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Abstract: The Lagrange’s equation remains the most used method by researchers to determine the
finite element motion equations in the case of elasto-dynamic analysis of a multibody system (MBS).
However, applying this method requires the calculation of the kinetic energy of an element and then
a series of differentiations that involve a great computational effort. The last decade has shown an
increased interest of researchers in the study of multibody systems (MBS) using alternative analytical
methods, aiming to simplify the description of the model and the solution of the systems of obtained
equations. The method of Kane’s equations is one possibility to do this and, in the paper, we applied
this method in the study of a MBS applying finite element analysis (FEA). The number of operations
involved is lower than in the case of Lagrange’s equations and Kane’s equations are little used
previously in conjunction with the finite element method (FEM). Results are obtained regardless
of the type of finite element used. The shape functions will determine the final form of the matrix
coefficients in the equations. The results are applied in the case of a planar mechanism with two
degrees of freedom.

Keywords: Kane’s equations; robots; dynamics; finite element method (FEM); multibody system
(MBS); mechanism

1. Introduction

The dynamic analysis of a multibody system (MBS) with elastic elements requires, as a first step,
time response of a single finite element, obtained via the equations of motion. These equations will
depend on the model chosen, the shape function used and the particular type of motion. Once these
equations are determined, we move on to the next necessary steps, which consist in refer these
equations to a unique coordinate system, assembling the equations of motion and finally solving them.
Analytical mechanics offers a large number of formalisms for determining the equations of motion.
In general, classical methods, well verified, are used for all these steps. Obtaining the equations of
motion is generally a laborious and not a simple step, due to the volume of calculations involved [1].
Some researches presents a comparison between various analytical methods [2-4].
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For this reason, choosing a method that gives us advantages in terms of the volume and time
of calculations is an important objective for the researchers. In general, in the case of using the
finite element method (FEM), the method used almost exclusively in all researches is the method of
Lagrange’s equations. The advantage of using this method lies in the homogeneity of the writing, the
ease of approaching large systems, with large number of degrees of freedom (DOF) and, an important
thing, a familiarity of the researchers with this method. However, analytical mechanics offers equivalent
methods of writing the equations of motion. For the same purpose, Gibbs—-Appell equations, Hamilton
equations, Maggi’s equations, Jacobs equations and other equivalent forms can be used [1,5]. Either of
these methods ultimately gives the researchers the final form of these equations, which is the same in
all cases. For a researcher, however, the problem is posed to determine which of these methods is the
most appropriate to the studied problem, from the point of view of the ease of modeling, of the solving
algorithm and the computation time needed to study the studied mechanical system. It is, therefore,
natural to look for one among them that would allow us to obtain these equations easily.

Based on the studied literature, one can form the opinion that Lagrange’s equations have
the advantage of the researchers’ familiarity with this method and with a relatively simple
model [6,7]. When applied to holonomic systems using coordinate derivatives, the momentum
form of Kane’s equations is an efficient alternative to Lagrange’s equations, providing a momentum
formulation without the need to assemble and differentiate the system kinetic co-energy function [8].

The disadvantage is the need to determine Lagrange’s multipliers from the system of differential
and algebraic equations (DAE) obtained, which, in the case of large systems, can lead to a large
number of calculations and large computation times [9]. The Gibbs—Appell [10,11] method seems
to have the advantage of economical computing time dedicated to modeling and computing itself.
The disadvantage is the introduction of a notion with which the researchers are a little used, namely
the energy of accelerations. Maggi’s equations become very useful when analyzing MBS in which the
links between the elements are non-holonomic constraints. In recent years, the method has begun to be
applied more often by researchers, especially due to the need to study robots and manipulators widely
applied in the manufacturing industry. Hamiltonian formalism can be profitable from the point of view
of numerical calculation, since its application ultimately leads to a system of differential equations of
the first order, as opposed to the other methods that ultimately give differential equations of the second
order. This can be an advantage in the case of numerical calculation because the computing subroutines
solve numerically differential equations of the first order. However, the complexity of intermediate
calculations is high, which represents a disadvantage of the method. The method of Kane’s equations is
equivalent to Maggi’s formalism and has begun to be used more in the last decade, also related to the
need for robot and manipulator analysis. In this paper, we try to apply the Kane equations to solve the
problem of modeling and obtaining the motion equations in the case of the use of FEM in the dynamical
analysis of a MBS with elastic elements. Recent years have shown a high interest in this method.

We assume that in the coming years all these methods mentioned here, but also others, equivalent,
from analytical mechanics, will be re-evaluated in the context of the numerical possibilities to solve
such problems and will be used in commercial software those methods that will prove those greater
advantages. It is assumed that the fields of applicability of the mentioned methods will be expanded.

In Section 2 of the paper was given an overview of the results obtained using various formalisms of
analytical mechanics. The classical methods with their advantages and disadvantages were presented.
In order to present the original results, which can be found in Section 4, it is necessary to present some
preliminary notions. This presentation can be found in Section 3. To emphasize the possibility of
using the method for such problems, an application to a mechanism with two degrees of freedom is
presented. The conclusion and discussion will be presented in Section 6.

2. A Brief Overview of the Applied Formalism in (FEA) of (MBS)

Lagrange’s method: The Lagrange’s equations (LE) method is, at the moment, the most used
method for writing differential equations of motion for mechanical systems with a high number of
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degrees of freedom (DOF). The construction of Lagrange’s function involves the calculation of kinetic
energy, potential energy and mechanical work of a mechanical system. These notions are often used in
applications and researchers are familiar with them. It is also the reason why this method is mainly
used in the works dedicated to the analysis of elastic multi-body systems with the finite element
method (FEM). Most of the articles in the field used the method in the analysis of one, two-and
three-dimensional mechanical systems, regardless of the type of finite element chosen for the study.

Using the LE method the motion equations of a single finite element is determined. This represents
a first stage in an analysis of a multibody system (MBS) using FEM [6-8].

The next step it is represented by the procedure of assembling the equations of motion,
which involves the elimination of Lagrange’s multipliers (depending on the liaison forces in the
common nodes to several elements). Numerous equivalent methods of analytical mechanics can be
used for the assembly procedure, such as: Lagrange’s equations method, Maggi’s equations method,
Gibbs—-Appell formalism, Kane’s equations method or other formulations. As in the case of determining
the equations of motion for a single finite element, the LE method was used too, with predilection [5].

The first papers that studied these systems using FEM dealt with systems with elastic elements
that can be modeled with one-dimensional finite elements. In the 1970s there are lot of paper analyzing
such kind of problems and developing the domain [11-16]. Naturally, the method was then extended
for two and three-dimensional elements [17-19].

Different aspects of the behavior of such systems have been studied by researchers in recent
years [20]. We can mention that almost all researches used the LE method, which proved to be a
familiar and convenient method to solve the problems. However, there are equivalent formulations in
analytical mechanics and we can put the question, to what extent these methods can replace LE in the
analysis of systems with elastic elements [21].

Gibbs-Appell equations. Although known since the beginning of the century XX, equations called
Gibbs-Appell (GA) and discovered independently by Gibbs (1879) [22] and Appell (1899) [23] have
been rarely used in mechanical systems study. However, they have obvious advantages in terms of
the number of equations to be written. This is obviously smaller if compared to LE and it results in
advantages in terms of modeling effort and calculation time required. A main disadvantage is the fact
that the researchers are less familiar to use GA equations. Usually the GA method represents a more
convenient procedure to study non-holonomic systems. Basically the method consists in replacing the
well-known Lagrangian with the “energy of accelerations”.

In the last period, multiplying the studies regarding the multibody systems, with high working
speed and loaded with great forces, the advantages of applying the Gibbs—Appell equations have
been found. There are some papers using this method in the field of MBS [24-26]. The equations that
are obtained by applying this method coincide with those obtained by applying the method of LE
but the number of operations required to be performed is smaller. This method is an application of
Gauss's principle of least constraint.

This method has proven useful for a wide range of problems. It has been successfully used in the
dynamic analysis of some rigid systems and considering also the quasi-velocities [27]. The equations of
motion can be obtained in this formalism more easily for linear and nonlinear systems with holonomic or
non-holonomic liaisons. It becomes possible to eliminate Lagrange’s multipliers and, as a consequence,
to reduce the number of unknowns and the calculations to be performed. In [28], such an example is
presented for a robot with flexible elements. For the advantages offered the method tends to become a
procedure. There are several papers that present the advantage of using this formalism, as a result of
the fact that the number of unknowns is reduced, by eliminating Lagrange’s multipliers [29-32].

Maggi’s formalism: Maggi’s equations, which have been applied little and are relatively recent
(1896), are an alternative formalism to the other formalisms in analytical mechanics, presented in
several papers [1,33].

Recent years have shown a great interest of researchers in applying Maggi’s equations to different
engineering problems. In the case of modern technical systems, used in industry, such as robots and



Mathematics 2020, 8, 805 4 of 21

manipulators, there are situations in which the control system must be developed and designed [34,35].
If we work with nonlinear systems, the technique of linearizing the feedback will naturally lead to the
application of these equations. Maggi’s formalism was found to be a simple and stable way to determine
the equations that provide the dynamic response of an MBS with constraints. An important step in
applying this method is the choice of independent coordinates. The method is considered by some
researchers [36-38] as the most efficient way to solve Lagrange’s index-1 equations. The existence of the
non-holonomic liaisons leads, in a naturally way, to the use of Maggi’s equations. For systems with a
large number of DOE this approach can prove useful from the point of view of computing time. Despite
these advantages, the method is a little familiar to the researchers and was, as a consequence, little used.
The major advantage is due to the possibility of approaching large systems, with those appearing in current
engineering applications. In these situations, if a classical calculation method, such as Newton—Euler or
Lagrange, is used, a step would be to determine the liaison forces. For large systems, this can lead to
laborious calculations and, as a consequence, a high modeling and computing effort. Maggi’s method also
offers a justification of the classical assembly methods, applied empirically in finite element analysis (FEA).

Hamilton’s method: The use of one of the classical methods of determining the equations of motion
of an elastic system naturally leads to a system of differential equations of the second order in which
the unknowns are represented by the generalized coordinates, ;. To be applied, a commercial program
for solving this second order system with n unknowns implies its writing, by introducing additional
unknowns (represented by the generalized velocities), in the form of a system of 2n differential
equations of the first order. Hamiltonian mechanics achieves this precisely, offering as a result of
modeling a system of differential equations from first order with 2n unknown. The first n unknowns in
this case are the generalized coordinates, the others being the generalized impulse momentum.

Introducing this notion, the conjugated canonical moment represents a difference from Lagrange’s
method (or an equivalent method from the point of view of analytical mechanics). It follows, therefore,
that Hamilton’s formalism offers a system of first order equations. Hamilton method could have the
advantage of giving us a system of first order equations, a system which can be used directly for
numerical solving, without the need for prior processing of equations [5].

Kane’s equations: In the last decades, Kane’s method and equations have been successfully
applied to the modeling and numerical analysis of MBS. The motion equations proposed by Kane have
been successfully applied to numerical analysis and simulation of multibody systems [39,40]. However,
their use becomes problematic if the MBS is composed of a large number of bodies between which there
are many links. For such a situation, the complexity of the equations of motion increases substantially
and the determination of the response over time becomes much more difficult. Some examples are
presented in [41-45]. The Kane method eliminates the disadvantages of methods of classical mechanics
(Newton—Euler and Langrange) and can be used for both holonomic and non-holonomic constraint
systems [45-47]. This method is also called the Lagrange form of d Alembert’s principle.

Generally, the equations Maggi and Kane are associated, representing essentially the same method.
Kane’s equations have been shown to be equivalent to Maggi’s equations. These methods are very
good when the constraints are non- holonomic, but may not work in the case of systems with holonomic
constraints [33].

One of the first applications of Kane’s equations was made to flexible complex structures [48].
Their application has been found to allow efficient computation of such systems, especially in robots
and manipulators [49,50]. The equations that are finally obtained will be equal with the DOF of the
system. They do not contain the forces of liaisons. Once integrated the equations of motion, the liaison
forces (if their knowledge is necessary) can be obtained, by relatively simple calculations [50].

To our knowledge, Kane’s method was not yet applied to obtain the dynamic response of a finite
element in the case of the study of a MBS with elastic elements. This is what we are trying to accomplish
in the present work.

Some interesting application of Kane equation can be found in [51,52].
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3. Preliminary Kinematics and Kinetics of Finite Elements

In order to be able to apply Kane’s equations to a single finite element, it is necessary to know some
kinematic elements. The speeds and accelerations of the different points of the finite element must be
determined according to the nodal coordinates, considered as independent coordinates. This has been
studied in the specialized literature [6,17,40], which is why we present the relationships that we will
use in the paper. The displacement field is described by a set of shape functions.

The velocity of a point M of an elastic solid (Figure 1) is offered by [17,18]:

owrle = {iwr ). = twole + [R]irly + [R]INTI8), + [RIINI6), ey

where {vplg = {i’o} ¢ it represents the velocity vector of the origin of the mobile reference system
with component expressed in the global system, {r}; the position vector of the current point with the
coordinates expressed in the mobile system, {6}; the vector of nodal coordinates, [N] the shape function
matrix ({u} = [N]{6};) and [R] represents the rotation matrix that makes the transition from the mobile
reference system to the fixed reference system. [R] is the derivative of [R] with respect to the time.

Figure 1. Finite element related to local and global reference system.

In the paper, the quantities that are expressed in the global coordinate system will be indexed with
G, and if they are expressed in the local coordinate system they will be noticed by L. The transformation
of a vector is performed by the matrix: [R]:

{tic = [R]{t}r )

The matrix [R] is orthonormal, thus, it results:

00
1 0 3)
0 1

[R]IR]" + [R] [R]T = [R]IRI" + ([R][R]) =0 )
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and:
[R]" [R] + [RI"[R] = [R]T[R]+([R]T[R])T: 0] 5)
The notations:
. - 0 -wz Wy
wle=[RIR" =-RIR] =| 0z 0 -wx (6)
—Wy wyx 0
and:
. - - 0 -—w; wy
wl, = [R"wlg[R] = [R[R] = -[R] RI=| w. 0 -ax @)
—wy Wy 0

indicate the skew symmetric operator angular velocity, expresses in global reference frame [w)], and in
the local reference frame [w]; . The angular velocity vector of the solid is w. There are the relations:

w]g = —[w]G and[w]; = —[w]] ®)

The operator angular acceleration is:

€l = (@] = [RIIRI" + [R][R)" = [RJ[R] -] =] ez 0 —ex ©

in the global reference frame and:

el = [@], = [R]' [R] + RI"[R] = ~[&]'[R] - [&] ' 1R) = e 0 (10)

in a local reference frame. After some elementary calculus it results:

[RIRI" = el - [RIIR]" = [els + [@lglal
- ch+a) —&7 +wxwy —¢€y+ wxwz (11)
=| &z +wxwy —(w% + a)g() —&x + wywyz
&y +wxwz  ex + wywyz —(CU%%—CU%)
"] = )~ [8] = 1) + o
a) + a)2 —&; + a)xa)y sy + WyWz (12)
=] & + WxWy —(a)g + a)i) —&x + wyw;

Ey + Wxws Ex + Wyws —(a)% + a)i)
4. Kane’s Formalism Applied to MBS

The Kane’s equations are presented in the Appendix A. Starting from the basic equations:

N

ZP m;a; 6r1f0 , (13)

i=1
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we obtain, for an elastic finite element considered as a solid, the system of equations:

N _ _
Zfia—?' :fﬁg—,vdm k=1,n (14)

The acceleration of an arbitrary point is obtained by differentiating the expression of velocity (1):

e = (i} = faole + [R]trle + [R]INJio). + 2[R]INI{3), + [R[NIfo), (15)

Differentiating (1), we have:

T
HMlG _ R[] and[a{U/M}G} = [NJ"[R]" (16)
9},

The expression 8 1f {T} = [A]{6} it is [A], result used previously. Now we can written:

T
(%) oo = INTRI (laoke + [R]rk, + [R]N] 6L+2[R] {6}, + [RINB),) =
= (f INT"p dV] {ao}L+[f [N]T[R]T[R]{r}{pdv]Jr T[RI[R](N] ]
\4 \4
T T 1-
+2 Vf INT"[R)T[R](N) pdV) +[ pdv] )
= (fp[N]TdV]{ao}L+f[N]T( (] [@] )L pdV+
\4 \%4
(Vf @] [@ ]L)[N]pdV]{é}L + 2( Vf p[N]T[w]L[N]dV]{S}L + (Vf [N]T[N]pdV]{S}L

—[mo] a0l —{Q'(@)} = {Qi(e)} + k(@) {6} + [k(e) o) + [e(@)]{5}, + [m{d),

The following notations were made:

\%4
AVik(e)] = Vf IN]"[e] [N]pdV;  [k(w)] = Vf IN]" [w], (@], [N]pdV; (18)
] =2 Vf pIN" (@], [N]dV;  [m] = Vf INI"[NlpdV; [mb] = [, pINIdV

The generalized forces Fy act in nodal points of the finite element. The velocities of these points
are among the components of the velocities vector {6} o It obtains:

[B{UM' te

)

{Q‘”‘t} | Tepresents the generalized nodal forces vector acting in the node, [k|{6}; represents the

T
] (FelpdV = [K]{o}, - {Q™}, —{Q=} (19)

elastic force between given by the stiffness matrix [k], {Qli”iSO”}L represents liaison forces in the nodal
points (these forces there are in the common nodes of two neighboring finite elements).
It results the motion equations:

[m) {6}, + [e]{6}, + (Ik] + [k(e)] + k(@) o) = [misJiaoky +{Qi(e)}, +{Q (@)}, +{Q), +{Q@™),  (20)
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5. An Application to a Two Degrees of Freedom Mechanism Used in a Wind Water Pump

We consider the mechanical system of Figure 2, having two degrees of freedom [53]. The B C’
beam is an elastic bar, the other elements of the mechanism being sufficiently massive to be considered
rigid (experimental prototype is presented in Figure 3).

Figure 2. The mechanical system with two degrees of freedom.

(@) (b)

Figure 3. (a) Experimental bench [53], 1-electric engine; 2-rigid disc; 3-transformer; 4-pumps; 5-valves;

6-elastic lever; 7-pendulum; 8-adjustable weight; (b) Kinematical sketch.

In a first approximation, to obtain the liaison forces, appearing in B and C ‘, the mechanism is
considered consisting of rigid elements considered and, in this hypothesis, the forces are calculated.
We write the equation of vector contour for the mechanism:

AB+BC'+C'C+CD+DE+EP+PA=0 (21)
With the notations used in the Figure 2 the relations are obtained:
L cosa i +1 sina7+l2cosﬂ7—lzsinﬂ7 +lgc056i+lsin9j——l4sin67 + 14 cos 67+e7—XD7—D7 =0 (22)

If the terms are grouped according to the directions of the two verses, the boundary conditions
are obtained:

{ lycosa +IcosB +13cos0 —Iysin6 — Xp =0 23)

Lisina —lpsinf +13sin0+14cos 0 +e—D =0
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If we differentiate the obtained system (23) (see Appendix B) it results:

Xa,
Y4,
€1
X,
fa) = { B
)
Xc
Ye

€3

XD

9 of 21
wf
a)p'cD (24)
.2
XD

where {a} is the vector of the accelerations of the mass centers of the elements of the mechanism and the
angular accelerations, the two independent generalized coordinates are the rotation angle of the crank AB,
a and the displacement of the slide xp and it is noted: & = wq, w1 = ¢7. It is, therefore, hypothesized that
the elasticity of the elements of the mechanism does not influence its rigid movement. The mechanism
will be decomposed into four bodies (Figure 4) in order to determine the equations of motion:

(c)

(d)

Figure 4. (a) Free body diagram for the beam AB, (b) Free body diagram for the beam BC’, (c) Free
body diagram for the beam DCC’, (d) Free body diagram for the beam DE.
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Because there are many parameters that can vary, integrating the equations of motion of the
mechanism, considering all the rigid elements is difficult and will lead to results far from reality. This is
due to the fact that a number of factors such as joints that appear in the joints, the engine couple, and the
frictions that occur in the joints which cannot be accurately determined. For this reason, we will use a
method of recording the rigid movement of the mechanism through an optical system, determining from
these records the law of motion of the two independent coordinates [53-56]. Knowing these quantities,
the forces of liaison in joints can be determined. These forces are necessary for us to be able to write the
equations of motion for the BC’ elastic beam, determined previously, formally, using Kane’s equations.
After these a computation of the free vibrations of the obtained equation system will be made.

Relationships (13-16) show that in order to determine the equations of motion of a finite element
it is necessary to know the velocities and accelerations of a point according to the nodal coordinates.
Based on these, Kane’s equations can be written, using simple matrix operations. In the case of
applying Lagrange’s equations, it is necessary to write first the kinetic energy, which already involves
multiplication operations between numerous terms, followed by several differentiations, which again
involves more numerous operations. This is why Kane’s equations can be an alternative to simplify
calculations for obtaining equations of motion.

Considering the lever from Figure 5 it is possible to write the Equation (20) for this and to analyze
obtained equations. It is possible to integrate the differential equations obtained using a commercial
soft. In our problem we did a qualitative analysis of the mechanical system, computing the eigenpairs
of the beam integrated into mechanism. The first two eigenvalues and their variation versus time are
presented in Figure 6.

16\
@E\

Ye

Figure 5. The elastic lever BC’ divided in finite elements.

112.6 702.2

1124 ;:.pvﬁfillﬁ m:‘lﬁﬁf‘rr
. '\ \| ‘| 70180 || |ﬁ I |‘|‘| | M I ||

701.6

Frequency [Hz]
™

701.4" AR |||‘

Frequency [Hz]

m<83j' \l| i”-‘ \l, |‘|I‘ |‘|‘ \H ‘lii'. \ 701.2}|

‘ . L [ J ||
111.6 ! ‘l | jlf |HI H ] \I Iq l\ 201 L\ J I‘I / U \I‘ \ '||

()

111,40 1 3 1 700.80
Time [s]

(a) (b)

1 2 3 4
Time [s]

Figure 6. (a) First eigenvalue of the beam BC’; (b) Second eigenvalue of the beam BC’.
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Figure 6 represents the first two eigenvalues for the beam BC’, divided in 10 finite elements, for
an average angular speed of the engine of 140 rpm.

It is difficult to make a comparison between the different methods of determining the equations
of motion of an elastic element of a MBS system. However, we will try to compare the number of
differentiations needed to obtain these equations. Thus, Table 1 presents a comparison between the
number of differentiations required when using the Lagrange method, the number of differentiations
in the case of the Gibbs—Appell formalism [38] and if the Kane equations are applied. Starting from the
velocity formula, it is found that in the case of this method we need a differentiation of the acceleration
as a function of time and a partial derivative, so two differentiation operations. It is observed that
the number of these operations is substantially reduced compared to Lagrange’s method. In the case
of illustrative application presented in the paper, it does not seem to be a major advantage. But if
we refer to a complex application, with a large number of finite elements used, the reduction can be
significant and the calculation time and effort can be significantly reduced. We note that after the matrix
coefficients will be obtained, regardless of the method by which they were obtained, the following
procedures are identical in all cases, so they will not influence the necessary calculation times.

Table 1. Comparison between the Lagrange, Gibbs—Appell [38] and Kane methods. Number of differentiations.

Number of Finite Elements Lagrange Gibbs-Appell Kane

5 288 120 10
10 528 220 20
15 768 320 30
20 1008 420 40
25 1248 520 50
30 1488 620 60
40 1968 820 80

6. Conclusions and Discussions

The study of a MBS with elastic elements using FEM leads to the necessity of determining the
equations of motion for a single finite element, taking into account its type and the interpolation functions
used. It is the main step in the first stage of this study. This can be done using several methods of analytical
mechanics, equivalent between them and with which the same results are obtained. We can use Lagrange’s
equations, Newton—Euler equations, Kane’s method or equivalent formulations of these formalisms.
The use of any of these methods presents, from the user’s point of view, advantages and disadvantages,
which have been highlighted by different authors and which have been discussed in the Introduction.

The formalism Newton—Euler method allows, for example, to obtain formal equations independent
of geometric, inertial properties or liaisons. But it also has a disadvantage, which for some systems
with large numbers of DOF becomes significant, namely that the liaison forces and moments must
be computed. For relatively simple systems, however, the method is useful and intuitive. However,
if we study a complex system with a high number of DOF, Lagrange’s method becomes convenient,
which also presents the advantage of a familiarity of researchers with it. The method is suitable for
generalizations and large systems. The disadvantage is to determine the generalized liaison forces.
Due to these advantages the method us preferred by some software developers (ADAMS, DADS,
DYMAC). But there are also developers who use equivalent formulations of this formalism (SD-EXACT,
NBOD2, SD/FAST) materialized in Kane’s equations, which essentially represent a formalism equivalent
to Maggi’s equations. The application of these equations in the modeling of FEM has not yet been
used, to our knowledge. As a result, we set out to see to what extent these equations can be applied to
the modeling of an elastic linear finite element, resulting in a computational economy.

In conclusion, the paper aims to present how Kane’s equations can be applied to obtain the
equations of motion for a beam, as an elastic element of a mechanism, which is in planar motion, if the
FEM is used. Kane’s method has also been applied to MBS but using classical methods of analysis.
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The paper aims to use Kane’s equations in the procedures involved using FEA. An application comes
to exemplify the method for the case of a real mechanism.

The paper studied the application of this formalism in the case of a MBS system with elastic
elements, to solve the main stage in such an approach, namely the determination of the equations
of motion for a finite element. These equations are dependent on the type of finite element chosen
and the type of motion (one, two or three-dimensional). This opens the possibility of applying this
method to the development of software at the finite element level. Kane’s equations are an economical
and simple alternative to the problem of determining the dynamic response of a single finite element.
The method is suitable to apply to MBS systems with non-holonomic constraints.
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published version of the manuscript.
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Appendix A

Kane’s Equations

It starts from the relationship [5,19]:

i(ﬁ— "A)@—o- k=1 Al
‘ 1 mlal aqk - Y - /n ( )

In analytical mechanics it is shown that we have the relation:

I R Ty i—1N; (A2)
dq  9g;
Substituting in (A1) we obtain:
N
Z (Fi-ma) =t =0; k=1n (A3)
i—1 Iy
If noted: 5 5
ﬁ:ﬁ:#"); k=1n i=1N; (A4)
Iy k!
It results:
iﬁ@—imﬁ@- k=1n i=1,N; (A5)
~ 1 uk - ~ 1 laukl - s i 7

where with F; the external forces acting in nodes were noted.

Appendix B

The mechanism is presented in Figure Al. It is denoted ¢; = a.
It is noted:
c1 =cosBy; sy =sin6; cy; =cosOy; sy, =sin0Oy;
$3-y = sin(03 —¥); 3y = cos(63 — )
lic1 + oo + hC3_¢ —-xp=20
{ lis1 + sy +hsz—y —e =0

(A6)
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where: h = /f2 + g2. Tha ~nalac s and s wrill ha Aatavmminad T tha +..;ann‘le ABD we know.
Tt e
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B
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I,
r 18 \ﬁ &\ L
% [ B hile
. @
C;
2 —'—f .
“VlE
s
Figure A1l. Mechanism with two degree of freedom.
From Figure 6 it results:2m — @1 + ' + a + p = 7, therefore:
p=pr-n-a-p
The sine theorem written in the triangle ABD gives us:
L AD
sin 8 ~ sina
ADsinf =i sina
If we take into account:
sinf = —sin(¢; —a—p’) = [-sin(¢1 —p’) cosa + cos(p1 — p’) sina]
and by substituting sin f from (A10) into (A9) we obtain:
ly sina = AD[-sin(p1 — ") cos a + cos(q1 — B’) sina]
or:
sinall; —AD cos(¢1 —p’)] = —ADsin(p1 — ) cosa
from where: ADsi ,
—ADsin(pq —
o — (91 -8)
ly —ADcos(p1 - B’)
It results:
—ADsin(¢1 - )
a = atan

l1 —AD cos(p1 —p’)

You can calculate the angle 8 from the relation:

I sina
AD

sinf =

from where: I
- . 1SINna
B= asm(—AD ).
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Further we can calculate BD:
BD? = 3 + AD* - 2 AD cos(2r — @1 + ')

The cosine theorem can be applied in the triangle ABD:

I3+ BD? -2 I5+BD? - i?
Sy =""LBD VT T LBD
2 2 2 2 2 2
s HBD - W ABD L
21-BD 21-BD

We can now calculate: ¢, @3:
P2=2n—y+p+p @3=p+p +o+y
Differentiating (A6) we obtain the condition equations for speeds:

—110.)151 - lza)zSz - ha)353_¢, - XD =0
lhwicr + by + ha)3C3_4, =0

The system can also be written as:

S2 S3_¢ lza)z _ —51 -1 lla)l
C2 C3_¢ ha)3 —C1 0 5([)
with the solution:

baw, — 1 | By TSy - -l han =
has 263y =S3-yC2| ¢y S2 -1 0 Xp

_ 1 [ —C3-yS1 +53-yC1  —C3-y ]{ L }

$203-=53-yC2 €281 — €152 c Xp
It is noted:
an a1 | _ 1 —C3-ypS1 +S3-yC1  —C3-y
az1 a4 52C3—y) — 53-yC2 €251 — (€152 C2

We can write:
{ baw, }:[ an an ]{ A }
ha)3 an1  ax J.CD
Differentiating (A17), it results:

—116131 - 126252 - h€353_4, - l1a)%C1 - lza)%CZ - hw§C3_¢ - kD =0
Lerer + lhexer + h83C3_¢ - l1w%51 - lza)%Sz - hw§S3_¢ =0
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rom here you can determine e two unknown angular accelerations:
F h det the t k 1 lerat
I _(11(01)251 _ (12(02)252 (hws)zcs—w
202 | _ [ e a2 |[ he i 1 C3y  —S3—y 7 L 7 _
hes ax1 ax Xp 2ByTHY2| —cp 5 (11“)’1)251 4 (lzw’z) 4 (IWB) $3-p
a1 anz |[ he 1 C3—pp  —S3-y -7 2 1—%2 i 2 —ﬂ 2
= . —_— v 131 2 (1 h h =
[ a1 a4 ]{ Xp }+ 526371;,'—53—.4152[ -y o ][ % (1a)1) + ;_; (ZCUZ) + 5377 ( C‘)S) ]
| an a2 lieg b1 [y sy,
ay an || Xp 2307892 5
1) —a1 1 S\ —C3—y . \2
[y s (han)? +5 (annhawr +anip) + 3 o3 (a21h@y +axip) | =
arp 1 [ —C3,u,C1 —53711,51 (l w )2+ (A22)
day1  ap ch% —p=S3-yp2 " Lh C2C1 + 5281 11
—C3-yC2 — S 2 -1 .2
+ll{ > 2 -y } anhwr +anip) + %{ }(112111601 +anip)] =
2 C3—yC2 + S3-y52
—C3-yyC1 —S3-)S1 ) —C3_yCr—S3_ySy A2
_ | a2 lieq 1 X[ Vll - +” VZZ = - (lm>zJr
an ax [\ %p Sy aoten 4 o 42 2 Guieyn 11
1
—C3-yC2=S3-yS2  2ayay 2 ‘53 vCZ Sy
{ 211111112—12 —+—h }(llwl))'cD N ”122 5 -£ (XD)Z]
2010 G-yl ts3-ys pCr+s3y :
111 2 4 205100 - 4 % +ﬂ§2E3 .yczhsg yS2
It is denoted:
b _ 1 —C3_¢C1—53_¢S] + 2 —C3— ¢C2—S3 beZ _ ng_l .
1 = 52C3—y—53-pC2 hL I h )
_ 1 _C3f¢c2 S3-yS2 2ﬂzmzz).
b = o= = (Zﬂuﬂlz — 5 ;
bria — 1 112 —C3-yC2—53-yS2 i .
R ' (A23)
byy — 1 6201+5251 + 11 + 2 G-y ts3-yS2) |
21 = 52C3_¢*S3_¢62 h 4
_ 1 2“11“12 3—1#62*53—#/52 .
b = o = Lch( + 21121112 T ;
_ 1 12 2 C3-yC2t53-yS2 |,
b23 - 5263,¢—53,¢62( + h Z

and finally the angular accelerations are obtained:

e o ap |( Le by by b (har)”
{ 22}:[ 1 an ]{ }1}+[ 1 b 13] haiip (A24)
hes a1 ap Xp by by by . \2
(*)

The positions of the mass centers, their speeds and accelerations are given by the relations:

{ x1 = alicy; { x1 = —arliwisy; { ¥ = —mhers - mhoiey; (A25)
v =alis y; = ahwic i1 = mhee —mhats
{ xy = hiep +aglacy; { Xy = —hwisy —aghwrsy; { 2 s alhes e - o (A26)
y2 =hs1 +mbsy | y, = hwier + azhwzcr i, = heer + aheacs — hwis) - axhwisy
{ x3 = liey + ey +hgcs—y-; { B e - i TAg ey (A27)
ys = hsi +hsy+hgszy¢ | Y3 =hwicr + hwer +hg-wscz—y—¢
{ X3 = —le1s1 — heasy — hg-eass_y—g — hwje) — hojer — hgwiesy g (A28)
i3 = herer + hexca + hg-e3csyg — hwis) — bhwssy — hg-wiss_y_¢

apnh  ap
@ @
{ 2 }_ L { o1 } (A29)
w3 —2111 _Iiz XD
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b2 w?
: anl o mh o biph o b 1
€2 — I Ip fl + I I I 0)19‘CD (A30)
D
X1 —a1s1h 0
yl a10111 0
&1 1 0
X —s1h —azsa11lh —a252012
y c1ly +axcoarily axcoayn €
1
v i I : h aynh ? hel2
X3 —s1h —soa11h —s3—y-chg=5—  —S2t12 — S3—y-chg=j"
Y3 c1ly + coalh + C3_¢_£hgT Cod1p + C3_¢,_§hgﬂ%
iD 0 1
—aic1h
—a151h
0
b 2
—cly = 2~ ﬂzczlz(%lll)
1
b 2
—s1l; + ‘12512_211 —1125212(‘1117111)
1
+ by Wi+
L2 ) ) 1
sob
—Clll - 21211 53— Y- ghglzh —Czlz(l—ll ) —C3- - 5hg(T )
2 2
-s1l4 + 2 43 Y- 5h312h Szlz(%l ) —S3—y— rhg(% )
bzA
“h
1
0
A3l
. (A31)
0
0
_ﬂzslzlhlz _ a2c2122”1;312 L
2
ﬂzclzlblz _ uzszlzzalglz I
+ g ? w1Xp+
1h
Sob
52012 —53_ g éhgl 2 _ZCZZzﬂllﬂlz ll —2C3 - éI,lgﬂnﬂzzl
Czblz o3y ghgl 2 —ZSQIQHH 1zl1 — 255 o ghg”” 2]
@
Th
0
0
0
0
)2
—ﬂzczlz(g) — a52b13
N —025212(%2) + azc2b13 2
b1z XD
) T
b
_(;2[2(72)2 - C3_¢_5hg(%)2 - Szb13 - Sg_w_ghg%
b
—Szlz( z) — S3—y- 5hg(72) +C2b13+C3_4,_5hg%
a3
T
0
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Finally you can write:

. (1) . (1)?
{a}—[{Al}{Az}]{ i }+[{Bl}{Bz}{Bg}] (wiip) —[A]{ jé;}HB} (wrip) (A31)
(xp) (xp)

where the notations for the matrices {A1}, {A2}, {B1}, {B2}, {B3}, [A] = [{A1}{A2}], [B] = [{B1} {B2} {B3}]
are obvious.
The motion equations (see Figure 4):

mx1 = X4 + Xp
my, =Ya+Yp—-Gi

. A32
J1e1 = My, — Xamly cos(3f — 1) + Yamly sin(3 — @) (A%2)
+Xp(1—a1)l cos(F — 1) = Yp(1 —ar)ly sin(F - 1)
The last relationship becomes, after performing the calculations:
Ji€1 = M + Xaa1l1s1 = Yaarhier — Xp(1—ar)lis1 + Yp(1 —a1)cy (A33)
mﬂéz = —XB + XC
My, = Y5 = Yc - G (A34)
Jrex = Xpasly Sln(Z’II - (pz) + Ypaoly COS(ZT( - (pz)
+Xc(1—a2)lpsin(2m — @) + Y (1 —ap)lr cos(2m — o)
The last relationship becomes:
J2e2 = =Xpazlysy + Ypazlco = Xc(1—az)lasy = Yc(1 - az)lher (A35)
(m3 +Mj3)x3 = Xp — Xc
(m3 +M3)y3 =-Yp+Yc-G3-G (A36)
Jaes = =Xpyp — Ypxp + Xc'yc — Ycxc + G(=xp + Les)
xp = —hgcos(&— @3+ ¢) +hcos(ps — 1) (A37)
yp = hgsin(& — @3 + ) + hssin(@z — ) (A38)
xc = —hgcos(& -3 + 1) (A39)
yc = hgsin(& -3 + 1) (A40)
mpxp = —Xp — F;sgn(xp) (A41)
It is denoted:
oy
my
J1 0
my
my
m| =
] J2
m3
0 ms
JE
mp ]
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The vector of generalized forces, corresponding to the generalized coordinates considered is:

Xa+Xp
Ya+Yp -Gy
Mm -+ XAalllsl - YAa111c1 - XB(l - u1)1151 + YB(l —111)61
-Xp+ Xc
(0} = —Yp-Yc -G _
o —XBLIQIQSQ + YBLZ212C2 - Xc(l - 512)1252 - Yc(l - a2)12C2 o
Xp - Xc
~Yp+Yc-G3—-G
—Xpyp — Ypxp + Xcyc — Ycxc + G(=xp + Lcs)
—XD - F,sgn()'cD) - k(xD - xDo)
0 X4+ XB (A42)
-G Yo+ Y3
Mm XAalllsl - YA(IllllCl - XB(l - a1)1151 + Yg(l - al)cl
0 -Xp + Xc
_ -G -Yg-Yc _
B 0 Y ~Xpaahs + Ypahaer - Xc(1=az)hsy = Yc(1—a2)laco B
0 Xp—Xc
-G3-G -Yp+Yc
G(=xp + Les) —Xpyp — Ypxp + Xcyc — Yexe
—F,sgn(xp) -Xp

— {Qext} 4 {Qliaison}
where the notations are obvious. The equations of motion can be written in symbolic form:
[m){a} = {Qext} + {Qliaison} (A43)

If the accelerations are known, after the integration of the system of equations or their experimental
measurement, rel. (A43) allows the determination of the liaison forces by simply solving a linear
system. If the acceleration vector determined above is introduced into this equation, the following
is obtained:

2
: “1 iy
[m]([{Al} {Az}]{ ;; }+ [{Bl} {Bz} {Bg}] a).lécD ) — {QEXf} + {Qll{zlson} (A44)
XD
T
To eliminate the unknown liaison forces, we multiply with the matrix [ ( AliT ] and it obtains:
2
W2
{A1 }T €1 ! {A1 }T ext liison
[ ()T ][M]([{Aﬂ {Az}}{ i }+ [{B1} {B2} {B3}] @1 )= [ T ]({Q }+ {Qlieont) - (A45)

XD

If the calculations are done it results:
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and: [

(AT

(Ay)T ]{leis"”} = 0 (the work of the liaisons forces are null for a displacement compatible
2

with the liaison [18]). Thus, a system of two second order differential equations is obtained which by
integration can provide the law of motion for the generalized coordinates chosen.
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