this limitation, researchers 
have tried to mimic the cellular environment in which ten-
sile stress is subjected in vitro, and various cell stretching 
devices have been developed [14–17]. These cell stretching 
devices have been widely used for studying the effects of 
tensile stress on the morphological characteristics of cells, 
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integrity of cell–cell junctions, cytoskeletal structure reor-
ganization, cell proliferation, division, and apoptosis [15, 
18–22].

In this study, various kinds of cell stretching devices will 
be reviewed based on their mechanical actuation and appli-
cation for biological studies. Different types of actuation 
processes used in cell stretching devices will be technically 
evaluated to ascertain their advantages and disadvantages. 
Studies performed with such devices to investigate the 
effects of tensile stress on cells will also be introduced. This 
review will broaden our insights into cell stretching devices 
and their biological implications.

2  Actuating Types of Cell Stretching Devices

2.1  Electric Motor‑Driven Actuation

Electric motors have been used as actuators in many cell 
stretching devices because they can precisely lengthen 
the connected object to the desired amount [14]. Most 
cell stretching devices use a method of culturing cells on 

a flexible substrate and indirectly stretching the cells by 
elongating the substrate. The type of cell stretching driven 
by electric motors is typically divided into two methods. 
One is a horizontal stretching method in which a flexible 
membrane for cell culture is fixed on one side and laterally 
elongated to the other side by the motor. Chang et al. [23] 
connected a micropatterned flexible membrane between two 
stages on a basal plate, which then uniaxially elongated the 
membrane by translating one stage through a linear motor 
while fixing the other stage (Fig. 3a) [23]. A similar meth-
odology is found elsewhere [24]. Kaunas et al. [25] fixed a 
silicon rubber membrane for a cell culture on a polycarbon-
ate square frame, and an I-shaped Teflon indenter was lifted 
from under the membrane by the motor to produce uniaxial 
stretching (Fig. 3b) [25]. Similarly, Huang et al. [26] fixed 
the membrane for a cell culture to a ring-shaped holder and 
connected it to a movable stage. The stage vertically trans-
lated the membrane by a servo motor on a fixed circular 
indenter to elongate the membrane equi-biaxially (Fig. 3c) 
[26]. These methods have the advantages that both static and 
cyclic stretch can be applied to cells, while the stretch mag-
nitude including stretching ratio, time, and frequency can be 

Fig. 1  Three types of mechanical stresses on a cell. A typical dem-
onstration of the impact of different stresses on an imaginary square. 
Shear stress produces an angle of difference between opposing sides 

while tension and compression act normally toward the cell mem-
brane. The drawing is modified from the source [5]
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easily controlled through computer programming. However, 
these devices have disadvantages, in that the entire system 
is too large and complex because a precise motor controller, 
stages, and computer must be installed for operating motor-
based actuation. Additionally, these methods carry a risk of 
cell contamination because the cell culture location is close 
to the motor, which can rust due to the humid cell culture 
environment [14].

2.2  Electromagnetic Actuation

An electromagnet-based cell stretching device of relatively 
small size was developed to compensate for the disadvan-
tages of electric motor-based cell stretching devices, which 
can be imprecise when measuring the very large and com-
plex response of the entire system [27]. In this device, a 
permanent magnet was inserted into a polydimethylsilox-
ane (PDMS) chamber where cells can be cultured, and the 
chamber was placed and fixed next to the electromagnet. 

The permanent magnet was translated back and forth toward 
the electromagnet by the electromagnetic force, uniaxially 
elongating the PDMS chamber. Simultaneously, the mem-
brane for the cell culture attached to the bottom of the PDMS 
chamber was uniaxially stretched. In a similar way, a wrin-
kled-skin-on-a-chip cell configuration was developed using 
a permanent magnet and electromagnet [28]. In this device, 
a porous membrane existed in the PDMS chip, and skin tis-
sue was cultured on the upper part of the porous membrane, 
while a medium for tissue culture was supplied on the lower 
part of the porous membrane. Then, the permanent mag-
net inserted into the chip was translated back and forth by 
the electromagnet elongating the chip repeatedly, resulting 
in uniaxial stretch to the skin tissue and accumulation of 
wrinkles and damage (Fig. 4a). This stretching method has 
the advantages of device fabricated at a relatively small 
size, applicability of real-time imaging via microscope, 
and easy control of the stretch magnitude by adjusting the 
strength and period of the electromagnetic force. However, 

Fig. 2  A schematic describing the effects of tensile stress on cell proliferation, apoptosis, migration, and self-renewal. The drawing is modified 
from the source [11]
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Fig. 3  Cell stretching devices actuated by different methods: a a linear motor [23], b vertical motion of indenter [25], and a servo motor [26]
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electromagnets emit heat as well as electromagnetic force, 
and this heat can damage the cells or increase the tempera-
ture in the cell incubator. In addition, since the permanent 
magnet is translated at a very high speed when the electro-
magnetic force is generated, there is a risk of shock transfer, 
which can damage the cells. In addition, it is difficult to 
consistently apply a precise stretch magnitude to the cells 
because translation of the permanent magnet induced by the 
electromagnetic does not follow a linear path.

2.3  Pneumatic Actuation

The pneumatic actuation method has been widely used in 
cell stretching devices based on microelectromechanical 
systems (MEMS). This actuation type can be divided into 

two methods. One is to apply pneumatic pressure onto a 
PDMS chip for expanding the built-in membrane for cell 
culture, like inflating a balloon [15, 16]. Then, the membrane 
is equi-biaxially stretched. We fabricated a three-layered 
cell stretching device using soft lithography [15]. Three 
PDMS layers, including the cell culture chamber, loading 
post, and pneumatic chamber, were fabricated and bonded 
layer-by-layer. When pneumatic pressure was applied to the 
pneumatic chamber, it lifted the loading post to elevate the 
membrane of the cell culture to produce equi-biaxial stretch 
(Fig. 4b).

The other method uses a vacuum inside the hollow 
chambers located on both sides of the membrane of the 
cell culture [6]. When a vacuum is generated in the hol-
low chambers, they contract, which laterally elongates 

Fig. 4  Electromagnet-based and hydraulic cell stretching devices. Schematics were modified from the sources [28, 30]
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the membrane between the chambers to produce uniaxial 
stretch. Huh et al. [6] fabricated three chambers arranged 
in a horizontal direction inside a PDMS chip [6]. When 
the two chambers on both sides were contracted by vac-
uum generation, the membrane for the cell culture in the 
central chamber was laterally elongated to cause uniaxial 
stretch. This pneumatic actuation type has the advantages 
that the device can be fabricated in a relatively very small 
size through the MEMS technology, and the stretch can 
be simultaneously applied to multiple sample groups by 
placing several membranes and chambers in a single chip 
and connecting them to the inlet for simultaneous applica-
tion of pneumatic pressure. However, MEMS-based cell 
stretching devices have the disadvantage that direct imag-
ing through a microscope is incredibly difficult because the 
membrane for the cell culture is located inside the device 
and the pneumatic chamber or loading post is located in 
the space under the membrane.

2.4  Thermomechanic and Hydraulic Actuation

Although not mainly used in cell stretching studies, a device 
using thermomechanical actuation was developed. This type 
applies the thermal expansion properties of shape memory 
alloy (SMA) to cell stretching. Iwadate et al. [29] connected 
the two sides of the membrane for cell culture to the fixed 
holder and the SMA coil, respectively, and then applied a 
current to the SMA coil so that the membrane could be uni-
axially elongated by contraction and expansion of the SMA 
coil [29]. This method can precisely control the stretch mag-
nitude but has a disadvantage that the heat generated when 
applying an electric current to the SMA coil can damage 
cells.

A cell stretching device using hydraulic actuation was 
also developed. Wang et al. [30] fabricated a microfluidic 
device composed of three PDMS layers [30]. The mem-
branes for the cell cultures were equi-biaxially elongated 
by hydraulic force when water was injected into the fluidic 
channel by a pump and lifted the membranes. This method, 
like pneumatic actuation, can stretch a number of cell sample 
groups simultaneously, and the stretch magnitude can be 
precisely controlled because water can accurately deliver 
hydraulic force. However, due to the gas permeability of 
the PDMS membrane, the existing pneumatic actuation type 
has a risk that the stretch magnitude might not be main-
tained when the stretch is longitudinally applied. To its 
credit, this hydraulic actuation type uses water instead of 
air when applying the pressure, so the stretch magnitude 
is stably maintained for a long time [14]. However, similar 
to the pneumatic actuation type, this method has a disad-
vantage that direct imaging through a microscope would be 

very costly and technically challenging and has yet to be 
achieved.

3  Effects of Tensile Stress on Tensional 
Homeostasis of Cells

3.1  Cell Proliferation, Division, and Apoptosis

Cells in the body are often subjected to tensile stress and 
they must proliferate, differentiate, and modulate gene 
expressions to maintain their tissue homeostasis and pre-
vent injuries or detrimental pathology [1, 17, 31]. In this 
regard, various studies about the effects of tensile stress 
on cell proliferation, division, and apoptosis have been 
conducted. We reported that cyclic stretching induced cell 
spreading and growth on a soft substrate [15]. Primary 
mouse embryonic fibroblasts (PMEFs) were seeded on 
soft pillars, but they could not normally spread and form 
stress fibers. When the 5% cyclic stretch over a frequency 
of 0.1 Hz was applied to the cells on the soft pillars for 
6 h, cell spreading and stress fiber formation significantly 
increased, inducing cell proliferation. When subjected to 
cyclic stretch (5%, 0.1 Hz), the myocardin-related tran-
scription factor-A (MRTF-A) and yes-associated protein 
1 (YAP1) [9, 11, 32–34] started to be localized into the 
nucleus. MRTF-A was fully localized in the nucleus after 
2 h but moved back to the cytoplasm when the stretch 
stopped (Fig. 5). These results suggest that repetition of 
tensile stress could be a stimulation for cell prolifera-
tion, and MRTF-A and YAP1 were acting like sensors for 
mechanical stimuli.

Recently, Gudipaty et al. [21] reported that the stretch 
triggers rapid epithelial cell division [21] using a uniaxial 
cell stretching device actuated by linear motor, which is 
similar to the device as shown in Fig. 3a [23]. The stretch 
can induce rapid cell division because it can lower the cell 
density in the cell monolayer. To test if the stretch acceler-
ates the cell division in the cell monolayer, kidney epithelial 
cells were prepared and 40% static stretch was applied. They 
found that the stretch induced an approximately fivefold 
increase in cell division in 1 h. Piezo1, which is a stretch-
activated channel for cell death induced by either cell crowd-
ing or extrusion [35, 36], was localized in the plasma mem-
brane in the sparse regions where cells were divided by the 
stretch to form cytoplasmic aggregates in the dense regions 
in which the cells were extruded. These results suggest that 
piezo acts as a homeostatic sensor, inducing cell extrusion 
and apoptosis in the dense regions and cell division in the 
sparse regions, to control the cell number of the monolayer.
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3.2  Cell Shape and Cytoskeleton

Tensile stress can determine cell shape through rear-
rangement of the cytoskeletal structure [18]. Cell shape 

is a fundamental signal for cell proliferation and regulates 
cell growth and physiology [37, 38]. Since tensile stress 
directly affects cell shape, the effects of tensile stress on 
cell shape and cytoskeletal structure of cells have been 

Fig. 5  An equi-biaxial cell stretching device actuated by pneumatic pressure and nuclear localization of MRTF-A by cyclic stretching over time 
[15]
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studied in various ways. We reported that the shapes of 
retinal pigmented epithelial (RPE-1) cells were elongated, 
showing a high cell aspect ratio when subjected to cyclic 
stress, and the cell division axis was aligned perpendicular 
to the elongating axis [18]. The aspect ratio of the cells 
significantly increased after 10% equi-biaxial cyclic stretch 
(0.1–10 Hz) for 6 h, but there was no significant change in 
cell area, except under 10 Hz frequencies. Since cells are 
divided along the axis perpendicular to their long axis, it 
was suggested that tensile stress induces elongation of a 
cell and thus determines its cell division axis.

3.3  Cell–Cell Junctions

In the intestinal epithelium, cell–cell junctions are mainly 
composed of tight junctions (TJs) and adherens junctions 
(AJs), and the integrity of TJs is regulated by AJs [39]. Since 
TJs act as a physical and functional barrier to prevent dif-
fusion of pathogens and toxins, disruption of TJs can cause 
the pathogenesis of various gastrointestinal diseases [40, 
41]. Since the intestine is often subjected to mechanical 
stresses, especially to the tensile stress induced by peristal-
sis [4], the effect of tensile stress on disruption of TJs needs 
to be thoroughly investigated to understand gastrointestinal 
diseases. In this regard, Samak et al. [19] reported that a 
cyclic stretch disrupted the cell–cell junctions in the intes-
tinal cell monolayers [19]. A 12% cyclic stretch (0.1 Hz) 
caused TJ proteins (occludin and ZO-1) and AJ proteins 
(E-cadherin and β-catenin) to be deformed. In addition, the 
cyclic stretch increased the paracellular permeability of the 
intestinal cell monolayer. After application of the stretch for 
2 h, the junctional distribution of tight junction proteins was 
highly deformed and showed wavy structure and disrupted 
after 6 h. In case of adherens junction proteins, they did 
not show wavy structure but were dissociated over time. To 
determine if JNKs, c-Src, and MLCK, which were known 
to be activated by the tensile stress mediate the disruption 
of cell–cell junctions [42–45], inhibitors (SP600125, PP2, 
ML-7) were treated before application of the stretch. With 
the treatments of all three inhibitors, the cell–cell junctions 
were not disrupted after the stretch. In addition, the cyclic 
stretch increased paracellular permeability of Caco-2 cell 
monolayer by JNK, c-Src, and MLCK. These results suggest 
that excessive tensile stress can disrupt cell–cell junctions 
and increase paracellular permeability.

3.4  Epithelial–Mesenchymal Transition

During the epithelial–mesenchymal transition (EMT), epi-
thelial cells lose their polarity and cell–cell adhesion and 
become mesenchymal stem cells, gaining migratory and 
invasive properties [46, 47]. EMT also contributes to aber-
rant wound healing and fibrosis, especially when the lungs 

sustain epithelial injuries, including acute respiratory dis-
tress syndrome, pulmonary fibrosis, and iatrogenic lung 
injury [48]. Since the lung epithelium is subjected to ten-
sile stresses due to expansion and contraction of the lung 
during respiration, tensile stress is assumed to be highly 
related to EMT, but the effect of tensile stress on lung epi-
thelial injuries is often underappreciated [48]. To reveal the 
importance of tensile stress in lung epithelial injuries and 
EMT, Heise et al. [48] investigated if cell stretch can induce 
EMT in alveolar epithelia [48]. In their study, the expres-
sion of EMT markers, including E-cadherin, vimentin, and α
-smooth muscle actin (SMA), was analyzed after transform-
ing growth factor-β 1 (TGF-β 1), which is known to induce 
EMT, and cellular stretch were applied to alveolar type II 
epithelial (AT2) cells. With treatment of TGF-β 1 (10 ng/
mL) and application of 15% cyclic stretch (0.86 Hz) for 
4 days, expression of E-cadherin significantly decreased, and 
those of vimentin and α-SMA were significantly increased 
compared to non-stretched cells. Since the decreased expres-
sion in E-cadherin and the increased expression of vimentin 
and α-SMA indicate the inducement of EMT, these results 
confirmed that tensile stress could induce EMT in alveo-
lar epithelial cells. In wound healing and fibrosis of epi-
thelial cells, it was soundly demonstrated that the tensile 
stress could induce EMT; however, whether tensile stress 
can induce EMT in the epithelial cell monolayer showing 
invasive properties has not yet been studied.

4  Conclusion

Cell stretching devices have been developed using various 
actuation types and have been used to study the effects of 
tensile stress on cells. With the development, many remarka-
ble new findings and results have been reported, but there are 
still remaining issues to be solved for more detailed studies. 
However, there are remaining technical issues that require 
improvement. For example, previous studies about the effect 
of tensile stress on cells were mainly performed by end-point 
experiments, analyzing only the changes between the start-
ing point and endpoint of the stretch. To truly reveal how 
tensile stress affects cells, the responses of cells to tensile 
stresses should be analyzed in real-time with high-resolution 
imaging. However, the existing cell stretching devices have 
shortcomings including large size, a complicated system, 
and generation of heat and shock. These factors hinder the 
real-time imaging of cells during stretching in high-resolu-
tion microscopes. Once these issues are solved in the future, 
the relationship between cells and tensile stress will be thor-
oughly revealed.
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