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ABSTRACT

This paper suggests a simple yet efficient expertailenethod to record the displacement of
the shaft in a revolute joint with clearance. Tvight and compliant cantilevers have been
mounted on the rocker, each being instrumented twth strain gauges which can measure
bending. These cantilevers are mounted in an oothegashion, near the axis of the revolute
joint, each touching the shaft at the outermost. s the mechanism is operated, the shaft
oscillates inside the clearance and bends the d¢anbpkantilevers, hence the instant
displacement can be obtained by measuring the #&tain gauges with an high-speed
acquisition device.
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1 INTRODUCTION

In order to study tribological phenomena causedlbgrances in revolute joints, a custom
four-bar linkage mechanism has been built (Figihe revolute joint between the rod and the
rocker can be easily replaced, so that differegteks of backlash can be tested [1].

In previous works, this experimental test bed reenlsuccessfully used to investigate wear
of surface pairs. Also, vibrations acquired by nzeafi accelerometers agreed with those
provided by our simulation software [2].

The precise and reliable simulation of joints wétharances is a debated topic: since many
dissimilar numerical schemes have been proposétkipast [2][3], our experimental test bed
aims at providing real data to validate these nm&del

Numerical simulations showed that, most often, rib@ shaft should perform two almost
periodical sets of high-frequency oscillations desthe hole with clearance, hence wearing two
distinct zones of the contact surface. Under sfmecifcumstances, the shaft/bearing contact
may be lost, causing impact events.
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Figure 1: The test bed with the four-bar articudatgechanism

In order to provide an experimental confirmationtbése numerical results, this paper
suggests a simple yet efficient experimental metioockcord the displacement of the shaft in
the reference system of the revolute joint.

In detail, two small compliant cantilevers have m@sounted on both sides of the rocker,
each exploiting two strain gauges which can measeneing. These cantilevers are orthogonal,
and their ends touch the shaft at the outermodt parthe mechanism is operated, the shaft
oscillates inside the clearance and bends the camiptantilevers. This way, the instant
displacement can be obtained by measuring thedimain gauges with an analogic high-speed
acquisition device.

By means of proper calibration look-up tables, @gjuisition system can output precise
graphs in terms of time-dependant displacemeriteeith polar and cartesian coordinates. Loss
of contact between shaft and bearing can be detestd measured. Outcoming data can be
used to validate and to complement results comiogn fother sources, such as numerical
simulations, inductive sensors or high-speed films.

2 THE MEASURING SYSTEM

The revolute joint of the four-bar mechanism hasrbleuild with special functionalities: for
example, worn bearings can be easily replacedckadance gap can be effortlessly seen from
the side.

For the purposes of this article, a special versibthe revolute pair has been machined,
where the shaft (which moves with the rod) has lateral cylinders facing outside the joint, as
references. By monitoring the displacement of éheginders respect to the rocker, which
moves with the bearing, one can get the relatistipn of shaft and bearing. Hence, also one
gets also the position of the point of contachia tlearance.

Different methods have been taken into considerdtio measuring the X-Y displacement
of the cylinders. Most noticeably, the adoptiortved orthogonal inductive sensors represented
one of the most precise and reliable proposals.

However, the employ of these inductive sensordieas soon impaired by their cost, and by
their inability of bearing the very high acceleoais affecting the rocker.

Thus, we designed a cheap acquisition method basélde deformation of two small strips
of metal, which are in contact with the externat jgd the shaft. When the shaft performs a pure
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Figure 2: The principle of the measuring devicedcances and displacements are exaggerated)

rotational motion about its axis, the bending adsth cantilevers isn't affected. On the other
hand, displacements of the shaft axis can be detdny studying the bending of the two
cantilevers. This principle is similar to the matiof two orthogonal glyphs, as depicted in the
scheme of Figure 2.

The diameter of the cylindrical surfaces for thentaot between cantilevers and shatft is
small, and surfaces must be carefully machineéadh the measured bending of the two plates
shouldn’t be affected by the rotation of the sladfout its axis: this happens only if the contacts
between the plates and the cylinders are reallyoimavithout roughness and friction which
may cause noise.

Cantilevers can been cut from a thin sheet of bfasseexample with 0.1 mm of thickness.
We experienced that their length should be kepbwasas possible, otherwise the mass/stiffness
ratio may grow up to causing resonance phenomeigmpiise to keep the natural frequency of
the plate as high as possible. Results from ourbed suggest that 0.1mm x 10mm x 20mm
brass plates can give satisfactory results evemwapplied to machinery rotating up to 500rpm.

Also, one must ensure that the cantilevers worét éwse contact with the shaft: this can be
secured if the plates are a bit pre-bent when ltad $s in neutral (centered) position, so that a
residual contact force is ensured even when thi displacement is opposed to the stiffening
direction of the cantilever. Also, when operatihg tlevice at high speeds, this precompression
effect help avoiding the detachment of the cangiteaven if subject to extreme inertial forces.

Figure 3 shows that such a measuring device céwilievith few efforts.

3 DATA ACQUISITION

Two strain gauges have been glued to each plate half-bridge configuration, so that the
deflection of the plate can be measured with arogi@acquisition system featuring at least
two input channels.

To this end, we used a National Instruments SCXrtbawith four strain gauge channels
with conditioning and automatic calibration (Fig.#s a side note, our SCXI system can also
simultaneously acquire four accelerometers andgerigg signals too; this additional
information has been used to improve our datasets.

Although the acquisition board features a 10H=zfjlthis has been removed because we
meant to sample the two channels up to 10'000Hz.



Figure 3: The measuring device, mounted on theluéxgoint with clearance

Such a high sample rate is mandatory even for geeratating speeds. Most often, each
rotation of the flywheel causes the shaft to penfawo sets of high-frequency oscillations
inside the hole with clearance, sliding on two preftial zones of the bearing many times per
revolution. In some circumstances, the shaft-bgacomtact may be lost and subsequent impact
phenomena may worsen the situation, introducingatioy effects with very high frequencies.

Despite the limitations, our measuring system wale & perform decent acquisitions for
flywheel speeds up to 500rpm, providing meaningfesults which capture these high-
frequency oscillatory effects.

4 DATA PROCESSING

Signalss, ands, coming from the strain gauges are proportionahtodeflection of the two
cantilevers. These bending measures are roughpopional to thex andy displacements of
the shaft:
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A more precise mapping should take into accountnthelinearity effects. In fact it is not
exactly true that the motion along axigloes not affect at all the bending of theantilever,
and vice versa: this side effect is caused by dleethat, for high bending of a plate, its contact
plane isn’t aligned anymore to its resting diregfias it can be seen in the exaggerated case of
Fig.2. These non linear effects, despite negligiblmost cases, can be cured with the adoption
of correction curves or LUTs (look up tables), heturning eq.1 into a more complex nonlinear
mapping of the type:

X f (Sx,Sy)
y — fy(sasy)

The acquisition software that we used, based ofVIEEW ™, can implement the mappings
of Eq.2 via correction curves or LUTs (look up &)l however we experienced that a simple
linear mapping as in EQ.1 is enough in most Situnesti

fRP® xI R, f :R®® yI R (2)



Figure 4: The acquisition system and the motorrobsystem

After displacementg andy have been obtained, one can get the polar codedingradial
displacement) and (phase) using the following functions:

;= /x2+y2
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Ji :atan21,l ®)
ror

Note that we used theanZ ) function, which can be found in most programgrianguages,
because it can distinguish between the four quasiramile thetar( ) function cannot.

The information about the phages noteworthy because it also tells where the aimaint
between shaft and bearing takes place.

5 RESULTS

Measures of displacements and of polar coordinatasd / have been performed for
rotating speeds in the range 100rpm-500rpm and wl#larances ranging from 0.5mm to
1.5mm. Results are obtained in form of time-depangits (see, for an example, Fig.5).

Even if special care must be paid when replaciedoéarings, either to avoid damages to the
thin cantilevers either because the displacemgmiats must be zeroed, this measuring system
proved to be simple to operate, reliable and toagh, we were able to acquire significant data
in all situations.

Results have been compared with computer simuktsimowing a good agreement between
experimental outcomes and numerical data (Fig.6).

6 CONCLUSION

An experimental four-bar linkage has been builthwthie purpose of studying the effect of
clearances in revolute joints. A simple and effitimeasuring device has been built, which is
able to record the small motions of the shaft affédy backlash. This approach is based on the
bending of small metallic plates, so only few strgauges are required.

Because of the mechanical approach, this measungthod cannot be used at very high
frequencies, nor in cases where moving parts anelight and may be disturbed by the contact
with the plates. However it proved to be inexpeassturdy, simple to build and mount, and
reliable enough for our purposes.



Figure 5: Example of displacementandy for case of speed=400rpm and clearance =1mm

Figure 6: Phasg (in —..+p range), comparison between experimental (whitd)ramrmerical simulation (red)
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