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Abstract: We describe the realization of micronewton
forces in a fashion traceable to the Internatiddtem of
Units (SI) using the National Institute of Standardnd
Technology (NIST) electrostatic force balance.
comparison between deadweight and electrostatice fis
presented at a force level of approximately 200 Our
results demonstrate agreement between these
independent measurements at a level consistent tivéh
uncertainties in 20 mg mass artifacts. We prowdderief
description of our balance and its measuremencipis,
and then outline the procedures and the data asalysed to
derive our results. As part of the paper, we @isent a
table that summarizes the uncertainties associatitd
realizing a 200uN force via an electrode suspended in
measured electrostatic field. We compare this with
uncertainties associated with realizing the sameefeia a
mass artifact in a measured gravitational field.
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1. INTRODUCTION

The accurate determination of forces at the level o
200puN and below is of great interest in the generahsuef
nanomechanics, single molecule biophysics, and eutde
electronics.  Force-displacement curves measuredg us
instrumented indentation machines, surface force
apparatuses, atomic force microscopes, and optieszers
have been used to determine the elastic propedfes
materials at surfaces [1], interaction potenti@l pnd to
characterize the change in molecular conformatio
associated with DNA melting transitions [3]. Masdtthese
measurements are relative in nature, but absobateracy is
desired, even among the atomic force microscopeVij)AF
community, where the quest for accurate measuremient
cantilever spring constants forms a substantidiure [4].

The NIST small force metrology laboratory was
established to provide a traceability link to thef@& force
measurement and testing instruments in the randmwbe
10 mN [5]. Of particular interest has been thalgsgshment
of instrumentation and procedures to allow theizatibn of
Sl-traceable forces below 1N. This topic was introduced
as part of a previous IMEKO paper [6] and here wnesent
an update on our progress.
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2. OBJECTIVE

We have shown previously that it is possible to tee
determination of the volt, farad, and meter asizedlwithin
the Sl in conjunction with an electrostatic forcaldmce to
link small mechanical forces to the Sl [7]. We é&aalso
calibrated AFM force sensors by pressing them agams
electrostatic force balance [8]. Recently, theedir
application of electrostatic forces in a micro-¢lec
mechanical system (MEMS) device has been proposed a
means for producing an AFM spring constant artifact
potentially traceable to the Sl [9]. Our objectivere is to
communicate the accuracy of recent NIST electrioastatce
balance experiments and to suggest that at thenfiligram

alevel, mass could in principle be derived from #ectrical

units with no loss in uncertainty.

3. METHODOLOGY

At NIST, we realize a primary standard of smallcor
from electrostatics, and have constructed a sedés
increasingly refined systems to realize force usingpaxial
cylindrical capacitor arrangement [5,7]. The présersion
of this primary standard, referred to as the NIST
Electrostatic Force Balance, or simply the EFBsli®wn
schematically in the drawing of Fig. 1.

As shown in the drawing, the balance has been
assembled on a custom optical table in a spedi@éigned
free standing vacuum chamber approximately 1 m
iameter. The optical table on which the EFB isunted
sits on three legs that protrude from the chambeor f
through flexible bellows that terminate in blanlarfges.
These table legs are supported from below the chaimpa

in

large granite block, as indicated schematicallyFig. 1.
Thus, the only contact between the vacuum chamizkihee
experiment is through the relatively compliant be#. The
experiment can operate in air, but vacuum operation
eliminates convective air currents that tend totysbr the
large and compliant balance suspension. Also,atioer in
vacuum eliminates the need to correct for the indéx
refraction in the interferometer and changes indiedectric
constant of the gap in the capacitor.

Functionally, the EFB consists of an electrostétice
generator that acts along a vertical axis (z-divegtaligned
to the local gravity to within a few milliradiang-orces are
generated when voltages are applied to the pairested,
coaxial cylinders (Fig. 1, items 3 and 4). Theeoutigh-
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Fig. 1. Schematic of balance components: 1) Paralbgram balance 2)
Differential plane mirror interferometer 3) Main in ner electrode
(cross-section) 4) Main outer electrode (cross-sémt) 5) Vacuum

chamber 6) Optical table 7) Granite foundation blo&
8) Heterodyne laser light source 9) Mass lift 10) @interweight

voltage cylinder is fixed while the inner electilga
grounded cylinder is free to translate along thexis,
varying the degree of overlap. The capacitancehddf
geometry is in principle a linear function of theedap of
the two cylinders. For a perfectly coaxial arramget, the
in-plane capacitance gradient possesses radial symynso
that the resulting electrical force is directedesphlong the
z-axis. To define this axis of symmetry, the inoglinder is
suspended from a counterbalanced parallelogranadmk
(Fig. 1, item 1) that employs a series of crossexiife
pivots. This mechanism produces a well-constrametion
axis, easily aligned to gravity, that is largelgensitive to
off-axis forces, while the on-axis stiffness canvagied to
as small as 0.001 N/m through the use of a nowsidaing
spring [6].

The NIST electrostatic force balance generatedraiat

forces,Fe, in response to loads along the balance axis thi

may be calculated from
F=t%uau,y

1)
2 dz
where dC/dz is the capacitance gradiend, is the voltage
applied to the outer electrode, andl is the potential
difference between the electrodes resulting fronfase
field effects. To determind,, the polarity of the voltage on
the outer electrode is reversed with no changédénforce
load. Us is one half the difference in the applied voltages

e

A typical Us we measure is 0.15 V, but it ranges from 0.1 V

to 0.18 V in our experiment.
The balance has two modes of operation, namely

inner electrode with respect to the fixed main oute
electrode. The capacitance and displacement battee
fixed and moving electrodes are recorded, so that t
general functiorC(2) is mapped at discrete locations along
the balance motion axis. The functi@(2) is plotted, and
then fit with a straight line from which the gradigor local
slope is determined.

Weighings and force comparisons are accomplished by
controlling the voltage on the main electrodes taintain
the null position of the balance. We use a propoat-
integral-derivative (PID) servo controller implenteth on a
dedicated processor in a separate chassis, withléig!
operator control through an ordinary PC. For tgpic
balance operation, a mechanical imbalance is inthase
the counterweight side which is countered by an
electrostatic force applied by the controller toimein null
as measured by the interferometer. Positive lcatsthen
be measured on the weighing side of the balanoejged
they do not exceed the mechanical imbalance. allgic
loads are applied and removed and a force is eatalifrom
the change in controlled voltage necessary to raigimull.

4. MEASUREMENT

An exhaustive comparison between the gravitational
force acting on a 20 mg test mass and the balancing
electrostatic force generated by the EFB has begoing
for a few months. A typical weighing sequencerisperses
sets of capacitance gradied€(dz) determinations with sets
of weighings, each set taking a little over an hourhe
dC/dz value used for each weighing is the mean of the
neighboringdC/dz measurements, in an effort to account for
any linear trend.

Figure 2 is a representativdC/dz set, having 13
bidirectional cycles of three-point sweeps. Eadiinp
within the sweep is averaged for about 30 s.
capacitance is measured by a sensitive bridge iGirand
the displacement by an interferometer system. €Eb the
validity of using three points to estimatiC/dz, a set of
capacitance measurements with eleven point sweegs w
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q:ig. 2. AdC/dzweighing set. Each point is a slope calculateddim a

gradient calibration mode and a weighing or force set of three points at 0 mm and + 0.2 mm. The cike data points are

comparison mode. Gradient calibration is accorhplisby
moving the balance suspension through a small rarige
motion (typically < + 0.2 mm) about the null positii A
second electrode pair on the counterweight sidethef
balance is used to drive the balance arm, moviegnthin

slope calculated from positive transversal, the dimond from
negative traversal. The symmetric deviation of théwo curves with
respect to the mean is in part due to drift in themean capacitance
and is not indicative of a change in the physicalugntity dC/dz
(mean = 0.946907 pF/mmg = 3.0 x 1 pF/mm,
o/IN = 5.0 x 1 pF/mm)



20
0.94694
151 1
10} ] T 1 094693 |
T 4 ' ] £
= ° - £ 094692} 1
3 0 1 s
g S 0.94691
x gl ] 2 0. F ]
o ° i 8
1ok B 1 0.94690 )
5t : - :
- 0.94689 : : : : : :
20 ‘ ‘ ‘ ‘ ‘ 6 8 10 12 14 16 18 20
-200 -100 0 100 200 Day of Month
Z Position (um) b.
Fig. 3. Capacitance residual after subtraction o& linear fit. The
points are averages from 40 bidirectional, elevengint, 400 pm 20.5 :
zsweeps. The fitiC/dzwas -0.946756 pF/mm. Eoom
ase
= 204 =— Vacuum | |
measured. The residuals from a linear fit (Figa within L
1.5 x 10° of the total sweep amplitude of 0.4 pF. A mear g 203
dC/dz value is calculated from each of the one hour set 5202 |
(eg., Fig. 2). Figure 4a is a trend line of tH€/dz set ET
means over a period of several days. The drifiGfdz is F 201 |
somewhat correlated to rate of change of the teatper '
(Fig. 4b). As the temperature varies, the totgacitance ‘ ‘

also changes (Fig. 4c). Although the temperaturehe 6 8 10 12 14 16 18 20
room is controlled typically within +0.02 °C, the Day of Month
temperature of the balance components inside tocawa

system vary by as much as 1 °C, especially as ybem 4.9992
temperature stabilizes over a period of a day gftenp
down, or as the power to the vacuo actuators is cycled. 29991} 1

The dependence of the capacitance on the tempergtur
well explained by the thermal expansion of the f@siof
the overlapping edges of the electrodes relativeth®
measured mirror locations. The dependencdCidiz on the
temperature is likely due to the effect it has lom tentering 4.9989
of the capacitance electrode cylinders. Since stingport

structure for the outer cylinder and for the inoglinder are 5
both aluminum, the equilibrium expansions are esquk¢o 4.9988 8 10 12 14 16
be the same, but the outer cylinder support stragsumuch Day of Month
more thermally massive, and thus will respond nuboevly Fig. 4. a) History plot of the meardC/dz for each data set over a
to the .terr_1perature changes. period of ten days; b) temperature of vacuum, balace base and

Weighing data sets are commonly 33 mass on-offesycl  room (sensor offsets not calibrated); c) mean capitance for each
(Fig. 5). The voltage for each mass on or off ¢towl is data set.
averaged for about 30 s. In order to track thefaser
potential, U, the sign of the applied voltage is switched
between alternate mass on-off cycles. Typicalig, drift in 205,030
Us is small, so a single mead is calculated and used to
correct all the measured voltages for a given samny
misestimate ofJs will at worst add a difference to alternate
voltage weighings within the set, but will not affethe
mean. The electrostatic force for each mass offiass on
condition is calculated based on the correctedageltand
the current estimate odC/dz. Individual weighings are
determined as the difference between a mass-onitmond
force and the mean of the neighboring mass-off itimmdl
forces (and vice versa), again to correct for lirdrét.

The entire history of the means of weighing data $ear 205,014 ‘ ‘ ‘ ‘
the past four months for this 20 mg artifact arevam in o0 02 04 06 08 10 12 14
Fig. 6, where we plot the mean electrostaticallyasueed . Time (i)

e - ig. 5. Typical processed weighing data set for20 mg test mass.
force for each data set. Some of the shifts insmex force (mean = 205021.0 NN = 2.4 nN,6/\N = 0.3 nN)
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Fig. 6. History of electrostatic force determinains for 20 mg test
mass in gravitational field over a 160 d period.
(mean = 205018.3 nNg = 3.13 nN,6/YN =0.12 nN)

seem to be deterministic based on known effectsptivers,
the origin of the shifts are yet unknown. For epéanthe
broad peak in the force around day 40 correlatesotoe
extent with a failure in the air conditioning systén the
control room in which the capacitance bridge anitnveters
were located. The temperature rose by more thfah for a
period of a few weeks. (The EFB itself is in a awepe
temperature controlled room.)

Another point that is apparent from the weighingtdry
is that the measurement noise has generally dexteakhis
is due to continuing improvements in the balancerafions
such as better low-noise cabling and the switch-deea
more deterministic, higher bandwidth balance cdigrp
controller servo parameters have also been coirfynua
adjusted for optimization.

5. ALIGNMENT AND UNCERTAINTY

Estimates have been made of the sources of measnrem

uncertainty. A large category of uncertaintiegssociated
with the requisite alignments of the force and measent
axes. Care was taken in the set up to align theriaylinder
translation axis and the interferometer measurenasig
with gravity. The starting point is to align adéaseam with
gravity by adjusting it for normal reflection offrairror that
has been leveled with a bubble level. To alignhbh&ance
axis to this reference beam, the beam is reflettiezligh a
corner cube mounted on the moving element, anddghtou
back to a position sensitive detector; the latenation of
the returned beam is monitored as the balancaiislated.
Effectively, the alignment of the interferometer
measurement axis means the alignment of the lasamb
and the alignment of the mirror normals of the mne
cylinder and outer cylinder mirrors with gravityAll of
these angles are adjusted to within 1 mrad, anectthe
measurement by a factor of the cosine of the angleless
than 5x 10"

A potential source of error in a parallel linkagetian
constraint is a lack of accuracy in the relativaceiment of
the flexure pivots or in the length of the arm# general,
this may lead to a parasitic tilt or rotation oktlyuided
motion. While any resulting issues associated vtita

alignment of the motion axis appear as the cosinghe
angle, and in our implementation are quite smdiis t
rotation will also lead to a dependence of the doon the
moment arm, known as corner loading error [10], cluhi
appears as the sine of the angle times the momemnt @he
balance is built with an adjustment to null outstkrror.
The adjustment is made by monitoring with an
autocollimator the tilt of a mirror placed on theowing
element while the balance is translated. Furtheemto
experimentally verify this adjustment, we compaoedaxis
weighings with weighings where the mass was offsgt
100 mm to magnify the effect. An example of onehsu
experiment is captured in the weighing history (g On
days 95 to 105 and 120 to 130 the mass was offget b
100 mm to one side. In between, on days 105 tq &0
mass was centered. Evidently, the magnitude ottmaer
loading effect at this exaggerated offset is no entiran
2 nN or a relative error of 2 10°. A conservative estimate
of the centering of the mass under normal condstits
3 mm, leading to an uncertainty contribution factof
3x10".

The alignment of the capacitance cylinders wétbpect
to each other is also a consideration. The gedereetes of
the cylinders are manufactured to be aligned wighrhirror
normals to within the comparatively negligible maeh
tolerance of 1Qurad, thus the alignment of the
interferometer mirrors captures the requirement for
parallelism of the cylinders to within the previbus
discussed 1 mrad. The centering of the cylindedone by
adjustingx andy for minimum capacitance at fixetheight,
and is conservatively estimated to be withinub@. In spite
of this adjustment, to the degree that the eleesodre
miscentered—and they must be to some extent, &t lea
during temperature excursions—there will be a shaadiral
component to the electrostatic force. This willplgpan
unknown moment that must be counteracted by thevoff
stiffness and will have an effect that could couipli® the
force measurement through cross terms, similangaorner
loading error. Any such effect is expected to malsand is
not included in the current uncertainty analysis.

Balance hysteresis is another concern. The ekatio
force required to null the balance is affected Hxy position
history of the balance mechanism. As the massaiddd on
and off, the finite stiffness of the controller alls a
transient deviation from the null control point. hi§
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Fig. 7. Null position disturbances caused by typa mass-on and mass-
off transitions.



Table 1. Balance Hysteresis forcds, (NN), for various symmetric
excursion amplitudes and times.

Table 2. Relative standard uncertainties in electrstatic force
measurement using a 20 mg test mass.

time excursion amplitude (um) Contribution
(s) Uncertainty to total
03] 1 3 | 10 | 30 | 100|200 sources uncertainty
-5
2 15| 11 | 3.0 | 54 (10)
Standard transfers
3 |o9|15]|17 41|50 ]| 69 |126 (type B)
10 | 1.2 116 | 20 [ 56 | 58 | 83 | 155 z 0.3
30 | 1.7 )1 28 [39]96 | 68 | 115 216 \% 0.6
100 39 |71 ]17.0{ 91 C 0.3
Correction terms DS
x 10°
disturbance is currently limited to a peak of l&dssn 1um . L )
. . . . alignments 0.05
with a width of a few seconds (Fig. 7), though itsw oo 0.03
typically 3um for some of the earlier measurements. We corner Oa_'ng :
have examined the hysteresis properties of thenbaléy hySt‘_arE_’S's 03 07
imposing transients with no mass change by applying Statistical
electrostatic pulses with a range of amplitudestands and (ty_pe A)
examining the effect on the force after return idi.nThese weighing 2.0
data are summarized in Table 1. The hysteresefar a dC/dz 0.6
non-linear function of excursion and time, with arde Combined 2.2
increase between 10m and 30um pulse amplitude. For
our conditions, we estimate a hysteresis controuadding
to the apparent electrostatic force) of 1.3 NNS:riN.
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