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Scotch yoke mechanism with a spring and mass can be used to
apply a sinusoidal compression force on a specimen by
converting rotational motion from an electric motor into
reciprocating motion. The dynamic model of such a mechanism
considering friction and variable speed effects has been
developed in this study. A Python code has been written for the
dynamic model to solve for the required input torque and joint
forces based on the input motion characteristics. By changing the
values of some parameters of the dynamic model, 7 different
groups are defined to observe the effects of these parameters on
the required input torque, joint force and spring compression
force values. The associated graphs drawn in the time domain
have been analyzed to cast light on the rational choice of these
parameters.
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Bir yay ve kiitle iceren Scotch yoke mekanizmasi, elektrik
motorundan saglanan dénme hareketini gidip gelme hareketine
cevirerek, siniizoidal bir basma yiiklemesi elde etmek igin
kullanilabilir. Bu ¢aligmada, bdyle bir mekanizmanin siirtiinme
ve hizdaki degisme etkileri de diisiiniilerek dinamik modeli
gelistirilmistir. Girig hareket karakteristiklerine bagli olarak
ihtiyag duyulan giris torkunun ve mafsal kuvvetlerinin
hesaplanmasi i¢in Python dilinde bir program hazirlanmistir.
Dinamik modeldeki parametrelerin ihtiya¢ duyulan giris torku,
mafsal ve yay basma kuvvetleri fiizerindeki etkilerinin
gozlemlenmesi igin ilgili parametre degerlerinin degistirildigi 7
farkli grup olusturulmustur. Zaman bolgesinde ¢izilen grafikler
iizerinden ilgili parametre degerlerinin uygun segilmesine 151k
tutacak sekilde degerlendirmeler yapilmistir.
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1. INTRODUCTION

Scotch yoke and slider-crank mechanisms both convert rotational motion into translational motion or vice
versa even though Scotch yoke is preferred for smoother motion characteristics. Hence, there are many
design applications utilizing Scotch yoke mechanism. For example, Scotch yoke with a spring mechanism
[1] has been utilized in the design of a one degree-of-freedom rotary system gravity balancer. Al Shami et
al. [2] and Hossain et al. [3] developed a wave energy harvester from a Scotch yoke mechanism.
Subramanian et al. [4] made use of a Scotch yoke mechanism to develop a two-way pumping system while
Rivankar et al. [5] proposed a modified Scotch yoke based polishing machine.

Scotch yoke mechanisms have non-linear dynamics. The modeling approaches are well studied for
producing constant torque output, controlling the output speed as well as converting the linear excitation
motion into torque output. For example, a Scotch yoke mechanism was used to give tail fin motion of a
robotic fish design by Kwon [6]. The motor output torque was controlled by utilizing an adjustable Scotch
yoke mechanism with crank wheel which was designed as a cam with springs. Prastiyo and Fiebig [7]
developed the dynamic model of both slider-crank and Scotch yoke mechanisms by means of Euler-
Lagrange method. They came to the conclusion that inertia forces, moments and torques are reduced
drastically when these mechanisms are operated under angular speeds corresponding to resonance
conditions. Rayed et al. [8] utilized a Scotch yoke based mechanism for mimicking the flapping of a bird.
In that study, FEM analysis of stress, deformation and fatigue life were performed to figure out the critical
sections and furthermore topology optimization was applied to the base. Liang and Liu [9] carried out
dynamic analysis of Scotch yoke mechanism with configurations of a single piston, opposed double piston
and inclined slot by simulating in ADAMS. Tao et al. [10] designed a Limacon gear driven Scotch yoke
mechanism in order to obtain uniform reciprocating motion of a forming device of the carding machine. In
addition, modified genetic algorithm was applied with the objective of lowering the average velocity of the
guide (i.e. yoke). Apati and Hegedus [11] developed electromechanical model of a battery-powered jigsaw
using a Scotch yoke mechanism, where Lagrange equation is utilized to analyze the force-energy
relationship based on the considerations of both kinetic and magnetic co-energy. The motor speed, current
consumption and blade movement under different cutting loads are obtained with the developed simulation
program. Al-Hamood et al. [12] used dynamic model of a Scotch yoke mechanism to investigate the contact
problem under elastohydrodynamic lubrication by means of a line contact model based on non-Newtonian
oil behavior, varying loads, and surface velocities throughout the operating cycle. Tai et al. [13] designed
a Scotch yoke based nonlinear vibration isolator. The dynamic model of the system was developed for the
motion equation of the coupled structure-vibration isolator. The simulation results of the dynamic analysis
for various parameters such as amplitude-frequency response, the critical excitation amplitude, etc. were
presented. In addition to dynamic model studies of Scotch yoke mechanisms, models of slider-crank
mechanisms are also well studied. As an example, the kinematic analysis of a slider-crank mechanism in a
tractor motor has been done in MSC ADAMS software by Beyaz and Dagtekin [14]. In another study,
dynamic model of a slider-crank mechanism has been developed with lumped mass approach for the
analysis of the piston speed by Sarige¢ili and Akgali [15]. That mechanism has specifically a helical spring
attached to the crank center and a force applied onto the crank-pin.

An outstanding feature of the Scotch yoke mechanism is that motion conversion from a constantly rotating
crank to the translating slider takes place in a perfectly sinusoidal form. This feature of the mechanism is
utilized in [16] to develop a conceptual design model of an axial fatigue loading machine. However, in that
study not only the friction, which is inevitably present in the system and critically affects the operation of
this mechanism, was not considered but also the angular velocity of the crank was assumed to be constant.
The main objective of this study is to develop a dynamic model of a Scotch yoke mechanism with a spring
and mass by taking into account both the friction and variable crank speed effects. In this way, the
foundation by which the response of the system model to different sets of parameter values in terms of
input torque, compressive spring force on a specimen and significant joint forces is estimated, will be laid
down for a rational selection of these parameters according to the prescribed criteria.

2. DYNAMIC MODEL

Schematic representation of Scotch yoke mechanism with spring and mass, in which a compression force
is applied against a specimen, is shown in Figure 1. The ground, crank, slider and yoke are represented by
1, 2, 3 and 4, respectively. Since the frictional force direction is always opposite to the motion direction
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and both of the sliding motions (i.e. slider and yoke) change direction in a full cycle, dynamic analysis of
a Scotch yoke mechanism has to be performed separately for each quadrant of the crank angle as shown in
Figure 1.a through 1.d together with free body diagrams of each component. In addition, for accuracy in
the model, these analyses are to be revised at every critical point of 0°, 90°, 180°, 270°, 360° crank angle,
where the relative velocity between either the intermediate slider (3) and the yoke (4) or that between the
yoke (4) and the ground (1) becomes instantly zero. In the schematic representation of the Scotch yoke
mechanism, the crank length from point O to point A is represented by » and the crank angle is shown by
6. The distance from vertical sliding joints of points M and N to crank center O is presented by /u and I,
respectively. The thickness of the slider slot along y-axis is # and yoke thickness is #. The friction
coefficients between the slider & the slot, and the yoke & the ground are u; and u», respectively. The spring
at the bottom of the yoke has a spring constant of £ and an initial compression of xo. Any attached weight
including the yoke weight is represented by W. The crank is assumed to have a mass center at O with mass
moment of inertia /5.

"
z
i 3 -@
N s =
) w
4 %
- - N
% [ x =3
(4774774 25§
s ' <t =
X <-—-—>1 { : o R
2 exliJ
NN Lo N
N - N
' |
4 —
\g [
,u_
§
3 i
o =1
o
&

T2
Fazy
F2ax
\
)
F4

& &
P o g &
< w
] N =
ZZ s
7 ’
4 %
U § 5
A [t LL-
’ ’ El
= { z
)7727772 ( q N 772277788 i AN
3 |
[o) | s
X <-—-—D- - — - — - — - —-—} — M X S N i < 3] N
) \ oR
ANNUNNN / 1 1 i N < L DN
50 W = 2l 8- -
[t ’ A T8 —Tox
el :Es o] y >|§ !
- § f \ll | A
4 7 i H I o
>
8 [ 4
(1 Z = \i/ “ =

F23x
/
(}
Faax
-
]
A
Fa2x

Figure 1. Schematic representation of Scotch yoke mechanism
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Figure 1. (continue)

The frictional effects due to relative rotation at the revolute joints of the crank are assumed to be negligible.
On the other hand, frictional forces due to relative sliding between slider and yoke as well as between yoke
and ground are taken into account based on Coulomb friction model. It should be reminded that the
coefficient of static friction is in effect at the start of motion and the coefficient of kinetic friction (which
is lower than the coefficient of static friction) is in effect while in motion. Also, frictional forces are not
constant and they change throughout the mating surfaces. However, in this study, an average coefficient of
static friction is used in the dynamic model to be able to choose the right electric motor the power of which
is enough to overcome the frictional effects in running the mechanism.

The position (x) and displacement (4x) of the output link in the Scotch yoke mechanism along vertical x
axis are described by Equations (1) and (2), respectively. The speed ( x ) in Equation (3) and acceleration
(¥) in Equation (4) are found by taking the first and second time derivative of the position equation,
respectively.
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Xx =rcosf )]
Ax =r—rcosf =r(1—cos0) 2)
x=-r0sinb 3)
¥ = —r6%cosf —rfsinb 4)

The crank in the Scotch yoke mechanism is required to run at a constant input angular speed (w) to produce
a perfect sinusoidal rectilinear reciprocating motion as the output. However, the system starts from rest and
there should be an angular acceleration () until the constant angular speed is reached. Hence, the input
motion, as shown in Figure 2, is modeled as starting motion from rest at a constant angular acceleration at
to until the specified constant speed w is obtained at ¢;. Thereafter, the input motion is supposed to continue
with zero angular acceleration.

The force analysis procedures followed in this study with the motion characteristics presented in Figure 2
are given below:

b — -Theta

) (rad)

—Omega
(rad/s)

— -Alpha
(rad/s2)

Time (s)
Figure 2. Input motion characteristics: Angular acceleration (), speed (@) and position (8) of the crank
in time domain

1. The analysis is started from link 3. Total forces along x and y should be zero.

Fl-’j- = _F}?L.‘, ij =32,21,43 ©)
F = mFf, ij = 32,21,43 (6)
F = —F}, ij = 32,21,43 )

2. The analysis is followed by link 2. Total forces along x and y as well as total moment about point O
are zero. The relation between the joint force exerted by link 3 onto link 2 (£3,*) and torque applied
to link 2 (73) are found out.

3. Then, the analysis on link 4 is carried out. Total forces along x and y axes as well as total moment
about point O are zero. Ground reaction forces Fiam and Fisn along y axis are determined. These

expressions are substituted into the governing (Newton) equation from which torque 7> is solved.

4. Once T, is determined, final formulae for F34*, Fiam and Fign easily follow. Fium® and Fian® are
expressed as such:

Fiai = UpF1ai, 1=M,N (®)
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5. The yoke has no instant motion for § = 0 and 6 = . Therefore, the frictional forces along joints M and
N have to be zero.

FY;=0,i=MN )

6. Also, the slider has no instant relative motion for § = 7/2 and 6 = 3w/2. Hence, the slider friction force
has to be zero.

FY=F] =0, ij =32,21,43 (10)

Application of these procedures yield the following relationships for 7>, F3*, Fiam and Fian in terms of the
crank angular positions indicated below and the other unknown quantities can be found by Equations (5)-

8):

e 0=0+2mn,n=0,1,2,..

T, = (—W+%r92+kx0)u1r+lza (11)
R =228 (12)
T o
Fu = P (v 51, a9
Fian® = Fan* =0 (15)

e 0<0<(m/2+2n),n=0,1,2,..

Call 4, as:
_ 1 _ Ma(2rsin6+2u47 cos O—paty—pipatatialn—pily)
4, = rsin6+pu 7 cosf [1 (Im+In) ] (16)
T, = <—W —%(—rﬁ'z cos —rfsinf) + kx, + kr(1 — cos 6)>Ai + 1,6 17)
1
x _ To-l«a
F32 - rsin@+u,rcos b (18)
F _ (Tr-1, a)(r sin@+uqr cos 9—#1%—u1u2%+u111\1) 19
14M = (Ipm+1N)(rsinO+uqr cos ) ( )
F _ (Tz—lza)(r sin@+p 7 cos 9‘#1%‘#1#2%‘#11M) 20
14N — (Ipm+IN)(rsinB+uq 7 cos6) ( )
e O0=m/24+2tn,n=0,1,2, ..
_(_ W s (m+in)r
T, = ( W+ (r6) + ko + kr) e A @
g, = e (22)
F3); = 3)
To—la
Figm = Fian = (112v1+§1v) (24)
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e (m/2+2mm) <0< (m+2nn),n=0,1,2,..

Call 4 as:
_ 1 __ H2(2rsin6-2p47 cos O+uqti+papata— i In+i1lm)
Az - rsinf@-puqrcos [1 (Ipm+In) (25)
[—W—m(—réz cos 618 sin 0)+kxo+kr(1—cos 9)]
T2 = g + 120! (26)
Az
x _ Tz—[za
F32 " rsin 6—uqrcosé (27)
F _ (TZ—Iza)(r sin @—p,7 cos 9+#1%+#1#2%-#11N) 28
14M = (rsin@—uqrcos 6)(Iy+1ly) ( )
F . (Tz—Iza)(r sin —pq7 cos 9+u1%+u1u2t72+,u1lM) 29
14N — (rsin@—pqrcos 0)(Ipy+Iln) ( )
e O=m+2mmn=20,1,2,..
T,=(-w- %r@z + kxo + 2kr )y + L (30)
To—-la
Fip == 31)
_ WiFf &
Fiau = oot (r+2-1) (32)
_ MFh 153
Fian = 2255 (r + 2 4 1,,) (33)
Fiam™ = Fuun™ =0 (34)
e (m+2mn)<0<3Bmr/2+2nn),n=0,1,2,..
Call 43 as:
_ 1 _ M2(27sin6-2u47 cos O+pqty—papata+ialM— i lN)
A3 = rsin@—pu 1 cos 6 [1 Um+In) ] (33)
[—W—K(—ré2 cos 8—r8 sin 8)+kxy+kr(1—cos 9)]
TZ = g + 120.’ (36)
Az
Fy=—12" (37)

rsin@—uq,rcosf

. tq ty
(Tz—Iza)(7sin@—pq7 cos O+p1——p1IN—H1H2~
Fiam = — ( 2 2) (3%)

(rsin@—pqrcos 0)(Iy+Iin)

. (Tz—Iza)(r sin —pq7 cos 9+u1t71—u1u2t72+,u11M)

Fian = — (39

(rsin@—pqrcos 0)(Ipy+Iin)

e 0=3n/2+2nn,n=0,1,2,..

Call 44 as:

A, = 1(1 + Zﬂ_zr) (40)

r (Im+in)
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(W+%(ré)—kxo—kr)

T,=————+ha 41
Ffp = -2 (42)
E,=0 43)
Fiam = Fian = — (fj,,_ﬁ:) (44)

e (Bm/2+2mn)<0<(2m+2mn),n=0,1,2,..

Call 45 as:

_ 1 U2(2rsin0+2p47 cos O—pyt1+papatrtualn—Halm)
Ag =— - (45)
rsin6+u,7rcos O (m+Iin)

(—W—%V(—réz cos 018 sin 6)+kxg+kr(1-cos 9))

T, = + La (46)
As
To—la
Ff, =—2>*+—— 47
3z rsin@+u,rcos b ( )
. t t
E _ (Tz—Iza)(r sin @+p47 cos 6—u171+u1l1v+u1u272) 8)
14M = (rsin@+uq rcos0)(Iy+1ln)
. t t
(Ty=Iya)(7 sin O+pq7 cos O—pq =L+ puq up=2—p1ly
Fiuy = = ( 2 . ) (49)

(rsin@+uqrcos0)(Ipy+Iin)

3. RESULTS AND DISCUSSION

A Python code has been written to obtain the numerical results from the developed dynamic system model.
In calculations, the crank is accepted to start rotational motion from 6 = 0° position at rest with constant
angular acceleration until the final angular speed (ws) is reached and thereafter is to continue with zero
angular acceleration. The analysis of the model has been carried out within a selected duration of 5 s with
computations being repeated for every 0.01 s time increments. For this purpose, 7 different groups of
parameters have been defined as given in Table 1. These groups of parameters have been selected
specifically for fatigue loading machine such that the compression force exerted by the slider on the yoke
(F34%) does not have negative values. Otherwise the model becomes invalid with a joint force pulling up
instead of pushing down. Also, the other parameters are arranged such that the crank can be rotated fully.

Table 1. Parameters for the analysis of the model
Group Parameters

name

Gl1 x0=0.018m, W=40N, »=0.022 m, k=2500 N/m, I = 5 kg'm?, o = 3.14 rad/s?, o= 0 rad/s,
wr=6.28 rad/s, tr=5s, 4t=0.01 s, u1=0.1, u2=0.1

G2 x0=0.018m, W=30N, »=0.022 m, k= 2500 N/m, L, = 5 kg'm?, o = 3.14 rad/s?>, o= 0 rad/s,
wr=6.28 rad/s, tr=5s, 4t =0.01 s, p1=0.1, p2=0.1

G3 x0=0.018m, W=40N, »=0.030 m, k=2500 N/m, L = 5 kg'm?, a = 3.14 rad/s?>, o= 0 rad/s,
wr=6.28 rad/s, tr=5s, 4t =0.01 s, p1=0.1, p2=0.1

G4 x0=0.018 m, W=40N, »=0.022 m, k= 2500 N/m, L, = 2.5 kg'm?, a = 3.14 rad/s?>, wo=0rad/s,
wr=6.28 rad/s, tr=5s,4t=0.01 s, p1=0.1, u2=0.1

G5 x0=0.018m, W=40N, »=0.022 m, k= 5000 N/m, L, = 5 kg'm?, o = 3.14 rad/s?>, o= 0 rad/s,
wr=6.28 rad/s, tr=5s,4t=0.01 s, p1=0.1, p2=0.1

G6 x0=0.025m, W=40N, r=0.022 m, k= 2500 N/m, I = 5 kg'm?, o = 3.14 rad/s?, wo = 0 rad/s,
wr=6.28 rad/s, tr=5s, 4t=0.01 s, u1=0.1, u2=0.1

G7 x0=0.018 m, W=40N, r=0.022 m, k=2500 N/m, I = 5 kg'm?, o = 3.14 rad/s?, o= 0 rad/s,

wr=12.56 rad/s, tr=5s, 4t =0.01's, ;1 =0.1, u2=10.1
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By running the Python code for each group of parameters, the required input torque, joint forces and the
spring compression force on the specimen are evaluated. Due to space limitations, only input torque (7>),

joint force (F34%) and spring force (Fx) graphs drawn in the selected time domain have been presented for
the review of the numerical results.

The required torque 75 vs. time graphs are shown in Figure 3. It can be seen from the graphs that increasing
crank radius » (G3 graph) and spring constant k£ (G5 graph) leads to an increase in the torque value. A
reduction in the mass moment of inertia /, (G4 graph) reduces the required torque value in the constant
acceleration region, whereas in the constant speed region the required torque value remains unchanged.
Increasing the constant speed value (G7 graph) just extends the high torque value region to the point where

the constant speed region begins. It appears that the other parameters do not have significant effect on the
required torque.

T2(Nm)

25

-5
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Figure 3. Input torque (7%) vs time graph
The joint force F34* vs. time graphs are shown in Figure 4. A reduction in weight W (G2 graph), an increase
in crank radius » (G3 graph), an increase in spring constant k£ (G5 graph) and an increase in initial spring
compression xo (G6 graph) increase F34*. A change in the mass moment of inertia /> (G4 graph) and the

constant speed value (G7 graph) do not seem to change maximum and minimum values of F34*. However,
the angular speed changes the frequency of Fs4*.
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Figure 4. Joint force (F34x) vs time graph

In Figure 5, the spring compression force Fi vs. time graphs are presented. From the graphs, it is clear that
increasing crank radius 7 (G3 graph), spring constant k£ (G5 graph) and initial spring compression xo (G6
graph) results in an increase in Fy. Nevertheless, an increase in xo only shifts the maximum and minimum
values of the spring force upwards by the same amount during which the amplitude of variation remains
unaffected, while changes in the spring constant and crank radius influence both the maximum value and

amplitude of spring force. The other parameters do not seem to affect Fy except that the angular speed
causes a change in the frequency.

A designer can change as necessary as required the parameters in the dynamic model and run the code to
see the effects on the results of particular requirements. The designer would realize that;

e increasing the spring constant &, crank radius » and initial spring compression xo raises the joint force
F34* to an irrational value which hinders the 360-degree rotation of the crank,

e bearing loads can be analyzed and the parameters can be selected for smaller bearing reactions,
e input torque values can be analyzed for the selection of a suitable electric motor.
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Figure 5. Spring force (Fy) vs time graph
4. CONCLUSION

In this study, the dynamic model of a Scotch yoke mechanism with spring and mass has been developed.
The friction effects on the intermediate slider-yoke and on the yoke-ground interfaces as well as variable
crank speed effects have also been considered. The developed model predicts the values of the required
input torque, joint forces and spring compression force when the input motion characteristics and values of
the system parameters are specified. To that end, seven different group of parameters are defined to analyze
the effects of the system parameters. The results have shown that the required torque takes on both positive
and negative values inside one cycle, consistent with the literature. However, the mechanism driven by an
electrical motor cannot provide both positive and negative torque. One solution would be to utilize a

flywheel to compensate for the energy fluctuations. Other studies available in the literature suggest using
suitable springs for the same purpose [6].

Discussion above and further numerical experiments with the dynamic model indicate that parameters
involved cannot be selected arbitrarily. For example, as is also visible from the model that the joint force
F34* is a function of the square of the angular speed, increasing the angular speed to high values may cause
the joint force F34* to change its sense in different phases of the mechanism motion, hence causing also the
contact surface between the intermediate slider and yoke to change its position from the bottom of the slot
to its top, a condition which may not be desired as a design criterion. Therefore, in order to assure the right

selection of the parameter values in the model, a thorough understanding of the mechanism behavior is
essential through further investigations of the dynamic system model.
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If the Scotch-yoke mechanism is going to be used within the framework of a conceptual design, then its
constraints have to be taken into account as well. For instance, the output force generated in this mechanism
may have to satisfy the requirements of a compression force in the sinusoidal form with desirable amplitude
or maximum-minimum, and frequency characteristics. Yet other conditions may be that both the driving
torque on the crank and the joint force F34* acting on the yoke sustain their signs throughout the operation
of the mechanism. Stabilization of energy and speed, optimization in terms of desired criteria, inverse
dynamic studies, where the resulting motion is analyzed in the mechanism under given actuation possibly
constant input torque conditions, are issues and subjects of future work demanding answers for an effective
use of the Scotch-yoke mechanism within the framework of a conceptual design.
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