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Abstract: Cam is a mechanical component that transforms circular motion to reciprocating
motion by using mating component, called the follower. The principal aim of this work was
to study and analyse the displacement of a cam-follower with Regula Falsi method and
verify its input by using MATLAB and FORTRAN simulations. A study was conducted on
angle of rotation and the displacement of the follower, which is equal to the radius of the
cam given as transcendental equation to find the exact solution. The parameters such as
initial guess, final guess, iteration counter and the desired displacement are involved in
finding the angular displacement to the cam system in high speed rotation. The analysis was
done using a computer programming that enables verification of the results obtained and
ascertaining whether the inputs are correct or not for the displacement in cam follower
system. The computer output showed results of the two data sets that yielded solutions and
two that did not. The results revealed that the programme could be used to find the angular
displacement corresponding to a given follower displacement for any cam; if the function
CAMF is modified to include the appropriate radius function, r(x). The results further
revealed that at a halve cycle of a rotating cam, which is equivalent to (x = 3.142 rad), is a
solution that would provide the desired displacement of the follower (opening and closing
of valves).

Keywords: cam-follower, regula falsi, transcendental equation, cam angle, follower
displacement

1. INTRODUCTION

In certain railroad applications where it is desirable to use passing railcar traffic to provide automatic mechanical
action to a track-fixed system, developing a cam-follower mechanism can be among the best mechanical
solutions, taking into account potential impact effects caused by the contact between the wheel and the track-
fixed device. To design the cam-follower mechanism, the first decision to be made is determining the follower
motion; since the main concerns are to minimize shock and wear on the follower and the driven device. In this
case, cycloidal motion was selected. While most of the approaches in the field of cam design have been devoted
to the synthesis of cam profiles, the major challenges in this case are to find an appropriate cam-follower
mechanism and synthesize the follower surface profile to achieve cycloidal motion. We present a mechanism
and simulate it using ADAMS software to prove the concept of our approach [1]. The different options involved
in cam systems design such as types of cams and followers, number of applicable standard cam functions,
divisions of follower motion-segments, and possible combinations of follower displacement profiles, among
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others, were critically studied to determine the structure and capabilities of a software package suited for
extensive design analyses. The software was applied in the design of cam profiles with selected follower and
cam functions and the results obtained were found comparable with those obtained from numerical methods and
existing software packages [2]. A cam follower system was modelled in this work. The equation of motion and
the eigen frequencies were recovered. The computation of the dynamic response was made by mean of combined
implicit Newmark-Newton Raphson algorithm. Moreover, dynamic behaviour of the follower train was analysed
in presence of an eccentricity in the camshaft and backlash between the follower rods and its guide [3].

The results validated the theorem in literature i.e. when prime circle radius is increased, the maximum cam
pressure angle decreases which is desirable for cam design [4]. The results of this model compared reasonably
with results obtained from DYNACAM. An Improved Regula Falsi (IRF) method based on classic Regula Falsi
(RF) method is proposed in this paper. The method is verified on a number of test examples and numerical
results confirm that the proposed method is very effective with respect to the classic Regula Falsi Method [5].
The dynamic force analysis determines the cam contact forces and values of kinematic parameters at which the
design fails. The analytical calculation is done in excel sheet for both kinematic and dynamic analysis of cam
follower system for any rotational speed and angle of rise [6]. The paper includes two simple design projects,
generated by the software program to demonstrate important problems such as elevated pressure angle and
undercutting that can occur in the design of cam mechanisms. The software tool was used in a lecture where
positive feedback from students enrolled in the mechanisms course has encouraged the authors to continue the
development of such educational software tools for other applications [7-8].

This work is aimed to develop a computer program for the purpose of analyzing and designing of Cam and
Followers motion. The program was to be user-friendly and highly flexible in the analysis and design of cams
and followers. To test the effectiveness of such, a computer model was developed for analysis and drafting of
Cam and Follower motion on the platform of VBASIC. Users can input the required data, the program will then
analyze the Cam Profile and display the numerical results in a list view exported to an Excel spread sheet for the
graphical plotting. This paper also compared the results obtained from the developed application with manually
analyzed and designed Cams [9]. An experimental apparatus that consists of a radial cam with an in-line knife-
edge follower was developed for the study of the kinematics of valve-operating cam-follower mechanisms and
the phenomenon of ignition in an internal combustion engine. The model incorporates a timer circuit, manual
and automatic switches, and a micro switch circuit. It gives adequate room for data collection during
experimentation. Experimentation with the apparatus produced results that are in very good agreement with
analytical computations. It is also very stable and easy to use. In addition, the apparatus improved the student’s
learning apart from considerable cost reduction when compared to imported ones. This kind of experimental
apparatus will be very useful in tertiary institutions in sub-Sahara Africa, where it has become very difficult to
secure enough funds for the purpose of setting up standard laboratories for effective training of students of
engineering and technology.

2. MATERIALS AND METHODS

Macaulay’s method was adopted for the analyses of these beams in three types of loading application,
concentrated load, linearly distributed load and applied moment. MATLAB is used in developing a model using
the Macaulay’s method in analyzing the beams. M-file codes are written using the derived equation to develop a
user-friendly Graphic User Interface for the analysis of the beams. The results obtained from the developed
model compared reasonably with analytical results [10]. The algorithm combines bisection with second and third
order methods using derivatives estimated from objective functional values. Global convergence is ensured and
the number of function evaluations is bounded by four times the number needed by bisection. Numerical
comparisons with existing algorithms indicate the superiority of the new algorithm in all classes of problems
[11]. The present paper unifies the notation and dimensionless analysis of the previous papers and compares both
methods by applying them to the same design example. Furthermore, the analysis in the presence of friction is
enhanced. Both methods are shown to yield accurately realized follower motions, even in the presence of a
considerable amount of friction, despite the fact that friction is ignored during the design process [12-13].

The relative shape of the cam and follower define the displacement function of the mechanism, the displacement
functions for radial cams are periodic functions consisting of sequences of dwell, rise and return segments. The
displacement diagram are merely a plot of two different displacements, which are the distances travelled up or
down by the follower and the angular distance rotated by the cam. The motion of the follower is the result of the
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program, just as a computer program, so is a cam. Thus, the system can be thought of as a mechanical
information device. Accordingly, The goals of the designer is to build a program, establish the locus of the
contact point between the cam and follower, produce the cam profile coordinate system, and fabricate the cam
within an acceptable accuracy. After all the parts are assembled the performance of the cam-follower system is
observed. Since the principle of cam follower is applicable to the opening and closing of valves in an internal
combustion engine of an automobile, it has been assumed that at a halve cycle of a rotating cam which is
equivalent to x = 3.142 rad is a solution that provides the desired displacement of the follower. MATLAB and
FORTRAN were also used to verify the exact solution obtained.

2.1. Theoretical background

Cams turn rotary motion into reciprocating motions. Cams allow machines to apply pressure at particular
moments in the cam’s cycle. They are used in sewing machines to push the needle and thread through material in
regular patterns. When many cams are threaded together on a camshaft, cams allow you to control the up and
down movements of followers in particular sequences. Camshafts are used in car engines to open and close
valves in sequence and control the flow of air, fuel and exhaust running through the engine. There are three cam
exhibits: Circular cams, Pear-shaped cam and Heart-shaped cams [14-15]. Circular cams, also known as
eccentric cams, are circle-shaped and fitted off-center onto the driving shaft. These cams move very smoothly
and are used to generate a wave-like mation in the follower. They are often used in mechanical toys to produce a
smooth, recurring motion. In each toy gear, a pencil tip takes the place of the axle, and the outer frame of the toy
acts as a follower. Because the frame is rigid, it does not move—instead it forces the toy gear’s free axle to move
up and down as the gear rotates. The pencil point at the axle draws intricate spirals. The closer the axle is to the
edge, the more eccentric the pattern becomes. Pear-shaped cams are actually egg shaped. The follower is level
for most of the cam’s rotation, and then is suddenly pushed up at regular intervals. These are used in car engines
to control the flow of fuel and exhaust in the engine. Heart-shaped cams allow the follower to move at a constant
velocity and therefore provide a very steady motion. They are used in sewing machines to wind thread onto the
bobbin.

Transcendental equations arise in a large number of science and engineering problems. In falsi position method,
the study of exact solutions to these non-linear equations play a very germane role, as it provide much
information about the physical models it describes. In this paper, we apply the regula falsi method to get the
angular rotation of the cam from the cam radius which is equivalent to the desired displacement of the follower
as shown in the Figure 1. The radius “r” of the cam as a function of the cam angle “X” is of the form equation

).

=X
r(x) =055+ o.5e(2’fJ sin(x),0 < x> 27 1)
Follower
(a) (b)
(a) Cam and follower. (b) Rotation angle, x, and radius, r.

Fig. 1. Displacement of a cam follower.
2.2. Description of the regula falsi method

Here, a brief explanation of the Regula Falsi Method for finding the exact angular rotation of the cam. Consider
a transcendental equation of the form equatin (2).

f(x)=0 @)
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where f(a) and f(b) are of opposite signs. Also let a <b.

The graph r = f(x) will meet the x - axis at some point between A (a), f(a)) and B (b, f(b)). The equation of the
chord joining the two points A (a, f(a)) and B (b, f(b)) is equation (3).

r— f(a) f(a)— f(b) 3

X—a X—b

where the x-coordinate of the point of intersection of this chord with the x-axis gives an approximate value for
the f(x) = 0. Taking r = 0 in the chord equation, we get equations (3)-(5).

~f(a) _ f(a)-f(b)

4)

X—a x—b
x[f(a)- f(b)]-af (a)+af (b)=—af (a)+bf (b) (5)
x[f(a)- f(b)]=bf (b)-af (b) (6)

This x1 gives an approximate value of the root f(x) = 0. (a < x1< b). Now f(x1) and f(a)are of opposite signs or
f(x1) and f(b) are opposite signs. If f(x1) f(a) <0 . Then x; lies between x; and a equation (7).

— af (Xl)_ X f (b)
T )1 ;

This process of calculation of (X2, X3, Xa...) is continued till any two successive values are equal and subsequently
we get the solution of the given equation. The performance of the regula falsi was evaluated on the basis of its
approximate error as equation (8):

Xnew — Xold

£y = x100% (8)

Xnew
Steps:
Find a and b in which f(a) and f(b) are opposite signs for the given equation using trial and error method.

Therefore root lies between a and b if f(a) is very close to zero select and compute x; by using the following
formula (9):

©)

If f(x1) f(a) <0 . Then root lies between x; and a. Compute x. by using the following formula (10):

_af (%)= xf (b) (10)

"2 " (x)- (a)

Calculate the values of (X3, Xa, Xs,....) by using the above formula until any two successive values are equal and
subsequently we get the solution of the given equation.

When D = 0.50mm, the equation becomes equation (11):

f(x)= 056l /2 sin(x)=0 (11)
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This means that in order to get a reasonable angle of rotation between the interval [0, 2], the equation needs to
be modified.

The first iteration is:

- 0.7000(—0.147016)—3.7000(0.288149)

, =2.686480
—0.147016 —0.288149

f(0.7000)x f(2.686480)= 0.288149(0.1433149) = 0.041297
Therefore, the root is in the first interval, and the lower guess is redefined as x, =2.686480 .

The second iteration is:

. — 2686480(—0.147016)—3.7000(0.143318)

i —3.186788
0.147016 —0.143318

|3.186788 - 2.686480| 100% < 15.70%

ga
| 3.186788

f (2.686480)x f (3.186788) = 0.143326(-0.013603) = —0.001950

Therefore, the root is in the first interval and the upper guess is redefined as xg = 3.186788. The remainders of
the iterations are displayed in Table 1 and Table 2. The angular displacement of the cam when D is equal to 0.70
mm, 0.75 mm, 1.00 mm etc. shall be explicitly solved later with regula falsi algorithm using MATLAB and
FORTRAN.

Table 1. Computation of regula falsi method.

i XL f(XL) XR f(XR) Xr f(Xr) | Sal %
1 0.700000 0.288149 3.700000 —-0.147016 2.686480 0.143318
2 2.686480 0.143318 3.700000 —-0.147016 3.186788 —0.013603 15.70
3 2.686480 0.143318 3.186788 —0.013603 3.143416 —0.000553 1.380
4 2.686480 0.143318 3.143416 —0.000553 3.141655 —0.000019 0.056
5  2.686480 0.143318 3.141655 —0.000019 3.141596 —0.000001 0.002
Table 2. Corresponding cam radius with various follower displacements.
Follower Displacement, D(mm) Cam Radius, R(x), Rad
0.50 0.5 €27 sin(¢) —0.00
0.70 0.5 €27 sin(¢) —0.20
0.75 0.5 ™29 gin(¢) —0.25
1.00 0.5 €29 gin(¢) —0.50
1.50 0.5 ™29 gin(¢) —1.00
2.00 0.5 €29 gin(¢) —1.50

2.3. Performance of regula falsi method to the present problem
The performance of the regula falsi was evaluated on the basis of its approximate error. Figure 2 present the flow
chart for regula falsi algorithm equation (12).

g, = |new ~Xold |, 10005 (12)

Xnew
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Fig. 2. Flow chart for regula falsi algorithm.

2.4. Model development
In this section, we apply the regula falsi method to get the exact value of angular rotation of a cam in one
revolution, from the equation (1) which is the radius of the cam equation (13).

—X

r(x)=055+ o.5e(2”J sin(x) (13)

Consider the rotating cam with the follower shown in Figure 1. Let d (mm) be the displacement of the follower
tip measured from the center of rotation of the cam. The radius of the cam r (mm), measured from the center of
rotation angle, x (radians). In order to use regula falsi algorithm to find a rotation angle in the angular interval
[, xr] for which the follower displacement d(x) is equal to D. The convergence criterion for stopping the
iterative computation should be equation (14):

d(x)-D|<e (14)

For a given angle of rotation x, d(x) = r(x). The angle x that produces the desired displacement D is the solution
of the equation (15).

f(x)= r(x)—D=o.5+o.5e(%ﬂ)sin(x)—o -0 (15)

Convergence criterion |f(x) < ¢ . The angular radius of the cam x varies from 0 to 2z rad. In order to get a

reasonable angle of rotation between the intervals [0, 2], the equation just need to be modified.

3. RESULTS AND DISCUSSION

The results of the performance evaluation of the regula falsi algorithm using both the MATLAB and FORTRAN
Simulink are presented in Figures 3, 4, 5, 6, 7 and 8. Also, Figure 9 shows the follower displacement, d, as a
function of angle of rotation, x. Approximate Error (es). From Figures 3, 4, 5, 6, 7 and 8, the approximate error

|3.141596 —3.141655 |

(ga) Of regula falsi algorithm is x100%, &, =0.002% . Therefore, after 90™ iterations, an
| 3.141596 |




Journal of Engineering Studies and Research — VVolume 27 (2021) No. 1 87

estimated value of 3.141896 with an approximate error of 0.002% which is below the convergence criterion was
obtained. From Figure 9, it shows that the graph touches the angular rotation ‘x” at 3.1418 radian (Approximate).

Case 1: When, D = 0.50mm, the radius of the cam becomes equation (16):

r(x)= O.Se(i%”) sin(x) (16)

This means that in order to get a reasonable angle of rotation between the intervals [0, 2x], the equation needs to
be modified. Here, x. be lower guess, xr be upper guess, f (x.) be function of my lower guess, f (xg) be function of
my upper guess, If x.=0.7000, and xg= 3.7000, then f (x.) = 0.288149, and f (xg) = - 0.147016.

Therefore f (x.) xf (xg) < 0. Since f(x.) and f(xg) are of opposite sign, it means that the root exist on the interval
[X., Xr], from equation (9) the regula falsi algorithm can now be implemented iteratively and the result is shown
in Figure 3 (a, b, c and d).
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©

Fig. 3. Angle of rotation for 0.50mm follower displacement: a), b), c), d) results.

Case 2: When, D = 0.70 mm, the radius of the cam becomes, equation (17):

r(x)= 0.5 %25 sin(x)—0.20 a7

Since f(xL) and f(xR) are of opposite sign, it means that the root exist on the interval [xL, xR], from equation (9)
the regula falsi algorithm can now be implemented iteratively and the result is shown in Figure 4 (a and b).
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Press RETURN to close window . . .

(@) (b)

Fig. 4. Angle of rotation for 0.70mm follower displacement: a), and b) are results.

Case 3: When, D = 0.75 mm, the radius of the cam becomes equation (18):
r(x)= O.Se(_%”) sin(x)—0.25 (18)

Since f(xL) and f(xR) are of opposite sign, it means that the root exist on the interval [xL, XR], from equation (9)
the regula falsi algorithm can now be implemented iteratively and the result is shown in Figure 5 (a and b).

4\ MATLAB 7.7.0 (R2008E)

==
[ Prto0E (=X H=h

input the value of a
5

m | e
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6.0
input the number of iteration.n

w= B.499472  fla)=  -0.148717 -B.148732 p= -243.873
fremine w= 0.499472  fa)= -0.148732 -0.148732 p= 1.980337E-02
w= B.499472 . .148732 p= 1.980549E-82
w= B.499472 . -0.148732 p= 1.980549E-82
w= B.499472 . -0.148732 p= 1.986549E-02

the root of equation is

oW ¢

BB NFzess RETURN to close window . . .
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Fig. 5. Angle of rotation for 0.75mm follower displacement: a), and b) are results.
Case 4: When, D = 1.00 mm, the radius of the cam becomes equation (19):
r(x)= 0.5l /2 sin(x)—0.50 (19)

Since f(xL) and f(xR) are of opposite sign, it means that the root exist on the interval [xL, xR], from equation (9)
the regula falsi algorithm can now be implemented iteratively and the result is shown in Figure 6 (a and b).
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Fig. 6. Angle of rotation for 1.00 mm follower displacement: a), and b) are results.

Case 5: When, D = 1.50 mm, the radius of the cam becomes equation (20):
r(x)= 0.5e %25 sin (x)-1.00 (20)

Since f(xL) and f(xR) are of opposite sign, it means that the root exist on the interval [xL, xR], from equation (9)
the regula falsi algorithm can now be implemented iteratively and the result is shown in Figure 7 (a and b).
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5iﬁput the number of iteration.n
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= .695884  f(a) 892588 = -0.892580  p=  B.796699
w= B.695884  f<a)=  -B.892588 = -0.892588  p=  B.796699
the root of equation is

EERRMN css RETURN to close window . . .

talsepos £,0.5,-5
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Fig. 7. Angle of rotation for 1.50 mm follower displacement: a), and b) are results.

Case 6: When, D = 2.00 mm, the radius of the cam becomes equation (21):
r(x)= O.Se(_%”) sin(x)-1.50 (21)

Since f(xL) and f(xR) are of opposite sign, it means that the root exist on the interval [xL, xR], from equation (9)
the regula falsi algorithm can now be implemented iteratively as shown in Figure 8 (a and b).

The computer output showed result for six data sets that yielded solutions (The exact solution for the first data
set is X = m.), which generate the desired displacement of the cam follower. The programs can be used to find the
angular displacement corresponding to a given follower displacement for any cam; only the function CAMF
needs to be modified to include the appropriate radius function, r(x). The graph for Case 1, Case 2, Case 3, Case
4, Case 5 and Case 6 for selected values of ‘d” are presented in Figure 9.
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Fig. 8. Angle of rotation for 2.00 mm follower displacement: a), and b) are results.
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Angle of rotation.x (radians)

Fig. 9. Actual variation of angle of rotation with displacement for different values of cam radius.

4. CONCLUSION

The angular displacement solution for the transcendental equation of a cam radius have been obtained using the
regula falsi method. Since the principle of cam follower is applicable to the opening and closing of valves in an
internal combustion engine of an automobile, it is assumed that halve cycle of a rotating cam which is equivalent
to (x = 3.142 rad) is a solution that provide the desired displacement of the follower (opening and closing of
valves). MATLAB and FORTRAN were also used to verify the exact solution obtained. Instead of having to go
through a tedious process of plotting something by hand or at some point where analytical solutions are not
possible, MATLAB generate a nice plot and solution that is desired. Therefore, the performance trend of regula
falsi method has made it an important and viable alternative to other numerical methods for a broader range of
applications.

NOTATION

FUNT Function that compute the value of r(x), mm
Dord Cam follower displacement, D, mm

EPS Tolerance for convergence criterion, s, mm
ITER Iteration counter, n

ITMAX Maximum number of iterations permitted, itmax
XL, Xu, Xr XL, Xu, and Xr+1, rad

r Radius of the cam, (mm)

X Angular rotation of a cam, (rad)

a Initial guess

b Final guess

fxu, fxu, fxr f(xc, n), f(xu, n), and (Xn+1), mm
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