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Abstract: This paper discusses the traceable determination
of mechanical parameters of monolithic binocular shaped
dual beam spring elements that are applied as force trans-
ducers and load cells in the mass and force metrology.
Thereby it mainly deals with the measurement of the specif-
ic values creeping, reversibility, reproducibility, zero error
and interpolation error which are defined in applicable regu-
lations such as the EN 1SO 376 standard or the OIML rec-
ommendation R 60. Our determination of those parameters
is based on an interferometric deformation measurement of a
loaded binocular shaped dual beam spring element which is
made of the common aluminum alloy AW 2024. Generally
there is no restriction on the spring element material. The
parameters mentioned above are derived from the measured
interferometer signal according to the EN ISO 376 standard
and are thus traceable to the wavelength of light. The used
measurement setup is introduced, measurements of the men-
tioned parameters are presented and their uncertainty is
depicted. It is proved that the setup is suitable to classify
dual beam spring elements according to the highest accuracy
Class 00 of EN ISO 376.
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1. INTRODUCTION

In mass and force metrology the deformation measure-
ment of characteristically shaped bodies, so called spring
elements, is a common principle to determine forces. There-
to the force F is acting on the spring element and the gener-
ated deformation s or strain & is measured. Force transducers
and load cells with glued on strain gauges are the most
common example for this principle. Besides the properties
of the strain gauge and the glue layer, the performance of
those transducers is highly dependent on the mechanical
properties of the spring element. Material imperfections
such as the effect of delayed elasticity, nonlinearity and
hysteresis of the stress-strain-behavior and the temperature
coefficient of the Young’s modulus lead to creeping (de-
layed elasticity), reversibility errors (hysteresis), reproduci-
bility errors, zero point errors and interpolation errors (non-
linearity) of the sensor signal as well a temperature depend-
ence of the sensor sensitivity [1]. Those sensor parameters

are evaluated based on the EN 1SO 376 (guilty for force
transducers) or the OIML R 60 (load cells) [1, 2, 3]. How-
ever, the sensor performance can be improved by error com-
pensations and choosing appropriate materials. For this
reason exact knowledge and thus an accurate measurement
of the described parameters is essential. By measuring the
time-, load- and temperature- dependent deformation s of a
dual beam spring element under load its parameters named
above can be determined definitely and independently form
the glued on strain gauges. The evaluation of the parameters
in this publication is carried out according to the EN 1SO
376 standard. Based on the values defined in this standard,
force transducers are classified into four accuracy classes.
The classification of the spring elements measured in this
work will be done similarly. The requirements of the highest
accuracy class (Class 00) are listed in Table 1.

Table 1: maximum relative errors of force transducer in the
accuracy Class 00 of EN 1SO 376

Maximum permissible rel.

Parameter error in 10°° of Class 00
Creep error c(t = 3 min) +25
Reversibility error v +70
Reproducibility error b +25
Zero error fy +12
Interpolation Error f, +25

2. MEASUREMENT SETUP

2.1 Principle of the measurements

Monolithic binocular shaped dual beam spring elements
are applied as specimen. They are firmly clamped to a frame
on one side, see Figure 1. A constant force F = m-g can

be loaded to the specimen by applying weights.
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Figure 1: principle of the measurement
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The time- and load- dependent deformation s(t, F) is de-
termined as the difference (S =Sy - Sinn) Of the two dis-
placement measurements carried out by the use of interfer-
ometers. Thus, the measured properties of the spring ele-
ment and its material are traceable to the wavelength of the
used laser light and are independent from the strain gauge
properties. If the strain gauge signal is measured at the same
time, both signals can be compared and the influence of the
strain gauge foil or the glue layer on the strain gauge signal
can be investigated.

The differential measurement offers the following bene-
fits: A relative displacement of the specimen to the interfer-
ometer (for example caused by temperature changes) does
not affect the measurement of the differential deflection s.
Furthermore variations of the refractive index of the air due
to changes of temperature, humidity or atmospheric pressure
become negligible. This enables a very good long term sta-
bility of the measurements.

The big advantage of the used binocular shaped spring
elements is the extremely low dependence of the defor-
mation on the point of load application. Moreover, the de-
formed part of the dual beam spring element shifts parallel.
Thus, there is almost no tilt of the laser beam reflecting
surface, which enables the use of plane mirror interferome-
ters.

2.2 Used measurement setup

The setup basically consists of three levels: The interfer-
ometer, the fixture and the load changer. The binocular
shaped dual beam spring element under test is clamped in
the fixture that is located in the mid-level, see Figure 2.
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Figure 2: Measurement setup

The fixture consists of a parallel-guided clamp based on
the principle of a bench vice. The clamping force is generat-
ed by a screw, which is tightened with a defined torque. The
force feed-in system is clamped to the dual beam spring
element in the same way. A cantilever is mounted on the
force feed-in system to introduce the force directly under the
fixture. With this structure the lowest contribution of fixture
deformations to the measurement uncertainty is achieved, cf.
[4]. The connection rod is fixed on the cantilever using a 2-
DOF flexure hinge to prevent lateral forces on the dual beam
spring element and to ensure, that the center of gravity of
the weight is in repeatable position under the fixture. A
stack of weights is deposited on the load changer that sits in
the lower level. The weights are applied successively to the
connection rod and consequently to the specimen by lower-
ing the level of the load changer. The weights (tolerance
Class E2 [5]) can be applied to the specimen in the follow-
ing sequence: 0g, 50¢g, 100g, 2009, 300 g, 500 g, and
1000 g.

The generated deformation of the specimen is measured
by a Double Plane Mirror Interferometer that is located in
the top level of the setup. The Interferometer is made by the
SIOS Meftechnik GmbH in Ilmenau. To reflect the laser
beams, the top surface of the dual beam spring element must
be polished or mirrors must be attached. The interferometer
works on the plane mirror interferometer concept that was
developed at the Institute of Process Measurement and Sen-
sor Technology [6]. The resolution is 0.1 nm and the contri-
bution of the interferometer nonlinearity to the measurement
uncertainty is in the range of ULin /s = 0.03 nm/nm with a
maximum of Uy, =1 nm (k=1) whereas s is the corre-
sponding measured length value.

The distance between the two parallel interferometer
beams was set to 65 mm. Those beams are focused on the
dual beam spring element by the use of lenses. Thus, a tilt of
the reflecting mirror does not lead to a tilting of the laser
beams inside the interferometer. The whole setup is placed
in a climate chamber that was presented in [7]. The tempera-
ture stability of the empty chamber is in the range of
AT =+ 10 mK. The temperature is controlled by a fluid
passing through the walls of the chamber. Due to this con-
cept the chamber is mainly free of vibrations and the inner
air is static. It is sealed and silica gel is placed inside to keep
the relative humidity stable. Static influences of the envi-
ronmental parameters on the wave length of the laser light
are corrected based on the Edlén Formula [8].

The metrological performance and the usability of the
setup for the measurement of the delayed elasticity (creep
error) of binocular shaped spring elements were proven in
[4]. The stability of the length measurement at the given
environmental conditions was observed to be better than
* 1 nm/week [4]. This is a fundamental requirement for long
term measurements such as the creep error.

2.3 Used specimen

The investigated binocular shaped dual beam spring el-
ement (c.f. Figure 3) is made of aluminum AW 2024, which
is a standard material for force transducers and load cells [9].

To reduce mechanical stress in the bending zone due to
clamping, the bending zone of the dual beam spring element



is separated mechanically from its clamping zones by steps.
The laser beam reflecting mirrors are glued on.

Figure 3: used specimen made of aluminum AW 2024
3. RESULTS

3.1 Preliminary investigations on the setup performance

The relative parameters creep error, reversibility error,
reproducibility error, zero error and interpolation error de-
fined in EN ISO 376 consist of an absolute value and are
then normalized by the corresponding spontaneous defor-
mation s, of the spring element at the given load.

To investigate the contribution of the setup to the meas-
urement uncertainty of those parameters a reference spring
element made of fused silica was mounted to the setup.
Since the reference spring is a stiff beam, its own defor-
mation is in the range of less than 1um when it is loaded
with m = 1 kg. Its outer dimensions are identical with those
of the dual beam aluminum spring, cf. Figure 3. Due to the
almost perfect mechanical behavior of fused silica, it can be
expected, that none of those absolute parameters is exceed-
ing £ 0.1 nm. If still one of the described errors (such as the
creep error) is detected, it will be defined as an uncertainty
contribution of the setup to the measurement of the respec-
tive parameter. To consider the repeatability of the results
the stiff reference spring was mounted four times to the
fixture and the measurements were repeated after each as-
sembly. The estimated uncertainty for the measurement of
the absolute parameters is listed in Table 2 based on the
coverage factor k = 1. For each parameter the uncertainty is
in the sub nanometer range, whereas Uy, is with 0.65 nm the
biggest contribution.

Table 2: determined contribution of the measurement
setup to the measurement uncertainty of the named parame-
ters if the specimen is loaded with m < 1 kg

Uncertainty contribution
(k = 1) the of setup to the
measurement of the parameter

Parameter

Creep error c(t < 1h) U.=0.2nm
Reversibility error v U,=0.2nm
Reproducibility error b Uy, =0.2nm
Zero error fy U =0.1nm
Interpolation Error f; Ui = 0.7 nm

The contribution of the setup Spsewp to the measured
spontaneous deformation s, was determined based on a
comparison of the measured and a computed deformation.
The computed deformation of the stiff reference spring
element was calculated with a numerical tool (Ansys) con-

sidering a Young’s modulus Ey = 75000 = 3000 N/mm? of
the fused silica spring. In consequence the contribution of
the setup to the spontaneous deformation appears to be
Sosetwp/M = -231.3 nm/kg + 20 nm/kg (k =1). The prospec-
tive measurements of the spontaneous deformations will be
corrected with this value under consideration of the uncer-
tainty contribution Ug =20 nm (k = 1).

3.2 Creep error of the aluminum spring element

The measured time and load dependent deformation s(t)
of the binocular shaped spring element is shown in Figure 4.
The measurements were repeated five times in a row, all
within a temperature of T =19.58 °C + 0.01 °C. The tem-
perature was measured with a PT 100 resistance thermome-
ter. A loading time of one hour was chosen and the pause
time between each of the five load cycles was set to 3.5
hours to reduce the influence of the prior load cycle on the
current measurement.

specimen unloaded m = 0 kg

£ 0F i
= So
= 20
-0.5 0 0.5 1 15 2
x10°|  specimen loaded m = 1 kg
€ .1.3144F -
E —_
S 13146 _ "
-0.5 0 0.5 15 2

tinh

Figure 4: measured deformation of the aluminum spring
element

Based on those five measurements a mean value of the
time dependent relative creep error c(t) was determined. The
resulting curves for both the loading and the unloading cycle
are shown in Figure 5 (assembly 1, red curves) correspond-
ing to a coverage factor of k = 2. For an investigation of the
repeatability of those results the aluminum dual beam spring
element was dismounted and mounted another two times
and the described measurements were repeated, cf. Figure 4
blue and green curves (assembly 2 and assembly 3).The
loading curves have a positive sign because they are normal-
ized with a negative spontaneous deformation.

The difference between the loading and the unloading
curves is due to chosen load cycle and the material proper-
ties: The current creeping curve is always dependent on the
previous loads. In our experiments, the spring was always
loaded after a steady state of the deformation was reached.
In contrast to that the unloading was always done after one
hour of loading whereas no steady state of the deformation
existed. If the loading lasts until a steady state of the loading
curve is reached, the unloading curve should be equal to
unloading curve. Another possibility to achieve equal load-
ing and unloading curves is to perform a cyclical and sym-
metrical loading and unloading with no pause time between.
That means for example: 1hour loading, 1 hour unloading,



1 hour loading and so on. After some of those cycles the
curves approach more and more to a common value.
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Figure 5: creep error of the aluminum spring element meas-
ured based on 3 consecutive assemblies

The calculation of the measurement uncertainty of ¢ was
carried out based on the following equations, whereas Cgys IS
the absolute creeping in nm:

S )
Consequently the uncertainty can be expressed as:
2 2
C
U= tue, | + s U,
SO abs SO 0 (2)

The uncertainty Ucaps consists of the contribution of the
interferometer nonlinearity U,;,, the setup U, and the stand-
ard uncertainty U, of the 5 measurements of Cgys:

Uc, = U2 +U 2 +U,2

abs

3)

The standard uncertainty U, considers random influences
such as fast and not correctable variations of the environ-
mental parameters. With C,,s = 17.6 nm (absolute creeping
after one hour of loading) the maximum contribution of the
nonlinearity is:

Uiin_ Cope ~0.03™ .17 6nm=0.53nm (k=1)
nm

For smaller C,ps, the overall uncertainty is lower, cf. above.
With U, =0.3 nm, U, = 0.26 nm, Uy = 20 nm and the spon-
taneous deformation s, = 131443.2 nm the overall uncertain-
ty for the creeping error results in U=1-10"° (k = 2). This
value is true for the maximum Cg, at t = 1h. The contribu-
tion of the spontaneous deformation is in the range of just
10 and can be neglected in further calculations.

A very good repeatability of the measurements of the
three consecutive assemblies was achieved. The curves are
identical within the limits of the estimated uncertainty. That
proves the perfect setup applicability for the measurements
of the creeping error of those dual beam spring elements.

Finally the rel. creep error of the aluminum dual beam
spring after one hour of loading can be given as
c(t=1h) = 1.35:10*+ 0.1-10* (k = 2). Thus, the measured
creep error after one hour of loading is even smaller than the
permissible creep error after three minutes of loading, cf.
Table 1.

3.3 Further parameters according to EN I1SO 376

Afterwards the parameters rel. reversibility error, rel. re-
producibility error, rel. zero error and rel. interpolation error
of the aluminum spring were determined according to the
EN 1SO 376 standard [2]. Thereto the spring element was
loaded stepwise with a maximum load of m = 1 kg, see Fig-
ure 6 a). Each step was held for 1 minute. For statistical
issues the shown load cycle was repeated six times with a
pause time of 3 minutes between each cycle. Furthermore
those measurements were repeated another two times after
the spring element was dismounted and mounted again (as-
sembly 1-3, cf. capture 3.2).

-39.430
0 d
£>/~,/!>
g -50
2 lf -39.435 -
« A
-100 II
. -39.440
-5 0, 5 10 15 2 4 6 8
a) tin min b) tinmin

Figure 6: a) Deformation s of the aluminum dual beam
spring when the load is applied stepwise b) s at m = 300 g;
v indicates the absolute reversibility error at this point

Relative reversibility error v

The rel. reversibility error derived from the measure-
ments is shown in Figure 7. Due to the normalization with
the spontaneous deformation of the according load step its
maximum and the maximum of the uncertainty appears at
the lowest load m=50g with v=24510"+0.75-10*
(k = 2) which corresponds to an absolute value of 1.6 nm
+ 0.5 nm. Finally, the rel. reversibility error of the aluminum
dual beam spring can be summarized with v<3.2:10*
(k=2).

The calculation of the uncertainty was done based on the
procedure described in section 3.2 considering the standard
uncertainty U, of the six measurements, the contribution of
the setup U, (cf. Table 2) and the interferometer nonlinearity
ULin-

Comparing the results of the three assemblies a very
good repeatability of the measurements was achieved here
as well. The difference between the measured curves is less
than 1-10°°.

Reproducibility error b’

The maximum reproducibility error was measured to be
b"=7.410° + 6.9-10° (k = 2) and thus in somewhat simpli-
fied terms b” < 14.3-10° (k = 2), cf. Figure 8. A very good
repeatability of the three measurements was observed here



again. The difference between the three assemblies is less
than 1-10°°. The given uncertainty bases on U,, Uy and U .

Zero error f,

The zero error is normalized by the maximum defor-
mation and was determined to be f, = 9.3-10° +4-10°
(k = 2) and thus fy< 13.3-10° (k = 2). The estimated uncer-
tainty bases on U,, Uy and Uy,

Interpolation error f,

The interpolation error was computed based on a degree
one polynomial (straight line) and is depicted in Figure 9.
Except the value at m = 50 g of assembly 1 the error is
smaller than 1-10°°. However, due to the large relative meas-
urement uncertainty it must be indicated to be f, < 510"
(k = 2), even though the performance of the spring element
seems to be much better. The estimated uncertainty bases
onU,, Ugand U, =1 nm(k =1).
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Figure 7: relative reversibility error v in the whole meas-
urement range from 50 g <m <1000 g
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Figure 8: relative reproducibility error b” in the whole
measurement range from 50 g <m <1000 g

x10°
4 [ [
assembly 1
2 assembly 2 |-
ol assembly 3
= 1
S 0 _;+: 1 i
S /|
S -2
g
o
= -4
-6
0 200 400 600 800 1000

load ming

Figure 9: relative interpolation error f, in the whole meas-
urement range from 50 g <m <1000 g

4. SUMMARY AND CONCLUSIONS

A summary of the determined mechanical parameters of
the aluminum dual beam spring is given in Table 3.

Table 3: maximum relative errors of the aluminum dual
beam according to EN I1SO 376

Maximum rel. error in 10 of

Parameter Class 00
Creep error c(t =1 h) <145
Reversibility error v <32
Reproducibility error b <14.3

Zero error fy <14
Interpolation Error f, <50

Except for the interpolation error, the values accomplish
the requirements of the highest accuracy Class 00 of the
EN 1SO 376 standard. Based on those measurements this
aluminum dual beam spring is very well suited for force
measurement applications. Since both the used material and
the dual beam shape are common standards in the mass and
force metrology the low relative errors were expected.

Considering those results, the estimated uncertainties
and the repeatability of the measurements the presented
setup is perfectly suited for a high precision determination
of the mechanical parameters creeping, reversibility, repro-
ducibility and zero error of common dual beam spring ele-
ments according to EN 1SO 376. This is achieved because
the uncertainty contribution of the setup to the measurement
of the corresponding absolute parameters is in the sub na-
nometer range.

In contrast to that, the nonlinearity of the interferometer
of just 1 nm (k = 1) significantly limits the measurement of
the interpolation error of the spring element. Thus, a classi-
fication of the spring elements interpolation error f. in the
highest accuracy class of EN ISO 376 is not possible. A
fivefold improvement of the interferometer nonlinearity can
be achieved by applying a Heydemann correction on the
interferometer signals. With the resulting interferometer
nonlinearity of < 0.2 nm [10] the determination of the



interpolation error would be precisely enough to fulfill
the requirements of EN ISO 376 Class 00.

Since the measurement procedure and the data evalua-
tion are similar, the presented setup is also suitable for the
classification of load cells according to OIML R60. Here,
the described measurements have to be carried out at
constant temperatures of T = -10°C, T = 20°C and
T =40°C. This can be realized with the applied climate
chamber.

Moreover it is possible to measure dual beam spring
elements with other dimensions or made from different
materials than aluminum. Measurements on this will be
carried out in the future.

Beyond that, it will be possible to mount a complete
strain gauge based force transducer to the setup and
measure its strain gauge signal and the shown defor-
mation signal at the same time and compare both results.
Thus, the influence of the glue layer, the carrier foil and
the sealings can be investigated as well.
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