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Evaluation of a Model for the
Evolution of Wear in a Scotch-Yoke
Mechanism

W. Gregory Sawyer, Kelvin I. Diaz, Matthew
A. Hamilton, and Brian Micklos
Department of Mechanical Engineering, University of
Florida, Gainesville, FL 32611

A nearly ideal two-dimensional scotch yoke mechanism was
structed to test a model of wear depth as a function cycle num
Model variables include the reciprocating mass, a two dime
sional wear-rate, crank radius, and angular velocity. The mo
originally developed by T. A. Blanchet (1997), was nondimens
alized and simplified under conditions of large numbers of cyc
to predict the importance of including coupling based solely o
ratio of maximum allowable wear depth to the crank radius. E
periments show a linear progression of wear over two disti
regions, suggesting a sudden transition in wear modes just a
1.5 million cycles. The need for cycle or time dependent w
rates in analysis, which is a potentially far more significant sou
of error, is clearly illustrated by the experiment and discuss
@DOI: 10.1115/1.1537271#

Introduction
The ability to predict the useful life of a dynamic mechanism

of great importance to many designers and engineers. To a
rately predict how a mechanism will perform over an extend
number of cycles requires knowledge of how the components
changing during operation. A number of researchers have u
numerical techniques to model wear in simulations of vario
contact problems and simple mechanisms@1–12#. Additionally,
there are two closed form solutions known to the authors@13,14#.

Generally, there is good agreement between the trends pred
by these numerical techniques, and the results gathered ex
mentally. The closed form expressions for the evolution in
components geometry and kinematics as a result of wear@13,14#
are untested. Blanchet@13# published a two dimensional model fo
the simple harmonic oscillator known as the Scotch Yoke~a sche-
matic is shown in Fig. 1!. This mechanism is composed of a dis
with a rigidly attached pin that slides within a vertical slot co
nected to a mass that slides within a frictionless guide. T
mechanism produces a purely sinusoidal motion when the face
the vertical slot are both straight and parallel. Equations~1!–~3!
are the contact forceFn(u), the wear depthDn(u), and the posi-
tion of the sliderXn(u) respectively. These equations are in term
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of the number of crank revolutionsn, the radius of the crankR
~mm!, the massm ~kg!, the thickness of the sliderb ~mm!, the
angular coordinateu, the angular velocityu̇ ~1/s!, and a two-
dimensional wear-ratek ~mm2/N!, which is a wear depth per line
load. The model is developed for a specific harmonic oscilla
but is not tied to any particular material, although the wear on
pin is neglected.

Fn~u!52mu̇2R cos~u!S 11S k

bDmu̇2D n21

(1)

Dn~u!5R cos~u!S S 11S k

bDmu̇2D n21

21D (2)

Xn~u!5R cos~u!S 11S k

bDmu̇2D n21

(3)

These equations were found through recursive application
equations for wear depth and contact force. Equation~4! gives the
cyclic rate-of-change of the cyclic rate-of-change of the depth
wear (]2uDu/]n2).

]2Dn

]n2 5Rucos~u!uS 11
kmu̇2

b
D n21

lnS 11
kmu̇2

b
D 2

(4)

Equation~4! is positive for positive values of crank radius, mas
thickness, angular velocity, and wear rate. Therefore, the rate
change of wear depth is a continuously increasing function w
number of cycles, and predictions in wear made from first cy
loading and kinematics will under predict the actual amount
wear.

Nondimensionalization and Analysis
Equations~1!–~3! are nondimensionalized using the followin

dimensionless groups: loadF* 5F/(mu̇2R), wear-depth d*
5D/R, positionx* 5X/R, and wearb* 5mu̇2k/b.

F* ~u!52cos~u!~11b* !n21 (5)

d* ~u!5cos~u!~~11b* !n2121! (6)

x* ~u!5cos~u!~11b* !n21 (7)

Equation~8! is a nondimensional expression of wear-depth fou
by extrapolating the predicted wear-depth from the first cycle tn
cycles. A ratio of the extrapolated predictionde* and the coupled
prediction~Eq. ~6!!, is given in Eq.~9!.

de* ~u!5cos~u!b* ~n21! (8)

de*

d*
5

b* ~n21!

~~11b* !~n21!21!
(9)

The angular coordinate disappears in such a ratio~Eq. ~9!! and the
resulting expression can be plotted for various values ofb* ver-
sus the number of cyclesn, see Fig. 2. For positive values ofu̇,
b* must be positive and greater than 0. The conditionb* 50
corresponds to a condition of infinite wear resistancek→0, or no

d
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massm→0, or infinite widthb→`, or a stationary cranku̇→0,
any of which result in zero wear depth. There appears to be
upper limit onb* , although ifb* 51 the maximum wear depth
equals the crank radius after the first cycle. It appears from Fi
that under conditions of either highb* or high number of cycles
the extrapolated predictionde* may greatly under predict the ac
tual amount of wear on the mechanism.

Cycle dependent wear-rates can be expressed under the
straints of steady or constant mass, angular velocity, and wi
Looking specifically at the maximum wear location,u50, Eq.~6!
is rearrange to giveb* as a function ofn.

b* 5~d~u50!
* 11!~1/n21!21 (10)

Using Eqs.~9! and~10! in concert, an expression for the ratio o
the extrapolated prediction to the coupled prediction in terms
the coupled prediction and number of cycles is developed. S
plifying this expression forn@1 gives Eq.~11!, which is a weak
function of n for 0,d* ,1.

de*

d*
5

~~d* 11!~1/n21!21!~n21!

~~11~~d* 11!~1/n21!21!!~n21!21!

>
~~d* 11!~1/n!21!~n!

d*
(11)

Fig. 1 A schematic of the two-dimensional scotch-yoke
mechanism and the associated nomenclature

Fig. 2 Plot of the nondimensional ratio of the extrapolated
prediction of wear-depth to the prediction of wear-depth made
including the coupling between wear and load
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Taking the limit of Eq.~11! as the number of cycles approache
infinity gives a simple expression for the error associated w
ignoring coupling as a function of normalized wear depth at t
u50 location. Figure 3 plots this function for 0,d* ,1, which
corresponds to a maximum dimensional wear depth range o
,D,R.

de*

d*
5 limn→`

~~d* 11!~1/n!21!~n!

d*
5

ln~11d* !

d*
(12)

This analysis suggests that the effect of coupling for this sim
dynamic mechanism is negligible under conditions where
maximum depth of wear is small relative to the crank radius.

Experimental
A scotch yoke mechanisms was designed and constructe

test this model. The requirements for this mechanism were:~1! a
nearly frictionless platform for the mass to reciprocate on,~2! the
kinematics need to be essentially two-dimensional,~3! the initial
surfaces in the vertical need to be parallel and flat, and~4! a
constant angular velocity. Additionally, it is desirable to contin

Fig. 4 A schematic of the experimental scotch-yoke apparatus

Fig. 3 Plot of the ratio of the extrapolated prediction in wear
depth to the prediction that includes coupling versus the
coupled prediction
JULY 2003, Vol. 125 Õ 679
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Fig. 5 „a… Plot of the depth of wear at uÄ0 versus, the number of cycles n as measured during the experi-
ment „b… plot of the normalized depth of wear at uÄ0 versus the number of cycles n and compared to various
prediction of the model given by Eq. „5… and „c… plot of the normalized depth of wear at uÄ0 versus the
number of cycles n and compared to a prediction including a wear rate transition
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ously monitor and measure the kinematics, and have access t
specimens for periodic inspection. A schematic of this apparatu
shown in Fig. 4.

The mechanism was constructed primarily from aluminu
plate and steel shafts. The total reciprocating mass was 16.8
The pin specimen was made from stainless steel rod 12.7 m
diameter with an initial RMS roughness of 0.27mm. The rotating
radius of the pin specimen wasR57.88 cm. The slot specime
was made from commercially available High Density Polyeth
ene ~HDPE! with a contact widthb55.1 cm. The entire mas
reciprocated on an air-bearing stage that was made from four
mm porous carbon air-bearings to provide as nearly frictionl
and two-dimensional motion as possible.

The angular velocity of 10.5 radians per second was provi
by a 0.37 kW DC motor with a 10:1 gear reducer and a 2:1 pu
and timing-belt system. The motor was controlled through
matched DC motor controller.

The kinematics were monitored using a roughly 20 cm Lin
Variable Differential Transformer~LVDT ! attached to the bottom
of the reciprocating mass. The voltage was conditioned to giv
full span of 65 VDC. This signal was read continuously on
computer data acquisition system with a 16bit A/D convers
~;3 mm discretization!. Periodically a waveform was capture
and saved to the computer.

Results
After processing the collected waveforms, the angular coo

nate ofu50 was selected from each waveform and the differe
in position from the first cycle position was reported as we
ol. 125, JULY 2003
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depth D (n,u50)5X(n,u50)2X(1,u50) , this is plotted in Fig. 5~a!.
Using the difference in displacement at theu50 position as a
measure of wear the amount of wear at the conclusion of the
was calculated to be 0.7 mm.

At the completion of the test, a freehand coordinate measu
machine was used to measure the wear-depth at theu50 location.
The coordinate measuring machine reported an average
depth across the specimen at this location of 0.77 mm60.1 mm.
The sample was weighed at the end of the test and the mass
was found to be 1.82 grams. Calculations of mass loss by i
grating the recorded wear depth profile and multiplying this v
ume by the density of HDPE gives an expected mass loss of
grams.

Discussion
There is agreement between the measurements from the c

dinate measuring machine, mass loss, and the kinematic d
Thus, the cycle dependent kinematic data is used for compari
to the model. The data as compared to the model over a rang
b* is shown in Fig. 5~b!. The model fit to the collected data i
poor due to the transition in wear rate around 1.5 million cycl

Using Eq. ~12!, and d* 50.7 mm/78.8 mm50.0089, the error
associated with neglecting coupling is less than 0.5 percent.
model predicts no significant coupling. It is suggested that
appearance of the transition is the result of a change in w
modes from mild to severe wear. This is supported by the ob
vation of large flaky wear debris that was ejected in great qua
ties from the apparatus after 1.5 million cycles while very fi
Transactions of the ASME
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powdery debris was observed prior to this. Curve-fitting the d
set, it is readily apparent that a significant increase in wear
occurred, as shown in Fig. 5~c!.

Coupling may be important for some systems, however,
added difficulty of including coupling in numerical analysis a
modeling may not significantly improve the predictions over t
far simpler first cycle extrapolations. For some similar dynam
systems the nondimensional groupd* , formulated as a wear dept
over a characteristic throw length, and Eq.~12! may guide the
decision to include or neglect coupling. Additionally, the need
cycle or time dependent wear rates in analysis, which is a po
tially far more significant source of error, is clearly illustrated
the experiment.

Conclusions
1! The model for the coupled evolution for wear and load in t

scotch yoke mechanism was non-dimensionalized.
2! The errors induced by ignoring coupling can be estimated

the ratio ln(11d* )/d* .
3! The experiments showed a very linear progression in de

over 2 million cycles, with a single transition in wear depth o
curring after;1.5 million cycles. It is suggested that this is due
a transition from mild to severe wear.
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@3# Põdra, P., and Andersson, S., 1997, ‘‘Wear Simulation with the Winkler S
face Model,’’ Wear,207, pp. 79–85.

@4# Flodin, A., and Andersson, S., 1997, ‘‘Simulation of Mild Wear in Sp
Gears,’’ Wear,207, pp. 16–23.

@5# Hugnell, A., and Andersson, S., 1994, ‘‘Simulating Follower Wear in a Ca
Follower Contact,’’ Wear,179, pp. 101–107.

@6# Hugnell, A., Bjorklund, S., and Andersson, S., 1996, ‘‘Simulation of the M
Wear in a Cam-Follower Contact with Follower Rotation,’’ Wear,199, pp.
202–210.

@7# Maxian, T. A., Brown, T. D., Pedersen, D. R., and Callaghan, J. J., 19
‘‘Adaptive Finite Element Modeling of Long-Term Polyethylene Wear in Tot
Hip Arthroplasty,’’ J. Orthop. Res.,14, pp. 668–675.

@8# Maxian, T. A., Brown, T. D., Pedersen, D. R., and Callaghan, J. J., 19
‘‘Adaptive Remeshing Behavior of a Sliding-Distance-Coupled Contact Mo
of THA Wear,’’ American Society of Mechanical Engineers, Bioengineeri
Division (Publication) BED, 31, pp. 237–238.

@9# Maxian, T. A., Brown, T. D., Pedersen, D. R., and Callaghan, J. J., 19
‘‘Sliding-Distance-Coupled Finite Element Formulation for Polyethylene We
in Total Hip Arthroplasty,’’ J. Biomech.,29, pp. 687–692.

@10# Kurtz, S. M., Ochoa, J. A., Hovey, C. B., and White, C. V., 1999, ‘‘Simulatio
of Initial Frontside and Backside Wear Rates in a Modular Acetabular Co
ponent with Multiple Screw Holes,’’ J. Biomech.,32, pp. 967–976.

@11# Sui, H., Pohl, H., Schomburg, U., Upper, G., and Heine, S., 1999, ‘‘Wear
Friction of PTFE Seals,’’ Wear,224, pp. 175–182.

@12# Barecki, Z., and Scieszka, S. F., 1988, ‘‘Computer Simulation of the Lin
Wear Process in Friction Brakes,’’ Wear,127, pp. 283–305.

@13# Blanchet, T. A., 1997, ‘‘The Interaction of Wear and Dynamics of a Simp
Mechanism,’’ ASME J. Tribol.,119, pp. 597–599.

@14# Sawyer, W. G., 2001, ‘‘Wear Predictions for a Simple-Cam Including t
Coupled Evolution of Wear and Load,’’ Lubr. Eng., pp. 31–36.
JULY 2003, Vol. 125 Õ 681


