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Abstract: Traditionally dynamic analysis is done using Newton’s universal laws of the equation
of motion. According to the laws of Newtonian mechanics, the X, y, z, space-time coordinate system
does not include a term for energy loss, an empirical damping term “C” is used in the dynamic
equilibrium equation. Energy loss in any system is governed by the laws of thermodynamics.
Unified Mechanics Theory (UMT) unifies the universal laws of motion of Newton and the laws of
thermodynamics at ab-initio level. As a result, the energy loss [entropy generation] is automatically
included in the laws of the Unified Mechanics Theory (UMT). Using unified mechanics theory,
the dynamic equilibrium equation is derived and presented. One-dimensional free vibration analysis
with frictional dissipation is used to compare the results of the proposed model with that of a
Newtonian mechanics equation. For the proposed entropy generation equation in the system,
the trend of predictions is comparable with the reported experimental results and Newtonian
mechanics-based predictions.
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1. Introduction

Many of mechanics’ problems involve the action of dissipative forces and hence the
problem is to be dealt with the laws of thermodynamics [1] in addition to Newton’s laws
of motion. In the context of thermodynamics, the work done by dissipative forces is known
as pseudo-works [2]. These pseudo-works are treated as the equivalent heat dissipated,
to explain the irreversibility of the process [3,4]. However, the heat dissipation is an outside
quantity in Newton’s laws of motion. None of the real systems are conservative and hence,
the dissipation process is essential to explain the irreversibility in mechanics. Since the
mid-19th century, the unification of Newton’s laws of motion and laws of thermodynamics
has been a pursuit of many researchers around the world. However, the fundamental
procedure adopted in such attempts has been to incorporate suitable empirical energy dissi-
pation parameters addressing problem-specific dissipation processes within the system [5].
Ludwig Boltzmann attempted to reduce thermodynamics to the time-reversible laws of
Newton’s mechanics [6]. Boltzmann postulated that a transition from one configuration or
microstate to another configuration or microstate is equally probable [7].

In the recent past, Boltzmann’s model for the irreversibility of dissipative processes
has been unified with the laws of Newton [8], called unified mechanics theory [9]. In the
unified mechanics’ theory (UMT) [9], dissipation mechanisms are represented by the Ther-
modynamics State Index (TSI) [9,10] of the system. The TSI represents the thermodynamic
state of a physical system, as a function of entropy generation. Hence, the unified me-
chanics’ theory (UMT) explicitly introduces a new linearly independent axis in addition to
Newtonian coordinates, X, y, z, and time [9,10].This concept was introduced [8-11] based
on Boltzmann's statistical relation of entropy with the probability of microstates within
the system. Several published works can be seen in the literature, which address various
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types of dissipation processes, such as fatigue in metals [8,10-12], electromigration and
thermomigration in nanoelectronics [13-15], damage in eutectic Pb/Sn solder joints [16-18],
micromechanics of thermally induced dislocation annihilation [19], damage evolution in
a particle-filled polymer matrix composite [20], damage due to concurrent thermal and
vibration loading in electronic packaging [21], damage due to nanoindentation [22], etc.
The TSI, ® represents an index called Thermodynamic State Index (TSI), as shown in
Figure 1, which is a linearly independent axis, spanning between zero and one.
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Figure 1. Coordinate system in unified mechanics theory [9,10].

The coordinate system in the unified mechanics theory (UMT) is explained in the
literature [9,10] as shown in Figure 1. Let us assume that there is a 5-year-old boy with a
terminal illness and 100-year-old sick man. In Newtonian mechanics, both the 5-year-old
boy and 100-year-old man, are represented by using Cartesian coordinates and time axis.
Their physical states can only be represented by the laws of thermodynamics. However,
in the unified mechanics, the thermodynamic state of both the 5-year-old boy with a
terminal illness and 100-year-old sick man are represented by TSI axis, in addition to the
space-time coordinates. On TSI axis at & = 0.999, 5-year-old boy with a terminal illness
and 100-year-old will have the same thermodynamic state index coordinate. TSI, ® is given
by the following equation [8,9],

P = P, [1 — e(—ASR) 1)

where, AS represents total change in entropy calculated from the thermodynamic funda-
mental equation of the system, during the time, At. The terms, ms, ., and R represent
the molar mass, critical TSI value [10], and gas constant, respectively. If there are 'n’ inde-
pendent dissipation mechanisms in a system, general representation of the second law of
unified mechanics theory [9], can be given as follows,

n  d(m(®m)u)
ZFi(CDi) I Pa— )

where, F;(®;) is the i force as a function of the thermodynamic state index which governs
the dissipation in momentum, m(®y, ) is the mass as a function of thermodynamic state
index which governs the loss in mass. The concept given in Equation (2) denotes that, a
physical system can undergo various independent dissipation processes along with the
change in space-time coordinates of the system. Thermodynamics deals with dissipative
mechanisms, representing the energy state of a system. Newton’s laws of motion give
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the space-time coordinates of a material point in a physical system. Thermodynamic
fundamental equation of a system denotes the coordinate of the system on the TSI axis.
Unified mechanics unifies Newton’s law of motion with the second law of thermodynam-
ics, at an ab-initio level. In this study, our objective is to derive the dynamic equilibrium
equation of a dissipative system and compare the results of the unified mechanics the-
ory (UMT) with that of a Newtonian mechanics equation of motion. A free vibration
analysis on a mass-spring single degree of freedom system subjected to sliding friction
is done to demonstrate the results in both cases. Sliding friction is a dissipative process.
In Newton’s model, the sliding friction is accounted for by frictional force. Coulombs
model for friction is dependent on the applied normal contact force and independent of
the area of contact and velocity of motion. In Newton’s equation of motion for dynamic
equilibrium, the Coulomb model for friction uses an experimental curve-fitted parameter
called a frictional coefficient to account for the non-conservative generalized force due to
frictional dissipation. Variants of Coulomb’s model for dynamic analysis are reported in
the literature [23]. Even though Newton's laws of motion do not directly account for the
thermodynamics of frictional dissipation, the Coulomb model for frictional dissipation is
empirically incorporated in Newtonian mechanics models [24-28] by adding a frictional
damping term “C” in the equation of motion. Since 1895, when Painlevé first discovered the
incompatibility of frictional dissipation with Newtonian mechanics [29], many researchers
have been attempting to resolve the paradox [30,31]. In tribology, frictional dissipation has
been introduced with the concept of thermodynamic quantity, known as entropy [32,33].
Such a thermodynamic approach of introducing friction using entropy is often questioned
for its practical feasibility [32]. Unified mechanics theory deals with the mechanics of
both the conservative and non-conservative systems. In this study we present a novel
and practically feasible approach to introduce friction as a thermodynamic dissipative
process, and solve one-dimensional free vibration problems, using the unified mechanics’
theory. The presented approach is thermodynamically consistent and requires no empirical
addition of functionals or curve-fit methods to introduce dissipative terms in the dynamic
equilibrium equation.

The work is organized as follows. In Section 2, a basic form of dynamic equilibrium
equation is derived from the general form Lagrangian and using fundamental principles of
finding the local extremum of integrals. A mass-spring single degree of freedom system
subjected to sliding contact friction is considered to derive a dynamic equilibrium equation
for the specific case, using the equation derived in Section 2, and the derivation is presented
in Section 3. An entropy generation function under sliding contact friction is presented
in Section 4. Using the dynamic equilibrium equation derived in Section 3 and the ther-
modynamics fundamental equation of the system presented in Section 4, free vibration
analysis is done and the results are presented along with the results using the Newtonian
mechanics’ equilibrium equation and test data, in Section 5. The main conclusions from
the observations on the proposed model and the results are presented in Section 6.

2. Derivation of the Dynamic Equilibrium Equation

The action of a material point, over a period, At = t, — t;, can be defined by the
following integral,
t
1= [ cadt 3)
Jt
where L represents the Lagrangian of the system [34]. Classical mechanics using La-
grangian applies to macroscopic systems under energy-conserving motion. If irreversible
processes are to be included in the Lagrangian, the second law of thermodynamics must
be considered [3]. In Newtonian mechanics, the effect of dissipative forces is included as
impulsive forces and pseudo-forces [4]. Hence, the Newtonian mechanics deals with space-
time coordinates and does not consider a change in entropy of the system. In recent years,
some research works are focusing on the formulation of dissipative processes in Lagrangian
formalism. For example, Musielak [35] introduced first-order time derivative terms (func-
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tions in terms of velocity) with coefficients varying in time or space, to include the dissi-
pative terms in the Lagrangian of dynamical systems. Lazo and Kumreich [36] proposed
Lagrangian function, depending on mixed-integer order and fractional order derivatives
to formulate a quadratic Lagrangian for non-conservative systems. Even though the
approach [36] is consistent with the variational principles, the Riemann-Liouville frac-
tional derivatives in the Lagrangian, were introduced without any thermodynamic basis.
Mart “inez-P “erez and Ram “1rez [37] studied the doubled variable Lagrangian formulation
of dissipative mechanical systems by the application of the Noether theorem. Szegleti and
Markus [38] presented a method which creates a potential function that generates the
measurable physical quantity, to describe a dissipative system modeled by a linear dif-
ferential equation in Lagrangian formalism. It is stated in the literature [38] that the
numerical solutions to the differential equations formulated by the presented [38] method
would yield non-physical solutions, if not stabilized by appropriate conditions. However,
the method [38] did not give any physical basis in incorporating a potential in the La-
grangian. None of the above approaches brought the idea to describe dissipation within
Lagrangian formalism based on the second law of thermodynamics.

In this study, we attempt to introduce second law of thermodynamics in the La-
grangian system, using the unified mechanics theory. In the unified mechanics the-
ory [8-10], each material point in a dynamics problem is defined in the space-time-TSI
coordinate system. Hence the material point shall be a function of (x,t,®). The addi-
tional parameter @, called Thermodynamic State Index (TSI) [9,10] of the material point
represents the physical state (corresponding to an entropy generation mechanism) of the
material point. Using the unified mechanics theory [9], Lagrangian of the system is written
as follows,

,C = ,C(t,u,li, (Dl) (4)

where u and u represents displacement and velocity of a material point, respectively.
The term &; is used represent n number of different independent dissipation mechanisms
within a given thermodynamic system at a material point. If the integral function in
Equation (3) attains a local minimum at a point, q and let {(t) be an arbitrary function that
has at least one derivative and vanishes at the initial time, t; and final time, t,; then for any
real number ¢, closer to zero, the following condition is valid,

I(q) <J(e) @)
where the real-valued function, J is represented as follows,
J(e) =1(q+€Q) (6)

The functional ‘I’ is said to have a local minimum at u = q, the function J equivalently has
a local minimum at e = 0. Hence the following equation is valid,

dJ _([dL B
Lie] e=0 B t [de] e:Odt =0 @)

Taking the total derivative of £, we get the following equation, which has an additional
term compared to Newtonian mechanics,

ac _ocdu ocdu g ocdo,
de dude 9ude = oPd; de

®)

It is important to note in Equation (8) that the derivative of Lagrangian with respect to the
new axis, TSI is non-zero. The displacement is represented as follows,

u=q+e¢ )
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Taking the time derivative of Equation (9), we get the following equation for velocity,
U=q+eC (10)
Using Equations (9) and (10), we get the following form for Equation (8),
d. dL oL d¥;
dc " oult Czwde an

N
ty de e=0

Al

oL

du

In this study, we consider a friction driven dissipation mechanism for a single degree
of freedom mass-spring system, subjected to Coulomb friction. Hence, with the TSI,
D, =0 (u, u, t) and we write the following total derivative of ® with respect to €,

d® oPdu 0P du

de " oude T nde (12)

Hence, by substituting Equation (12) in Equation (11), we get the following equation,

ac _ %4_%82 L %4_%82 l (13)
de \ou 0o®adu ou 9P ou
Therefore, Equation (7) takes the following form,
bl/oL oL oD br/oL 0LID)
a= [+ 5 om)e] ar [M(55+S550)  a=o (1)

Integrating the second term on the right-hand side of Equation (14) by parts, we get the
following equation,

t
L 9Lod d<a£+aza¢>>c} dt+{<az+a£a¢)[qe_o} _0 (15)
e=0

0P Ju dt 0D 9u 0D 9Ju

ty

By the definition of ¢, the second term in Equation (15) vanishes at the boundary of the
integral domain. Hence, using Equations (9) and (10) in Equation (14) and by applying the
principle of local state, we get the following equation,

oL JdL 0P d(BE acacp)_ (16)

u 9P ou  dt\au 9% aa

Unlike in the Newtonian mechanics-based Euler-Lagrange equation, Equation (16) has an
additional derivative as a function of TSI. Using Equation (9), the variation statement of
any function, ¥ in u, is represented as follows.

dy

—_— =0¥ 17
B a7
Using Lagrange-d’Alembert’s principle, and representation of variation statement, given in
Equation (17), for an externally applied force, Fext, we can write the following equation,

9L LI d (AL ILIP
ou o®Pou dt\ou 9P au

) + Fext =0 (18)

Equation (18) represents the basic form of dynamic equilibrium equation in unified mechan-
ics theory. Specific form for a given system is derived by writing the fundamental equation
for entropy generation in the system and the Lagrangian of the system. In the succeed-
ing section, a mass-spring system with friction as the source of dissipation is considered to
apply the basic form of structural dynamic equilibrium equation given in Equation (18).
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3. Application of the Equation on the Vibration of a Mass-spring System Subjected
to Friction

In this section, a mass-spring system under frictional dissipation is used to derive
the governing equation of motion using Equation (18) and compare the solution of the
equation of motion with that of a Newtonian mechanics equilibrium equation. A schematic
representation of the mass-spring system is given in Figure 2.

u(t)

k
—VVVVVVVV

1

DO

M-Coulomb friction coefficient
A-Thermodynamic friction coefficient

Figure 2. Block diagram of a mass-spring system subjected to friction.

Lagrangian of the system is given by,
L=K-V (19)

where K and V are the total kinetic energy and total potential energy of the system,
respectively. In the derivation, mass is considered to be constant and hence, &, = 0,
in Equation (2). For a mass m, excited by an external force, Fext(t), the total kinetic energy
of a conservative system (without damping) is given by the following equation,

K = -mu (20)

where, the velocity, G in Equation (20), represents the velocity of a mass-spring system in
Newtonian mechanics with no dissipation due to friction. Using unified mechanics theory,
any dissipative processes in a system can be modeled by using TSI, ®. TSI, @ is an index,
which evolves from zero to one, as a function of entropy generation. Hence, we represent
the net kinetic energy of the mass m, with a resultant velocity, u as follows,

1 . 1 .2
Emu2 = ;mu (1-9) (21)
the potential energy is expressed similarly, by introducing entropy generation due to friction.

Hence, the Lagrangian in the unified mechanics theory is given by the following equation,
1 .2 1., 1 1 11,
L= kit~ R — 3 22
2™ T T A e 2™ Ta—e) 2 @2)
In Equation (22), entropy generation due to degradation in spring stiffness is ignored.
Derivative terms in Equation (18) are calculated using Equation (22) as follows,

oL

5o =—(1- @) ku (23)
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oL 1 1 .2 1 )
— —mu —ku 24
0P (1-d)2 (1—®)>2 @
9P _ ms (as3) 985 _ Ms g ) 985
Ju R ¢ Ju R (1-@) Ju (25)
oL _ (1—®) 'mu (26)
Ju
d (oL _ -1 1 -
§(55) =mag (1= ®)7") 4 lgymi
<Zr ) 27)
d (dL) _ -
a(x) = mu=oy + Tgymil
d®  ms dAS
@ - RO (28)
d (L0 _d (L)o@ AL d (30 9
dt\o® gu/) dt\o®/)ou oPdt\ou
L d -2 d 2
— lmd (1 L _d(1me?) — leg2d (1 1 _d (L2
= ymu dt((l_q))z + 1oy dt(zmu ) 2ku dt((l_q))Z) 1—a) dt(2ku ) (30)
or,
.2
£(38) = (i - o) (2 48 ) + 1 oms —k)
0P ms IAS
—=21-9 31
Ju R ( ) Sa Ju BD)
d (o 6
a(%) - R clt((1 - AS)
s s o)
= REE G- @) + (- @) (%) )
or,
2
$(32) = R0-0)% (L) - (f)’(1 - 0)dsde
2 2 s d ; o Lms )
%(%%% = {(%mu — lku )((1_1(1))221?{61%5) +a 1@)2 (mu—ku)u}”ﬁ(l —CD)% )
2 )2
+{(11¢)2§mu (1- @)Z%ku }{rrlés(l_q))&(?s) - (R)a @)%%’f}

1

Using Equation (1), Equation (18), and Equation (23) through Equation (33), we get

mg 1 dAS mg 1 1 JAS JdAS

(1-2)

mu + (1_1 )ku+<

2 u

the following force balance equilibrium equation,
e
mu q

>u+ {;ku2

The function, g is the summation of all the terms as a function of <=2 aAS and Fey; is the external
excitation force.

On the other hand, in Newtonian mechanics, the governing equation of motion under
sliding friction is given by the following equation,

) + Fext =0 (34)

R (1-®) dt R (1-9) ou

mu + ku + pmg sgn () + Fext = 0 (35)
where, 1 is the Coulomb friction coefficient, m is the mass, g is the gravitational constant,
and sgn is the signum function. The damping term ‘C” in Equation (35) is represented
by the Coulomb friction force. Equation (35) does not include any dissipation other than
mechanical work due to friction. However, there are also other dissipative processes that
are accounted for in unified mechanics equilibrium Equation (34). These additional entropy
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generation mechanisms are defined in terms of change in entropy, AS, and energy loss,
represented along the thermodynamic state index axis, ®. The entropy generation function
during the sliding friction is derived in the following section.

4. Entropy Generation in Sliding Friction Contact: Thermodynamic
Fundamental Equation

Sliding friction is a dissipative mechanism. Experimental results on free vibration of a
single degree of freedom system with Coulomb friction shows that the decay in the ampli-
tude of free vibration is bilinear and linearity is lost towards the end of vibration [39-41].
However, such bi-linearity is not captured in the Newtonian mechanics’ equation given
in Equation (35). There are several dissipation mechanisms in sliding friction, such as
mechanical work dissipation, heat generation [33], and acoustic losses [42]. In this section,
we attempt to derive an entropy generation equation for the sliding friction in a single
degree of freedom mass-spring system. Mechanical work dissipated during friction sliding
is given by the following equation,

"ty
Wi = [ umg]dul (36)
1

The coefficient of friction is obtained empirically. It is defined by the critical force that
causes the onset of sliding. But it does not account for heating caused by sliding, and acous-
tic losses. The heat generation during sliding friction is dependent on the velocity of
motion [33]. Temperature rise due to heating of the contact surfaces increases the en-
tropy generation. A very large increment in temperature leads to diffusion of the material
and such process is applied in friction welding applications [43]. This study does not deal
with such diffusion mechanisms due to heating. Since the current study is limited to the
derivation of the dynamic equilibrium equation of unified mechanics theory for a dynamic
event and to demonstrating the application of the resulting governing equation of motion,
this study does not deal with the derivation of the fundamental equation for diffusion
in sliding friction. Nevertheless, for the validation of the proposed governing equation
of motion, we propose a model for dissipation due to the probable mechanisms other than
mechanical dissipation given in Equation (36). It is postulated that the dissipation due to
all other mechanisms, such as heating and acoustics, is directly proportional to dissipation
due to mechanical sliding, given in Equation (36). Hence, we give the following relation to
total dissipation,

W1 = (1+kq)Wn (37)

where, Wg is the total dissipation and k4 is the fraction of work dissipated as heat, acous-
tic losses, etc. Since the proposed model is based on the second law of thermodynamics
for dissipation mechanism, entropy generation, AS, representing the dissipation process in
a mass-spring system under friction has to be calibrated with an in-efficiency parameter.
The initial potential energy of the mass-spring system under free-vibration will be dissi-
pated as work of friction, heat, and acoustic losses. However, this conversion cannot be
perfect. Hence, the specific entropy generated is given by the following equation,

1 t
AS = —(1+ Ka)bs /t mug|dul (38)

where )5 represents the in-efficiency factor. We define the factor, 1\ as the ratio between
the maximum entropy at which TSI, ® tends to unity (say, at & = 0.99) and the maximum
entropy that the mass-spring system could generate, for an initial excitation, if it had
zero in-efficiency. Hence, by substituting Equation (38) in Equation (34), we get the
following equation,

(1-2)

(1— ) R (1— )

m, 1 1 1 .2 1 )
kut g {zk“2 pmu } [mT(l + ka)ths Myug sgn (1) | = Fex (39)
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In Equation (39), determination of the fraction of dissipated work, k4 is required to
get the solution. To calculate k4, we assume the following condition. The rate of heat
generation and acoustic losses are dependent on the state of contact surfaces and the
impulse force generated due to friction. Since friction is proportional to normal reaction,
it will be impulsive when normal force is impulsive. Due to unevenness (asperity) of the
contact surface, a sudden change in the direction of the normal contact force generates
an impulsive friction force in addition to the sliding friction force. Impulse force due to
interface surface asperities increases the dissipation. It is shown in the literature [10] that
the rate of dissipation is maximum in the initial state and is dependent on the TSI, ®. In a
similar way given in the literature [10], we represent the dependence of k4 with ® and
propose the following relation for the determination of parameter, k.

‘ _q)<?\mg At) (40)

mlul

where At represents the duration for which the momentum is calculated and A is the thermo-
dynamic friction coefficient to be determined with experimental data. The in-efficiency fac-
tor, 1, representing the dissipation of initial strain energy during a free vibration. Once the
TSI, @, is close to unity (say 0.99), the maximum entropy for a value of, assuming ®. =1,
can be calculated from Equation (1) as follows,

R
AS,, = 4.605— (41)
S
where, AS], is the maximum entropy, for which TSI is close to unity. At the ultimate
state (TSI, ® reaches unity), the total initial energy, gets dissipated. Hence, for any initial
potential energy, the maximum entropy generation possible cannot be more than the initial
potential energy, hence it is given by the following equation,

_ b1, o
AS, = T3 kug (42)
where, uy is the initial excitation displacement. Hence the in-efficiency factor is given by
the following equation,
_ AS1y
ASy

The proposed Equation (39), is solved together with Equations (38) and (43) and the results
are presented in the following section.

Wy (43)

5. Results and Discussion
5.1. Comparison with the Newton’s Model

Free vibration analysis is done for a single degree of freedom system under fric-
tional damping. Equations (35) and (39) are solved by using Newmark’s method [44] in
a MATLAB editor. Details of the numerical procedure using Newmark’s method can be
found elsewhere [45]. The model parameters used in the present study are listed in Table 1.
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Table 1. List of Parameters used to solve the proposed model and the Newtonian mechanics equation.

Parameter Value Unit
Spring stiffness, k 6.3 x 10° N/m
Critical TSI, . 1 -
Thermodynamic friction coefficient, A 0.003 -
Mass, m 2 kg
Sliding friction coefficient, p 0.2 -
Molar mass for iron, mg 55.84 x 1073 Kg/mol
Displacement at t = 0, ug 6.25 x 1074 m

Newtonian mechanics equilibrium Equation (35) and unified mechanics equilibrium
Equation (39) were solved for an initial excitation. Results are plotted in Figure 3 through
Figure 6 for the input parameters given in Table 1. The solution of the equation of motion in
unified mechanics theory and Newton’s law for damped oscillation of the mass are shown
in Figure 3 for displacement and Figure 4 for velocity, respectively. It can be readily noticed
that both models capture damped oscillation. However, the decay in amplitude is linear
for Newton’s model, and in unified mechanics, the response is nonlinear. Experimental
results on similar models [39,41] show that the amplitude decay is not linear. Since the
response of the mass-spring system in the unified mechanics equilibrium equation is
dependent on the entropy evolution within the system, a detailed study is required to get
the entropy generation function, also known as thermodynamic fundamental equation.
However, the current study is limited to the derivation of the governing equation using the
fundamental principles of unified mechanic theory on a dissipative system and limit to
a macroscopic (experimental level) model for dissipation at the friction-contact interface,
as given in Equation (38).

0.0007 -
0.0006 -
0.0005
0.0004 -
0.0003
0.0002
0.0001
0.0000 -

-0.0001 -

-0.0002 -

-0.0003 -

-0.0004

-0.0005 |l {1 ;

-0.0006 41 '

-0.0007 +———+—+—r+——1r—-+—7r-—+—1——1—+—1—
000 005 010 015 020 025 030 035 040

Displacement, u (UMT model)
B Displacement, u (Newton's model)

—

Displacement, u (m)

Time (s)

Figure 3. Position versus time for a damped oscillator in the presence of contact surface friction.
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0.4 4
Velocity, v (UMT model)
5 by i s Velocity, v (Newton's model)
[ |
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04 . : : : : : : :
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Time (s)
Figure 4. Velocity versus time for a damped oscillator in the presence of contact surface friction.

Figure 5 shows the response of mass-spring oscillator subjected friction, along the
TSI axis. In the present context, the TSI axis represents the thermodynamic state of oscil-
lation. Hence, the interpretation of TSI in the present study is limited to the dissipation
of strain energy stored in the spring. As shown in Figure 5, the oscillations dampen and
the strain energy and kinetic energy of the mass-spring system decays. Even though the
Newtonian equation of motion given in Equation (35) for the mass-spring system takes care
of damping due to friction, the equation does not directly deal with the thermodynamics
of the energy dissipation. However, the unified mechanics theory accounts for the thermo-
dynamics of the system, in the equation of motion, as derived in Equation (34). Dynamic
equilibrium Equation (34) in unified mechanics theory accounts for all the dissipative

processes in an entropy generation function.
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Figure 5. The response of mass-spring oscillator along with the Thermodynamic State Index (TSI) axis.
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Unified mechanics theory (UMT) [9] proposes a space-time-TSI coordinate system [9,10].
Figure 6 shows the results from the present study, for the space-time-TSI relation of the
damped oscillation under friction. Such a relationship cannot be obtained by Newton’s
equations unless the laws of thermodynamics are invoked separately. Even if they are
invoked separately, in Newton’s equations, the derivative of entropy with respect to dis-
placement is zero, which is obviously not correct. Amplitude variations for the model
parameters listed in Table 1 are oscillatory as shown Figure 6. This is due to the numerical
error in the approximation of the solution of the differential equation given in Equation (34)
using Newmark’s method. Since the present study is not focused on the numerical accu-
racy of the solution techniques, exploration of other methods of numerical techniques are
excluded from the present study. The similarity in the trends of TSI plotted for the various
physical systems [9] including the mass-spring system in the present study, is due to the
statistical nature of Boltzmann’s equation for entropy, from which the unified mechanic
theory is based on [8].

The linearity of amplitude decay in the Newtonian equation of motion for friction
is not observed in experiments and in the unified mechanics theory-based formulation,
as shown in Figure 7. From Figure 7, one can readily notice that the rate of amplitude
decay is constant for the Newtonian mechanics equation. Nevertheless, tangents to the
curves in Figure 7 would show that the rate of amplitude decay in the unified mechanics
theory-based model is high in the initial stage of oscillation when compared with the
final stage. This could be due to the macro-level model approximations for the entropy
generation equation proposed in Equation (38). A separate detailed study is required for
the identification of all the entropy generation sources that are active in the contact surfaces
of the friction block model. Such a study can help in reproducing the nonlinear response of
friction block experiments [39,41].
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Figure 6. Change in the amplitude of oscillation and evolution of TSI with time for frictional dissipation.
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Figure 7. Amplitude versus time for various values of frictional coefficients.

Figure 7 shows the variation in amplitudes of vibration for the mass-spring system
with different frictional coefficients. The unified mechanics theory captures the time
at which oscillation stops, as predicted by using the Newtonian mechanics equation.
All the results using the proposed model show numerical errors in the solution. Since the
objective of this study is limited to the derivation of the governing equation of motion in
unified mechanics theory and to compare the results with that of the Newtonian mechanics
equation of motion, various aspects of numerical solution techniques are excluded from
the present study.

5.2. Comparison with Experimental Data

An experimental data set published in the literature [46] is used to compare the
predictions using the dynamic equilibrium Equation (39) in the unified mechanics’ theory
(UMT) and Newton'’s equilibrium Equation (35). The experimental setup consists of a
mass-spring single degree of freedom system with dry friction [46] subjected to an initial
displacement. A linear voltage differential transformer is used to sense the motion of
mass [46]. A combined effect of Coulomb friction and viscous damping on a single degree
of freedom system is investigated by using a similar experimental setup [47]. A list of the
model parameters used in this comparative study is given in Table 2.

Table 2. List of parameters used to compare the proposed model and the Newtonian mechanics
equation with experimental data.

Parameter Value Unit
Spring stiffness, k [47] 54 N/m
Critical TSI, . 1 -
Thermodynamic friction coefficient, A 0.003 -
Mass, m [47] 1.51 kg
Sliding friction coefficient, u [47] 423 x 10~* -
Molar mass for iron, mg 55.84 x 1073 Kg/mol
Displacement at t = 0, ug 425 x 1073 m

Results are plotted in Figures 8 and 9 by using the input parameters given in Table 2.
Model predictions and test data for displacements and displacement-amplitude of vibration
are shown in Figures 8 and 9, respectively. As shown in Figure 8, both the unified mechanics’
theory-based model and Newton’s equation of motion capture damped oscillations under
Coulomb friction. The amplitude variations, as shown in Figure 9, show a different trend
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for the unified mechanics theory-based model when compared with the predictions using
Newton’s equation of motion. Newton’s equation of motion predicts closer results to the
test data [47]. However, it is to be noted that Newton’s model parameter involves an
experimental curve-fit data, representing the frictional force. Nevertheless, the unified
mechanics theory-based model involves TSI, which evolves with the thermodynamics of
dissipative mechanisms that are associated with friction. In other words, Newton’s model
captures a dissipative process under friction, without considering the thermodynamics of
the vibration.

From Figures 8 and 9, it can be seen that the amplitude decay is not exactly linear in the
dry-friction experiment [47]. It can also be noticed in the test data [47] that the mean position
at the end of oscillation deviates from the initial equilibrium position of the mass by an
amplitude of 4.1 x 10~* m. However, the calculated value of the amplitude of displacement
of the mass under static equilibrium condition, [u|y,u = Y72 is 1.16 x 107* m. This could
be due to a difference in the spring stiffness in the experimental setup [47] while the mass
oscillates in the negative displacement half-cycles, when compared to the stiffness of the
spring during the positive displacement half cycles and also due to the damage in the
spring due to the mechanical deformation. Since the spring stiffness in the models is
constant under both the compressive and tensile loading directions, such a variation cannot
be noticed in the model predictions. With the experimental curve-fitted data for frictional
coefficient, the results using the solution of Newton’s equilibrium Equation (35) agree with
the initial positive peaks of half-cycles of oscillation and do not predict the negative peaks
of initial half-cycle data for displacement. While comparing the duration of free vibration
in Figure 8, the equilibrium Equation (39) in UMT predicts a close result with the test
data. Since the equilibrium equation in UMT is a function of thermodynamic quantity;,
entropy, the model requires estimation of entropy evolution to get the solution matching
with the test data. Linearity or the nonlinearity of the predicted amplitude variation
using the equilibrium equation in UMT, is dependent on the thermodynamic fundamental
equation in Equation (38). Current scope of the study is to derive and present the dynamic
equilibrium equation in UMT. Hence, we limit the application of the derived dynamic
equilibrium equation in UMT in a Coulomb friction model using a macroscopic model for
entropy generation function at the friction-contact interface, in Equation (38).
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Figure 8. Comparison between model predictions and test data [47] for the displacement versus
time data.
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Figure 9. Comparison between the model predictions and test data [47] for the amplitude versus
time data.

6. Conclusions

In this work, we attempted to derive the dynamic equilibrium equations based on the
unified mechanics theory for a dissipative free-vibration problem. The generic form of the
dynamic equilibrium equations of the unified mechanics theory in terms of Lagrangian
for the nonconservative system is presented. Unlike Newtonian mechanics equations,
this generic form has a new axis, called the Thermodynamic State Index (TSI) axis in
addition to space-time axes. Unlike in the Newtonian mechanics equation such as the one
presented in Equation (34), in unified mechanics theory-based Equation (22), the derivative
of displacement with respect to TSI is non-zero. The term representing nonconservative
force in Equation (22), is dependent on the entropy generation of the system rather than an
empirical damping term ‘C” in the Newtonian mechanics equilibrium equations. Hence
the proposed model has a physical basis and does not require empirical curve-fit to the
experimental data. However, friction coefficients must be measured experimentally.

The proposed model is applied on a mass-spring single degree of freedom system
subjected to friction and the results are compared with that of a Newtonian mechanics for-
mulation.

In unified mechanics theory, in dynamic equilibrium equations all dissipation mecha-
nisms must be included in the thermodynamic fundamental equation. There is no need
for an empirical C constant. Hence, the unified mechanics dynamic equilibrium is more
fundamental and physics-based than using thermodynamically consistent Newtonian
mechanics formulation.

Thermodynamic state index can also be used to model degradation evolution in
the spring in the system without any empirical test data. Examples of this are given in
references [1-16]. In Newtonian mechanics, degradation evolution must be introduced by
an empirical curve fit.

As shown in Figure 8, ideally the predictions using the Newtonian model Equation (35)
with a test data-fitted friction coefficient, match well when compared with the same
test data. However, the equilibrium Equation (34) in the unified mechanics theory is
a function of the entropy generation, which is not a curve-fitted coefficient. Hence the
predictions using Equation (34) are dependent on the form of the thermodynamic fun-
damental equation for entropy generation. Thermodynamic fundamental Equation (39)
for the sliding friction is derived to include mainly the mechanical dissipation. Hence,
a separate study is required to incorporate other dissipative processes such as a contact
material diffusion, acoustic losses etc., in the thermodynamic fundamental equation and to
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match the solutions of the unified mechanics’ theory-based dynamic equilibrium equation
with the test data.

The dynamic equilibrium Equation (34) can be used in various applications. One of
the applications involves one of the oldest scientific topics, the study of the dynamics of
pendulum. Under large amplitudes of oscillations, Newton’s model with linear friction
is inadequate to model the experimental observations. For this reason, nonlinearities
are introduced [48] in the model. Such nonlinearities associated with the dynamic event
are governed not only by the mechanics of motion, but also by the thermodynamics
involved in it. Hence, the Equation (34) contributes to an approach of thermodynamically
consistent modelling of such nonlinearities associated with the motion of pendulum-
oscillator, without an extended empirical nonlinear model. Further, the applications of
the thermodynamically consistent dynamic equilibrium Equation (35) can be extended
to study the friction pendulum dampers used in structural isolations [49-51] and other
friction dampers used as an energy dissipation devices for structures against an earthquake
load [52-54]. The dynamic equilibrium equation can also be used for investigating frictional
dissipation in vibration energy harvesters [55], independent energy dissipation mechanisms
in impact-pendulum [56] and in rub-impact events [57], and influence of wear-dust on
contacting surfaces or on the dissipation characteristics etc.
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