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Fig.1 (a) Schematic of cellular traction force microscopy;

(b) Pattern of fluorescence beads on surface of elastic substrates
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Fig. 2 A schematic view of fluorescence bead matching algorithm
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Fig.3 Schematic of cellular traction recovery based upon an integral Boussinesq solution
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Fig.4 (a) A phase-contrast image of neonatal rat ventricular myocyte; (b) the corresponding fluores-

X F 3 Fp I F 5 Y 43 A 1 Boussinesq BUA i A9 40 i 22 51 O 5 100 5 SRR A BT Y S B R
SR PGB B (1~2pm) X (1~2pm) , 53X 585 5 BE 0 850 R F (1~ 2pm) KEOH S, B, 2 80Rs R
PRECHE RS g 1Y 2 JEBCT B 58— AR M 5 107 90, S 38 5 7% v 57 A% e 7 1) Tt K 3k 7 4 9 Wk 35 4
Hil, A2 5 TR I SR R AR E AT RE . AEX RSB R AT DU 0 AT & 4% 19 1F ) Ak b B R AR
KK AL 33X X T A Je A S A BRI B8 0 A2 5| 0 WA i RS0 B OCH 0, AR5 B UL
T o Y HUE SR BT RS 3E— 25 U/ N B s T 850 T 20 B 81 % s 285 2080 0 4 F s B R b 7 9k X R 7 Y 40 11
AE 7 T 4R U855 BT 0 AT SE R K 2 B ARD5 L L A8 FH AN L T A S T vk B R AT A o % SR R
JCEE BRI SF R (1~2pm) X (1~2pm) ,



(2011 4F) %8 26 4

3

510 SO N

(4) FTTC i,

FTTC J& Fourier transform traction cytometry AT (BT M A5 S B g i 22 51 1 S i
) X — M EE ] ) R 5 R B Butler 28 AAE 2002 4E 1 o4 Ay AT Y i e B S SR AE 40 i 2
51 715 R L WA 2 0] & R AU —2& Fredholm B4 5 F2 CHIZA 3K (1)) AT &5 %4 3 5 4F In T 89 5 BB
=

W =G @ T (18)

o RS I ) = Ca () oy ()T 605 MR B 22 51 A 1 B TCr = (T, (0L T, () T 305
GEEDORPES S EFIDHFGS FOoRE . mMAH AR a 5| h (A T S Tk
)5 GO & EE T J) Boussinesq B A 194 AR R B (B340 Hop B KA A =X (2O F (O s, %t
(18) =X 194 v 1 — 24 A B v} 72 6 - 328 FH 45 B B0 T

2B = Gh Th (19)
R ZET G LR TEFEAT L AR e, A
T(rn = FT,N (G uh (20)

Hot Py (e 3875 — A M3 s s 3 b LGB R TR 43 51 38 735 30 6 9 5 B0 Ak 22 0K I L %,
Y0 7 5 F135 1 S S AR B L = Chyy k) 6% 2 0 ST 2 1A PR A R R, o S B R A
AR R ) AR B B TR A AR B Frdm M TR A 5 3 Ty B 3ol A5 AT T 450 o e £ S
28 e (FFT) 8280 5 2 1) 8 P 1 28 5508 B G JIE b 7 110 — 26 48 7. 02 1) R T 2 G(R) B 28 1 Butler
63 oL AR T I 5 0 T bR AR k=

Zn[(lv)szrvki — kR, }

G(B) = G(k, k) = AZT o
' k — ke, (1— VK + k2

2D

k= k= VTR, B4, i T Ui ik % Sk, k) = (0,00 % i T2 ] 38 9 R i

DEREER4Y . 5L TR AL (R ) o6 . I FTTC J5 38 5 AN 715803 — i Boab i 4 e 22 51 71 4
U IS T =0,

FTTC J5 3040 M 22 51 J) S i A2 45 ) Fourier %5 [A] 2 52 8, 33X A 38 2ok X A [ ¢ B0 8 b 1) 52 78 4
et RH LAY R RO B B AR O i) AR A X — R iy A2 S| g oy R i T AR S A A ) S AL AN
FETER G AR L FTTC J5 Bl i R 55 48 Bl A- i =S ) . 53— Jr i, FTTC Jy 2wl H] e s iy i
BSR4 (FET) AR K 5 & SR i i+ 5 B, 5y TR AT @Al 5l ) i ia 58, 5 M R, o i 4
th 7E B3R FTTC Jrik, i T A B ALA 38 BA 7™ 4% 19 B P AR 7R 22 51 J) 5 1 300 57 25 77 A o
TR 28 RN (HL 33k 26 A A RG50S At B, — AN 2 52 i 4000 67 6 Ak 1980 K BT T sz v R (PR Ay il o 24
i SR R A B R R A B . FTTC J5 v 38 i 8 7 ik 28 46 i) =0 280 o o 7 3 T A b iy
Boussinesq A fiff (1) &5 5 1 0] B, (H 2 78 Ak 45 B ek A5 v AR SR A 78 93 285 18 [0 2880, ™ A% 174 2L 18 AR5 {8 40 A
FEHLA0-41-00- 550 R I R A AR (11 LR (BN 20 ~ 30 AR FED L RV R 4 7% 28 R R B AR 5 1
G s R BOH S I FTTC 5 AR RSN G, BA BT gt H2 Y% A RSt —
AT FTTC J5 243 W™ 5 A 25 L X o A0 0 7 5 6 BURK , 22 5| ) T8 &85 SRS T g et 60-990

(5) BET # A B w2 (R] IR I R sk i 42 51 ) RO T vk

IR FTTC JrvE | WS B 1 A M7 i 23 6] SR 4 M 22 5| ) 3 B X — 7 B 1Y — 4> B 595 JU7E
T T2 R A TR e A ), R & T 40 M 22 5 | g B 8 A A AR KU L R il o 78 6 B8 3% 1%
W LU LA A S 0T SR AR AT 1 22 5] ) S AR AR Bl Mg P 7™ o 5 e 7 B RS B W 3 A R AR A
A EE AR 5] Sy RO A RO S AR SO E B R T4 FTTC ik, KRBT — 85T g ot
75 [v1) Jge P10 8 I8 1) 440 B 22 51 g R i g gkt

e SERE e E IR A 27 Rl SN i I

Wxsy) = uxsy) + 7z y) 22)

(1+v
Hop, A=Y
A A nE



55 W WA A 5] D AR S T B g 511

WEESREIEA
. (2, y) L2 y) (s y)
sl
u,Cxysy) u, (s ) n,(x,y)

Horp, e,y =lu.Cary)  w,Casy)) ] AR 2 5 2 W (28 B (B i a3 DIC J 3 15 51 A9 3

BRIEETMN BT w(x, y) = [w(xy)  u, (x,y)] %%Zl“ﬂﬁ AR ELMNBES: A, y) =
[nCasy) n,Cay ) 1T ACEIME A . X 22) A7 4 7 i A5 e, A

F(ky v ky) = Uk, k) + Tk, k) (24)
HaaAn IEHMH R R R,
w, (ks ky) u, (koo k) n,Ckosk,)
o) = o ]
u,Ck, s k) u,Ck, s ky) n,Ck. . k)
H—HELFELME) FTTC FiEv, i FI%A Z R i szm, BT R 88 (200 AT 40 .
Tk = G uh (26)

RIV7E 35 A5 W7 (R 5 B ) B A 00 R 3T LR AR h

{T_,(k) = Ru (B w, (B 4+ Ry (B u, (B -
T,(B) = R (B u, (B + Ry (B u, (B
LE LR RAIE AL RD =G LB
R]](k,,aky) R})(k k ) 27-[ (I*D)k2+lrkz, *kax-ky !
— |AZT o (28)
Rzl(kl?ky) R?’)(kl9k ) %2 k *Ukrky (1*v)k“+vk;

TS BR & A WS AL RS 3 CHP (24) A0 . m] DLl ad 28 b (27) XL M A e i (Wiener) 38
Pt SRR A A 5] ek oL B
T.(h = Ru(bha. (B ®, (B + Ry (B a, (b @, (k)
{T (B = Ry (B a, (D@, (B) + Roy (B ut, () @, (B
Ho, @, (B, @,k , @, (R, &, (R 43NS EARIE I B 5.

BT ok T2 PR E 24 0 1R U W S IR 7 17 51 0 T8 3% (20) B3 ) 72 /NI 7 22 3
SR B B2 ELSE A A 5] Jy s TORE A D IR 9 B SL 4251 1 T R R L Bk
T A A T8 SR /M E

| 1t =T pa=| [ 1Ty — Ty Pddy

29

:J J Tk — TRk [2dRdE, <0

I 5 — 2R 9 50 O 2 BB B A ST T AR B R @ (B @, (B) s @, (B4 @, () Y i
Praeik .

M (kook, = 0)
O G = GG ’ GG —GG (4 o
(DII(_I;) =<0 (k”ky =0) , (DQ(_E) — GG, — G Gy o9 Ry
| w, |? (oth <o) 0 (otherwise)
| “ |2+‘ . ‘2 otherwise
Q Qa
(kesky, #0)
CD},I(_I;): {Q&QleQ1 oy , =<0 (kosk, = 0)
0 (oth ise) 2
oense %; (otherwise)
uy [P 4]y |

Horr,
Q = 2R w, |7+ n. [P, Q = Ry Ry (wy u, + wouy )



512 ;K (2011 4F) 45 26 4%

Q = RoiRyy Cus uy + weuyg ) s Q = 2R% (] u, |74 ny [P,
Q =2Ry | u, "+ Ry R (td ur +uyuy )y Q= 2R | uy [P Roy Rop Cuf wy + wpuy )
B A0 R P IERE R B @, (B L @, (B @, (B) L Dy, (R B AT 3B AR (200 2t 7T 354

ﬁﬁ%ﬁﬁﬁ%%%é%ﬁﬁ%ﬁiﬁ@zﬁﬁh&ﬁ Ty Chys ko) J" G S 2 i 57 50048 8, W] 45
BIAH N 1 20 A 51 3t

TH = FT, [T (31)
PR RN B ABE 400 52 56 & B L 3 b I = 4 AR N7 s (] e 00 D U % A0 R g B T TR e A R R IR A
BUR A B EREARAE 5] ) RO R 22, 3 = SOBORS B . R 1 0 A0 B IR A2 £ M B RS 00 T 33k 0 O O ik 1Y
PEFTIMB & . XL & . &M FTTC J5 ik — M S B8 78 5 A 545 e L (1] 4n 437 88 {5 W b #E 30dB LA
IOTEBLF R A AR BT ol K R iR el
BRUE LA AT S 3 4R T — S HE i S 8k 9 0 Ambrosi 45 R AR Rl 5 FR F00T  Rieu 4
N ERAED ) Yang 2 A A BRIC T ED S Wiy 2k 47 T a2 51 a5 . BR T I,
ARSCARFER A XERE2E5 ] LLZ 2 M e SOk . f5c S5 DO FR H L AR SO R 09 40 Bt 22 51 ) 8 B (s 1)
D5 ¥ AR T X A 5 4 S T S R R A A R A T S B A 20 A A O AR = 4R R IR B Y i
E—WAEC A% E I RE T =R E B MBS AR KR =4 M5 ) RE A IS T —
S SR

3 HERIE

AT JLAR KRR R A 20 i A2 5| 0 AR O v © 2 Dy — i M B 4 g 2 I TR L bR B
Z B LR W) B o T S N BB SR TE A . AR SCHE Se A 40 T M AR 51 ) RO O vk B A T A S B
AR BB R 1AM AR 5| T RO S T 1 B A R R R A B SR AR RERT SE I T S A
A SR S U RO T AT A BT AR B

S & Uk

[ 1] Alberts B, Bray D, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Essential Cell Biology— An Introduction
to the Molecular Biology of the Cell [ M]. New York: Garland Publishing, 1998.

[ 2] Boal D. Mechanics of the CelllLM]. Cambridge University Press: Cambridge, U. K. , 2002.

[ 3] Sastry S K, Burridge K. Focal adhesions: A nexus for intracellular signaling and cytoskeletal dynamics[]].
Experimental Cell Research, 2000, 261(1);: 25— 36.

[ 4] Gumbiner B M. Cell adhesion: The molecular basis of tissue architecture and morphogenesis[ J]. Cell. 1996, 84
(3): 345—357.

[ 5] Geiger B, Bershadsky A, Pankov R, Yamada K M. Transmembrane extracellular matrix-cytoskeleton crosstalk
[J]. Nature Reviews Molecular Cell Biology, 2001, 2(11):793—805.

[ 6] Zaidel-Bar R, Geiger B. The switchable integrin adhesome[ J]. Journal of Cell Science, 2010, 123(9). 1385 —
1388.

[ 7] Zaidel-Bar R, Itzkovitz S, Ma’ayan A, Iyengar R, Geiger B. Functional atlas of the integrin adhesome[ J]. Nature
Cell Biology. 2007, 9(8): 858—868.

[ 8] Zamir E, Geiger B. Components of cell-matrix adhesions[ J]. Journal of Cell Science, 2001, 114(20): 3577 —
3579.

[9] Engler A J, Humbert P O, Wehrle-Haller B, Weaver V. M. Multiscale modeling of form and function[]].
Science, 2009, 324(5924): 208 —212.

[10] Reichl E M., Ren Y. Morphew M K, Delannoy M, Effler ] C, Girard K. Interactions between myosin and actin
crosslinkers control cytokinesis contractility dynamics and mechanics[ J]. Current Biology, 2008, 18(7): 471 —
480.

[11] Wang N, Tytell J] D, Ingber D E. Mechanotransduction at a distance: Mechanically coupling the extracellular



BOHUR S AR 5] OB S i O TR BT O i 513

(12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

(20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

(29]

[30]

[31]

[32]

[33]

[34]

[35]

matrix with the nucleus[J]. Nature Reviews Molecular Cell Biology, 2009, 10(1): 75—82.

Besser A, Safran S A. Force-induced adsorption and anisotropic growth of focal adhesions[J]. Biophysical
Journal, 2006, 90(10): 3469 —3484.

Boal D. Mechanics of the CelllM]. Cambridge University Press, Cambridge, 2002,

Lee J, Leonard T, Oliver A, Ishihara A, Jacobson K. Traction forces generated by locomoting keratocytes[ J].
Journal of Cell Biology, 1994, 127(6): 1957 —1964.

Beningo K A, Wang Y L. Flexible substrata for the detection of cellular traction forces[J]. Trends in Cell
Biology. 2002, 12(2); 79— 84.

Zhao Y, Zhang X. Adaptation of flexible polymer fabrication to cellular mechanics study[J]. Applied Physics
Letters, 2005, 87(14). 144101.

Burton K, Taylor D L. Traction forces of cytokinesis measured with optically modified elastic substrata[ J].
Nature, 1997, 385(6615): 450—454.

Burton K, Park J H, Taylor D L. Keratocytes generate traction forces in two phases[]J]. Molecular Biology of the
Cell, 1999, 10(11): 3745—3769.

Pelham R J, Wang Y L. High resolution detection of mechanical forces exerted by locomoting fibroblasts on the
substrate[ J]. Molecular Biology of the Cell, 1999, 10(4): 935—945.

Dembo M, Oliver T, Ishihara A, Jacobson K. Imaging the traction stresses exerted by locomoting cells with the
elastic substratum method[J]. Biophysical Journal, 1996, 70(4): 2008 —2022.

Discher D E, Janmey P, Wang Y L. Tissue cells feel and respond to the stiffness of their substrate[ J]. Science,
2005, 310(5751): 1139—1143.

Vogel V, Sheetz M. Local force and geometry sensing regulate cell functions[ J]. Nature Reviews Molecular Cell
Biology. 2006. 7(4): 265— 275.

Orr A W, Helmke B P. Blackman B R, Schwartz M A. Mechanisms of mechanotransduction[ J]. Developmental
Cell, 2006, 10(1): 11—20.

del Rio A, Perez-Jimenez R, Liu R C, Roca-Cusachs P, Fernandez ] M, Sheetz M P. Stretching single talin rod
molecules activates vinculin binding[J]. Science, 2009, 323(5914): 638—641.

Geiger B, Bershadsky A. Assembly and mechanosensory function of focal contacts[ J]. Current Opinion in Cell
Biology, 2001, 13(5); 584—592.

Lo C M, Wang H B, Dembo M, Wang Y L. Cell movement is guided by the rigidity of the substrate[]].
Biophysical Journal, 2000, 79(1). 144—152.

Ghibaudo M, Saez A, Trichet L, Xayaphoummine A, Browaeys J, Silberzan P, Buguin A, Ladoux B. Traction
forces and rigidity sensing regulate cell functions[ J]. Soft Matter, 2008, 4(9): 1836—1843.

Frey M T, Tsai I Y, Russell T P, Hanks S K, Wang Y L. Cellular responses to substrate topography: Role of
myosin II and focal adhesion kinase[]J]. Biophysical Journal, 2006, 90(10): 3774—3782.

Engler A J. Sen S. Sweeney H L., Discher D E. Matrix elasticity directs stem cell lineage specification[ J]. Cell,
2006, 126(4): 677—689.

ZaR. U LA % 35 RS O B e R F 55 [ D, b o R 2 1 - 22 6738 30, 2008 4F- 6 H (Qin Lei. Responses of Cardiac
Myocytes to Substrate Stiffness[ D]. Ph. D dissertation, Peking University, June, 2008(in Chinese))

Chicurel M E, Chen C S, Ingber D E. Cellular control lies in the balance of forces[]J]. Current Opinion in Cell
Biology. 1998, 10(2): 232—239.

Girard P P, Cavalcanti-Adam E A, Kemkemer R, Spatz J P. Cellular chemomechanics at interfaces: Sensing.
integration and response[ J]. Soft Matter, 2007, 3(3): 307—326.

Lopez J. 1. Mouw J. K, Weaver V. M. Biomechanical regulation of cell orientation and fate[J]. Oncogene. 2008,
27(55): 6981 —6993.

Wozniak M. A, Chen C. S. Mechanotransduction in development: A growing role for contractility[ J]. Nature
Reviews Molecular Cell Biology. 2009, 10(1): 34—43.

Jaalouk D. E, Lammerding J. Mechanotransduction gone awry[ J]. Nature Reviews Molecular Cell Biology. 2009,
10(1): 63—73.



;oK (2011 4F) %5 26 3

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

Huang S, Ingber D. E. Cell tension, matrix mechanics, and cancer development[ ]J]. Cancer Cell, 2005, 8(3):
175—176.

Li Y, Haga ] H. Chien S. Molecular basis of the effects of shear stress on vascular endothelial cells[J]. Journal of
Biomechanics, 2005, 38(10): 1949—1971.

Barry S P, Davidson S M, Townsend P A. Molecular regulation of cardiac hypertrophy[ J]. International Journal
of Biochemistry & Cell Biology, 2008, 40(10): 2023—2039.

Wang J] H C, Lin J-S. Cell traction force and measurement methods [ ] ]. Biomechanics and Modeling in
Mechanobiology, 2007, 6(6): 361—371.

Sabass B, Gardel M L, Waterman C M, Schwarz U S. High resolution traction force microscopy based on
experimental and computational advances[]J]. Biophysical Journal, 2008, 94(1): 207—220.

A A R SR A TR AR SE LD]. db o KEE M 240738 3, 2009 4F 6 A (Huang Jianyong. A study on
interaction between cells and elastic substrates [ D]. Ph. D dissertation, Peking University, June, 2009 (in
Chinese))

Munevar S, Wang Y L, Dembo M. Traction force microscopy of migrating normal and H-ras transformed 3713
fibroblasts[J]. Biophysical Journal, 2001, 80(4): 1744—1757.

Pelham R J, Wang Y L. Cell locomotion and focal adhesions are regulated by substrate flexibility[ J]. Proceedings
of the National Academy of Sciences of the United States of America, 1997, 94(25): 13661 —13665.

Kawamura T, Urayama K, Kohjiya S. Multiaxial deformations of end-linked poly(dimethylsiloxane) networks. 1.
Phenomenological approach to strain energy density function[J]. Macromolecules, 2001, 34(23): 8252—8260.
Yu Y S, Zhao Y P. Deformation of PDMS membrane and microcantilever by a water droplet: Comparison between
mooney-rivlin and linear elastic constitutive models[J]. Journal of Colloid and Interface Science, 2009, 332(2):
467—476.

Harris A, Wild P. Silicone rubber substrata: A new wrinkle in the study of cell locomotion[ J]. Science., 1980,
208(4440) . 177—179.

Harris A K, Stopak D, Wild P. Fibroblast traction as a mechanism for collagen morphogenesis[ J]. Nature, 1981,
290(5803): 249—251.

Press W H. Teukolsky S A, Vetterling W T, Flannery B P. Numerical Recipes: the Arts of Scientific Computing
[M]. Cambridge: Cambridge University Press, 2007,

AR R . RBBAMESZRIMI. dbat . B Tl it 2001 4 3 A %8 1 B (Zou Mouyan. Deconvolution and
Signal Recovery[ M. Beijing: National Defence Industrial Press, March, 2001(in Chinese))

X 4k ZE 2. N E SE ) R OE 0 Ak 5 ek e B CML dE st B2 AL, 2005 4F 9 A8 1 AR (Liu Jijun.
Regularization methods for improperly posed problems and their applications [ M]. Beijing: Science Press.,
September, 2005(in Chinese))

Frey M T, Engler A, Discher D E, Lee J, Wang Y L. Microscopic methods for measuring the elasticity of gel
substrates for cell culture: Microspheres, microindenters, and atomic force microscopy[ J]. Methods in Cell
Biology. 2007. 83: 47— 65.

Qin L, Huang J Y, Xiong C Y, Zhang Y Y, Fang J. Dynamical stress characterization and energy evaluation of
single cardiac myocyte actuating on flexible substrate[ J]. Biochemical and Biophysical Research Communications.,
2007, 360(2): 352—356.

Huang J Y, Zhu T, Qin L, Peng X L, Xiong C Y, Fang J. Study on mechanical interactions between single
cardiac myocyte and elastic substrate[J]. Acta Mechanica Solida Sinica. 2009, 22(6): 563—570.

Boudou T, Ohayon J, Picart C, Tracqui P. An extended relationship for the characterization of young’s modulus
and poisson’s ratio of tunable polyacrylamide gels[J]. Biorheology, 2006, 43(6): 721—728.

Boudou T, Ohayon J, Arntz Y, Finet G, Picart C, Tracqui P. An extended modeling of the micropipette
aspiration experiment for the characterization of the young’s modulus and poisson’s ratio of adherent thin
biological samples: Numerical and experimental studies[J]. Journal of Biomechanics, 2006, 39(9): 1677 —1685.
Peng X L., Huang ] Y, Qin L, Xiong C Y, Fang J. A method to determine young’s modulus of soft gels for cell
adhesion[ J]. Acta Mechanica Sinica, 2009, 25(4): 565—570.



BOHURAE . MIAE 5] OB S O TR T O i 515

[57]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

L67]

[68]

[69]

[70]

[71]

(72]

73]

[74]

L75]

[76]

[77]

Tracqui P, Ohayon J. Boudou T. Theoretical analysis of the adaptive contractile behaviour of a single
cardiomyocyte cultured on elastic substrates with varying stiffness[J]. Journal of Theoretical Biology, 2008, 255
(1): 92—105.

Liao Q Z, Huang ] Y. Zhu T, Xiong C Y. Fang J. A hybrid model to determine mechanical properties of soft
polymers by nanoindentation[ ] ]. Mechanics of Materials, 2010, 42(12): 1043—1047.

Peng X L., Huang J Y. Deng H., Xiong C Y. Fang J. A multi-sphere indentation method to determine Young’s
modulus of soft polymeric materials based on the Johnson-Kendall-Roberts contact model[ J]. Measurement Science
and Technology, 2011, 22(2): 027003.

AN AR, KRS PEWI IR 52 /N B L RB AR BH L 3. i BER A ML A 5] 0 S S RS (D], B A
2 9011, 26(3); 225— 231 (Li Shanshan. Huang Jianyong. Deng Hao. Pang Mingzhu. Peng Xiaoling. Xiong
Chunyang, Fang Jing. Research on high-resolution cellular traction recovery in two-dimensional Fourier domain
[J]. Journal of Medical Biomechanics, 2011, 26(3): 225—231(in Chinese))

Yang Z C. A new image processing technique for determination of cell-generated deformations on substratalJ].
Computer Methods in Biomechanics and Biomedical Engineering, 2008, 11(2); 159—167.

Yang Z C, Lin J S, Chen J X, Wang J. Determining substrate displacement and cell traction fields — a new
approach[J]. Journal of Theoretical Biology, 2006, 242(3): 607 —616.

Peters W H, Ranson W F. Digital imaging techniques in experimental stress-analysis[J]. Optical Engineering,
1982, 21(3): 427—431.

Sutton M A, Turner J L, Bruck H A, Chae T A. Full-field representation of discretely sampled surface
deformation for displacement and strain analysis[ J]. Experimental Mechanics, 1991, 31(2): 168—177.

Pan B, Qian K M, Xie H M. Asundi A. Two-dimensional digital image correlation for in-plane displacement and
strain measurement: A review[ ]J]. Measurement Science and Technology, 2009, 20(6): 062001.

Fan T Y. Sutton M A, Zhang L. X. Crack growth of plane stress state in hardening material[J]. Chinese Science
Bulletin, 1997, 42(17) . 1487—1492.

Vendroux G, Knauss W G. Submicron deformation field measurements: Part 2. Improved digital image correlation
[J]. Experimental Mechanics, 1998, 38(2): 86—92.

Zhang D S, Eggleton C D, Arola D D. Evaluating the mechanical behavior of arterial tissue using digital image
correlation[ J]. Experimental Mechanics, 2002, 42(4): 409—416.

Li X D, Gao H S, Scrivens W A, Fei DL, Xu X Y, Sutton M A, Reynolds A P, Myrick M L. Nanomechanical
characterization of single-walled carbon nanotube reinforced epoxy composites[]J]. Nanotechnology, 2004, 15
(11): 1416—1423.

Chang S, Wang C S, Xiong C Y. Fang J. Nanoscale in-plane displacement evaluation by AFM scanning and digital
image correlation processing[ J]. Nanotechnology, 2005, 16(4) . 344 — 349.

Berfield T A, Patel H K, Shimmin R G, Braun P V, Lambros J, Sottos N R. Fluorescent image correlation for
nanoscale deformation measurements[J]. Small, 2006, 2(5): 631—635.

Marganski W A, Dembo M, Wang Y L. Measurements of cell-generated deformations on flexible substrata using
correlation-based optical flow[J]. Methods in Enzymology, 2003, 361 197 —211.

Tolic-Norrelykke I M, Butler ] P, Chen J] X, Wang N. Spatial and temporal traction response in human airway
smooth muscle cells[J]. American Journal of Physiology— Cell Physiology, 2002, 283(4): C1254—C1266.
Huang J Y, Pan X C, Peng X L, Zhu T, Qin L., Xiong C Y, Fang J. High-efficiency cell-substrate displacement
acquisition via digital image correlation method using basis functions[J]. Optics and Lasers in Engineering, 2010,
48(11): 1058 —1066.

Huang J Y. Zhu T, Pan X C, Qin L. Peng X L, Xiong C Y. Fang J. A high-efficiency digital image correlation
method based on a fast recursive scheme[J]. Measurement Science and Technology, 2010, 21(3): 035101.
Stricker J, Sabass B, Schwarz U S, Gardel M L. Optimization of traction force microscopy for micron-sized focal
adhesions[ J]. Journal of Physics — Condensed Matter, 2010, 22(19): 194104.

Merkel R, Kirchgebner N, Cesa C M, Hoffmann B. Cell force microscopy on elastic layers of finite thickness[ ] ].
Biophysical Journal, 2007, 93(9): 3314—3323.



;K (2011 4F) % 26 &

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

Dembo M, Wang Y L. Stresses at the cell-to-substrate interface during locomotion of fibroblasts[J]. Biophysical
Journal, 1999, 76(4): 2307 —2316.

Rieu J P, Barentin C, Maeda Y. Sawada Y. Direct mechanical force measurements during the migration of
dictyostelium slugs using flexible substratal J]. Biophysical Journal, 2005, 89(5);: 3563 —23576.

Barentin C, Sawada Y, Rieu ] P. An iterative method to calculate forces exerted by single cells and multicellular
assemblies from the detection of deformations of flexible substrates []J]. European Biophysics Journal with
Biophysics Letters, 2006, 35(4): 328—339.

Schwarz U S, Balaban N Q, Riveline D, Bershadsky A, Geiger B, Safran S A. Calculation of forces at focal
adhesions from elastic substrate data: The effect of localized force and the need for regularization[ J]. Biophysical
Journal, 2002, 83(3): 1380—1394.

Balaban N Q, Schwarz U S, Riveline D, Goichberg P, Tzur G, Sabanay I, Mahalu D, Safran S, Bershadsky A,
Addadi L, Geiger B. Force and focal adhesion assembly: A close relationship studied using elastic micropatterned
substrates[ J]. Nature Cell Biology, 2001, 3(5): 466—472.

Huang J Y. Peng X L. Qin L, Zhu T, Xiong C Y. Zhang Y Y. Fang J. Determination of cellular tractions on
elastic substrate based on an integral Boussinesq solution [ J]. Journal of Biomechanical Engineering —
Transactions of the ASME, 2009, 131(6): 061009.

Butler ] P, Tolic-Norrelykke I M, Fabry B, Fredberg J J. Traction fields, moments, and strain energy that cells
exert on their surroundings[J]. American Journal of Physiology— Cell Physiology, 2002, 282(3): C595—C605.
Huang J Y. Qin L, Peng X L, Zhu T, Xiong C Y., Zhang Y Y. Fang J. Cellular traction force recovery: An
optimal filtering approach in two-dimensional Fourier space[J]. Journal of Theoretical Biology, 2009, 259(4): 811
—819.

Ambrosi D. Cellular traction as an inverse problem[]J]. SIMA Journal on Applied Mathematics, 2006, 66(6)
2049—2060.

Ambrosi D, Duperray A, Peschetola V, Verdier C. Traction patterns of tumor cells[J]. Journal of Mathematical
Biology, 2009, 58(1-2); 163—181.

Even-Ram S, Yamada K M. Cell migration in 3d matrix[ J]. Current Opinion in Cell Biology, 2005, 17(5): 524—
532.

Almany L, Seliktar D. Biosynthetic hydrogel scaffolds made from fibrinogen and polyethylene glycol for 3D cell
cultures[ J]. Biomaterials, 2005, 26(15);: 2467 —2477.

Lutolf M P. Integration column: Artificial ECM: Expanding the cell biology toolbox in 3d[J]. Integrative
Biology, 2009, 1(3): 235— 241,

Dutta R C, Dutta A K. Cell-interactive 3D-scaffold; advances and applications[J]. Biotechnology Advvances,
2009, 27(4) . 334—3309.

Legant W R, Miller J S, Blakely B L, Cohen D M, Genin G M, Chen C S. Measurement of mechanical tractions
exerted by cells in three-dimensional matrices[J]. Nature Methods, 2010, 7(12): 969—971.

Maskarinec S A, Franck C, Tirrell D A, Ravichandran G. Quantifying cellular traction forces in three dimensions
[J]. Proceedings of the National Academy of Sciences of the United States of America, 2009, 106(52): 22108.
Franck C, Maskarinec S A, Tirrell D A, Ravichandran G. Three-dimensional traction force microscopy: A new
tool for quantifying cell-matrix interactions[ J]. PLoS One, 2011, 6(3): e17833.

Huang J Y, Pan X C, i S S, Peng X L., Xiong C Y, Fang J. A digital volume correlation technique for 3-D
deformation measurements of soft gels[J]. International Journal of Applied Mechanics, 2011, 3(2):335—354. .
Franck C, Hong S, Maskarinec S A, Tirrell D A, Ravichandran G. Three-dimensional full-field measurements of
large deformations in soft materials using confocal microscopy and digital volume correlation[]J]. Experimental
Mechanics, 2007, 47(3) . 427—438.

Hur S S, Zhao Y H, Li Y S, Botvinick E, Chien S. Live cells exert 3-dimensional traction forces on their
substrata[ J]. Cellular and Molecular Bioengineering, 2009, 2(3): 425—436.

Delanoe-Ayari H, Rieu J P, Sano M. 4D traction force microscopy reveals asymmetric cortical forces in migrating

dictyostelium cells[J]. Physical Review Letters, 2010, 105(24): 248103.



55 BOHURAE  HMIAE D] B S T TR R S 517

Recent Progress in Cellular Traction Force
Microscopy Inversion Methods
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Abstract: Physical and mechanical interaction between cell and extracellular matrix in a
microenvironment involves a large number of complex signaling transduction pathways, so it plays a
key role in mediating cellular behaviors and functions such as cell proliferation, differentiation,
contraction, migration and apoptosis. It is very important, both physiologically and pathologically, to
quantitatively characterizing single cell activities based upon cellular traction force microscopy
(CTFM). The core of CTFM consists in how to retrieve cellular traction force field from the
measured substrate deformation data. This paper presents first an introduction about the principle of
CTFM, and then point out the pathological nature of cellular traction inversion. Accordingly, some
well-developed traction force inversion algorithms are specifically introduced, including: boundary
element method (DW method), traction reconstruction with point forces ( TRPF method), cellular
traction recovery method based on an integral Boussinesq solution, Fourier transform traction
cytometry (FTTC method), and optimal filtering method in two-dimensional Fourier space.

Keywords: cell; elastic substrate; traction force microscopy; digital image correlation; ill-posed

inverse problem; regularization



