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Fig. 2 Schematic of traction microscope platform

20 AR B RS e B AR 26 /NI R R R LRSI 05 40 M AR ol b 7R OB R SRR B T W
ZE, A BN R LB 2 Ca) o 1 HCAH FEL G IR 2 R 4 L [ 22 4% 4 L A BP0 4 i X L 38 UK
KRB 488nm WO, 43 i R A2 W 37 240 i KR RN 635 1) = AR PR o Al I 5] 7 9] 115 B e SR 4R 24
JEHORL = 4E K118, A1 B8 30 23l , 10 5% 150 43 Bl g [e] — S i i 7E A ARRE T 5E M B IRBEGE R . ¥ ¥
Y1 R b i 5 G URLAE S HCBE , Bk 8148 B3t 5 XA 450 X 450pixel s FF 1 R 5 X R/ 19 X
19X 7 ARZ WA ALK Ry 33X T, R B AR BUM G E R TH SRS B A2 4% 3 UL IR 30 L iR 48 2 B8 3 1t 4
#2511 OLE 3. B 2o %4 TAET S % B By B EHR 2L a7 fE R R DVC TR ik
BB X (AOD

R AR 40 S 00 45 SR FR AT BT AR RN DB AR 1350 240 I 7% 5 | kS 1) S AR B IS 1 2 A% 1L R B B
PR, F X RTHC 19pixel, &l 3 25 5 T B JE sRECHE 1 X RS R 19pixel B0 &5 45 5] (4 f2 # 37 F 42 5
Ji5r AL B 3 (Kl 3 FE 3Ce) il RN & v, 2 H ALY s B 3(b) L& 3Cd) FIIE 3CH 43 5
FoR x, ye 2 ITIAMES J1Y, AT LVE B LR 00 43 i A G| 0 A o i 3 A — XL, 5 S BR A
AT . B3 R TR R A 5] ) 0 i KA M e/ IMELAAL B 4878 1 4 B T 5 2% 1 A A% 2ok R b 40 g
JIE ST A B A BRI AR AR L. BB 3Ce) AR 3CO P LLE L B T A B Fn 42 5] ) A EUE T S5 T
DI RS R A2 5] A Y R AEBE 200 . K 1 3 i3S 30 00 (7 8% R 41 i 42 51 g 5 Scik 00T G 9 40
L5 1 A 8 3 RIS ) 52 B8 AT 1 RN EEAT X L B 3 T 4 A D 1l R AR B L RS AE O~ 1. 5 pem s SCRIR T
RN AL TE B 0~ 1. 4pm, PHE BB R /NAE S 5 [ 3 rp B H 09 S 78 B0l B AT 0~400Pa 22 [a], SCHik
Hr i F17E 0~120Pa Fil 500Pa™ 7 47, 15 SCk v 4R 18 09 1 #8808 TR — B . T SE 5 b BT A0
i 26 5 SCHR A AN S () — 28, DRt o 1 A A0 B A2 5 | ) A BB R /NS 52 A A ) H 2 B0t A ) L 13t
HH SR RS 7 00 A5 A0 s 2 mT AR 1Y

3 B

15y Z[

ARG T —Fiok LSCM SRAE /Y BRSO ORI 1) = 4E K85 DVC SRS & M T7 % e & &
o N 240 ST RS 1 S B 20 R RS B T Ak B — MO AR S R = kA2 G| N Y. %7 A RO AR T R R
e RE b B G REIE 98 1 IRIGCR AL I T) o AT PRSI 1] — N 8] 75 2] 1 45 SR 4 5 i b 400 i R 265 0 AR 28 A AH



838

DI N (2018 4F) 55 33 %4

; Upm  (b) Px/Pa
@ g 1 50 400
40 lo_s 40 . Izou
| i
£ 30 A 0 g3 i Y P
> 20 |"..' 05 >200 & |
10 = | 10 200
0 1.5 0 -400
0 10 20 30 40 50 0 10 20 30 40 50
(c) X lym V/um @ Xipm Py/Pa
50 1.5 50 400
” o los * < IZOU
£ Vv g -
a% | 3% . ;
> > - |0
20 . 20 DG
05
0 . 1.5 0 -400
0 10 20 30 40 50 0 10 20 30 40 50
X lum X lum
© H ( H
W/um P&Pa
0.5 400
0.25 | - 200 -
0/ ‘v 0 A,
-0.25 | A -200.
05! -400.
50 : - 50, . ™ .
4030, 303050 4050 4050
Yy 10 377 10207 ¥z 2210 10207 o
m Yo o g Uy, V0 0 QW

B3 IR IX ST R 19pixel B A4 H B B M| 11
(O us (DOAEF| S35 P (OB v (DFESI TG Py (il w (DAES] J13g P.
Fig. 3 Displacement fields and reconstructed traction force fields with second-order shape function and
subsets of 19pixel (a) displacement field of u; (b) traction force field of P,; (c¢) displacement field of wv;

(d) traction force field of P,; (e) displacement field of w; (f) traction force field of P.

XPBUN . AT i 2T AR T B I A R LT A M T 7 Y BRI 9 = AR LR Y R = RN Ty

AR SCAR B0 2 TR R BN G B = AR A B 242 5 0 07 vk B B T BIOK RS BE . B A5 S I 3 4 40 i iz Bh

G R B = HEAS T 5 A By T e 75 20 - 5 SRR 22 ) A AR ELAE LA SOR) 2R A 1 T BRI LB A
SEHBTIE . %7K AR BRI A 3 73 R R R 1 5 A AR MR A 1 ISR S R 1Ot
P BE % S I DR A 412 240 B T 258 A o 7 200 TS 285 2 P 5 DR s 200 X e SO IR B T A AR R Y
DEAE . e Ah 5 AT LA T 2 40 i A R 358 g 2 e T 502 e 240 i A e 7 ) ML BT 5

S %3k

(1]

(2]

£3]

[4]

[5]

Murrell M, Oakes P W, Lenz M, et al. Forcing cells into shape: the mechanics of actomyosin contractility[J].
Nature Reviews Molecular Cell Biology, 2015, 16(8) :486.

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

Sheetz M P, Felsenfeld D P, Galbraith C G. Cell migration: regulation of force on extracellular-matrix-integrin
complexes[J]. Trends in Cell Biology, 1998, 8(2):51—54.

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

Geiger B, Bershadsky A. Exploring the neighborhood: adhesion-coupled cell mechanosensors[J]. Cell, 2002, 110



5 6 3]

XK 8 A5 . TR RSSO Y — 4R Al i A 51 1 R IF AT 839

L6]

L7]

£8]

L9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(2):139—142.

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

Schwarz U. Soft matters in cell adhesion: rigidity sensing on soft elastic substrates[]J]. Soft Matter, 2007, 3(3):
263—266.

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

Bergert M, Lendenmann T, Ziindel M, et al. Confocal reference free traction force microscopy[]J]. Nature
Communications, 2016, 7:12814.

Iskratsch T, Wolfenson H., Sheetz M P. Appreciating force and shape-the rise of mechanotransduction in cell
biology[J]. Nature Reviews Molecular Cell Biology, 2014, 15(12) :825.

Polacheck W J, Chen C S. Measuring cell-generated forces: a guide to the available tools[J]. Nature Methods,
2016, 13(5).415.

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

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

Legant W R. Choi C K, Miller J S, et al. Multidimensional traction force microscopy reveals out-of-plane
rotational moments about focal adhesions[ J]. Proceedings of the National Academy of Sciences, 2013, 110(3):881
—886.

Munevar S, Wang Y, Dembo M. Traction force microscopy of migrating normal and H-ras transformed 3T3
fibroblasts[ J]. Biophysical Journal, 2001, 80(4):1744—1757.

Style R W, Boltyanskiy R, German G K, et al. Traction force microscopy in physics and biology[ J]. Soft Matter,
2014, 10(23) :4047—4055.

Maruthamuthu V, Sabass B, Schwarz U S, et al. Cell-ECM traction force modulates endogenous tension at cell-
cell contacts[J]. Proceedings of the National Academy of Sciences, 2011, 108(12):4708—4713.

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

Style R W, Boltyanskiy R, German G K, et al. Traction force microscopy in physics and biology[ J]. Soft Matter,
2014, 10(23):4047—4055.

Maskarinec S A, Franck C, Tirrell D A. et al. Quantifying cellular traction forces in three dimensions[]].
Proceedings of the National Academy of Sciences, 2009, 106(52):22108 —22113.

AR, BT, FIEEE, S BT RGO YR NI =R ST, LI T4, 2011, 26(3):
247— 253 (NIU Yonggiang, HU Qiushi, YAN Deying, et al. Internal 3D displacement analysis using digital
image volumn correlation method[J]. Journal of Experimental Mechanics, 2011, 26(3):247—253(in Chinese))
WAL, RKRT7. SO, B ENGRE 5 O s rp T 3 AUl /D R i AR N AR AR TE N 1T, SEER Jy %, 2011,
26(6):665—673 (PAN Bing, WU Dafang, GUO Baoqiao. Digital volume image correlation by using iterative
least-squares for internal deformation measurement of an object[J]. Journal of Experimental Mechanics, 2011, 26
(6):665—673(in Chinese))

B, MR, N, L AMA S ) B SO Ty ik R R R (1], LB )y %, 2011, 26(5):503—517
(HUANG Jianyong. DENG Hao, PENG Xiaoling, et al. Recent progress in cellular traction force microscopy
inversion methods[ J]. Journal of Experimental Mechanics, 2011, 26(5):503—517(in Chinese))

TR, BRIR T, Wi, 5. BUF BB OCJr Bes TOC B I 8RR 5T i JE (1], 5288 7 %%, 2017, 32(3):305—2325
(SHAO Xinxing, CHEN Zhenning. DAI Yuntong. et al. Research progress of several key problems in digital
image correlation method[J]. Journal of Experimental Mechanics, 2017, 32(3):305—325(in Chinese))

Wu R, Kong C, Li K, et al. Real-time digital image correlation for dynamic strain measurement[ J]. Experimental
Mechanics, 2016, 56(5):833—843.

Huang ] W. Zhang L. Q. Jiang Z Y. et al. Heterogeneous parallel computing accelerated iterative subpixel digital



840 D N (2018 4F) 55 33 %4

image correlation[ J]. Science China Technological Sciences, 2018, 61(1):74—85.

[27] Steinwachs J. Metzner C. Skodzek K. et al. Three-dimensional force microscopy of cells in biopolymer networks
[J]. Nature Methods, 2016, 13(2):171—176.

[28] Legant W R, Miller J S, Blakely B L. et al. Measurement of mechanical tractions exerted by cells in three-
dimensional matrices[ J]. Nature Methods, 2010, 7(12):969—971.

[29] Huang J, Wang L, Xiong C, et al. Elastic hydrogel as a sensor for detection of mechanical stress generated by
single cells grown in three-dimensional environment[ J]. Biomaterials, 2016, 98:103—112.

[30] Pan B, Wang B, Wu D, et al. An efficient and accurate 3D displacements tracking strategy for digital volume
correlation[ J]. Optics and Lasers in Engineering. 2014, 58:126—135.

[31] Wang B, Pan B. Random errors in digital image correlation due to matched or overmatched shape functions[]].
Experimental Mechanics, 2015, 55(9):1717—1727.

[32] Baker S, Matthews 1. Equivalence and efficiency of image alignment algorithms[ C]//Computer Vision and Pattern
Recognition, 2001. CVPR 2001. Proceedings of the 2001 IEEE Computer Society Conference on. IEEE, 2001, 1.
1090—1097.

[33] Landau L D, Lifshitz E M. Theory of elasticityl M]. London: Pergamon, 1970:25.

[34] Engler A. Bacakova L., Newman C. et al. Substrate compliance versus ligand density in cell on gel responses[ ] ].
Biophysical Journal, 2004, 86(1):617—628.

[35] Yeung T, Georges P C, Flanagan L. A, et al. Effects of substrate stiffness on cell morphology. cytoskeletal
structure, and adhesion[J]. Cytoskeleton, 2005, 60(1):24—34.

Study on three dimensional cell traction force
based on monolayer fluorescent beads

LIU Yong-man, XU Xiao-hai, WU Shang-quan, ZHANG Qing-chuan
(Department of Modern Mechanics, University of Science and Technology of China, CAS Key Laboratory of Mechanical Behavior and
Design of Materials, Hefei 230027, China)

Abstract: The mechanical interaction between cell and extracellular microenvironment plays a crucial
role in cell migration, proliferation and differentiation. In recent years, the studies on cell traction
based on digital image correlation and digital volume correlation have been extensively carried out.
However, the traditional method based on digital image correlation can only measure in-plane
deformations. The traditional method based on the digital volume correlation embed the fluorescent
microspheres inside the hydrogel substrate, which increases scanning layers and leading to long time
of image acquiring and strong phototoxicity. In this paper, authors combine laser scanning confocal
microscope (LSCM) and digital volume correlation (DVC). The monolayer fluorescent beads are laid
on the surface of the hydrogel. The images are collected at different times during cell migration by
confocal microscope. Three dimensional (3D) displacement field and three dimensional traction field at
the cell-substrate interface are obtained by using digital volume correlation method of second-order
shape function. This method not only effectively reduces the phototoxicity induced by multi-layer laser
scanning, but also greatly reduces the time of image acquisition. Thus, when scanning the same
sequence image, the cell morphology changes relatively little, the accuracy of original image is
improved. Moreover, the second order shape function can be used to describe more complex form such
as substrate bending in cell migration process, which can not be described by the first order shape
function.

Keywords: cell traction force; elastic hydrogel; cell deformation measurement; digital volume correla-

tion



