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• Endothelial cells cover the luminal surface of the vasculature

• A collection of intertwined stresses

• Contact stresses emanating from physical features of the underlying 

substrate

• Substrate topography, curvature, stiffness

• Fluid-derived stresses due to blood flow

• Shear (frictional) stress on the apical surface of endothelial cells, 

compressive blood pressure, circumferential (hoop) stresses
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Blood flow
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• Blood is a non-Newtonian fluid

• At sufficiently low shear rates (below 100s-1) exhibits shear-thinning

• Time-averaged wall shear stress: 1Pa (aorta) to 5 Pa (arterioles)



Blood flow
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• Undisturbed flow is laminar flow

• Disturbed flow: turbulent or laminar flow with spatial shear stress 

gradient and vortices

• Vascular curvature, branching, bifurcations

• Many vascular diseases occur in these regions: atherosclerosis, 

thrombosis, etc.



Blood cells
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Pressure and stresses
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• Blood pressure varies along the vasculature

• From 1.3 kPa (veins) to 16 kPa (aorta)

• Hypertension: 27 kPa

• Pulsatile on the arterial side, dampened in capillaries

• Alignment, elongation, cytoskeletal reorganization, proliferation

• Axial tensile stresses: tissue growth or movement: up to 20% strain

• Circumferential stresses: transmural pressure difference that dilates the 

vessels cyclically: up to 15% strain

• Physiological range: 5-10% strain
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How do endothelial cells sense forces?
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• Mechanosensitive ion channels

• Primary cilia

• Cadherins and integrins

• Notch complex
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Anatomy and mechanical homeostasis
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• Osmotic pressure

• Hydrostatic pressure

• Electrostatic potential

• Laplace Law and tension



Microfabricated blood vessels

14



Microfabricated blood vessels

15



Microfabricated blood vessels

16



Microfabricated blood vessels

17



Microfabricated blood vessels
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• Angiogenic sprouting

• Nascent vs mature vessels

• Leader cells and follower cells (mesenchymal vs epithelial phenotype)
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Cartilage and chondrogenesis Angiogenesis
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Fibroblast traction and tissue remodelling
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Culturing cells on thin distortable sheets of 

silicone rubber

Fibroblasts exert forces very much larger than those actually needed for locomotion. 

This strong traction distorts collagen gels dramatically, creating patterns similar to 

tendons and organ capsules. We propose that this morphogenetic rearrangement of 

extracellular matrices is the primary function of fibroblast traction and explains its 

excessive strength.

1 mm



Fibroblast traction and tissue remodelling
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The alignment of collagen between explants 

results in the orientation of fibroblasts migrating 

from the explants in the same direction. 



Cell patterning in ECM
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Mesenchymal cells within embryos nearly all have a capacity for autonomous 

locomotion which is analogous to that of amoebae, but is perhaps best described as 

crawling. The individual cells move by exerting forces upon their surroundings, which 

generally consist of a fibrous extracellular matrix and the surfaces of other cells. 

These tractions require that the moving cell has established anchor points to its 

substratum. The traction forces are exerted by cellular extensions, often flattened, 

which Abercrombie termed 'leading lamellae' (Harris, 1983). Most cells have several 

of these protrusions extending in opposing directions. Since the traction exerted by 

each is directed centripetally, the result is a tug-of-war with net cell displacement 

occurring at the direction of the lamellae with the strongest tension, and/or the 

strongest adhesions to the substratum.



Cell patterning in ECM
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• Cells can be passively dragged along by the contractions of its immediate 

neighbours, or ride on the substratum which is being dragged by the contractions 

of distant cells. 

• Motile cells will move from less adhesive to more adhesive regions of their 

substrata

• Numerous experiments have shown that cells will follow geometrical cues in their 

substratum, such as aligned fibres, grooves, curvature, etc.

• Spreading and migrating cells can exert extremely large traction forces on their 

substratum.

• A previously isotropic ECM, when seeded with contractile cells, will not remain 

isotropic: the cells' contractions create strain guidance cues and adhesive 

gradients which guide the surrounding cells inward toward the centre of 

contraction.

• The cell tractions are in mechanical equilibrium with the elastic forces of the 

matrix material. NO INERTIA!

• Within an aligned matrix, such as a collagen gel, cells will configure themselves 

such that their long axis is in the same direction as the matrix orientation
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Feather pattern development
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ECM fibers as mechanochemical switches
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• Fiber stretching

• Increases the Young’s modulus of the fiber (strain-stiffening)

• Activate cryptic sites

• Activate fibrillogenesis

• Destroy binding sites

• Enzymatic degradation



ECM fibers as mechanochemical switches
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• Fiber stretching

• Increases the Young’s modulus of the fiber (strain-stiffening)

• Activate cryptic sites

• Activate fibrillogenesis

• Destroy binding sites

• Enzymatic degradation
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• Electrospinning Dextran fibers

• Substrates with tunable mechanics and architecture

• Many adjustable parameters: material composition, speed, etc.  



Discrete fiber networks
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• Electrospinning Dextran fibers

• Substrates with tunable mechanics and architecture

• Surface functionalization for cell adhesion



Fiber remodeling
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• Single cell and multicellular spreading



Elasticity

38

• Soft vs stiff substrates

• 2D hydrogels vs fibrillar matrices



Fiber recruitment
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• Pulling fibers, scaffolding, pulling again

• Plastic deformation
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Engineered Fibre Networks: Cell migration

Slingshot migration: elastic energy in migration

Wang+, Nat Comm, 2019



41

Engineered Fibre Networks: Magnetic manipulation
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Engineered Fibre Networks: Cell migration
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Engineered Fibre Networks: Cell migration
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Engineered Fibre Networks: Calcium signaling

Calcium entry and release of stored calcium into the cytoplasm



Discrete fibre networks
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• Before and after shear deformation



Discrete fibre networks
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• Color: Maximum principal stretch



Long range force transmission
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• Interactions of pairs of contractile cells in neo-Hookean and fibrous 

matrices 

• Maximum principal strain.

• Lengths of red lines represent the magnitude of the maximum principle 

strain and their orientations show the directions of fiber alignment. 



Plasticity
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• Formation of weak crosslinks enhanced at increasing stretch ratio

• Association and dissociations rates



Plasticity
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• Permanent elongation of fibers

• Strain rate and amplitude and mechanical 

properties of fibers



Matrix viscoplasticity
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Matrix mechanics
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Engineering biomimetic biomaterials
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• Combinatorial effects of various factors



3D culture models of tissues under tension
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• Cell-ECM compaction



3D culture models of tissues under tension
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• Microfabricated tissue gauges



3D culture models of tissues under tension
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Mechanical characterization
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with a sharpened pole tip, which could be brought in close 

proximity to the Ni sphere (Figures  1 A,D). Since the fi eld 

magnetized the Ni sphere with a magnetic moment   m (B) , the 

resulting force  F  Mag   =   Ñ (  m  ( B ) ·   B ) was approximately quadratic 

with  B , with some hysteresis, refl ecting that of the sphere 

(Figure  2 B). Magnetic forces up to  » 110  m N were generated to 

actuate the frame-like structure consisting of a microtissue teth-

ered between two pillars (Figures  1 A,D), and were suffi cient to 

develop measurable strains in the microtissues and measurable 

movements of the pillar heads. The magnetic actuation system 

allowed versatility in loading control. In the current study, we 

applied both quasi-static tensile loading to measure the micro-

tissues’ stiffness and cyclic loading at 2 Hz to stimulate the 

microtissues dynamically (Figures  1 A,B). 

 For quasi-static tensile tests, we displaced the magnetic 

pillar at a constant strain rate of approximately 0.09% s  - 1  in a 

step-wise ramp. The tension force applied to the microtissue 

was measured based on the defl ection   d   of the opposing 

non-magnetic pillar (Figure  1 A). This force  F  increased with the 

fi eld applied to the magnetic pillar and reached up to 15-30  m N 

depending on the stiffness of the tissue. At each loading step, 

the microtissue was allowed to stabilize for 2 s before images 

for force and strain measurements were taken. Visual checks 

confi rmed that there was no creep in the microtissues during 

imaging. Also, no signifi cant change was observed in the 

width d of the microtissues’ cross-section during tensile tests 

(Figure  1 D). The tensile stress of the microtissues was calcu-

lated as   s    =   F/A , where  A  is the cross-sectional area (Figure S2). 

The strain distribution in the central region of each microtissue, 

determined by a texture correlation algorithm (Figures  2 C,D), [  21  ]  

was relatively uniform (Figure  2 E). The typical averaged strain 

  e   over the central region in the tension direction could reach up 

to 10% before tensile failure, which occurred at the connections 

of the microtissue to the pillar heads. The resulting stress-strain 

curves were linear (Figure  2 F), and the tissue elastic modulus 

was reported as the slope of these curves  E   =   d s / d e .  The ten-

sile tests of the microtissues were performed in situ, thus 

avoiding perturbations that can arise from sample transferring, 

where loading of specimens is laborious and a major source of 

variability. [  8  ,  10  ,  11  ]  

 To elucidate the cell and the collagen matrix contributions 

to the microtissues’ mechanical properties, microtissues were 

     Figure  1 .     3D microtissues tethered to magnetic microtissue testers (MMTs) to form an integrated culture system. (A) Schematic side-view of a micro-

tissue being stretched by a MMT. The Ni sphere mounted magnetic pillar was driven by a magnetic force ( F  mag ) under an applied magnetic fi eld  B  

produced by an electromagnetic tweezer. Tensile force ( F  tissue ) in the microtissue was reported by the increased bending (  d  ) of the non-magnetic pillar. 

(B) Schematics show the fabrication, functionalization and operation of the system. (C) A portion of a large array (10  ́   13) of microtissues tethered 

to MMTs. (D) Representative images depict a microtissue before ( F  mag   =  0) and after ( F  mag   ¹  0) magnetic force was applied. Shaded area indicates the 

central region used for tissue stiffness evaluation.  

Adv. Mater. 2013, 25, 1699–1705

 1
5

2
1
4

0
9

5
, 2

0
1
3

, 1
2
, D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s://o

n
lin

elib
rary

.w
iley

.c
o
m

/d
o

i/1
0

.1
0

0
2
/ad

m
a.2

0
1

2
0

3
5
8

5
 b

y
 B

ib
lio

th
èq

u
e D

e L
'E

p
fl - D

o
cu

m
en

tatio
n
 É

lectro
n
iq

u
e
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

5
/1

2
/2

0
2

3
]. S

ee th
e T

e
rm

s an
d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/te
rm

s-an
d

-co
n
d

itio
n
s) o

n
 W

iley
 O

n
lin

e L
ib

ra
ry

 fo
r ru

les o
f u

se; O
A

 artic
les are g

o
v
e
rn

ed
 b

y
 th

e ap
p

licab
le C

rea
tiv

e C
o

m
m

o
n

s L
icen

se



Mechanical characterization

57

1702

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com ©  2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A

T
IO

N

 We then studied the cell and collagen matrix contributions 

to the microtissues’ mechanical properties under dynamic 

mechanical stimuli. Microtissues were grown for 3 days and 

then subjected to cyclic stretch of 4% maximum strain at 2 Hz 

for 15 min., followed by either 58 min. recovery in normal 

culture conditions or 2.5 min. of short pulse treatment with 

Triton-X to eliminate the cell contribution. The microtissues’ 

stiffness and dimensions were measured before, immediately 

after cyclic loading and 58 min. after cyclic loading, or after the 

Triton-X treatment. Comparison between phase-contrast images 

and fl uorescent live cell images of the microtissues before 

and during stretch showed that encapsulated cells deformed 

with the collagen matrix as a coherent body and the mechan-

ical stimulation was fully transferred to the cells ( Figure    4  A). 

All microtissues showed a sizable increase in elastic modulus 

( » 55%) (Figure  4 B), a slight increase in length ( » 2%) and a 

decrease in cross-sectional area ( » 8%) immediately after cyclic 

stretch (Figures S5A,B). The microtissues’ elastic modulus 

trypsin), we observed a proportional decrease in the micro-

tissues’ load bearing capacity  F  during tensile testing. As a result, 

the tensile stress   s   was similar to that of the untreated samples. 

The strain level   e   in such contractility-abolished tissues was also 

found to be similar to that of untreated tissues during tensile 

testing. Consequently, the elastic modulus  E  was unchanged fol-

lowing these treatments (Figures  3 A–C). We also note that while 

both the blebbistatin and LatB treatments interfered with the cel-

lular actomyosin force-generation machinery, and hence reduced 

the tissue stress levels, blebbistatin’s impact on myosin activity 

likely led to little change in the load bearing capacity of the micr-

otissues because the cells still contributed to the microtissue 

mechanics through the remaining actin cytoskeletal network 

(Figure  3 A). Conversely, the disruption of the actin cytoskeletal 

network after LatB treatment disabled the cells’ ability to con-

tribute to the microtissues’ load bearing capacity, and in con-

junction with the minimal change in cross-sectional area, this 

led to the observed reduced elastic moduli (Figures  3 A–C). 

     Figure  3 .     Cell and collagen matrix contributions to the microtissues’ mechanical properties under static conditions. (A) Phase contrast images and 

2D projected confocal images of collagen type I (green), F-actin (red) and nuclei (blue) of microtissues before and after short pulse pharmacological 

treatments. The bright dots in the red channel visible in the Triton and trypsin images are fl uorescent beads used for displacement tracking. Com-

parisons of cross-sectional stress and cross-sectional area (B), and elastic modulus (C) of pharmacologically treated microtissues with those of 

untreated microtissues.  * ,  p   <  0.003;  *  * ,  p   =  0.26;  *  *  * ,  p   =  0.05; #,  p   >  0.35; # #,  p   =  0.17 as compared to untreated condition by unpaired t-test. Scale 

bar  =  100  m m. Sample sizes: untreated, n  =  30; blebbistatin, n  =  19; Triton, n  =  20; trypsin, n  =  14; LatB, n  =  8. All data are presented as Mean  ±  S.D.  

Adv. Mater. 2013, 25, 1699–1705
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 We then studied the cell and collagen matrix contributions 

to the microtissues’ mechanical properties under dynamic 

mechanical stimuli. Microtissues were grown for 3 days and 

then subjected to cyclic stretch of 4% maximum strain at 2 Hz 

for 15 min., followed by either 58 min. recovery in normal 

culture conditions or 2.5 min. of short pulse treatment with 

Triton-X to eliminate the cell contribution. The microtissues’ 

stiffness and dimensions were measured before, immediately 
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Triton-X treatment. Comparison between phase-contrast images 

and fl uorescent live cell images of the microtissues before 

and during stretch showed that encapsulated cells deformed 

with the collagen matrix as a coherent body and the mechan-

ical stimulation was fully transferred to the cells ( Figure    4  A). 

All microtissues showed a sizable increase in elastic modulus 

( » 55%) (Figure  4 B), a slight increase in length ( » 2%) and a 

decrease in cross-sectional area ( » 8%) immediately after cyclic 

stretch (Figures S5A,B). The microtissues’ elastic modulus 

trypsin), we observed a proportional decrease in the micro-

tissues’ load bearing capacity  F  during tensile testing. As a result, 

the tensile stress   s   was similar to that of the untreated samples. 

The strain level   e   in such contractility-abolished tissues was also 

found to be similar to that of untreated tissues during tensile 

testing. Consequently, the elastic modulus  E  was unchanged fol-

lowing these treatments (Figures  3 A–C). We also note that while 

both the blebbistatin and LatB treatments interfered with the cel-

lular actomyosin force-generation machinery, and hence reduced 

the tissue stress levels, blebbistatin’s impact on myosin activity 

likely led to little change in the load bearing capacity of the micr-

otissues because the cells still contributed to the microtissue 

mechanics through the remaining actin cytoskeletal network 

(Figure  3 A). Conversely, the disruption of the actin cytoskeletal 

network after LatB treatment disabled the cells’ ability to con-

tribute to the microtissues’ load bearing capacity, and in con-

junction with the minimal change in cross-sectional area, this 

led to the observed reduced elastic moduli (Figures  3 A–C). 

     Figure  3 .     Cell and collagen matrix contributions to the microtissues’ mechanical properties under static conditions. (A) Phase contrast images and 

2D projected confocal images of collagen type I (green), F-actin (red) and nuclei (blue) of microtissues before and after short pulse pharmacological 

treatments. The bright dots in the red channel visible in the Triton and trypsin images are fl uorescent beads used for displacement tracking. Com-
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Contractile tissue mechanics: gap closure
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Cell/collagen suspensionMicrofabricated device Tissue self-assembly



Contractile tissue mechanics: gap closure
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Fibronectin-488 / Nuclei

• Cell crawling? Purse-string?
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Tissue fibrosis
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Figure I. Schematic Illustration Depicting Tissue Microstructures and Fibrosis Pathogenesis. (A) Schematic diagram presenting general pathogenesis of

tissue brosis. Injury to epithelial cells instigate in ammation, that is, in ltration of immune cells. The in ammatory cells secrete cytokines and growth factors which

activate local broblasts and in ltrated mesenchymal cells into myo broblasts. Eventually, myo broblasts secrete extracellular matrix (ECM) remodeling leading to

scarring of the tissue and vascular remodeling/angiogenesis. (B) Schematic representation of liver lobule with changes in liver architecture during brosis. (C) Schematic

diagram of lung alveoli and changes in the lung architecture during brosis. (D) Schematic representation of kidney tubule with changes in the kidney architecture during

brosis. Abbreviations: HSC, hepatic stellate cell; KC, Kupffer cell; LSEC, liver sinusoidal endothelial cell.

Trends in Biotechnology

Trends in Biotechnology, June 2020, Vol. 38, No. 6 627
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Figure I. Schematic Illustration Depicting Tissue Microstructures and Fibrosis Pathogenesis. (A) Schematic diagram presenting general pathogenesis of

tissue brosis. Injury to epithelial cells instigate in ammation, that is, in ltration of immune cells. The in ammatory cells secrete cytokines and growth factors which

activate local broblasts and in ltrated mesenchymal cells into myo broblasts. Eventually, myo broblasts secrete extracellular matrix (ECM) remodeling leading to

scarring of the tissue and vascular remodeling/angiogenesis. (B) Schematic representation of liver lobule with changes in liver architecture during brosis. (C) Schematic

diagram of lung alveoli and changes in the lung architecture during brosis. (D) Schematic representation of kidney tubule with changes in the kidney architecture during

brosis. Abbreviations: HSC, hepatic stellate cell; KC, Kupffer cell; LSEC, liver sinusoidal endothelial cell.

Trends in Biotechnology

Trends in Biotechnology, June 2020, Vol. 38, No. 6 627
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