
Contents lists available at ScienceDirect

Aerospace Science and Technology

journal homepage: www.elsevier.com/locate/aescte

Experimental and numerical investigation of a novel strut-mounted 

roller-screw inerter for helicopter vibration attenuation

Aykut Tamer a, ,∗, Pierangelo Masarati b, , Michele Zilletti c, Luigi Bottasso c

a University of Bath, Claverton Down, Bath, BA2 7AY, UK
b Politecnico Di Milano, Via La Masa 34, Milan, 20156, Italy
c Leonardo Helicopters, Via Giovanni Agusta 520, Samarate, VA, 21017, Italy

A R T I C L E I N F O A B S T R A C T 

Communicated by Cummings Russell

Keywords:

Helicopter vibration isolation

Mechanical inerter

A prominent problem of helicopters is the high vibrational levels due to the high-amplitude excitation forces 
originating from the main rotor. The ideal solution to reduce vibrations transmitted through the struts is to 
isolate the fuselage from the main rotor excitation at gearbox struts; therefore the overall vibration attenuation 
is achieved rather than local solutions. However, the limited available volume around the struts limits the 
application of existing vibration dampers. To solve the challenge, this work proposes a novel vibration attenuation 
idea that can effectively perform in confined spaces. Based on the inerter concept of roller-screw type, the 
axisymmetric design encloses the strut and shares its attachment points, providing a compact solution. The 
concept is demonstrated through experiments to identify realistic characteristics and rigorous numerical analysis 
using lumped-parameters and highfidelity aeroelastic helicopter models to demonstrate vibration mitigation. 
The results show that the non-linear effects due to friction reduce the effectiveness at low excitation amplitudes; 
however, satisfactory vibration attenuation levels are achievable at high vibratory loads, a more critical condition 
for vibration alleviation performance.

1. Introduction

1.1. Helicopter vibrations

Vibrations in helicopters mainly originate from the periodic inter

action of the main rotor blades with their edgewise aerodynamic field. 
They may severely impact practical performances and comfort, even 
reducing the theoretical maximum achievable speed [1,2]. Increased 
maintenance cost is another consequence, as the likelihood of structural 
failures increases with high-frequency, high-amplitude excitation [3]. 
Moreover, severe vibration levels can even cause loss of control due to 
involuntary interaction and control loop closure with the pilot [4]. Fi

nally, vibrations may lead to physiological and psychological reactions 
in the human body [5,6], which are felt by pilots, cabin crew, and pas

sengers of the helicopter, resulting in discomfort [7] and reduced human 
performance [8].

The dominant sources of vibratory excitation in helicopters are the 
forces and moments originating from the rotors, fuselage aerodynamics, 
engines, and transmission. Although all these sources contribute to the 
vibratory level, the predominant loads of the conventional main + tail 

* Corresponding author.

E-mail address: at2849@bath.ac.uk (A. Tamer).

rotor helicopter configuration originate from the main rotor. In a well

maintained helicopter, balanced rotors act as a filter that effectively 
cancels vibrations at several multiples of the rotor’s fundamental fre

quency that originate from the periodicity of the excitation in steady 
flight conditions, contributing to a smoother ride. However, even in per

fectly balanced rotors, vibratory loads at integer multiples of the rotor’s 
fundamental frequency, namely its angular velocity Ω times the number 
of blades 𝑁 (𝑁Ω, or 𝑁/rev in non-dimensional form) are transmitted 
to the airframe [9]. These are indicated as 𝑖𝑁/rev loads, with 𝑖 ∈ ℕ+. 
Forces and moments corresponding to 𝑖 = 1, the fundamental harmonic 
of the excitation, dominate over those at higher multiples; hence, they 
are considered the main driver when addressing vibration reduction.

1.2. Vibration reduction in helicopters

Achieving a smooth-ride helicopter is challenging and requires sev

eral strategies during design. Although in principle the generation of 
vibratory loads can be reduced if not minimized by using advanced sim

ulation tools for their prediction in the design phase [10,11], residual 
vibrations are unavoidable. The resulting vibratory levels are usually 
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Fig. 1. Main rotor gearbox struts and their typical connection points. 

Fig. 2. The inerter produces an internal force proportional (and opposite) to the 
relative acceleration.

high enough to require the implementation of vibration attenuation de

vices. For this reason, vibration reduction using alternators and isolators 
is still a standard practice in the rotorcraft industry [1] and they can 
achieve substantial reductions [12].

Several vibration reduction techniques and devices have been tested 
on helicopters [13]. Among those, a broadly used approach consists of 
implementing active and passive vibration attenuation devices mounted 
in parallel to or in series with the struts that support the main rotor gear

box, as illustrated in Fig. 1. The struts, usually four, represent the main 
load path for forces transmitted from the main rotor to the fuselage, be

ing the torque usually carried by other structural elements. Therefore, 
they provide global isolation of the airframe from the excitation caused 
by the main rotor.

Strut-mounted devices can be active or passive. The active solutions 
can alleviate vibrations in a broad range of frequencies; however, the ex

ternal power requirement and the additional equipment needed to run 
them (computers, actuators, etc.) can make them less appealing. Con

sidering that the rotor already filters vibrations other than the multiples 
of the blade passing frequency, tonal vibration attenuation near 𝑁/rev 
can be sufficient in most cases. For this reason, passive devices are com

monly used to isolate the cabin from the main rotor.

A typical solution implemented at the struts is the DAVI (Dynamic 
Anti-resonant Vibration Isolator), a mass on a lever mounted in parallel 
to the gearbox suspension [14,15]. The ARIS (Anti-Resonance Isolation 
System) is another type of isolator device; mechanical and hydraulic ver

sions have been proposed [16]. Similar to the previous one is the SARIB 
(Suspension Anti-Résonante Intégrée à Barres, or anti-resonance suspen

sion integrated with the struts) [17], whose tuning mass is in series with 
the gearbox suspension. A different technique consists of accelerating a 
low-viscosity fluid between two chambers, letting the pressure differen

tial caused by the fluid’s inertia loads resulting from the relative motion 
counteract the vibratory load [18--20].

1.3. Inerter

An alternative mechanical device designed for vibration alleviation 
is the inerter. An inerter creates an internal force in response to a relative 
acceleration of its terminals, as illustrated in Fig. 2, as opposed to a 
conventional tuned mass damper, whose reaction force is proportional 
to its absolute acceleration in the inertial reference frame.

Inerters are analogous to capacitors in an electric circuit; to a certain 
extent, they can be considered the ``missing'' mechanical element in the 
analogy between electric and mechanical systems [21]. Since the late 
2000s, various mechanical inerters have been designed based on rack

and-pinion and screw mechanisms [22--24], in addition to designs that 

utilize the inertia of a liquid [25,26] (Fig. 3). Both types of mechanical 
inerters rely on amplifying linear motion by converting it into rotational 
motion of a spinning mass, which generates an inertial force.

The rack and pinion type inerter consists of a rack and a pinion 
mechanism. When an external force moves the rack linearly, the pin

ion rotates, transferring motion to a high-inertia flywheel or mass via a 
gear system (Fig. 3a).

The screw-type inerter consists of a lead screw and a nut containing 
ball bearings. When an external force moves the screw linearly, the nut 
rotates and transfers motion to flywheel (the tuning inertia) attached on 
screw (Fig. 3b).

The fluid type inerter, on the other hand, accelerates a fluid mass be

tween two chambers, creating a pressure difference on the two surfaces 
to which the two terminals are connected to (Fig. 3c).

Irrespective of the mechanism used, the resulting forced response 
is proportional to an inertial constant, 𝑏, and the relative acceleration 
between its ends, Δ𝑥̈, namely

Δ𝑓 = 𝑏Δ𝑥̈ (1)

acting opposite to the relative acceleration. The inertance (𝑏, an equiv

alent inertia) depends on the type of inerter and its internal kinematics.

Inerter-based solutions have recently been studied to suppress vibra

tions in structures for harmonic [27,28] and random excitations [29,30] 
and to improve seismic performances of buildings [31,32]. These studies 
showed that inerter-based vibration suppression devices perform better 
than the classical tuned mass dampers. While the results are promising, 
non-linearities such as damping, backlash, parasitic mass and stiffness 
should not be ignored in an inerter device. For instance, Smith and Wagg 
in [33] showed through experiments that friction dominated the force 
produced by a fluid inerter. Similarly, De Domenico et al. in [34] re

ported that an inerter-damper is a more accurate model compared to an 
inertia-only behaviour. Losses can also be frequency-dependent due to 
significant hysteresis damping in some designs, as reported by Deastra 
et al. [35].

1.4. State of the art

To investigate the concept for helicopter vibration attenuation, a 
roller-screw type inerter was suggested. The inerters are intended to 
be mounted in parallel with the main gearbox struts to reduce the vi

bratory load transmitted to the fuselage. Roller screws are better suited 
than other mechanical inerter types (compared to rack-pinion and ball

screw), especially due to high-load capacity, low friction and low screw 
leads [36]. These aspects better suit helicopters for the reasons illus

trated below:

• High load capacity: the vibratory loads transferred through the 
struts are high enough to cause significant vibrations in the cabin. 
The device should withstand high dynamic loads to operate on a 
helicopter strut.

• Low friction: among screw mechanisms, roller screws show the least 
level of friction. Low friction reduces dissipation in the system, 
therefore producing better vibration attenuation.

• Low screw lead: screw lead directly affects the amplification of rota

tion speed, which increases the amplitude of the force generated by 
the inerter. Roller screws can reach much lower screw leads com

pared to ball screws, therefore higher counteracting force levels can 
be achieved.

• Symmetric and compact structure: the available volume is limited 
near the gearbox area, usually enclosed by a streamlined cowling 
to reduce aerodynamic drag. Therefore, the strut-mounted device 
should be of compact design and possibly enclose the strut to use 
less volume, instead of being mounted at its side. Roller screws are 
symmetric cylindrical devices that can enclose the strut in a dedi

cated design.
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Fig. 3. Inerter types described in literature. 

Fig. 4. Strut-mounted roller screw inerter for helicopter vibration attenuation with its components highlighted on a 2D cut out and visualised using a 3D rendered 
model.

According to the above advantages, a strut-mounted vibration atten

uation device has been conceived, designed, and developed based on a 
roller-screw inerter. The concept has been patented for future use in he

licopters [37]. Fig. 4 presents the concept, which works according to the 
following modus operandi:

• the screw end allows the mounting of a bearing;

• a bearing is located between the screw-end and a convenient sup

port element (a fixed clevis for example), where the strut is con

nected, which allows relative rotation of the screw about its longi

tudinal axis;

• on the upper side, the nut has an extension (nut connection) that is 
clamped to the other support (clevis for example), therefore holding 
the nut fixed;

• the inerter encloses the strut, which requires a hole through the nut, 
nut connection, screw, and bearing;

• the strut and the inerter ends are mounted to the gearbox and air

frame, sharing the pins so that both operate between the same 
terminals;

• when a relative axial motion is imposed at the two ends, the fixed 
nut guides the rollers;

• the rollers, which are synchronized using gears, rotate the screw 
and the attached tuning inertia, therefore converting the motion 
from linear to rotational;

• a tuning inertia, ideally a high-density material disc is fixed on the 
screw shaft, which is tuned for a specific frequency to generate a 
counteracting force proportional to the square of the frequency.
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Fig. 5. Proposed inerter for helicopter strut and realisation using Rollvis roller screw actuator converted to inerter using tuning discs and bearing. 

The inertance 𝑏 is the critical parameter to tune the device for the 
target frequency. Hence, it is worth stating how inertance is calculated 
for this concept. For a screw-type inerter, the value of the inertance 𝑏
is related to the total inertia of the rotating mass, 𝐼 = 𝐼disc + 𝐼screw, and 
screw pitch 𝑃 [21], which leads to:

𝑏 = 𝐼

𝑃 2 (2)

where the pitch of the screw (𝑃 ) is defined as the axial displacement re

sulting from a 2𝜋 rad rotation. In this proposed solution, the inertance 
should be tuned to the lowest excitation frequency, which is 𝑁/rev or, in 
dimensional terms, 𝜔 =𝑁Ω. Considering that the strut applies a restor

ing force proportional to its stiffness 𝑘, the tuning inertance required to 
isolate the lower terminal from an excitation at the upper one is:

𝑏 = 𝑘 
𝜔2 ⟹ 𝐼 = 𝑃 2

𝜔2 𝑘. (3)

This inertance corresponds to the inertia of the tuning mass, which in

creases with the square of the screw pitch and strut stiffness, while 
decreasing with the excitation frequency.

1.5. Outline

This work investigates the use of a novel roller-screw inerter for he

licopter cabin vibration isolation based on experiments and numerical 
analysis. It provides a rigorous analysis of the concept introduced by 
the authors in [38]. In the subsequent Section 2, the experimental veri

fication of the roller-screw inerter concept is presented, and the friction 
levels expected from the device are identified. In Section 3, an oper

ational model of the device that uses the identified characteristics is 
applied to a lumped parameter helicopter model first, and then to a de

tailed model of the structural dynamics of a helicopter. The presented 
results illustrate the potential benefits of the inerter for cabin vibration 
attenuation. Section 4 summarizes the key findings of this study and 
discusses the additional research required to improve the technology 
readiness level of the proposed concept.

2. Experimental identification

This section presents the experimental activity performed on a roller

screw inerter, to assess whether the device operates as expected. Addi

tionally, this activity supported friction level identification in the device 
under investigation, to obtain a more realistic model for the subsequent 
analyses.

2.1. Test set-up

The concept shown in Fig. 4 requires a dedicated design that allows 
the pass-through of the strut. However, such a cavity to house the strut 
is not related to the operation of the inerter, rather it is required in 
the dedicated helicopter application depending on the strut diameter of 
a target helicopter. Therefore, to demonstrate a proof of concept and 
assess its fitness for the purpose, an off-the-shelf roller screw was con

verted into an inerter instead of manufacturing a dedicated device with 
the required pass-through hole. The tested specimen was based on a 
custom-made roller screw manufactured by Rollvis [39], with additional 
features added to turn it into an inerter, namely a bearing to decouple 
the linear axial motion from the screw rotation and a screw end to mount 
the tuning-inertias, referring to the same features of Fig. 4, as presented 
in Fig. 5, therefore ensuring parallelism between the proposed design 
and the test item.

The roller screw and the additional features were assembled by the 
manufacturer. In its final form, the inerter test specimen is composed of 
the screw, nut, bearing, screw-end, and tuning discs. The screw is a par

tially M5 threaded rod, which rotates with respect to the fixed nut. The 
nut forms one terminal of the inerter and includes rollers inside to allow 
the screw to rotate. Flanged holes are used for assembly. The bearing is 
attached to the screw shaft from the inside. The outer part is fixed and 
forms the other terminal of the roller screw. The bearing transfers the 
axial force to the screw without any torsional moment being applied to 
the screw shaft. In the test set-up, the bearing connects the inerter to 
the actuator. The screw end is a circular plate pinned to the end of the 
screw; a set of holes is provided to mount the tuning masses. The tuning 
masses are steel discs mounted at the end of the screw shaft to change 
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Fig. 6. Test set-up design capable of applying the desired motion input to the bearing and measuring the force on the nut (a), and its realisation on a MTS hydraulic 
actuator (b).

the inertance of the device. Higher-density material could be used in a 
practical implementation, should the device’s volume be critical.

The inerter must be connected to two terminals, contrary to typical 
tuned mass dampers having a freely moving tuning mass. In a typical 
helicopter application, the two terminals are the ends of the strut. A lab

oratory realization of this arrangement has been achieved by clamping 
one end to a load cell and connecting the other to an actuator as pre

sented in Fig. 6(a). The benefit is twofold. First, the relative acceleration 
of the inerter’s ends is directly obtained from the actuator controller as 
the amplitude Δ𝑥, whose corresponding acceleration is obtained by mul

tiplication by the negative of the square of the excitation frequency 𝜔. 
Second, the firmly fixed load cell can provide reliable force data. As a 
result, the total force output can be related to the actuator displacement 
for the mechanical identification of the device’s characteristic transfer 
function:

𝑓 = 𝑏Δ𝑥̈+ 𝑓𝑓 or 𝑓 = −𝜔2𝑏Δ𝑥+ 𝑓𝑓 (4)

when subjected to harmonic motion of frequency equal to 𝜔, where 𝑏 is 
again the total inertance and 𝑓𝑓 is the friction force, discussed later in 
this section.

The bottom side of the load cell was fixed to the frame, while the 
upper side was connected to the inerter nut. Since the actuator was con

nected to the bearing, the other terminal, namely the nut, had to be 
connected to the load cell. To achieve this, a frame was designed, that 
connected the nut to the inerter while providing space for the tuning 
discs. An MTS 858 Bionix machine available at Politecnico di Milano 
was selected as the actuator. The actuator head was connected to the 
inerter bearing through rigid connections. An Interface 1700 series load 
cell with a 22 kN limit was used to measure the force output, which 
completes the rig, as shown in Fig. 6(b).

The frame was sized based on the dimensions of the inerter and 
aimed to have a first natural frequency much higher than that of typi

cal helicopter 𝑁/rev vibration frequencies. The FEM analysis showed a 
lowest natural frequency of about 110 Hz, whose mode shape is shown 
in Fig. 7. This value is much higher than the inerter tuning frequency, 
which is selected within the 𝑁/rev frequency range of conventional he

licopters �- typically between 10 Hz and 30 Hz, depending on the size 
(and thus on the angular velocity, loosely inversely proportional to the 
rotor radius) and number of blades �-, as reported for example in [40].

While the frame itself is safe from resonance, it is only a part of the 
whole rig and it is assembled to the machine through the load cell and 
another base structure, all are connected to the ground through rub

ber supports. Therefore it is also worth checking the natural frequency 
of the whole assembly, which requires an experimental approach due 
to the increased complexity. For this purpose, an impact hammer test 
was conducted to identify the resonance frequencies in the overall test 
set-up. 10 uni-axial accelerometers aligned in vertical direction were 
mounted on the structure and the base of the testing machine and the 
rig was hit, as shown in the left part of Fig. 8. Two normal vibration 
modes of the test equipment, respectively at about 16 Hz and 22 Hz, 
were identified as shown in the centre and right of Fig. 8. Both modes 
show a substantial vertical motion of the base of the test equipment; 
thus, they are dominated by the rigid-body motion of the whole as

sembly. As the base of the test equipment could not be modified to 
overcome this limitation, experimental results above 15 Hz would be 
misleading, and especially 20 Hz where the unexpected motion of the 
base dominates the response, would likely be amplified and hence can

not be considered reliable. Nevertheless, 20 Hz is still high enough to 
refer to typical medium and medium-large helicopter 𝑁/rev frequencies 
and the experiments could provide insight to helicopter application.

2.2. Measurements

The friction characteristics must be identified to improve the corre

spondence between the theoretical model and the measured loads, and 
thus obtain realistic models, discussed in detail in Section 3.1, to demon

strate the concept. Additionally, friction is crucial to address existing 
non-linearities, which may significantly impact the dynamic response 
of the coupled device-rotorcraft system [41,42].

Friction, a highly non-linear phenomenon [43], can have significant 
effects on the dynamical response [44]. Hence, its identification mostly 
relies on experiments, especially in complex systems. In the proposed 
inerter system, friction can be identified at low speeds by harmonically 
exciting the system at low frequencies, where inertial effects are neg

ligible and frictional forces dominate the response of the inerter [24]. 
For this purpose, the tuning inertias were removed from the inerter to 
minimise the inertia, the actuator was given a sinusoidal input signal at 
frequencies below 1 Hz, and the output of the load cell was recorded. 
One period of the recorded data was isolated, as the response is notably 
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Fig. 7. First mode shape of the frame, 110 Hz. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

Fig. 8. Hammer tests showing the first two modes of the whole rig including the actuator. 

periodic (and symmetric). A ``sign'' function was fitted over the signal 
to extract an average friction force amplitude, as shown in Fig. 9a. The 
friction characteristics as a function of the excitation frequency were 
identified at amplitudes between 0.1 mm and 0.5 mm, with increments 
of 0.1 mm. As illustrated in Fig. 9b, the friction level appears to de

pend on the excitation amplitude, but the plots suggest that deviations 
take place around an average value, thus a representative single value 
of 500 N can be assumed, which is used in non-linear form in the nu

merical calculations.

After identifying the friction, the inerter was tested with tuning 
masses for two configurations, using two and four discs, respectively. 
A 0.1 mm amplitude was used to stay within the operating limits of the 
load cell and actuator. The measurements were compared with corre

sponding analytical results that included inertia and friction, formulated 
as

𝑓 = 𝑏Δ𝑥̈− 𝑓𝑓 sign(Δ𝑥̇) = −𝑏𝜔2Δ𝑥− 𝑓𝑓 sign(Δ𝑥̇), (5)

where 𝑓𝑓 is the value of the friction-related force and the inertance 𝑏
is the total inertance of all rotating masses, namely 𝑏 = 𝑏discs + 𝑏screw. 
The screw inertance 𝑏screw = 𝐼screw∕𝑃 2 remains constant for all cases, 
whereas 𝑏discs =𝑁discs𝐼disc∕𝑃 2 changes depending on 𝑁discs, the num

ber of discs.

The results are presented in Figs. 10a and 10b, respectively showing 
the case of two and four tuning discs, for a corresponding estimated iner

tance of 1030 kg and 1860 kg up to 20 Hz, after which the control of the 
actuator failed to achieve the target input due to the motion of the base. 
The experiments correlate well with the analytical model, suggesting 
that the roller-screw inerter concept can be utilized as a strut-mounted 
vibration absorber. The discrepancies in the higher frequency part of the 
spectrum were mainly due to control difficulties at and above 15 Hz at 
high forcing due to excessive inertia (especially for the 4 disc case), as 
the test system could not reliably accelerate the inerter. This difficulty 
is attributed to the vibration feedback of the rubber dampers isolating 
the whole actuator frame from the ground and as a result including non
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Fig. 9. Friction characterization at very low frequencies with error bars. 

Fig. 10. Force Measurement of 2-disc and 4-disc configurations and their comparison with theory (linear inerter+friction). 

periodic and transient terms in the input. This behaviour was initially 
indicated in hammer test results of Fig. 8 and the rig natural frequen

cies are exactly the frequency range that the largest deviations between 
the experimental data and the numerical model are observed. However, 
the good correlation at frequencies lower than 15 Hz (which still refer 
to typical helicopter 𝑁/rev frequencies) and the acceptable overall cor

relation can be deemed satisfactory for demonstrating the soundness of 
this proof of concept.

3. Numerical analysis

Inflight demonstration of devices of this kind on a real helicopter 
is not viable at such an early technological readiness level. Indeed, al

though in principle the device is mounted in parallel with the strut and 
thus does not represent a primary load path for normal operations, it is 
expected to alter the behaviour of the gearbox-airframe connection in 
a significant manner, thus preliminarily requiring a careful study and a 
thorough validation of the concept. To this end, considering the pre

viously postulated and estimated model and level of friction, in this 
Section a numerical analysis of the problem is conducted to understand 
the potential benefits of the inerter. A lumped-parameter quarter heli

copter and a detailed helicopter model are considered, to describe the 
vibratory behaviour of a typical rotorcraft subjected to 𝑁/rev vibratory 
loads.

3.1. Lumped parameter helicopter model analysis

A simple lumped-parameter model, yet adequate to represent the 
dynamic operational environment of a main gearbox strut support and 
its companion vibration attenuation devices is the so-called ``quarter 
helicopter'' model. It consists of two masses connected by a spring, as 

Fig. 11. Quarter H/C model. 

sketched in Fig. 11. The two masses, 𝑚𝑔∕4 and 𝑚𝑎∕4, respectively repre

sent the main rotor/gearbox assembly and the airframe, assuming that 
four identical struts, loosely parallel to the vertical axis, connect the two 
subsystems, idealized as perfectly rigid. Such double symmetry assump

tion is not usually true for helicopters but can provide a sufficiently good 
representation of the accelerations of airframe and gearbox when strut

mounted vibration absorbers are analysed [45]. The spring of stiffness 
characteristic 𝑘 represents the strut. The friction identified in Fig. 9b 
was added as a friction element with amplitude 𝑓𝑓 = 500 N. It is the 
only non-linear element of the otherwise linear model.

The rotor excitation, which results from the aeromechanic interac

tion of the rotor blades with an edgewise airflow that depends on the 
flight speed and on how the blades interact with their wake, is here 
idealized by a harmonic force 𝑓𝑔 sin(𝑁Ω𝑡) at the 𝑁/rev blade passing 
frequency acting on the gearbox. This is the dominant vibratory force 
in helicopters; its amplitude varies depending on the flight phase and 
speed. The 𝑁/rev force level is low in hover and manageable during 
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Table 1
Lumped-parameter helicopter model data.

Symbol Definition Value 
𝑚𝑔 gearbox mass (kg) 1000 
𝑚𝑎 airframe mass (kg) 6000 
𝑁Ω blade passage freq. (Hz) 20 
𝑘 strut stiffness (N m−1) 100 × 106

low speed cruise. Its amplitude increases significantly during transition 
from hover to cruise and in high-speed cruise. Therefore, different mag

nitudes of the main rotor excitation force are considered to represent 
various flight phases. Its value is capped at 20 kN, a realistic value for 
medium weight helicopters. A quarter of it is applied to our quarter he

licopter model’s gearbox element. Then, the equations of motion are:

⎡⎢⎢⎢⎣
𝑚𝑔

4 
+ 𝑏 −𝑏

−𝑏
𝑚𝑎

4 
+ 𝑏

⎤⎥⎥⎥⎦
{

𝑥̈𝑔
𝑥̈𝑎

}
+
[

𝑘 −𝑘
−𝑘 𝑘

]{
𝑥𝑔
𝑥𝑎

}

=
{

1
0

}
𝑓𝑔

4 
sin(𝑁Ω𝑡) +

{
−1
1

}
𝑓𝑓 sign

(
𝑥̇𝑔 − 𝑥̇𝑎

)
(6)

where 𝑓𝑓 is the amplitude of the frequency-dependent friction contri

bution, whereas 𝑥𝑎 and 𝑥𝑔 are the vertical components of airframe and 
gearbox displacements. Structural damping is not considered as it would 
only slightly change the results, since the inerter’s friction dominates en

ergy dissipation. Data typical of medium-weight helicopters are used in 
the analysis [45], as reported in Table 1.

The response to a harmonic excitation of the gearbox of frequency 
𝜔 and amplitude 𝑓𝑔 , neglecting friction, is:

𝑥𝑎 =
𝑘− 𝑏𝜔2

𝑚𝑎 +𝑚𝑔

4 
𝜔2

⎛⎜⎜⎜⎜⎝

⎛⎜⎜⎜⎜⎝

𝑚𝑔

4 

1 +
𝑚𝑔

𝑚𝑎

+ 𝑏

⎞⎟⎟⎟⎟⎠
𝜔2 − 𝑘

⎞⎟⎟⎟⎟⎠

𝑓𝑔

4 
(7)

For an ideal linear inerter, 𝑏 = 𝑘∕𝜔2 is thus the nominal tuning value for 
𝜔 =𝑁/rev frequency. Considering the values of Table 1, it corresponds 
to an equivalent inertance 𝑏 = 6.33 × 103 kg. In this case, the amplitude 
of the airframe acceleration exactly vanishes. Friction, and in general 
dissipation in the mechanism, reduces the effectiveness of the inerter; 
thus, some vibratory response remains.

As highlighted by Eq. (7), the problem has two poles in the origin 
and two imaginary conjugated poles whose frequency is smaller than 
but usually quite close to the tuning frequency of the system, 𝑁Ω. Con

sidering the values of Table 1, the frequency of these two poles is about 
19.67 Hz, namely about 1.5% below the tuning frequency, as a conse

quence of the high stiffness of the strut. It is worth noticing that vibration 
cancellation only occurs when the rotor operates at the exact tuning 
frequency. Any departure will result in a loss of effectiveness of the at

tenuation device; an excessive reduction of the angular velocity could 
excite the dynamics of the structural mode resulting from the introduc

tion of the alleviation device, actually resulting in an amplification of 
the vibrations. This phenomenon is well-known and affects all strut

mounted attenuation devices.

Since energy loss through friction is a non-linear phenomenon, the 
overall response depends on that of the vibration attenuation system, 
which is a function of the excitation. For this reason, the model was 
analysed by integrating the non-linear equations of motion in time at 
different forcing levels typical of helicopters. Typical time response is 
shown in Fig. 12, which includes:

a) the baseline configuration, without inerter,

b) the linear model with a frictionless inerter, and

Fig. 12. An example of the fuselage response of the quarter helicopter model to 
harmonic excitation on gearbox mass.

c) the non-linear model, including the inerter with experimentally 
identified friction for a more realistic performance assessment.

The amplitudes for each case, normalized with respect to the baseline, 
are compared at different force levels. The friction force (averaging 
around 500 N) leads to a threshold effect where the friction partially 
masks the inertial contribution. For this reason, dissipation in the non

linear case attenuates the amplitude of the response compared to the 
baseline and introduces a nearly 90 deg phase delay.

The complete results are presented in Fig. 13, which shows that the 
benefits of the inerter increase as the forcing amplitude increases, since 
the fixed magnitude of the friction force, 𝑓𝑓 , becomes less and less im

portant than that of the excitation, 𝑓𝑔 . This supports the idea of using 
an inerter for high levels of vibrational forcing, as typically happens 
in helicopters. Yet, it is also worth considering the sensitivity to vibra

tion attenuation to the value of 𝑓𝑓 , since wear, tear, and lubrication 
levels lead to different friction forces, which, in turn, alters inerter per

formance. The friction force calculations presented earlier showed a 20%
uncertainty, which needs to be addressed. For this purpose, the amount 
of attenuation for a 20% change in friction force, i.e. 𝑓𝑓 = 500± 100 N, 
was calculated at the same hub excitation levels and presented in Fig. 14. 
The Figure suggests that the vibration attenuation reduces as the fric

tion force increases, which is an expected result. The only exception 
happens at low-level hub excitation, where there is no attenuation at 
all. Additionally and more importantly, the change in vibration atten

uation is on par with the change in friction level. Therefore the mild 
changes in friction level during the inerter operation are not expected 
to cause substantial changes in inerter performance.

3.2. Detailed aeroelastic model analysis

The quarter helicopter model is useful for a preliminary analysis 
of strut-mounted absorbers; however, the assumption of double sym

metry and the lack of elastic rotor and airframe dynamics lead to an 
oversimplification of a real helicopter’s dynamics and vibration trans

missibility. To obtain a more realistic understanding of the performance 
of the inerter, the accurate modelling of the rotorcraft loads that excite 
the structure, and the correct assessment of the vibration propagation 
are of paramount importance in evaluating Noise, Vibration, and Harsh

ness aspects.

The model used in the analysis is representative of a five-blade, soft 
in-plane main rotor, medium-weight helicopter shown in Fig. 15. It cap

tures several aspects of the aircraft’s aeromechanics:

• Flight Mechanics: the airframe’s six degrees of freedom dynamics is 
augmented with its stability derivatives, computed through look-up 
tables of the fuselage, horizontal tail surface, and vertical empen

nage aerodynamics in CAMRAD/JA [46].

• Airframe Structural Dynamics: synthesized from a detailed NAS

TRAN model, comprising approximately 30 000 nodes and 17 000
elements (beams, shells, solids, rods). The airframe’s elastic bend

ing and torsion modes are extracted in the frequency range up to 
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Fig. 13. Fuselage response of the quarter helicopter model to harmonic excitation on gearbox mass at different 𝑁/rev forcing amplitudes. At each forcing level, the 
baseline was considered as 100%, and the linear and non-linear responses were normalized using the nominal baseline value to show the reduction.

Fig. 14. Fuselage response of the quarter helicopter model to harmonic excitation on gearbox mass at different 𝑁/rev forcing amplitudes for changing friction force 
levels. At each forcing level, the baseline was considered as 100%, and the linear and non-linear responses were normalized using the nominal baseline value to 
show the reduction.

50 Hz, i.e. about twice the blade passage frequency. The struts are 
included in the airframe model as 1D rod elements.

• Rotors: the main and tail rotor models are formulated in CAM

RAD/JA, and include the first lead-lag and up to the second flapping 
bending modes, as is typical for soft in-plane articulated rotors 
and one torsion mode associated with the compliance of the con

trol chain. A structural damping factor of 1.5% is assumed in the 
analysis, an average value for helicopter rotor blades’ modal damp

ing [1]. The rotor models are formulated in multiblade coordinates 
and completed by the axial state of the Pitt-Peters [47] dynamic in

flow model. Inflow states only affect the low-frequency dynamics 
of the rotor (≈ Ω) and thus are not critical when the focus is on 
𝑁/rev dynamics.

• Sensors: virtual accelerometers are placed at the pilot seat locations 
and at the struts’ connection points to support the collocation of 
inerters and equivalent friction dampers.

• Excitation: the 𝑁/rev vibrations (𝑓𝑔 ) are introduced as an excita

tion force applied at the hub centre.

• Inerters: added to the model as 1D elements between the two ter

minals of the four struts as forces proportional to their relative 
acceleration.

• Friction: the non-linear friction force, whose amplitude of 𝑓𝑓 =
500 N was determined by the experiments, is implemented for 
each inerter individually (inerter 𝑖), through a viscous damper that 
would give an equivalent energy dissipation over a cycle. The sim

ulations start with zero damping and the damping coefficient is 
calculated based on the amplitude of the relative velocity (𝑣𝑟𝑒𝑙,𝑖) 
of the struts using 𝑐𝑒𝑞,𝑖 = 4𝑓𝑓∕𝜋𝑣𝑟𝑒𝑙,𝑖 [48] and imposed on the over

all model. The iteration continues until the response converges.

The above sub-components are blended into an overall model in MASST, 
a Matlab-based rotorcraft aeromechanics solver [49] that uses Craig

Bampton’s component mode synthesis approach [50] to combine sev

eral subsystems modelled using specialized tools like CAMRAD/JA and 
CAMRAD II for rotor aeromechanics and aeroelasticity, and NASTRAN 
for structural dynamics. More details about the model cannot be pro

Aerospace Science and Technology 162 (2025) 110172 

9 



A. Tamer, P. Masarati, M. Zilletti et al. 

Fig. 15. Snapshot of the detailed aeroelastic model used in the analysis. Blue diamonds show the location of the pilot and co-pilot seats. 

Fig. 16. Fuselage response of the detailed aeroelastic helicopter model to harmonic excitation on the gearbox mass at different 𝑁/rev forcing amplitudes. The 
responses of the linear and non-linear models are normalized using the baseline value.

vided due to commercial restrictions; however, they are inessential for 
the present discussion.

The resulting models are indicated as i) No-Inerter, the baseline 
model without inerters and related friction; ii) Linear-Inerter, with the 
inerters added to the No-inerter model but without friction; and iii) 
Non-linear Inerter, the model including the inerters and the associated 
friction force.

As with the quarter helicopter model, these three models were simu

lated to compute the accelerations at the pilot and co-pilot seats caused 
by the harmonic force at the hub. The results at different forcing lev

els are presented in Fig. 16. The same trend of increased benefit with 
higher forcing amplitude observed in the quarter helicopter model is 
also apparent in the detailed model; however, this time the residual vi

bration is nearly twice that obtained in the quarter helicopter case. It is 
worth noticing that the linear inerter model is now unable to completely 
cancel vibrations; a residual acceleration of about 10% of the baseline 
remains, as a consequence of the residual vibration transmissibility of 
the system.

It is worth mentioning that the amplitude of the gearbox assembly 
motion, 𝑥𝑔 , is also influenced by the presence of the inerter, which in 
turn changes the strain in the strut due to relative elongation, which 
is common in strut-mounted solutions [45]. The relative motion, Δ𝑥 =
𝑥𝑔 − 𝑥𝑎, for a lumped mass model is:

Δ𝑥 = −

1 

1 +
𝑚𝑔

𝑚𝑎⎛⎜⎜⎜⎜⎝

𝑚𝑔

4 

1 +
𝑚𝑔

𝑚𝑎

+ 𝑏

⎞⎟⎟⎟⎟⎠
𝜔2 − 𝑘

𝑓𝑔

4 
(8)

which, at the tuning frequency, corresponds to −𝑏𝑓𝑔∕(𝑘𝑚𝑔). If the strut 
elongation after inerter installation (Δ𝑥𝑖) is compared to the base (only

strut) elongation Δ𝑥0) at the tuning frequency we obtain:
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Table 2
Change in 𝑁/rev strut deformation obtained using the aeroe

lastic helicopter model.

Configuration Inerter Damping (%) Relative Elongation 
Base NA 1.00 
Base + Inerters 0.0 9.97 
Base + Inerters 5.0 2.83 

||||Δ𝑥𝑖Δ𝑥0

|||| =
|||||
4𝑘 
𝜔2

(
1 
𝑚𝑔

+ 1 
𝑚𝑎

)
− 1

||||| =
|||||4𝑏

(
1 
𝑚𝑔

+ 1 
𝑚𝑎

)
− 1

||||| (9)

which shows that the inerter alters the strut elongation proportional to 
the strut stiffness. This, in turn, changes the strain and loads on the strut, 
connection elements and gear meshing.

In theory, Eq. (9) suggests that adding an inerter can reduce or 
increase relative strut elongation. However, main gearbox struts are 
typically stiff elements, designed to support static loads and maintain 
airframe-gearbox connection integrity. This can be verified by compar

ing the relative displacement in the helicopter aeroelastic model, which 
includes a realistic value for the stiffness of the strut. As reported in 
Table 2, adding a frictionless inerter increases the relative oscillatory 
strut elongation by almost 10 times, leading to an analogous increase 
of the stresses. For a higher level of friction (5%) in the inerter, the am

plification reduces to approximately 3 times the nominal value, still a 
substantial increase. Therefore as a consequence of the inerter (or any 
other strut-mounted solution), the straining of the strut is amplified, and 
thus is the load, so it likely needs to be redesigned and the whole con

cept of gearbox support might need reconsideration.

3.3. Discussion

The numerical results from the quarter helicopter and the detailed 
aeromechanical models, considering the experimentally identified fric

tion characteristic, showed that:

• the inerter behaves as expected and creates a force proportional to 
its inertance, in addition to residual friction in the system;

• the level of friction force seems to be independent of the motion am

plitude. For this reason, the effectiveness of the inerter reduces at 
small forcing amplitudes. At greater amplitudes, the static friction 
force is overcome, and vibrations can be attenuated more effec

tively;

• at the measured friction levels, the linear inerter assumption would 
lead to erroneous results, with an underestimation of the residual 
airframe vibration response;

• the inerter was able to provide less vibration reduction when cou

pled to the detailed aeromechanical model;

• unlike other types of vibration alleviation devices mounted in par

allel with struts, the proposed device is not affected by the need to 
accommodate different values of static load/stroke, as the inerter 
does not react to a constant or quasi-static stroke, providing a clear 
advantage.

This work proved that the roller-screw inerter has the potential to 
be a viable vibration attenuation device for helicopters. The industry is 
suggested to follow the below guidelines to realise their use in helicopter 
vibration attenuation:

• Friction: Although the tested device showed a reduction in the im

pact of friction when the level of forcing increases, friction limited 
its effectiveness at small forcing amplitude. Small forcing means less 
vibration in the cabin, yet the device should be beneficial at most 
if not all vibration levels and flight conditions for increased accep

tance by the industry. Nevertheless, it should be emphasized that 
the roller screw and the bearing used in this work were not specif

ically designed for vibration attenuation purposes. It is expected 

that low-friction roller screw inerters and dedicated designs could 
lead to more effective vibration attenuation devices. In addition, 
standard procedures such as lubrication could help maintaining the 
device performance.

• Airworthiness: While strut-mounted devices can provide a global 
solution to cabin vibration and are not primary structural elements, 
their failure could have significant consequences for the struts and 
their attachments, ranging from increased vibrations to potential 
strut failure. Therefore, proposed strut-mounted inerter concept re

quires a thorough analysis, including laboratory and flight tests, 
to assess the strength, durability, and failure modes of the device 
and its components to meet airworthiness and certification require

ments. The major risk associated with the proposed design is the 
potential for higher stress levels on the strut, its attachments, and 
the transmission system, particularly following an inerter failure. 
This possibility should be carefully addressed in the design of the 
coupled strut-inerter system.

• Torque: In the devised arrangement the alternate rotation of the 
roller and screws produces a moment of inertial nature about the 
axis of the device, which needs to be counteracted by an inter

nal moment exchanged at the top. Since the usual gearbox-strut 
attachments are not intended to carry that moment, to use this 
type of device a helicopter would need to be specifically designed 
to withstand it. Alternatively, a solution with two identical but 
counter-rotating roller-screw bearings mounted in series and car

rying identical inertances has been conceived and patented [51]. 
Since such details do not significantly affect the discussion, they 
are not developed further in the present work.

4. Conclusions

This work presented an in-depth experimental and numerical analy

sis of a novel strut-mounted inerter-based device, intended to isolate the 
fuselage of a helicopter from the excitation originating at the main ro

tor. The unique advantage of the concept is being compact and enclosing 
the main load-carrying element while delivering vibration attenuation 
at high-frequency main rotor forcing. The rigorous simulations involv

ing realistic device behaviour through experiments showed that the 
proposed device can attenuate tonal vibrations at the blade passage fre

quency. Even considering the detrimental effect of friction, which makes 
the system depart from its nominal behaviour, a substantial reduction of 
the vibratory loads transmitted to the cabin is observed. The strut-based 
inerter device has potential significant implications in rotorcraft design 
and operation, like a lower vibration level in the whole fuselage, less use 
of local vibration attenuation solutions eliminating weight penalty, im

proved comfort of crew and passengers, and reduced vibration-related 
failures.
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