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Abstract

In addition to the dynamic force calibration with harmonic excitation, a new method for

impulse forces is under development at PTB in Braunschweig. The forces of up to 20 kN are

generated by the impact of two masses guided by air bearings. Traceability for force is

realized via the measurement of acceleration with laser-Doppler-interferometers and the

determination of the moving masses.

1. Design of the Calibration Device

A new calibration device at PTB is
supposed to provide traceability for impulse
forces up to 20 kN via the Sl units of mass and
acceleration (as the ratio velocity over time).
Force is generated in the device by the central
collinear impact of two bodies, which are
guided in individual air bearings. The trans-
ducer under calibration is mounted on one of
these masses facing the other. By measuring
the velocities of these bodies against time, it is
possible to calculate their acceleration and
deceleration respectively and thus to calculate

the force acting on the transducer.

This so-called mass impact module (Ml)
consists of two stainless steel bodies M; and

M, with a mass of approximately 10 kg each.
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Linear air bearings are used to guide the
masses during initial acceleration and impact.
The air bearings will provide an air film of
average thickness 15 pum with a stiffness of
about 300 N/um at a working pressure of 5-10°
Pa. Air is supplied to the guide ways through
128 pockets of a porous sintered metal with an
average pore diameter of 8 um and a surface
area of 400 mm? per pocket. A sectional view

of a single air bearing is given in Fig. 1.

The force transducer to be calibrated is
mounted on the front of M,, which is initially
at rest. My is accelerated to the initial impact
velocity by a spring-loaded bolt (cf. Fig. 2).
The acceleration is such that the body still has

some distance to go before impacting on the
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Figure 1.

Profile (left) and cross-section (right) of one of the linear air bearings providing a view onto the

guideway with its air-supply pockets and the slotted hole for LDI measurements.
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Figure 2.

MO

Setup of the mass impact module with linear air bearings, mass bodies M; and My, spring loaded

acceleration unit and laser-Doppler-interferometer for velocity measurement.

transducer. Thus it is ensured that there is no
coupling between bolt and transducer at any

time during the measurement.

The effective velocity of the masses is

by
(LDI) performed on the lateral sides of M; or

measured laser-Doppler-interferometry
M, respectively. The special geometry of the

measuring laser beam requires a retro-

reflection under oblique incidence, which is
achieved by retro reflective micro balls of

highly refractive glass, fixed on the surface.
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2. Simulation

In a first approximation the force F loaded
onto the transducer is given by Newton’s law

F(t):m-a(t):m-d—V

™ M)

As the product of mass m and acceleration a
which in turn is the derivative of the velocity v

over time t.

This equation can be applied to the measu-
rement with the MI as long as the assumptions
hold, of M; and M being rigid bodies, and the
coupling of the bodies to the transducer also

being rigid. However, these assumptions al-
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ready failed in some investigations in the field
of harmonic force calibration [1]. This means
that instead of equation (1) an integrated force

has to be considered, i. e.

F(t) = jp a(xt)-dv . @)
\%

Here, V is the volume of the body whose
acceleration is under examination and the
vector x defines the location in the body. With
the reasonable assumption of incompressibility
the mass density o is constant which leads to

F(t):pja(x,t)-dv
\

ja(x,t)-dv
Vv

@)

=m-a(t)

Which can be considered as a definition of

the mean acceleration af(t) .

Since LDI measurements only reveal data

from the surface of a body, its total accelera-

tion distribution a (x, t) is accessible by
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Figure 3.

modelling only. The proposed method to
estimate the deviation of the integrated
distribution a(t) from the measured value at
the surface is the finite element (FEM)
simulation. Here the integral of the volume is
discredited using a 3D-mesh and the
continuous distribution a (x,t) becomes a series

of a;(t) such that equation (3) changes to

Zai (t)-AV;

Fty=m-+——+—— v 4)

=m-a(t)

Where the index i covers all nodes of the

FEM-mesh of the formerly considered volume

V.

In order to estimate the deviation of the
force determined by LDI measurements on the
surface and the ‘true‘ force evaluated by a
volume integration of the total acceleration
distribution, the simulation result as(t) at one
appropriate surface node of the FEM-mesh

was compared to a(t) of equation (4).

Quarter section of the FEM-model used to calculate the deviation between the LDI-derived force

and the force calculated with the volume integrated acceleration distribution.
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The FEM-model which was used for the
simulation consists of two cube-shaped masses
made of steel and a cylindrical transducer
which has a convex steel-cap in the direction
of M; and a elastic cylindrical body coupled to
M,. The modulus of elasticity of the latter was
chosen to give an axial compression of 0,3 mm
at a static load of 20 kN in order to represent
the characteristics of a typical strain-gage
transducer. A quarter section of the FEM-mesh

is shown in Fig. 3.

Results of the simulation are displayed in
the following figures. The simulated sampling
rate was 500 kHz. However, in order to sup-
press the intrinsic high frequency oscillations
of the FEM-mesh, which are due to the

numerical algorithm, the calculated velocity
data were subsequently filtered using a running
average FIR-filter with a Henning window of
41 samples width. This reduces the effective

frequency range to approximately 20 kHz.

The resulting force signal consists of two
phases. The impact, which happens approxi-
mately between 0,2 ms and 1,3 ms, and a sub-
sequent oscillation of the transducer’s steel cap

and parts of its elastic body against M.

To calculate the deviation between the

volume acceleration a(t) described by equa-

tion (4) and the surface acceleration a(t), a -

fit of the form > (a; ~b, -a,;)* =min. was

performed (cf. Fig. 4). Here, j denotes the
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Figure 4. Comparison of inertia forces calculated from the volume acceleration a(t) and the surface
acceleration ag(t) and their relative deviation normalized to the maximum force.
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Figure 5. Comparison of ‘deformational force” bs-S-Au(t) and inertia force m-as(t) calculated from
the surface acceleration as and their relative deviation normalized to the maximum force.

88



Proceedings of the 17" International Conference on Force, Mass, Torque and Pressure Measurements,

IMEKO TC3, 17-21 Sept. 2001, Istanbul, Turkey

number of the time step. This fit resulted in
b, = 0,9989 which indicates that, as regards the
accuracy of the FEM-model, the non-rigidity

of the steel masses can be neglected.

In order to test the concept of traceability
for the device, an analogous fit was performed
between the ‘deformational force’, which was
calculated from the axial compression Au(t) of
the elastic body of the transducer times its
the
calculated as m-aq(t). In this case the formula

Zj(m-asyj—bf~S-Auj)2:min. was  used.

stiffness S, versus ‘measured force’

The fit parameter was calculated to br = 1,0044
which is again of the order of accuracy of the
chosen numerical algorithm (cf. Fig. 5).

In addition to the different force signals,
their relative deviations over time are dis-
played. The deviations show high frequency
components, which are dependent on the filter
characteristics. With the filter described above
the maximum relative deviation between the
‘measured force’ m-as(t) and the ‘deformatio-
nal force’ bs-S-Au(t), as well as between the
surface acceleration as(t) and the volume acce-

leration a(t), or their respective forces, is less

than 2 %.

3. Preliminary Tests of the Optical

Measurement Instrumentation

The traceability of impact force measure-
ments requires an accurate determination of
the impacting bodies’ acceleration, which will
be derived from an LDI velocity signal capable

of being calibrated to a satisfying uncertainty
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of the order of 10°. Of course, appropriate
signal filtering techniques have to be utilized
in order to suppress signal noise, which is
strongly amplified by the differentiation
process itself. Further difficulties may arise
from the oblique incidence of the measuring
laser beam, which sweeps over the target
due to its transverse

surface velocity

component.

Preliminary tests of impact force measure-
ments were carried out in order to prove the
concept of measurement instrumentation,
which is planned for the MI. For this purpose a
of 20 kN

nominal load was mounted on a modified

piezoelectric force transducer
pendulum impact tester (length of pendulum
ca. 0,25 m) formerly used in the field of
materials testing. Here, pulse forces were
generated by the hammer’s moving mass
(=0,65 kg) impacting on the rigidly mounted
transducer. With different types of thin elastic
pads inserted between the colliding bodies,
pulses of various duration were achieved. A
sketch of this experimental set-up is shown in

Fig. 6.

pendulum
impact tester

retroreflective strip

force transducer
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Figure 6. Pendulum impact tester with mounted
force sensor T and LDI instrumentation:

side view (a), top view (b)

The velocity v, of the impacting hammer
was measured by a fibber LDI (Polytec Vibro-
meter OFV 512) aimed at its lateral side under
an oblique angle. The measuring laser beam
and the velocity vector were inclined at an
angle of #=40° and thus the corresponding line
of sight wvelocity component vg-.cosé  was

measured.

To achieve sufficient intensity of the
surface-reflected interferometer beam, a strip
of retro reflective adhesive sheeting was
applied to the surface. This special sheeting
contains tiny micro spheres of high index glass
(n=1,9) with an average diameter of about

60 um, which act as individual retro reflectors.

Collimated light that enters into such a
glass ball is focused and internally reflected in
such a way that a backward directed exit beam
of good collimation is obtained (cf. Fig. 7).
Furthermore, the rear-side of the micro spheres

is metallized in order to gain high reflectivity.

LDlI
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Torque and Pressure Measurements,

entrance beam

retroreflected beam

Figure 7. Retro reflection of a high index glass
ball. For sake of clarity, the collimated entrance

beam is omitted in the far field at left.

Under dynamic excitation a minor relative
motion between the surface and its retro
reflector, which might affect LDI, velocity
data generally cannot be ruled out. Compared
to rigidly bonded glass beads the elastic fixing
of relatively thick adhesive sheeting could be
problematic. Although impacting occurs just
within a fraction of a millimeter, the transverse
motion of the surface can cause intensity fluc-
tuations, which lead to a poorer signal quality.
Regarding these aspects further tests are

necessary and will be published later.

Figure 8 gives two examples of impact
force measurements with pulses of different
duration and amplitude where the measured
piezoelectric force signal is compared to the
corresponding signal derived from LDI veloci-
ty data. All data acquisition was accomplished
by a transient recorder (Nicolet Odyssey) at 14

bit resolution and 100 kHz sampling rate.
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Figure 8. Comparison of measured impact pulses

of about 0,3 ms and 1,8 ms duration.

The diagrams demonstrate that the general
pulse shape of both signals is in very good
agreement. Post-impact oscillations of the
piezoelectric force transducer, similar to those
earlier modelled by FEM, can be discerned in
the signal of the 0,3 ms pulse. Moreover, it is
obvious that the measured pulse shapes deviate
from the typical half-sine characteristic of a

linear model due to non-linear contact forces.

4. Conclusion

This paper describes a new impulse force

calibration facility, which is now under
construction at PTB. The traceability of impact
forces generated by a collinear collision of two
heavy masses guided by air bearings will make

use of LDI velocity measurements obtained at
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the surfaces. FEM simulations show that the
volume integrated inertia force generated in
that body, which is initially at rest, can be
picked up at its surface without introducing
significant errors. Additionally, good agree-
ment between the inertia force of the
accelerated mass and the elastic deformation,
which would be sensed by the modelled force
transducer, was calculated. It is shown further;
that preliminary tests obtained at a pendulum
impact tester proved that LDl measurements
under oblique incidence are appropriate for use

on the mass impact module later.
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