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F £M,i

Fl;

Cellular membrane

Transduce layer

Nucelar membrane

Filopodial membrane

Kevin-Voigt model
Fig. S1. Dynamic model of cancer cell migration in an elastic ECM fiber network. (A) Integrated
cancer cell migration model consisting of cellular membrane (yellow), transduce layer (green), nuclear
membrane (blue), and filopodial membrane (red). The cellular membrane is not only connected by actin
stress fibers (SFs), but also anchored to the elastic substrate by forming focal adhesions (FASs), and
viscoelastic behaviors in cellular membrane is modeled using Kelvin-Voigt model. (B) The free body
diagram of the i-th filopodial node in the circle marked in (A) where four external forces are acting.
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Fig. S2. Mechanical interplay between filopodia and ECM fiber. Schematic showing integrin

molecules on the filopodial membrane interacting with an extracellular matrix fiber, and illustrating a
stochastic ligand-receptor bonding process at the focal complex site. Also, this schematic shows that

filopodia can sense the strength of external force (or the magnitude of F... ;) from the surrounding ECM
fibers, and adjust their myosin sliding rates (v, ) with a function of the strength of external force.

Contractile actin-myosin assemblies are located along to the shaft of filopodia. Small blue arrows on the
actin-myosin assemblies indicate directions of contractile actin filaments, small blue lines are integrin
molecules at the tip of filopodium.
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Fig. S3. Composition of ECM fiber network model. (A) Segmented ECM fibers were generated
between crosslink nodes. Yellow spheres indicate segmented ECM fiber nodes. (B) A magnified view in
blue circle mark in (A) showing examples of three fibers’ connectivity with a crosslink node. Blue lines

indicated crosslinks between an ECM fiber node and a crosslink node.
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Fig. S4. Schematic diagram of signal pathway. (A) The extracellular signal pathway activates MMP-2,
and degrades the integrity of ECM. (B) An example of simulated results showing MMP-2 concentration

contour distribution over ECM fiber network model.
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Fig. S5. Simulation of mechanosensing in a soft ECM model. (A) Uniaxial tensile force is applied
along two different directions in a cubic-shaped soft ECM model with a length of 20 um for 15 s until the
ECM model is strained up to 0.3. Afterwards, a single ECM fiber in the center of ECM model is force to
displace to calculate the CPS of surrounding ECM. (B) During the event of fiber displacement, the ECM
fiber is tensioned during the first period of 7.5 s (from 15 to 22.5 s) and relaxed during the second period
of 7.5 s (from 22.5 to 30 s) under three different fiber strains of 0.1, 0.3, and 0.5 (unstressed length of
reference fiber is 1 um). Time-varying applied force curves show maximum values at the time-point of
22.5 when the direction of the force is changed to the opposite direction. (C) Rate of applied force by
time at the fiber shows three saddle points. (D) Characteristic curves of CPSs using continuum mechanics
verses CPS using discrete fiber mechanics represent two linear regions (yellow marked i and ii), and one
non-linear region (yellow marked iii). (E) Selected linear regressions at regions i (r* = 0.966) and ii (r* =
0.976) between CPS using continuum mechanics and CPS using discrete fiber mechanics in the case of
fiber strain 0.3 in (D).
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Fig. S6. Simulation of mechanosensing in a stiff ECM model. (A) Uniaxial tensile force is applied
along two different directions in a cubic-shaped stiff ECM model with a length of 20 um for 15 s until the
ECM model is strained up to 0.3. Afterwards, a single ECM fiber in the center of ECM model is force to
displace to calculate the CPS of surrounding ECM. (B) During the event of fiber displacement, the ECM
fiber is tensioned during the first period of 7.5 s (from 15 to 22.5 s) and relaxed during the second period
of 7.5 s (from 22.5 to 30 s) under three different fiber strains of 0.1, 0.3, and 0.5 (unstressed length of
reference fiber is 1 um). Time-varying applied force curves show maximum values at the time-point of
22.5 when the direction of the force is changed to the opposite direction. (C) Rate of applied force by
time at the fiber shows three saddle points. (D) Characteristic curves of CPSs using continuum mechanics
verses CPS using discrete fiber mechanics represent two linear regions (yellow marked i and ii), and one
non-linear region (yellow marked iii). In particular, regions i and ii are related with the force build-up and
the force drop-down, respectively. (E) Selected linear regressions at regions i (> = 0.924) and ii (r* =
0.999) between CPS using continuum mechanics and CPS using discrete fiber mechanics in the case of
fiber strain 0.3 in (D).
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Fig. S7. Characterization of Cell-Probed Stiffness. (A) Simulated plots showing that a single ECM
fiber in the center of ECM models is forced to displace to calculate two kinds of CPSs of surrounding
ECM after both soft and stiff ECM network models are strained up to 0.3. A blue arrow in each ECM
model indicates the direction of stretching a single ECM fiber. During the event of fiber displacement,
the ECM fiber is tensioned during the first period of 7.5 s (from 15 to 22.5 s) and relaxed during the
second period of 7.5 s (from 22.5 to 30 s) under three different fiber strains of 0.1, 0.3, and 0.5
(unstressed length of reference fiber is 1 um). Graphs show time-varying (B) CPS using continuum
mechanics, and (C) CPS using discrete fiber mechanics for both soft and stiff ECM models.
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Fig. S8. Mechanosensing of cell interacting with the ECM of varying stiffness. Simulated plots
showing cell migration towards stiffer ECM fiber network at two different time points of (A) t+80s and
(B) t+130s. In (A), and (B), yellow shade plots indicate the cellular and filopodia membrane, blue shade
plot indicates the nuclear membrane, and black lines are ECM fibers. Time-varying effective Cell-Probed
Stiffness (CPS) at the filopodial tip is examined at two time ranges of (C) 78~90s and (D) 124~136s, and
values of effective CPS are found to be higher as the filopodium approaches more towards stiffer ECM.
(E) and (F) Statistical distributions of CPS at selective four time points (blue points in (C) and (D). Bold

lines indicate effective CPS (E"), and they are calculated by using Eq. (5). r indicates the distance
between the tip of filopodia and a node of ECM.
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Fig. S9. Comparisons between E"and k; at protrusive and retractile phases of filopodia. Graphs

showing time-varying CPS for the two methods of continuum mechanics and discrete ECM fibers
mechanics at the filopodial (A) protrusive and (B) retractile phases. (C) Linear regressions of protrusive
phase (r°=0.890) and retractile phase (r’=0.809) between calculated two CPSs in (A) and (B), respectively.
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Fig. S10. Experimental observation of filopodial mechanosensing. Time-varying data of (A) force, (B)
rate of force by time, and (C) two CPSs using continuum mechanics and discrete fiber mechanics at the
filopodia ‘b’ shown in Fig. 2A and G.
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Fig. S11. Experimental measurements of filopodial mechanosensing local ECM stiffness. (A) 3D
confocal images showing filopodia protrusive and retractile motions in GFP-transfected HUVECS,
collagen type 1 fiber network (gray), and fluorescent beads (red). Scale bar =5 um. A 3D shade plot in (B)
indicates 3D reconstructions of filopodia (yellow) and beads (red). Time-varying data of (C) force, the
rate of force by time, and (D) two CPSs using continuum mechanics and discrete fiber mechanics at the
filopodia (circle mark in (B)). (E) Linear regressions of protrusive (r>=0.82) and retractile phases (r>=0.71)
between calculated two CPSs of the local ECM at filopodium in (D), respectively. (F) Series of still shots

with time-interval of 200 seconds for 3600 seconds. P and R indicate motion modes of protrusion and
retraction, respectively.
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Fig. S12. Simulations of stretching ECM models. Selected examples of deformed ECM network
models of (A) soft ECM, and (B) stiff ECM at three different times of 0, 15, and 30 s, respectively. (C)
Curves of strain verses stress for soft and stiff ECMs. Slopes of linear fits for soft and stiff ECMs indicate
bulk moduli of 2558 and 4999 Pa, respectively. Bar graphs of frequency count for pore sizes of (D) soft
ECM (3.12+0.57 um) and (E) stiff ECM (1.81+0.34 um).
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Fig. S13. Volume exclusion effect of the cell. Top view plots of (A), and (B) show distributions of ECM
fibers with the cell, and without the cell, respectively. Side view plots of (C), and (D) show distributions
of ECM fibers with the cell, and without the cell, respectively. Note slice thickness of both plots were set
to be 5 um to visualize the volume exclusion effect of the cell clearly.
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Fig. S14. Effect of separation distance in directed cell migration towards stiffer ECM. Selected
examples of (A) displacement (left panel) and (B) maximum principal stress (middle panel) contour slices
along both migrating cell and the domain of ECM as a function of separation distance from the surface of
the stiffest ECM in which the cell migrates from three different separation distances of 10, 20, and 30 um.
White meshes on the vertical slice indicate ECM fiber network. (C) Variations of absolute displacements
of X, y, and z directions, and total displacement along to the x coordinate (black lines in (A)).
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Fig. S15. Computations of stress tensors at a node of x. The node of x is connected with neighboring
nodes of ¢*,¢?,¢% and ¢*where forces of F',F? F* and F“are exerted, respectively. Bold lines, yellow
circles, and red arrows indicate ECM fibers, nodes on ECM fibers, and force vectors, respectively.

Fig. S16. Motion of a continuum body with discrete ECM fibers. Labels of Boundary Q,and Q,
represent discrete ECM fiber system in reference and current configurations, respectively.

14
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Fig. S17. Time-varying cellular polarity angle. A graph showing temporal variation in cellular polarity
angle (PA) during the directed cell migration towards the stiffer ECM shown in Fig. 4.

Fig. S18. Cancer cell simulations with numerous and long (or short) filopodia. Selected plots of
simulation for the directed cancer cell migration towards the stiffer ECM by tuning filopodial lengths (L)
of 1, 3, and 5 um (rows) and numbers of filopodia (N) of 5, 10, and 15 (columns) at the time-point of
500s. Blue arrow indicates the direction of cellular polarity. Pore sizes of soft (left) and stiff (right) are 3
and 1 pm, respectively. A full image of Fig. 6A.
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Fig. S19. Probability distributions of the speed at filopodial tip. Graphs show probability distributions
of the speed at filopodial tip for nine cases under three different unstressed filopodial lengths of (A) 1, (B)
3, and (C) 5 um, and three different filopodial numbers of 5, 10, and 15.
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Fig. S20. Simulation of mechanosensing in an ECM model with low fiber density. (A) Uniaxial
tensile force is applied along two different directions in a cubic-shaped softest ECM model with a length
of 20 um for 15 s until the ECM model is strained up to 0.3. Afterwards, a single ECM fiber in the center
of ECM model is force to displace to calculate the CPS of surrounding ECM. (B) A bar graph indicates
frequency count for pore sizes of softest ECM (4.62+0.77 um). Graphs show time-varying (C) CPS using
continuum mechanics, and (D) CPS using discrete fiber mechanics for the softest ECM model. (E)
Characteristic curves of CPSs using continuum mechanics verses CPS using discrete fiber mechanics.
Selected linear regressions at regions of force build-up (r* = 0.18) and force drop-down (r* = 0.98)
between CPS using continuum mechanics and CPS using discrete fiber mechanics in the case of fiber
strain 0.1 in (E).
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Fig. 21. A schematic showing an increase in effective stiffness (k) of a single ECM fiber (consisting
of series of elastic springs) during the tugging phase of filopodia dynamics (crawling motion of filopodial
tip on the ECM fiber). A) At time of t,, a tip of filopodium starts tugging on the unstressed single ECM
fiber towards the grounded wall. Integrins are clustered on the filopodial tip, and its tip crawls on the
unstressed ECM fiber with a sliding rate (vs). Lo indicates the unstressed length of one ECM fiber unit,
and an integrin clustering is formed on the 6-th ECM fiber unit from the grounded wall. B) At time of

t, + ot, the length of stressed part (or the number of ECM fiber units) is reduced more as filopodial tip
crawls on the single ECM fiber more towards the left side, but two ECM fiber compartments on the right
side become relaxed after the filopodial tugging motion is over.
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Fig. S22. Cell-Probed Stiffness (CPS) verses MT1-MMP secretion rate. Contour plots of (A) MMP-2
and (B) TIMP-2 concentration distributions at t = 1200 s using simplified reaction-diffusion model for
MMP-2 activation. Variations of (C) cellular traction force and (D) CPS by interactions between tips of
the filopodia and the surrounding local ECM fibers under two different MT1-MMP secretion rates of 0.01
and 0.1 s™. Error bars indicate standard error of means (n=>5).
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Table S1. List of simulation parameters.

Parameter Definition Value Sources
A Area [um?]
Anw Averaged AMs' cross-sectional area in a filopodium [um?] 7.07x107 [1]
Ay Averaged cross-sectional area of a single fiber [um?] (0.615~1.32)x107®
C. Friction coefficients associated with the energy dissipation at the 0.001 C
integrin node [N's m™]
Ceort Drag coefficients associated with viscoelastic behaviors in actin 0.006 C
cortex
Ce Friction coefficients associated with the energy dissipation at the 0.001 C
ECM fiber node [N s m™]
Cs Friction coefficients associated with the energy dissipation at the 0.001 C
filopodial node [N's m™]
C Friction coefficients associated with the energy dissipation at the 0.001 C
transduce node [N s m™]
C, Friction coefficients associated with the energy dissipation at the 0.001 C
nuclear node [N s m™]
F Force [N]
Ff Maximum value of the force due to actin polymerization [nN] 2 C
P,max
Eam Young's modulus value of AMs [kPa] 230 [20]
E: Young’s modulus value of single fiber [MPa] 1 C
Hay Total elastic energy stored in the AMs in the filopodium [pJ]
L Length
Ly Stretched length of bonds between receptors and ligands
Lana i Length of the i-th single unit of AMs at the present time [nm]
Lam.i Length of the i-th single unit of AMs at the previous time [nm]
Liej Stressed length of the j-th segment of the i-th fiber [um]
Lf? Unstressed length of the j-th segment of the i-th fiber [um]
Nt Number of nodes at filopodial membrane 60~180
N, Number of nodes at ECM fiber networks 30k~234k
N Number of nodes at cellular membrane 549
N, Number of nodes at transduce layer 549
N, Number of nodes at nuclear membrane 549
NS Number of nodes at the i-th fiber
N Number of contractile compartments of AM assemblies
dam,j Distance of the j-th contractile compartment of AM assemblies
[nm]
hp Height from the surface to the i-th integrin node [nm]
Koort Effective spring constant of line elements of the actin cortex 8x107 C
[N/m]
Kig Effective spring constant of ligand-receptor bond [pN/nm] 1.0 [9]
Ko Effective spring constant of the j-th AM assemblies in the 20.32~33.87 C
AM,j R .
filopodium [pN/nm]
K The stretching modulus of a fiber [nN] 0.615~1.32
K, The bending modulus of a fiber [pN um?] (3.02~12.81)x107®
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Ko Effective spring constant of line elements of the cell membrane 5.0x10° [4]
[N/m]

giej fS_Lressed angle at the j-th node between two segments in the i-th

iber

giejo Unstressed angle at the j-th node between two segments in the i-th
fiber

Koft Kinetic dissociation rate [s™]

kS Kinetic dissociation rate at an unstressed state [s™] 1 C

Ny Number of bonds between integrins and ligands at the k-th
filopodial node

fig Unit vector normal to the local surface of the k-th filopodial node

A, Unit normal vector at the local surface of the fiber

t Time [s]

fi ) Tangential unit vector at the k-th segment in the i-th fiber

v Velocity vector [nm/s]

Vi Sliding rate of non-muscle myosin 11 on the actin filaments [nm/s] C

Voo Sliding rate of non-muscle myosin Il in the absence of load
[nm/s]

X Location vector [um]

XL Root of ligand-receptor bonds on the local surface of a fiber [nm]

Xﬁ The j-th location vector along to the i-th fiber [um]

y) Equilibrium distance of an integrin [nm] 30 [10]

Sup

c cytoskeleton

e extracellular matrix

f filopodia

n nucleus

i i-th node

t transduce layer

0 Previous time or initial state

1 Present time

Sub

AM Acto-myosin

E Elastic

FA Focal adhesion

FC Focal complex

P Actin polymerization

SF Stress fiber

T Transduce layer

b bonds

c cytoskeleton

e extracellular matrix

f filopodia

n nucleus

t transduce layer

C means “current work”.
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Method S1: Computational model for simulating cell invasion into a discrete ECM fiber network

1) Simulation of filopodia penetration dynamics

We assume that filopodia penetration dynamics into 3D ECM consists of four different phases, such as 1)
an outgrowing phase due to protrusive actin polymerization (1-3), 2) a retractile phase due to zero or
weak focal complex (FC) force at the filopodial tip (4), 3) a contractile phase due to strong FC forces at
the filopodial tip, and 4) a tugging phase (filopodial crawling motion on ECM fiber) due to the attachment
of a filopodial tip to an nearby ECM (5). Depending on the strength and spatiotemporal properties of the
FC formation, the bond of FC at the filopodial tip either ruptures or results in the generation of a
significant traction force. This phase plays a critical role in switching among the other phases and
coordination of the diverse filopodial dynamics, leading to either success or failure of cell migration
depending on local ECM conditions. To solve the filopodia penetration dyanamics into 3D ECM, a
dynamic equation at the i-th node on the filopodial membrane can be expressed as

dx _ —F/ +F

Cf dt FC.i

+Ff +FATMI’ i:]_,...,Nf_ (S1-1)

where C, is a coefficient of dissipation energy for the filopodial membrane, x." is a position vector at the

i-th filopodial membrane, and N, is total number of nodes on the filopodial membrane. FEfYi is an elastic

force at the i-th node of the filopodial membrane, and it is obtained by using the virtual work theory in
structural mechanics. To this end, the total elastic energy stored in the filopodial membrane is obtained.
Two types of total elastic energy are considered. One is the total elastic energy associated with distance
changes between the nodes (6, 7):

f line 2
H = KzL (L -1) (S1-2)

i=1

where L is the length of the i-th line of the filopodial membrane mesh and is updated at every time-step.

L% is its relaxed length. ' is effective stiffness constants of the line elements of the filopodial
membrane (5.0x10™ N/m) (8). Similarly, the total elastic energy associated with area changes is given by

) felement Aﬁ A1f0 2 ‘o ]
Hy = > ;( AT JA (S1-3)

where A" is the i-th mesh area of the filopodial membrane and A'°is its relaxed values. x is an effective
stiffness constant of area elements of the filopodial membrane (1.0x10™ N/m?) (8). Then, FEf’i can be

obtained by differentiating the two kinds of total energy,

line aLf element Af _ AfO aAf
=-K L) =« L . S1-4
L Z( )6X A ; Afo aXif ( )
Fec i is a focal complex force at the i-th node of the filopodial membrane, and it is expressed as
Frci =misis (L = 2)A;, (S1°5)
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where n;is the number of integrin-collagen bonds at the i-th node of filopodial membrane, i is the
spring constant of a single integrin-collagen bond (~1 pN/nm) (9), L, is the average stretched length of the

integrin-collagen bonds, 4 is an unstressed length of bonds (~30nm) (10) and A, is a unit vector at the

local surface of the i-th node of filopodial membrane toward the bonding site at the ECM fiber (Fig. S2).
Here (L, — ) represents the stretched distance from the equilibrium. We utilize Bell’s model (11) to

incorporate force-dependent reaction rates of n,;i is expressed in following ordinary differential equation:

dn.
ﬁ = kon (ntot - nbf‘i ) - koff nbf,i (S1-6)

where Ny, is total available number of integrin molecules at the i-th node of filopodial membrane, K, is
the kinetic associate rate for binding integrin molecules and ECM fiber, and it is expressed as (12, 13)

2
k =k° Ibi_ndexp _M (81_7)
oz, 2k, T

where k2 is the zero forward reaction rate (1 molecule* s™), I, , is a binding radius (30 nm) to check
whether the i-th node of cellular membrane and the node on the fiber are sufficiently close, and k,T is the
unit of thermal energy. Z,, is the partition function for a integrin molecule confined in a harmonic potential

between —Aand L, — A4, and it is expressed as

7k T K q Kir i
Z,= /E[erf {(Lb -2) m}rerf {/1 ’MD (S1-8)

K, is the kinetic dissociation rate, and it is known as Bell’s equation for the slip bond, which is defined
by (11)

(S1-9)

koff = kgff EXp {—KLR (Lb _ A)Xb }

k, T
where k. is the zero kinetic dissociation rate in the absent of the force, x,is the distance between the

minimum binding potential and the transition state barrier, and kb% represents an intrinsic force ~ 200
b

pN.
FPf,i is a polymerization force at the tip node of the filopodial membrane, and it is only nonzero nonzero

during the outgrowing phase. The polymerization of actin filopodia in a filopodium generate protrusive
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force against the membrane of the filopodial tip, and the magnitude of F.; is assumed to be ~2 nN since

the diameter of filopodium is ~ 300nm consisting of > 30 actin filaments. The direction of F,; is assumed
to be identical to the direction of normal unit vector at the filopodial root.
f
I:AM,i
model is geometrically composed of Npy compartments of actin-myosin (AM) assemblies; the first

compartment is attached to the root of filopodium and the last compartment is connected to the tip of
filopodium (Fig. S2). We model filopodial contractile motion using AM assemblies as shown in Fig. S2.

We assume that the stiffness of an AM is variable as the length of the AM (L, ;) is decreased by time.

is an actin-myosin contractile force at the i-th node of the filopodial membrane. The filopodial

Thus, the length of each AM contracts at both ends according to the myosin Il sliding rate, and rate of

di, .
change for L,,, is expressed as, $=—2va]. . The stiffness of an AM is expressed as,
Kpw j = E s A , j=1.N,,. Note that L, ; is an unstressed length of a single compartment of the j-th

AM. In addition, to incorporate mechanical interplay between the filopodia and ECM, we adopt the force-
velocity relation of muscle myosin 11, first proposed by A.V. Hill (14), as following:
Ftall — FTR

v o=y — IR S1-10
; " F I+CmFTR ( )

stal

where v is the sliding rate of myosin in the absence of load, F,

tall

is the stall force of 1 nN, ¢ is a
dimensionless myosin parameter of 0.1, and F, is the magnitude of sensed elastic force from the ECM at
the tip of filopodium. The total elastic energy stored in the AMs in the filopodium is given by

NAM

Huy = Z|:KA;” (dAM,j _LlAM,j)Z

j=1

(S1-11)

where dgy j represents the distance of the j-th contractile AM compartment under tension. Using the

virtual work theory, forces due to contractile myosin motor activity at the j-th node of filopodial shaft is
given by

oH ad,,, - od,, .
FAfM,J' == 8XAfM = —Kawm,j (dAM,j _LlAM,j) a;’\:’J +KAM,j+1(dAM,j+l_ LlAM,j+l) 8:(’\1’1 - (S1-12)
i i j+l

2) Simulation of intracellular mechanics
The intracellular mechanics is other key mechanisms involved in cell migration in 3D ECM. The essential

equations in the model include: 1) an equation for FA dynamics based on Monte-Carlo simulations of
ligand-receptor bonds, 2) three equations for deformations of double viscoelastic cellular membranes: an
outer cell membrane and an inner transduce membrane, and a nuclear membrane, 3) an equation

describing the contractile motion of actin stress fibers, which is extended from FAs on the cortical surface
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to the nuclear membrane, and 4) lamellipodium protrusion by actin polymerization (15) with a constant
force of 300 pN. The detailed description of the equations in the model can be found in previous works
(16, 17). Among them, the major extension in the model of intracellular mechanics presented here is FAs
dynamics in 3D ECM fiber network model. The FA force acts between the i-th integrin node on the
cellular membrane and points of ECM fibers where the extension of the unit vector normal to the cellular
membrane interacts with the nearest point of ECM fibers. A dynamic equation at the i-th node on the
outer cell membrane can be expressed as

dx® dx!

A i _EcC
0t C F

(Cc + Ccort) cort "t FA,i

+Fg + RS+ Ry =1 N (S1-13)

where C.and C, are coefficients of dissipation energy for the outer cell membrane and the actin cortex,
respectively. In addition, C,, is a drag coefficient associated with viscoelastic behaviors in the actin
cortex. xfis a position vector at the i-th node in the cellular membrane, and x{ is a position vector at the i-

th node in the transduce layer. FS,.,FS.,F°¢

faio e FCiy and Fg;are a FA force, an elastic force, a lamellipodium

force, and a transduce force representing the elastic force of actin cortex at the i-th node of the outer cell

membrane, respectively. F¢,;, can be expressed in a similar manner of focal complex force at the

filopodia (See Eq. (S1-5)):
Feai = Noikir (Lb - /1) A (S1-14)

where ng; is the number of integrin-collagen bonds at the i-th node of cellular membrane, and i ; is a unit

vector at the local surface of the i-th node of cellular membrane toward the bonding site at the ECM fiber.
The elastic force, F¢; , is also can be similarly expressed like Eq. (S1-4):

line oL element ( AC _ A?O OAS
FS =_x°© LS — <O L x© s KD R i B S1-15
Ei L;( j j )axlc A JZ;, { A;:o J axlc ( )

where L is the length of the i-th line of the cell membrane mesh and is updated at every time-step. L is
its relaxed length. x{ is effective stiffness constants of the line elements of the cell membrane (5.0x107

N/m) (7, 8). ACis the i-th mesh area of the cell membrane and A is its relaxed values. x¢ is an effective

stiffness constant of area elements of the cell membrane (1.0x10™ N/m?) (7). F¢; is a characteristic

feature at the leading edge of migratory cells. It is believed to be the actual motors which push the cortical
cytoskeleton forward during the process of cell migration (18). Normally, cells experience a small

protrusive pressure that results from osmotic pressure or actin branches stimulated by activated arp2/3.
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Here we assume that the magnitude of the lamellipodium force is constant at 300 pN, and exists at only

leading edges of the cell. F¢; represents the elastic force of actin cortex in the Kelvin-Voigt model (Fig.

S1) at the i-th node of the outer cell membrane and expressed as

al—T i
OX;

FTC,i = ~Keort (LT,i - L$| ) (81-16)

where x_. is an effective spring constant of line element of the actin cortex (8.0x10° N/m), L;; is the

cort
length of the i-th line in the actin cortex, and it is updated at every time-step. Lﬁvi is its relaxed (zero force)
length (500 nm).

A dynamic equation at the i-th node of the inner transduce membrane can be expressed as

dx¢ dxt .
_CCOFtT{+(Ct +Coeort )T{ =Fg; + FStF,i + FTt,i’ =1 N (S1-17)

where C, is a coefficient of dissipation energy for the inner transduce membrane (0.001 Ns/m). F,;i,

FS‘F’i ,and FTt‘i are an elastic force, an actin stress fiber (SF) force, and a transduce force at the i-th node of
the inner transduce membrane, respectively. The elastic force, F¢; , is also can be similarly expressed like

Eq. (S1-4):
line aLt element AI _ A‘O 8At
S o] TSN b RS i~ A | A S1.18
Ei L;( J J )ax'f A z [ A:O j axlt ( )

i =t

where L; is the length of the i-th line of the transduce layer mesh and is updated at every time-step. L\’ is

its relaxed length. A’ is the i-th mesh area of the cell membrane and A”is its relaxed values.

The actin SF is a bundle of actin microfilaments assembled by actin-myosin Il interactions. In the
model, the i-th node of the inner transduce membrane is connected to the j-th node of nuclear membrane
by a SF. Its connection to the j-th node of nuclear membrane is determined by the nearest distance from
the i-th node of the inner membrane to the nucleus. The stiffness of a SF is variable. According to the
literature, the stiffness increases with a contractile agonist (histamine) and decreases with a relaxing
agonist (isoproterenol) (19). These characteristics must be reflected in the formulation of the SF stiffness:

E
K = SLE—ASF (S1-19)

SF.i

where Eg; is Young’s modulus of SFs (230 kPa) directly measured from isolated smooth muscle cells
(20), A is the average cross-sectional area of SFs (250 nm in radius (21)), and LISF,i is the length of a

single compartment of the i-th SF. Similarly, the elastic energy stored in the i-th SF is given by
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NSF ; [d jz
Ee; = DSk | ZSRE L
SF, ;[ 2 NSF SF,j

2
kg ((Oes, K 2
e o P TR

(S1-20)

where N is the number of contractile compartments in the i-th SF, dg ; represents the distance between
i-th node of inner membrane and the j-th node of nuclear membrane for a SF connected to the nucleus. It
should be noted that dg ; physically means the length of SFs under tension and Ly , represents the length

of a single unstressed bundle of SFs. Using the virtual work theory, forces due to actin SFs’ motor
activity at the i-th node of inner membrane and the j-th node of nuclear membrane is given by

OEq; odg
FStFl =——0 :_Ki(dsm N LlSFl) a)s('?l
i SF i

(S1-21)

Actin motor activity is assumed not to start until the other end of a SF is connected to the nucleus. The
myosin II’s sliding rate is known to fluctuate (i.e. is non-uniform) unlike myosin | which slides with a
uniform rate. Furthermore, the sliding rate of myosin Il is adjusted by sensing the transmitted focal
adhesion force from the ECM (22). To incorporate these characteristics into the model, force-velocity
relation of muscle myosin Il is similarly adopted like Eq. (§1-10). Initially, the length of sarcomere unit is

800 nm ( Lg-; =800 nm at t=0s), which contracts until 60 % of the initial length has contracted. As the
contraction takes place at both sides of each sarcomere unit, the minimum time required for 60 %
contraction is calculated as 16 s with v_,. Furthermore, an additional condition for terminating actin
motor activity is also considered when integrin nodes are broken from FA formations.

The transduce force, F{i ,is expressed as

0 aI
F =k (L, LT,)aLTt R (S1-22)

Lastly, a dynamic equation at the i-th node of the nuclear membrane can be expressed as

¢, % _Fr 4Ry

"Tdt s 1=14 Ny (S1-23)

where C, is a coefficient of dissipation energy for the nuclear membrane (0.001 N s m™), and x{'is a
position vector at the i-th node in the membrane of nucleus. F?; and F§. ;are an elastic force and a SF
force at the i-th node of the nuclear membrane, respectively. The elastic force F£, can be expressed in a
similar manner of the Eq. (S1-4) as

Ilne " aL” nelement A" — A" AA"
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where L is the length of the i-th line of the nuclear membrane mesh and is updated at every time-step.
L™is its relaxed length. | is effective stiffness constants of the line elements of the nuclear membrane

(5.0x10°° N/m) (23). A'is the i-th mesh area of the nuclear membrane and A™is its relaxed values. «} is

an effective stiffness constant of area elements of the nuclear membrane (1.0x10™ N/m?). The SF force,
F&; atthe i-th node of the nuclear membrane is expressed as

n OB Kse 1\ t
Fei=— X" = N, (dSF,i —NgeLge )a—xln =—Fg, (S1-25)

In particular, Equations (20) and (24) are coupled with the viscoelastic actin cortex using kelvin-voigt
model (a spring and a dashpot together in parallel). To solve these ordinary differential equations

c t)7
numerically, they should be converted with respect to vectors {d(;({ ,d d>f[i } as followings:
dxiC F c I: c I: C I: C
dtt _ 1 (Ct +CC0I’I CCOI’I j FA,it+ E,it+ L,i +t T, | :1,_ . NC- (81_26)
% CcCi +Ceont (Cc +Ct) Ceort Ce +Ceort FE,i + FSF,i + FT,i
dt

3) Simulation of discrete ECM fiber mechanics

We assume the ECM fiber network to be composed of elastic ECM fibers and crosslinks, which make
strong bonds between adjacent fibers (24). The elastic energy stored in the ECM fiber network can be
expressed in terms of the stretching and bending properties of the constituent fibers. The stretching

modulus of a fiber is given by % (=E{A, ), where E; and A, (=717) are the Young’s modulus (I

MPa) and the cross-sectional area of a single fiber, respectively. The bending modulus of a fiber is given

by« , (=E; 1, ), where I (=zr{ /4)(25). The stretching elastic energy of the j-th segment of the i-th

fiber is given as a function of the difference between the stressed (L;;) and unstressed ( L5 ) lengths, and

the bending elastic energy as the one of stressed (4;) and unstressed (&) angles at the j-th node

between two segments in the i-th fiber (Fig. S3). The total elastic energy in the i-th ECM fiber in the
network can be expressed as following:

He K? S Nie (L?] - L?(J) )2 K‘? b Nie (elel _eiejo)z Sl 27

L= +— : -
fii 2 Z I—?(J) 2 Z L?(J) ( )

=t =t

Here, it should be noted that the elastic energy at the j-th node in the i-th fiber is summed only for coaxial
neighbouring nodes. Similarly, the elastic force at the j-th node in the i-th fiber, B¢, ;, can be derived by
using the virtual work theory:
R R = (e b L P N (AR Tl
Eij =T e :_"f,sZT—e_’ff,b T 0 Aue
aXij k=] Lik aXij k=j-1 Lik OxX

ij

(S1-28)
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A A

where 6, =cos‘1('£hk 'ti,k+1)1 t,k and fiymare tangential unit vectors at the k and k+1-st segments in the i-

A

agfe,ik _ -1 (af.k £ 4f ‘ati,k+l
e e i k+1 ik e
OX;; \/1_(fi,k 'fivm)z OX;; OX

ij
ECM fiber network, a dynamic equation at the i-th ECM fiber node can be expressed as

th fiber, respectively, and

]. To solve the dynamics of

dx?

Ce gt

=F¢

FAi

+F¢

it R 1= N, (S1-29)

where C, is a coefficient of dissipation energy for the ECM fiber. Fg,;and Fg.;are a FA force and a FC

force at the i-th ECM fiber node, respectively. Note that dynamics of ECM fibers is coupled with
intracellular mechanics and filopodia penetration dynamics through two equations of Fg, ; + Fg,; =0, and
Fe. +Fac; =0, respectively.

4) Simulation of reaction diffusion mass transfer

To consider chemical interactions of the ECM fiber network with a cancer cell, we model the degradation,
proteolysis, and haptotaxis of the ECM fiber network. Six reaction-diffusion equations for concentrations
of MMP-2 (¢,), TIMP-2 (¢,), MT1-MMP (¢,), a ternary complex of MT1-MMP:TIMP-2:proMMP-2
(¢,) (26), ligands (¢, ) (or collagen molecules) and ECM (¢, ) are numerically solved using Finite

Volume Method (FVM) (27). Constitutive partial differential equations for the six biochemical

concentrations are summarised in followings (See Fig. S4):

% =V (D, V) -k, i, + K, s, — KV, (S1-30)
aatﬁ =V (D, Ve, ) -k, did — K2y bt + K 6y + (X ) (S1-31)
% =k b + K B, — K+, (xb‘ase )¢5 (51-32)

e+ K, (5133
% =V-(D, V) -k + kP gd, (51-34)
% =kl (S1-35)

where k;;“’"y and kg= are decay coefficients of MMP-2 (0.0017 s™1), and ligands (0.0001 s™), respectively.

kg is a degradation coefficient of ECM (1.04x10° M's™). k", is a kinetic association rate constant for

binding TIMP-2 with MMP2 (5x10°> M™'s™) and its term physically represents the reduction of MMP-2 by

the endogenous soluble inhibitor TIMP-2. Kooy, is a kinetic association rate constant for binding the
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ternary complex with MT1-MMP (1.95x10*M™s™), which results in the release of activated MMP-2.
k;;% is a kinetic association rate constant for binding TIMP-2 with MT1-MMP (2.74x10°M™s™), and k;;”

is a kinetic dissociation rate constant of the ternary complex for unbinding TIMP2 and MT1-MMP (2x10°
's™). @, (X ) and @1, (X, ) represent secretion rates of TIMP2 (1.0x10°M s™) and MT1-MMP (1.0x10°

'M s™) at the root of a filopodium, respectively. In particular, x! _ indicates the bases of filopodia, and

MT1-MMP and TIMP-2 secretions at the membrane near the bases of filopodia are modelled as source
terms (28).

Method S2: Mathematical derivation of Cell-Probed Stiffness using Continuum Mechanics

Displacementsu, (x) at the point x; # & by the force F, applied at ¢ are expressed as

u, (x)=G;F; (S2-1)
where G; is a component of Green’s function (30), and it is expressed as
1+v (Xi_égi)(xj_égj)
=—— | (3-4v)5, + . S2-2
i 87rE(1—v)r(( V)9, 2 (52:2)

where E is Young’s modulus, v is Poisson’s ratio, and r :||x—§||. For simplicity, Eq. (S2-1) can be
expressed as following:

U :%Fi +€ninj|:j (S2-3)
where a:w, :M, and n, _(x=4) . Inversely, applied force F, can be
871'E(1—v) 871'E(1—v) r

expressed by displacementsu, (x) at the point x; # & as following:

-1
F =Gy, (52-4)
r Ar . _— dr,  dF (u)
where G ' = —5, ——2%———n.n_. Total time derivative of force, —— = , can be expressed as
oa ! a(a+p) ! dt dt
F OF OF du,
L=i+&—‘. (S2-5)
dt ot ou; ot
_ - 9(G;'u;
Since o =0, and 9 = u = Gi}l , the equation (S2-5) becomes
ot ou; ou,
. ou.
dF _ Gt (S2-6)
dt ot

can be calculated as follows:

The magnitude of rate of force vector by time dF
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r ou, pr ou; \( r au, pr ou
| —— - nn 2| ——-——F—nn —%
adt ala+p) ot \adt ala+p) " ot

(S2-7)
r’ ou, ou, 2pr*  ou, _ 0u; S ou;  ou,
T A 2o A v it
a’ ot ot a(a+p) ot oot a’(a+p) ot ot
r2 au (B2 +2aB8)(ou YV
a’(a+p) Lot
2 2 2
Since ] =(a—u-nJ + a—u><n , EQ. (52-9) can be expressed as
o ot ot
2 2 2 2
H r (a“ nj LIS LI (S2-9)
a+,B) a’|lot
Substituting « = M and g = M into Eq. (S2-9) yields
87 E(l ) 87Z'E(1—V)
2 16(1 2
o |- 2eEr 2 ) (180 Jou (52-10)
dt | (1+v)\\ ot (3-4v)’ a

. 0 . . . o
Since 6_ltj =V is velocity vector of displacement with time (v) at x; #¢,, and Eq. (S2-10) can be converted

as

5 ZﬂErJ v+ B (s2-11)

1+v (3-4 )2
Thus, the equation for calculating the effective local stiffness, E”, at the point x, = & can be expressed
as

1+v)

H (52-12)
27rrv

where v, is a total speed of displacement implies a vector summation of two orthogonal components of an

axial speed (v-n)and a transverse speed [%”v X n||} , and it is expressed as
) 16(1 v)
V.= [(v-n S2-13

To compute effective Cell-Probed Stiffness (CPS), E”, at the i-th filopodium which has a finite number of
focal complexes (FCs) and interacts with a number of ECM fiber nodes, an error, ¢, , between the k-th FC

. . 27E” .
and the m-th ECM fiber node as the square of the difference aF at the k-th FC and =~ fon Vi i

t i (1+v)

defined by
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* 2
27E FenVe i (52-14)
(1+v) '

[l
16(1-v)’
(3-4v)’

node, and n,, is a unit vector in the direction of (x,, —&).

[Vio % Neu||* + V. i @ velocity vector at the m-th fiber

where 1. =[%, =& Vi :\/( Vo Ny )+

From the simulation of filopodia-ECM fiber interactions, a time series of force F and displacement u are
available. The local stiffness E can be selected to best approximate these data. Considering the least
square error among all of neighboring nodes of ECM fibers (total number of ECM fiber nodes is M)
which are interacted by the k-th filopodium, and summed least square error at the k-th filopodium is
expressed as

dF

* 2
27rE Fen Ve s (S2-15)
dt |, '

b = 2% —Z( )

When a total number of FC is K on the i-th fllopodial tip, summed least square error, ¢ , at the i-th
filopodium is expressed as

* 2
27E" b Vy ] (52-16)

K M K M dF
a-Sa-S8e 5810l o

k=1 k=1 m=1 k=1 m=1

- —_—% . - - - - - * a
The effective CPS, E ,is solved by minimizing ¢ with respect to E . Thus, 6?*

=01is expressed as

| K M 27E” Fen Ve kn 3 i
;;( . Jrkm Ve =0. (S2-17)
Thus, E”is expressed as
K M
g (v ;{ dt kmz—‘i(rkmvt’km)} S2-18
27 SEU 2 ' (52-18)
kZZ(rkm Vt,km)
=l m=1

Method S3: Mathematical derivation of Cell-Probed Stiffness using discrete ECM fiber Mechanics
Approach 1)
Elastic energy of an ECM fiber can be expressed as

zlkf(Llf LY (S3-1)
whereKk, is line stiffness of ECM fiber, L,and L, are lengths of unstressed and stressed ECM fiber,

respectively. L/ =Hx1f —X, H Using the virtual energy method, elastic force, F,, acting on x," can be

expressed as
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OE; f f(XlE_XZfi)
Fee—— = L) S3-2
= (U -1) 5 (S3-2)

The rate of elastic force by time can be expressed as

%?kf[(dﬂ( e ) (L - LO)( i )[d“j L - Lo)( L_lvf)J (53-3)

2
where v,l and v;, are i-th components of velocities of nodes, x," and x; , respectively. Then, c:j—[: is can
be calculated as followings:
2
dF[*_ ki le ) (% =) (o
AR o R R e C - RIET GRS

Equation (S3-4) can be simplified as

dL i f £ 1|2 Llf_Lé 2 0 f f Llf_Lé f f f f
¢ [d—"tlJ I = x| {( 5 )—1} +ZEL1(L1—LO){1—( 5 )}(vl —v})- (%' =x{)

dE |’
HE :? f )2
Ll_LO f f ¢ £1)2 ¢ ‘ ] T
+( ™ ) (((v1 —v; ) (% = x] )) +H(v1 —vy )x (% = x] )H )
(S3-5)
Since n' = (le —szf ) , equation (S3-5) can be further simplified as
(—) L2 +2 I'1(L1 Ly )Ly (v =V )-n'
[l - -
SR (VRN ARy
or,
H(jj_lt: _|_1 Hdsti Ly + (L1 Lo)((V —sz) n )j L52+(|-1f_|-<f>)zu(vlf_vzf)xnfuz} (S3-7)

L/ dLI(X*X’) Lyt
@ —( )

f
v, =V, )-n

2 F_pry 2
{ v/ -} )n') +(L1Ll—fL0j (v =} )xn'| J . (53-8)
Thus, the equation for calculating the effective stiffness of fiber, k: , can be expressed as

« |[dFl /¢
ke =||— S3-9
A 559

Since— , equation (S3-7) can be further simplified as
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VJzz\ﬁ(vf__V;).nf)z—k[lliile]‘va-—vg)><nfuz (S3-10)

where d—T represents the rate of traction force by time at the filopodial tip with an assumption that the

rate of traction force by time and the rate of elastic force of ECM fiber by time are equal, and v, is the
total speed of displacement of the fiber.

Approach 2)

o | L dR,_OR(X)
Total time derivative of force at the first node of fiber, it = it , can be expressed as
. . O, X,
OFy R OF 04 OFy O (S3-11)
dadt ot , ot ox,; ot
oF,  OF, oE .
since 2h =0, —& =-—1 ‘and F, =——, the equation (S3-11) becomes
OX, | OXy OX;;
. O°E, (ox. ox).
dFlI __ f ff ( le _ 2] } (83'12)
dt OXy; Oy ot
0%E, PG AR 4 .
Let K; ——be is a component of the stiffness matrix K, v;; —v,; =—= ——=be the difference of
X Xi] ot ot
. . dF, dF, . . L
velocity between two nodes on the fiber, and d_tl = —d—t' be the rate of force by time at the filopodial tip,
the equation (S3-12) becomes
dF,
;ﬁz&iﬁ‘ﬁﬂ (S3-13)
t
f f f_ xf. f_ Xf.
Ky =K, [1—5%}2,- AL U R) (53-14)
U)oy 5
For simplicity, Eq. (§3-14) can be expressed using the indicial notation as following:
il =k, (1-S ")+k, S A S3-15
dt ( )( _V2i)+ f nf,inf,j(vlj_vzj) ( - )

where S = i andn' = (Xl' 0 ) . The magnitude of Z—T can be calculated as follows:

H ‘( dt j( ddU
((1 S)( ! —v2i)+Snfyinf'j (vlfj -V, ))((1—8)(v1§ —vzfi)JrSn”nf'k (vfk —v;k)) (S3-16)
=kf2((1—8)2||v1f A ||2 +2(1—S)S((v1f -V, )'nf )2 +SZ((vlf ~v, )-nf )2)
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(=) —vi[ (25 -52)((w ~vi)on') ) (53-17)

since |v, v, HZ =((vlf ~v})-n’ )2 +H(v1f v, )xn' “2 , Eq. (S3-17) can be expressed as

‘d_F
dt
Therefore, the equation for calculating the effective stiffness of fiber, k; , is identical as Equation (S3-9).

=k \/((VJ ~vf)n' ) a-sPw —vi)xn[ (S3-18)

Similarly, to compute effective Cell-Probed Stiffness of fiber (CPSF), sz*, at the i-th filopodium which

has a finite number of focal complexes (FCs) and interacts with a number of segmented ECM fibers (M).
Since the fiber is serially connected, effective stiffness of the fiber can be expressed as

M
ki = H‘;’:H > (S3-19)
m=1

2 .
xnt|, vl andv), are velocity vectors of two

where v, = \/((vnfﬂ ~Vp,)-0 )2 +[ —%T H(v‘1 -
ml

end nodes at the m-th fiber, respectively, and nnZ is a unit vector in the direction of(xr;1 —x/ )

m2

Then, error, ¢, , between the k-th FC and serially connected ECM fibers (number of nodes on these fiber is

M+1) as the square of the difference |— dF at the k-th FC and k; Z is defined by

k m=1

dF| e Y
¢k = ( E - kf thf’m] . (83'20)
k m=1

From the simulation of filopodia-ECM fiber interactions, a time series of force F and displacement u are

available. The local stiffness k: can be selected to best approximate these data. Considering the least

square error among all of neighboring of segmented ECM fibers (total number of segmented ECM fiber is
M) which are interacted by the k-th filopodium, and summed least square error at the k-th node on the
filopodium.

When a total number of FC is K on the i-th filopodial tip, summed least square error, ¢ , at the i-th
filopodium is expressed as

2
M
K thfmj (S3-21)
k m=1

o¢,
"ok

4-Fa-35 3|5

k=1 m=1

The effective CPS, K, , i

=0 is expressed as
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_ ZK:([H%_T K ivtfm J[ivgm B -0, (S3-22)

)
k_ZK:[

Thus, sz* is expressed as

F|
3]

Method S4: Computation of stress and strain in 3D ECM

(S3-23)

1) Computation of strain fields

The strain tensor £ is symmetry and its components can be expressed with respect to Xy, X,, and X3
coordinate systems as following:

& G &3
[el=| 6, € &2 (S4-1)

&3 &3 €z

Strain components:

. ou,
= M (54-2)
PANC S
In order to calculate %and % using indicial notation, the Equation (S2-1) can be expressed as
Xi X
following:
3—4 Xi —G5j Xi =G
o, =2 V)Fi+}/( 5)3(’ éV’)Fj (S4-3)
r r
(1+v) . . . . :
where y=——-+=—_ Then, if we differentiate u, with respect to x and write
7Z'E(1—V)
. 3-4 X —Gi )\ Xj =6 . Lo .
%:a 7 , V) F +y( gr)s( : g’) F }/M , we would violate rules of indicial notation that the
Xi

right-hand side of the equation has the subscript i appearing three times in one symbol grouping (29). In
order to solve this difficulty, we make use of the fact the specific choice of the index in a dummy

7(3-4v) F o+ 7(Xp —pr(Xq —g“q) F,. Then XN
- r OX

subscript is not significant and so we can rewrite u, =

can be calculated as followings:
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OX, or (844)
p q
y(3-4v) or 767)(I( q _gq) 7(Xp _gp)aixi 37/(Xp _gp)(xq q)aixl
T2 &Fp 3 R+ 3 R r X
X —
Here, ﬂ:( P é’p)—p, and substituting g—rinto Equation (S4-4) yields
i r i Xi
rarlm)  rmG)oe (=g (h-a)5r
ou  r(3-av)(x,—¢,)ox ox P 2P ) ox, pop) Va5
a_x.l__ ré KEF" G Fot A T re B
(S4-5)
. . . . OX OX,
Since x,and x, are independent variables, it follows that — =5 and — =6, .
ox. " ox.

Using this above gives

a, __7(3_4V)(Xp _é/p)

qi
8_)(i - r3 5pi Fp + r q r3 Fq rs Fq
(S4-6)

By the substation rule, the above equation simplifies to

-

OX. r® ' re ! r

u,_ r(3-a)(x-4) 7(Xj—Cj)F_+7(Xi—é“i)F 37(Xi‘4)2(xi_§i)p. (S4-7)

Further simplifies to

(v =2)(x =¢ X, = ¢, 3(x —¢)
%:7( v )3(Xl é/')Fi—F]/( 134/1) 1— ( i zgl) Fj' (34-8)
oX r r r
Similarly, we differentiate u; with respect tox; , % can be calculated as followings:
i
OX OX or
—(x, - X, —¢ )—r 3y(x, - X, —¢&, ) —
6Ui 7(3_4‘/) or anj ( q 4‘1) 7/( p gp)axj 7/( p é/p)( q C—’VQ)an
x o x r Pt ré ik r Fa (549)
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- X
Here o M% where k =i, and substituting o and — =0 into Equation (S2-9) yields
OX; r OX; OX; X;
7(Xp_§p)% Sy(xp_é/p)(xq_é/q)(xk_é/k)%
a; 7/(3_ 4V)(Xk —Ck ) OX, aXJ‘ X
—=- 5 —F, + 3 F, - : F, (54-10)
OX; r OX; r r

J

By the substitution rule, the above equation simplifies to

B =¢) . (6-6) . F-G)a %) ¢)

i _ F S4-11
X, r’ P r’ ! r o )
Or, by substituting p and q with i and k yields
%2_7(3_4‘/)3()(1 —g“j) F (% 3—5.) 3 _37(Xi _4)(Xj ;Q)(Xk ~&) F (54-12)
OX; r r r

J

where k is a dummy subscript. Lastly, ¢;and &; can be expressed using Equations (S4-8) and (S4-12) as

followings:

E.. .
"o ré ' r®

1( éu, au;
g == —+—
b2l ox; o

N =g) L rv-n(=¢) . I (-6)(%-¢) (=4

o _2r(v-1)(6=¢) (% —41)[1_ 3% ‘Q)ZJFJ.. (54-13)

(S4-14)

" 1+ ] . .
Substituting » = & into above equations gives

87E(1-v)

() (2v-)(x-¢&) . (1+V)(Xj _gj)[l_ 3(%-¢ )ZJFJ'- (S4-15)

GTTTeE(—v) 8zE(1-w)P 2
L (L+v)(2v -1)(, —g,-)F_ L) (v-n(x-¢)
’ 87E(1-v)r’ ' 8rE(1-v)r’ J (016
_3(1+")(Xi —g”i)(xj _é/j)(xk -<v) F
87Z'E(1—V)I'5 X

2) Computation of stress fields
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Stress tensor is symmetry, and its components can be expressed with respect to xi, X,, and Xz coordinate
systems as following:

O O O
[ol=| 0, 0, Oy (S4-17)

O13 Oy Og
In indicial notation, stress fields can be expressed using strain-stress relation for isotropic materials:
oy = AU, I +,u(u” +uj,i)' (S4-18)
Diagonal components o, can be expressed as followings:

E Ev
o= &+

e T ) ey (54-19)

Substituting Equation (S4-15) into the above equation gives

_r - 2
o - A =C) (x, 5,)3  20=8)
8z (1-v)r 8z(1-v)r r !
, (S4-20)
_ZV(Xk_gk) 4 (Xj_gj) S(Xk_é/k)
CF o+ | Sy ——— 5 |F
8z(1-v)r (1-2v)8z(1-v)r r !
: . 3(x — <) 3r? _ . :
Here the last term in the LHS vanishes because &, = 3—r—2 =0, and changing subscript k to j
gives
_ e X: —C; - —C. g
i = (4V 2)(XI 5) F| + ( J gl)a 1_2‘/_3()(! 24) Fj- (84_21)
8z(1-v)r 8z(1-v)r r
Similarly, o, where i+ jcan be expressed as
E
= g S4-22
i (1+ v)g” ( )
Substituting Equation (S4-16) into the above equation gives

%i = 8z (1-v)r’ i 8r(1-v)r* ' 8r(1-v)r’ K

It should be noted that Eq. (S4-21) and (S4-23) are expressed without the modulus E.

39



As shown in Fig. S15, when a node of x is connected with neighboring nodes of ¢*,¢?,¢£°,and ¢* where

forces of F',F? F® and F*are respectively exerted, components of average stress tensor at the node of x
can be expressed as followings:

1y &) -¢T) L (x4 3(x—-¢") | .
U"_szzlan _ng 8r(1-v)r} Fi +87r(1—v)rm3 l_ZV_T F (S4-24)
]:%§

B S ANl P L e LS P (29
TNE er(l-v)r® ' Br(l-v)r,’ 8r(1—v)r,’® k

where N is the number of neighboring nodes which connect with the node of x. Superscripts or subscript
mof ¢, E™, and r, indicate the m-th neighboring node.

3) Discrete deformation gradient method

In continuum mechanics, the finite deformation of a body maps initial location vector, X, in the reference
configuration Q,to current location vector, x, in the current configuration<, , and its mapping M (Fig.

S16) is indicated by
x=M(X). (S4-21)
The derivative of this deformation is known as the deformation gradient F, and it is defined as

FoMX)_ax (54-22)

The Lagrangian or Green strain tensor, E, is given by
E:E(FTF—ly (S4-23)
2

Next, we consider the discrete deformation gradient which has been applied to the area of atomistic
simulations of materials (30). We applied similar approach of the discrete deformation gradient to the
discrete ECM fiber mechanics. As shown in Fig. S16, vectors AX;; and Ax; represent relative positions of

neighboring j-th node of a segmented fiber with respect to the i-th node of the fiber in configurations Q,
and Q,, respectively, and are expressed as

AX = X=X, AXy = X = X;. (S4-24)

When there is a unique linear mapping that transforms AX; to Ax; , Ax; can be expressed as

ij 1

Ax, = F -AX, (S4-25)
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where F, is the deformation gradient at the i-th node. To compute optimal discrete deformation gradient at
the i-th node, mapping error between fiber nodes i and j as the I, norm of the difference between Ax; and

F,-AX; is defined by

¢ = (A% - F-AX, ) (ax, - F -AX,) (S4-26)

where F, is the optimal discrete deformation gradient at the i-th node. Considering the weighted least

square error among all of neighboring nodes of the i-th node, and summed weighted least square error at
the i-th node is expressed as

b= g, - i(Axij S A, ) (A% - F A W, (S4-27)

)
j=1 =1

where w;is a weight function (70), and w;, is given by

1-6r2+6r°: rs%,

w,(r)=142—6r+6r’—-2r°: %<r<1.0, (S4-28)
0:r=1.0.

where r is the distance of Ax;,

The optimal local discrete deformation gradient F, is solved by minimizing 4 with respect to nine

- . . 0 —
components of F, . Thus, nine equations of 6!‘ =0for 1<m,n <3 can be expressed as a tensor derivative:

mn

and normalized with cutoff length of 0.75 pum.

og S = T
ﬁ=2§(Axij -FAX ) (H1-AX w =0 (S4-29)

where 1, is the forth-order identity tensor, and the Equation (S4-29) becomes
N N
'fiZ(AXii )T (Ii -AX )Wj = Z(Axij )T (Ii AX W, (S4-30)
j=1 j=1
Since a(1,-a)=a®a, the Equation (S4-30) can be converted as

'fiZN:(AXij ®AX; W, :i(AXu Q@ AX ;. (S4-31)
: 2.

j=1

The above linear algebraic equations for the optimal discrete deformation gradient can be easily solved by

N
inverting matrix Z(AX” ®AX; )wj as
-1

j=1 j=1

F = (i(Axij ®AX; W, j[i(Axij ®AX, jJ : (54-32)
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Note, to avoid the singularity of matrix A, at least three neighboring nodes at the i-th node are required
and these neighboring nodes should be placed on the non-planar plane. Once F, is obtained, the

Lagrangian or Green strain tensor at the i-th node, E,, can be calculated using Eq. (S4-23):

v 1 e
E, :E(Fi F-1). (54-33)

Text S1: Characterization of cell-probed stiffness

First, we aim to simulate mechanosensing tests for the two ECM fiber network models (Fig. S7TA)
in order to characterize and compare E"and k; . Various simulations of mechanosensing tests for

each ECM fiber network model were performed using a parameter of single fiber strain (Fig. S5
and S6). In both models of soft and stiff ECM, uniaxial tensile force was applied along two
different direction in a cubic-shaped ECM fiber network model with a length of 20 um for 15 s
until each ECM model was strained up to 0.3 (Fig. S5A, and S6A). Afterwards, a single ECM
fiber in the center of ECM fiber network model was forced to displace with the speed of a
sinusoidal wave for 15 s, that is, single ECM fiber was tensioned during the first period of 7.5 s
(from 15 to 22.5 s) and then was forced to relax during the second period of 7.5 s (from 22.5 to
30 s). Magnitudes of applied forces take maximum values at the time-point of 22.5 as the
direction of the force is changed to the opposite direction (Fig. S5B, and S6B), and each graph of
the rate of force with time has three saddle points since the second derivative of the force with
respect to time is zero (Fig. S5C, and S6C). We find that both the CPSs using continuum
mechanics (Fig. S7B) and the CPS using discrete fiber mechanics (Fig. S7C) are increased as
single fiber strain increased in each ECM model, and two positive linear correlations between E”

and k; (yellow marks i and ii in Fig. S5D and S6D), and one negative correlation (yellow mark

iii in Fig. S5D and S6D). In particular, regions of positive linear correlations physically represent
the force build-up (or protrusion) and the force drop-down (or retraction), respectively. The
region of negative correlation is resulted from the fact that the second derivative of the force with
respect to time is zero. Selected linear regressions at regions A and B in each ECM model show
good correlations between E"and k; in the case of single fiber strain 0.3 (Fig. SS5E, and S6E).

Second, we aim to simulate the mechanosensing of a cell interacting with the ECM of varying
stiffness (Fig. S8). A computational model of ECM consisting of two distinct segments, soft and
stiff, is constructed with two different pore sizes of 3.0 and 1.5 um. Time-varying effective CPS
was monitored at a filopodium (yellow circle marks in Fig. S8A and B). The effective CPS
becomes higher as the filopodium starts interacting with stiffer ECM segment: a maximum value
of effective CPS in Fig. S8C is ~10kPa, but a maximum value of effective CPS in Fig. S8D is
~30kPa. Furthermore, to justify our methods of calculating E"and k; , these two kinds of

effective CPSs were also compared at two different filopodial phases of protrusion (Fig. S9A)
and retraction (Fig. S9B), respectively. Both methods of calculating effective CPSs show a good
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agreement over two filopodial phases of protrusive and retraction. Statistical analysis of linear
regression was performed by comparing both methods in terms of effective CPSs at the identical
time-point. Good correlations were found between the two with R? = 0.801 and 0.890 for
protrusive and retractile phases, respectively (Fig. S9C).
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