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Abstract: This study proposes a multi-criteria design optimization of cam
mechanisms. This approach is based on the multistage interconnection of
different tools: MATLAB, ADAMS, and mode frontier. It consists of
three main issues: (i) The polynomial representation of splines given by
checkpoints defining the specific motion of the follower; (ii) The
connection of these splines by different degrees of fitting in order to
combine them in the entire cam profile and (iii) The optimization
including the adjustable checkpoints according to the objectives and the
constraints formulated for a different area of the cam profile. An
illustrative example based on the optimization of a production machine
cam profile is discussed. The suggested methods of multi-criteria design
optimization are validated by experimental tests. The given results show
the effectiveness of the proposed approach and the possibility of their
application in the real world of manufacturing.
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Introduction

Optimization is a mathematical practice to find the
best solution to a problem. This method has many
applications: Mechanics, physics, finance, sociology,
computer science, etc. The challenge is the same for
each field: To be able to convert the problem
encountered into a mathematical problem. The
objective guides the search for a solution, for example,
wanting to lighten an aircraft wing results in the
minimization of its mass. The elements on which we
can play become variables, in the example, the mass is
defined by the type of material used as well as by the
volume of material. Finally, the obstacles to the
problem are transcribed into constraints, still, in the
example, a specific external shape, as well as a
minimum rigidity, must be guaranteed. The search for
the best solution is done by playing on the
combinations of variables.

Through the methods developed, a solution is found to
satisfy all of these elements. If the mathematical principle
may seem simple to achieve for a restricted problem,
things get complicated when the problem involves
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antagonistic objectives, discrete variables, and complex
equations. The numerical resolution then becomes an
obligation and the transcription of the real problem into
an algorithm becomes a field of study in its own right.
To solve the problem thus transcribed, many methods
have emerged. One of the best-known and oldest is the
simplex method proposed by Dennis Jr et al. (1985),
which makes it possible to quickly find a solution to a
single objective problem. This extremely efficient
algorithm only works under very specific conditions
and the calculation time can become too long in certain
cases. These methods are often inspired by nature:
Genetic algorithms use the theory of evolution with the
conservation of characteristics allowing survival from
generation to generation as well as the introduction of
spontaneous mutations. Among these, the MOGA-I11 is
one of the most famously used.

A cam can be defined as a mechanical element
having a curved profile, which gives a predetermined
specified motion to the follower. Cam follower
mechanisms, required to operate at a constant speed to
specify the variety of output motion, are widely used in
the mechanical industry due to their precise movement
and simplicity of design (Chen, 1982; JCMA, 2001;
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Tsay and Lin, 1996). By the application of cam
mechanisms in production machines, an unlimited
variety of motion can be obtained. Cams can provide
unusual and irregular motions that may be impossible
or very complicated to be carried out with the other
types of mechanisms. The selection of a mathematic
function for a displacement law is one of the important
tasks since the selected function affects the shapes of
curves and peak values of the velocity, acceleration,
and jerk-on motion curves.

A number of conventional curves have been suggested
to express the cycloidal, the modified sin curve, the modified
trapezoidal curve, and the B-splines (Tsay and Lin, 1996;
Wu et al., 2009; Sateesh et al., 2009; Xiao and Zu, 2009;
Reeve, 1995; Nga et al., 2021; Qiu et al., 2005). In these
studies, B-spline has been used to define the displacement
function, which is satisfied by discrete constraints on
follower displacements, velocities, and accelerations. The
high-order B-spline function has been also applied to cam
design (Mandal and Naskar, 2009; Naskar and Mishra,
2012). In the study of Nguyen et al. (2019), a general
framework for the motion design of cam mechanisms using
a Non-Uniform Rational B-Spline has been discussed. To
establish motion curves, the system of linear equations has
been set up by arbitrary boundary conditions of the follower
motion on displacements, velocities, accelerations, and jerks
and the reduction of peak values of the acceleration and jerk
has been achieved. The Bezier technique has also been
used for synthesizing the displacement function (Ting et al.,
1994; Cardona et al., 2013). The optimal design of the
cam mechanism was widely discussed in various
publications (Chen, 1982; Norton, 2002; Bouzakis et al.,
1997; Mitsi et al., 2001; Tsiafis et al., 2009; Mansour et al.,
2013; Qiu et al., 2005), where several constraints and
approaches were considered. There are various criteria for
the improvement of cam design, such as increasing their
superficial hardness and reducing friction coefficient
(Bouzakis et al., 2007; Bobzin et al., 2012), avoiding cam
wear and follower jump (Flocker, 2009) minimization of
the follower acceleration jerk and contact stress (Acharyya
and Naskar, 2008) and improving the dynamic behavior of
cam mechanisms by reducing follower undesired vibrations
(Cardona et al., 2002; Andresen and Singhose, 2004;
Flocker, 2007). A lot of optimization methods and
algorithms have been also adopted by researchers to improve
the cam design. They proposed the golden section method
(Hwang and Yu, 2005), the Lagrange multipliers method
(Kaplan, 2014), and the Kriging method (Qin and He, 2010),
by using Genetic Algorithm (Tsiafis et al., 2009; Xiao and
Zu, 2009; Cabreraetal., 2002). Fourier’s series (Cabrera et al.,
2002), by coupling the analytical law with numerical
expressions (Ottaviano et al., 2008), and polynomial
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approach (Tsay et al., 1996; Acharyya and Naskar, 2008).
A closed-form optimization was proposed for a
trapezoidal splined acceleration profile by Flocker and
Bravo (2013). Further works proposed the improvement
of dynamical behavior by adopting a variable speed cam
(Yan et al., 1996a-b). In order to optimize the dynamic
behavior of mechanisms and to establish a flexible model
of the machine, a method based on a lumped model to
predict vibrations and natural frequencies is a
promising approach (Hu et al., 2021; Guo et al., 2015).
These methods take into account the gyroscopic effect of
the rotary shaft and rotor in high-speed engines and allow
one to predict the dynamic response of the follower in
regard to all the flexibility in the kinematic chain.

A new method for cam profile design and optimization
by integrating a single objective optimization procedure
with a dynamic model of cam follower mechanism in the
delivery system of an offset press was proposed in the
study of (Ouyang et al., 2017). The aim of the recent paper
of (Borboni et al., 2020) is to study and quantify the
profile interpolation process and suggest a correct choice
of the number of points that describes the profile. In the
paper of Mermelstein and Acar (2004), a method based on a
piecewise polynomial is proposed. It requires imposing the
same degree of control on all the breakpoints and the same
continuity condition for all. For illustration, the case of a
single dwell rotary that came with translating a follower was
presented via numerical and experimental tests.

A similar method but with more flexibility to impose,
for example, using the second derivative of a checkpoint
or a continuity C® between two polynomials and C? between
two others will be discussed below. Our observations have
also shown that usually the cam profile is designed in such a
way that the various criteria given in the above-mentioned
studies apply to the entire curve. However, in many cases,
the criteria may be conflicting for different cam profile
zones. In other words, it is necessary not only to optimize
different splines with given control points, to combine them,
but also to find agreement with these criteria.

This study proposes a new solution for the design of a
cam profile combining different splines given by fixed
and adjustable checkpoints. In the suggested design, there
are two types of checkpoints. The fixed checkpoints are
given by the geometric parameters and the boundary
conditions. For some fixed checkpoints, the boundary
conditions can be presented as variables, which can be
used during the optimization. The adjustable checkpoints
have only free variables, which are determined during the
optimization. Thus, the added adjustable checkpoints allow
one to create more flexibility during the optimization and to
obtain results, which are better than in the case of the
optimization with only fixed checkpoints. The initial curve
used for illustration has been optimized several times by
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traditional optimization methods and has reached its limit.
The proposed approach to cam curve design gives better
results that were validated by experimental tests.

Problem Formulation

The design of the cam of high-speed production
machines, which have different operating criteria, has
certain requirements not only for the entire curve of the
cam profile but also for specific zones. For example, it is
necessary to lift, stop and return the follower, to respect
the positions of the follower at the control points. At the
same time, to ensure the continuity of the acceleration at
all the control points, to maintain the permanent contact
between the cam and the follower roller, to ensure
minimum contact force in certain areas, to reduce the
maximum Hertz pressure, to assume the continuity of the
acceleration jerk, the minimum pressure angle, the
minimum return time, etc.

Figure 1 and 2 allow the comprehension of the
mechanism. The studied mechanism is composed of a
main console, a support, and a follower. The follower rolls
on the cam (it is not shown), is open and cylindrical.

Springs

Follower

Fig. 1: Cam mechanism with spring assuming the contact
between the cam and the roller follower ensuring
vertical displacements

mould base

sprng

Fig. 2: A simplified design of the mechanism in order to
understand its operation

There are 4 characteristic points:

e The center of the follower moving according to the
motion law

e The center of the prismatic link

e The center of the mass of the support

e The application point of the resultant spring’s forces

The main effort applied to the support are:

Inertial force due to the acceleration
Spring elastic force

Cam roller force

Force in the prismatic joint

It is conspicuous that we can observe these conflicting
objectives. For example, the forces and torques in a cam
mechanism are directly generated by the motion profile
and the contact forces between the follower and the cam
can be expressed as:

F :[mézf”(0)+ Nspringk(Lo—L)}rmg /sin(a) 1)

where, 6 is the angular position of the cam, F is the force
between the cam and the follower, f "(8) is the second
derivative of the cam profile with respect to 6, Nsprina IS the
number of springs, K is the stiffness coefficient of the spring,
Lo is the initial length of the spring, L is the length of the
spring at current position; m is the total mass of the follower,
g is the gravitational acceleration and « is the pressure angle.

The pressure angle can be determined from the
following equation:

aza(f'(ﬁ)) 2

where, f '(6) is the derivative of the cam profile with
respect to 6.

The minimal time of the return of the follower can be
expressed as:

treurn - Hend ;gstan (3)

where, G is the angle at which the follower is in the up
position, G is the angle at which the follower is in the
down position, and @is the angular velocity of the cam.

As we can see from this simple illustrative example, in
these equations there are conflicting objectives.

For a constant angular velocity &= const and the same
Bart, In Order to decrease treum, We have to decrease Gng, SO
f'(6) will increase consequently the value of the contact force
F between the cam and the follower will also increase.

But on the entire motion profile, it is possible to have
various goals. With classical methods, it is hard to find an
optimized compromise for each goal of the entire cam
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profile. It will be better to divide the entire profile into
different sections. Then, define objectives for each section
and carry out the required minimization. Subsequently,
the sections will be combined according to their boundary
conditions and the f(8) will improve by using optimization
algorithms. These considerations are the result of repeated
discussions with engineers from different companies
faced with real industrial problems.

Multi-Criteria Design Optimization Strategy
Overview of the Strategy

In order to optimize a motion law already industrially
functional, new solutions must be found. To have good
flexibility on the curve geometry, a polynomial function
is a good choice according to the state of the art. However,
the main drawback is the link between each polynomial
spline. With flexibility on the join class, others solutions
must be reached for the considered problem, which is a
very constraint problem. In addition, introducing more
flexibility leads to more variables. To find a set of
variables that suit our problems robustly and swiftly for
industrial purposes is not simple. A combination of this
very flexible method and an optimization approach using
the proper algorithm is envisaged.

The Polynomial Representation of Functions to be
Optimized

When designing cam mechanisms, an often-imposed
law of motion is created so that the roller passes through
control points that provide a certain movement of the
system. In addition, the motion profile should not create
significant constraints during the operation of the
mechanism. Thus, the motion profile must be chosen
according to certain goals such as the limitation of contact
forces, the continuity in Jerk, etc.

All of these limitations can be expressed
mathematically, but traditional cam design methods do
not allow much flexibility in the choice of the form of the
law of motion. Therefore, the cam synthesis is tedious and
not robust to meet all the criteria successfully.

In order to better control changes in the law of motion,
the polynomial sectional approach allows for greater
flexibility and accuracy because it performs control point
interpolation rather than just a point fit. The polynomials are
easily differentiable, which makes it possible to interpolate
not only position curves but also successive derivatives.

The displacements imparted by a cam profile can be
described using a polynomial function:

p(x)=aXx"+a, X"+ +a, X +a,X+a, 4)

with:

p(x )=y

Basically, it leads to a system of the linear equation:

X x-1 x-2

0 0 X e X 1) & Yo

n n-2 n-2

XXX x 1lla|_[ ¥ 5)
n n-1 n-2

Xo X2 X2 oo X 1), Y,

To interpolate as well the derivatives, other systems
must be solved:

Y,

p'(x)=nax*+(n-1)a,_x"?+--+2a,X+a, = pol y, (6)
and:

p’'(x)=n(n-1)a,x"?+(n-1)(n-2)

a,_ X"+ +2a, = G;Xyz" =y 0

Depending on the given constraints, the derivatives of
the polynomial function can reach the maximum order m:

X X x5 % 1
nxy (n-1)%? (n-2)x° 1.0
(n-Dnxg 2 (n=2)(n-1)x° (n=-3)(n-2)x¢* -~ 0 0
X X X2 0 0
®)
a, Yo
an—l yl’
= an—z - yg
% Y,
a,m

With this matrix, it is very easy to impose a condition
ony or its derivatives.

The system of Eq. (8) is modular which means several
lines can be deleted depending on the degree of
management imposed on each control point.

The vector obtained in Eg. (8) comprises the set of
boundary conditions y; of the problem for points x;.
Therefore, the unknowns are the factors ai, which are the
polynomial coefficients. Thus, the resolution of this
system gives directly to the polynomial coefficients,
which satisfy all the boundary conditions.

Algorithm to Combine the Obtained Splines

This method has a drawback because of the Runge
phenomenon: The interpolation can be achieved only with
a pair of points. So, to create an entire law, it is necessary
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to join the different sections of splines. The fitting
between each section of the polynomial function must be
well chosen to not create an inadmissible constraint in the
mechanism. Basically, one of the main requirements is to
ensure a continuous acceleration in order to control
dynamic parameters in each point of the motion law.

In accordance with the objectives and the location of
the fitting, the connections between the polynomial
sections are selected.

Due to the physics, there is a minimal functional class of
connection, but these parameters are adjustment variables
and this allows more flexibility in the research of solution.
The degree of the polynomial is not the main criterion to
optimize. A checkpoint can have some boundary conditions
for a spline and another boundary for the next spline.

In this way, the entire motion law is created at the end
of the process as well as all the data about the constraint.
The main drawback of this method is the difficulty to find
a suitable combination of parameters in terms of position
y, derivative oyn/ox, second derivative o%y/ox?, and
variable x in (8). The best combination depends on the
constraints and goals associated with kinematic and
dynamic models of the cam mechanism.

Figure 3 shows the suggested algorithm for
optimization. With the suggested algorithm, the motion
law is generated in a procedural way via polynomial
sections and then they are connected to each other taking
into account a continuity as mentioned before, i.e.,
creating the set of the function f(6). It provides
information relating to the mechanism to be optimized,
such as efforts, torques, real-time displacements, etc.

Establish the dynamic model, fixed
checkpoints and fixed boundary
conditions of the entire curve

p
Add adpustable checkpoints. adaptable
joins class and variables boundary
comxhitions

Create first polynomial curve between
Iwo powmnts

. ~
o] Extract the boundary condstion of the

last point of the section at the degree

of connexion wanted
[ Give back all the data needed 10 ]

\

lterations up 1o

the last check-
point of the last
section

Create the pext section of the curve
with data mined

optimize the motson profile by given
objective fiunctions

Fig. 3: Scheme of the algorithm of law created by assembling
polynomial curves
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Multi-Criteria Optimization of the Cam Profile

The given algorithm allows one to generate sections of
polynomials under constraints and to connect them with a
defined degree of the fitting. However, it is difficult to
find the right parameters of the law to obtain a law of
movement that respects all the constraints and gives the
best results on the set objectives. Therefore, the boundary
conditions of each section of polynomials are considered
variables, and certain limiting conditions are also
imposed. For example, the starting position, the
checkpoints, or a zero speed at the arrival of certain zones.
With the polynomial sections, it is easy to add boundary
conditions in order to have more flexibility in controlling
the obtained curve. For example, by adding a boundary
condition up to Jerk, other solutions can be found because
the addition of this variable will give new solutions that
always respect the imposed limit conditions.

With the same reasoning, adding adjustable
checkpoints expands possible curve geometry solutions.
These adjustable checkpoints contain variable boundary
conditions and with a proper optimization algorithm, we
can determine the best location for them and their best
boundary conditions. The method is not only based on a
polynomial function to create a cam curve but also on the
research of other points that improved the result.

However, the addition of boundary conditions and the
extra points bring further difficulties in finding the exact
combination of all variables. Therefore, the suggested
approach uses optimization algorithms to find the best
combination of variables no matter the number.

To solve the problem of multi-objective optimization,
two solutions can be applied. Firstly, consider the objectives
individually and use a Pareto border to make a choice among
the panel of all the solutions. This method is efficient with
genetic algorithms but overall poor with the algorithms based
on the gradient method. The second solution is to set up only
one objective function in order to gather the objectives into
one. Each objective is weighted by a chosen coefficient then
the numerical values of the objectives are positive if the goal
is to maximize it and negative if the goal is to minimize it.
Such an objective function is the sum of all goal values. Thus,
the problem can be considered a mono-objective problem
with the use of algorithms based on the gradient method.

Let us consider an illustrative example based on an
industrial cam profile to better understand the proposed
optimization approach.

Illustrative Example with Simulations Carried out
on the Base of an Industrial Cam Profile

Industrial Cam Profile to be Optimized

In order to show the efficiency of the suggested method,
in this section, an optimization of a production machine’s
cam profile is considered the profile is shown in Fig. 4.
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4
Angde (dey)

Fig. 4: The current motion law of the cam mechanism to be
optimized

Force (N)

] ]
Fime (v)

Hertz pressere (MPa)

Fig. 5: Contact force and Hertz pressure generated by the
current motion law

The examined cam system is similar to the mechanism
given in Fig. 1. The roller follower carried out rise, dwell,
and return motions. To ensure the exact operation of the
cam mechanism, the roller follower must go through
precise checkpoints shown in Fig. 4. point "a" is the
beginning of the movement. Point "b" is the end of a linear
part that ensures a good fit between the cam and the
follower when it arrives; this part is useful to make up the
variable gap between each unit. Point ""c" guarantees that
the links of mechanisms will not collide during their
various movements. Point "d" is the point to reach as fast
as possible, so all the process can pursue, the point “e”
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and “f” ensure maintain the mechanism at a certain value
during the process, i.e., ensure to remain for a while (or
"dwell™) at altitude and finally, the point “g” is here to
replace the mechanism in its original position. The
checkpoints are determined from the condition of the
exact reproduction of the follower's motion. It should be
noted that the given profile was developed using
traditional optimization methods and further improvement
is a challenge. The contact force and Hertz pressure
between the cam and the roller are shown in Fig. 5. The
suggested approach is considered a new stage to optimize
the given cam mechanism. Hence, in the next sub-section,
the optimization objectives will be described.

Objectives and Constraints of the Optimization

Three objectives have been defined depending on the
technological constraints and the zones where they are located.

The minimization of the maximum Hertz pressure.
At present, the maximum Hertz pressure determines the
maximum input speed. The subsequent increase in the
input speed is not possible due to the rapid wear of the
cam profile. This means that by minimizing the
maximum Hertz pressure, it is possible to increase the
input speed and, as a consequence, increase the
productivity of the machine. If the input speed remains
the same, while minimizing maximum Hertz pressure,
the durability of the cam will increase.

The minimum contact force between the cam and the
roller. This problem is complex enough. On the one hand,
it is necessary to ensure reliable contact between the roller
and the cam, i.e., ensure minimal contact force between
the roller and the cam. The observations showed that it is
desirable to slightly increase the minimum value of the
contact force. However, it is not desirable to increase the
maximum value of the contact force. On the contrary, it is
desirable to reduce it.

The jerk minimization. The observation is shown that
in the zone of the curve for t € [0.09; 0.17 s], where, the
constraints are rather weak, the jerk must be minimized in
order to reduce the vibrations.

There are four constraints defined by the reliable
operation of the cam mechanism:

e The maximum displacement |y|<58 mm, due to the
operating length of the spring

e F >50 N on the entire profile to ensure permanent
contact between the came and the roller follower. This
value is determined by experimental tests and was
proposed by our industrial partner. Thus, it cannot be
less than 50 N. However, it is desirable that the
minimum contact force be greater in order to provide
more reliable contact between the rollers and the cam

e Hertz pressure must be less than 900 MPa on the
entire profile due to the mechanic limit of the
materials in contact
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e The radius of curvature of the cam must be, at each
point, superior to the radius of the roller

Parametrization of the Splines

Let us start by placing the checkpoints of the cam
profile and the description of boundary conditions. There
are seven checkpoints that ensure the specific motion of
the cam mechanism (Fig. 4).

In order to better control the curve between the zones
with the first and the second objectives, let us add a free
point “c” between the point’s “c” and “d” because these
two points are distant, consequently, we have more
freedom on the curve in this section. This is not necessary
for the other points due to their proximity; the influence
of boundary conditions is enough to control the curve. We
will add the boundary conditions on the checkpoints and
on the free point “c”. These boundaries included the
successive derivative of the displacement. Thus, the set of
variables for the optimization problem is:

Xoi Xers X s Xe 3 Yors Ve Yo s Yes Va s Yo s Yo 3 Ve s Ya o Ve

We can now develop all splines of a polynomial given
by checkpoints. Then, the connection conditions for each
checkpoint will be added.

The continuity of Jerk gives smooth accelerations on all
segments of the curve. It can reduce the vibration of the cam
mechanisms and their impact velocity. It can affect positively
the stability of the cam mechanism and reduce the wear rate.
So, a class C* is better when the Hertz pressure is high.

With all these conditions on boundaries and
connections, the polynomials are now created and linked.
The next step is to find the best combination of variables
based on the mentioned objectives. For this purpose, the
optimization algorithm is used.

Parameters for the Optimization Algorithm

The problem is defined by the following parameters.
Design variables:

e O e O AR AR AR A VR VAR VAR VA

Parameter of the MOGA I1: Number of generations:
300, DOE: 20; Number of objectives: 3; Number of
constraints: 4. The DOE (design of experiments) is
created with a Sobol method to cover the dominium.

The function to minimize is:

f(X)=wF . +W,F, +w,J

©)
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where, Finax is the maximal value of Eq. (1), Fmin the minimal
value of Eq. (1), J the maximal value of the Jerk for t € [0.09;
0.17 s] and ws, wo, and ws are the weighing factors. These
values are flexible due to the antagonist's objectives:
Minimize Fmax and maximize Fmin. This equation is the
representation of the multi-objective approach. The final
choice would be picked up [in the Pareto front of the
solutions which is composed of plenty of different. To
illustrate the choice, the weighing factors are wy = 6, W, = 2,
and ws = 1. The choice is made with regard to objectives but
also to the robustness of the solution. To ensure performance
despite the variation of the manufacturing process.

The optimization is performed on mode frontier
software. The dimming range of the design variables is
continued and extended. For the position variable, the
value is between 0 and 58 mm which is the maximal
value for the displacement in order to avoid contact
with the coil in the spring. The first derivatives are
between 200 and 200 m.rad? and the second
derivatives are between 1000 and 1000 m.rad2. This
magnitude is about 5 times the present law.

Simulation Results

Figure 6 shows Hertz pressure. The reduction is 10 Mpa,
which may seem negligible but this cam has been
optimized through the past years and even a few MPa less
can make a difference in the performance. That allows one
to increase the input angular velocity of the cam and
consequently, the machine's productivity.

In Figs. 6 and 7, we can observe that the minimal
contact force is increased up to 60%, which allows one
to ensure permanent and reliable contact between the
cam and the roller follower. The optimization also
leads to the continuity of the Jerk, which is a constraint
in the parameter used for the optimization. The
continuity in Jerk can make a good difference in terms
of stability and vibration reduction when there is a high
level of pressure.

IMPa

Pressmre

Previous version
Optimized version

Herwr

Tiww (%)

Fig. 6: Hertz pressure generated by the previous and optimized
motion laws
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Previous version
Optimized version

Foree (N)

> —+

Thase (v)

Fig. 7:Force generated by the previous and optimized
motion laws

So, the optimization gives a C* class when the Hertz
pressure is high to avoid much jerk. In Fig. 8, it can be
seen that the maximal value of the jerk is reduced for t €
[0.09; 0.17 s] according to the optimization’s objective.

This analysis is very good and hopeful but deals with only
the theoretical model. In order to improve this model and
reduce the gap between prediction and reality, some work on
the dynamic of the mechanisms has been undertaken.

ADAMS Simulations

The function of the mechanism is key to the global
process and the objectives established in the MATLAB
simulation are consistent but in regard to the other
machines in the process, the lifetime is even more
important to avoid breakdown. The shaft that supports the
roller is a fused design to break first in the worst case. This
shaft is designed with respect to mechanical fatigue and
more specifically the Dang Van method (Jabbado, 2006).
Some study has been carried out to find out the correlation
between the maximal effort suffered by the shaft during
the cycle and its lifetime. Fatigue laws are obtained and
this SN law can predict the lifetime.

As we can see in Fig. 9, the evolution is plotted with a
logarithmic scale. Even a short improvement, in theory,
leads to great benefits in the simulation. The simulations
given in Fig. 6 have been carried out via MATLAB with
perfect joints, i.e., without clearances, shock effects in
contacts, vibrations, etc. To have a better overview of the
improvement of the optimization, a simulation under
ADAMS is performed with a nonlinear contact between
the cam and the follower (Fig. 10). In this simulation, we
can directly see the effect of vibrations and shock. The
maximum effort is approximately 500N (15%) less
than the actual solution. This diminution is the direct
consequence of the optimization performed in
MATLAB. In ADAMS software, when modeling
contacts, the most difficult point is to introduce the
appropriate contact parameters. For this purpose, in the
ADAMS simulations we have used the contact
parameters provided by experimental tests.
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Fig. 8: Jerk generated by the previous and optimized motion laws

Fig. 9: SN Curve of the fuse shaft, maximal effort in the
mechanism in regards to the number of cycles
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Fig. 10: Simulation of the contact force between the cam and the
follower through ADAMS software

The ADAMS simulations have shown that the
minimization effect is greater compared to the
simulation on MATLAB since in this case additional
effects are taken into account such as real contacts
between links, shocks, and vibrations.

Experimental Validation of the Optimized Cam Profile

In order to increase the lifetime of the mechanism, the
reduction of contact forces is a key point. Observations of
the existing cam have shown that in zones of the cam
profile, where the contact forces are maximum, premature
wear appears (Fig. 11). With the suggested optimization
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technique, it will be shown a reduction of the maximal
force value generates the wear.

The cam based on the optimized profile was
manufactured and installed on one of the industrial
machines. Figure 12 shows the profiles of the previous
and optimized cams.

Figures 13 and 14, the examined mechanism with springs
and follower, as well as the wires connected to the strain
gauge, are shown. All this protocol is established to measure
the force in the mechanism. The gauge is directly put on the
axe, which is the critical element so the force that transits into
this piece is directly the one that gives us the lifetime.

Figure 15 shows the cam mechanism, which has been
tested, as well as the fixations and sensors. The setup of
this cam is extremely important for a good match between
practice and theoretical results. It should be noted that the
technician's experience is key.

The obtained results are very encouraging. They are
shown in Fig. 16. A 20% reduction in the maximal effort
for the maximal speed has been achieved. The correlation
of simulations and experimental tests, i.e., between the
theoretical estimations and the measures is quite good.
The improvement, which is the result of the suggested
method, is very satisfying. With rain, flow counts the
lifetime of the cam mechanism can be determined. This is
based on the Dang Van method, in which the evolution of
the lifetime is exponential in regard to the diminution of
the maximal effort. It should be noted that the life of the
cam mechanism optimized by the proposed method
increases from 108 million to 2.09 billion cycles. Thus,
the service life of the machine is increased by 19.3 times.

Vollower's sevolling direction

Fig. 11: Wear of the cam in the zone where the contact forces

are maximum
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Fig. 12: Previous and optimized profiles of the cam
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Fig. 16: Measured contact force between the follower and the cam
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The given optimization is illustrated for the maximal
speed but it is also interesting to see the effect of the
suggested optimization for other machine speeds.

The given analysis shows that with a lower operating
speed of the machine, the effect of the suggested
optimization on the contact force and the lifetime is greater.

Conclusion

Nowadays, given the continuous improvement of
industrial machines, it has become quite difficult to
develop new methods that can find practical
applications. It is often not enough to apply a single
software. Therefore, in the paper, it is developed an
optimization approach based on the multistage
interconnection of different tools: MATLAB, ADAMS,
and Mode frontier.

A multi-criteria  design optimization of cam
mechanisms combining different splines given by fixed
and adjustable checkpoints is discussed. Three main
stages are considered: The polynomial representation of
splines, the fitting of the splines, and the optimization
algorithm including the adjustable checkpoints for
ensuring the given objectives and constraints. ADAMS
determines the dynamic parameters, then the polynomials
representing the splines are developed in MATLAB and
this is optimized by interacting with mode frontier to get
the best profile. Such an approach gives more flexibility
and allows the interconnection of the various means of
calculation and optimization into a single algorithm.

In order to better explain the suggested approach, an
illustrative example with simulations carried out on the
base of an industrial cam profile is presented. The
existing curve of a production machine is optimized
according to seven fixed and adjustable checkpoints
and three criteria: The minimization of the maximal
value of Hertz pressure, the increase of the contact
force in a specific zone to ensure the permanent contact
between the cam and the roller follower and the
continuity of Jerk for the whole cam profile. To
evaluate the efficiency of the suggested solution, the
cam was developed and mounted on one of the
industrial machines. The experimental test results show
a good correlation with the numerical simulations. It
was shown that the lifetime of the optimized cam
mechanism is multiplied by 19 times. These good
results are achieved by reducing the Hertz pressure,
which is the main parameter in the cam’s lifetime
calculation. To minimize this value, there are two
aspects to consider: The force generated by the curve
and the topology of the curve itself. All minimizations
in the theoretical solution are improved by simulations
and even on real tests. It is important to note that
modeling a cam mechanism without real contacts
results in less perceptible minimization than with them.
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This is due to shocks and vibrations that are directly
related to the motion law. Such effects are difficult to
simulate using explicit expressions and were realized
using ADAMS software.

The obtained result is particularly noteworthy because
the examined cam profile is currently used in an industrial
machine and has been optimized several times over the
past decade via traditional optimization methods. This
proves that the proposed approach is a really effective way
to optimize cam profiles.

Finally, it should be noted that the procedure of
optimization is automatic, quite fast, and reliable, which
can be widely used in various engineering projects.
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