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The small force measurement is very important with development of the technology. The electrostatic force is adopted, in which a
pair of coaxial cylindrical capacitors generate the electrostatic force when a voltage is applied across the inner and outer electrodes.
However, the measured force will be covered by noise (creep, ground vibration, and air flow) and could not be measured accurately.
In this paper, we introduce the differentialmethod to reduce the effect of noise. Two identical parallelogrammechanisms (PM) serve
as the mechanical spring. One of the PM serves as the reference and another serves as the force sensor. The common signal will be
offset, and the difference signal will serve as output. In this way, the effect of the creep will be reduced. The measurement system
of the electrostatic force was characterized by applying mechanical forces of known magnitude via loading weights of calibrated
masses. The uncertainty from voltage, laser interferometer, and capacitance gradient was estimated. For the measured force, the
relative uncertainty is less than 4% (𝑘𝑝 = 2).

1. Introduction

The small force measurement is very important with devel-
opment of the technology [1–19]. It involves precision instru-
ment, MEMS [1, 2], biology [12, 13], magnetic field distri-
butions [14, 15], and tribological properties of material [16–
19]. Scientific research institutes have carried out researches
from country to country. The National Institute of Standards
and Technology (NIST) in USA created a force measurement
system based on the electrostatic force, having a resolution
of 15 nN [3, 4]. The sensitivity of the system was constrained
by noise. To reduce the vibration, the system of NIST was
built at 12m of the underground to reduce the vibration. The
Physikalisch Technische Bundesanstalt (PTB) in Germany
nano-Newton force metrology group designed an aluminum
plate pendulum; the resolution of the setup was constrained
by noise. PTB set up two identical systems to reduce the noise.
This setup could measure forces less than 10–5N, whose
resolution is 10–12N [5, 6]. The National Physical Labora-
tory (NPL) developed a force balance with working range
from 10−9N to 10−6N [7, 8].The Korean Research Institute of

Standards and Science (KRISS) built a nanoforce calibrator
that realized the calibration of cantilevers whose stiffness
ranges within 0.01∼100N/m, with a relative standard uncer-
tainty of 1% [9, 10].

The noise (creep, ground vibration, and air flow) is one
of limits for force resolution. The measured force will be
covered by noise and could not be measured accurately.
Improving the environment is one way to reduce the effect
of noise. Song introduced air damping to improve environ-
mental noise suppression [11]. In this paper, we introduce
the differential method force measurement (DFM) to reduce
the effect of noise. With comparison with another method,
DFM ismore convenient and has lower demands for applying
environment.What ismore, DFMcould be applied combined
with other methods above to reduce noise further.

2. Results

2.1. The Electrostatic Force System. The electrostatic force is
adopted, in which a pair of coaxial cylindrical capacitors
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Figure 1: The schematic diagram of force measurement system based on electrostatic force.

generate the electrostatic force when a voltage is applied
across the inner and outer electrodes [20–22]. The relation-
ship between the applied voltage and the electrostatic force is
given by

𝐹𝑒 = 𝑑𝐶2𝑑𝑧 (𝑈 + 𝑈𝑠)2 , (1)

where 𝑈 is the voltage applied across the inner and outer
electrodes; 𝐹𝑒 is the generated electrostatic force; 𝑈𝑠 is the
potential difference between the electrodes resulting from the
hypothesized surface field effects; 𝑑𝐶/𝑑𝑧 is the capacitance
gradient:

𝑑𝑐𝑑𝑧 = 2𝜋𝜀
ln𝑅/𝑟 , (2)

where 𝑅 represents the radius of the inner electrode, 𝑟 rep-
resents the radius of the outer electrode, and 𝜀 is the absolute
permittivity.

The inner electrode, which is fixed at the end of parallel-
ogram mechanism, moves freely along the vertical direction
and there is not a constraint of the displacement, whereas the
outer electrode is fixed, as shown in Figure 1.

To improve the sensitivity of the force measurement, the
stiffness of the spring should be as smaller as possible. While
the small stiffness will lead to the creep, the output of the
displacement is about 1 𝜇m/h. The weight of inner electrode
and its connection is about 20 g; the stress also will result in
creep. In another way, the ground vibration and air flow will
affect the measurement results.

2.2.TheDifferentialMethod. To reduce the effect of the noise,
a differential system is built as shown in Figure 2. Two identi-
cal parallelogram mechanisms (PM) serve as the mechanical
spring [23–25] as shown in Figure 2(a). Four notch pivots,
which are circle notch, are needed and carved into the stage
in order to achieve rectilinear motion capability as shown in
Figure 2(b). At its thinnest point the thickness is 𝑡=0.2mm; it
has a width of 𝑏 = 5mm, a cutting radius of 𝑅 = 5mm, and 𝑙 =
70mm. The stiffness of the flexible hinge, 𝐾, is measured

as 10N/m. One of the PM serves as the reference; another
serves as the force sensor. The two-displacement signal
was input into RLE20. The common signal will be offset, and
the difference signal will serve as PID input. In this way, the
effect of the creep will be reduced.

The creep of the PM, 𝛿, increased with the load; the rela-
tionship between 𝛿 and time 𝑡 is shown as in

𝛿 = 𝜎𝑘 (1 − 𝑒−(𝑘/𝜉)𝑡) , (3)

where 𝜎 is stress of PM and 𝑘 and 𝜉 are stiffness and damping.
The stress of PM is about 0.4MPa, for the mass of the inner
electrode, connection is 20 g, and the thinnest of the PM
is 5 × 0.1mm2. If the parameters of two PMs are identical,
which is very difficult in machining, the creep could be
completely offset. But the stress will be changedwith different
measurement force. So the creep will alter with time.

The device was shown in Figure 3(a); to eliminate the
ground noise, the device is on the isolated platform. To
test the performance of the differential system, the standard
weights (1mg, 10mg, and 100mg) were loaded on the system.
The creep under different loads is sampled by the displace-
ment of PM which is measured by lase interferometer with
20Hz. The result of 50 minutes is shown in Figure 3(b). The
creep of the nondifferential system is very large, about 1𝜇m/h,
while in differential system, the creep is 0.05 𝜇m/h, 0.1 𝜇m/h,
and 0.2 𝜇m/h at load of 1mg, 10mg, and 100mg, respectively.
The creep of differential system is much smaller than nondif-
ferential system. To test the dynamic performance, the PM is
put in a free vibration state by a pulse excitation.The vibration
of the inner electrode is recorded using a laser interferometer
with a sampling frequency of 100Hz. The sampling lasts
for 20 s as shown in Figure 3(c). The original amplitude for
the system is about 0.25𝜇m. The system takes 10 s before it
reaches stable state.

2.3. The Capacitance Gradient Test. The capacitance gradient
test is implemented before force measurement. According to
(2), the electrostatic force is linear to 𝑑𝐶/𝑑𝑧 with certain
voltage. The inner electrode stays motionless while the outer
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Figure 2:The differential method to reduce the creep. (a)The schematic of differential method. (b) Identical parallelogrammechanisms with
four notch pivots.

electrode elevates alongwith a lifting stage tomeasure𝑑𝐶/𝑑𝑧.
The step of the outer electrode is 20𝜇m and lasts 30 s for each
step. A cycle includes 6 steps, as shown in Figure 4(a).𝐶 is captured by capacitance bridge AH2700 (with reso-
lution 1 aF) and the displacement 𝑧 is measured by lase inter-
ferometer. The relative capacitance is shown in Figure 4(b).
The capacitance-displacement data were fitted using a least
squares straight line, and 𝑑𝐶/𝑑𝑧 can be determined from
the gradient of the line, as shown in Figure 4(c). From the
experimental results, the average of 𝑑𝐶/𝑑𝑧 was calculated as
0.9164 pF/mm, with relative standard deviation being 0.03%.
The uncertainty of 𝑑𝐶/𝑑𝑧 is listed in Table 1 and will be
discussed in detail in Section 3.

2.4. The Comparison between the Electrostatic Force and
Weight of Mass. Null balance was adopted to measure loaded
force. These two forces are balanced by changing the voltage
with the constant 𝑑𝐶/𝑑𝑧. And a discretized proportional-
integral-derivative (PID) controller was used to achieve the
task of controlling the position of the inner electrode [26,
27]. The block diagram of controlling system is shown as in
Figure 1.

To evaluate the electrostatic force applied to achieve this
equilibrium, the voltage signal is averaged over a period of
10 s, starting from the time when the displacement is fully
compensated. The resolution of the system was tested by
measuring the voltage output without loading any force. In
this way, the noise from the environment (ground vibration,
thermal noise, and air flow) and thermal of electronics
were accounted for. Repeating the described procedure
twenty times, the standard deviation was 9 nN, as shown in
Figure 5(a).

Table 1: Comparison of electrostatic force and mass.

G
(𝜇N) 𝐹𝑒

(𝜇N) Variance
(𝜇N)

Relative
variance
(%)

G-𝐹𝑒
(𝜇N)

Relative
deviation

(%)
24.49 23.8 0.08 0.4 0.69 2.8
32.06 33.1 0.3 0.9 −1.04 −3.2
55.24 55.7 0.5 0.9 −0.46 −0.8
75.62 76.7 0.6 0.8 −1.08 −1.4

To evaluate the accuracy and the repeatability of the tested
system, the relative deviation was evaluated. The gravity of
a 1mg mass is 9.801𝜇N. The system has a loading button
with a V-groove for holding the wire weights. Repeating the
procedure 20 times, the results for a 1mg standard weight had
amean value of 9.84 𝜇Nwith a standard deviation of 0.05 𝜇N.

The measurement system of the electrostatic force was
characterized by applying mechanical forces of known mag-
nitude via loading weights of calibrated masses (24.49, 32.06,
55.24, and 75.62𝜇N). Here, 𝑔 = 9.801N/kg. The mass artifact
employed in this prototype is stainless. The result of artifact
(24.49 𝜇N) is shown in Figure 5(b), and detailed results are
shown in Table 1.

3. Discussion

There are many factors that will affect the measurement
results, such as the environment (ground vibration, thermal
noise, and air flow), 𝑑𝐶/𝑑𝑧, voltage, and laser interferometer.
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Figure 3:The device of differential system and performance test. (a)The device of differential system. (b)The creep of the differential system
with difference load on the system. (c) The dynamic performance of the differential system.

Type A uncertainties of force are taken as the set standard
deviation for a data run. The error of force, Δ𝑓, is shown as
follows:

Δ𝑓 = 𝜕𝑓𝜕 (𝑑𝐶/𝑑𝑧)Δ(𝑑𝐶𝑑𝑧 ) + 𝜕𝑓𝜕𝑈Δ𝑢𝑈,
Δ𝑓 = 0.5𝑈2Δ(𝑑𝐶𝑑𝑧 ) + 𝑈𝑑𝐶𝑑𝑧 Δ𝑈.

(4)

Type B uncertainties of force are calculated as follows:

𝑢 (𝑓) = √[0.5𝑈2 (𝑑𝐶𝑑𝑧 )]
2 + [𝑈𝑑𝐶𝑑𝑧 𝑢 (𝑈)]

2. (5)

The uncertainty of 𝑑𝐶/𝑑𝑧, 𝑢(𝑑𝐶/𝑑𝑧), comes from the elec-
trode surface, the posture of the two electrodes, and the
measurement of the gradient. The roughness of the surface

would lead to the nonuniform distribution of the charge and
come into uncertainty of 𝑑𝐶/𝑑𝑧. In another way, for the𝑑𝐶/𝑑𝑧 is dependent on the gap of electrodes, the roughness
also has an effect on 𝑑𝐶/𝑑𝑧. The dimensional tolerances of𝑅 and 𝑟 are confined to 3𝜇m, while both cylindrical form
deviations were below 1 𝜇m. So, the uniformity of the energy
density of electric field between electrodes was ensured. The
position of the electrodes was measured by CCD (2448 ×
2050 pixels). To make the edge of the electrodes clear and
easy to obtain, an LED optical source is placed opposite the
camera for the exposure. By this setup, deviations regarding
eccentricity and tilting of the electrode can be detected to
values of 𝑏 = 3𝜇m and 𝛿sf = 0.3∘. Therefore, the maximum
relative deviations of the capacitance gradient caused by
eccentricity and tilt error are 0.0018% and 0.05%.The relative
standard deviation of 𝑑𝐶/𝑑𝑧 is 0.03%. Capacitance bridge
and laser interferometer could be neglected. The uncertainty
coming from 𝑑𝐶/𝑑𝑧 is 0.06% as shown in Table 2.
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Figure 4: The capacitance gradient measurement result. (a) The displacement output of 6 cycles includes 6 steps. (b) Capacitance-
displacement curves of 6 cycles. (c) 𝑑𝐶/𝑑𝑧 results fitted by a least squares straight line.
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Figure 5: (a) The resolution test of the system. (b) The comparison of the electrostatic force and weights of calibrated masses (24.49mg).

𝑈 was supplied by Keithley 2410c voltage source with
a resolution of 0.01 V and a maximum permissible error of
0.021V.Theuncertaintycoming from𝑈 is√2𝑓(𝑑𝐶/𝑑𝑧)𝑑(𝑈)/𝑓.
Submitting 𝑑𝐶/𝑑𝑧 = 0.91 pF/mm and 𝑑(𝑈), the relative un-
certainty is√4.1/406𝑓3%.

The uncertainty coming from the laser interferometer is
estimated by its resolution (1 nm), the 3𝜎method is adopted,
and the error of laser interferometer is 𝑑(𝑑) = 3 nm. For
the null balance is used in the measurement system, if the

feedback signal has deviation to the real initial position,
the inner electrode would not be restored to the initial
position. The uncertainty coming from this factor could be
estimated by 𝑢(𝑑) = 𝐾 ∗ 𝑑(𝑑). In this system, 𝐾 = 10N/m,𝑢(𝑑) = 0.03 𝜇N. The relative uncertainty coming from laser
interferometer is (3/𝑓)% for the measured force 𝑓(𝜇𝑁).

The standard uncertainties and corresponding data are
listed in Table 3.The stated combined total uncertainty is det-
ermined by taking the root sum square of the contributions
of individual uncertainty sources to the total uncertainty.
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Table 2: Uncertainty of capacitance gradient.

Uncertainty sources Contribution to total uncertainty (%)
Electrode alignment 0.05
The repeatability 0.03
Capacitance bridge Negligible
Displacement Negligible
Combined 0.06

Table 3: Total uncertainty of force.

Uncertainty sources Contribution (%)
Voltage √4.1/406𝑓3
Capacitance gradient 0.06
Lase interferometer 3/𝑓
Repeatable 0.9
Combined 2

According to Table 3, for the measured force 𝑓 = 10 𝜇N, the
relative uncertainty is less than 2%.The extended uncertainty
of force is 4% (𝑘𝑝 = 2). The uncertainty analysis agreed with
the measurement results in Table 1.

4. Conclusion

We have described a differential method to reduce the effect
of noise. Two identical PMs serve as the mechanical spring.
The creep of the differential systemwasmuch better than that
of nondifferential system.The creep of systemdecreased from
1 𝜇m/h to 0.05 𝜇m/h by adopting nondifferential method.
The performance of the system was demonstrated through
applying mechanical forces of known magnitude via loading
weights of calibrated masses. The relative force measurement
is less than 4% (𝑘𝑝 = 2) according to the analysis experimental
or theoretical. These results could help understanding the
mechanism of creep and guiding the design of small force
measurement system.
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