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ABSTRACT

Small size slider-crank mechanisms are used in many accurate and precise
sophisticated applications. The design parameters of the mechanism play an
important role in defining its performance characteristics. The input-output relations
are the main criteria to define its characteristics and hence its capabilities to achieve
specific application requirement. The tolerance analysis for mechanism components
are a key element for studying and improving mechanism characteristics and its
transmission quality. In this paper kinematics models for small size slider-crank
mechanism are presented. The models consider the mechanism characteristic range,
sensitivity and input-output relations. The effect of mechanism manufacturing and
assembly errors such as; components tolerances, joints clearances and assembly
deviations were investigated. The study elaborates the effect of these errors on the
mechanism characteristic and position uncertainty. A contact approach model is
introduced analyzing the effect of joints clearances on mechanism hysteresis error,
position uncertainty, and dead zones. The study is further condensed to define the
most appropriate design parameters needed for different applications.
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INTRODUCTION

The slider crank mechanism is widely used in many engineering and medical
applications. The mechanism is used as a motion transmission system to convert
rotating motion into linear motion and vice versa.

Large scale mechanisms have wide applications in reciprocating engines and
machine tools where the dynamics of the systems are its main criteria. Small size
mechanisms are very significant in many aspects where very accurate and precise
movements are required such as measuring instruments, micro electro mechanical
systems (MEMS), biomimetics and endoscopic surgical tools [1, 2].

The study of the performance of the slider crank mechanism found great interest for
many investigators. Most of the researches investigate the effect of the mechanism
design parameters on the system dynamic behavior [3,4,11]. Lee and Gilmore [5]
studied the effects of the tolerance in the link length, joint clearance on the
performance of the mechanisms.

Some researchers analyzed the kinematic of the mechanism taking into
consideration joint clearance [6,7]. Choi and Lee [8] simulate the joint clearance in
four bar and slider crank mechanism based on the clearance vector concept.
Venanzi [9] developed a new method to study the effect of misalignment in revolute,
prismatic, cylindrical, and spherical joints on the performance of the mechanism.
Flores et al. [10] studied the dimensional tolerance effect on the position accuracy in
slider crank mechanism. Ting et al. [11] developed a kinematic model to study the
effect of joint clearances in the mechanism performance using rotatability law.

Many investigators analyzed the kinematic error in the micro and macro mechanisms
systems applied for robotics and mechatronics [12-14].

In the present work, for small scale mechanisms, analytical kinematics studies are
introduced. The study considers the role of the basic design parameters on the
mechanism characteristics and sensitivity. The effect of mechanism manufacturing
and assembly errors namely; components tolerances, joints clearances and
assembly deviations were investigated. The resultant errors and uncertainties in
mechanism output due to mechanism elements tolerances and assembly errors are
studied. A new approach, based on continuous contact mode is introduced to
elaborate the effect of revolute joints clearances on the mechanism performance and
uncertainty.

KINEMATIC MODELING

Slider-crank mechanism is widely used in many applications where transformation
from rotational into translational motion (or vice versa) is required. The use of this
mechanism is common in many engineering applications such as robotics and
mechatronic systems where complex motions are to be with rotational actuators.

Small scale slider crank mechanism has also many applications where, high
precision and accuracy are required, such as magnification systems and control in
measuring instruments. Beside it has wide applications in endoscopy surgical tools,
the slider mechanism is mainly composed of a rotating driving link (crank), a follower
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link (connecting rod) and a sliding body (slider), with three revolute and one prismatic
joints.

There are two main types of slider crank mechanism; the inline and the offset types,
where the pivot point of the crank is either coincident or shifted with respect to the
axis of the slider linear motion as shown in Figs.1 and 2.

The main design parameters of the mechanism are; the center distance between the
links joints holes, i.e. the crank length (a) and connecting rod length (b). The choices
of these dimensions not only define the mechanism path length and mechanism
input- output relations but also affect their function quality. The kinematic analysis of
the mechanism is the key for their design, and for studying their performance and
hence evaluating their transmission quality.

For small scale application of the mechanism, where a limited space in the system
designs is available. The mechanism is not only used to transfer motion within
specific range but also to achieve the required sensitivity and to attain certain degree
of accuracy and precision.

The present analysis is aimed to model these constraints. The kinematic equation
governing the input-output relation for the case of inline slider crank mechanism can
be expressed for different input cases as follows:

I) When the rotation of the crank (61) drives the linear motion of the slider (X)

X = (acosf1) + /b2 — (asinh1)? , (1)
for (a<b)and (a>bfrom61 =010 6 nax.)

X = (acos1) — /b2 — (asinf1)? ,
for (a> b from 81 = 0 na. t0 0) 2)

81 max is the angle where singularity occurs
61(max.) = sin_lg (3)

Il) When the movement of the slider (X) drives the rotation motion of the
crank(61)

az—b2+(X)2)

01 = cos™?! ( 2200

’ (4)
for (a<b)and (a>Db)

The above relations state the role of the basic design parameters (a and b) on the
mechanism characteristics. The main design criteria in small scale mechanism are to
achieve the required range, which define the maximum and minimum input motion, at
appropriate system sensitivity. The system sensitivities (S), as the rate of change of
system output with respect to its input, are concluded to be as follows:

i) For input crank rotation, for (a < b) and (a > b from 61 = 0 to 0 max.)
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X ( n61) + (—a?sin 01 cos 61)
—— = (—asin
061 Jb?% — (asinf1)?

i) For input crank rotation, for (a > b from 61 = 8 nax. t0 0)

X (a? sin 6, cos ;)

—— = (—asinb;) +
261 1) Jb — (asinf,)?

iif) For input slider travel, for equation (4)

001 a? — X? — b?

X a2 + X2 — p2 (6)
2 _ (AT A" = 0%y
2aX? x \/1 ( SaX )

Through these work, three different cases; a=b, a>b and a<b, with a+b = 16 mm,
were considered to elaborate the effect of basic design parameter (equations 1 - 6)
on the mechanism range and sensitivity. These are carried out for the range of
rotational angle 81 = 0 to 90 degrees. The relations illustrate how both the range and
sensitivity are varied for each of the cases as shown in Figs. 3 and 4. These relations
are helpful in defining the basic dimension for optimum range of application and
required sensitivity.

Using Figs. 3, 4 and 5, the designer could choose the suitable design parameter (a
and b) according to the input range of application (e.g. AB). To attain the suitable
corresponding sensitivity. In case of a>b, as illustrated in Fig.3, the designer could
use ABO either counter clockwise or clockwise according to the corresponding
sensitivity required (AX/AB). For the same range A8 e.g. (AX/AB). For c.c.w. is
greater than (AX/AB) for c.w.

ASSEMBLY TOLERANCES ANALYSIS

The assembly tolerances analysis for mechanism components are a key element for
studying and improving mechanism characteristics and quality. There are three main
sources of variation in mechanical assembly: 1) Dimensional tolerance.

2) Geometrical tolerance, 3) Deviation due to small kinematic adjustments.

The effect of the mechanism manufacturing and assembly errors; namely
components dimensional tolerances (T), joints clearance (6) and deviation between
slider travel axis and the crank rotating pivot, [offset (e)] on the mechanism accuracy
and uncertainty are investigated.

Component Dimensional Tolerances

Due to the unavoidable manufacturing errors, tolerances on links dimensions are
expected, which represent the six-sigma variation in the basic size of the dimensions.
These tolerances in mechanism elements will affect the uncertainty of mechanism
performance.
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The effect of these tolerances on the uncertainty of the function could be determined
by applying the statistical model of propagation of error on the mechanism functions

relations (equations 1 and 2).
60, = | Y ST (7)

where; (0y) is the function uncertainty, (T) is the tolerance value of the mechanism
link, 0. = (Ta/6), 0p = (Tw/6); and (Si)? is the Link tolerance sensitivity index for the
element (i).

By Appling propagation of error for equations (1 or 2), the mechanism output
uncertainty (o) is as follows;

o = J () w1+ () @by ®)

or

Gor = J [(‘%) (0a)?] + [(‘%) (ob)?] 9)

To achieve accurate and precise output, and hence high transmission quality,
minimum value of output uncertainty aimed to be attained. This could be achieved
through optimum minimization for both S;jand T; of the mechanism elements.

Tolerance sensitivity indices (S;) are the measure for the effect of dimension of the
mechanism elements on the output function uncertainty. These tolerance sensitivity
indices for each link are given by, i.e.:

For the crank,

—(a(sinf1)?)
\Jb?% — (asinf1)2

X
(%) = [(cos 1) + (10)

For the connecting rod

(a—X)2 = [ i 1? 11
ob Jb? — (asin61)2 (11)

The relations between the sensitivity indices and the input crank angle for the three
studied cases are shown in Figs. 5 (i and ii).

Deviation due to Assembly Errors (Offset Error)

Due to the unavoidable assembly error, a shift may occur between the sliding
direction and the crank pivot. This will result in a case of offset slider crank
mechanism because the constrained path of the slider does not extend through the
center of the crank rotation as shown in Fig. 2.
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This offset error (e) is the distance between the crank pivot and the sliding axis. With
the presence of an offset, the performance characteristic of the mechanism will differ.
The offset could be considered positive or negative with reference to the deviation
between the direction of sliding motion and the crank pivot center line (Fig.2).

The kinematic relation for the mechanism will be:

i) For positive offset case (Fig. 2(i)): the kinematic equation is

X = (acos 1) ++/b% — ((asinf1) — e)2 (12)

i) For negative offset case (Fig. 2(ii)): the kinematic equation is

X = (acos 1) ++/b% — ((asinf1) + e)2 (13)

Figure 6 shows the input-output relations for crank mechanism with positive and
negative offset as compared with inline case. From the above relations, it is seen
that, due to the offset error (e) a deviation (E) in the mechanism characteristics is
resulted.

To evaluate such errors (E) the variation in the input-output relations for the cases of
offset and inline conditions are compared.

E= Xooftsety = X inline)

For case of positive offset:

E = /b?— ((asin61) — e)2 — \/b? — (asin 61)? (14)

For case of negative offset:

E = /b2 — ((asin81) + )2 — /b2 — (asin 61)2 (15)

As shown in Fig. 7 the errors (E) are varied with the input angles, and the permissible
offset error (e) could be determined according to the allowable permissible error (E).

Mechanism Joints Clearances

The existence of clearances in the joints of mechanical systems is inevitable due to
assemblage and manufacturing errors. An appropriate clearance for joints between
links of a mechanical system is necessary to allow for the relative motion of the
connected links, as well as to permit assembly of the mechanical system.

Providing that the pin is in continues contact with the hole of the joint. Thus, the joint
clearance & can be regarded as a short link which is considered a virtual, mass less
link whose length is equal to one half of the joint diametric clearance (called a
clearance link).
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PROPOSED CONTACT APPROACH MODEL

In modeling the slider crank mechanism, with revolute joint clearance, the continuous
contact mode in which contact between the links joint is assumed to be always
maintained. Neglecting the friction in the joint, then the direction of the clearance
vector will coincide with the normal direction of the collision plane.

The approach is applied in the cases of the existence of the clearance between the
crank and the connecting rod joint (&¢), and for the joint between the slider and
connecting rod (&s).

The presented contact approach model simulates the input-output function relation of
the mechanism. For counter clock wise motion at start, for input angle (61) equal to
zero, and due to the crank clearance (&¢), the crank will rotate an angle (Bg) without
transmitting motion to the connecting rod as shown in Fig. 8. This angle presented by
(Br) (A—B zone) as shown in Fig. 9 can be considered as a system dead zone and is
given by:

L@+ (X = b)* = (8)?

2a(X; — b) (16)

O0r = cos™

where; X; = (a+b). As the crank moves further from 6y till 61= 90, then the
mechanism functioning as illustrated by (B—C zone), and hence the input-output
relation can be presented by:

X, = (acosB1) + (8¢ sinB1) + /b2 — ((asin 1) — (8 cos 61))2 (17)

To study the uncertainty of the system, the mechanism is considered to move back
from 61 = 90 degrees in clock wise direction, similarly, due to the crank diametric
clearance (26;), it will rotate to angle 65 without transferring the motion to the slider (C
— D, return dead zone), after which the slider begins to move.

65 =90 — (2 x tan™! %) (18)

For the crank rotation from angle s to angle 81 = zero, the input-output relation is
presented by:

X, = [(acos 1) — (8¢ sinB1)] + /b2 — ((asin 1) + (6 cos #1))? (19)

As shown in Fig. 9, the existence of joint clearance will result in system inaccuracy
(dead zone) and hysteresis error.

The system hysteresis error (Hc), as the difference between the counterclockwise
(equation 17) and clockwise movements (equation 19), the input-output relation is:

He = [\/b2 — ((asin61) — (6. cos 61))2 - \/bz — ((asin61) + (6. cos 61))2 ] (20)
+ [2(5; sin61)]

Hence, for the six sigma limits, the system position uncertainty (C;), will be C; = H. /6,
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Similarly, as the contact approach method applied for the case of the slider joint
clearance as shown in Fig. 10, the hysteresis error (Hs), and hence the system
position uncertainty (Cs) be,

Hg = 6C; = J((b +85)2 — (asin01))’ — \/((b — 85)? — (asin61))” (21)

The proposed contact method elaborated the effect of revolute joint clearance on the
mechanism output performance. Thus, the expected resultant errors are achieved.

CONCLUSION

In the present work, for small scale slider crank mechanism analytical kinematics
studies are introduced. The studies elaborate the role of the basic design parameters
on the mechanism characteristic and sensitivity. The effects of mechanism basic
dimension tolerances and assembly offset errors on the mechanism quality of
transmission are investigated. Relations governing the choice of the limits of these
tolerances and errors according to the allowable system accuracy and uncertainty
are achieved. An approach based on continuous contact mode is provided, the
approach modeled the effect of the mechanism revolute joints clearances on the
input-output characteristic of the mechanism. Besides that, the proposed model
defines the main deviation in the mechanism performance and quality, the resultant
system dead zones and hysteresis errors are concluded.
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Fig. 1. Schematic diagram of inline slider crank mechanism with different basic

dimension cases: (i) a < b, (i) a>b.

(ii)
Fig. 2. Schematic diagram of (i) Positive offset slider crank mechanism, (ii) Negative
offset slider crank mechanism.
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Fig. 3.

Input-output relation of inline slider crank mechanism for three different basic
dimensions at input angle 01.
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Fig. 6. Input-output relation for positive and negative offset cases at e=0.5mm, a=7mm and b=9mm.
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Fig. 7. Relation between the input angle and resultant error (E) for positive and
negative value of e=0.5mm.
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Fig. 8. Schematic representation of the slider crank and connecting rod joint.
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Fig. 9. Input-output relation using contact approach model for a/b=7/9 and & ¢=

0.5 mm.
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Fig.10. Input-output relation using contact approach model for a/b=7/9 and & s=
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