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Abstract The diagonal inerter is integrated into a suspension vibration reduction
system (SVRS). The dynamic model of the SVRS with diagonal inerter and damping is
established. The dynamic model is of strong geometric nonlinearity. The retaining non-
linearity up to cubic terms is validated under impact excitation. The conditions omitting
the static deformation are determined. The effects of the diagonal inerter on the vibration
reduction performance of the SVRS are explored under impact and random excitations.
The vibration reduction performance of the proposed SVRS with both diagonal inerter
and damping is better than that of either the SVRS without them or the SVRS with the
diagonal damping only.
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1 Introduction

Product damage and function failure caused by improper packing often occur in existing
logistics transportation systems, and main factors of the damage refer to vibration and impact
in logistics transportation, such as high/low-frequency vibration of products during the trans-
portation by highway, railway, sea and air, and drop impact in handling process. In order to
inhibit the influence of vibration on the transported goods effectively, it is required to take
reasonable vibration reduction measures to protect the transported goods, and the suspension
vibration reduction system (SVRS) is widely used in numerous cushion packaging technologies.
In the previous research[1], the SVRS has been improved by introducing diagonal damping.
However, there is still room for improvement in the vibration reduction performance of the
SVRS. The inerter can achieve greater inertance with a smaller mass and increase the vibration
isolation frequency band of the vibration reduction system. It is reasonable to believe that the
performance of the SVRS can be further improved by introducing the diagonal inerter.

The inerter was created in 2002[2]. A classic research direction of the inerter was to combine
the inerter with springs and dampers in different arrangements to form different vibration
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isolation units, and then to compare their dynamic characteristics to choose a better one[3–5].
The inerters in these studies were basically linear. Due to the fact that the advent of the inerter
has greatly expanded the development space of mechanical systems, the inerter has become
more and more attractive in recent years, especially the study of nonlinear characteristics of
the inerter and the application of the inerter in vibration suppression of building structures[6–8].
Wagg[9] and Ma et al.[10] pointed out that the studies on the nonlinearity of the inerter and its
engineering exploration were the current development focus.

The nonlinearity of the inerter can be caused by a variety of reasons, and the correspond-
ing nonlinear studies are also distinguished. One of the current research hotspots for the
nonlinearity of the inerter is to introduce the inerter into nonlinear systems and study their
dynamic characteristics. The scope of these studies is very broad, such as the inerter-based dy-
namic vibration absorber/inerter enhanced nonlinear energy sink[11–17], the tuned mass damper
inerter/tuned inerter damper[18–22], the inerter-based vibration isolator[23–24], and the inerter-
based vehicle suspension[25]. In these studies, the main system was nonlinear, while the inerter
was linear. Therefore, the acceleration in the differential equation of motion was still linear.

In order to deeply study the nonlinearity of the inerter itself, some studies arranged the
inerter horizontally and added stiffness and damping in the vertical direction to form an inerter-
based vibration isolator[26–27]. Due to the geometric nonlinearity of the inerter, the acceleration
in the differential equation of motion was nonlinear, which greatly increased the difficulty of
modeling and analysis. By adding a horizontal inerter to the quasi-zero stiffness vibration
isolator, a vibration isolator with both the geometric nonlinear stiffness and the inerter was
obtained[28]. Similarly, by adding the horizontal inerter to the nonlinear stiffness vibration iso-
lator using the diamond-shaped structure, a vibration isolator with both the geometric nonlinear
stiffness and the inerter was also obtained[29]. This type of vibration isolator could achieve some
performance improvements compared with the original vibration isolator, such as reducing the
force transfer peak and bending the frequency response curves towards the low-frequency range
to broaden the effective vibration isolation frequency band. In addition to the above vibration
isolators, there was the vibration isolator in which the inerter element was connected in series
with a horizontal stiffness[30–31]. This series structure of inerter and stiffness could achieve
similar effects as the parallel structure of them, that is, it could suppress the bending trend of
the transmissibility curve to the right.

Based on the above studies, it can be found that the nonlinear inerter is very beneficial
for improving the vibration isolation performance, but the current studies on the nonlinearity
of the inerter are not very sufficient[9]. Most of the studies on the nonlinearity of the inerter
are to add the linear inerter to the nonlinear system. The main system is nonlinear, and the
inerter itself is still linear and does not have geometric nonlinearity. A small number of studies
on the nonlinear inerter were mainly based on the horizontal layout, and the studies on the
diagonal inerter were rare. The diagonal inerter is just suitable for the SVRS. Therefore, the
diagonal inerter can be introduced into the SVRS. In this way, the diagonal inerter can be used
to enhance the performance of the SVRS, and the dynamic model of the diagonal inerter can
also be studied in depth.

When establishing the differential equation of motion of the vibration reduction system with
a diagonal inerter, simplifications are unavoidable. However, the simplifications need to deal
with the relationship with accuracy so as not to cause large errors. The higher-order nonlinear
terms were generally omitted in modeling. For this approximation, only a few studies[26,29]

verified it, and most studies[28,32–34] did not verify it. The studies verifying it showed that
omitting higher-order nonlinear terms would not cause large errors, especially if the Taylor series
expansion was adopted. For static deformation, almost all studies did not consider the weight
in modeling. However, a previous study[35] showed that when calculating the natural frequency
and amplitude-frequency response of a structure with a nonlinear energy sink, whether or not
the weight was taken into account could lead to different results. If the static deformation caused
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by the weight was retained in the differential equation of motion, it would make it difficult to
solve, especially when the analytical method was used. Therefore, the static deformation should
be simplified during modeling. However, how to simplify the static deformation depends on the
detailed verification calculation, and it cannot be omitted directly.

Based on the above discussion, an SVRS with diagonal inerter and damping is designed.
Then, the dynamic model of this novel SVRS is established, and the influence of the static
deformation of vibration reduction system on the dynamic response is emphatically studied.
Finally, the novel SVRS is compared with the previous SVRS, and the similarity and difference
between different SVRSs are discussed.

2 Dynamic model of SVRS with diagonal inerter and damping

Figure 1 shows the theoretical model of the SVRS with diagonal inerter and damping. There
are, respectively, four springs, dampers, and inerters on the top and at the bottom of the SVRS
to support the vibrated object diagonally, which have the same stiffness coefficient, damping
coefficient, inertance coefficient, and original length. The position shown in Fig. 1 is the one
where deformation has not occurred. The original length of the springs, dampers, and inerters is
HF = GE = AB = DC = l0, and the included angle with the horizontal direction is ∠GHF =
∠HGE = ∠DAB = ∠ADC = ϕ0. The diagonal stiffness coefficient is K, the diagonal damping
coefficient is C1, and the diagonal inertance coefficient is b. Meanwhile, it is considered that the
vertical damping coefficient is C0, and the mass of the isolated object is M . When the system
reaches equilibrium under the action of gravity, the gravity center of the isolated objects moves
down by x0, and then ∠DAB = ∠ADC = ϕ1, and ∠GHF = ∠HGE = ϕ2. The lengths of
springs, dampers, and inerters become AB = CD = l1 and HF = GE = l2 with the equations
as follows:

l1 =
√

l20 cos2 ϕ0 + (l0 sin ϕ0 − x0)2,

l2 =
√

l20 cos2 ϕ0 + (l0 sin ϕ0 + x0)2.
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Fig. 1 The SVRS with diagonal inerter and damping (color online)

In the static state, the equilibrium equation of the isolated object is as follows:










4K(l0 − l1) sin ϕ1 + 4K(l2 − l0) sin ϕ2 = Mg,

sin ϕ1 = (l0 sin ϕ0 − x0)/l1,

sin ϕ2 = (l0 sin ϕ0 + x0)/l2.

(1)
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Choose the static equilibrium position as the coordinate origin. Then, a rectangular coordi-
nate system is established. Taking downward as the positive direction, the displacement of the
isolated object is x. Then, the lengths of springs, dampers, and inerters are AB = CD = l3
and HF = GE = l4 with the equations as follows:

l3 =
√

l21 cos2 ϕ1 + (l1 sin ϕ1 − x)2, (2)

l4 =
√

l22 cos2 ϕ2 + (l2 sin ϕ2 + x)2. (3)

The vertical dynamic equation of the system is

Mẍ = Mg − C0ẋ − 4b(l̈0 − l̈3) sin ϕ3 − 4b(l̈4 − l̈0) sinϕ4 − 4C1(l̇0 − l̇3) sin ϕ3

− 4C1(l̇4 − l̇0) sin ϕ4 − 4K(l0 − l3) sin ϕ3 − 4K(l4 − l0) sin ϕ4,

where sin ϕ3 = (l1 sinϕ1 − x)/l3, and sinϕ4 = (l2 sin ϕ2 + x)/l4. Since l̇0 = 0 and l̈0 = 0, the
above equation can be converted to

Mẍ =Mg − C0ẋ + 4bl̈3 sin ϕ3 − 4bl̈4 sin ϕ4 + 4C1 l̇3 sin ϕ3 − 4C1 l̇4 sin ϕ4

− 4K(l0 − l3) sinϕ3 − 4K(l4 − l0) sin ϕ4. (4)

The above equation is the vertical dynamic equation of the SVRS with diagonal inerter and
damping. It is deduced that

l̇3 = −ẋ sin ϕ3, l̇4 = ẋ sin ϕ4, l̈3 =
ẋ2

l3
cos2 ϕ3 − ẍ sin ϕ3, l̈4 =

ẋ2

l4
cos2 ϕ4 + ẍ sin ϕ4.

sin ϕ3, sin ϕ4, l̇3, l̇4, l̈3, and l̈4 are substituted into Eq. (4), and it is noted that sin2 ϕ3 =
1 − cos2 ϕ3 = 1 − (l0/l3)

2 cos2 ϕ0, and sin2 ϕ4 = 1 − (l0/l4)
2 cos2 ϕ0. Then, Eq. (4) is finally

transformed into

Mẍ =Mg − C0ẋ + 4b
(

ẋ2 l0 sin ϕ0 − x0 − x

l20

( l0
l3

)4

cos2 ϕ0 − ẍ
(

1 −

( l0
l3

)2

cos2 ϕ0

))

− 4b
(

ẋ2 l0 sin ϕ0 + x0 + x

l20

( l0
l4

)4

cos2 ϕ0 + ẍ
(

1 −

( l0
l4

)2

cos2 ϕ0

))

− 4C1ẋ(1 − (l0/l3)
2 cos2 ϕ0) − 4C1ẋ(1 − (l0/l4)

2 cos2 ϕ0)

− 4K(l0/l3 − 1)(l0 sinϕ0 − x0 − x) − 4K(1 − l0/l4)(l0 sin ϕ0 + x0 + x). (5)

When the higher-order terms are omitted and the small quantity is not considered, l0/l3
and l0/l4 are expanded by the Taylor series. The results can be obtained as follows:

l0
l3

=
1

√

1 −

2(x0+x)l0 sin ϕ0−(x0+x)2

l2
0

=1 +
x0 + x

l0
sin ϕ0 −

1

2l20
(x0 + x)2 +

3

2l20
sin2 ϕ0(x0 + x)2

−

3

2l30
sinϕ0(x0 + x)3 +

5

2l30
sin3 ϕ0(x0 + x)3,

l0
l4

=1 −

x0 + x

l0
sin ϕ0 −

1

2l20
(x0 + x)2 +

3

2l20
sin2 ϕ0(x0 + x)2

+
3

2l30
sinϕ0(x0 + x)3 −

5

2l30
sin3 ϕ0(x0 + x)3.
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Substituting the computed results above into the right half part of Eq. (5) and omitting the
higher-order terms yield

Mẍ = Mg − C0ẋ + 4b
((64 cos2 ϕ0 sin4 ϕ0

l40
−

48 cos2 ϕ0 sin2 ϕ0

l40
+

4 cos2 ϕ0

l40

)

(x0 + x)3

+
(8 cos2 ϕ0 sin2 ϕ0

l20
−

2 cos2 ϕ0

l20

)

(x0 + x)
)

ẋ2

− 8b
(

sin2 ϕ0 +
1

l20
(cos2 ϕ0 − 4 cos2 ϕ0 sin2 ϕ0)(x0 + x)2

)

ẍ

− 8C1

(

sin2 ϕ0 +
1

l20
(cos2 ϕ0 − 4 cos2 ϕ0 sin2 ϕ0)(x0 + x)2

)

ẋ

− 8K
(

sin2 ϕ0(x0 + x) +
1

2l20
(1 − 6 sin2 ϕ0 + 5 sin4 ϕ0)(x0 + x)3

)

. (6)

It can be seen from Eq. (1) that

Mg = 4K
( l0

l1
− 1

)

(l0 sin ϕ0 − x0) + 4K
(

1 −

l0
l2

)

(l0 sin ϕ0 + x0). (7)

Conduct the Taylor series expansion of l0/l1 and l0/l2 in reference to the expansion method
of l0/l3 and l0/l4, and substitute the results obtained into the right half part of Eq. (7). Then,
we can obtain

Mg = 8K
(

sin2 ϕ0x0 +
1

2l20
(1 − 6 sin2 ϕ0 + 5 sin4 ϕ0)x

3
0

)

. (8)

In order to simplify the differential equation of motion, Eq. (8) is brought into Eq. (6), and
it is assumed that x0 is a small quantity and then omitted. We can obtain

Mẍ + C0ẋ − 8b
(e0

l40
x3 +

f0

l20
x
)

ẋ2 + 8b
(

a0 +
d0

l20
x2

)

ẍ

+ 8C1

(

a0 +
d0

l20
x2

)

ẋ + 8K
(

a0x +
b0

l20
x3

)

= 0, (9)

where a0 = sin2 ϕ0, b0 = (1 − 6 sin2 ϕ0 + 5 sin4 ϕ0)/2, d0 = cos2 ϕ0 − 4 cos2 ϕ0 sin2 ϕ0, e0 =
32 cos2 ϕ0 sin4 ϕ0 − 24 cos2 ϕ0 sin2 ϕ0 + 2 cos2 ϕ0, and f0 = 4 cos2 ϕ0 sin2 ϕ0 − cos2 ϕ0.

The above is the derivation process of the dynamic model of the SVRS with diagonal inerter
and damping. From the above process, it can be seen that the geometric nonlinear force of
diagonal inerter is not only related to the acceleration, but also the square term of velocity and
the square and cubic terms of displacement, showing a high degree of geometric nonlinearity,
which is much more complex than the geometric nonlinear forces of diagonal stiffness and
diagonal damping.

3 Accuracy verification of dynamic model

The simplification in the derivation process of Section 2 mainly appears in two parts. The
first part is the expansions of l0/l3, l0/l4, l0/l1, and l0/l2, which are carried out by the Taylor se-
ries, and the accuracy of the Taylor series expansion has been verified by other researchers[26,29].
In this paper, the parameters are set as M = 50kg, b = 10kg, C0 = 300N · s/m, C1 =
600N · s/m, K = 50 000N/m, l0 = 0.1m, ϕ0 = π/7, and −0.05 m 6 x 6 0.05 m. The compari-
son between the exact expression and the approximate expression (the Taylor series expansion)
of l0/l3 and l0/l4 is shown in Fig. 2.
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Fig. 2 Comparison between the exact expression and the approximate expression of l0/l3 and l0/l4
(color online)

It can be seen from Fig. 2 that within the variation range of the displacement, the approx-
imate expressions of l0/l3 and l0/l4 have high precision and meet the use requirements. The
second part of simplification of the derivation process mainly occurs in assuming that x0 is a
small quantity and omitted, which is verified below. Retaining x0, Eq. (9) can be transformed
into the following form:

Mẍ + C0ẋ − 8b
(e0

l40
(x0 + x)3 +

f0

l20
(x0 + x)

)

ẋ2 + 8b
(

a0 +
d0

l20
(x0 + x)2

)

ẍ

+ 8C1

(

a0 +
d0

l20
(x0 + x)2

)

ẋ + 8K
(

a0x +
b0

l20
(3x2

0x + 3x0x
2 + x3)

)

= 0. (10)

Under the impact excitation, the fitting degree of the output responses of the dynamic model
omitting x0 and the dynamic model retaining x0 is verified. Considering the base motion, the
vibration displacement of the outer frame ADGH is q, and y = x − q. Then, Eqs. (9) and (10)
can be transformed into

(M + 8ba0)ÿ + (C0 + 8C1a0)ẏ + 8Ka0y − 8b
(e0

l40
y3 +

f0

l20
y
)

ẏ2

+
8bd0y

2ÿ

l20
+

8C1d0y
2ẏ

l20
+

8Kb0y
3

l20
= −Mq̈, (11)

(

M + 8ba0 + 8b
d0

l20
x2

0

)

ÿ +
(

C0 + 8C1a0 + 8C1
d0

l20
x2

0

)

ẏ + 8
(

Ka0 + 3K
b0

l20
x2

0

)

y

− 8b
(e0

l40
(x0 + y)3 +

f0

l20
(x0 + y)

)

ẏ2 +
8bd0(2x0y + y2)ÿ

l20
+

8C1d0(2x0y + y2)ẏ

l20

+
8Kb0(3x0y + y3)

l20
= −Mq̈. (12)

The half-sine wave of acceleration is used to represent the impact excitation, which is as
follows:

q̈ =







10 sin
( π

0.01
t
)

, 0 s 6 t 6 0.01 s,

0, 0.01 s < t.

(13)

In order to observe the effects of the suspension angle ϕ0 and the stiffness K (which affects
x0) on the fitting degree of the output responses of the dynamic model omitting x0 and the
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dynamic model retaining x0, the system parameters are set as follows: M = 50kg, b = 10kg,
C0 = 300N · s/m, C1 = 600N · s/m, 40 000 N/m 6 K 6 60 000 N/m, l0 = 0.1m, and 0.2 6 ϕ0 6

1.09. The minimum error between the dynamic model omitting x0 and the dynamic model
retaining x0 is calculated by the ergodic optimization method[1]. The Runge-Kutta method is
used to solve the differential equation of motion of the SVRS in this paper. The error e is set
as follows:

e =

√

√

√

√

N
∑

i=1

ÿ2
i , ÿ = ÿg − ÿr, (14)

where ÿg and ÿr represent the accelerations of Eqs. (11) and (12), respectively, and N represents
the number of sampling points. The calculation accuracy depends on the sampling step sizes
of the stiffness K and the suspension angle ϕ0. Therefore, three different combinations of the
step size are given. After calculation, the errors are shown in Fig. 3.
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Fig. 3 Errors between omitting x0 versus retaining x0 (color online)

It can be seen from Fig. 3 that different combinations of the stiffness K and the suspension
angle ϕ0 can cause a dramatic change in the error, which means that the static deformation x0

has an important effect on the output response of the SVRS with diagonal inerter and damping.
This indicates that the verification should be performed before omitting the static deformation,
and it can be omitted only when the parameters are appropriate. It also can be seen from
Fig. 3 that the effect of the suspension angle ϕ0 on the error is obviously greater than that of
the stiffness K.

The stiffness K and the suspension angle ϕ0 are (60 000N/m, 0.465 0), (60 000N/m, 0.464 0),
and (60 000N/m, 0.464 0) in Figs. 3(a), 3(b), and 3(c), respectively, when the error is the
minimum. The parameters are the same in Figs. 3(b) and 3(c), which means that improving
the calculation accuracy can no longer change the optimization result. Therefore, it can be
concluded that if the stiffness K and the suspension angle ϕ0 are set as 60 000N/m and 0.4640,
the error is the minimum. When K = 60 000N/m and ϕ0 = 0.464 0, the comparison among
the dynamic model omitting x0 (Eq. (11)), the dynamic model retaining x0 (Eq. (12)), and the
original dynamic model (Eq. (5)) is shown in Fig. 4.

Based on the above analysis, the response of the dynamic model of the SVRS omitting x0

can be well fitted with the responses of that retaining x0 and the original dynamic model,
when K = 60 000N/m and ϕ0 = 0.464 0. Therefore, K = 60 000N/m and ϕ0 = 0.464 0 in the
subsequent analysis, and other parameters remain unchanged unless otherwise specified, that
is, M = 50kg, b = 10kg, C0 = 300N · s/m, C1 = 600N · s/m, and l0 = 0.1m.
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Fig. 4 Comparison among the dynamic model omitting x0, the dynamic model retaining x0, and the
original dynamic model (color online)

4 Influence of inerter on SVRS with diagonal inerter and damping

Change the inerter b to observe the dynamic responses of the SVRS with diagonal inerter and
damping under impact and random excitations. The differential equation of motion is shown
as Eq. (11). The impact excitation is the same as that in Section 3. The random excitation
adopts the off-road vibration data of the rear chassis of a tracked ambulance, with a duration
of 176.124 s and a sampling frequency of 250Hz. The time-domain waveform is shown in Fig. 5.
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−40

−20
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2 )

Fig. 5 Random excitation (color online)

The above excitation is brought into the differential equation of motion for calculation.
Under impact excitation, the inerter b is changed as follows: 10 kg, 20 kg, 30 kg, 40 kg, 50 kg,
and under random exciation, the inerter b is changed as follows: 10 kg, 20 kg, 30 kg, 40 kg, 50 kg,
150kg, 300 kg, 500kg. The other parameters are the same as those in Section 3. The dynamic
responses under impact and random excitations are shown in Fig. 6.
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Fig. 6 Dynamic responses, where PSD means the power spectral density (color online)
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As can be seen from Fig. 6, with the increase in the inerter b, both the peak values of the
acceleration under impact excitation and the PSD under random excitation are getting smaller
and smaller, which shows that a larger inerter b is beneficial to the SVRS and can obviously
improve the vibration reduction efficiency. However, it does not show the trend that the SVRS
becomes a rigid body with the increase in the inerter. This may indicate that the ideal model
of the inerter may not have the characteristic that a big enough inerter can cause the system
to become a rigid body.

5 Comparative study of different types of SVRS

Under impact and random excitations, the vibration reduction performances of three types
of SVRSs, i.e., Type I: a general SVRS (an SVRS without diagonal inerter and damping), Type
II: an SVRS with the diagonal damping only, and Type III: an SVRS with diagonal inerter and
damping, are compared. According to Ref. [1], the differential equations of motion of Types I
and II are as follows:

Mẍ + C0ẋ + 8K
(

a0x +
b0

l20
x3

)

= 0, (15)

Mẍ + C0ẋ + 8C1

(

a0 +
d0

l20
x2

)

ẋ + 8K
(

a0x +
b0

l20
x3

)

= 0. (16)

The meanings of relevant parameters in Eqs. (15) and (16) are the same as those in Eq. (9).
Let y = x − q. Then, Eqs. (15) and (16) can be transformed into the following forms:

Mÿ + C0ẏ + 8Ka0y +
8Kb0y

3

l20
= −Mq̈, (17)

Mÿ + (C0 + 8C1a0)ẏ + 8Ka0y +
8C1d0y

2ẏ

l20
+

8Kb0y
3

l20
= −Mq̈. (18)

The impact excitation and the parameters are the same as those in Section 3, and the
random excitation is the same as that in Section 4. Under impact and random excitations, the
comparison among three SVRSs can be obtained, such as those shown in Fig. 7.
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Fig. 7 Comparison among three SVRSs (color online)

It can be seen from Fig. 7 that the vibration reduction performance of the SVRS with
diagonal inerter and damping is the highest under both impact and random excitations, which
shows that the diagonal inerter can obviously improve the vibration reduction performance of
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the SVRS. Under impact excitation, the anti-impact performance of the SVRS with diagonal
inerter and damping is slightly better than that of the SVRS with diagonal damping only
(obviously better at the first peak and the second peak), but obviously better than that of
the general SVRS. Under random excitation, the SVRS with diagonal inerter and damping is
obviously superior to the SVRS with diagonal damping only and the general SVRS. From the
partial view of Fig. 7(b), it can be seen that under random excitation, the PSD of the SVRS with
diagonal damping only is basically the same as that of the general SVRS at a high frequency,
but the former is obviously better than the latter at a low frequency, which shows that the
introduction of diagonal damping is still beneficial to the attenuation of random excitation.

6 Conclusions

An SVRS is proposed by introducing diagonal inerter and damping. Its differential equation
of motion is established and simplified with the verification. For different sets of parameters, the
dynamic responses are respectively evaluated under impact and random excitations. Finally,
the dynamic responses of different SVRSs are compared under impact and random excitations.
Therefore, in this study, the following conclusions can be drawn based on these investigations.

(i) The introduction of diagonal inerter leads to strongly nonlinear differential equation of
motion, while the dynamics can be captured by retaining the square and the cubic terms.
The geometric nonlinear force of diagonal inerter is a function with respect to not only the
acceleration but also the square term of the velocity and the square and the cubic terms of the
displacement.

(ii) The response of the SVRS depends generally on its static deformation. The static
deformation can be omitted only for appropriate parameters.

(iii) The diagonal inerter can significantly improve the vibration reduction performance of
the SVRS under both impact and random excitations, especially the random excitation. The
larger the inerter is, the better the performance is. Notably, while increasing the inerter, the
engineering practice should be considered to avoid the system being a rigid body due to excessive
inerter.
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