AMARB, ICTS 2023 surajsh@umich.edu

Wet, active solids: Physics and Physiology

Suraj Shankar
University of Michigan
UNIVERSITY OF
MICHIGAN

Active Matter and Beyond, ICTS, Bangalore
November 8, 2023

Plants are nature’s hydraulic machines Muscle as a soft, active
\ hydraulic engine?

Forterre et al., 2005

Active muscular hydraulics, SS, Mahadevan, bioRxiv:2022.02.20.481216, 2022



AMARB, ICTS 2023 surajsh@umich.edu

The slow, fast and furious

Eye movements Flight

Biophysical determinants of
the range and limits of
muscular performance?

Sound production

~50-500 Hz Go beyond molecules -

mesoscale properties? Spatial
effects?

Dynamic/energetic

consequences for physiology?
Rome, Lindstedt, 1998;

Syme, Josephson, 2002
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A multiscale contractile engine

Striated muscle ~ 1 cm

Powers et al., Ann. Rev. Biophys., 2021

Muscle is a soft, active, anisotropic and wet solid

Active sponge!
M-line Z-disc

TSGR
( - (

Spatially heterogeneous strains?
3D deformations? Fluid flow?

A AR e SRR e eR A

Half-sarcomere ~ 1 ym In-vivo

- 0.05

Actomyosin threads extracted from muscle
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2{'j{'] i -0.06
Ghosh et al., Cell reports 2019
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In-vitro . .
Low ATP h w~1Hz High ATP b Quantitative
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Fiber mechanics & hydraulics

Poroelastic model
Force balance

V-lp(e? )= (1-9¢)pl] =0
Fluid permeation
(1 —0¢)(v—0mu) = —%K - Vp

Incompressibility
V- [pdu+ (1 —¢)v] =0

Pressure diffuses! Tp % (L/ﬁp)z

surajsh@umich.edu

cf Biot 1941

Pore size

’%/.!!!!!!!!!!'-

/’\_E
Viscous fluid

flow (n)

Elasticity (F)
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Fiber mechanics & hydraulics

Active Poroelastic model

Force balance

V. [¢(c + o) = (1—¢)pl] =

Fluid permeation
EQ
(1 —0¢)(v—0mu) = —;pK - Vp

Incompressibility

V- [6du+ (1—¢)v] =0

surajsh@umich.edu

cf Biot 1941

Active contractlon

Pore size > 0" &

Ve ‘-
Viscous N
flow (n)

Elasticity (F)
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Molecular basis of contraction

Minimal model of actomyosin kinetics with biophysical feedback

Actin A

- Geometric -
Myosin \-3? K Length/size sensing

! >
do d
Thermodynamic -

Force sensing
“Stretch activation”

Woff
XD

Fstall m
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Dynamics: Active hydraulic oscillations

Spatial build-up of activity Fluid flow
a ) ) .
O p Oscillations compromise
between the molecular and
hydraulic time scales
Tk ~ L(L/t,)? !

1
W v

Fluid flow 4—1 V TkTp

- | W

Stretch-activated myosin
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Physiological relevance?

Poroelastic Damkohler number

-
Da = £
Tk

10~ 3- , | . . .
1072101 10° 10! 102 103

Kinetics g Da ——» Hydraulics
dominates dominates
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Mechanics: Nonreciprocal active response

Linear elastic response Maxwell-Betti reciprocity

O-'Lj p— Azjkfekﬁ Energyconservation: A@jkﬁ p— Akﬁl]
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Mechanics: Nonreciprocal active response

Linear elza Bi
Microscopic origin of odd elasticity? -
O'. . —
J Single crossbridge is nonreciprocal on average
k., ONE
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ey _____r elasticity theory:
Bijpy = Bjiys Bipg = Biyy, and |By,y = B,y
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Radial strain

A

Energetics: Work from strain cycles

Nonreciprocal elasticity can generate work!

- -

T odd = Re[g] X Area l

y—

>

Axial strain

GZ,Z

Ex-vivo
W~ 25 Hy,
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Physiologically relevant?
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Muscular rheology in 1D

Oscillatory linear response of permeabilized muscle

MN/ m?2 Flight muscle 7

0.3
0.21
0.11
0.0
- 0.1
- 0.2
- 0.3;

100 101 102 103
w (Hz)

MN/m?  Cardiac muscle e
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Negative viscosity Nonreciprocal elasticity
produces work from strain rates produces work from strain!
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Machina carnis: more mush than machine

 Muscle behaves as an active hydraulic engine with nonreciprocal mechanics -
multiscale origins of soft hydraulic power are key to understand animal
behavior/motion.

e Task/rate based trade-off between spatial and temporal modes of power L. Mahadevan

generation?

e Evolutionary consequences across muscle types and phylogeny? Hydraulic limits to
powering locomotion and behaviour?

e Similar effects in other soft, active tissues? Rapid movements in ciliates, sponges,
other basal organisms etc.?

o Effects of external loading (environment) and neural signalling (control)?

Thank you!
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