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Cam-follower contacts are characterized by continuous changes of operating parameters
such as speed, load and geometry, so that both numerical simulations and experimental
measurements are very complex. An experimental apparatus has been specifically
designed and realized to perform tests with cam—follower pairs. The apparatus allows
measurements of contact forces with a custom-made dynamometer and of lubricant film
thickness and shape with optical interferometry. After an introductory review of
experimental works on cam-follower pairs mainly related to force measurements, the
test rig used for the experimental work reported in the paper is briefly described. Some
trends of all components of the contact forces measured during the rotation of a circular
eccentric cam and an engine spline cam are presented. Tests have been performed at
different rotational speeds and preloads. The friction trends can be associated to mixed
and boundary lubrication regimes. Some unattended friction peaks are found in tests with
the spline cam and possible explanations are given.

Keywords: cam-follower, experimental tests, contact forces, friction, elastohydrodynamic lubrication

INTRODUCTION

Cam and follower pairs are mechanisms present in several mechanical systems such as internal
combustion engines. They usually operate under severe working conditions with continuous
variations of load, speed and geometry. They often work under mixed or even boundary
lubrication regimes, which are connected to significant energy losses and wear. The continuous
changes of the working conditions, the influence of surface roughness, thermal effects and dynamic
behavior of the whole system make extremely complex both theoretical/numerical studies and
experimental investigations.

This paper is focused on experimental studies related to one of the most important and
investigated aspects of the cam-follower contacts, namely the contact forces. Due to the rapid
variation of the operating conditions, it is difficult to perform measurements of the most remarkable
parameters of the contact, particularly the friction force, and in literature not many experimental
studies on actual cam-follower contacts can be found. Friction force can be directly measured or can
be evaluated from the measured torque. A cylindrical eccentric cam in contact with the plane surface
of a tappet actuated by a rectilinear alternating motion was investigated in Vichard (1971). Ring type
strain gauge dynamometers were used for measuring the normal and the tangential (friction)
components of the contact force. Lubricant film thickness was measured by dynamic capacitive
measurements. Film thickness and pressure were investigated in a cam-follower contact by Hamilton
(1980). Two follower types of similar design were used: one with a small isolated capacitance gauge
for measuring the film thickness and one fitted with a pressure gauge. An experimental apparatus was
used for estimation of the power losses using a four-power polynomial cam in contact with a flat
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faced follower in Dowson et al. (1986) and Dowson et al. (1989).
The total torque was measured by a strain gauge torque
transducer. The power involved in the contact between the
cam and the follower was evaluated by subtracting the
parasitic losses associated with the rolling element support
bearings. The total instantaneous camshaft torque included the
component due to the eccentricity of the cam-follower contact
point and the one due to friction. The same apparatus was also
used for measuring the film thickness by using an electrical
resistivity technique in Dowson et al. (1990). Film thickness
and temperature with thin film micro
transducers were also reported in van Leeuwen et al. (1987).
Willermet et al. (1991) used an experimental apparatus with a
cam-tappet module driven by a variable speed DC motor for
testing the frictional behavior of different oils. The cam-tappet
module was a temperature controlled aluminum box which could
accommodate different valve train designs. The torque required
to rotate the cam was measured by a torque meter and the
frictional torque for the cam-tappet contact was obtained by
subtracting the geometric torque due to the normal load. The
same apparatus was used in Gangopadhyay et al. (2004) to
investigate the effect of different surface finish, surface texture
and coatings. Friction torque was measured with a torque sensor
in the apparatus used by Kano (2006) for testing the effects of
different surface roughness and coatings in combination with
some lubricants and additives. Particularly advanced diamond-
like carbon coatings combined with suitable lubricants and
additives produced very low friction coefficient values. The
influence of materials, lubricants and additives on friction and
scuffing characteristics was also investigated using a test rig able
to measure directly the friction between cam and follower in
Soejima et al. (1999a). The friction force acting on the follower
was measured with a strain gauge sensor located on a follower
holder-rod connected to a spherical joint, while the normal force
was measured by a piezoelectric load sensor. The same apparatus,
improved with the use of a piezoelectric force sensor installed at
the base of the spherical joint connected to the follower holder-
rod, was used in Soejima and Hamatake (2013). A system that
allows the rotation of the follower was also installed in the rig. The
effects of different materials, surface finish and coatings were
investigated. A different test rig was used in Soejima et al. (1999b)
for investigations on cam and roller tappet. Two different
configurations for measuring the contact force were employed,
with one and with two three-component piezoelectric force
sensors. Another experimental apparatus for testing a cam-
follower contact with direct evaluation of the friction force is
described in Bag et al. (2003). The follower was laterally
connected to a flexible beam instrumented with strain gauges
from where the friction force was evaluated including the inertia
effects. The normal force was evaluated considering the
deformation of the spring connected to the follower and the
inertia force. Acceleration sensors were used for measuring the
accelerations of the different bodies.

The classical configuration, with the moving follower
connected to a spring, was used in all previously mentioned
test rigs. Different experimental apparatuses with fixed follower
and the cam rotating around a moving axis were furthermore

measurements
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developed. Bair et al. (1986) utilized an apparatus with the
support of the follower connected to three load cells for
measuring all components of the contact force. Being the
follower fixed, the shaft of the cam was connected to a flexible
frame so that its axis could move. Contact temperature was also
measured with an infrared camera when a transparent sapphire
follower was used. A test rig for contemporary measurements of
contact force and lubricant film thickness in cam-follower
contacts has been designed and built by the authors’ research
group, (Vela etal., 2011; Fazzolari et al., 2012). All components of
the contact force can be measured by a six axes dynamometer,
and the lubricant film thickness and shape by optical
interferometry that gives more detailed information about film
thickness and shape than the electrical techniques.

Some tests on real engines have been also performed. A six-
cylinder internal combustion engine under motored conditions
driven by an electric motor was used in Mufti (2009). Friction, oil
film thickness, and tappet rotation were measured simultaneously
synchronized with the engine crank angle. Friction torque was
measured by replacing a camshaft with a torque tube equipped
with strain gauges. The oil film thickness was measured at the cam-
tappet interface using the capacitance technique. The follower
rotation was measured using a miniature Eddy current sensor.
A new method for directly measuring camshaft friction that uses a
specially designed camshaft pulley transducer with strain gauges
and slip rings to measure the torque was described in Mufti and
Priest (2012). Experiments were carried out for both motored and
fired conditions on a single-cylinder gasoline engine.

Numerical studies have improved during the years thanks to
the increased computational power and better simulations can be
performed today. Just to give an idea of the most recent
developments, some numerical studies related to the cam-
follower contacts carried out during the last three years are
mentioned in the following. Elastohydrodynamic lubrication
(EHL) models are generally used by adding some other
particular aspects. Qin and Zhang (2017) used a quasi-steady
solution of the line contact EHL problem including mixed
lubrication conditions and wear classical formulas to evaluate
the wear of a cam and follower contact. A nonlinear relationship
between the wear coefficient and the lubricant oil film thickness
was introduced in relation to the probability of the surface
asperities to be greater than the lubricant film thickness. The
mixed EHL problem was also solved by Torabi et al. (2017) that in
addition considered the squeeze term and the energy equation
and compared the behavior of flat and roller followers. The
friction coefficient was also evaluated. This line contact
thermo-elasto-hydrodynamic analysis was also performed in
combination with an elasto-plastic model for the evaluation of
the asperities deformation during running-in in Torabi et al
(2018). Yu et al. (2017) used transient thermal EHL equations to
investigate the influence of coatings with different characteristics
placed on the cam and/or on the tappet. They found out that the
reduction of friction losses is greater when both the cam and the
tappet are coated. A study was presented in Jamali et al. (2019) for
the cam and follower lubrication including the effect of the
introduction of an axial modification of the cam depth.
Furthermore the contact point EHL problem was solved.
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Umar et al. (2018) developed a different numerical approach
based on friction and lubrication analysis to predict the flash
temperature at cam/follower interface. They used some classical
formulas for film thickness evaluation instead of solving the
Reynolds equation.

For the sake of completeness, it is worth mentioning some
studies on the cam-roller follower mechanisms reported in
Alakhramsing et al. (2018a, 2018b, 2019). A full numerical
solution of line contact isothermal-EHL model for the
cam-roller contact combined with a semi-analytical
lubrication model for the roller-pin bearing were used in
Alakhramsing et al. (2018b). Frictional forces were also
evaluated. A transient finite line contact EHL model for the
cam-roller was coupled with a transient EHL model for the
roller-pin contact in Alakhramsing et al. (2018a). Mixed
lubrication and thermal and non-Newtonian effects were
finally included in Alakhramsing et al. (2019).

Some first experimental tests were carried out with the
apparatus developed by the authors’ research group using a
circular eccentric cam (Ciulli et al, 2014) and a spline cam
(Ciulli et al., 2019). The study reported in Ciulli et al. (2019)
and Pugliese et al. (2019) were carried out using transparent glass
followers and were focused on film thickness and shape
evaluation with optical interferometry. In this work the
apparatus has been used for detailed investigations on contact
force measurements by using steel followers.

THE EXPERIMENTAL APPARATUS

The apparatus used for the experimental tests is able to perform
contemporary measurements of contact force and lubricant film
thickness. It is also very modular because it has been designed in
order to be able to work with the axis of the cam moving and the
follower fixed or with fixed cam axis and moving follower. In the
configuration used in the present work, the follower is fixed while
the cam rotates around a moving axis, Figure 1. In order to
maintain the parallelism between the cam axis and the flat surface
of the follower during the cam’s motion, the shaft of the cam is
installed on a rocker arm and is driven by a planetary gearbox
moved by a 5.65kW electric motor with 3,000 rpm maximum
speed. An elastic joint and an absolute encoder are mounted
between the motor and the gearbox.

A loading spring system is used to apply the normal load.
Springs of different stiffness can be installed. A screw is used to
apply the desired preload. The follower is mounted in the
measurement unit, basically a six axes dynamometer, Figure 2,
that allows direct measurement of all contact force components
along three different orthogonal directions (normal to the follower,
parallel to the cam axis and parallel to the movement). The
measurement unit includes a system of nine Kistler piezoelectric
annular load cells mounted in three groups, each one composed of
two tangential cells and one for normal load. The complex
calibration methodology of the system is described in detail in
Fazzolari et al. (2012). A calibration matrix relates the output
voltages of the nine load cells to a generalized contact force vector
composed by the three force components and the three moment
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FIGURE 1 | Experimental apparatus. (A) Photograph. (B) Schematic
drawing.

components. The maximum measurable normal and friction forces
are 6,000 and 900 N respectively. The lubricant is directly supplied
to the contact zone by an oil system. A thermostatic bath is used to
regulate the temperature.

Film thickness and shape are estimated using optical
interferometry. For this purpose, transparent glass discs are
used as follower. These discs are coated with a thin semi-
reflective layer of chromium and a layer of silicon dioxide to
protect the surface from abrasion and to increase the range of
thicknesses measurable. Interference images are recorded by
means of a microscope connected to a high-speed camera
(Figure 1A) with a frame rate of up to 1,000 images per
second. The interference images are analyzed by programs
developed ad hoc. Further details on system and methodology
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FIGURE 2 | Measurement unit. (A) Schematic drawing. (B) Photographs with details of the annular load cells.

used for the image analysis can be found in Ciulli et al. (2019).
Microscope and camera are connected to a computer controlled
XYZ positioner that includes an independent step motor for
moving each axis. This system allows an easy positioning of the
microscope over the desired contact zone and also to follow the
cam/follower contact zone, that moves on a segment during the
cam’s rotation cycle. Depending on the cam geometry, the contact
area can be followed point to point usually for low rotational
speeds and only using low optical magnification as reported in
Pugliese et al. (2019).

A real-time controller and a data acquisition system National
Instruments cRIO and LabVIEW® software are used for
managing the operating conditions and for data recording.

DETAILS OF THE CAM-FOLLOWER
CONTACT

Two different cams, described in the next section, have been
tested. As the behavior of the cam and follower contact is strongly
influenced by the cam geometry, a kinematic analysis of this
contact is also reported for a better comprehension of the
experimental results.

Tested Cams

Two kinds of steel cams, a circular eccentric one and an engine
cam with a spline profile, have been tested in contact with a flat
faced steel follower. The circular eccentric cam has been used as a
reference cam. A similar cam was already tested in Ciulli et al.
(2014) at different speeds greater than the ones used in this study.
The spline cam was also tested against a glass follower in order to
investigate the film thickness evolution during the cam rotation in
Ciulli et al. (2019) and Pugliese et al. (2019).

The cams are connected to the shaft of the test rig through a
very precise cylindrical coupling. Some pictures of the cam
specimens used are shown in Figure 3.

The circular eccentric cam has a spherical surface with a radius
of 20 mm and an eccentricity of 2 mm. The radius of the base circle
is 18 mm. The mean surface roughness before tests was 0.8 um.

FIGURE 3 | Tested cams. (A) Circular eccentric cam. (B) Spline cam.

The engine cam has a radius of the base circle of 14 mm. The
cam’s axial width is 10 mm. The mean surface roughness before
tests was 0.2 ym.

The steel discs used as followers had a mean surface roughness
of 1.6 um before tests.

Kinematics Aspects

A suitable reference system has been chosen for this work
starting from the force reference system used for the
calibration of the measurement system (Ciulli et al., 2014),
Figures 4A. The reference coordinate system used for the cam
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FIGURE 4 | Reference systems used for the forces exerted on the follower (A) and for the kinematics of the cam (B).

nose

rising
flank

kinematics has the opposite direction of the one used for the
forces on the follower so that the same signs can be used for the
forces acting on the follower, Figures 4B. The origin of the
system is on the follower, the coordinate x gives the position of
the contact point P and the coordinate z indicates the vertical
distance of the base circle of radius R; from the fixed follower
(z corresponds to the follower’s lift in the common
configuration with the cam with fixed axis, when the origin
is on the base circle and the direction of z is opposite to the one
used here).

Being K the cam’s center of curvature at the generic contact
point P, with reference to the other quantities shown in Figure
4B, the position of the point P can be expressed as:

Ro=xi- Ry+2)k=7C+7 1)

where 7 and k are the unit vectors of the x and z axes respectively.
From the vector expression, the following two scalar equations
can easily be obtained:

x =csin(0+¢) (2)
Ry+ z=ccos(0+¢)+p 3)

where 0 is the angular position of the cam (its origin is chosen at
the position corresponding to the cam nose). As reported in
Norton (2002), the center of curvature K is stationary, which
means that ¢, p and ¢ can be considered constant for small
changes of the cam angle. Therefore, the derivation of Eq. 3 with
respect to the variable 0 gives:

dz . _
z =%=—cszn(9+¢)——x (4)

Eq. 4 indicates that the displacement of the contact point
along the x direction has the same behavior (apart the sign due to
the used reference system) of the vertical velocity of the axis of the
cam (corresponding to the velocity of the follower in the
configuration with the cam with fixed axis) being

dz dzdf

Z:a—%a—zlw (5)

By further derivation of Eq. 4 we obtain z” = —x', so that the
velocity of the geometrical contact point can be expressed as
. _dx_dxd@_x,w_ e ©)
S dt dedr T

It is worth mentioning that the second derivative of the vertical
displacement z is related to the vertical acceleration. Particularly
when the angular velocity w is constant, the vertical acceleration,
related to the vertical inertia force, can be evaluated as Z = 2" @?.

Once R, and the law z(6) are known, all the above quantities
can be calculated for every angular velocity w.

For the circular eccentric cam with radius r and eccentricity e,
the point K is fixed, c=e¢, p=r, ¢=0,R,=r-e so that

x =esinb (7)
z =e(1+cosh) (8)

These relationships and their derivatives can easily be found
also starting from the circular geometry of the cam. All further
derivatives have a sinusoidal form too.

The vertical displacement z and its derivatives for the tested
cams are shown in Figure 5.

While the circular eccentric cam shows regular sinusoidal
trends for all quantities, greater fluctuations are present for the
spline cam by increasing the order of the derivatives. This reveals
very fast movements of the contact point for certain angular
positions, as clarified in Figure 6 where some significant positions
during the clockwise rotation of the cam are shown.

Starting from the angular position of the cam when the contact
point is opposed to the cam nose (6 = —180°), there is no vertical
movement until a zone with a linear trend is reached starting at
about 0 = —100° (the lash ramp zone, normally introduced at the
beginning of the lift law to reduce dynamic effects). Then the
vertical movement becomes quick as soon as the contact zone
reaches the rising flank (around 6 = -65°). The flank zone
correspond to the lift. Around the middle of the flank there is
the zone with the maximum radius of curvature. The movement
of the contact point has very fast variations along the x direction
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FIGURE 5 | Vertical displacement z and its first and second derivatives, z' = -x and z” = —X/w. (A) Circular eccentric cam. (B) Spline engine cam.
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FIGURE 6 | Significant positions during the clockwise rotation of the
spline cam.

reaching a maximum negative displacement in correspondence to
the maximum vertical speed (8 = —50°). Then the contact point
comes back, passing in the central position in correspondence to
the cam nose (0 = 0°) where the maximum lift occurs, and reaches
the maximum positive displacement at 8 = 65°. Then the falling
flank comes and finally the base circle zone again when the
follower is in contact with the back of the cam where the
displacements, the velocity and the acceleration along the
direction z are constantly equal to zero. Note that the ramps

acceleration equal to zero. The maximum and the minimum
values of the acceleration are in correspondence to the start of the
rising flank and at the end of the falling flank (6 = -65° and 0 = 65
respectively). Other two lower peaks of accelerations occur in
correspondence to about 8 = —100° and 6 = 100° that are just at the
beginning of the linear ramp of the rising flank and after the one
at the end of the falling ramp.

The friction coefficient is greatly influenced by the type of
lubrication regimes (fluid film, mixed or boundary) that are
strictly related to the minimum film thickness and the surfaces
roughness. The trend of the friction coefficient is well depicted
by the Stribeck and the Lambda curves, as reported in Bassani
and Ciulli (2003). The lubricant film thickness depends on
geometry, lubricant and material characteristics, load and,
particularly, on the entraining velocity. The entraining
velocity can be evaluated as the mean surface velocity
referred to the contact point and is related to the rotational
speed and the geometrical characteristics of the cam. The
physical contact points P (Figure 4B) of cam and follower
have the same velocities along the z direction but generally they
differ in the x direction. In particular, the velocity component
along the x direction is zero for the point of the follower, while
for the point of the cam is:

do
ve=Ryt+2) = (Rp+2)w )
Thus the entraining velocity u can be evaluated, using the

velocity of the geometrical contact point x of Eq. 6, as:

u= (vx — Jé); (0-%) _ (Ry + z2+ 22" \w (10)

Another important parameter affecting friction is the slide-to-
roll ratio S, the ratio between the sliding and the entraining
velocities, related to thermal effects (Ciulli et al., 2009). Being the
follower fixed, the sliding velocity Au corresponds to v,, and S can
be evaluated by the formula:

with linear displacements (connecting the base circle and the §— Au_ 2(Ry+2) (11)
flanks) are characterized by a constant value of the velocity and u Ry+z+2Z"
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For the circular eccentric cam it is easy to find:

v, = (r+ecosf) w (12)
yoecost (13)
2
S:2r+ec059 (14)
r—ecosf

Trends of sliding velocity au = v,, entraining velocity u and
slide-to-roll ratio S are shown in Figure 7 for both cams. Bigger
variations of the entraining velocity are evident for the spline cam
as well as a central region with negative value of S delimited by
two points with theoretically infinite values where the entraining
velocity is zero.

EXPERIMENTAL RESULTS

Several tests have been performed with the two cams described
above. Different preloads, spring stiffness and rotational
speeds were used also for testing the capabilities of the
apparatus. Some sample results of tests at 6 and 60 rpm are
reported in the following. Engine oil SAE 5W-40 was used as a
lubricant.

The voltage signals of the nine annular load cells were
recorded during the test normally at a sampling frequency of
1 or 10kHz. A couple of examples of data recorded at 1kHz
during tests with the circular eccentric cam and the spline one are
shown in Figure 8.

From the recorded voltages, the three force and moment
components were evaluated by using the calibration matrix
previously mentioned when describing The Experimental
Apparatus. Several cycles are usually recorded in order to
make possible some averaging and some filtering of the
results. Filtering is particularly useful for interpretation of
noisy data. Fast Fourier Transform of the data have been
applied and, among the other, the mating frequencies of the
gears have been found in the recorded signals. However, these
aspects are beyond the aim of this paper and only unfiltered
results are presented.

Sample forces and moments trends obtained by the
elaboration of the data reported in Figure 8 are shown in
Figure 9. The results refer to tests with the cams rotating
clockwise at 60 rpm. Preloads of 35 and 70N have been
applied for the circular eccentric and the spline cam
respectively, with the contact on the base circle (points with
z = 0). A spring with a stiffness of 20.22 N/mm was used.

Single cycles, extracted from the recorded data, have been
deeply analyzed. Sample results related to single cycles are
reported and discussed in the following section for each one
of the two cams tested at 6 and 60 rpm.

SINGLE CYCLE RESULTS AND
DISCUSSION

Contact forces measured in single cycles for the reference circular
eccentric cam and the spline one are presented below. It is worth
to note preliminarily that some dynamic simulations of the whole
system made through a purposely developed program (Vela et al.,
2011) have shown that dynamic aspects are not significant for the
low speed tested. The normal force F, is essentially related to the
lift and due to the spring force for both cams.

For a better interpretation of the friction results, the
minimum film thickness has been also evaluated by using
some classical formulas as reported in Hamrock (1994).
These formulas do not include squeeze effect, but this is not
a problem because it can be considered negligible at the tested
velocities. Together with the geometrical and kinematics data, a
viscosity value at ambient pressure of 0.145 Pas and a Barus
pressure viscosity coefficient of 2.2 107 Pa™" have been used for
the lubricant, and an equivalent elastic modulus of 2.2 10" N/
m? for the materials.

Circular Eccentric Cam Results

Contact forces detected at 6 and 60 rpm for the circular
eccentric cam in a single cycle are shown in the diagrams of
Figures 10A, B. A 35N preload was applied and the spring
stiffness was 20.22 N/mm. By comparing the normal loads F,
measured at the two different rotational speeds, the inertia
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effects result negligible. The maximum normal load is applied in
correspondence to the maximum lift and is almost equal for
both cases. The trend of F, follows the one of the vertical
displacement shown in Figure 5A and the force values are in
good agreement with the ones calculated by considering the
preload and the spring stiffness. Also the friction forces F, have

similar trends for both speeds, with maximum (negative) values
at the cam nose position and lower values for the higher
rotational speed. A not null force component F, is also
detected likely due to a non perfect alignment between the
cam axis and the surface of the follower and/or to some
imperfections of the cam surface. The friction coefficient has
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been evaluated as the absolute value of the ratio of F, and F,. Its
trends for both rotational speeds are shown in Figure 10C. The
high values of the friction coefficient are typical of mixed and
boundary lubrication regimes. This is also confirmed by the
calculated minimum film thickness evaluated with the
elastohydrodynamic formulas for point contacts (Hamrock,
1994). Incidentally, the regime of lubrication is piezoviscous-
elastic at every contact point during the whole rotation of the
cam. The results obtained at 6 and 60 rpm are shown in Figure
10D. The measured normal load has been used for the
calculation. Values of the film thickness follow the trend of
the entraining velocity (Figure 7A) and are always very low
compared to the surface roughness of the spherical specimen
and above all of the follower. Accordingly, wear marks have
been found on the surface of the specimen after tests,
particularly around the zone of the cam nose.

Spline Cam Results
Contact forces detected at 6 and 60 rpm for the engine spline cam

in a single cycle are shown in the diagrams of Figures 11A, B. A
75 N preload was applied and the spring stiffness was 20.22 N/mm.
As for the circular cam, the trend of F, follows the one of the
vertical displacement (Figure 5B) and the maximum load at the
low rotational regimes tested occurs in the nose region, with very
similar results for both velocities, indicating negligible dynamic
effects. The force values are in agreement with the ones calculated
by considering the preload and the spring stiffness apart some

fluctuations that can be put in relation to some vibrations
connected to the gear teeth contacts more evident for the
higher speed case. The zones with constant load corresponds to
the base circle. Two peaks of the friction force F, are present that
will be discussed below in more detail. As shown in Figure 11C, the
friction peaks are associated to high values of the friction coefficient
for both rotational speeds. High values of the friction coefficient are
typical of mixed and boundary lubrication regimes. Values greater
than about 0.1 could be related to some direct steel-steel contacts
while values greater than about 0.4-0.6 could indicate the presence
of significant wear. Apart from the two zones with the peaks, the
values of the friction coefficient decrease from about 0.14 to about
0.1 by increasing the rotational speed. These values are quite
similar to the ones obtained in tests with the circular cam.

The diagram of Figure 11D shows the calculated minimum
film thickness. The lubrication type has been also investigated by
using some classical formulas for line contacts, as reported for
instance in Hamrock (1994). The lubrication has been identified
as isoviscous-rigid for most of the angular position of the cam.
Particularly in the zone of the flank with the maximum radius of
curvature and the maximum lubricant entraining velocity,
around positive and negative 60°, the lubrication is surely
isoviscous-rigid and the maximum film thickness is reached.
In any case the film thickness is comparable with the
composite roughness of the contacting bodies, thus mixed
lubrication should occur also for the highest rotational speed.
Boundary lubrication regime probably occurs in the other
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FIGURE 12| Worn surface of one of the followers used for several tests.

angular positions of the cam. In particular in the nose region, with
the minimum radius of curvature, the film thickness reaches its
minimum values. Two points with theoretically zero film thickness
are present where the entraining velocity is zero (squeeze effects
have been neglected). As evident in Figure 12, some wear has been

found on the follower, made by a steel with lower hardness than the
cam, confirming the presence of mixed and boundary lubrication.
It is worth noting that the follower shown in Figure 12 was used for
more than one test. For all the tests, wear tracks are present along
the whole displacement of the contact zone. More significant wear
marks are present close to the central zone where the friction peaks
occur. It has to be highlighted also that some preliminary tests were
also carried out with the axis of the cam not perfectly parallel to the
follower. In these cases the contact was concentrated on one of the
edge of the cam.

Peaks of friction force have been found in several testing series.
These peaks occur when the contact is close to the beginning of
the rising flank and the end of the falling flank. Some tests with
different spring stiffness and with opposite rotational speeds have
been also performed. Some results are reported in Figure 13.
Normal and friction forces measured in tests using two different
springs with stiffness K = 20.22 N/mm and K = 11.25 N/mm are
compared in Figure 13A. The preload and the rotational speed
are 75 N and 60 rpm respectively. It is interesting to note that the
peaks are greater when the spring with the lower stiffness is used,
while, as expected, the friction force around the cam nose is lower.

The forces measured in tests with 45 N preload and 60 rpm of
rotational speed with clockwise and counterclockwise rotations
are compared in the diagram of Figure 13B. The results have
been arranged in order to have correspondence of the angular
positions on the cam. The directions of rotation are indicated by
the arrows. As expected the friction forces have opposite signs,
while the peaks remain on the same parts.
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A first hypothesis for explaining this particular trends was
made by putting in relation the friction peaks to possible
variations of lubrication regimes. However, the mixed and
boundary conditions were proved to be present during the
whole cam rotation and in addition, the peaks were close (but
not in correspondence) to the zones with maximum film
thickness. Also the inversion of sign of one of the peaks
could not be explained by some lubrication effects. The
results shown in Figure 13 seem to link the peaks to
geometrical aspects and dynamics effects. Fluctuations of the
normal force occur close to the peaks of the friction force. The
greatest fluctuations close to 60° with respect to the zone at —60°
could indicate some geometrical differences between the
two zones.

It is not easy to find similar results in literature also because
detailed measurements of friction in all regions of the cam
rotation can rarely be found. Two peaks of friction torque values
at about 60° cam angle before and after the nose were reported in
Dowson et al. (1989) for a polynomial cam in contact with a flat
faced follower. It was stated that they “relate to the ramp regions
where the cam contacts and leaves the follower.” Similar peaks
were also shown in Soejima et al. (1999a) and Soejima and
Hamatake (2013). These peaks are greatly influenced by the
running time (Soejima and Hamatake, 2013). These regions are
clearly indicated as zone where scuffing occurs in Soejima et al.
(1995). Even if the different configuration of cam-roller contact
was used in Soejima et al. (1999b), it’s worth noting that a
reverse friction force is detected due to the traction related to the
inertia force of the roller. It is also interesting to note that similar
force fluctuations with also some negative peaks of the friction
force were found in Bas et al. (2003) using an apparatus with
moving follower. More recently Qin and Zhang (2017) found
that calculated wear depths for a cam-follower contact show
their greatest values at the starting point of the lift. Results were
also consistent with the values measured in an industrial test
with a real engine.

In the cases discussed in the present work, detachments do not
seem to be present looking at the normal force values. Anyway the
amplitude of the friction peaks reduces with the higher

150 . .
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FIGURE 14 | Friction force (F,) and jerk divided by «® (z'").

stiffness spring and this gives indication about a possible
relation with some vibrations. A quantity surely related to
vibrations is the jerk, the changing rate of acceleration, linked
to physical mutations and destruction process. In Figure 14
Z'"", the jerk divided by w?, is plotted together with the friction
force. Interestingly, the peaks of F, are close to the ones of
the jerk.

A sudden vibration associated with the presence of wear
marks could create localized effects. Close to the beginning of
the rising flank, when the contact occurs on the right side of a
surface elevation produced by the wear, the slope could produce
a positive force along the x direction that could be greater than
the friction contribution, possibly also due to some impact
effects, leading to a local positive force. In the same way,
close to the end of the falling flank, when the contact occurs
on the left side of a surface elevation, the slope could produce a
negative force along the x direction that is added to the real
friction force.
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CONCLUSIONS AND FUTURE
DEVELOPMENTS

All components of the contact forces of cam-follower contacts
have been measured with a test rig also able to evaluate the
lubricant film thickness. Some experimental results obtained with
a circular eccentric cam, used as reference, and with an engine
spline cam have been presented. The results are greatly influenced
by the shape of the cam. Small variations of the geometry can
produce big variations of the dynamic effects and therefore of the
contact forces. Due to the relatively low rotational speeds tested,
the influence of the dynamic effects on the normal contact force is
negligible in the cases reported in this work. However, the results
obtained with the spline cam present a particular trend of the
friction force with a localized inversion of its sign that could be
explained by vibrations related to high values of jerk. The
presence of high wear with peaks of material could furnish
another possible explanations for this uncommon behavior. It
is worth also mentioning that in general test rigs themselves
influence the results. The more the experimental apparatus is able
to simulate the real machine the more the results are realistic; the
quantities of interest are, nevertheless, more difficult to be
measured. The system containing the tribological pair
influences its behavior, for instance trough its deformations
and vibrations. Being a global phenomenon of transformation
and dissipation of energy, friction depends a lot on the dynamic
and the thermodynamic states of the whole system and the related
parameters. The interaction of the studied tribo-couple with the
other parts of the entire operating system and with the
environment will be subject of further developments. The
influence of several parameters can be investigated in the
future also thanks to the modularity of the apparatus that can
be arranged in a different configuration with fixed cam axis and
moving follower.

The experimental system can be used for verification of
existing cams and for design of new ones. Local problems can
be detected and analyzed in detail. Further developments could be
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