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Detection of Nanometer Displacement in Optical-Tweezers and
Its Related Measuring Errors
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(*Open Lab. of Bond Selective Chemistry , > Department of Physics,
University of Science and Technology of China, Hefei, Anhui 230026, China)

Abstract Optical Tweezers can be used in measuring nanometer displacements of a particle with several micron
diameters. Methods of measurement and data processing, error sources are analyzed. The dynamic image analysis
methods including the gray centroid method and new developed methods: exponent centroid method and parabolic fit
method are discussed and compared. A numerical simulation method was developed to evaluate errors caused by
these different methods and compared the errors of three data processing methods. The result shows that the
parabolic fit method has a high precision with fewer computing time when the background noise is the main noise
source. The position of a fixed particle is measured by the quadrant detect (QD) method and the dynamic image
analysis method. The measurement standard deviation is 1 nm and 0. 3 nm respectively, Based on nanometer
displacement measurement, the trap stiffness can be got. Finally, a sub-PicoNewton external force which is applied on the
particle is measured successfully. It shows that the resolution of force measurement can reach femto Newton order.
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Fig.1 Experimental setup
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Fig.2 (a) Out-of-focus bead image;

(b) Intensity profile of bead image

0.25 -

—a— conic fit
. —e— centroid
0.20 A —a— 2 exponent
—v— 3 exponent
—e— 4 exponent
3 0.15 | —<— 5 exponent
&
© 0.10
\"'\o‘./-—c——.—'\o;o—o—.——o\.,a
0.05 -
0.00 -
1 2 3 4 5
1g (SNR)

A3 Bt ESR IR
Fig. 3 Comparison of results

SNR: the signal-to-noise ratio; ¢: standard deviation

FOFOLT  BEHLIR S BT 5| AR 2.

Bl 3 fis i 6 i Ze s 3o ki & WA k.
OB ERELECERS SN 2,3,4,5 HEE
B R ., B HEA HER 1000 T B ST 45
Fo B3 H R AL bR A RS P E E F IR L B S
W b, ) X 450 0 A o 1R 20 A 0L 5 SR X o o 1L 1 389 O
AR 2 .

B & 3 AT, FR ORI R R KR IR
BB, 7E lg(SNR) <2 [ B 15, B IR E L
FERRER K FMK. % 1g(SNR)>2 B, H K
FREOFTEHREZZENFRE BEYFRET
3CETE 3D, XM|EHA K, EOEHEF W E

HHEEERA R, EHEY Ig(SNR)>1. 5 B, A
AU, WM& 7 lg(SNR) <1. 25 B}, f
ZMK FEEFREMIRS BRI BRS. 7 1.5
<Ig(SNR)<2 i, B R A HIEHRE OB MK E,
%4 1g(SNR)>2 B, B AR R 4 R, 5 IFRE L
BEE R TR KR R E O, B 4R BT
DAE TS L B B IR Z B AR5 0698
JERMEAR R R MRS 73 B A5 MR LT 28, AP iR 22 &
BORVETANRWRF . IR 5155 2 AH 5 Y 1
FE AR AR T OR/ME B AR B, B e A RR
AN G RBE B AR WARN . FAN S RIRE LB
TR LR TEAR B P 30 R O B X R B AN
TE LB REFENA . ERITABIE b, 24K
BEREEN. RIERFESENE, BREX AR
SREERE S, W IR B AR R, BB R AR SR
X, LhRifEM b dim. X THFRELEM
Wl R BB RS et B T O, BT E A
F B B BB, R ZE DN

XEFOTEAR & B B R E R IR E
ODEBCR R EMEE W ERE, AR R R
KK, T HHEEFROEREHEEIFRE BEF MWK
HHELOBEAEMGEREMERLTEAEMRRELK
BRI AEMERRLLMIES, HREEST
HA 7 s IR RIE R R R BN B OL T IR 2
BREHEFRLVES, EROBEEOLHERE,
AR E /N, Z Tk, o7 DUR 35 B 4% 00 Fks
BORLER =M EA B R R RS E R T
17 LI EHE 1 S AT AL 3

3 RIS BE 1y se il &

/NERSL S BT B OKS BE 32 B 2 R AR I, 3X
Segg L ——fh . A SCR B E#IEROK
INERSL BB T 1 0 2R 8 BT RE Ak B A RS BE AT
A

K REZ /IR (B4 3. 063 pm=+0. 027 pm)
RETEAE it 2 PR T o A b P9 SR 2R K, IF 8 A
Mo /NERZ 150 £ it 27 i R B A8 AR B #0045 40
T, SR AN 2 Bn . X R B /N ERFEAT T
B, D BEROHE BIOEENEK S ms, REK
BEG A 12 bit, K4 5000 5K, SR J5 #EFT — UK # 4%
Ab3, 75 BIRER/NEROL B AR 2. B R 22 1 1%
WEfE 29N 1.5 nm, ZAELE R B/NEROLES 69 45 1
M 0.3 nm, 2) PUMRFRERI &Rk A0ETATA, PO R



6 PRt 4 SLERBOAR PRI OR GRS HRIN B A &R =38 733

FRER I 25 9 SR Z SR A R T B 2 4 ik f 291
VAT PO R PR L E /N ERBOE L EARR S . R
EIEFEA 5 ms, R 5000 . 7B R AT
19 A7 B A 22 RO I UE(E 200 7 nm, RAETLS 133 /)
BROBIREmMZE R 1 nm, B 445 HT ERBR T
5 B I B 2 SR (A AT AR 1000 A% R L B 4
() U S A B E BRIk BB SR, B
4(b) 2 U AR FRERI % 15 75 B B 45 2R .

1.0 4
0.5 4

0.0 A

Displacement /nm

-0.5 4

T T T T T T T T T ]
0 200 400 600 800 1000
Frame

i
EI MG I AT COMA, TN TANM L 'T]l]l'm]'“"m
g

Displacement / nm

[VC T . S R VO S O
P R S ST S R S S

(b)

0 1000 2000 3000 4000 5000

Time /ms
B4 BRI RO /NERAL B T
() ZW 2 LA b B B4 BT A9 B 45 5 5
(b) PO BR300 25 119 B A 45 2R
Fig. 4 Results of the position measurement of
a fixed bead
(a) parabolic fit method; (b) QD method

S ue I B 45 R R EN B RGN AL E D IS
BERIRE T KRB . PR PRI & 00 PRI R 4L &
JEEm R T BB A ik AT LA S WRER A 75 B9 R4 5
BB o A ik i BE B (B fh 15 5 14 i A AL 2 19
S BOR 4R B B T HLE 7 B — 4 B R
REBRA R B Jm 73 B AL A5 1R R, A BB 5 ST A L 00 A
MR . KPR IT RS & RIES BILH
o6 290 DK ASz % 154 S s 00 B8 B T B

4 ORI R R —— R4

) &

1778 I 5 35 B 40 KR B2, (5 A3 6 B R R AT
DAKE 40 b 53 AR W) K4 F 19 33 sh e, 2B K
o3 F Z IR /N B F 7 B T &2 M B A 1B R 3
J BB /N R B AR S R AT LA SE A 40 b B 5T AR K
ST %A R, A, NEE B R T YK
K BE W GER RS b BT RE IS B A U/ 1 T B KOF

FACEN &M/ RET T RFL. EHE
FhC B BRI DX 3, O 65 TR /N IR B B B O AL T R O
B NREZBNWB S F 5HARE P SALHE 2 M)
LMUERRF =— K, « x, i K, BRZ AIGHFRIEE.
JEBFRIEE R T B R R BB ER T
2REME . TEXTEBFRIEEAE T A5 € Z )5 » i/ BE 1 1)
082 R 05 45 S ML B KGR I
4.1 XHRIEMERE—REFHHTE

It BRI BE B B 78 A AR T 30/ L B B0 6 B
&, EEH G A HOKANER , 7645 5 R AR T
WA HE S, LB 57 098 % % B % M Boltzmann
SERED, MR /NER AL B R B AT IR 1R B
RER/NERPGE SO, G 18 B/ ER 7 B AR 5
LML, LBk 5HEARBHEET
Boltzmann #4657 B fli kAR LG, BRI AT 75 2 6BERIBE

FATEARF R IEE GEO TR T, X LI
FRBEZ B/ (E PO bR E TOLBERIE, £k
FORREZHENIRHBEFRE T HAREGA.
B2 WOLEM R /NRIO AL E . BN RRE
5000 i1 18 , 55 T Y B 6 B[R] 8 4 ms, SRR BE R
12 bit, B 5, (b4 H T HE O EM Rl &%
BB A OLBENIE 5SROI R R R ML, BTk
I RAFE R . SCPENIE 5 BOLT R K X
. WMEAEFIL (N/nm,

4.2 BUNARRENE

L0 W B 68 I — A~ B, AT AV A /S
FIR RS . FER—AN R A S, U & T 00 B AR
K BEL T

— AN /INERAE T A B VR A B 8 DL — R B A B
B 5 52 B0 VR AR R 55 A RS W BEL 7 o X BROK B /D
B, B RN OK Y BE L RG  BEL DA R B2 AR
P WATH LRI LR T X — KWL 17 .

TH M BT RN 20 mW B, BRI
JE4 0.0061 pN/nm, MK BFBEF —1 3
pm FRIE R /ANER . 38 5 L 1 F & R b



734 G E]

b X 31 %

Stiffness /1 O'3pN/nm

Stiffness / 10'3pN/nm
(=)}

4
2
10 15 20 25 30
Power /mW

B5 ZhR-REXR
(a) M-TEO M (b) M-
Fig.5 Power vs stiffness using
(a) crosscorrelation-centroid method ;

(b) crosscorrelation-parabola method

57K P TR A 400 4 5 A = A S B (FR W 27y,
A 2 s) £ B 5E Bt 7 A ANER AL FE BT B -4
B, RAEEGRD IR E /N, 15 2/
BRI BV 7 5 0 S L R 4R - AL B O 107 nm. P
H G B W BE 08 AR B /N ER Z B B 6 BE D A 0. 65
pN. X5 HEMIE Stokes 24 XIHH /MK Z B K K
HBL Ty 0.77 pN ARG . B T 6 BRI B B 45 E
ATLAK E] N/ nm B9H B X BRE 7 0 B AT
AR B KA R4
5 4

BT AR ALAS U B A IR 22 (AR, 4R T — Rh X
AN R B8 2 A7 J7 ¥ #EAT PR AR BB 0L Bk, OF BK
THET WA K EE BN R R FRE SRS
TG . TR = A ROHE AL B T 3k B
R AR ZE S REYLIRE B PEOR 5K . TEAS R BE AL
FAERNBLT, KA USERAFREFRE
DT E R/ SR MU TR

FH B4 BB ASE 40, T 2 BB A8 Xt AN [ 50408 4 1 5 AR ) 1R 22
BT IEAG .

POR PRI s S BB e B G —
i, IR R G R A T 9K 2 [BIKS B L Z A0 B E)RS B
B4 BERE T o 4 551 T W PR A TN 8 42 A TR 43 A 1
Xof [ 8 RO BOK /INER B9 40 B R AT T B, 3 AR
2450 1 nm F 0.3 nm, T A5 M
BOERPRBI WL T RIS R A
WEBESH—ICBENIEE, 3F 3 M SE 3 T MoK /R
FRZ B R A4 S & . 49Kk A {N/nm
W 2 A 0 20K B 3R BR /N J B9 T 2 T LA SR B TR AR
B,

2 % xXx W

1 Li Yinmei. The Optical Tweezers: Principle, Technology and
Application [M]. Hefei: Publishing Company of USTC, 1996.
8~18
ZARIR PR . BRI BRI A IMI. S EB R
AR K2 WAL, 1996, 8~18

2 A. Ashkin, J. M. Dziedic, J. E. Bjorkholm et al..
Observation of a single-beam gradient force optical trap for
dielectric particles [J]. Opt. Lett. , 1986, 11(5) :288~290

3 Amit D. Mehta, M. Rief, J. A. Spudich. Biomechanics, one
molecule at a time [J]. J. Biological Chemistry, 1999, 274
14517~14520

4 Amit D. Mehta, M. Rief, J. A. Spudich et al.. Single-
molecule biomechanics with optical methods [J]. Science, 1999,
283:1689~1695

5 K. Svoboda, C. F. Schmidt, B. J. Schnapp et al.. Direct
observation of kinesin stepping by optical trapping
interferometry [J7. Nature, 1993, 365.721~727

6 J. T. Finer, R. M. Simmons, J. A. Spudich. Single myosin
molecule mechanics: piconewton forces and nanometre steps
[J]. Nature, 1994, 368:113~119

7 H. T. Chen, Y. M. Li, L. R. Lou e al.. High precision
measurements in an optical tweezers for studying single
biomolecule motion [C]. SPIE, 2001, 4536.:75~81

8 Guo Hongliang, Yao Xingcheng, Li Zaolin et al.. Measuring
displacement and force applied on particles in optical tweezers
[J]. Science in China (A), 2002, 32(2):97~102
LT, WORTR IR SF . BB R G P AN ORL 1Y 45 B8 AT
Z AWML FEAFAH, 2002, 32(2):97~102

9 R. M. Simmons, J. T. Finer, S. Chu e al.. Quantitative
measurements of force and displacement using an optical trap
[J]. Biophysical Journal, 1996, 70(4):1813~1822

10 Feng Longling. Discussion of the signal processing technologies
in the quadrant photodiode [J]. Optics Technology, 1995, (3):
12~17
Gl . AT ARIRER RN RE R ES A EIGT]. £
FH A, 1995, (3):12~17

11 Jeff Gelles, B. J. Schnapp, M. P. Sheetz. Tracking kinesin-
driven movements with nanometer-scale precision [J]. Nature,
1998, 331:450~453

12 E.-L. Florin, A. Pralle, E. H. K. Stelzer et al.. Photonic
force microscope calibration by thermal noise analysis [J].
Appl. Phys. A, 1998, 66:S75~S78



