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Abstract: The current paper focuses on the impact phenomenon analysis, in the case of multi-
body mechanical systems undergoing fast motion, due to the presence of some manufacturing and
mounting errors or due to some accident during the transport mechanical systems. Thus, the impact
phenomenon was analyzed in two cases, the first one consisting of a two bodies, namely, a free-fall
body brought in contact with the other considered fixed in space and the second case, which is a
complex one, when the analyzed bodies are components of a multi-body mechanical system. The
research main objective is to analyze the impact generated between the two bodies through three
methods, i.e., the analytical method, a virtual prototyping method accomplished with MSC Adams
software and a method based on finite element analysis with Ansys and Abaqus software. A dynamic
model of the impact force was developed, which allows to make a comparison of the numerical
results obtained through the abovementioned methods. As a multi-body mechanical system, it
was considered a mechanism from an internal combustion engine from which the radial clearance
between the piston bolt and connecting rod head of the considered mechanism was analyzed.

Keywords: dynamics impact; finite element; radial clearance; modal dynamic analysis

1. Introduction

The impact phenomenon can be present in the case of multi-body systems and this can
be generated by many causes such as mounting and manufacturing errors, discontinuities
of kinematic parameters variation or critical situation (for example, vehicle collision, etc.).
Vehicle collisions are much more complex than other impact phenomena occurring between
the two bodies.

The impact analysis of multi-body systems is of paramount importance since at the
impact moment, the system state variables are quickly modified and discontinuities inside
of system velocities and accelerations appear. These discontinuities can lead to forces of
high values, which vary in a very short period of time. By knowing these forces variation
peaks, it is important to take them into account during the mechanical systems design.

Using the research reported in [1], the authors show that there are two methods for
solving impact problems of multi-body mechanical systems. The first method is based on
a model of a “continuous” contact-force type. Similar models were analyzed in [2] and
they underpinned a spring-damper element. Other research like that in [3] uses a Hertzian
model for impact analysis. The second method is used more frequently than the first one
and this is called the piecewise analysis method, where the motion equations integration
stops at the moment of impact.

The research data from [4] present an impact analysis for models with friction from
mechanical systems, which contain open kinematic linkages. Two problem types, namely,
a bar, which drops free on the ground and a double pendulum system in a free fall, are
examined. Thus, by solving the analytical impact problem it can be remarked that this
mainly depends on motion equation integration at three impact phases, i.e., before, during
and after the impact. This it could be a starting point for the proposed research.

Mathematics 2021, 9, 1776. https://doi.org/10.3390/math9151776 https://www.mdpi.com/journal/mathematics

https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://doi.org/10.3390/math9151776
https://doi.org/10.3390/math9151776
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/math9151776
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math9151776?type=check_update&version=1


Mathematics 2021, 9, 1776 2 of 26

In the research reported in [5] information is provided on whether impact events
of mechanical systems can be successfully modeled through simple or low-order finite
elements. There are developed simple finite element models which are benchmarked
against theoretical impact problems and published experimental impact results. A case
study is also presented, a finite element model using simple plastic beam elements. This
is further tested to predict stresses and deflections in an experimental structural impact.
The established workflow can be transposed to other impact problems because the stress
levels predicted by the FEA model were generally within 10% of measured values. This
demonstrates that a finite element analysis characterized by simple or low ordered finite
elements can be used as a valid engineering tool for a medium-sized manufacturer in
developing analyses of mobile mechanical systems or for designing products exhibiting
impact requirements.

Impact phenomena can be studied by using simple models, especially experimental
ones. This can generate complex problems which are hard to analyze through analytical
methods. For example, the methods used in [6] develop analytical and experimental studies
on some models based on free-fall drop impact analysis of portable products similar to
cell phones. Thus, the research core was represented by a developed simplified analytical
procedure for obtaining the dynamic response during impact in case of a free fall dropped
object. The developed experimental analysis uses special objects with accelerometers
mounted inside. With the use of a special drop tower with a guiding frame for controlled-
angle free-fall drop impact, the used objects are dropped at different angles and the
acceleration during impact is recorded. The aim of this analysis is to improve the conceptual
solutions for impact resistance of portable products. From this research the experimental
infrastructure can be noted and for further research the principle can lead to the use of
small objects presumed to undergo a free fall drop. Thus, an experimental stand can
be elaborated and an accelerometer can be placed inside of the base component. Also
for experimental tests video motion analysis with high speed cameras can be used for
analyzing impact phenomena.

Impact phenomena occur in various domains and cases, starting from medicine,
accidentology, mechanical engineering, civil engineering, military defense, food industry,
chemistry or physics. From this different methods and tools can be extracted for impact
modeling.

In [7] the civil engineering specialists analyzed the behavior of concrete specimens
during impact phenomena. Thus, experimental tests were made by dropping a constant
weight hammer from five different heights on concrete specimens placed on special cells
equipped with accelerometers. The novelty of this research relies on a finite element model
that is made by using the ABAQUS software. Thus, extra attention is paid to the modeling
of impact incidence and a non-linear dynamic model was prepared. FEM in the presented
research can only be used for giving designers a prior idea about the impact behavior.
A similar analysis was conducted in [8] where the authors determined the most suitable
drop height for shock testing military equipment. For this, an application of regression
analysis and a back-propagation neural network for determining the most suitable drop
height for free-fall shock tests was proposed. The mathematical model, elaborated through
a regression analysis, was verified through a comparative analysis between experimental
tests carried out on several military materials like specific elastomers in order to estimate
the optimal height and duration for free-fall shock tests.

Based on free-fall drop objects, several experimental tests were performed in [9] by
taking into account the related researches from [10–13]. The authors in [9] performed
a quite modern experimental analysis of the impact-induced acceleration by obstacles
with the use of flexible ball chains. It can be remarked that impact phenomena have
different behavior and depend on various materials. The novel element is represented
by the possibility of using modeling of discrete structures as continuous bodies with a
complicated constitutive law of impact which includes angle of incidence as a starting
point for the elaborated mathematical models.
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Bearing in mind the research reported in [14,15] it can be remarked that impact
phenomenon modeling can be performed through modern techniques and for these finite
element modeling represents an essential tool. For example, in [14] a nonlinear dynamic
finite element analysis for a cylinder piston model was performed. The authors developed
finite element models analyzed under specific circumstances of collision impact with the
ANSYS/LS-DYNA software. The developed mathematical model can be applied to mobile
mechanical systems. Several input data for the developed numerical simulations are
reported, but in this case the clearance between piston and cylinder was neglected. The
obtained results are materialized through impact force under different velocities of the
piston impact collar.

An important argument for controlling the input parameters for impact modeling
relays on simple numerical simulations like the one reported in [15], where the developed
numerical simulations examine the perforation of steel and aluminum plate specimens
and then impact load is applied on composite plates with eight layers reinforced by
carbon fibers. For this ABAQUS software was used for several numerical models of solid
penetration i.e., Mohr-Coulomb model, Johnson-Cook model, Zerilli-Armstrong model,
Steinberg-Guinam model and a thermo-mechanical material model. For these it is very
important to retain the use of damping coefficient, penetration depth, restitution coefficient,
and also the way of controlling the finite elements network.

The impact without friction was analyzed by other studies like those describe in [16–19].
In [20] contact-impact force models, with friction, for cylindrical surfaces and spherical ones
are analyzed.

Based on the results reported in [21], a comparison between different contact-impact
force models for a crank and connecting rod mechanism were made. In this research the
major objective is to analyze the impact phenomena for two major cases:

(1) Impact analysis for two bodies on a free-fall drop, which come in contact together,
and

(2) Impact study for a multi-body system from an internal combustion engine mechanism.

For the first case it is important to control the input data for numerical simulations in
order to have better accuracy during impact phenomenon modeling. In the second case
some input data from the previous case are reconsidered and the obtained results will
improve the reliability of the mobile mechanical systems, especially the ones from internal
combustion engines, but not limited to these.

The novel element achieved through this research is the numerical result accuracy
based on the finite element method for studying a impact phenomena. In order to achieve
this several contact analyses it will be proposed, namely with and without friction, with and
without damping effect and for different dynamic impact force parameters. Another novel
element is represented by the three impact modeling methods used, namely analytical,
virtual prototyping and FEM analysis. These methods allow identifying the variation
domain for important dynamic factors, namely penetration depth, damping coefficient and
force application factor.

In a comparison with [6], the contact between two bodies on a free-fall drop will
be better analyzed and controlled due to the mathematical considerations. This can be
completed by using modern techniques implemented through finite element software. The
desired data can be easily compared through experimental analyses conducted on similar
models for analyzing impact phenomena.

2. Impact Analysis of a Link with Planar Surface

In this case, it will analyze a planar mechanical system made up of a bar with a circular
cross-section, which will drop freely with one end on a planar surface, being articulated
through a ball bearing joint at the other end, as it can be seen in Figure 1.
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Figure 1. Kinematic model of the planar mechanical system.

This bar has a transversal circular diameter of 4 mm and a length of 240 mm. The
planar surface has a rectangular shape with a length of 300 mm, a width of 100 mm and a
height of 6 mm. The envisaged bar link will drop free from a height of 194 mm.

For this model it is important to analyze the impact between the bar and the planar
surface in three cases, namely, the analytical mode, modeling and numerical simulation
with Adams software, the modeling with finite element method through the aid of ANSYS
and Abaqus.

2.1. Analytical Method

The analytical method involved an elaborated mathematical model based on the
kinematic scheme in Figure 1.

For the schematized model in Figure 1, it will obtain the bar angular speed from
dynamics considerations:

l
2

G· cos θ = J0·
d2θ

dt2 , (1)

where: G represents the bar weight, which actuates in the mass center C1; J0 is the mass
inertia momentum depending on bar rotation center, O and θ is the bar rotation angle:

J0 =
m·l2

3
=

G·l2

3·g , (2)

..
θ =

d2θ

dt2 =
G·l
2
·cos θ

J0
, (3)

..
θ =

3g
2l
· cos θ, (4)

..
θ = ω·dω

dθ
. (5)

Equation (4) is integrated and it has the following form:

ω2

2
=

3·g
2·l · sin θ + C. (6)

The initial conditions are introduced:

t = 0, θ = θ0,
.
θ = ω = 0. (7)

By introducing Equation (7) in (6) we obtain:

0 =
3·g
2·l · sin θ0 + C. (8)
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In addition, it will have the following mathematical expressions:

C = −3·g
2·l · sin θ0. (9)

ω2 =
3·g

l
(sin θ − sin θ0), (10)

where: ω is the bar angular speed, l the bar length, and g the acceleration of gravity.
To determine the impact function, the displacement and speed of the free end of the

bar, i.e., point (A), is considered. Therefore, the kinematic constraint equations are:

Φ(q, t) =


X− X0 − cos θ· l2 = 0
Y−Y0 − sin θ· l2 = 0

θ −ω·t = 0
. (11)

The generalized coordinate is: q1 = [x1, y1, ϕ1]
T .

A proper Jacoby model for Equation (11) is:

Jq =

 1 0 l
2 sin θ

0 1 − l
2 cos θ

0 0 1

. (12)

Velocities

These will be obtained by differentiating the Equation (11) depending on time, and
the obtained results are: 

.
X1 −

.
X0 +

l
2 ·

.
θ· sin θ = 0

.
Y1 −

.
Y0 − l

2 ·
.
θ· cos θ = 0

.
θ −ω1 = 0

. (13)

According to Figure 2, the impact function accepted by multibody systems theory [22]
will have the following form:

F =

{
0, i f . . . y > y1
k(y1 − y)e − cmax·y·STEP(y, y1 − d, 1, y1, 0), i f . . . y ≤ y1

. (14)
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Figure 2. Spherical—planar contact type.

In Equation (14) one can identify the following terms: y—distance depending on
time, which is necessary for the impact function calculus, namely: yA = yA(t);

·
y = dy

dt —
the point speed at which it will consider that it will actuate the impact force, i.e., speed
·
y = vA (point A speed); y1—a positive real variable, which can be considered to be the
free length of y component displacement; k—stiffness which corresponds to the interaction
between the bar and the contact surface; e—is a positive real variable which specifies
the deformation characteristics exponent of the applied force; cmax—is a non-negative,
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double-precision variable that specifies the maximum damping coefficient; d—is a positive
double-precision variable that specifies the secondary penetration at which ADAMS/Solver
applies full damping.

The damping coefficient versus the penetration variation is plotted in Figure 3.
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Figure 3. Damping coefficient versus penetration.

The stiffness term k, which can be seen in Equation (14), depends on material properties
and the solid bodies’ radius when these get in contact together. This is calculated by using
the following equation [22]:

K = 4
3π(hi+hj)

R1/2 , R =
Ri Rj

Ri+Rj
, hk =

1−ν2
k

πEk
, k = i, j , (15)

where: Ri, Rj—represent the radii of each body in contact; νi, νj—represent the transversal
contraction coefficients for bodies i and j brought in contact together; Ei, Ej—represent the
longitudinal elasticity modulus for body i and body j, respectively.

It is important to know the following conditions:

• if y ≥ y1, there will be no penetration at the level of the contact surface, and in this
case the impact force will be equal to zero (penetration p = 0);

• if y < y1, penetration occurs at the end closer to the i marker, and the impact force is
>0 (penetration p = y1 − y);

• when p < d, the damping instantaneous coefficient is a cubic STEP function of penetra-
tion, labeled p;

• when p > d, the instantaneous damping coefficient will be cmax.

Thus, the impact function, regarding [22], has the following form:

Fimpact = F
(
y,

.
y, y1, k, e, cmax, d

)
, (16)

The impact function is active when the distance between the markers i and j will
be smaller than y1. Practically, this function enters when the considered bodies collide,
otherwise, it will be equal to zero. Also, it will consider that the force in the mathematical
expression of (14) has two components:

• a spring or stiffness component and a damping or viscous component:

F1 = k(y1 − y)e, spring (stiffness component). (17)

Furthermore, the stiffness component will be an opponent term of penetration:

F2 = cmax·
·
y·STEP(y, y1 − d, 1, y1, 0), (18)

• damping (viscous component), which is a function of the speed of penetration.

Damping opposes the direction of relative motion. Alternatively, the mathematical
model of the impact force, when the considered bodies collide, will be:

F = max
(
0, k(y1 − y)e − c

.
y·STEP(y, y1 − d, 1, y1, 0)

)
, (19)
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Both components of the considered force can be analyzed based on Figures 4 and 5,
namely:

F1 = k(y1 − y)e; F2 = −c
·
y·STEP(y, y1 − d, 1, y1, 0). (20)
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The STEP function approximates the Heaviside step function with a cubic polynomial
one, as well as a STEP function, which looks like the one in Figure 6.
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The equation by which a STEP function will be defined in the following form:

STEP =


h0 : y ≤ y0

h0 + a·∆2(3− 2∆) : y0 < y < y1
h1 : y ≥ y1

, (21)

where:
a = h1 − h0, ∆ = (y− y0)·(y1 − y0). (22)

Thus, the impact force mathematical model will be elaborated based on the math-
ematical expressions in Equation (14). For the proposed system presented in Figure 2,
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it will obtain: h0 is equal to zero for this aplication. By comparing Figures 5 and 6, the
mathematical expression (21) becomes:

STEP =


cmax : y ≤ y1 − d

cmax + a·∆2(3− 2∆) : y1 − d < y < y1
0, y ≥ y1

. (23)

where:
a = cmax, ∆ = (y1 − y1 + d)/d. (24)

Thus, the k stiffness value can be calculated with Equation (15) and the obtained
value will be k = 48,049. The presented mathematical models, which correspond to the
impact force, can be numerically processed under MAPLE programming environment.
Accordingly, the time intervals when the stiffness component and viscous component
of impact force are actuated will be identified. These time intervals correspond to a
programming sequence, namely Algorithm 1, with the MAPLE software as follows:

Algorithm 1 Programming Sequence for Time Intervals

for t from 0 by 0.0001 to 0.6 do
if (y) ≤ (y1 − d)then
F := k·(y1 − y)e − vy·cmax; print (t, y, F);
elif (y1 − d) < y andy < y1 then
F := k·(y1 − y)e − vy·

(
cmax + a·P2·(3− 2·P)

)
;

print (t, y, F) else
F := 0;
print (t, y, F) end if
end do;

Using the initial data and the programming sequence, the processing of the presented
mathematical models will lead to the time variation diagrams of both impact force compo-
nents. Two major cases defined through different damping coefficients will be considered:

(a) Bar length: l = 240 mm; y1 = 0.8; damping coefficient: cmax = 1; penetration depth:
d = 0.01; stiffness: k = 48,049; force exponent: e = 2.2. By considering the diagram in
Figure 7, it can be noted that the impact force will have a maximum value of 250 N, and in
Figure 8 the viscous component has a maximum value around 3000 N, and these values
correspond to c = 1. If we modify the damping coefficient at a value of c = 6, the force
stiffness component will reach a value of 450 N, according to Figure 9, and the viscous
component reported in Figure 10 will reach a value of 5 × 104 N.

(b) Bar length: l = 240 mm; y1 = 0.897; damping coefficient: cmax = 6; penetration depth:
d = 0.01; stiffness: k = 48,049; force exponent: e = 2.2.
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2.2. Impact Modeling with MSC Adams

For the impact analysis, a virtual model was designed, equivalent to an experimental
testbed, as can be observed in Figure 11. This contains in its structure a bar (1), a prismatic
body (2) and a column composed of adjustable length devices (3). The considered bar
has free motion on one end under its own weight. With the help of this virtual model the
impact between the bar and the prismatic body will be analyzed. This will take place in
three virtual environments, namely, MSC Adams, ANSYS and Abaqus software.
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The virtual prototyping accomplished via the Adams program has on its background
a kinematic model made up of five parts connected together through kinematic joints. Thus,
the adjustable column (3) has devices which allow the user to adjust the drop height of
the considered bar (1). By having a closer look at the impact between the abovementioned
components from a dynamic viewpoint, these were defined as deformable bodies and were
meshed with finite elements such as tetrahedral ones taking into account the connection
between interest nodes.

To obtain the impact function corresponding to the elaborated dynamic model, the
following steps are to be followed:

The marker which materializes the origin of the impact force (marker_25, in Figure 11)
will be identified;

The kinematic parameters (displacements and velocities) for the application point
of the impact force (displacement and velocity of marker 25 according to Figure 12) will
be obtained through numerical simulations. These parameters are defined as functions
depending on time;
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The dynamic model parameters of the impact function, i.e., stiffness—k; damping—c;
depth penetration—d; force exponent coefficient—e, will be evaluated.

The stiffness k will be calculated by Equation (15) by taking into account the geometry
of the considered components which will be in contact together. The kinematic parameters
are monitored in line with a local coordinate system, which is fixed with the prismatic
body, defined through marker no. 4 (according to Figure 11).

The impact analysis of both component bodies will be made for two distinct cases,
a contact made from rigid bodies and a contact made from deformable ones, respectively.

Thus, in Figure 12 the time variation laws for displacement in the case of marker no.
25 (dz_25), speed (vz_25) and impact force (force) can be seen. The dynamic parameters,
which contribute to the impact function definition, have the following values: k = 48,049,
e = 2.2, c = 1, d = 0.01. For differential equations integration the Adams solver GSTIFF I3
was used, with an integration step equal to 1 × 10−3. In addition, the recorded harmonics
as amplitude and number obtained in the case of impact forces variation are generated
mainly by the damping phenomenon.

In order to examine the prismatic body behavior at the contact moment with the bar,
it is necessary to perform a transversal elastic displacement analysis of this, as shown in
Figure 13. Thus, in Figure 13 the prismatic body elastic displacement and the impact force
when the damping coefficient is equal to 1 are represented. It can be remarked that the
elastic displacement is relatively small, whereas the impact force reaches maximum values.
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By considering Figures 14 and 15, it can be observed that the impact force and dis-
placement variation occur at the same time intervals. In this case, the contact number
between the bar and the prismatic body is smaller than in the previous case.
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In Figures 16 and 17, the impact force, displacement and speed variation diagrams of
the analyzed marker, namely, marker no. 25 (dz_25, vz_25) are shown, when the damping
coefficient is equal to c = 6. These diagrams were obtained by taking into account a local
coordinate system placed on the prismatic body in marker no. 4, according to Figure 11.
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The impact between these components occurs at the time t = 0.1824 s. Thus, it can
be observed that the displacement after impact shows a quasilinear variation until the
time t = 0.2265 s, when the bar loses contact with the prismatic body component. At the
impact moment the bar speed suddenly increases and it records a maximum value of
1325 mm/s. Accordingly, the impact force will occur at the contact moment and it records
values ranging from zero to 205.5 N. Between the time interval of 0.1824—0.1862 s, the
considered force will record many harmonics and one of them reaches a high value of
406.66 N as it can be seen in the detailed view in Figure 17. This variation has the following
dynamic parameters values: k = 48,049, e = 2.2, c = 6, d = 0.01. In addition, this dynamic
analysis was set up for an integration step equal to 1 × 10−4.

By comparing the variation diagrams in Figures 12 and 16, it can be noted that for a
high value of the damping coefficient, the number of harmonics will increase, whereas the
transversal elastic displacement will decrease.

Figure 18 shows the force impact and transversal elastic displacement during time
of the prismatic body component considered as a solid deformable one. These variations
correspond to an impact force dynamic model where the damping coefficient is equal
to c = 6. A detailed view of these variations is shown in Figure 19, which corresponds
to the impact force and elastic displacement during the first impact. Another aspect is
represented through the diagram in Figure 20, describing the entire impact force and elastic
displacement variations on each impact between the bar and prismatic body components.
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vs. time.
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2.3. Impact Analysis with Finite Element Method

To analyze the impact phenomenon, based on the finite element method, three soft-
ware programs were used, namely: Abaqus, ANSYS Workbench and ANSYS Mechanical
APDL. For the impact phenomenon analysis with ANSYS the following steps were fol-
lowed: the mechanical system CAD model was imported; the kinematic joints were defined;
the entire model was meshed with proper finite elements and material and inertial prop-
erties were also defined; there were introduced the contour conditions and the contact
between the bar and the prismatic body components was established when that had a free
fall at the one end and touched the prismatic body.

The aim of this analysis regards the dynamic parameters, which define the contact
between the bar and the prismatic body. Thus, many contact models, such as the ones
below, were created:

(a) Frictionless contact, characterized by behavior-symmetric, stabilization damping
factor-10, pinball radius—5 mm. In this case, the integration step was set up at 1 × 10−4

which corresponds to the hypothesis of large deflections. Time variation diagrams were



Mathematics 2021, 9, 1776 14 of 26

identified for the following parameters: prismatic body stress, computed by considering
a local coordinate system solitary with this component and dynamic parameters, which
define the impact phenomenon between the bar and the prismatic body, namely, penetration
depth, friction stress, contact pressure and contact force. For this model, the contact force is
represented in Figures 21 and 22.
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(b) Frictionless contact when the stabilization damping factor is equal to 0.1 and
the integration step is equal to 1 × 10−4. With reference to the previous case, one it
can note a decrease of amplitude for the resultant elastic displacement and an increased
number of harmonics for all the monitored kinematic and dynamic parameters after the
first impact. Thus, the contact force records a maximum value during the impact of 433.
N and afterwards, the values will be small due to the damping phenomenon (Figure 23).
Considering the diagrams reported in the first case (case a), it can be observed that after
the impact, all the monitored parameters reach absolute values at the same time instants,
whereas different variation forms are reported. By having in sight the fact that in all
the modeling cases the bar motion in a free fall drop records high amplitudes, the finite
element analysis was setup under the large deflections hypothesis. Thus the used finite
elements support the contact modeling under this hypothesis. This setup was done in
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order to evaluate in a correct manner the bar component motion before and during the
impact phenomenon.
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It can be observed that during the time interval 0 to 0.18517 s, the bar component will
have a free motion under the gravity force until the impact momentum with the prismatic
body component (this occurs at time = 0.18426 s). From the reported diagram it can be
seen that the impact length period is around 0.002 s (between time = 0.18426–0.18626 s).
After the impact, the displacement amplitude of the bar component will decrease due to
the damping phenomenon, as it can be seen in Figure 24. The contact problem processing
between the bar and prismatic body components take the time variations of the following
parameters: contact pressure, sliding distance, friction stress, penetration and contact force.
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(c) Contact type rough, where the stabilization damping factor is equal to 6. For this
contact type it was remarked that the impact force has a higher value, i.e., equal to 915 N.
In addition, the bar motion amplitude after the first impact is higher than in the other cases.
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Thus, the impact was influenced by the quality of the contact surfaces. The obtained results
are reported in Figures 25–27.

In Figure 25 can be observed that the bar component displacement amplitudes will
not decrease immediately after the impact time period. They reach high values around
230.16 mm. The reason for this behavior is represented by the base component surface,
which is rough and the analyzed contact problem was included in this hypothesis of
contact definition.

Thus, the impact force records high values at points A, B and C, as shown in Figure 26.
A correspondence time interval between the bar component displacement variation and
the force at the impact moment and after impact can be spotted.

Figure 27 provides details of the impact force variation with time for the most impor-
tant contact zones, namely, zone A and zone B. It can be remarked that the time period of
the impact is higher than the other time periods. In addition, after the first contact, the time
periods were smaller for zones B and C compared to Zone A. High values were recorded
for the first contact, namely, 915.73 N (corresponding to zone A), then they decreased to
around 515 N (corresponding to Zone B) and to around 735 N (corresponding to Zone C).

Mathematics 2021, 9, x FOR PEER REVIEW 16 of 27 
 

 

 

Figure 24. Force impact variation depending on time for the b-case. 

(c) Contact type rough, where the stabilization damping factor is equal to 6. For this 

contact type it was remarked that the impact force has a higher value, i.e., equal to 915 N. 

In addition, the bar motion amplitude after the first impact is higher than in the other 

cases. Thus, the impact was influenced by the quality of the contact surfaces. The ob-

tained results are reported in Figures 25–27. 

In Figure 25 can be observed that the bar component displacement amplitudes will 

not decrease immediately after the impact time period. They reach high values around 

230.16 mm. The reason for this behavior is represented by the base component surface, 

which is rough and the analyzed contact problem was included in this hypothesis of 

contact definition. 

Thus, the impact force records high values at points A, B and C, as shown in Figure 

26. A correspondence time interval between the bar component displacement variation 

and the force at the impact moment and after impact can be spotted. 

 

Figure 25. Resultant displacement depending on time for the c-case. Figure 25. Resultant displacement depending on time for the c-case.

Mathematics 2021, 9, x FOR PEER REVIEW 17 of 27 
 

 

 

Figure 26. Impact force variation vs. time for the c-case. 

Figure 27 provides details of the impact force variation with time for the most im-

portant contact zones, namely, zone A and zone B. It can be remarked that the time pe-

riod of the impact is higher than the other time periods. In addition, after the first contact, 

the time periods were smaller for zones B and C compared to Zone A. High values were 

recorded for the first contact, namely, 915.73 N (corresponding to zone A), then they de-

creased to around 515 N (corresponding to Zone B) and to around 735 N (corresponding 

to Zone C). 

 

Figure 27. A detailed view of the impact force variation vs. time for the c-case (Zone A and B). 

2.4. Impact Modeling with Abaqus 

In order to study the impact phenomenon under the Abaqus software environment, 

the same mechanical system model that was presented in Figure 11 was considered. The 

virtual prototyping accomplished with the Abaqus software underpins a kinematic 

model made up of five parts connected together through kinematic joints. There was 

made a similar setup as in the previous case studies and the main objective was to de-

termine the impact force variation and the elastic displacement during the impact phe-

nomenon. Thus, the obtained results are reported in Figures 28 and 29. 

Figure 26. Impact force variation vs. time for the c-case.



Mathematics 2021, 9, 1776 17 of 26

Mathematics 2021, 9, x FOR PEER REVIEW 17 of 27 
 

 

 

Figure 26. Impact force variation vs. time for the c-case. 

Figure 27 provides details of the impact force variation with time for the most im-

portant contact zones, namely, zone A and zone B. It can be remarked that the time pe-

riod of the impact is higher than the other time periods. In addition, after the first contact, 

the time periods were smaller for zones B and C compared to Zone A. High values were 

recorded for the first contact, namely, 915.73 N (corresponding to zone A), then they de-

creased to around 515 N (corresponding to Zone B) and to around 735 N (corresponding 

to Zone C). 

 

Figure 27. A detailed view of the impact force variation vs. time for the c-case (Zone A and B). 

2.4. Impact Modeling with Abaqus 

In order to study the impact phenomenon under the Abaqus software environment, 

the same mechanical system model that was presented in Figure 11 was considered. The 

virtual prototyping accomplished with the Abaqus software underpins a kinematic 

model made up of five parts connected together through kinematic joints. There was 

made a similar setup as in the previous case studies and the main objective was to de-

termine the impact force variation and the elastic displacement during the impact phe-

nomenon. Thus, the obtained results are reported in Figures 28 and 29. 

Figure 27. A detailed view of the impact force variation vs. time for the c-case (Zone A and B).

2.4. Impact Modeling with Abaqus

In order to study the impact phenomenon under the Abaqus software environment,
the same mechanical system model that was presented in Figure 11 was considered. The
virtual prototyping accomplished with the Abaqus software underpins a kinematic model
made up of five parts connected together through kinematic joints. There was made a
similar setup as in the previous case studies and the main objective was to determine the
impact force variation and the elastic displacement during the impact phenomenon. Thus,
the obtained results are reported in Figures 28 and 29.

Figure 28 presents the contact force variation during time at the impact moment and
after, between the bar and the prismatic body component. This reaches a maximum value
of 450 N. In Figure 29, the bar component displacement in a free fall, before and at the
impact moment, records values within an amplitude of 200 mm, which will decrease after
the first impact.
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3. Dynamic Analysis of the Impact in the Case of a Crank-Connecting Rod Mechanism

With the Adams program, a connecting rod-crank mechanism is examined. Due to the
modeling of a radial clearance in the rotational joint between the connecting rod and the
slide, an impact occurs, which generates a force impacting the dynamics of the mechanism.
The radial clearance resultant value in the rotational joint is equal to 1.1 mm. A procedure
was designed for generating the torque, under the Adams programming environment, to
actuate the entire mechanism in the impact force conditions between the connecting rod
and the slide. The following steps are required to create the impact function:

• time variation functions are defined for the interest marker displacement and velocity
(the marker that materializes the force point application, i.e., marker 13, placed in the
joint rotation center);

• the impact function will be created based on the following kinematic and dynamic
parameters: displacement, dy_ MARKER_i, velocity, vy_ MARKER_i, for marker i,
stiffness k, exponential coefficient e, damping c, penetration d, as follows:

IMPACT (.MODEL_1.dy_ MARKER_i, .MODEL_1.vy_ MARKER_i, k, e, c, d)
One will examine the impact force effect developed at the connecting rod-slide contact

on the evolution of the mechanism kinematic parameters, in two cases, a mechanism with
rigid elements and a mechanism with deformable elements, respectively.

3.1. Impact Dynamic Analysis with Rigid Elements

A function is defined in order to identify the motor torque, based on the following
expression:

Mm = M0 ∗ (1−WZ(MARKER_1, MARKER_9, MARKER_10)/ω0), (25)

where: Mm represents the engine torque (Tm—reported in diagrams); M0 is the initial
torque; ω0 is an initial angular velocity; WZ represents the resulting angular velocity
during the engine torque.

There are three markers placed in the center of rotation of the crank, namely, MARKER_1,
MARKER _9, MARKER 10. These will materialize the origins of three reference systems
(two reference systems that define the rotation torque and one mobile integrated with the
crank). The mechanism dynamics was studied for the dynamic parameters with several sets
of values in the impact force structure. These are represented through diagrams as seen in
Figures 30–33.
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The functions used for processing the diagrams in Figure 30 are:

Torque:(−10,000,000 * (1 −WZ(MARKER_1,MARKER_9,MARKER_10)/10);
IMPACT(.MODEL_1.dy_13, .MODEL_1.vy_13, 0.0, 10,000, 0.1, 10, 1 × 10−3)

The functions that were the basis for processing the diagrams in Figures 31–33, are:

Torque: (−10,000,000 * (1 −WZ(MARKER_1, MARKER_9, MARKER_10)/10)
IMPACT(.MODEL_1.dy_13, .MODEL_1.vy_13, 0.0, 10,000, 0.01, 10, 1 × 10−3)

The reported results in Figure 33 generate the following functions:

Torque: (−10,000,000 * (1 −WZ(MARKER_1, MARKER_9, MARKER_10)/10)
IMPACT(.MODEL_1.dy_13, .MODEL_1.vy_13, 0.0, 10,000, 0.2, 10, 1 × 10−3)
Torque: (−100,000,000 * (1 −WZ(MARKER_1, MARKER_9, MARKER_10)/10)
IMPACT(.MODEL_1.dy_13, .MODEL_1.vy_13, 0.0, 100,000, 0.2, 10, 1 × 10−3)

Figures 30–33 show the time variation diagrams for the engine torque and the two
components of the impact force along the y and z axes.

Figure 30 indicates that the three components have a cyclic variation, and that each
cycle was repeated at an interval of 0.63 s.

The engine torque in each case reaches a maximum value at the start-up, due to the
mechanism inertia in the first milliseconds. In addition, as seen in Figure 30, the engine
torque maximum value on each cycle is around 4.09 × 105 Nmm and the minimum value
around −8.25 × 105 Nmm.

It was found that the component along the y-axis of the force reaches higher values
than the one along the z-axis. Thus, the component along the y-axis has a maximum value
of 12.375 N, and the one along the z-axis has a maximum value of 3.500 N.

In Figure 31 the impact force components have the same variation shape as the ones
in Figure 30, with the specification that the extreme values are lower given the dynamic
parameters, except for the force exponent which was smaller in this case. The component
along the y axis reaches a maximum value of 6181.81 N and around 1462.5 N along the
z axis.

In Figure 32, the engine torque and the impact force dynamic parameters are kept,
except for the force exponent, which increased. This led to a significant increase of the two
force components extreme values along the y and z axes, i.e., 23,875 N for the y-axis and
5.750 N for the z-axis.

In Figure 33 the structure stiffness in the case of the impact force changes, consequently,
a higher value of the initial moment M0 is required. In this case, the maximum and
minimum values of the engine torque and the impact forces components change, resulting
in 8.63× 106 Nmm for the engine torque, the value of the component along the y-axis being
around 2.7 × 105 N and the value of the component along the z axis being of 64,925 N.

As a remark, due to the eccentricity of the spindle-bearing coupling type, the two
dynamic components (engine torque and impact force), record jumps in an infinitesimal
time at the mechanism start-up. We will consider that these jumps can be neglected and
find that the mechanism has a correct cyclic operation, even if in some cases the extreme
values of the dynamic components are high. For this reason, a dynamic study of the
mechanism is required, regarding the elements in contact as deformable.

3.2. Impact Dynamic Analysis with Deformable Elements
3.2.1. Mathematical Considerations

A geometrical modeling of the engine mechanism was performed using the Solid-
Works software, according to its dimensions and construction geometry.

The mechanism modal dynamic analysis was performed via the ADAMS program
and it involved two important steps:

• Evaluating the natural frequencies and vibration modes;
• Elastic dynamic analysis.
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The modal analysis mathematical models of a mobile mechanical system with de-
formable elements were proposed and developed by Craig and Bampton [23].

Thus, the equations defining the flexible body motion are differentiated from La-
grange’s equations [23]:

d
dt

(
∂L

∂
.
ξ

)
− ∂L

∂ξ
+

∂F

∂
.
ξ
+

[
∂Ψ
∂ξ

]−1
λ−Q = 0, (26)

where: L is the Lagrange defined as: L = T− V; T and V are the kinetic energy and potential
energy, respectively, F is the energy dissipation function; Ψ are the constraint equations;
λ are the constraints Lagrange multipliers; ξ are the generalized coordinates; Q are the
generalized applied forces (the applied forces projected on ξ).

The flexible body generalized coordinates are:

ξ =
{

x, y, z,ψ, θ, ϕ, qi (i=1...M)

}T
= {x,ψ, q}T . (27)

The instantaneous position of a point attached to a node on a flexible body, according
to Figure 34, is given by the following mathematical expression:

rp′ = r + ru + u, (28)

where:
→
r is the position vector from the fixed (ground) reference system origin to point

O where the local reference system origin is located of the flexible body;
→
ru is the position

vector of the undeformed position of point P, according to the local reference system
attached to body B;

→
u —the translational deformation vector of point P, the position vector

of the body un-deformed position to its deformed position.
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Figure 34. The position vector to a deformed point P’ on a flexible body relative to a local body
reference system and to the fixed (ground) reference system.

The elements of the vector
→
r , x, y and z are the flexible body generalized coordinates.

The orientation is evaluated and characterized by the Euler angles set, Ψ, θ and Φ, according
with Figure 34.

The translational deformation vector is a modal superposition as follows:

up = Φpq, (29)

where: Φp is the part from the modal matrix corresponding to the node P translational
degrees of freedom.
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The Φp matrix dimension is 3×M, where M represents the number of vibration modes.
The modal coordinates qi, (i = 1, . . . , M) are the flexible body generalized coordinates. The
angular deformations vector was obtained in a similar mode as the translation deformation
vector, using a modal superposition, similar to the following expression:

θp = Φ∗pq, (30)

where Φ*p is the modal matrix part corresponding to the rotational degrees of freedom of
node P. The Φ* matrix dimension is 3XM, where M is the number of modes of vibration [18].

3.2.2. Numerical Simulation

The same planar mechanism as the one with the rigid elements will be analyzed, but
in this case, the connecting rod is considered as a deformable element. The connecting
rod transformation from a rigid body to a deformable body was based on the finite ele-
ment method, adopting the following procedure: The connecting rod body is meshed in
tetrahedral finite elements, with a finer network in the joints contact areas.

The flexible body, obtained through the mesh network, must have its attachment
points corresponding to the kinematic joints. The connection is made through nodes, with a
spider type network. The analytical model of the engine torque is the same as Equation (25)
namely ω0 = 10 rad/s, M0 = −100,000 Nmm.

Thus, the time variation laws for the mechanism kinematic and dynamic parameters
for two operating cycles are identified. Some snapshots during this simulation are shown
in Figure 35.
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Figure 35. Snapshots during virtual simulations of the considered mechanism with a deformable
connecting rod (MARKER_13 Node 610 location).

Figure 35 indicates the location of one node in the center of the bolt as a revolute joint
between bolt and connecting rod head. This node is part of the network of hexahedral
finite elements in which the mechanism connecting rod is meshed (node 610).

The time variation laws are identified for the kinematic parameters that define the
motion of the node 610, i.e., the translational displacement along the x and y axes. These
are reported in Figures 36 and 37 in case of the deformable body movement.
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Figure 37. The node 610 elastic displacement vector component variation during time.

The impact structure function is defined as: IMPACT(.MODEL_1.dy_flex13,
.MODEL_1.vy_flex13, 0.0, 20,000, 0.1, 10, 1 × 10−3), with the following values of the
dynamic parameters: k = 20,000, e = 0.1, c = 10, d = 10−3.

In addition, as seen in Figure 35, the connecting rod deformed shape for vibration
mode no. 3 with a natural frequency records a value of 6.515 × 104 Hz and for vibration
mode no.10 with a natural frequency of 1.061 × 104 Hz.

The performed dynamic analysis consists of two major stages:

• modal-dynamic analysis with calculating the engine torque for the mechanism actua-
tion;

• kinematic and dynamic parameters analysis of the generated contact during the impact
between the bolt and the connecting rod head.

The modal-dynamic analysis presupposes the natural frequencies evaluation and the
component proper vibration modes when this is considered deformable one.

The kinematic parameters involved in the impact force dynamic model definition are
the displacement and velocity of the marker 13. This marker is identified as the position
with the node 610, so it is located in the bolt center of the revolute joint (between the bolt
and the connecting rod). Figure 38 shows the displacement and velocity time variation
for marker 13 along the y-axis. Based on Equation (25) and on the numerical simulation
performed with the Adams program, the engine torque variation diagram reported in
Figure 39 was obtained. In Figure 39 is observed that the engine torque has a periodic
variation, with the maximum amplitude around 50,000 Nmm. The jump recorded at
start-up results from existence of the impact generated by the shock in the joint.

Figure 39 presents the behavior mode of the impact force on two elements brought in
contact, i.e., the connecting rod and the bolt. It is important to note that the effect of this
force is visible mainly in the area of maximum eccentricity between the connecting rod and
the slide. Figure 39 it shows the time variation diagrams for the considered components
along the y and z axes of the impact force. Thus, the engine torque variation mode is close
to the impact force variation mode.
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4. Results and Conclusions

The impact phenomenon was examined in two major cases, namely the impact result-
ing from the contact between the two bodies, when one of them was fixed and the other
one was mobile, actuating freely under gravity and the impact generated by two mobile
bodies from a multi-body mechanical system structure.

In the first case the impact analysis was done through an analytical method and
virtual prototyping with the Adams, ANSYS and Abaqus software. Thus, the following
conclusions were drawn:

• The mathematical model corresponding to Equation (16) is compatible with the Adams
software theory, in relation to the impact phenomenon analysis. A Maple program
sequence was derived, which can be numerically processed based on the created
mathematical models by considering two major impact force components, namely, the
stiffness component and the viscous component. These component variations with
time were presented in Figures 7 and 8.

• The dynamic parameters were processed via the Maple program by considering
Equation (16) with the numerical values indicated in Figure 7 and these corresponds
to the virtual models obtained with the Adams software (Figures 16 and 17), with
Ansys software (Figure 24) and Abaqus software (Figure 28), respectively.

• For the analytical models and numerical processing of the imported models with the
Adams software, the bar component motion was monitored in a time interval equal to
0.6 s.

• By analyzing Figure 7 (mathematical model processing) and Figure 12 (Adams soft-
ware processing) it can be observed that the impact force reaches a maximum value of
250 N in similar time intervals that correspond to the damping coefficient (c = 1).

• By modifying the damping coefficient value to c = 6, it can be remarked that the impact
force maximum value will be modified, as well, along the number of contacts between
the bar component and the prismatic body. At the same damping coefficient, by
keeping the contact conditions and the integration step of the equations system, which
dictate the bar component motion, one can see that the impact force values are not com-
patible with these cases, namely, analytical case (Figure 9), numerical simulation with
the Adams software (Figure 16) and the finite element analysis (Figures 24 and 28).

Thus, the impact analysis based on the finite element method for the proposed model
was performed for several cases: contact without friction, contact with friction and a rough
type contact. The following kinematic and dynamic parameters were considered: the
bar component displacement on three time intervals, i.e., before the impact, during the
impact and after the impact, depth penetration; sliding distance, contact pressure and
contact force.

Based on these parameters, the analysis was performed for different damping coeffi-
cient values and the same materials for contact analysis. In addition, the same integration
step for differential equations was preserved. Thus, it was concluded that the variation
forms of the impact force are the same for each analyzed case (Figures 22, 24, 27 and 28).
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The displacement bar component amplitude is different in terms of value and fre-
quency, depending on the contact and damping coefficient values during motion
(Figures 23, 25 and 30).

A parameter which one can consider very important is represented by the prismatic
body’s elastic displacement variation due to the impact between the bar component and the
prismatic body. These variation diagrams are represented and analyzed in Figures 13–15
(via the Adams software). These are very important because they can be compared rela-
tively easy to the ones which were further obtained through experimental analysis.

A crank connecting the rod mechanism was examined, in which a radial clearance
was considered in the joint that connects the connecting rod and the piston. Under these
conditions, during the engine mechanism operation, a developed impact has major in-
fluence on the kinematic parameters that define the movement of the considered bodies
brought in contact (the connecting rod and the piston). The dynamics of the mechanism
involved two cases, namely, when the kinematic elements are rigid bodies and the case
when the connecting rod and the piston are deformable ones.

The impact force dynamic model in the two cases was built on the following pa-
rameters: stiffness, force exponent, damping and penetration depth. These parameters
were determined by several sets of numerical simulations that were based on the interface
between the variation of the impact force and the variation of the engine torque, in the
conditions of a cyclic operation of the mechanism. It was found that the results of the
numerical simulation, mainly the impact force and the engine torque, are compatible with
the mechanism cyclic operation if the elements deformability is taken into account, as well.

Variations of the kinematic parameters were reported, especially in the contact area of
the connecting rod-piston, by monitoring the nodes movement on the joint finite elements.

As it was mentioned before, the impact dynamics was analyzed for two cases. Thus,
in the first case the impact dynamics between two distinctive bodies were analyzed with
the use of the finite element method. This allowed us to determine the kinematic and
dynamic factors’ influence mode on the impact force size and variation mode. Moreover
the friction coefficient influence through contact surface quality and damping factor can
be remarked. Thus, multiple tests were performed with different material types, different
friction coefficients which were associated with damping factor values sets. By considering
these tests, an influence rapport of the mentioned factors which depends with the contact
body stiffness respectively impact force amplitude and frequency during and after impact
phenomenon was established.

The obtained diagrams through impact phenomenon analysis in the second case show
that impact force characteristics such as the amplitude and variation mode were influenced
by assembly errors and kinematic parameters variation during motion. By having in sight
other results from specific literature like [14], the impact force influence on mechanism
torque was analyzed. Thus, the mechanism torque was established through a function
definition under the MSC Adams environment. This function allows the user to perform a
complete dynamic analysis of the combustion engine mechanism. In addition, the impact
function presence which affects the engine mechanism functionality especially when this
mechanism starts and the mechanism torque records high values can be observed.
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