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Abstract. In micro force measurement system, transfer mechanism can transform micro force into
traceable standard quantity and export them. It is the key link of force measurement. Transfer
mechanism is not directly involved in force calculation, but determines measurement capability of
system. Because traditional parallelogram hinge is easy to produce plastic deformation after a long
time hanging, and has large creep, we design a flexible hinge mechanism whose dead weight is
balanced. This mechanism reduces creep of hinge, and enhances measurement accuracy. Initial
deformation of hinge has been decreased and resolution has been increased. Experiment
demonstrates that resolution of this system is up to 10N, and relative standard uncertainty of force
is less than 2%.

1. Introduction

At present, micro/nano force has been widely used in new materials, biological medicine,
microelectronics, aerospace, national defense, and many other areas, but there is not an
internationally unified measurement method for force less than 10°N yet [1,2]. In order to promote
key technology of related field, various countries are studying micro force measurement method.

Force transmission and transformation play an important role in micro force measurement
system based on electrostatic field. Especially in 10°N force measurement system, force
transmission mechanism is required to have high sensitivity and repeatability accuracy, appropriate
limits on degree of freedom and well dynamic characteristics. Because of zero friction, small
volume, no clearance and smooth movement, flexible hinge mechanism catches people’s fancy. A
lot of micro force measurement systems, such as electrostatic force balance of NIST [3,4],
nano-force calibrator of KRISS [5] and force calibration system of Center for Measurement
Standards in Taiwan [6-8], choose flexible hinge as force transfer mechanism. But hinges’ structure
of NIST and KRISS are complex, and have large stiffness. And that of CMS is always in a
suspended state for a long time, leading to plastic deformation of hinge, which is bad for a
long-time use.

In this paper, based on micro force measurement device in electrostatic field, we put forward and
design a hinge mechanism which can balance out dead weight of itself. Moreover, in order to
measure force in the range of 10°N t010™N, we optimize structure design upon traditional hinge.
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2. Structure and Principle of Micro Force Measurement System
Structure of micro force measurement system is shown as Fig.1.
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Fig.1 Diagram of system structure

This system is based on principle of electrostatic field. We use variable area coaxial cylindrical
capacitance sensor with inner electrode fixed on flexible hinge and outer electrode fixed on the
frame. When micro force to be measured is applied on load hook, inner electrode will move with
flexible hinge in the vertical direction. Displacement of inner electrode can be detected by laser
interferometer in the bottom. According to principle of electrostatic force [9,10], when the voltage
is applied on inner and outer electrode, force along axial line will act on both of them. The
relationship between electrostatic force and voltage is shown as Eq. (1):

1dC, ,
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In Eq. (1), U is voltage difference between inner and outer electrode, dC/dz is the capacitance
gradient, where dz is relative displacement of electrodes, dC is capacitance change resulting from dz
and can be measured by high precision capacitance bridge.

Under the action of electrostatic force, inner electrode will move down. By adjusting the voltage
U, inner electrode can keep in the equilibrium position. Recording the voltage value, and putting it
into Eq. (1), we can get electrostatic force which equals to micro force to be measured. So that the
measurement and traceability of micro force can be realized.

3. Design of Dead-Weight-Balanced Hinge

3.1 Structure of Dead-Weight-Balanced Hinge

Because inner electrode is hung on the flexible hinge, and fixed way of hinge determines it
subjects to its dead weight, there is always a vertical down load on the thin wall of hinge, leading to
its stress and deformation, which are main results of creep. So we design a dead-weight-balanced
flexible hinge mechanism, shown as Fig.2. Because the dead weight of hinge has been balanced,
deformation on thin wall of hinge is smaller. This mechanism decreases the stress and initial
deformation of hinge, and reduce its equivalent stiffness. This mechanism is a parallelogram
mechanism consisted of four horizontal single hinges and five vertical single hinges. We add a lever
on traditional parallelogram hinge, so that the hinge can keep horizontal by adjusting counter poise
on the end of lever. Now dead weight of flexible hinge is balanced by lever and counter poise.

89



Fig.2 Diagram of dead-weight-balanced hinge

3.2 Stiffness of Dead-Weight-Balanced Hinge

We use finite element method to simulate and analyze the structure of hinge. put a downward
force on the end of hinge, and its deformation is shown in Fig.3. Vertical displacement in point A is
5.026mm, and horizontal displacement is 0.001mm; Vertical displacement in point B is 5.1mm, and
horizontal displacement is 0.37mm. So, compared with vertical displacement, horizontal
displacement can be ignored. That is to say, five vertical single hinges can be regarded as strings,
and do not affect stiffness of whole structure. So we only need to calculate stiffness of
parallelogram hinge and central lever.
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Fig.3 Diagram of hinge’s deformation

Stiffness of parallelogram hinge has been analyzed, now we calculate stiffness of central lever.
Force analysis of central lever is shown as Fig.4.

Fig.4 Force analysis diagram of central lever

Under the effect of F, the end of lever moves down. The torsional rigidity of lever is:

Ebr?
Ky = — 2)
12Rf (]
t
Because of:
T FILL FL?
k6’ = 5 = X_2 = TZ = kIever|22 (3)
A,
Then stiffness of central lever is:
k
kIever = _Z (4)

I2
According to geometrical relationship, angle deformation quantity & of five notches is equal.
Combining with Eqg. (4), we can get stiffness calculation formula of dead-weight-balanced hinge:
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E is elasticity modulus of beryllium bronze, t is thickness of hinge’s notches, b is width of hinge,
R is major axis radius and r is minor axis radius of notch ellipse, | is effective length of hinge and I,
is effective length of lever arm.

We set size of hinge as: t=0.1mm, b=4mm. R=15mm, r=5mm, |1=104mm, 1,=138mm, and
according to Eq. (5), the theoretical stiffness of dead-weight-balanced hinge is 6.9951N/m.
3.3 Creep Property of Dead-Weight-Balanced Hinge

A creep test is conducted on dead-weight-balanced hinge, and result is shown in Fig.5.
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Fig.5 Creep test result of dead-weight-balanced hinge

We can see that creep is less than 1um in 72 hours. This structure increases the stability of micro
force measurement system.
3.4 Spectrum Analysis of Dead-Weight-Balanced Hinge

In the measurement process, one end of dead-weight-balanced hinge is fixed on the fixed base,
the other end is connected to inner electrode. This structure makes that hinge occurs resonance
oscillation easily under the effect of external vibration. Through the spectrum analysis of the
vibration of hinge, resonant frequency can be find, and we can choose appropriate vibration
isolation method to reduce the influence of external vibration on the measurement.
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Fig.6 Step response spectrum analysis of dead-weight-balanced hinge

From Fig.6 we can see that resonant frequency of dead-weight-balanced hinge Fq is 4.5Hz. So
external vibration whose frequency is around Fq have a great influence on the hinge.
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4. System Experiment of Dead-Weight-Balanced Hinge

4.1 System Resolution Experiment

Resolution of micro force measurement system is mainly limited by external environment
disturbance and self-accuracy. To test resolution of micro force measurement system, in no-load
condition, inner electrode keeps in equilibrium under the control of electrostatic force, and output
voltage is recorded. In this way, environmental noise, control accuracy and structure accuracy are
all considered.
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Fig.7 Result of system resolution experiment

Result of system resolution experiment is shown as Fig.7, and linear creep has been wiped off.
Standard deviation of 20 measurement results is 9nN. So resolution of micro force measurement
system is up to 10°°N.

4.2 Comparison Between Electrostatic Force and Mass

In order to measure accuracy of micro force measurement system, electrostatic force is compared
with metal weights which are calibrated by mass comparator. Gravitational acceleration g is
9.8011N/kg. Use our measurement system to measure gravity of gold foil loop, and compare with
result of mass comparator. Comparison result is shown in Table 1.

Table 1 comparison between electrostatic force and mass
Result of mass Electrostatic Standard Relative
No. comparator G force Fe variance variance

G'Fe (G'Fe)/ G

() W @y e M0
1 55.24 55.7 0.5 0.9 -0.46 -0.83
2 75.62 76.7 0.6 0.8 -1.08 -1.42
3 115.36 118.3 0.5 0.4 -2.94 -2.54

4.3 System Uncertainty Analysis

Measure standard mass for several times, and their variance is type A uncertainty, including
uncertainty caused by ground vibration and air disturbance. And uncertainty caused by voltage,
capacitance gradient and laser interferometer is type B uncertainty. Uncertainty of micro force
measurement system is compounded by these two type uncertainty, as shown in Table 2.
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Table 2 uncertainty of micro force measurement system

Source of uncertainty Proportion (%)
Repetitive error 1
Capacitance gradient 0.08
4.1
Voltage —
g \430f°
Laser interferometer 6/f
36 4.1
Compound uncertaint 1+0.0064+ — + ———
P Y \/ £ 430f°

From Table 2, we can see that if force to be measured is 10uN, uncertainty caused by voltage is
so small that can be ignored, uncertainty caused by laser interferometer is 0.6%, and uncertainty
caused by repetitive error is 1%. So compound uncertainty of system is less than 2%.

5. Conclusions

In this study, we apply dead-weight-balanced hinge into micro force measurement system to
overcome plastic deformation of traditional parallelogram hinge because of hanging for a long time.
Stiffness of system has been reduced through decreasing pre-deformation of hinge. Resolution of
system is up to 10°N and relative standard uncertainty is less than 2%. This system has large
measurement range and high accuracy, and lays a good foundation for measurement of smaller
force.
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