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[ Abstract] Micro-newton force measurement technology, extensively employed in the domains of space exploration, bio-
materials analysis, and micro-nano manufacturing, plays a pivotal role. This study presents a device constructed based on the
principle of electrostatic force balance, aimed at measuring micro-newton force values. Addressing the issues encountered in
preliminary research, such as excessive stiffness in the vertical direction and significant alignment error of cylindrical
capacitors, structural optimization of quadrilateral flexible pivots was undertaken to diminish system stiffness vertically,
thereby enhancing the force resolution of the electrostatic force balance. Additionally, calibration of the concentricity of the
inner and outer electrodes was achieved based on the capacitance characteristics of cylindrical capacitors. Experimental
assessments revealed that the devised micro-newton force measurement device adeptly confines the measurement
uncertainty of 100 puN force values to the E-5 level. The outcomes of this research are poised to significantly contribute to
the establishment of micro-newton force measurement standard devices and further research on micro-newton force
measurement methodologies.
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Fig.1 Schematic of the electrostatic force balance measurement device
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Fig.2 3D diagram of quadrilateral flexible pivots
structure in the electrostatic force balance device

(3

lZ
P, 1R AN 5 VI S AR iz 2l oo
Z 1] (R K- B 5 e RS AN SRR AR A I 5 m R
IRERGERRAERRI AN O TR RO E TR R
14 R, 5 B 7 BN 28 a0 7 S MK B iz Bl v
OIF HREEAR A ME MR AN o (R Ry 122
PRI B B P AT B PV S i A 1

Metrology Science and Technology, Jul. 2023, Vol. 67, No. 7

T, PR gkt v AR R B 23 e il ) D R 4
A IMEIT A B W ST

HL 5 35 S 1) S (B R T HhL 25 288 114 Fl 25 R %
TFP9 . A AR A B et 1) A8 Ak R, 38 AT (E D
S0 T S P UK L A B 1) P SA(EAE A T 3t
WSH BAEROLT, AR L A8 B H AR
(242 5 e B) SRR 0 A A R R RO R e, HR
H 461 2 0 58 22 (52 ), 00 L A1 B A
ARUTIR W) ANSE, AETE AR ) R A% 2 5 A 255 i)
HL AN, B e HL AR B A T 25 SR b 5 | A 22,
I LA N e A A (B T P 8 110 28 R 25
FEH A AR = e AMBIAA 0 XF HL 2516 B2 B 52 Wi mT LA
A3 R (4) Fal(5) K FoR .

dc
dz
2ne
g i+ R =€+ (R + R’ — (R —R))’ — €?)
g 2RR,
4)
dc
dz
2ne
: R+ R — APsin’0 R+ R — APsin’0 .
2R1R2 2R1R2
5

U, Ry MR, 73 BIFR IFIAE: HL A i A LA ) A1 5~
TSN R B N TR 2 AR 5 e3R8 23 AU A L R
P 3 R BE L IRAE AL A1 AR AR 1o Ml B 4 15 1A
Xt L AR B o ] DUA B, AR RN B AR 1) D
ot FIMBTA HIORE (75 FRL 2860 12 A9 00 0 (03 O, >4 [
HE LA A SR A [ AH , F A B ) 0 A
/e PRESIEHR Fh ] R A AN [ 5, 8L AR 7KF )7 1]
o 5l P P AR Pl A (LR AR 2 DML 7 5O o [ A
PRSI R P ) B, (il L 28 A A

2 MEXWKEER

R8I i BRSO S e, e
FAAAHH] 7075 ARG A il F im0 BB ik A Ak
L, R IE AR A R B AR A RLER H 6061 FR A 4
i, HAR AN ZME4R 5104 18 mm F 20 mm, 4b
HR RN L A4 9000 21 mm AT 23 mm, 3% kRS
/NF 10 nm, Z2 A A#CR A Riverhawk 23 & A 5004-
800 F 3 7 iy, FRARNIEE 7 0.0013 N/m. HL 25 HiL R
% Hl Andeen-Hagerling 7\ A (] AH-2700A. 2% 7734



HHERELEA 2023 £ 7 ARE 67 55 7

36T ¥ AY R A Renishaw 23 & 19 28 % 22 /3 RLE20
DI #C RS . MR R A Keithley 2 7] /9 & K B
B7- i3 SourceMeter 2410, AR5 & IR FR, T & H
T E 0 I 4 5 (R Y B AR AR Y, T LA
56 B9 5K B 7 B B 4E ], ik A% 8 B 3l E 2L
PID Fi il v i R 1) 1 2l o 8, 000 8 vy - 53 F
TRAFSETIRE . FE AL AR 200 E 0 25 1 an %] 4 o
N, R T U IR A 2R T F AU (B I A5 AR R
M) , 75 B YR 7 (DN o S 6 v >R O L B A B0 0
oy M B S8 B DGR R R HE S, TR
RENN . SN XS RSG5, il S E A
FERLZE 28 2 L B o] LU s A5 B 15 5, R
{5 MG S 2 /NI N M SEEe 25 B an &1 5
Ko DRSME SRS A 1.25 um, RPEERS/NT 10 nm,
L2815 5 B9 IR E5 M 0.001 pF, £ PE IS F2 /N T 2E-6
pF, i A& S0 0 oK o F T S g Y B2 91
10 mg fif it 0152 55 2 BT 78 Mb 1) = g okt B A v 4%
w1 fis.

1.170
~ 1165
g 1160 F ) /
@ 1.155
2 1.150
E?’i 1.145 . ,
2 1140 T

1.135

1 1 1 1 1
~100 -50 0 50 100
e iAs it/ um

1.140 864
1.140 863
1.140 862
1.140 861
1.140 860
1.140 859
1.140 858
1.140 857
1.140 856

I I I I I I
11401855 -1.0 -06 02 0.2 0.6 1.0

i)
3 ASPERZEEEBEFER X RIS ER I

Fig.3 Influence of radial offset and tilt angle of inner and
outer electrodes on capacitance gradient
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