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Introduction 

Gathering and transmitting information is an essential need of humans. Stimuli arriving from 

the environment are perceived by the senses, from which the vision and hearing play prior 

role in information transfer. This key role has also a disadvantageous consequence, namely 

these sensing channels become often overloaded. E.g. the driver of a vehicle has to pay atten-

tion to the nearby traffic situations, and he has to interpret traffic shields and different visual 

and auditive feedbacks of the car. No wonder that as a result of numerous traffic accidents 

handsfree mobile phone kits are obligatory in many countries for use of a cell phone while 

driving, however neither this has completely solved the problem of overload on car drivers. 

This effect is even more acute in case of users of complicated devices like drivers and pilots 

of military vehicles and fighter planes. 

As an obvious solution to unload vision and hearing the utilization of the tactile sense has 

appeared, as mobile phones become widespread in the 1990s. Vibrating function can be found 

almost in every mobile phone today, and it is practically a basic requirement for any smart 

device to provide such functions, since besides the utilization of a relatively free sensing 

channel for information transfer, at first, it does not need a directed attention to the device, 

second, disturbances are very rare which could make hard the sensing of a vibration on the 

skin. As a major disadvantage of the tactile sense the relative low information density can be 

mentioned, this is because vibrating function is used mostly only for alarm, if the environment 

is noisy or if sound alarm is not convenient because of the situation (like meetings). 

Based on the related literature we can state that despite of the relatively lower information 

density the tactile sense has much more potential than just alarming for a given event. The 

human mechanoreceptors are able to perceive the most important mechanical properties of a 

vibration, like the frequency and the amplitude, independently. However, with today’s wide-

spread eccentric rotating mass (ERM) vibrotactors the independent adjustment of frequency 

and amplitude is not possible, since the amplitude of the generated vibration depends defi-

nitely on the frequency and the resonance curve. 

To overcome this problem the present work proposes a novel, dual-rotor vibrotactor design, 

where two eccentric rotating masses are driven independently by electro motors, and the am-

plitude of the vibration can be changed by the phase angle between the eccentric rotors during 

operation. 
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The proposed solution enables us to change frequency and amplitude independently, more-

over it possesses similar simple design as one-rotor ERM vibrotactors. 

Aim of the work 

The aim of my PhD research is to investigate the proposed conception of the dual-rotor vibro-

tactor, and to realize the device itself. 

To prove the feasibility of the solution an appropriate model of the device had to be built, 

which enables us to carry out analytical- or if it is necessary, numerical investigations on the 

virtue of the system. 

Based on the investigations the necessity of a closed-loop control could be seen. In my re-

search I also investigated the feasibility of this, and a PID control has also been implemented 

for the device. 

Methods 

To develop a vibrotactile device the thorough knowledge of the mechanism of human tactile 

sense is essential. Related information has been gathered by the survey of related literature, 

and all conclusions have been based on these. 

To analyse the dynamic behaviour of the device a mechanical model has been constructed as 

shown in Figure 1. 

 

Figure 1. Mechanical model of the dual-rotor vibrotactor. 

The model is a four degree-of-freedom dynamical system which considers only planar mo-

tion. It contains significant simplifications, however, their pertinence were proved by results 

of later investigations. After the derivation and nondimensionalization of the equations of 
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motion of the system three parameters could be identified, which characterize the system, and 

the driving voltages of the two electro motors could be used as inputs. 

The primary goal of the device is that the amplitude and the frequency of the vibration can be 

chosen freely, which means indirectly that the angular speed o the rotors and the phase angle 

between them has to be adjusted to a given value. For this purpose I investigated the station-

ary motions of the system, which revealed that even with different driving voltages of the 

motors there exist stationary motions where the angular speed of the rotors are equal, thus the 

phase angle is constant. This phenomenon is called as mechanical self-synchronization. If the 

two rotors really synchronize themselves depends on the stability of the stationary motions. 

To answer this question I determined the linear stability of each working point for different 

system parameter values. The results showed that the stability of the stationary motions de-

pend on the resonant frequency of the suspended device. Below the resonant frequency the 

rotors synchronize in in-phase motion and above the resonance in anti-phase motion, or 

around it in an about 90° range. 

Since significant part of the region of operation cannot be reached by the direct setting of the 

driving voltages, the utilization of a closed-loop control is advisable, thus the whole region of 

operation can be used for generating vibrations. 

In my work I also investigated the feasibility of a PID controller by means of linear stability 

analysis of the controlled system. 

For both uncontrolled and controlled case numerical simulations have been carried out, which 

proved the analytical results. 

A prototype device has also been built for the concept, which made it possible to carry out 

measurements. The feasibility of a dual-rotor vibrotactor device has been proved. 

Theses 

Thesis 1 

A novel concept was developed for generating mechanical vibrations, where frequency and 

amplitude can be adjusted independently during operation. In this solution two eccentric ro-

tors are rotating with identical angular velocities and at that fixed frequency the amplitude of 

the vibration can be changed by the phase angle between the two rotors. For the proper setting 

of the angular velocities and the phase angle a closed-loop control might be necessary. The 

method is suitable for small sized applications like haptic feedback devices or experimental 
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purposes, where size and proper vibration parameters are essential, no space is available for 

complicated mechanisms to change the eccentricity and wide frequency range is needed. 

Publications in connection with the thesis [1], [6], [9] and [11]. 

Thesis 2 

A 4Dof mechanical model has been built for the dual-rotor vibroactuator, which makes it pos-

sible to identify the self-synchronization and the Sommerfeld effect. The synchronized sta-

tionary motions have been studied by means of linear stability analysis and the stationary 

voltage sum and difference have been expressed in dimensionless form: 

 

The linear stability of the system has been numerically determined as a function of the fre-

quency ratio and the phase angle. Furthermore, the linear stability chart has been explored for 

the region of operation of the device with different sets of system parameters. Generally, the 

stability of the in-phase motion (        ) below the resonant frequency and the stabil-

ity of the anti-phase motion (        ) above the resonant frequency has been proven. 

The analytical results have been verified by numerical simulations and measurements. 

Publications in connection with the thesis [2], [3], [4], [7], [8] and [10]. 

Thesis 3 

The linear stability analysis of the ideally controlled dual-rotor device has been performed 

analytically for the dimensionless control voltage sum and difference: 

 

Stability charts for various control parameters have been explored over the region of opera-

tion of the device. The influence of the control parameters has been separated for the different 

domains of the region of operation. The effect of the proportional gain Pλ of the frequency 

ratio is mainly limited to the unstable patch of the in-phase motion at the resonance fre-

quency, which is related to the Sommerfeld effect. The proportional gain Pδ of the phase an-

gle counteracts the mechanical self-synchronization, thus it has major role making anti-phase 

motion in sub-resonant and in-phase motion in super resonant region stable, respectively. The 
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derivative gain Dδ of the phase angle has only influence on unstable anti-phase motion close 

to the resonant frequency. With the smallest value of the integrating gain Iλ the unstable re-

gion connected to the Sommerfeld effect can be stabilized. Finally, for all positive value of Iδ 

unstable anti-phase motion below the resonance and unstable in-phase motion above the reso-

nance can be stabilized, furthermore the unstable anti-phase region close to the resonant fre-

quency can be reduced or removed. 

Publication in connection with the thesis [4] and [10]. 

Thesis 4 

The non-ideal effects resulting from the digital virtue of the control (e.g. sampling time, dis-

crete control signals, floating point representation) and feedback signal measurement (e.g. 

zero-order-hold, discreteness) were investigated by means of numerical simulations, which 

proved the feasibility of closed-loop control of dual rotor vibroactuators. 

A PI controller for the frequency and a PID controller for the phase angle have also been im-

plemented for the digital controller of the realized prototype device. Its performance was con-

firmed by measurements in various frequency ranges which showed that the developed proto-

type device with the used control algorithm is able to generate vibrations of independent fre-

quency and amplitude. 

Publications in connection with the thesis [2] and [5]. 
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