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Abstract: This paper presents a comparison offrequency sinusoidal signals to generate a compiensa
milligram scale deadweight forces to electrostitices that electrostatic forcé, to balance the force under measurement
is generated from an electrostatic sensing & actgdbrce  f,. The balance conditiofy, = —f. is maintained by the
measurement system recently built in Center fodigital controller by keeping the flexure stageitat zero
Measurement Standards, Industrial Technology Rebeardeflection position. Some parts of the force mezment
Institute (CMS/ITRI). In the first section, we éfly  system were upgraded. A new design of copperdbaryl
introduce the electrostatic sensing and actuatiogcef flexure stage was installed in the system, whicls ha
measurement system, and then we describe the meedl  counter weight balance mechanism and a lower stffrof
setup for the comparison and the results. Finallygive a 13.08 N/m. A new set of gold-plated, polished &tmes
discussion and outlook. was assembled as a three-electrode capacitor anghtpu

operation. The capacitance gradient for the nemgeth

Keywords: deadweight force, electrostatic force, electrode capacitor was measured.
electrostatic actuation, capacitive position semsiforce
balance. 2. EXPERIMENTAL SETUP

1. INTRODUCTION In this experiment, the compensation electrostiatice
is compared to the deadweight force by weighingeggiat
Micro- and nano-force measurement is of great @ster with the electrostatic sensing and actuating force
in recent years among several national measurememteasurement system.
institutes (NMIs) [1-5]. Center for Measuremenai8tards
(CMS) of Industrial Technology Research InstitufER]) Deadweight force: We used five wire weights with
has established a force measurement system based rminal mass values and shapes of 1 mg-trianglemg2
electrostatic sensing & actuation techniques. 3Jystem is square, 5 mg-pentagon and 10 mg-triangle to gemerat
capable of measuring vertical forces up to 200 using vertical downward forces. These weights meet the
force balance method and mainly consists of a fiestage, metrological requirement of the OIML class Bnd were
a three-electrode capacitor and a digital contrgég The calibrated against standard weights using mass amtgy

schematic drawing of the system is shown in figure balance. The calibration results are compiledaiblet 1.
The deadweight forces can be derived from the bl

monolithic flexure stage | fon — mass values and the local acceleration of gravitagi =
L Flectiostatic e | Dokl 9.78914 mAasf, = m (L - p./ 4 g, Wherep, andp, are

T densities of the air and the weight respectivelyhese

l% seing ecatne [ Capacitive position weights were loaded and unloaded by a DC motorasetu
sensing linear translation stage.

Base

Figure 1: The schematic drawing of the force

measurement system. Table1: Mass calibration result.

o ] Nominal mass | Conventional Uncertainty, 95%
The three-electrode capacitor is used simultangoasla | mg) mass (mg) confidence (mg)
capacitive position sensor and an electrostatiefactuator. [ 1.00096 0.0003
The position of the center electrode is detected by, 2 00116 0.0003
comparing the top and bottom capacitors formed ey t 5 5 00124 0.00065
three electrodes using an inductive-capacitive nmasb 10 10.0021 0.00048

bridge circuit. The position detection is perfodrat a radio
frequency (RF), say, 100 kHz, a frequency dependimthe
capacitance values and the design of the sensiiugebr
circuit. For electrostatic force actuation, thp snd bottom
electrodes are applied with two high voltage, audig

Electrostatic force:  As shown in figure 2, the
compensation electrostatic forége generated by the force
measurement system is determined by the following
equat|on



range. Taking the gain difference between charwietsgh
voltage amplifier, substituting equation (5)-(8) & andV,
in equation (4), we obtain an equation for desngbihe
electrostatic forcé,

whereS,, S, are the capacitance gradients of the top and the , , , ,
bottom capacitor€,, C, andV,, V, are voltage potentials fo = SSAV,Y, + SA (a+b) (v, +V7) + So(Vs +bV; ) )
+ (acterms)

1 1
f = Eqvf +552sz : 1)

a=(A1—Ay)/(A+Ay), Ag is the mean gain factds,is the offset
fraction x/d, v = (ve*-Ve?)/2 andv, is the control voltage.
The high frequency AC terms at audio and RF freqigsn
can be omitted because they cause only negligilcle a
displacement modulations on the flexure stage.

C, @ where a is the gain difference fraction, i.e.
C

Figure 2. Three-electrode capacitor for electrostatic

force actuation. Parametern can be tuned to very close to zero by adjusting

the gain of the DAC within a software program. Afthe

H 5
between the top and the bottom capacitors reségtiv tUning, parametea was measured to be smaller thasl®
Using the parallel-plate capacitor as the modekfgracitor ~ Contributing a negligible force uncertainty. Iredeof using
C. andC,, then the capacitance gradieSisandS, can be the optlcgl interferometer, tht_a position of the teen
expressed as (with d being the gap distance betwe&Hfctrode is measured by the difference betw@eand C;

electrodes when the center electrode is verticallyered) ~ With a differential capacitance bridge circuit [Gtence, the
position of the center electrode can be brougttéovertical

) 3 4 center position by nulling the output of the diéfatial
Sl(x):ﬁ DS{1+2X+3X2+A(XJ +5(ij +} @ capacitance bridge circuit. With commercially dakbie
dx d d d d optical interferometer, the offset adjustment cobéd quite
dc X 2 ) ) 3) difficult and ambiguous. The effect of parametetrlf) can
Sz(X)=(TX2 US| -1+ 26—3(6) H{Ej _S(E) tee be tested by setting=0, modulatingv, with a square wave
profile and observing the displacement signal ef flaxure

. ) stage. FoW,=2.0, we did not observe the displacement due
where d is the gap distance between electrodes Wen tg the modulated,,

center electrode is vertically centered. The ebstétic force

can be written as The remaining factorS, v, andvs dominate the uncertainty
of the electrostatic forck. The capacitance gradie®twas
1 X d using a weight of 1 mg and a set of dptica
f== 2 _y2y4+ X 2 4v2). 4 measure g g g _ p
e 280(\/1 2) d SO +Vz) ) interferometer. The weight of 1 mg was cyclicdthaded

and unloaded to the system by a motorized linesgesto
The voltageV; and V, contain the RF detection signal produce a deflection modulation. The deflectionswa
Vgsinat, audio frequency high voltage actuation voltagegneasured by the optical interferometer and the
Vausinat, Vapsinat and the electrodes’ surface potentigls ~ corresponding capacitance variation was measurech by

Vg, Namely calibrated precision capacitance bridge. To redoeeffect
from seismic noise and drift noise from the optical
V, =V, sinag,t +V, sinct +v,, (5) interferometer or the flexure stage itself, botfledgion Ax
. . and capacitance variatiodMC are measured from the
V, =V, sinat +V,, sinat + v, - (6)

difference between average values of mass |loadidaahal
. ] ) ) two adjacent mass unloaded data. The capacitaackegt
The high voltage actuation signals are providedabiull S is just the ratio oAX/AC which is shown in figure 6. The
range +10 V 16-bit resolution digital-to-analog Convertercapacitance gradient has a mean valu&of 2.876:10°
within the digital controller and an ultra low neihigh /" 214 a standard deviation ok = 0.00&10° F/m.
voltage amplifier. To make the electrostatic folicearly Therefore, the standard uncertainty of the capacita

proportional to a control voltagg, we set L : R
gradient isy(s, ) :% = 4x1072 F/m with N = 369 in this
N

= 7
Va =AM, +V) % measurement. The uncertaintfv,) of control voltager, is
Vi =AM, — Vo) (8) calculated using the DAC resolution of 0.3 mV as

u(v,) = 0.3/(2+/3) = 0.088mV which contributes 1 nN. For

where Ay, A, are amplification factors of the high voltage the surface potential noisg, the current actuation scheme
amplifier. The termV, is a constant and determined by the P 35

value of S, and the upper limit of the force measuremenprevents Fhe surface potential effect from be|ng|:le:.to
and amplified by the control voltage as in the previous



electrostatic actuation scheme [&vs. The surface Within the control bandwidth, i.e. fai(s) >> 1, the relation
potential is reported to range from 20 mV to 180 [A\V8]. betweerf, andf,, can be approximated as

Takingvs = 0.18 V for example an8 = 2.876x 10® F/m,

the surface potential induced electrostatic fosceabout 0.9 fo =— (kx, +f,), 11

nN.

wherek is the stiffness of the flexure stage. Equatibh) (
shows that the null deflection control automatigall
generates a compensation fofcto balance the force under
285 measuremerff, To reduce influence form the noisgf,, is

10°

-2.84

T 1 measured in a short period of time by comparfg)
g | N ; A | ‘ beforef,, is applied andy(t,) afterf,, is applied:
8 Lol bl ; 1
5 Wi \WW [ | B, = ,(t,) = f.(t) = K%, (&) =%, ()] -
é 2.88 ll H tu ]‘ [ v I [
8 | ! | ! q thus
< 2.89 1
O
29 fm = —Afe - ka . (12)
2% 50 o w0 a0 2 a0 w0 w0 The termx, represent the temporal variatiom@fduring the
Measurement ind measurement time frame. From one deflection measemt

Figure 3:  Capacitance gradient calculated fr(gm/Ax. data taken for 8-hr, using a time frame of 300 s\aluate
The mean capacitance gradie§§ = 2.876<10° F/m, x., we obtained a standard deviation of 0.33 nmxgr
standard deviationos = 0.00&%10° F/m and standard With the measure#l of 13.0 N/m, the standard deviation of

deviation of the mearfs - 4x1g%2 F/m (N = 369 in this thexy equivalent force noise is 4.3 nN.

JIN Table 2 listed the main sources of uncertainty loé t
measurement). measured,
Null deflection control: The force under measuremépis Table2: Uncertainty budget for measurgd
balanced by, by the null deflection control. Figure 4 shows Source of uncertainty Standard uncertainty (N)
the block diagram of the null deflection controlThe | Capacitance gradief§ 1400Af,
]Elransfer tfunctions O'ft' the m_:?in compon?nts,rf_rllaargdiig 16-bit DAC resolution 110°
exure stage, capacitive position sensor, loderfiand the Surface potential, 18010°

electrostatic force actuator, are representeGphl, D and - :
A respectively. The term, represents a deflection nois¢ Displacement noisgy 4300°
which may be contributed by the seismic vibratiomsa and
the thermal noise of the flexure stage itself. Taktion

Combined standard uncertainty:

betweerf, andf,, was derived to be u(f,) = \/ (48110°)* + 14007°Af,)* N
(9) = - HDA (9) - T (9 (10) Weighing process: Each weight was loaded for 100
¢ 1+T(s) 5 1+T(s) " seconds and unloaded for 100 seconds. The contjmnsa

electrostatic force was calculated from the contoitagev..
whereT(s) = GDHA is the open-loop transfer function of the Figure 5 shows the control voltage acquired during one
control system, andr«(s), X(s) and F.(s) are Laplace weighing cycle. The voltage differents, was determined
transform off,, xs andf,, respectively. from one weight loaded segment and its two adjacerght
unloaded segments as

Loop filter Electrostatic force

(VIV) driver (N/V) Av =y, — Ve _Ver ,  (5)
Cc cB 2 2

The weighing cycle was repeated for a long peribtinoe
in order to evaluate the stability and uncertaiofy the
system.

Capacitive position Flexure stage
sensor (V/m) X, (m/N) f

Figure 4: Block diagram of the null deflection control
some noise sources are omitted for simplicity.
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Figure 5. The capacitive displacement and control

voltagev, during one weighing cycle.
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Figure 6. A data run for 1 mg weighing.
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3. RESULTS

Figures 6 shows the result of one weighing runtffier
weight of 1 mg. The measurement was taken foetbess.
For this run, the electrostatic forcefis= (9,782.6£ 6.7) nN,
where the given uncertainty is the one standardatiewn.

The deadweight forces produced from the weights are

estimated a§, = mg (1-0.i/ Omasd, Where the air buoyancy is

taken into consideration. The comparison resuits a
compiled in table 3.
Table3: Comparison results, unit in nN.
1 mg 2 mg 5mg 10 mg
fw 9797.32.9 | 19586.22.9 | 48950.36.4 | 97897.34.7
fo 9782.66.7 | 19527.@4.1 | 48751.48.2 | 97886.416.5
fe-fo, -14.5 -59.7 -199.1 -10.9

In general, the electrostatic force has a smalkdues
than the deadweight force. For comparisons of hieid
mg and 10 mg, the force differences definedf g are
similar and close to 10 nN, and they both are iangle
shapes with similar dimensions. For comparisonghef
weight 2 mg and 5 mg, the force differences areerdtrger,

and they are in shapes of square and pentagorectasly.
The weight of 5 mg has the largest force differeafcabout
200 nN (20ug), and it is the biggest weight in terms of wire
length and shape area dimensions. A possible ejien
for this force difference is that there might bensoextra
electrostatic or magnetic force between the wegid its
surroundings. Due to the size of the weight 5 inlgas the
shortest distances to and possibly experiencestthagest
electrostatic/magnetic interactions with its sundings.

4. DISCUSSION AND OUTLOOK

The force measurement system based on the eledicost
sensing and actuation techniqgues has been built and
upgraded. The system is enclosed by a vacuum aramb
which resides on a passive low frequency vibraisofation
platform. The voltage actuation scheme has bedtifiad
to allow the decoupling between the surface paémtiand
the actuation voltage leading to a reduction indh& and
bias of the compensation electrostatic force. Iysem is
stable over a long period of time. However, thesesof the
extra electrostatic/magnetic force observed invileéghing
test is still unclear and investigation to thatiglerway. A
new design of the apparatus’s housing is beingdatsd, it
was designed to isolate most of the apparatus fitsm
surroundings and expose only the force loading.arba
addition, other parameters such as alignment factitre
capacitance gradient and its frequency dependeiicalso
be re-verified and further studied to find out tteuse for
the force difference.
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