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Abstract: This paper presents the use of a computer oriented numerical approach in the
characterization of the crank-double rocker mechanism of automobile windscreen wipers.
The vector loop-closure technique, Newton-Raphson method for solution of nonlinear
systems, and the concepts of velocity coefficients and velocity coefficient derivatives are
used to formulate angular position, velocity and acceleration models for the kinematic
analysis. The generalized energy-based equation of motion for single degree of freedom
planar systems, the principles of virtual work, and those of force and moment equilibrium
are used to formulate output torque, pin-joint or internal and reactive force models for the
kinetostatic analysis. The effects of input speed, input torque and wiper contact friction on
power transmission capability of the mechanism are studied in numerical experiments with
the derived models, using ANOVA with repeated measures to establish these effects. It is
found that the numerical models described, to acceptable levels, the kinematic and
kinetostatic characteristics of the mechanism. The oscillatory or rocking motion is
characteristic of the rockers, while the combined oscillatory and reciprocating motion is
characteristic of the connecting links. Also, the input speed, input torque and friction factor
have significant influence on the power transmission capability of first loop of the
mechanism, whereas, only the friction factor has significant influence on the power
transmission capability of second loop of the mechanism. The results showed that the
derived models are quite suitable for the purpose of design and analysis of the mechanism
and its extensions.

Key words: kinematic analysis, kinetostatic analysis, mechanism, linkages, function generation,
motion transformation and  power transmission

NOTATION: The following notations are used.
q Input crank angular position ( rad )

Input crank angular speed (rad/s)

Input crank angular acceleration ( rad / s%)

=

Fixed angles (rad )
Angular position for the other links ( rad )
Angular velocity for the other links ( rad/s)

oA xR R

Angular acceleration for the other links ( rad, / s%)
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K Velocity coefficient for the other links (---)
L Velocity coefficient derivative for the other links (---)
X,y Cartesian coordinate directions

Components of the mass center position (7 ) in the coordinate directions
Components of the mass center velocity ( m/s ) in the coordinate directions

Components of the mass center velocity ( m/ s?) in the coordinate directions

Linkage dimension ( )
Linkage Mass (kg )
Linkage moment of Inertia about axes of rotation or mass centre ( kg m?>)

Input, output and contact friction torque ( Nm)

XY
X,Y
X, ¥
V Linear velocity of connecting links ( m/s )
C
M
1
T
TR Transmission ratio (---)

m Contact friction factor between the windscreen and wiper blade (---)
n Power loss factor or transmission efficiency (---)
1 INTRODUCTION

The use of mechanisms and linkages for function, motion and path generation in any
dynamical mechanical systems requires that the designer understand their kinematic and
kinetostatic characteristics and function to be able to determine how the various
components are stressed, the magnitude of these stresses, and the optimum size and shape
of the components that would withstand the operating loads. The kinematic characteristics
refer to such variables as position, velocity and acceleration, which describe the motion of
the system without consideration of the forces and moments responsible for the motion.
The kinetostatic characteristics, on the other hand, refer to such variables as output torque,
pin-joint or internal and reactive forces, which may operate under static or dynamic
conditions, and are responsible for the motion of the system. The knowledge of these
properties of mechanisms and linkages is vital to mechanical systems designers, who may
need such scarce technical information to be able to determine the operating stresses and
suitable component sizes, and then, come up with rational and satisfactory designs that
would effectively and economically deliver desired services, and yet, stand the test of time.

Previous works on the design and analysis of mechanisms and linkages of dynamical
mechanical systems have proposed a number of concepts and approaches, including
graphical, analytical and numerical methods, for describing the kinematic and kinetostatic
properties of these systems. For instance, some of these concepts and approaches and their
uses have been directly or indirectly discussed in the books of Paul (1975); Erdman et al
(1984a, 1984b); and in the works of Berkof et al (1971); Lowen et al (1971); Erdman et al
(1972); Berkof (1979); Bahgat (1976); Wehage et al, (1982); Sohoni et al (1982); Singhal et
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al1(983); Doughty (1988); Nelson et al (1999); Zoskowicz et al (1999); Cheng et al (2006);
Wang (2008), and Nagchaudhuri (2008).

The attractiveness of these concepts and methods of analysis has been reckoned with in
design and analysis of mechanisms and linkages and in the development of the most related
offline and online analysis software packages with regards to their excellent analytical
capabilities. However, their application with regards to the description of kinematic and
kinetostatic characteristics of some very important mechanisms and linkages deserves
further attention in order to enhance understanding of these mechanisms and ability of
designers to use the developed software packages in obtaining applicable design data and
interpreting the behaviour of these mechanisms. In view of the observed deficiency in
application of the developed analytical tools and of computational reasons, the numerical
approach of Doughty, 1988 has successfully been used in the works of Izelu, (2000, 2002)
to characterize the external rotary Geneva mechanism (Izelu, 2000), and also evaluate its
power transmission capabilities with regards to the effect of its size, input torque and input
speed (Izelu, 2002). An extension of these efforts, therefore, is given in this work with
interest in the kinematic and kinetostatic characterization and in evaluation of the power
transmission capability of the crank-double rocker mechanism for automobile windscreen
wiper applications, a case of Honda Accord, 92-model salon car and for many other similar
mechanical system applications that might be of interest to the designers and fabricators at
local and global levels. The fact that no documented evidence of previous and similar
study of the mechanism is found has also motivated this study. However, crank-rocker
four-bar linkages have been studied due to their wide application in mechanical systems,
but with different approaches and for different applications not as cascaded in the case
studied.

The undertaken numerical analysis of the crank-double rocker mechanism for wind-screen
wiper applications involves the use of vector loop-closure technique, Newton-Raphson
method for solution of nonlinear systems, and the concepts of velocity coefficients and
velocity coefficient derivatives to formulate models for the kinematic analysis (Doughty,
1988). The generalized energy-based equation of motion, known as the Eksergians
equation of motion, the principles of virtual work, and those of the force and moment
equilibrium, on the other hand, were used to formulate models for the kinetostatic analysis.
One advantage of the method is that velocity and acceleration are expressed as velocity
coefficients and velocity coefficient derivatives, respectively. These coefficients are the
ratio of linkage motion to that of the crank, and consequently, have values that are
uninfluenced by the crank motion except by its position as it rotates about its axis. The
numerical data, required to test the accuracy, efficacy and utility of the models, to
characterize the mechanism and to evaluate the capacity of the mechanism for effective
motion transformation and power transmission are obtained through numerical experiments
with the models conducted in MS Excel environment.
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2 METHODOLOGY
2.1 Geometry of the Mechanism

The crank-double rocker mechanism is a two loop, single degree of freedom, four-bar
linkages, whose output motions at the rockers are oscillatory or simply a rocking type of
motion under single rotational input motion. It is a function generator having linkages in
which the relative motions, forces or moments in links connected to the ground or the fixed
frame are of interest (Erdman et al, 1984a, 1984b). In other words, it is designed to convert
or transform the rotational input motion to oscillatory or rocking output motions, and to
transmit desired output torque from given input torque. As used in wind-screen wiper of
Honda Accord 92 model salon car (see appendix), the space or kinematics diagram showing
the various components of the mechanism is given in Figure 1.

As shown in Figure 1, the mechanism consists of two four-bar linkages, which in principle,
are coupled together by a triangular link denoted as rocker 1 (bozc ). The first loop of the

mechanism, or the first four-bar linkage consists of the fixed link 1 (°1°2), crank (“19),

connecting link 1 (ab ) and part of the rocker 1 (b02 ). The crank receives input rotational
motion from the shaft of a worm geared electric motor, and transfers this motion through
translating and oscillating connecting link 1 to oscillating or rocking rocker 1 while they are
supported on the fixed link 1. The second loop of the mechanism, or the second four-bar

linkage consists of the fixed link 2 (?293), part of the rocker 1 (“2€), connecting link 2 (

cd ) and rocker 2 (03a ). The oscillating rocker 1 transfers its motion to oscillating rocker
2 through oscillating and reciprocating connecting link 2, while they are supported on the
fixed link 1. The fixed link 1 and 2 are integral part of the fixed frame which provides
overall support for the mechanism.

Rocker 1 Connecting Connecting

Ay Link 2 Link 1
: b Crank

Rocker 2

Figure 1: Components of the dual crank-rocker mechanism
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The analysis assumes that the linkages of the mechanism are rigid and perfectly elastic and
that they perform their respective function of motion transformation and power
transmission without losses of power due elastic deflection of the linkages, except by
friction at pin-joints and at the contact between the wiper and the windscreen. It also
assumed that the joints are perfect and revolute, and that the resisting torque due to pin-
joint and wiper-windscreen contact friction is directly proportional to the applied torque,
and that the input torque and speed are continuous and constant. Note that the variety in its
function (i.e. intermittent, slow and fast sweep of wiper blades) to suit different conditions
of rainfall is not mechanically activated, but through electronics control of electric motor
operation. Consideration of the electronic control mechanism is outside the scope of this
work.

2.2 Kinematic Models

The linear kinematic models include the position, velocity and acceleration models. These
are mathematical expressions derived as functions of crank rotation or angular position
based on the system geometry (Figure 2), such that, when evaluated at different angular
positions of the crank would yield, the angular positions, angular velocities and angular
accelerations that determine the kinematic characteristics of other links of the mechanism.
These models are derived using Doughty’s numerical approach (Doughty, 1988) as follows:
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Loopl: 0,0, =C,; 0,a=C,; ab=Cy; bo, =C,
Loop2: 0,c=Cs; cd =Cy; doy =C,50,0, =Cy

0,0, =G,

Figure 2: Kinematic diagram for the dual crank-rocker mechanism

(a) Position Model: The position model for kinematics of the mechanism is derived using
the vector loop closure technique (Doughty, 1988). From the kinematic diagram given in
Figure 2, the vector loop equations for the two loops of the mechanism are given as,

C+GCy+Cy+Cy=0 )

5‘5+6‘6+€'7 +€‘8:0 (2)
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Equations (1) and (2) govern the kinematics of the mechanism. The scalar forms of these
equations may be writing direct from Fig. 3 as,

C,+C,cosg—C;cos A +C, cos A, =0

3)
C,sing+Cysin4; +C,sin4, =0 ()
Cs cos A3 +Cy cos Ay +C; cos A5 —Cg cos =0 (5)
CssinAd; —Cysin 4, +C; sinAds +Cgsin =0 (6)

The constraint scalar equation couples the vector loop equations and it is given as,

The scalar loop equations together with the constraint equation are non-linear systems,
whose solutions constitute the position model. The solutions may be obtained using
Newton-Raphsons method (Doughty, 1988; Chapra et al, 1998; Cheney et al, 1990;
Rajasekaran, 2003) for non linear systems as follows:

The scalar loop and constraint equations are first rewritten as,

fi=1(q, 4y, 45, 45, Ay, A5 )= C; +C, cos g —C; cos 4y +C, cos A, ™

fr=flg, 4, 45, 45, 44, A5 )= C, sing +Cy sin 4; +C, sin 4, ®)

13 =1(g, 4y, 4, 45, Ay, A5 )= Cs cos Ay +Cy cos A, +C5 cos As —Cy cos 3 ©)

fu=f(q, 41, 45, 45, 4y, A5 )= Cs sin A; —Cg sin 4, +C; sin As +Cy sin B (10)

fS:f(q’A15A2>A37A4,A5):a_A2+A3 (11)

The Sxl solution vector of unknown position variables and the 5x1 residual vector of
scalar functions may, respectively, be defined as,

{S }={A1 4, A5 4 AS}T and {F(Sk)}={f1 fr f3 Js fs}T (12)
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Therefore, using these definitions and the concept of Jacobian matrix, [J(Sk )], the non-
linear system may be linearized and the resulting linear system written for the position
variables as,

[J(Sk)]{AS}:_{F(Sk )} (13)
Solving the linear system iteratively for {AS}, therefore yields,

{AS}=_[J(Sk)]71 {F(Sk)} (14)
For the next iteration, the following is used,

1Sku1) =15} + {AS)

15)
Note that, for the system studied, the obtained Jacobian matrix is given as,
Cysind; —Cysin4, 0 0 0
5 C;ycos 4 C,cos A4, 0 0 0
[V(s,)]= {%} =l 0 0 ~Cssind, —Cgsind, —C,sinAs
k 0 0 Cscos 43 —Cgcos Ay Cycos As
0 -1 1 0 0 (16)
The obtained residual vector is given as,
C,+C, cosqg—C5cos A +C, cos 4,
C,sing+Cysin 4, +C, sin 4,
{F(Sk )}: C5 cos Ay +C¢ cos Ay +C5 cos A —Cg cos
Cssin A3 —Cg sin A4 +C, sin A5 +Cy sin 8
a—A, + A4, a7)

For kinematics of linkage mass centers [Doughty, 1988], expressions for the scalar position
equations are given as follows:

For the crank,
Xy =Uycosq g4 Y, =U, sing (18)
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For the connecting link 1,
X3=Cyc08q-Uscos 4, 4 Y3 =C,sing+U;sin 4, (19)

For the rocker 1a,

X4=U,cos 4, and Y, =Usin 4,

(20)
For the rocker 1b,
X5 =Us cos 4, andY5=Y+U5sinA3 1)
For the connecting link 2,
Xg=Csc08 A3 +Ugcos Ay 4 Yo =Y +Cs sin A; —Ug sin A, 22)
For the rocker 2,
X;=U;cos ds 4 Y; =U;sinds 23)

(b) Velocity Model: The velocity model for kinematics of the mechanism is obtained from
the scalar velocity loop equations, through the derivatives of the scalar position loop and
constraint equations with respect to time (Doughty, 1988). Expressed in matrix form, the
derivatives of the scalar position loop and constraint equations give a linear system of the
form,

[2_{;} - _q{%} or VS =-a{r(9)} (24)

Alternatively, rearranging the system, in terms of the velocity coefficients vector, gives,

S
V) =~{Fla) sk, = ~F ()}, (K.} =-L(s)] {F () 25)

Note that, the velocity vector, velocity coefficient vector, and the residual function of crank
position are respectively defined as,
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{S}:%:{Al A, Ay A, AS}T {K}:g:{Kl K, K; K, KS}T q
, , an

{Flq)= {ZL} ={-C,sing Cycosq 0 0 0}
! (26)

The solution of (25) by any known matrix method (Chapra et al, 1998; Cheney et al, 1990;
Rajasekaran, 2003) yields the velocity coefficients for the various links of the mechanism.

For kinematics of the linkage mass centers (Doughty, 1988), expressions for the velocity
coefficients, obtained from the derivatives of the scalar position equations with respect to
time, are given as follows:

For the crank,

Xzz_QUzsinq:(jK KZ:X2/5]:—U2sinq

X2 or X 27)
Y, =qU, sing =gk K, =Y,/g=U
2=qU,smqg=gq 2 op D02 2/‘1 2 005q (28)
For the connecting link 1:
Xy =—4C,sing+ AU, sin 4, =—4C, sing +¢K,Us sin 4,
=§(~C, sing+K,U; sin 4, )= gK 5 or
Y3 =qC, cos q+/'Jl]U3 cos 4; =q4C, cos g +qK,U; cos 4,
=q(C2 cos g+ K, U5 cos A1)=q‘Ky3; or
Ky3:Y3/q:C2 cos g+ K U; cos 4, (30)
For the rocker 1a:
Xy ==AU,sindy =—GK Uy sindy = GK 4 o Koy = X4 /G =-K,U, sin4, 31)
7, = A =g =g K,=Y,/¢=K,U,cos A
Y, =AU, cos 4y =qK,U, cos Ay =gK 4 or v 4/‘1 24 2 (32)
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For the rocker 1b:

Xy ==AU;sin 4, =—GK U sin 4, = GK or Kus = X5/¢=-K3Us sin 4 (33)

Y5 =A3U2 cos Ay =gK;3Us cos Ay = gK s K s =Y5/¢=K;3Us cos 4,

or (34)

For the connecting link 2:

= (- K5Cssin d; —K Uy sin 4, )= gK 5 or
K. s =Xg/qd=-K;Cssind; —K,U,sin 4, (35)
Yy = A;C5 cos Ay — AU cos Ay = GK3Cs cos Ay —GK ,U ¢ cos 4,

= (K;C5 cos 43 — KU cos A4)=q'Ky6; or
K6 =Yg [G=K5Cs cos A3 —K, U, cos 4, 36)
For the rocker 2:
X, =—A5U, sin A5 = —gK U, sin A5 = K , or K7 =X7/q=—K Uy sin 4 (37)
Y, = AsU; cos A5 = GKsU; cos As = c']Kﬂ; or K, = Y, /¢ =KsUj; cos 4s (38)

(c) Acceleration Model: The acceleration model for kinematics of the mechanism is
obtained from the scalar acceleration loop equations, through second derivatives of the
scalar position loop and constraint equations with respect to time (Doughty, 1988). That is,
in terms of the velocity coefficients, the velocity relation and its derivative with respect to
time are respectively, given as,

d({K, })

dq

§)=dlx,}+4 K, }+d* (L)

$l=dl&,} g 39)

Note that, the acceleration, velocity coefficients and velocity coefficient derivative vectors
are, respectively, defined as,

{KJ:F}:{KI K, Ky K, K5}

{S}z{ﬁl Az 1.43 ;44 1.45}T; ;and
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T
{Ls } = {Ll Ly Ly Ly Ls } (40)

The velocity coefficient derivatives vector, {LS }, is obtained by solving the linear system,
given as,

[J(S)]{L} = _{5} or {L} = [J(S)]_l {‘f} 41)
Note that,

diof/ag} (2 dlor/os] 2
{f}Zd—qur{K} T={§}+[§]{K} )

But,

{g}:wz{—C2cosq ~C,sing 0 0 of

dq (43)
and
Cycos 4y —C4cos 4, 0 0 0
-C3sind4; —-Cysind 0 0 0
B dlor/os] ) 3 1 4 2 . . )
[{] =4 0 0 Cscos A3, —Cgcos Ay —C;cos As
0 0 -Cssindy;  Cgsind, —C,;sin4;
0 0 0 0 0 (44)

Therefore, using (43) and (44) in (42), and simplifying, yields,

-C, cosq+C3K12 cos 4, —C4K22 cos A,

-C, sinq—C3K12 sin 4, —C4K22 sin 4,
{5}2 —C5K32 cos A, —C6Kf cos Ay —C7K52 cos As
—C5K3 sin dy + C4K § sin Ay —C; K3 sin 4s

0 (45)

The solution of (41) by any known matrix method (Chapra et al, 1998; Cheney et al, 1990;
Rajasekaran, 2003) yields the velocity coefficient derivatives for the various links of the
mechanism.
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For kinematics of the linkage mass centers (Doughty, 1988), expressions for the velocity
coefficient derivatives, obtained from the second derivates of the scalar position equations

with respect to time, are given as follows:

For the crank,
Xz =—qU, sinq—q'2U2 cos q =gk ., +‘?2sz

where, K ., =-U,sing and L2 =—Uzcosq

I'/.2 =qU, cosq—c'sz2 sing =gk , +42Ly2

K, =U,cosq L ,=-U,sing
a

where, 7 nd 2
For the connecting link 1,

X3 =GK 5 +4L.s

K 5 =-C,sing+K,Uj; sin 4, and

where, © ¥
dlK
L= (d s) =—C, cos g+ LU, sin 4, + KU, cos 4,
q

?3 :de3 +q.Ly3

where, K3 =—C, cos g+ K,U; cos 4, and
d\K
V3 =(d—qy3)=—C3 sing +L,Us cos 4; — KU, sin 4,

For the rocker 1a,

X4 =GK 4 +42Lx4

Lx4 — d(KA4)

=—L,U, sinA, —-K2U, cos 4
K.y =—K Uy sind, o4 dq S

where,
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I?4 =K 4 +42Ly4

dlx ;)
_ L= 22— LU, cos 4, —K22U4 sin 4,
where, Ky =-KUscosdy g dq
For the rocker 1b,
O . .2
Xs =K s +q"Lys
K.
Lﬁzfﬂ ”):—LﬂgsmA3+K§U5amA3
K. s =—K3UssinA4 ’ dg
where, x5 3¥s 3 and
i . .2
Ys =qK s +q"Lys
d(,s)
L,s=—22=1.Uscos 43 —K3Ussin 4,
where, K s =K3Us cos 4, and v dq

For the connecting link 2,

X6 = qus +qux6

where, K. =—K;CssinAd; —K,Ug sin 4,

Lx6 — d(Kxﬁ)

%5 =~L;Cs sin 4 ~K;Cs cos Ay — LUy sin Ay —K ;U cos A,
q

Ye =gK 6 +‘]2Ly6

where K6 =K5C5 cos A3 —K,Ug cos 4,

L =M=L C<cos Ay —K?C. sin A, —L,U, cos A, + K2U, sin 4
y6 dq 3%5 3 3%s 3 4%~ 6 4 4~ 6 4

For the rocker 2,
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X7 =4K,; +C?2Lx7

d(K
) L= ( ’“7)=—L5U7sinA5—K52U7cosA5
where, Kv7 =—KsUs sinds 554 dq (56)
i . )
Y; =gK,;+q°L,;
L fd(K”)fL U, cos As —K2U, sin 4

K ,=KsU, cos A e T ST >

where, ~ 7 7T 5 and dq (57)

2.3 Kinetostatic Models
These are the models of the dynamic, pin-joint and reactive forces obtained as follows:
(a) Dynamic Force Model: The dynamic force models are required for the mechanism

dynamic force analysis (Doughty, 1988). The models establish relations for the applied
moments described in Figure 3 using energy method as follows:

Loopl: o0,0,=C,; 0,a=C,; ab=C;; bo,=C,
Loop2: 0,c=Cs; cd =Cy; doy =C,;0,0, =Cy

0,0, =C,

Figure 3: Force diagram for the dual crank-rocker mechanism

The Eksergian’s energy equation of motion for the two four-bar linkages are, separately,
defined as,

¢(Q)éj+q)(4)72 =0, (58)
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w(q)i+¥(g)i* =0, (59)

In (58) and (59), ¢( ) and l//( ) are the generalized inertia for the systems, (I)(q) and
‘P(q) are the generalized centripetal coefficients for the systems, and o and 0, are the

generalized static moments for the systems. Also, 1, q and q are the angular position,
velocity and acceleration of the input crank of the mechamsm The kinetostatics analysis

assumes that ¢ is constant giving rise to q being equal to zero. Hence, (58) and (59)
reduce to,

CD(Q)‘? ?= o) (60)

lI1(61)42 =0, (61)

The expressions required to estimate the coefficients in (58), (59), (60) and (61) are derived
as follows:

The total kinetic energy of the two four-bar mechanisms are given as,

(KE)' =(KE), +(KE); +(KE),

(62)
(KE)Z = (KE)5 + (KE)e T (KE)7 (63)
For the crank,
(KE), =0.51,4> (64)
For the connecting Link 1,
(KE), = 0.5(132112 + MLy ): 0.5([3K12q'2 +M3V32) (65)
For the rocker 1a,
(KE), =0.51,45 =0.51,K34* (66)

For the rocker 1b,
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(KE)s =0.51543 =0.51,K34* 67)
For the connecting link 2,
(KE)¢ = 0.5(16,213 +M6V62): 0.5(161(242 +M6V62) 68)
For the rocker 2,
(KE), =0.51, 4% =0.51,K24* 69)
Substitution of (64), (65) and (66) into (62) yields, for the first four-bar linkage, yields
(KE)' = O.5¢(q)c'72’ where, #@)= 1o+ I3KE + MV +1,K3 (70)

Also, substitution of (67), (68) and (69) into (63) yields, for the second four-bar linkage,
yields

(KE) =0.5p(q)¢> wlq)=I,K2 +I K} + M2 +1,K?2

, where, (71)
Differentiating ¢(q) and V/(q) with respect to 9, respectively, yields,
d
# =2I,K\ L, + M3V +1,K,L,)
1 (72)
dyla) _ 2(IsK3Ly + 14K Ly + M Vg +1,KsLs)
4 (73)
Therefore,
®(q)=0.5 flg) _ LKL +MVy +1,K,L,
4 (74)
d
¥(g)=0.5 dyla)_ IsKyLy+ 1K, Ly +MgVe+1,KsLs
4 (75)
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From the virtual work of the system, the generalized static force of the two four bar
linkages are given as,

ow
o, :_5q1 =T, +1GK, -T/;K,
(76)

ow.
0, :EZZT3K3 T K3 +T4Ks =T 4K

(77)

Ty =mT
Therefore, substitution of (74) and (76) into (60) and noting that /> s , 03m<1,

where " is the proportion of the output torque that is used to overcome contact friction
between the wiper and the windscreen known as the contact friction loss factor, yields,

(13K Ly + M3V + 1K, Ly )i =Ty +T3K, = T3 Ky =Ty + ToK, (1-m)
or

1 .
Ty :m[([3K1L1 +M3Vs +1,K, Ly ) _Tz]
J(=m (78)

T,, =ml,
Also, substitution of (75) and (77) into (61) and noting that 14 4, 0<m< 1,
yields,

(IsK3Ly + 1K Ly + MV +1,KsLs)q* =TyKy —Tp3 K3 + T, K5 —T 14K s
=T,K;(1-m)+T,K5(1-m)

or

1 .
T4= )[(15K3L3+[6K4L4 +M6V6+[7K5L5)q2—T3(1—m)]

Ks(1—m (79)

Note that T and I, are the unknown output torque at rockers 1 and 2 and they can be
estimated using the expressions in (78) and (79), respectively.

The torque ratio or mechanical advantage has been defined as the capacity of a mechanism
to transmit torque (Erdman et al, 1984a, 1984b). It is the ratio of the output torque to the
input torque. Thus, from (78) and (79), the torque ratios for the two four-bar linkages in the
mechanism and the mechanism itself, assuming no bearing friction, may be evaluated using
the following expressions.
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T. 1 )
(TR)I :_3:—[(13K1L1 + M35 +14K2L2)612 _Tz]

T, T,K,(1-m) (80)

T, 1 .2
(TR)i :_:—[(15K3L3+I6K4L4 +M6V6+17K5L5)q —T3(l—m)]

Ty T3Ks(1-m) (81)
N

TZ T3 T2 (82)

However, due to power loss in friction at bearing contact surfaces the torque ratio would be

reduced by a factor, T known as the transmission efficiency. If this is considered in the
analysis, the actual values of the torque ratios will therefore be obtained using expressions:

(TR), :77T3/T2’ (TR); =nT, /T and (TR), =nT, /T,

(b)Pin-joint Force Model: The pin-joint force model is required for analysis of the pin-
joint or internal forces. From force equilibrium principle (Doughty, 1988) and component
or free-body diagrams of the mechanism (Figures 4 to 9), the pin-joint force model is
derived as follows:

The equilibrium of the crank (Figure 4) gives,

B -1 :Mz)?z

(83)
Fy—F, =M,Y, (84)
T, + F3C, sing— F,C, cos g = 1,4 (85)
The equilibrium of the connecting link 1 (Figure 5) gives,
Fy—Fs =M X, (86)
Fy —Fg = MY, (87)
F5Cy sin A, + FyCy cos A, = 134, (88)
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F,
b
F. < C3
5 | Nl
a
F

Figure 4: Free-body

diagram of the crank Figure 5: Free-body diagram of the connecting link 1

The equilibrium of the rocker 1a (Figure 6) gives,

Fs—F,=M,X,

(89)
Fg—Fy=M,Y, ©0)
Ty =T, —FsCysin Ay + FoCy cos A, =1, 4, oD
The equilibrium of the rocker 1b (Figure 7) gives,
Fy—Fy =M X ©2)
Fio— Iy :MSYS ©3)
Ty =T, = FyCs sin 4; + F,Cs cos 4s =154, (94)
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Figure 6: Free-body diagram of rocker Figure 7: Free-body diagram of the rocker
1la 1b

The equilibrium of the connecting link 2 (Figure 8) gives,

Fiy—Fy=MgXg

95)
F]Z_FIO:M6Y6 (96)
F1Cg sin Ay + F1,Cq c0s Ay =154, o7
The equilibrium of the rocker 2 (Figure 9) gives,
F13_F11:M7X7 (98)
Fiy—Fiy =M, Y, (99)
T, =T (+F,,C; sin A5 — F,C; cos As =17 4; (100)
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Figure 9: Free-body
diagram of rocker 2

Figure 8: Free-body diagram of the connecting link 2

Equations (83) to (100) constitute eighteen linear algebraic equations to be solved for
fourteen unknown components of the pin-joint forces. The linear system can be reduced to
conform to the number of unknowns by ignoring (91) to (93), and the rest of the algebraic
equations reset in a matrix equation of the form,

[Q]{F}:{G} (101)

In the matrix equation,

10 -1 0 0 0 0O 0 0 0 0 0 00
01 0 -1 0 0 0O 0 0 O 0 0 00
0 0 C,sing —C,cosq 0 0 0O 0 0 0 0 0 0 0
00 1 0 -1 0 0O 0 0 O 0 0 0 0
00 0 1 0 -1 0O 0 0 O 0 0 00
00 0 0 Cysind, Cycosd, 0 0 0 0 0 0 00
00 0 0 1 0 -1 0 0 O 0 0 0 0
[Q]: 00 0 0 0 1 0O -1 0 0 0 0 00
00 0 0 0 0 0o 0 -1 0 1 0 00
00 0 0 0 0 0O 0 0 -1 0 1 00
00 0 0 0 0 0 0 0 0 Cgsindy Cgcosd, 0 0
00 0 0 0 0 0O 0 0 O -1 0 1 0
0 0 0 0 0 0 0O 0 0 0 0 -1 0 1
00 o 0 0 0 00 0 0 Crsinds ~Creosds 0 0]y
\Fi={h K B F, i Ff, i i K Ky Ry Ry F; Fuf (103)
and
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{G}:{Gl G, G Gy G5 Gy G Gy Gy Gy Gy G, Gy G14}T (104)

Q

Note that [ ]is a 14x14 matrix of system geometric parameters; {F}is a 14xlyector of

unknown components of the pin-joint forces acting on the links of the mechanism; and {G}
is a 14xIvector of known components of inertia forces and moments acting on the various

links of the mechanism. For kinetostatic analysis, 9 is constant and ¢ is zero, and
therefore, the elements of {G}, as defined in linear algebraic equations, may be obtained

) -2
from Glezszqz. Gy =MyLyq" Gy =T,. G4:M3Lx3q'2_ Gs =M;3Ly3q"

-2
Ge =1,L,¢>. Gy =M,L ,q°>. Gs=M4L,q"

E)

-2
G9=M6Lx6q'2_ Gio=MgL,q"

5

. . _ -2 .
Gy =1,L4G" . Gy =M;Lyq° . Gis=M7Lyq Gy =(m-1)1; +12L5q2_

; and

The solution of the matrix equation by any known method for linear system (Chapra et al,
1998, Cheney et al, 1999, Rajasekaran, 2003) would result to estimate the pin-joint forces,

i

(c) Reactive Force model: The reactive force models are required for the mechanism
reactive force analysis. The models establish relations for the reactive forces and moments
acting on the fixed frame described in Fig. 11 as follows:

The equilibrium of the fixed frame (Figure 10) gives,

Ri=F, Ry=Fy, g Ter =0 (105)
R :F7;R4 :Fg;and Tr =0 (106)
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Figure 10: Free-body diagram of the fixed frame
2.4 Simulations for Mechanism Kinematic and Kinetostatic Characterization

Numerical experiments or simulations were conducted in MS Excel environment in order to
obtain numerical data for the mechanism kinematic and kinetostatic characterization, and
also, for the evaluation of its power transmission capability. These kinematic and
kinetostatic data were obtained through solutions of the kinematic and kinetostatic models
and experimentation with the models under the following conditions.

The linkage dimensions as obtained through direct measurements of the various links are

given in Table 1. The section properties of the linkages were also obtained as given in
Table 2.

The kinematic and kinetostatic data were obtained under the condition that the crank size is
C, =0.041m q=0.0rpm

q=0.0rpm

set at , its angular speed is maintained constant at , its acceleration

is set at , and its torque is maintained constant at T, =80 Nm. This condition is
used to determine static data. In each case, the crank rotations or angular positions were set
in the range from 0 to 360 degrees, distributed as given in Table 3 together with the
graphically obtained initial guesses for the rotations or angular positions of other links as
required for the position analysis. The friction factor due to the contact of the wiper with
the windscreen and the power loss factor due to bearing friction at pin-joint were set at

m=0.0 4,q 7=10 respectively.

The above conditions for kinematic and kinetostatic analysis were maintained as basic in
parametric analysis, but variation of the crank angular speed (q) in the range from 0 to

3000 rpm; the crank torque (T2 ) in the range from 0 to 1000 Nm; and the windscreen-wiper
contact friction factor (77?) in the range from 0 to 0.90 were used to study the effect of the
input speed, input torque and friction factor of the mechanism on its power transmission
capability at different crank angular positions. The ANOVA with repeated measures
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(Frank et al, 1995) were used to test for significance of these variations, with the null
hypothesis that the crank angular speed, torque and the wiper contact friction factor have no

significant influence the transmission ratios of the mechanism.

Table 1: Linkage Dimensions

LINK NOTATION | DIMENSION | UNIT
Fixed frame 1(?12) G 0.4580 m
Crank (°19) G, 0.0410 m
Connecting link 1 (40 C; 0.4500 m
Rocker la (b02 ) o 0.0520 m
Rocker 1b (929) Cs 0.0490 m
Connecting link 2 (¢4 ) Cs 0.5170 m
Rocker 2 (9°3) C; 0.0530 m
Fixed frame 2 (?2%3) Cs 0.521 m
0,03 Cy 0.0920 m
bc Cio 0.0180 m
Inner radii of connecting links | 73 =74 0.0064 m
Angle Between boy ang 02¢ | @ 20.0000 deg
Angle between %192 and 9293 B 8.0000 deg
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Table 2: Section properties of links of the mechanism

Link | Mass( Kg ) | Moment of Inertia( Kg mz)
2 0.0785 4.40E-05
3 0.0882 1.49E-03
4 0.0737 6.64E-05
5 0.0737 5.90E-05
6 0.1595 3.56E-03
7 0.1833 1.66E-02

Table 3: Crank positions and initial guesses for the angular positions of other links

q 4 4 A3 Ay As
0 3 27 10 7 15
30 1 36 18 9 12
60 1 57 39 7 50
90 1 82 62 7 70
120 3 104 83 7 89
150 3 127 106 6 114
180 5 131 109 7 109
210 72 119 102 3 97
240 11 103 83 6 98
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270 12 81 63 6 77
300 10 61 44 5 53
330 6 28 9 6 19
360 3 27 10 7 15

3. RESULTS AND DISCUSSION

Based on the stated assumptions and the specified conditions for numerical experiments,
the obtained numerical results and analysis of results are given and also discussed as
follows:

3.1 Kinematic Data

Once again, kinematics refers to the study of motion of a body or a system of bodies
without consideration of the forces and moments that are responsible to the motion. In this
study, therefore, the motion of the mechanism and its components is characterized by the

kinematic variables. = These variables include the angular positions,A , velocity

coefﬁcientS,K , and the velocity coefficient derivatives, L. They were obtained in
numerical experiments through solutions of the derived linear models for kinematics of the
mechanism and its linkage mass centers at different crank positions. The normalized

. . .. AllA
results, using the expressions, q/ |q|max , for the crank positions, / | |mﬁx , for the angular

positions of other links, KK , for the velocity coefficients, and L/ |L|max , for the
velocity coefficient derivatives, are given in Figures 11 through 16, while the maximum
and minimum values of these kinematic variables and the corresponding crank positions are
given in Tables 4 through 7.

(a) Motion of Connecting Link 1: The connecting link 1 of the mechanism couples the
rotating crank to the oscillating rocker 1, and therefore, performs a general rigid body
motion, characterized by the combined oscillatory and reciprocating type of motion. The
normalized variation of its angular motion with respect to crank angular position is given in
Figure 11, whereas, the path traced by its mass center in the course of its motion is not
circular like those of the crank and the rockers, but as describe in a coupler curve given in
Figure 12a. Also, the trace of mass center velocity and acceleration are respectively given
in Figures 12b and 12c, whereas, the normalized variation of components of the mass
center motion with respect to crank angular position is given in Figure 12d. It is shown
that, in one revolution of the crank, the angular position of the connecting link 1 first
decreased to its minimum value, then increased to its maximum value, and finally,
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decreased to its initial value. The angular velocity coefficient increased to its maximum
value, then decreased to its minimum value and finally increased to its initial value. The
angular acceleration also increased to it maximum value, then decreased to its minimum
value, and finally increased to it initial values. The maximum and minimum values of the
angular motion and the corresponding crank angular position are given in Table 4. The
described angular motion of this link is typical of that of similar link in the crank-rocker
mechanism (Erdman et al, 1984a, 1984b) and is well described by the derived kinematic
models.

1.00 & P

: Vi oK \><‘

!7,1/‘\\'\ /)
'\K

\/

——A1
-1.00 ——1

Angular Motion of Connecting Link 1
S
o
3

—_—L1

0.00 0.20 0.40 0.60 0.80 1.00
Crank Rotation

(2)

Figure 11: Normalized variation of angular motion of connecting Link 1 with respect
to the crank rotation
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Figure 12: Normalized coupler curve of connecting Link 1(a) mass center position; (b)
mass center velocity; (d) mass center acceleration; and (e) the variation of component
motion of its mass center with respect to the crank rotation

Table 4: Maximum and minimum values of angular motion of the connecting link 1 and
corresponding crank position

4, (md ) K, L,
Absolute value of maximum motion 0.2196 0.1356 0.2318
Crank angular position (deg) 270 300 30
Absolute value of minimum motion 0.0006 0.0047 0.0022
Crank angular position (deg) 90 60 270
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(b) Motion of Rocker 1: The rocking motion of one of the wiper blade is transmitted by the
rocker 1 through its revolute pin. Rocker 1 is, therefore, an output triangular link, with its
two active sides referred to as rocker la and rocker 1b, and performs a rocking motion
about a fixed axis characterized by an oscillatory type of motion. The normalized
variations of their respective angular motions with respect to crank angular positions are
given in Figure 13. In both cases, it is shown that, in one revolution of the crank after an
approximate short dwell, the angular positions increased to its maximum value, and then,
decreased to its initial value after an approximate short dwell. The angular velocity first
decreased to its minimum value, then increased to its maximum value, and finally,
decreased to its initial value in a sinusoidal wave pattern. The angular acceleration first
decreased to its minimum value, then increased to its maximum value, and then, decreased
its initial value after an approximate short dwell. The maximum and minimum values of
the angular motion and the corresponding crank position are given in Table 5. The
described angular motion of this link is characteristic of rocking or oscillatory motion
(Erdman et al, 1984a, 1984b) and is well described by the derived kinematic models.
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Figure 13: Normalized variation of angular motion of the (a) rocker 1a and (b) rocker
1b with respect to crank rotation

Table 5: Maximum and minimum values of motion of the rocker 1 and corresponding
crank position

(I) Rocker 1a

Parameter description A, (rad ) K, L,
Absolute maximum motion 2.2784 0.8099 1.6938
Crank angular position (deg) 180 240 30
Absolute minimum motion 0.5004 0.0805 0.1064
Crank angular position (deg) 30 0 (360) 90

(IT) Rocker 1b

Parameter Description A, (md ) K, L,
Absolute maximum motion 1.9293 0.8099 1.6938
Crank angular position (deg) 180 240 30
Absolute minimum motion 0.1513 0.0805 0.1064
Crank angular position (deg) 0 (360) 0 (360) 90

(c) Motion of Connecting Link 2: The connecting link 2 connects two rockers of different
geometric dimensions, and therefore, performs a general rigid body motion that is fairly
characteristic of the combined oscillatory and reciprocating type of motion. This can be
seen from the graphs of the normalized variation of its angular motion with respect to the
crank angular position given in Figure 14, and that of its coupler curve given in Figures
15a, 15b and 15¢, with patterns that are not definite, but have combined oscillatory and
reciprocating characteristics with evidence of oscillatory component motion given in Figure
15d as the sinusoidal wave form of the velocity coefficient of the mass center in the x
coordinate direction. However, the maximum and minimum values its angular motion and
the corresponding angular crank positions are given in Table 6.
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Figure 14: Normalized variation of angular motion of the connecting Link 2 with
respect to the crank rotation
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Figure 15: Normalized coupler curve of the connecting Link 2 (a) mass center
position; (b) mass center velocity; (c) mass center acceleration; and (d) the variation of
component motion of its mass center with respect to the crank rotation

Table 6: Maximum and minimum values of angular motion of the connecting link 2 and
corresponding crank position

Parameter Description A, (rad ) K, L,
Absolute maximum motion 0.1430 0.0257 0.2227
Crank angular position (deg) 30 60 330
Absolute minimum motion 0.0298 0.0003 0.0062
Crank angular position (deg) 210 180 150

(d) Motion of Rocker 2: The rocker 2 transmits, through its revolute pin, the rocking
motion to the second wiper blade. It is therefore the second output link, and performs a
rocking an oscillatory motion about a fixed axis. The normalized variation of the angular
motion of the link with respect to the angular position of the crank is described in Fig. 16.
It shown that, in one revolution of the crank, after an approximate short dwell, the angular
position of the link increased to its maximum value, and then, decreased to its initial value
after an approximate short dwell. The angular velocity first increased to its maximum
value, then decreased to its minimum value, and finally, increased to its initial value in a
sinusoidal wave pattern. The angular acceleration first decreased to its minimum value, and
then, increased to its initial value. The observed motion, with exception of its angular
position, is in opposite sense to that of rocker 1. However, its motion is similarly
characteristic of the rocking or oscillatory motion (Erdman et al, 1984a, 1984b) and is well
described by the derived kinematic models.
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Figure 16: Normalized variation of angular motion of the rocker 2 with respect to
crank rotation
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Table 7: Maximum and minimum values of angular motion of the Rocker 2 and
corresponding crank positions

As (rad) K Ls
Absolute maximum motion 1.9711 0.7708 1.1716
Crank angular position (deg) 150 240 180
Absolute minimum motion 0.2338 0.0520 0.0063
Crank angular position (deg) 30 0 (360) 270

3.2 Kinetostatic Data

Kinetostatics refers to the study of forces and moments that are responsible to the motion of
a body or system of bodies. In this study, therefore, the forces and moments that are
responsible for the motion of the mechanism are the kinetostatic variables. These variables
are the transmitted or output torques, transmission ratios, pin-joint or internal and the
reactive forces. Knowledge of these forces and moments are required to enable the
assessment of stresses and strain in the mechanism linkages and also to enable these
linkages to be sized. Whereas, that of the transmission ratio or mechanical advantage is
require to enable the evaluation of the power transmission capability of the mechanism.
They were obtained in numerical experiments through solutions of the derived linear
models for kinetostatics of the mechanism at different crank positions. The normalized

. . . .\ T/\T

results obtained using the expressions, q/ |q|max , for the crank angular positions; / | |max ,
. TR/|\TR . .

for the transmitted or output torques; / | |max , for the transmission ratios of the

mechanism; F/ |F|max , for the pin-joint forces acting on the links; and R/ |R|max , for the
reactive forces acting on the fixed frame; are given in Figs 17 and 18, while the maximum
and minimum values of these kinematic variables and the corresponding crank positions are
given in Tables 8 and 9.

(a) Transmitted Torque and Transmission Ratio: The torques T and T transmitted
from the crank through the connecting links to the rockers, are expected to be of the
magnitude that can overcome both the contact and bearing friction, and also to ensure the
mobility of the linkages at different crank angular positions. They are indicators of the

power output of the mechanism. On the other hand, the transmission ratios, TR =T3/T, ,

TR, =Ty /T and TR, =T, T, are indicators of the mechanism’s capacity to transmit
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torque or power from the crank through its connecting links to the rockers. For the
mechanism studied, the normalized variations of the transmitted torques and transmission
ratios with respect to the crank angular positions are given in Figures. 17a and 17b,
respectively. The maximum and minimum values of these variables and the corresponding
crank angular positions are given in Table 8. It is observed that, in one revolution of the
crank, both torques and transmission ratios decreased from their maximum values to a set
of fairly constant minimum values before their values suddenly increased, and then,
decreased to another set of fairly constant minimum values, and finally, increased to their

initial values. However, intermediate transmission ratio, TR has different characteristics,

with no definite pattern. The high values of these variables, which occur at the initial,
middle and the final position in one revolution of the crank, are evidence of the occurrence
of locking effect at the dead ends, and at the peak of the motion of the rockers. At these
points, high torques and transmission ratios are expected in order to ensure continuity in the
mobility of the linkages. However, they contribute to the high torsional stresses in the
revolute pins of the rockers, and therefore, are to be considered in the stress analyses of
these pins.
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Figure 17: Normalized variation of the (a) transmitted torques and (b) transmission
ratios with respect to crank angular positions

Table 8: Maximum and minimum values of torque and torque ratios, and corresponding
crank positions

Transmitted Torque Transmission Ratio
Parameter Description

Ty (Nm) | T,(Nm) | (TR), | (TR), | (TR),
Absolute maximum values 994.0 1537.0 12.43 1.66 19.21
Crank angular positions (deg) | 0 (360) 0 (360) 0(360) | 0(360) | 0(360)
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Absolute Minimum values 99.0 104.0 1.23 0.94 1.30

Crank angular positions (deg) | 240 240 240 30 240

F. . R. .
(b) Pin-Joint and Reactive Forces: The pin-joint ( "/ ) and reactive ( "/ ) forces are

transmitted to the linkages and the fixed frame, respectively, and act to subject them to
axial stresses. The normalized variations of these forces with respect to the crank angular
position are given in Fig. 18. Whereas, the maximum and minimum values of these forces
and the corresponding crank angular positions are given in Table 9. As in the transmitted
torques, the high values of these variables, which occur at the initial, middle and the final
position in one revolution of the crank, are evidence of the occurrence of locking effect at
the dead ends, and at the peak of the motion of the rockers. At these points, high forces
induce high axial stresses in the linkages and therefore call for consideration in stress
analyses of these linkages. Generally, under dynamic conditions, the induced torsional and
axial stresses may repeatedly increase and decrease at equal rate with the motion of the
linkages. This could lead to fatigue of these linkages. Therefore, evaluation of the fatigue
strength of these linkages is required to ensure their reasonable service life.

120
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o
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Figure 18: Normalized variation of the (a) pin-joint forces and (b) reactive forces with
respect to crank angular positions
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Table 9: Maximum and minimum values of pin-joint and reactive forces, and corresponding

crank positions

Parameter
Description

F],Z (Rl,Z)

F3,4

Fse

Fis (R3,4)

F9,10

Fl L12

F13,14 (RS;G)

Absolute
maximum
forces (N)

Crank
position (deg)

36231.8

0 (360)

36231.8

0 (360)

36231.8

0 (360)

36231.8

0 (360)

70998.8

0 (360)

70998.8

0 (360)

70998.8

0 (360)

Absolute
minimum
forces (N)

Crank
position (deg)

1951.2

90

1951.2

90

1951.2

90

1951.2

90

2029.0

240

2029.0

240

2029.0

240

33 Parametric Data

How the input speed, input torque and the contact friction as in windscreen wiper
applications influence the power transmission capability of the mechanism is investigated

. . . . .. . TR
in its parametric analysis. In one revolution of the crank, the transmission ratios 1 and

TR, were evaluated at different values of the input speed, input torque and contact friction
that were selected within the specified range of values for the parametric analysis and at
different crank angular positions. The obtained raw data were subjected to analysis of
variance (ANOVA) with repeated measures [Frank et al, 1995] and the results tabulated in
Tables 10 through 15. It is of interest to test the null hypotheses that the input speed, input
torque and contact friction have no significant influence on the power transmission

capability of the mechanism. The hypothesis is accepted for the cases of TR, versus q
(Table 11) and TR, versus T (Table 13), but rejected for the cases of TR, versus q
(Table 10), TR, versus T, (Table 12), TR, versus M (Table 14) and TR, versus 7
(Table 15). In other words, there is no significant variation of the TR, with respect to q
and T . Whereas, there is significant variation of TR, with respect to q, T m - and
TR, with respect to 7. It is also important to note that, as shown in Tables 10 through 15,

there are significant variations of TR, and TR, with respect to crank rotation 9 even
though it is not emphasized at the onset.
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Table 10: Summary of ANOVA with Repeated Measures for the Case of TR, versus 7

Source of Variance SS df MS F F. p
Crank Speed (9) 0.0290 |6 0.0048 | 15.4409 |2.236 | 0.05
Crank Position ( q ) 0.0515 12 0.0043 13.7205 1.902 0.05
Residual 0.0225 72 0.0003

Total 0.1030 90

Table 11: Summary of ANOVA with Repeated Measures for the Case of TR, versus ¢

Source of Variance SS df | MS F F, p
Crank Speed (9) 0.0024 | 6 | 0.0004 | 0.4426 | 2.236 | 0.05
Crank Position (9) 0.0673 | 12 | 0.0056 | 6.2213 | 1.902 | 0.05
Residual 0.0649 | 72 | 0.0009

Total 0.1346 | 90

Table 12: Summary of ANOVA with Repeated Measures for the Case of TR, versus I
Source of Variance SS df MS F F, p
Crank Torque ( T ) 0.0000169 | 5 0.0000034 | 16.0999 | 2.3700 | 0.05
Crank Position ( ) 0.0000295 | 12 0.0000025 | 11.7083 | 1.9200 | 0.05
Residual 0.0000126 | 60 | 0.0000002
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Total

0.0000590

71

Table 13: Summary of ANOVA with Repeated Measures for the case of TR, versus T
Source of Variance SS df MS F F. p
Crank Torque ( T, ) 0.00051 5 0.00010 0.9706 2.3700 0.05
Crank Position ( 9) 0.00681 12 0.00057 5.4044 1.9200 0.05
Residual 0.00630 60 0.00010

Total 0.01361 77

Table 14: Summary of ANOVA with Repeated Measures for the Case of TRy yersus m

Source of Variance SS df MS F F, p
Friction Factor ( ) 10359.60 5 2071.92 9.6677 2.3700 0.05
Crank Position ( q) 23218.41 12 1934.87 9.0282 1.9200 0.05
Residual 12858.80 60 214.31
Total 46436.82 77
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Table 15: Summary of ANOVA with Repeated Measures for the Case of TR,
versus 7

Source of Variance SS da | MS F F, p

Friction Factor (%) | 2463947.78 5 492789.56 | 7.4892 | 2.3700 | 0.05

Crank Position (9) | 6411969.30 | 12 | 534330.77 | 8.1205 | 1.9200 | 0.05

Residual 3948021.52 60 65800.36
Total 12823938.60 | 77
4 CONCLUSION

The kinematic and kinetostatic analysis models for the crank-double rocker mechanisms
have been derived based on concepts of the vector loop closure, velocity coefficients and
the velocity coefficient derivatives, and on the generalized energy based equation of motion
and concepts of dynamic equilibrium of forces and moments, and of virtual work,
respectively. The derived models have been subsequently used in experiments to
numerically study the kinematics and kinetostatics of the mechanism. The results of the
numerical experiments showed that, the kinematic and kinetostatic characteristics of the
various components and loops of the mechanism are as expected. The observed rocking or
oscillatory motion is characteristic of the rockers, whereas the observed combined
reciprocating and oscillatory motion is characteristic of the connecting links. There is
significant variation of the linkage motion with respect to crank rotation. In a single
revolution of the crank, the magnitude of the output torque, transmission ratios, and of the
pin-joint and reactive forces are relatively high at the start, middle and end of the
revolution, and so is expected of the induced stresses due to these forces and moments,
respectively. The input speed, input torque and friction factor, were found to have
significant influence on the power transmission capability of first loop of the mechanism;
whereas, only the friction factor has significant influence on the power transmission
capability of second loop of the mechanism. It is therefore concluded that, since the
derived models described the performance characteristics of the mechanism in clear terms,
they are suitable for practical design and analysis of crank-double rocker mechanism and its
components for automobile windscreen wiper and similar other applications, both in MS
Excel and in any other mechanism analysis software environment.
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APPENDIX: PICTURE OF THE MECHANISM IN TWO VIEWS

-54-
Analysis of Rocker Mechanism for Automobile Windscreen Wiper Applications




