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predicting structural behaviour. While extensively studied in stiffness-coupled systems, the
impact of inertial coupling, particularly through inertial amplifiers, on mode veering remains
unexplored despite their growing applications in vibration control and energy harvesting.
This paper presents the first mathematical demonstration of mode veering induced by inertial
coupling in a coupled double oscillator system. Through rigorous eigenvalue analysis and
hyperbolic transformation, it is proven that mode veering invariably occurs in systems with
pure inertial coupling or any combination of inertial and stiffness coupling, with one notable
exception that occurs at the system’s point of symmetry. This exception is particularly significant
as it enables strong mode veering effects even at high coupling stiffness, a characteristic
previously unattainable in traditional stiffness-coupled systems. By identifying the system’s
symmetry point and establishing its relationship to eigenvalue behaviour, a rigorous framework
for understanding and predicting mode veering in combined coupling systems is provided.
These findings not only expand the theoretical understanding of mode veering but also offer
new possibilities for frequency control in multi-degree-of-freedom systems, particularly relevant
for vibration control, and energy harvesting applications where traditional stiffness-based
approaches may be limiting.

1. Introduction

Mode veering, or eigenvalue veering, can occur in coupled systems and can be identified by the eigenvalues of two or more modes
converging towards and then diverging away from each other as a system variable is changed along a range of potential values [1-3].
This behaviour is accompanied by a shift in both the eigenvalue and eigenvector behaviours where the modes seemingly swap their
responses to a changing system [4-6]. This effect is usually strongest for weakly coupled systems [7,8] one where, for stiffness
coupling, the coupling element has low stiffness. Mode veering is usually of particular importance during the design phase of a
system when variables are most prone to significant changes and must be monitored or otherwise accounted for to avoid sudden or
unexpected changes in the eigenvalues of different modes [9-11]. It can also be important in vibrating systems where the loading
can be expected to change during use [12-15] and can be of particular importance during the maintenance of existing structures
when vibration control systems might need to be retuned as changes in the structural shape and material properties due to age can
induce mode veering [16,17].

While mode veering is generally described and explored in the context of structures where stiffness coupling is the mechanism
which induces the veering effect, there are other potential coupling mechanisms. Gyroscopic coupling has been described in rotating
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bodies under external forces, such as spin stabilised satellites [18], and due to aerodynamic forces on very small systems [19]. Inertial
coupling can be utilised to interpret the behaviour of porous mediums such as sands and soils [20], to describe the behaviour of
particles within certain types of fluid flows [21,22], to describe the boundary layer behaviour of two fluid flows of markedly different
properties [23,24] as well as to model the aeroelastic galloping behaviour of small cross-sectioned structural bodies in crosswind
conditions [25]. Of these varied coupling mechanisms, the existence of mode veering can be considered well established for stiffness
coupling scenarios but has also been described in gyroscopic coupling as well [26]. Due to both the past use of inertial coupling
for modelling fluid particle interactions as well as the relative lack of documentation on mode veering in inertial coupling systems
the growing interest in inertial amplifiers in structural mechanics therefore presents a potential gap in the existing knowledge
surrounding their dynamic behaviour where multi-degree of freedom systems and their potential for inertial coupling and possible
mode veering are concerned

There is a growing body of research into Inertial Amplifiers [27] with particular focus on proposed uses in mechanical
systems [28] and meta-materials [29-31]. Inertial Amplifiers are also being investigated for their potential to open up new avenues
for energy harvesting [32-34] as well as their promising attributes for frequency control [35,36]. Current investigations in the
literature have proposed applications in single degree of freedom systems [37] or in systems where only a single oscillator is directly
influenced by the inclusion of an inertial amplifier [38]. In addition to these cases, inertial amplifiers are also being regarded
for applications in multi-degree of freedom systems where several oscillators can be simultaneously affected by the inclusion of
an inertial amplifier in between them [39-41]. The primary interest in inertial amplifiers for the proposed applications is their
potential for including additional tools for frequency control [42-44], particularly in the ability of inertial amplifiers to induce a
shift in the natural frequencies of the connected oscillators [45]. However, the possible effects of inertial amplifier inclusion into
such multi-degree of freedom systems and their multi-modal frequency behaviour, particularly the potential for mode veering which
can occur in such coupled oscillator systems remains under studied. This paper seeks to fill in this gap that has been identified by
demonstrating that mode veering occurs for inertially coupled systems and shows that the mode veering behaviour due to stiffness
or inertial coupling are specific forms of a more general coupling behaviour that is likewise identified and described in this paper.

In this paper, a coupled double oscillator system is considered, where a simple inertial amplifier is included between the two
oscillators both alongside and instead of a coupling spring. A coupled double oscillator was selected as its dynamic system can be
regarded as a common base unit used in the approximations of a large variety of mechanical systems [46]. It is also used to describe
the unit cells [47] used to build many larger types of multi-degree of freedom dynamic systems [48], especially when linked up
in series [49,50]. A coupled double oscillator can also be used to analyse the two specific modes involved in a mode veering
phenomenon for a larger system without having to calculate the other uninvolved modes that are not of interest. In addition, its
dynamic behaviour is well studied [51] and so gives a useful comparison for potential systems utilising inertial coupling.

This paper is laid out as follows; in Section 2, the system model is introduced. Using the Lagrange Method for determining the
energy balance of the mass and stiffness normalised system, the mass and stiffness matrices are obtained and the Euler-Lagrange
equations are used to obtain the equations of motion for the generalised system. It is demonstrated that any combination of coupling
inertial amplifier masses or coupling springs can be reduced to two distinct variables in the equations. In Section 3 the mass and
stiffness matrices are used to obtain the frequency equation and the generalised values of the eigenvalues for a coupled double
oscillator with both a coupling spring and coupling inertial amplifier of any form or type. The eigenvalues for a pure inertial
amplifier coupling are shown to be always distinct. In Section 4 the co-ordinate translation and reference frame rotation hyperbolic
method developed to demonstrate mode veering in all pure stiffness coupling double oscillator systems [51] is used to demonstrate
that for a generalised case, both for varying stiffness and varying mass, that mode veering will likewise always occur in all pure
inertial coupling double oscillator systems. It is demonstrated that the same holds true for almost all systems with any form of
combined coupling, as well as highlighting the one exception case. In Section 5 is a comparison of the inverse symmetries present
in both pure stiffness coupling and pure inertial coupling as well as how they relate to the more general combined coupling case.
The point at which a coupled double oscillator would have complete symmetry and thus have non-distinct eigenvalues is identified
and it is demonstrated how this point of symmetry is integral to describing the behaviour of eigenvalue loci curves. Graphical
demonstrations of double oscillator systems with a combination of stiffness and inertial coupling are included in Section 6 and the
difference in dynamic behaviour between pure stiffness, pure inertial and combined cases are discussed. Conclusions are drawn in
Section 7.

2. System model and the equations of motion

Consider a classic coupled double oscillator suspended by a pair of fixed springs, one for each mass, and then include a stiffened
simple inertial amplifier between the two masses alongside the coupling spring. This inertial amplifier consists of two small masses,
each connected to the primary masses by a pair of hinged rods and to each other by a spring [27]. This system, Fig. 1 would then
contain four masses, with both of the inertial amplifier masses being of equal magnitude; m,, m, and m, as well as four springs; k,
ky, k; and k. If the system is mass and stiffness-normalised, then each variable can be written as a ratio with respect to m; or k;:

my =m, my =ym, m, = pm, ky =k, ky = Pk, ky = ak and ky =nk

where a, ,7,7n, u are the ratios of the normalised variables. Using the Lagrange Method for determining the energy balance of the
system:

L = Tyoral = Utotal (€]
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where L is the total energy of the system, T, is the kinetic energy of the system and U, is the potential energy of the system.
For the system outlined in Fig. 1, the kinetic energies are as follows:
1 . | 1 1 .

T, = Emy%, T, = Eymyg, T, = Eymuz and T, = Eymvz (2)
where 7,,; defines the kinetic energy of the mass m|, T,,, defines the kinetic energy of the mass m, and T, , defines the kinetic energies
of each amplifier mass in the perpendicular and parallel displacement directions respectively. While y, , is the axial velocity of each
oscillator mass, y,, is the axial displacement of each oscillator mass while u and v are, respectively, the axial and perpendicular
displacements of each amplifier mass. As u and v apply equally to each of the amplifier masses then their total displacement kinetic
energy, T,,,, can be written as follows:

Ty =T, +T, = % um(@® + %) 3)
In addition, the potential energies of the system are:
1 1 1 1
Uy, = zkyf, Uiz = 5 Pk(r2 = 2 Uy = Eakyg, and Uy = E;1k(2u)2 4

where U, defines the potential energy of the spring k,, U,, defines the potential energy of the spring k,, U,; defines the potential
energy of the spring k; and U, defines the potential energy of the spring k,. Because the inertial amplifier is composed of small
masses suspended by rigid rods, the kinematic relations of rigid rods can be applied:

vcos ¢ = usingp 5)

where, ¢ is the angle between the inertial amplifier rods and the axis of the oscillators’ motion. Assuming a small displacement, the
small angle approximation means that this is effectively constant and « and v can be described in terms of y, , as:

v= % and =N cot ¢ ©6)
Using Eq. (2), the total kinetic energy of the system is:
1 . 1 ) 1 . .
Tootal = 537 + 5ymiy + 7 um(yy = y)*(1 + cot® §) %)
From this the partial derivatives of y, , can be obtained:
JT,
S0l (it Zpam(1 4ot §)) 3y = S (1 + ot )y, ®)
9y, 2 2
T,
t_?ml = —lym(l + cot® p)y, + (ym + l;,tm(l + cot? q.'))) Vs 9
0y, 2 2

These result in a mass matrix for the system of:

14+ 21 +cot?2p) —£(1 4 cot? )
M= 2 2 1
" [ ~E+co ) y+ (1 +co ) (10)
Using Eq. (4), the total potential energy of the system is:
1 1 1 1
Usoral = 5ky% + 5Pk, = yi)?+ 5azkyg + 51k cot? ¢(y, — y1)? an
From this the partial derivatives of y, , can be obtained:
0Uotal _ 2 2
——— = (k + pk + nkcot” @)y, — (Bk + nk cot” ¢)y, (12)
2y,
aU,
%m = —(Bk + nk cot? p)y; + (ak + Pk + nk cot® )y, (13)
Y2
These result in a stiffness matrix for the system of:
_ 14 p+ncot?¢ —p—ncot?¢
K_k[—ﬂ—ncot2¢ a+f+ncot? (14)
To simplify these equations and matrices, let:
p=%,u(l+c0t2¢) and 7=pg+ncot’e (15)
This changes Eqs.(10) and (14) to:
M:m[1+p "’] (16)
-p vty
K=k[1+‘r —T] a7
-7 a+T
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Fig. 1. A coupled double oscillator with both a connecting spring and stiffened inertial amplifier.

The equations of motion can be obtained using the system’s Euler-Lagrange equations of the form:

d (oL oL

(=)= 18

dr < oy > oy (18)
By combining Egs.(8), (9), (12) and (13) in the form of Eq. (1) and applying Eq. (15), then the equations of motion for the system
described in Fig. 1 are:

m(l + p)y, — pmj, = —k(1 + 7)y| + tky, (19a)
—pmyy +m(y + p)j, = tky; — k(a + 1)y, (19b)
afi <[

Y2 Y2 0

The stiffness matrix, Eq. (17), demonstrates the non-zero non-leading diagonal expected of the stiffness coupling inherent to a
coupled double oscillator system where the two masses are connected solely by a spring. This is a common and well understood
form due to the ubiquity of spring coupled systems. With the inclusion of an inertial amplifier, the mass matrix, Eq. (16), also gains
a non-zero non-leading diagonal which indicates the presence of inertial coupling in the system. This, however, is a considerably
more rare and little studied occurrence in comparison to spring coupling. If the connecting spring, 7, is removed and set to zero in
the equations, the inertial coupling persists. This suggests the possibility of a purely inertial coupled system. While there is already
precedence for inertial coupling, in existing literature this is mostly focused on soil or fluid mechanics, [20-25]. Within mechanical
systems, inertial coupling is rarely if ever touched upon but, pure inertial coupling can be found in some circumstances such as
coupled, or chaotic, pendulums [52,53].

As p and 7 can be taken as being, respectively, the variables for any form of inertial and stiffness coupling then Egs.(19) can
be taken as the equations of motion for any undamped coupled double oscillator system, regardless of the exact composition of the
coupling.

3. The analysis of the eigenvalues
The generalised eigenvalues are derived and the circumstances under which they will be distinct are determined.
3.1. Eigenvalue calculation

Take Egs.(16) and (17) and apply them to the general equation of motion for a mass-spring system:
Mj + Ky =0 (21)
To find the eigenvalues of the system, let:
det[K — AM] =0 (22)
where 4 are the eigenvalues. This determinant is:
G+p+rpm* 2 —(a+y+p+ap+t+yr)kmi+ (a+7+ar)k’ =0 (23)

The determinant produces a quadratic equation in terms of 4 which means that the eigenvalues of the system can be obtained using
the formula:

24

P kf{@+y+p+ap+r+yn)FVa+y+p+ap+t+y0)2 —4@ +p+yp)(a+1+ar)
12 20r+p+7p)
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where the value of 4, is produced by the negative square root, while the value of A, is produced by the positive square root. From
these eigenvalues the respective natural frequencies can be obtained by taking the square root of A. Eq. (24) applies to what can
be considered a combined coupling system, with both inertial and stiffness coupling. In order to obtain the eigenvalues for a pure
coupling system set p or r to zero for pure inertial or pure stiffness coupling respectively.

3.2. Distinctiveness of the eigenvalues

It has already been demonstrated that the eigenvalues of a pure stiffness coupling double oscillator system will always be distinct.
Stephen [51] used two methods to demonstrate this. One of their methods used matrices, taking advantage of the properties of Jacobi
matrices to demonstrate that the eigenvalues of a pure stiffness, linear, series coupled dynamic system of up to infinite length are
always distinct. Thus mode veering will inevitably always occur in such a system. This approach relies on the mass matrix of such
a system being both diagonal and positive definite, which for inertial coupling is not the case. An inertial coupling mass matrix is,
as with a stiffness coupling stiffness matrix, tridiagonal.

The other method Stephen used is specific to the coupled double oscillator system. They utilised the discriminant of the
eigenvalue equation to demonstrate that the crossing of the eigenvalues was mathematically impossible in a pure stiffness coupling
system and so mode veering would occur. The same approach can be taken for both combined coupling and pure inertial coupling
coupled double oscillators. To do so, take the discriminant of Eq. (24):

Km*((a+y+p+ap+1+70)? =4y +p+yp)a+1+ar)) (25)

The loci of the eigenvalues, 4, ,, will only cross if the discriminant is equal to zero. This can only occur if both p and 7 are equal to
each other, resulting in a discriminant of:

Km*(a-y)*A+n)? =0 (26)

where n = p = 7. Even in this case, the loci will only cross if « = y as well. Except for this specific case, crossing of the loci will not
occur. In the case of a system with pure inertial coupling, = = 0, the discriminant can only be equal to zero if p = 0 as well, and
again only when «a = y. In which case, as with a pure stiffness coupled double oscillator, the system will behave akin to uncoupled
oscillators where:

K2m?(a — )% = (myky — myk,;)? 27)
With an eigenvalue of:
k ks
A o=— = 28
uc m] m2 ( )

Thus for a pure inertial coupled double oscillator system, the eigenvalues will always be distinct. As such, it can therefore be expected
for mode veering to likewise always occur, along with its associated exchange of modal characteristics, for any pure inertially coupled
double oscillator system and for any combined coupling system where the normalised coupling ratios are not equal.

4. Hyperbolic demonstration of mode veering

The approach used by Stephen, to demonstrate that mode veering will always occur in coupled double oscillators [51], builds
upon the work done by Nair and Durvasula [54] as well as Chen and Ginsberg [55] to introduce new co-ordinate systems into
the eigenvalue plots and re-frame the equations which describe them with respect to these new co-ordinates. By doing so, Stephen
shows that the eigenvalue variance as a system parameter changes can be described as a hyperbola and as a hyperbola is always
a hyperbolic curve for all potential variables, it can be demonstrated that eigenvalue veering will always occur in pure stiffness
coupling double oscillator systems.

4.1. Pure inertial coupling veering for variable spring stiffness

By using the same approach it can be demonstrated that mode veering should likewise always occur in any coupled system with
either inertial, stiffness or combined coupling. Take Eq. (23) for a system with pure inertial coupling, = = 0, then the determinant,
sometimes referred to as the frequency equation, of the system can be described as follows:

G+p+rpm* A2 —(a+y+p+apkmi+ak’ =0 (29)

The eigenvalues of this system can thus be described as:

k@+y+ptapTVa+y+p+ap’—daly+p+7p)
m 2r+p+vp)
As stated in Section 3.1, Eq. (30) is simply Eq. (24) where 7 = 0. If the eigenvalues are plotted as «, the normalised stiffness of k;,
varies then the gradients of, the curvatures of and the gap between the eigenvalue loci are, respectively:
- 20+ p)a+y+ptap)—4y+p+7vp)
+o7F
dhiy  k 2V(a+y+p+ap? —daly +p+7p)

== 31
du m 2r+p+7p) (1)

Ao = (30)
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Ao k 2p?
s Tm : 3 2
* (@+7+p+ap? —daly +p+7p)?
+y+p+ap?—daly +p+
P Va+y+p+ap? —4aly +p+7p) (33)

m r+po+7rp)
It can be found that the positions where the gradients are equal, the curvatures are maximum and the gap is minimum all occur
for:

_ 2
_vte+yo—p 34)
1+ p)?
As this value of «a is the same for all three of the above cases this location can be reasonably defined as being the point about which
veering occurs. The midpoint of the minimum gap is at ordinate:

A_£a+y+p+ap_£ 1

m2(y+p+yp) ml+p
It can be seen from Fig. 2 that this centre of veering also happens to be the intersection point of the two linear asymptotes. Thus
the centre of veering can be defined as:

2
ytp+yp—p~ k 1
JA =\— ——— 35
Now introduce a new co-ordinate system with its origin at this centre:
K=0— 0y, and A=21-—Ag, (36)
When translated into this new co-ordinate system, Eq. (29) becomes:
k2 pZ
(4 + p+yp)m* A* — xkm(1 + p)A — =0 (37)
1+ p)?
The roots of this new polynomial, obtained using the quadratic formula, are:
2
k(1+p)F (—K(1+p))2+4(y+p+yp)< 2>
k 1+p
Ay =— (38)
m 2y +p+vp)
From these roots, the asymptotes of the eigenvalue loci curves can be obtained when « — co:
1
A, =0 and /12=£M (39)
my+p+yp
In terms of the original variables these, Fig. 2(a), are:
1+ +p+yp—p?
=k L apd =k L K_TH0 <a-7 PEYP ”) (40)
ml+p ml+p my+p+yp 1+ p)?
Now, introduce an anti-clockwise rotation to the co-ordinates using:
k=k"cosf —A'sin@ and A =«'"sing+ A’ cosb 41)

An anti-clockwise rotation is preferred to reveal vertical hyperbolae for ease of distinguishing between the first and second modes
but a clockwise rotation will return the conjugate hyperbolae and so can also be used. As it is desired that the «’ axis to lie halfway
between the asymptotes then:

(k 1+p >

arctan | — ————

my+p+yp
2

Here, 26 is the anti-clockwise, acute angle between the two asymptotes and can be used to describe the angle of deflection about the
centre of veering. The larger this angle, the sharper the deflection and hence the stronger the veering phenomenon. The asymptotes,
Eq. (39), can now be expressed in the new rotated co-ordinates:

2
1
<£i) +1-1
N \my+p+yp

6= (42)

A =Tk 43
1,2 + ( k 1+ p > ( )
my+p+yp
These asymptotes can be seen to be the asymptotes of a hyperbola of the form:
y=52x (44)

a
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0.5 1 1.5 -0.5 0 0.5
Spring Stiffness Ratio, () Hyperbolic Rotated x-axis, (x')

(a) (b)

Fig. 2. The asymptotes of the eigenvalues (1) with variable spring stiffness ratio («), when plotted on rotated co-ordinates (x’, A’) with their origin at the centre
of veering (a.y, Acoy), demonstrate the hyperbolic shape of eigenloci curves. (a) Stiffness Coupling () = 0 and mass (m) = stiffness (k) = oscillator mass ratio
(y) = 1 with asymptotes. (b) Rotated co-ordinates demonstrating hyperbolic curvature.

where:
2
a:(ﬁL) and b=\/(£i> +1-1 (45)
my+p+yp my+p+yp
Thus Eq. (37) can be expressed in the rotated co-ordinate system, Fig. 2(b), in the hyperbolic form:
K A
i -1 (46)

where the foci of the hyperbolas are found at:
A =xVar+p? (47)

The smaller the value of p the closer the two foci. It can also be seen that for all positive, finite values of p the change of eigenvalues
with respect to a will always take the form of a hyperbola thus veering will always occur in a coupled double oscillator with pure
inertial coupling.

4.2. Pure inertial coupling veering for variable mass

In a coupled double oscillator, as well as varying the spring stiffness ratio, «, the oscillator mass ratio, y, can be varied as well. If
for Eq. (30), the eigenvalues are plotted with respect to y instead of « however, the resultant graph takes on a very different form,
most notably the presence of non-linear asymptotes constraining the eigenvalue loci curves. To redefine the eigenvalue equation as
a hyperbolic function it is necessary to describe the eigenvalue loci graph in such a way that the asymptotes are linear. The easiest
way to do this is to change the ordinate 4 to the inverse of the eigenvalues. By doing so, 1 = A~! and Eq. (29) becomes:

alk* P —(a+y+p+apkmi+ @G +p+yp)m* =0 (48)

Thus the roots of this new polynomial, the inverse eigenvalues, are:

= m@+y+p+ap)F\V(a+y+p+ap?—4daly +p+7yp)
J,=2 (49)
’ k 2a
When the inverse eigenvalues are plotted as y, oscillator mass ratio, varies then the gradients of, the curvatures of and the gap

between the loci are, respectively:

—da(l+p)+2(a+y+p+ap)
_ F
ddip  m 2V @+y+p+ap?—daly +p+7p)

— == 50
dy k 2a (50)
0?2, 2,2
p%) =¢% - 3 ey
v (@a+7+p+ap?—daly +p+7p)?
- +y+p+ap)? —dalr+p+
L-J = % Via+y+p+ap?—daly +p+rp) 52)
a



A. Jacques and S. Adhikari Journal of Sound and Vibration 617 (2025) 119292

It can be found that the positions where the gradients are equal, the curvatures are maximum and the gap is minimum all occur
for:

y=a—p+ap (53)

As this value of y is the same for all three of the above cases, this location can be reasonably defined as being the point about which
veering occurs. The midpoint of the minimum gap is at ordinate:

- ma+y+pt+ap m
=——°" 7 T _Zq
A A 7 k( +p) (54)

Thus the centre of veering can be defined as:

(eov- eor) = (€ = p+ ap. T(1+ ) (55)
Now introduce a new co-ordinate system with its origin at this centre:

{=7—Veov and A=I1-1lcy (56)
When translated into this new co-ordinate system, Eq. (48) becomes:

ak*A? = CkmA —mPp* =0 (57)
The roots of this new polynomial, obtained using the quadratic formula, are:

m & F V(P +4ap? (58)

A, =
127 % 2a
From these roots, the asymptotes of the inverse eigenvalue loci curves can be obtained when ¢ — co:
T T ¢
A=0 and A,=2% 59
1 2=y (59

In terms of the inverse eigenvalues, Fig. 3(a), these are:

y—a+p—«a

ZI:%(H,J) and 12:%( ”+1+p) (60)

a

Now, introduce an anti-clockwise co-ordinate rotation using:
¢(=¢"cos®—A'sind and A=¢"sinf+ A cosd (61)

As it is desirable that the ¢’ axis to lie halfway between the asymptotes then:

()
arctan ( —
ka

0= — (62)

Now express the asymptotes, Eq. (59), in the new, rotated co-ordinates:

2
V)« )

m
ka

These can be seen to be the asymptotes of a hyperbola of the form Eq. (44), where:

2
m m
(J—E and b—”(a) +1-1 (64)

Thus Eq. (57) can be expressed in the rotated co-ordinate system, Fig. 3(b), in the hyperbolic form:

¢ x
i (%)

where the foci of the hyperbolas are found using Eq. (47).

A, =%

4.3. Combined coupling veering
The same hyperbolic method can be applied to a combined coupling case.
4.3.1. Variable spring stiffness

For Eq. (23) when the eigenvalues from Eq. (24) are plotted against a then the gradients of, the curvatures of and the gap
between the loci are, respectively:

(66)

Mll_(ﬁ) 1 <1+ i2(1+p)(oc+y+p+ozp+r+;/r)—4(y+p+yp)(l+T))
da m/ 2y +p+rp) Vie+y+p+ap+r+y)l—4y+p+rp)a+rt+ar)

8
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Fig. 3. The asymptotes of the inverse eigenvalues (1) with variable oscillator mass ratio (y), when plotted on rotated co-ordinates (¢’, A’) with their origin at
the centre of veering (y.o,» Acoy), demonstrate the hyperbolic shape of inverse eigenloci curves. (a) Inverse eigenvalues (1) for stiffness coupling (r) = 0 and mass

(m) = stiffness (k) = spring stiffness ratio () = 1 with asymptotes. (b) Rotated co-ordinates demonstrating hyperbolic curvature.
A, k 2(p —1)?
2 Tm —— 3 ©7)
o (a+y+p+ap+t+yt)2 =4y +p+yp)a+1+ar)?
a+y+p+tap+t+yr) -4y +p+ypla+t+ar
/12_/11=5\/( rHptapt Ty’ — 4G +p+yp) ) (8)

m

r+p+vp)

It can be found that the positions where the gradients are equal, the curvatures are maximum and the gap is minimum all occur
for:

. y+p+yp—pr—c+yr+pr+ypr
(1+p)?
As this value of « is the same for all three of the above cases, this location can reasonably defined as being the point about which
veering occurs. The midpoint of the minimum gap is at ordinate:

(69

g kl+e (70)
ml+p

Thus the centre of veering can be defined as:

YHp+yp—pP—THyTHpT+ypT El+r> (71)

(1+p)? "ml+p
Now introduce a new co-ordinate system with its origin at this centre, Eq. (36). When translated into this new co-ordinate system,
Eq. (23) becomes:

(@eovs Acov) = <

k2 2
oy +p+yp)m* A% = (1 + plkmx A — (p—T) =0 (72)
(1+p)?
The roots of this new polynomial can be obtained using the quadratic formula and from these, the asymptotes of the eigenvalue
loci curves can be obtained when k — oo:

1+
A;=0 and /12=£u (73)
my+p+yp
In terms of the original variables these are:
k147
A= = 74a
Yml+p (74a)
1 —p? -
/12=£<1+T+ +p <a_y+p+yp P r+yr+pr+ypr>> (74b)
m\l+p y+p+yp 1+ p)?

Now, introduce an anti-clockwise rotation to the co-ordinates using Eq. (41). As it is desirable for the «’ axis to lie halfway between
the asymptotes. Note how Egs.(39) and (73) are the same. Thus 6 is defined by Eq. (42). From this it is known that the asymptotes
in the new, rotated co-ordinates are defined by Eq. (43) and that Eq. (72) can be expressed in the rotated co-ordinate system in the
hyperbolic form defined by Eqs.(45) and (46).
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From this it is evident that as long p # r then for any positive, finite values of p and , the change of the eigenvalues with respect
to a will always take the form of a hyperbola. Thus veering will always occur in a coupled double oscillator with any combination
of inertial and stiffness coupling except for the specific case of p = 7.

4.3.2. Variable mass
The same approach can also be followed for variable mass with combined coupling by utilising the inverse eigenvalues which
can be obtained using 1 = 47!, thus Eq. (23) becomes:

(@+7+an)K? 2 —(@+y+p+ap+t+yDkmi+(y +p+ypm> =0 (75)

When the inverse eigenvalues, obtained from the roots of the polynomial Eq. (75), are plotted against y then the gradients of, the
curvatures of and the gap between the loci are, respectively:

(p—1)z—D+a(l +p)(1+7)—y(l + 1)

B 1+7+

6)»],2_& \/(a+y+p+ap+r+yr)2—4(y+p+yp)(a+1'+ar) 76)
oy  k 2@+ 7+ ar)

25 2(p — 1)

2o -7) . 77)
4 ((@+y+p+ap+r+yr)2 4@ +p+yp)a+71+ar)?

iz _m\/(a+y+p+ap+r+y'r)2—4(y+p+yp)(a+r+ar) 78)
AT (@+7+ar)

It can be found that the positions where the gradients are equal, the curvatures are maximum and the gap is minimum all occur
for:

a+r+ar—12—p+ap+pr+apr
y = P - p+p p 79)
1+7)
As this value of y is the same for all three of the above cases, this location can reasonably defined as being the point about which

veering occurs. The midpoint of the minimum gap is at ordinate:

- m 1+ P
A== 80
kl+7 (80)
So the centre of veering can be defined as:
- a+t4+ar—t2—prap+pr4apr m1l+p
A = ,— 81
(eov: Acov) ( (1+7)? kl+7z (81)

Now introduce a new co-ordinate system with its origin at this centre, Eq. (56). When translated into this new co-ordinate system,
Eq. (75) becomes:

2 42 2(p— 7)2 _
(a+7+at)k"A — (1 +)kméA —m =0 (82)
(1+7)?
The asymptotes of the inverse eigenvalue loci curves can be obtained from the roots of this new polynomial when ¢ — oo:
A +7)
! an 2" ka+r+ar (83)
In terms of the original variables these are:
- ml+ p
A== 84
Tkl +e (84a)
—2_
}»2:2 1+p 1+7 _atrtar—1 p+ap+pt+apt (84b)
k\l1+7 a+t+ar (1+7)2

Now, introduce an anti-clockwise rotation to the co-ordinates using Eq. (61). As it is desirable for the ¢’ axis to lie halfway
between the asymptotes then:

m 1+
arctan(;—)
0= a+7t+ar (85)

2
Now express the asymptotes, Eq. (83), in the new rotated co-ordinates:

2
\/(ﬂL) +1-1
ka+t+ar

I !
A, =% m_l+r (86)
ka+7t+ar
These can be seen to be the asymptotes of a hyperbola of the form Eq. (44), where:
2
a:mli and b:\/(mL) +1-1 (87)
ka+1t+ar ka+t+ar

10
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Table 1
The centre of veering and hyperbolic asymptotes for pure coupling systems.
Coupling type Pure stiffness Pure inertial
. _ k rrotyp—p® k1
Centre of veering (@qoy: Acoy) (y T+yT, m(] + ’r)) ( Aar?  mTis
2
. = at+t+ar—1° m 1 m
Centre of veering (Ycoy» Acov) ( e 1+r) (0( —ptap, ¢ a1+ p))
Hyperbolic asymptotes?, Variable « a = L a= k _ltp
my m y+ptyp
s a . _m_l47 _m
Hyperbolic asymptotes?, Variable y a = X aretar a o
2 From Eq. (44) where b= +Va>+1-1.
Table 2
The centre of veering and hyperbolic asymptotes for combined coupling systems.
Variable Centre of veering Hyperbolic asymptotes®
a <y+p+ypfp271+yr+pr+ypr k 147 a= k _14p
(1+p)? T m l+p m y+ptyp
a+r+ar—1’2—p+ap+pr+apr ﬂlﬂ a= m 1+7
Y (147)2 Tk 14T Tk atr+ar

2 From Eq. (44) where b= Va2 +1-1.

Thus Eq. (82) can be expressed in the rotated co-ordinate system in the hyperbolic form of Eq. (65).

From this it is also evident that as long as p # = then for any positive, finite values of p and z, the change of the inverse eigenvalues
with respect to y will always take the form of a hyperbola. Thus veering will always occur in a coupled double oscillator with any
combination of inertial and stiffness coupling except for the specific case of p = r.

5. System symmetry

As has already been noted, mode veering is related to the symmetry of a system and as such, if such potential symmetries are
identified then the mode veering phenomenon can be described for any potential set of system parameters.

5.1. Coupling inverse symmetry

If the centre of veering and the hyperbolic asymptotes of the two pure coupling cases, pure stiffness and pure inertial coupling,
are compared, Table 1, it can be observed that there is an inverse symmetry between the two coupling systems. When p = 0,
the centre of veering and the hyperbolic asymptotes for variable a take the same general form as those for = = 0 for variable y.
Additionally, when p = 0, the centre of veering and the hyperbolic asymptotes for variable y take the same general form as those
for = = 0 and variable a. It can also be seen that to switch from one system to the other swap m with k, « with y, p with = and 2
with 7.

When looking at the centre of veering and the hyperbolic asymptotes for a combined coupling system, Table 2, this inverse
symmetry continues. The general forms of both the centre of veering and the hyperbolic asymptotes, are the same. The difference
between them is that m and k, « and y, p and 7 and A and 1 are swapped. Furthermore, the hyperbolic asymptotes for the combined
coupling case are identical to the pure coupling cases, with the asymptotes for variable « being the same as for the pure inertial
coupling case and the asymptotes for variable y being the same as the pure stiffness coupling case. It is evident that the centre of
veering and the hyperbolic asymptotes of the two pure coupling cases are simpler forms of the combined coupling case. It is also
observable that, in the hyperbolic domain, for variable «, neither « nor = have any influence over the asymptotes and hence the
shape of the hyperbola. While for variable y, neither y nor p have any influence over the asymptotes or the shape of the hyperbola.
For cases where p =t = n, the centre of veering reduces down to:

k -
(@eovs Acov) = (}’, ;) and (Yeovs Acov) = (a’ %) (88)
When the roots of the polynomials given in Egs.(72) and (82) are taken, for cases where p = r = n, the following equations are
obtained:
k (1 +n)xF V({1 +n)2k?
12~ — (89)
m 2(y + n+yn)
. 1+nm¢ F VA +n)?2?
Aia= m (L+m¢F V(I +n)2¢ (90)

k 2(a +n+ an)

If the asymptotes for k — oo and ¢ — oo are compared to the results of the two equations, it can be seen that they are same. In
other words, the eigenvalues in the new co-ordinate systems are the same as the asymptotes deduced from the quadratic formulae.
This can be checked by obtaining the curvatures of Eqs.(23) and (75) for the case where p = r for variable « and y, the result is

11
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zero. Thus it can be conclude that no curvature occurs for this case and hence there is no hyperbola and thus no mode veering.
Hence the centre of veering instead becomes the point at which the eigenvalue loci cross. Considering these reductions a combined
coupling system with p = 7 could be conceived as being symmetric and as slight asymmetries in a dynamic system give rise to mode
veering [54,56], this is why significant mode veering can occur for any value of p and = when they are close in size, even when
both are very large. Unlike in pure coupling systems where one must be zero and the other must be small to produce significant
mode veering.

5.2. System point of symmetry

The points given by Eq. (88) can be described as being the system’s point of symmetry. This being the point at which the coupled
double oscillator system has the necessary symmetry to possess non-distinct eigenvalues. If the pure coupling cases are considered
to be simply specific forms of the more general coupled coupling case then some distinctive behaviour of the eigenvalue curves
relating to this symmetry point are predictable if this consideration holds true. To do so, take the variable stiffness case, where «
changes as outlined in Section 4.3.1. Let a = a,, as given by Eq. (88). Thus, Eq. (24) will simplify to:

_kGHr+rCHp+NFVU+Y (-7

A (91)
m 2y +p+vp)
Assuming that y|p|z > 0, which for any real system they should be, then the eigenvalues at the point of symmetry are:
=k ang o krfrtre (92)
m my+p+yp
where:
A, ifr>p
k

=44, ifp>
m 2 p>7
A ifp=1

This means that when p > 7 changes to either p or = should result in the A, curves shifting up and down while all the 4, curves
intersect the symmetry point. While when z > p changes to either p or = should result in the 4, curves shifting up and down while
all the 4; curves intersect the symmetry point. As this holds true for all values of p and  then it should also hold true for the pure
coupling cases as well.

If the proposal that it is the symmetry, or lack thereof, of a system that permits or prohibits non-distinct eigenvalues [54,56]
is considered, then Egs.(88) and (92) show that for a double coupled oscillator there are two pairs of variables that represent the
symmetry of the system. The first pair is « and y and the second is p and z. Thus non-distinct eigenvalues can be considered as
being the eigenvalues for a complete symmetry, these are given by 4., in Eq. (88), which can also be referred to as the symmetric
eigenvalue. This gives rise to three possible outcomes. First, when neither of the variables in either of the two pairs are equal then
none of the eigenvalue loci can be equal to the symmetric eigenvalue. Second, when one of the pairs, usually « and y, are equal,
then one of the eigenvalue loci can be equal to the symmetric eigenvalue. Third, when both pairs have equal variables then the
system has sufficient symmetry to support both eigenvalue loci being equal to the symmetric eigenvalue. Considering the above, it
is clear that neither eigenvalue curve can cross over from one side of the point of symmetry to the other. When a or y are varied,
one of the eigenvalue curves will always intersect this point and as p and = get closer and closer, the other curve will approach and
eventually also intersect when the values are equal and complete symmetry is achieved.

6. Mode veering

Through the following graphs and discussions of them the influence of inertial coupling on mode veering and how the system
symmetries affect the dynamic behaviour of the system. This is divided up into four sections, an overview of the pure stiffness case,
a comparison with the pure inertial case, an analysis of the combined coupling case and a discussion on the behaviour around the
point of symmetry.

6.1. Pure stiffness coupling

With pure stiffness coupling there is only one variable which can influence the nature of the oscillator coupling, the coupling
stiffness, 7, Fig. 4(a) and (b). Changes in r adjust the minimum gap, the gradient and the curvature of the eigenvalue loci, as 7 — 0
the minimum gap decreases and the maximum curvature increases.

In addition, as predicted in Section 5.2, the 4, curves vary position with = while all of the 4; curves intersect the point of
symmetry, in this case at A = 1 and either « = 1, for Fig. 4(a), or y = 1 for Fig. 4(b).
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Fig. 4. Mode veering for pure stiffness coupling with several different values of stiffness coupling (r) and either variable spring stiffness ratio («) or variable
oscillator mass ratio (y). (a) Inertial Coupling (p) = 0 and mass m = stiffness (k) = oscillator mass ratio (y) = 1 (b) Inertial Coupling (p) = 0 and mass m = stiffness
(k) = spring stiffness ratio (a) = 1.
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Fig. 5. Mode veering for pure inertial coupling with several different values of inertial coupling (p) and either variable spring stiffness ratio (a) or variable
oscillator mass ratio (y). (a) Stiffness Coupling (r) = 0 and mass m = stiffness (k) = oscillator mass ratio (y) = 1 (b) Stiffness Coupling (r) = 0 and mass m =
stiffness (k) = spring stiffness ratio (a) = 1.

6.2. Pure inertial coupling

When the pure stiffness coupling is replaced by pure inertial coupling, the sole variable influencing the nature of the oscillator
coupling is changed to the inertial coupling, p. It can also be observed that mode veering still occurs with the general shapes of the
eigenvalue loci being very similar to those of the pure stiffness coupling cases, Fig. 5(a) and (b). As with 7 for the pure stiffness
case, in this pure inertial case, changes in p adjusts the minimum gap, the gradient and the curvature of the eigenvalue loci. As
p — 0 the minimum gap decreases and the maximum curvature increases.

Once again, as predicted in Section 5.2, this time the A; curves vary position with p while all of the 4, curves intersect the point
of symmetry, in this case at A = 1 and either a = 1, for Fig. 5(a) or y = 1 for Fig. 5(b).

6.3. Combined coupling

When both stiffness and inertial coupling are present in the same system, the influence of p and r are expanded to affect both
eigenvalue loci, 4, and 4,, depending upon their relative sizes, Figs. 6(a) to 7(b). As predicted in Section 5.2, when p > 7, it is the
A; curve that shifts as either p or = are changed. But when p < 7 then it is the 1, curve that shifts up and down instead. It is evident
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Fig. 6. Mode veering for combined coupling with variable spring stiffness ratio («) and several different values of either inertial coupling (p) or stiffness coupling
(7). (a) Stiffness Coupling (z) = 1.7 and mass m = stiffness (k) = oscillator mass ratio (y) = 1 (b) Inertial Coupling (p) = 0.125 and mass m = stiffness (k) = oscillator
mass ratio (y) = 1.
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Fig. 7. Mode veering for combined coupling with variable oscillator mass ratio (y) and several different values of either inertial coupling (p) or stiffness coupling

(7). (a) Stiffness Coupling (r) = 1.7 and mass m = stiffness (k) = spring stiffness ratio () = 1 (b) Inertial Coupling (p) = 0.125 and mass m = stiffness (k) = spring
stiffness ratio () = 1.

that for both the combined coupling graphs and the pure coupling graphs that this behaviour holds true regardless of whether or
not either p or r are equal to zero.

These graphs can also be used to confirm the supposition that mode veering would occur for any case where p — 7, regardless
of the size of p or 7, Figs. 6(a) and 7(a). Therefore, when inertial and stiffness coupling are combined, significant mode veering

could be induced even for very high stiffness coupling cases, should the magnitudes of the normalised stiffness coupling and the
normalised inertial coupling be similar.

6.4. Point of symmetry

If the point of symmetry is highlighted on the mode veering graphs it is even more easily observed that one of the eigenvalue
loci curves will always pass through this point and that neither set of curves can cross from one side of the point to the other, Fig.
8(a). Here, Fig. 9(a) and (b) demonstrate that the pure coupling cases follow this behaviour, further demonstrating that they are
merely specific cases of a general combined coupling behaviour where p or 7 are equal to zero. In Section 5.2, it was also proposed
that as long as either @ = y or p = 7, one of the eigenvalue curves would intersect the point of symmetry, Fig. 8(b) demonstrates
this is the case by varying p instead of a and having several eigenvalue loci curves for different constants of a instead of p or 7.
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Fig. 9. Mode veering for pure coupling with the system’s point of symmetry highlighted by the black cross. When a,y,p or z are varied, one eigenvalue loci
curve always intersects the point of symmetry. (a) Inertial coupling (p) = 0 and mass (m) = stiffness (k) = oscillator mass ratio (y) = 1 with several different
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7. Conclusions

This paper presents a rigorous mathematical analysis of mode veering in coupled oscillator systems with inertial coupling,
implemented through an inertial amplifier. An inertial amplifier was added to a coupled double oscillator system between the two
oscillating masses, both alongside and in place of a connecting spring. Using the Lagrange method and hyperbolic transformation
techniques, the equations of motion for a coupled double oscillator system with both pure inertial coupling and combined inertial-
stiffness coupling configurations were derived and analysed. Through systematic eigenvalue analysis, it is demonstrated that mode
veering occurs in all cases except when the normalised inertial and stiffness coupling parameters are equal. This special case was
proven to represent the system’s point of symmetry, where the eigenvalues become non-distinct. The mathematical framework
developed here establishes the fundamental relationship between coupling types, system symmetry, and mode veering behaviour.
The key novel contributions of this work are:

» The first mathematical proof of mode veering in mechanically inertial-coupled systems, expanding beyond the traditional
stiffness coupling domain.
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» The discovery that significant mode veering can be achieved at high coupling stiffness when combined with inertial coupling
of similar magnitude, a characteristic previously unattainable in pure stiffness-coupled systems.

» The identification and mathematical characterisation of the system’s point of symmetry, which provides a unified framework
for understanding eigenvalue behaviour in both pure and combined coupling scenarios.

+ The analytical approach developed here, particularly the extension of hyperbolic transformation methods to inertial coupling,
provides a robust mathematical foundation for analysing more complex coupled systems.

These findings have significant implications for the design and control of multi-degree-of-freedom mechanical systems, particu-
larly in emerging applications such as vibration control systems, and energy harvesting devices. The ability to induce mode veering
through inertial coupling, even in the absence of any stiffness coupling, offers new avenues for frequency control that were not
previously available with traditional stiffness coupling approaches. Future work should focus on extending this analysis to systems
with multiple degrees of freedom. Additionally, the interaction between inertial coupling and other coupling mechanisms, such as
gyroscopic coupling, warrants further investigation for applications in rotating machinery and aerospace systems.
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