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ScienceDirect
Mechanotransduction research focuses on understanding how

cells sense and respond to mechanical stimuli by converting

mechanical signals into biochemical and biological responses.

Cells have been shown to respond to mechanical stimuli

through specialized biological machinery such as adhesion

complexes. Research in the last two decades helped in

identifying key components of cellular mechanotransduction.

In recent years, integrated approaches, which are highlighted

here, are emerging to provide new insights into the mechanistic

and theoretical underpinnings of mechanotransduction. In

particular, mathematical modeling has helped elucidate the

mechanism underlining ligand spacing and distribution

sensing, as well as sensing viscoelastic properties of the

extracellular matrix. In addition, molecular tension sensors

have helped dissect the forces involved in

mechanotransduction at high spatial and temporal resolutions.
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Introduction
The extracellular matrix (ECM) plays a crucial role in

many cellular functions including cell proliferation,

migration, and differentiation [1]. The ability of cells

to sense and respond to changes in their microenviron-

ment is essential for maintaining cellular function and

tissue homeostasis [2]. Decades of research have

expanded our understanding of cells’ ability to sense

their physical environment and respond by triggering

downstream events. The ability of cells to convert

mechanical signals into biochemical and behavioral

responses is known as mechanotransduction [3]. Cells

use physical forces to probe and remodel their physical

environment [4,5]. Changes in the mechanics of the
www.sciencedirect.com 
environment lead to changes in force transmission which

then trigger downstream events [6]. Part of cells’ ability to

respond to the mechanics of their environment requires

cells’ ability to generate and transmit forces. This requires

physical cell-ECM and cell–cell interactions through

specialized transmembrane proteins such as integrins

and cadherins.

In recent years, integrated approaches are emerging to

provide new insights into the mechanistic and theoretical

underpinnings of mechanotransduction. This includes

the use of physics-based mathematical-computational

modeling, advanced molecular and imaging tools, and

advanced fabrication techniques. In this article, we high-

light the recent impact of mathematical-computational

modeling and the development of molecular tension

sensors in aiding our mechanistic understanding of

mechanotransduction. We contend that integrating mathe-
matical-computational modeling with molecular-scale force
measurements will significantly advance our understanding
of the mechanisms of mechanotransduction.

Mathematical modeling in
mechanotransduction
Mathematical and computational modeling provides the

ability to integrate knowledge and to explain and predict

non-intuitive behaviors both qualitatively and quantita-

tively. Computational modeling has enabled engineers

and scientists to address complex questions and design

sophisticated experiments to help understand multiface-

ted processes, especially where closed form analytical

solutions are difficult or impossible to obtain. In mechan-

otransduction, modeling has helped us describe how cells

transmit forces and respond to the mechanical and bio-

chemical properties of the microenvironment. This

includes cells’ ability to sense the substrate elastic and

viscoelastic properties [7–9] as well as to sense ligand

density and distribution [10��]. Many models of mechan-

otransduction have relied on the molecular clutch hypoth-

esis which describes how cells transmit forces, generated

by the actomyosin interaction and actin polymerization,

to the outside environment through plasma membrane-

spanning adhesion molecules, such as integrins, termed

‘molecular clutches’ [11]. On the basis of the molecular

clutch hypothesis, the motor-clutch model was developed

to explain the theoretical mechanism by which cellular

protrusions transmit contractile forces and respond to the

stiffness of their microenvironment (Figure 1a) [12]. In

the motor-clutch model, molecular motors transmit forces

to the external environment through rigid actin filaments
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Figure 1
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The motor-clutch model of force transmission. (a) A schematic of the motor clutch model illustrating force transmission on a linear elastic

substrate. (b) and (c) Output of motor-clutch model simulations showing the effect of substrate stiffness (ksub) on clutch force dynamic, summed

traction forces, and F-actin retrograde flow.
and compliant transmembrane molecular clutches

[12,13]. Importantly, the force generation is provided

by myosin molecular motors and/or F-actin polymeriza-

tion against the plasma membrane, both of which obey a

force-velocity relationship. The consequence of the

force-velocity relationship is that when a cell is pulling

on soft environments, it takes longer time to reach a high

traction force than when a cell is pulling on a stiff

environment, which becomes a key determinant of stiff-

ness sensing (Figure 1b-c) [13,14]. In recent years, the

framework of the motor-clutch model has been adapted to

investigate key aspects of mechanotransduction includ-

ing rigidity sensing, adhesion reinforcement, viscoelastic-

ity sensing, and ligand density and distribution [9,10��

,15�,16,17��,18–21].

The stiffness of the environment has been shown to

control cellular force transmission, migration, differentia-

tion, and cancer progression [22]. The use of mathemati-

cal modeling provided a mechanical mechanism, by

which force transmission is controlled by the stiffness
Current Opinion in Chemical Biology 2019, 53:125–130 
of the environment. In the original framework of the

motor-clutch model, stiffness regulation of adhesion

binding dynamics elicits a biphasic force transmission

and F-actin retrograde flow as a function of substrate

stiffness [12]. Further parameter space analyses and

experimental validation demonstrated mechanisms regu-

lating mechanosensitivity and the determinant of optimal

stiffness [13,19]. Despite the biphasic force transmission

predicted in the model, monotonic force transmission as a

function of substrate stiffness was being reported in the

literature, which was not predicted in the motor-clutch

model [23]. However, we note that the observation of a

monotonically increasing traction force as a function of

substrate stiffness is consistent with a biphasic prediction,

assuming the optimal stiffness is above the highest stiff-

ness measured in the experiment. In recent work, Elo-

segui-Artola et al. incorporated a switch-like mechano-

sensitivity regulation to model adhesion reinforcement

through talin [21], which has been shown to unfold under

force and expose cryptic binding sites to vinculin [24].

Talin mechano-response was modeled by recruiting
www.sciencedirect.com
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additional clutches to the site of adhesion after surpassing

a threshold force. As a result, a monotonic force transmis-

sion as a function of stiffness was predicted in the model

[21]. Indeed, in cells expressing talin, increasing stiffness

results in monotonically increasing force transmission, but

when talin is knocked-out a biphasic stiffness-force trans-

mission relationship is restored as predicted in the base

motor-clutch model [12,21].

In addition to responding to substrate rigidity, cells sense

and respond to substrate stress relaxation (substrate vis-

coelasticity) [8,9]. Indeed, living tissues and reconstituted

extracellular matrices were shown to exhibit stress relax-

ation property [25]. Like substrate Young’s modulus,

substrate stress relaxation enhances cell spreading [9],

and regulates stem cell fate [26]. Recently, Gong et al.
applied Monte Carlo and analytical methods to simulate

cell spreading in response to substrate viscosity to explore

the mechanism of substrate viscosity sensing [17��]. Using

the motor-clutch model framework and a standard linear

viscoelastic model to describe the substrate, they

explored the effect of different material properties (vis-

cosity and elasticity) on cell spreading. They identified an

optimal substrate viscosity, at which cell spreading is

maximum, that is determined by the ratio of clutch

binding and substrate relaxation timescales. Their finding

suggests that substrate viscosity stiffens soft substrates to

enhance clutch engagement and cell spreading by bal-

ancing substrate relaxation and clutch binding timescales.

Using elastic and viscoelastic materials, they were able to

show an increase in cell spreading in response to viscosity.

In this work, computational modeling again informed the

design of more sophisticated experiments to help under-

stand the role of substrate viscoelastic properties on

cellular spreading and function.

Mathematical modeling has also had an impact in pre-

dicting the cellular response to ligand density and distri-

bution. Ligand density has been shown to control cell

migration speed in vitro, in vivo, and in silico using

computation modeling [18,27,28]. Oria et al. investigated

cells’ ability to sense ligand spacing utilizing advanced

fabrication techniques and mathematical modeling. They

found ligand spacing and distribution control adhesion’s

growth and collapse, which ultimately affected YAP

nuclear localization [10��]. At low substrate stiffness,

increasing ligand spacing promoted the growth of focal

adhesions, but led to adhesion collapse on rigid sub-

strates. They were able to explain the observed behavior

using a molecular-clutch mechanism. In their model, the

spacing of ligands was incorporated and neighboring

ligands were linked together using elastic springs. The

model predicted that increasing ligand spacing would

promote adhesion growth by increasing the likelihood

of reaching a threshold force which leads to integrin

recruitment and adhesion growth. As stiffness continues

to increase, forces continue to increase leading to the
www.sciencedirect.com 
unbinding of clutches and adhesion collapse. When

ligand spacing is low, forces are distributed across more

ligands, reducing the likelihood of reaching the threshold

force on low substrate stiffness. Simply put, increasing the

spacing of ligand reduces the force needed to cross the

threshold force per integrin needed for adhesion recruit-

ment. This leads to a shift in the stiffness at which

adhesion recruitment occurs. Having a computational

model capable of explaining the experimental results,

allowed the authors to model different perturbations and

design new experiments to further characterize the

molecular components that control the cell’s ability to

sense ligand spacing. Highlighting the value of the model

in predicting non-intuitive behavior, the model predicted

a biphasic response to contractility inhibition on a rigid

substrate. As predicted, a low dose of blebbistatin

increased adhesion length by preventing adhesion collapse

but a higher dose did not alter adhesion length because it

prevented adhesion reinforcement and adhesion growth

[10��]. Such counterintuitive predictions and experimen-

tal validations both build our confidence in the models

and provide fundamental new insights.

Molecular tension sensors in
mechanotransduction
Various methods have been developed to quantify forces

on individual adhesion bonds involved in mechanotrans-

duction; including single-molecule force spectroscopy,

traction force microscopy, and molecular tension sensors;

these methods are reviewed in depth by Roca-Cusachs

et al. [5]. In this section, we highlight the impact of

molecular tension sensors in mechanotransduction.

Molecular tension sensors were developed to measure

nanometer-scale displacements caused by mechanical

tension within load-bearing proteins. Most of the tension

probes utilize Förster Resonance Energy Transfer

(FRET) to measure the distance between two fluoro-

phores (donor and acceptor) separated by a mechanically

characterized linker [29,30]. This allows for molecular

tension measurements using light microscopy. FRET-

based molecular tension sensors have been applied to

study mechanotransduction by either genetically encod-

ing the tension sensor within the protein of interest

[30,31,32��,33��] or by immobilizing it on the substrate

on the molecule supporting cell adhesion (Figure 2)

[34,35�].

The first genetically encoded tension sensor was devel-

oped by Grashoff et al. where they designed a tension

sensor module (TSMod) consisting of two fluorophores

(mTFP-1 and Venus(A206K)) linked by a 40-amino-acid-

long linker that acts like an elastic spring [30]. Using their

tension sensor module, they were able to measure

mechanical tension across vinculin, a protein which con-

nects the F-actin filaments to integrins, that is a so-called

‘adaptor’ protein crucial to the molecular clutch bonds

that mediate cell adhesion to the environment. Using
Current Opinion in Chemical Biology 2019, 53:125–130
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Figure 2
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Commonly used molecular tension sensor designs. (a) a schematic of a genetically encoded tension sensor utilizing FRET, A: acceptor, D: donor.

(b) schematics of two immobilized tension sensor designs, one a FRET-based tension sensor, and the other a DNA-tether tension sensor with

proximity-based fluorescence quenching.
their FRET-based tension sensor they showed that dur-

ing adhesion growth and assembly tension across vinculin

is highest. Furthermore, using fluorescent lifetime imag-

ing, they reported that individual vinculin molecules

experience an average force of 2.5 pN.

FRET-based tension sensors have been used to measure

tension across proteins involved in mechanotransduction.

In a recent study, Ringer et al., developed a FRET-based

tension sensor module with switch-like behavior and

increased sensitivity at 3–5 pN [36]. Using their improved

tension sensor module, they sought to measure intramo-

lecular force within talin-1. By placing their tension

sensor modules at different locations within the talin-1

rod domain, they identified a vinculin-dependent tension
Current Opinion in Chemical Biology 2019, 53:125–130 
gradient within the rod domain of talin-1. They reported

higher tension closer to the head domain (N-terminal),

low tension in between actin-binding domains (C-termi-

nal), and no tension at the C-terminal end of talin-1. This

demonstrates that higher forces are exerted at the N-

terminal part of the talin rod domain, presumably due to

the presence of vinculin binding sites which provide an

extra mechanical linkage that distribute load to the F-

actin cytoskeleton. Because of switch-like behavior of

their tension sensor module, they were able to calculate

the fraction of talin molecules under tension and showed

that close to 70% of talin molecules are under tension at

the N-terminal end of the rod domain and only 40% are

under tension at the C-terminal end of the rod domain.

Their work also provided a new sensor design utilizing
www.sciencedirect.com
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two different pairs of fluorophores, which allows for

simultaneous measurement of tension on two different

proteins.

Previous designs of FRET-based tension sensors were

limited in the range of forces detected (i.e. pNs) and

relied on tension sensor calibrations using purified pro-

teins [30]. In more recent advances in FRET-based

molecular tension probes, LaCroix et al. developed tun-

able peptide designs with wider ranges of force magni-

tude sensitivity [33��]. Their new designs use biophysical

modeling to more accurately calibrate the tension probe

using peptide length and avoid the extensive calibration

normally needed. Using their new design and method,

they developed an optimized tension sensor module and

detected a force gradient within focal adhesions by mea-

suring forces across vinculin. In addition, using tension

sensors with distinct mechanical sensitivities and lengths,

they demonstrated an extension-based control of vinculin

loading. Having developed these tension sensors allowed

them to explore extension-based versus force-based con-

trol of force loading. They showed, in the presence of

tension sensors with different mechanical properties, cells

were able to maintain extension by adjusting forces

applied on vinculin. This result highlights the power of

molecular tension sensors in dissecting mechanisms of

mechanotransduction across proteins and highlighted

cells’ ability to control protein extension.

In addition to genetically encoded tension sensors, immo-

bilized FRET-based and DNA-hairpin tension sensors on

a substrate have greatly informed our understanding of

mechanotransduction and force transmission across adhe-

sions. These sensors enabled the measurements of forces

on individual integrins at the cell-ECM interface. Using

immobilized FRET-based tension sensors, the majority

of ligand-bound integrins were shown to exert forces in

the range of 1–7 pN [35�]. While this range is lower than

reported forces using fluorescent DNA hairpins of known

unfolding force [37], it is possible that DNA unfolding

sensors measure maximum force over some time interval

while the FRET-based sensors measure mean force

within their range of force sensitivity. Overall, both

immobilized and genetically encoded molecular tension

sensors enabled single molecule and submolecular ten-

sion measurements at high temporal resolution, which

could help inform and validate current models. In addi-

tion, genetically encoded tension sensors open the pos-

sibility to measure subcellular structure forces in vivo
and ex vivo [38] and with higher sensitivity we will

potentially be able to overcome some of the challenges

of in vivo force measurements using FRET-based ten-

sion sensors [39,40].

Conclusion
The highlighted recent body of work shows the added

value that modeling and molecular tension sensors have
www.sciencedirect.com 
provided in our mechanistic understanding of mechan-

otransduction. Going forward it will be important to

continue to incorporate these technologies to improve

our mechanistic understanding and to further investigate

the emerging behaviors predicted by experimentally val-

idated computational models. Furthermore, the current

state of mechanotransduction research presents the

opportunity to apply the current models and molecular

tension sensors to other systems beyond integrin-medi-

ated adhesions to include, for example, investigation of

CD44-mediated adhesions and cell–cell adhesions

through cadherins.
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González C, Castro N, Zhu C, Trepat X, Roca-Cusachs P:
Mechanical regulation of a molecular clutch defines force
transmission and transduction in response to matrix rigidity.
Nat Cell Biol 2016, 18:540-548.

22. Discher DE, Janmey P, Wang Y-L: Tissue cells feel and respond
to the stiffness of their substrate. Science 2005, 310:1139-1143.

23. Ghassemi S, Meacci G, Liu S, Gondarenko AA, Mathur A, Roca-
Cusachs P, Sheetz MP, Hone J: Cells test substrate rigidity by
local contractions on submicrometer pillars. Proc Natl Acad Sci
U S A 2012, 109:5328-5333.

24. del Rio A, Perez-Jimenez R, Liu R, Roca-Cusachs P,
Fernandez JM, Sheetz MP: Stretching single talin rod molecules
activates vinculin binding. Science 2009, 323:638-641.

25. Cheng S, Clarke EC, Bilston LE: Rheological properties of the
tissues of the central nervous system: a review. Med Eng Phys
2008, 30:1318-1337.

26. Chaudhuri O, Gu L, Klumpers D, Darnell M, Bencherif SA,
Weaver JC, Huebsch N, Lee H, Lippens E, Duda GN et al.:
Current Opinion in Chemical Biology 2019, 53:125–130 
Hydrogels with tunable stress relaxation regulate stem cell
fate and activity. Nat Mater 2016, 15:326-334.

27. Palecek SP, Loftus JC, Ginsberg MH, Lauffenburger DA,
Horwitz AF: Integrin-ligand binding properties govern cell
migration speed through cell-substratum adhesiveness.
Nature 1997, 385:537-540.

28. DiMilla PA, Barbee K, Lauffenburger DA: Mathematical model for
the effects of adhesion and mechanics on cell migration
speed. Biophys J 1991, 60:15-37.

29. Meng F, Suchyna TM, Sachs F: A fluorescence energy transfer-
based mechanical stress sensor for specific proteins in situ.
FEBS J 2008, 275:3072-3087.

30. Grashoff C, Hoffman BD, Brenner MD, Zhou R, Parsons M,
Yang MT, McLean MA, Sligar SG, Chen CS, Ha T et al.: Measuring
mechanical tension across vinculin reveals regulation of focal
adhesion dynamics. Nature 2010, 466:263-266.

31. Borghi N, Sorokina M, Shcherbakova OG, Weis WI, Pruitt BL,
Nelson WJ, Dunn AR: E-cadherin is under constitutive
actomyosin-generated tension that is increased at cell-cell
contacts upon externally applied stretch. Proc Natl Acad Sci U
S A 2012, 109:12568-12573.

32.
��

Ringer P, Weißl A, Cost A-L, Freikamp A, Sabass B, Mehlich A,
Tramier M, Rief M, Grashoff C: Multiplexing molecular tension
sensors reveals piconewton force gradient across talin-1. Nat
Methods 2017, 14:1090-1096.

This article presents a new FRET-based tension sensor with improved
sensitivity in the 3–5 pN range. They showed a vinculin-dependent force
gradient within talin-1 and highlighted a tension sensor multiplexing
design.

33.
��

LaCroix AS, Lynch AD, Berginski ME, Hoffman BD: Tunable
molecular tension sensors reveal extension-based control of
vinculin loading. eLife 2018, 7.

This article presents tunable peptide designs with wider ranges of force
magnitude sensitivity which uses biophysical modeling to calibrate. They
identified vinculin tension gradient across focal adhesions and demon-
strated an extension-based control of vinculin loading.

34. Morimatsu M, Mekhdjian AH, Adhikari AS, Dunn AR: Molecular
tension sensors report forces generated by single integrin
molecules in living cells. Nano Lett 2013, 13:3985-3989.

35.
�

Chang AC, Mekhdjian AH, Morimatsu M, Denisin AK, Pruitt BL,
Dunn AR: Single molecule force measurements in living cells
reveal a minimally tensioned integrin state. ACS Nano 2016,
10:10745-10752.

This article measures single molecule forces using immobilized FRET-
based tension sensors. They showed the majority of ligand-bound integ-
rins exert forces in the range of 1–7 pN.

36. Austen K, Ringer P, Mehlich A, Chrostek-Grashoff A, Kluger C,
Klingner C, Sabass B, Zent R, Rief M, Grashoff C: Extracellular
rigidity sensing by talin isoform-specific mechanical linkages.
Nat Cell Biol 2015, 17:1597-1606.

37. Zhang Y, Ge C, Zhu C, Salaita K: DNA-based digital tension
probes reveal integrin forces during early cell adhesion. Nat
Commun 2014, 5:5167.

38. Cai D, Chen S-C, Prasad M, He L, Wang X, Choesmel-
Cadamuro V, Sawyer JK, Danuser G, Montell DJ: Mechanical
feedback through E-cadherin promotes direction sensing
during collective cell migration. Cell 2014, 157:1146-1159.

39. Eder D, Basler K, Aegerter CM: Challenging FRET-based E-
cadherin force measurements in Drosophila. Sci Rep 2017,
7:13692.

40. Ma VP-Y, Salaita K: A brighter force gauge for cells. eLife
2018, 7.
www.sciencedirect.com

http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0060
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0060
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0065
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0065
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0065
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0065
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0070
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0070
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0070
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0075
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0075
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0075
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0075
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0075
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0080
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0080
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0080
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0080
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0085
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0085
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0085
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0085
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0085
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0090
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0090
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0090
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0090
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0095
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0095
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0095
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0095
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0100
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0100
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0100
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0100
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0100
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0100
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0105
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0105
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0105
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0105
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0105
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0110
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0110
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0115
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0115
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0115
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0115
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0120
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0120
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0120
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0125
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0125
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0125
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0130
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0130
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0130
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0130
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0135
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0135
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0135
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0135
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0140
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0140
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0140
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0145
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0145
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0145
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0150
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0150
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0150
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0150
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0155
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0155
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0155
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0155
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0155
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0160
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0160
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0160
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0160
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0165
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0165
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0165
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0170
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0170
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0170
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0175
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0175
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0175
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0175
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0180
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0180
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0180
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0180
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0185
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0185
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0185
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0190
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0190
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0190
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0190
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0195
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0195
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0195
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0200
http://refhub.elsevier.com/S1367-5931(19)30033-X/sbref0200

	Emerging technologies in mechanotransduction research
	Introduction
	Mathematical modeling in mechanotransduction
	Molecular tension sensors in mechanotransduction
	Conclusion
	Conflict of interest authorship
	References and recommended reading
	Acknowledgements


