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Summary

This thesis deals with the modelling and the dynamic analysis of the motor-suspension system ofan
electrical shaver. The project is divided into three sub-problems which are the design of an experi
mental setup that is suitable to obtain reproducible experiments, the Finite Element modelling of the
motor-suspension system and the confrontation of the experimental and numerical results in terms
of eigenvalues -modes and Frequency Response Functions (FRF's).

The dynamical analysis of the motor-suspension system is based on FRF's which give the rela
tionship between the response ofthe motor-suspension system at a certain location and the excitation
signal. The experimental setup that is used consists ofthe motor-suspension system that is mounted
on a shaker by means of an adjustable aluminum block. This adjustable aluminum block assures
that the system can be excited in different directions. Two accelerometers are used to measure the
excitation and response signals. The methods that are chosen for the confrontation of the experimen
tal and numerical results are a comparison of FRF's and a comparison of eigenvalues and -modes.
In order to be able to obtain experimental eigenvalues and -modes IS measurement Degrees of Free
dom (measurement DOF's) are defined. From the literature it is shown that the Young's modulus of
PA66 (which is a Polyamide) depends on the relative humidity and the ambient temperature. The
material of the suspension is Durethan which is glassfilled PA66. Temperature experiments, where
the temperature is varied, show that the dynamic properties (read Young's modulus of Durethan) of
the motor-suspension system depend on the temperature. Amplitude experiments, where the mean
amplitude ofthe excitation signal is varied show that the dynamic properties ofthe motor-suspension
system depend on the amplitude when the amplitude is too high. This information leads to the con
clusion that reproducible experiments can be obtained when the ambient temperature, the relative
humidity and the excitation amplitude are the same for two experiments. Also the excitation ampli
tude should be chosen sufficiently small to assure that the dynamic behavior of the system does not
depend on the excitation amplitude and not too small to assure a good signal to noise ratio. Quan
titative knowledge on the dependency of the Young's modulus of Durethan on the environmental
conditions is necessary in order to be able to analyze the dynamic behavior of the motor-suspension
system (or the dynamic behavior of the complete shaver in the human hand). The temperature- and
relative humidity dependency make it very hard to be able to design a suspension with regard to the
placement of the eigenvalues of the motor-suspension system.

The construction of the Finite Element method starts with the modelling of the motor. After it is
assured that the motor model consists of the correct geometry with the correct mass geometry, the
Finite Element model ofthe suspension is added.

The confrontation of the experimental results with the numerical results consists of two meth
ods. In the first method, the experimental eigenvalues and -modes are compared with their numerical
counterparts. The numerical eigenvalues and -modes are obtained solving the classical eigenvalue
problem using the Block-Lanczos method in the modal analysis in the Finite Element program AN
SYS. The Rational Fraction Polynomial (RFP) curve fitting method is used on multiple FRF's (obtained
from the IS measurement DOF's) to obtain the experimental eigenvalues of the system. The modal
residues (mode shapes) are unique to each FRF, and are estimated by applying a least error curve fit on
every FRF separately. The eigenvalues are compared directly and it is concluded that when a Young's
modulus of E=7700 MPa is used in the numerical analysis, the three lowest experimental modal
frequencies are smaller than the numerical eigenfrequencies. A second difference is the higher differ-
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ence between the fourth and fifth experimental modal frequencies and the fourth and fifth numerical
eigenfrequencies. The eigenmodes of the system are compared using Modal Assurance Criterion
(MAC) analyses. Comparison ofthe mode shapes indicates that the first three numerical eigenmodes
correspond very well with the first three experimental mode shapes, however, the first and second ex
perimental mode shape correspond respectively with the second and first numerical eigenmode. The
fourth, fifth and sixth mode shapes do not correspond very well. A sensitivity analysis on the FEM
model, where the attachment of the motor to the suspension and the geometry of the springs of the
suspension are changed, shows that it is possible to obtain six numerical eigenmodes that correspond
better with the six experimental mode shapes. The sensitivity analysis shows that it is recommended to
obtain the exact geometry of the suspension and to investigate the connection of the motor to the sus
pension since that has a big influence on the mode shapes. The use of a Young's modulus of E=6100
MPa does not change the mode shapes, however it does change the eigenfrequencies in a way that
the first three numerical eigenfrequencies are almost the same as the first three experimental modal
frequencies. It is known from the literature that it is possible for polymers (like Durethan} to have
a frequency-dependant Young's modulus. This could explain the mismatch of the eigenfrequencies.
It is also recommended to investigate the frequency-dependency of Durethan. The second method
that is used to confront the experimental results with the numerical results is a direct comparison of
FRF's. The experimental FRF's are already obtained. In order to obtain numerical FRF's the mode
superposition method is used in ANSYS. In order to use this method in ANSYS it is necessary to
make an adjustment to the model which consists of the addition of a stiff spring to the suspension.
The comparison of the FRF's show that it is possible to obtain qualitative relatively good predictions.
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Chapter 1

Introduction

Many men use electrical shavers. A disadvantage of electrical shaving is that the vibrations of the
shaver at the hand-shaver interface may be experienced as annoying. A model that predicts the dy
namic behavior of the shaver in the human hand should be created in order to obtain improved
understanding of the dynamic behavior at the hand-shaver interface. A first step in this modelling
process is the modelling and the dynamic analysis of the motor-suspension system of the shaver us
ing a combined experimental-numerical approach. Namely, the motor is the source of the vibrations
and the suspension system transmits these vibrations to the rest ofthe shaver. The presentation ofthe
shaver and its components will be given in section 1.1. The subjective response of the human hand
to vibrations is studied in the literature and contains information about the frequency range in which
human subjects experience hand-vibration. This study will be presented in section 1.2. The problem
formulation and the outline of this work will be given in section 1.3.

1.1 The shaver

A typical shaver with three shaving heads as modelled in Unigraphics and a picture of an actual
Philishave are depicted in figure 1.1. In an exploded view of the shaver, see figure 1.2, the most im
portant parts are indicated. However, the gears of the driving unit and the razors are omitted in this
Unigraphics model. The gears ofthe driving unit are located between the suspension and the suspen
sion seal that contains the bearings. These moving parts of the shaver cause vibrations. The moving
parts are: the motor-axis, the gears, the driving pins, the razors and the trimmer. It is decided to start
the dynamic analysis with the analysis of the motor-suspension system since all motion (and thus
vibrations) is caused by the motor. No specific type of Philishave is used as a carrier for the dynamic
analysis since the motor-suspension system that is analyzed in this work is present in all washable
3-header shavers that are introduced on the market from 1999 until now.

1.2 Subjective response

The use ofelectrical shavers can be associated by some users with annoyance or discomfort caused by
vibrations ofthe shaver atthe hand-shaver interface. This kind ofvibration is called Hand-Transmitted
Vibration (HTV). A large number of factors affect the cause-effect relationship for HTV. This implies
that the modelling of the dynamic behavior of the shaver-human hand-system might be a very dif
ficult task. In a Philips survey, [Bosman, F.J. (1999)) it is shown that different individuals assess
the vibration of the same vibratory handheld equipment (a shaver) between 3 and 9 on a scale of 0

to ro. This can be understood when it is realized that vibration perception of humans depends of
grip force, handle angle, skin temperature, contact pressure, contact area, surround of contact (prop
erties of the human tissue that surrounds the contact area), posture, prior vibration stimuli, age,
health and psychological aspects, see [Goble A.K. et al (1996)), [Mishoe, J.W. and Suggs C.w. (1977)),
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Figure 1.1: Unigraphics model of a Philishave (left) and an actual Philishave (right).

[Reynolds D.D. and Soedel W. (1972)), [Reynolds, D.D. et al. (1977)) and [Verillo, R.T. (1963)). From
[Griffin, M.J. (1990)) it is clear that the interesting frequency range for HTV is 8 to 1000 Hz. This
implies that the frequency range in which the dynamic analysis of the motor-suspension system in
this report should involve this frequency range.

1.3 Problem formulation

The main objective ofthis work consists ofthe modelling and the analysis ofthe dynamic behavior ofa
motor-suspension system ofan electrical shaver using a combined experimental-numerical approach.
This main problem can be solved using three sub-problems:

• Design an experimental setup that is suitable to obtain reproducible experimental results that
can be used for the validation ofthe numerical results, see chapter 2.

• Build a Finite Element model of the motor-suspension system that is suitable to obtain numeri
cal results that can be compared with the experimental results, see chapter 3-

• Confront the numerical results with the experimental results. See chapter 4 for the comparison
ofthe experimental and numerical eigenvalues and -modes and see chapter 5for the comparison
of the experimental and numerical frequency response functions (FRF's).

Finally, the conclusions and recommendations for future research and recommendations for the use
of the model are summarized in chapter 6. It is realized that the main goal of the project is to be able
to analyze the dynamic behavior at the hand-shaver interface. This work is a first step in the project
and considerations with regard to the main goal will be constantly made.

8



Figure 1.2: The exploded view of the shaver.
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Chapter 2

Experimental setup

This chapter deals with the experimental setup that is used in order to identify and validate the model
and it discusses the measurement plan that is needed to ensure reproducible experimental results.
In section 2.1, a brief description of the motor will be given. Moreover, the experimental setup, that
is used to determine the excitation spectrum of the motor, will be described. The vibrations that are
experienced on the casing ofthe shaver are caused by the motor. The frequency content ofthe acceler
ation signal at the side ofthe motor contains important information since it may influence the choice
of the frequency range in which the motor-suspension system should be modelled. A brief descrip
tion ofthe suspension will be given in section 2.2. Section 2.3 describes the experimental setup that is
used to measure experimental Frequency Response Functions (FRF's). These experimental FRF's give
a direct relationship between the measured acceleration signal on the motor-suspension system and
the acceleration signal that is used to excite the motor-suspension system. The experimental FRF's
are used in chapters 4 and 5 for comparison with the numerical results. Some considerations with
respect to the reproducibility of the FRF experiments will be given in section 2.4. In section 2.5, the
measurement plan for the FRF experiments will be discussed.

2.1 Description of the motor

The source ofthe vibrations in the shaver is the motor. It is interesting to characterize the spectrum of
the vibrations that are caused by the electro-motor. Three types of motors are used in battery-shavers
with voltages of: 1.2 V, 2.4 V and 3.6 V. In this report, a Philips 1.2 V motor type 82103 with a weight of
4.10-2 kg is used to characterize the spectrum ofthe motor. A picture ofthe motor and the different
parts of the motor can be seen in figure 2.1. The coordinate system presented in the figure is used
throughout the whole report. The positive X-axis points to the middle of the right curved side of the
motor housing, the Y-axis is oriented in axial direction and the Z-axis is oriented in the direction of
the normal to the back side of the motor housing. The motor is symmetric with respect to the planes
with coordinates X = 0 and Z = o. The different parts ofthe motor are described in table 2.1.

Figure 2.1: The motor (left) and the parts of the motor (right).
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1 Motor assembly
2 Motor housing
3 Two Magnets
4 Rotor
5 Front shield
6 Pinion

Table 2.1: The motor parts.

2.1.1 Experimental setup for motor vibration characterization

An experiment is carried out in order to investigate the frequency spectrum ofthe motor. A schematic
representation of the setup can be seen in figure 2.2. The equipment used in the experiment is given
in table 2.2. The acceleration is measured on the housing ofthe motor.

5

6 [i]
I \

Figure 2.2: Experimental setup for motor vibration characterization.

1 Voltameter
2 The motor
3 Voltage source
4 APTech accelerometer type AP33
5 Stand
6 Briiel and Kjrer charge amplifier type 2635
7 Briiel and Kjrer signal analyser type 2816

Table 2.2: Experimental requisites

In the experiment, the electrical wires of the motor are hanging over a stand in order to decouple the
motor from its environment as much as possible. The voltage is supplied by an external source and
is measured with a voltameter. The acceleration at the outside ofthe motor housing is measured with
an APTech accelerometer. The configuration of the accelerometer and the amplifiers can be found in
Appendix A.I. The acceleration signal is subjected to Fast Fourier Transform (FFT) performed by the
Brnel and Kjrer signal analyzer type 2816. The output ofthe measurement is the auto power spectrum
of the acceleration. The frequency range in which the spectrum is measured is chosen to be 0-1000

Hz since it corresponds to the frequency range in which human hands sense vibrations, see chapter
I. A single measurement consists of32 averages ofthe measured signal. A typical experimental result
is given in figure 2.3. From this figure, it can be concluded that it is very relevant to consider the
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Auto power spectrum of the acceleration signal
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10'
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Figure 2.3: Example of typical vibration spectrum of a 1.2 V Philips electro-motor at a rotational
frequency of 100 Hz.

Figure 2.4: The rotor.

frequency range of o-rooo Hz since several higher harmonics of the rotational frequency of roo Hz
of the motor axis can be recognized, especially the third, sixth and ninth harmonics. This observation
can be explained by noting that the motor works with three different poles on the rotor, see figure 2+
This means that the rotor is "pushed" three times per rotation by the magnets. It should also be noted
that the rotational frequency of the motor in the shaver is can differ from 100 Hz depending on the
load.

2.2 Description of the suspension

In figure 2.5, the suspension is depicted and the orientation of the coordinate system as defined in
figure 2.1 is shown. In figure 2.5 (a), the motor is mounted on the suspension by using two metal
damping strips at the sides. The motor is mounted on the middle plane of the suspension. The
pictures in figures 2.5 (b) and 2.5 (c) show that the middle plane is connected to the edge of the
suspension by means of three leaf springs. This figure also makes dear that the suspension is not
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Figure 2.5: (a) Motor on frame, (b), (c), (d) Motorframe from different views.

symmetric because ofthe location of the three springs. The length of the suspension is about 43 mm
in X-direction, the width about 39 mm in Z-direction and the height about 9 mm in Y-direction. The
suspension consists of Durethan RM.KU2-252I/45 9005/0 Black which is a polyamide that contains
45 percent glass fibres. The suspension is produced using an injection moulding process.

2.3 The Experimental setup

The experimental FRF's and the modal parameters, that are derived from the experimental FRF's, are
compared with their numerical counterparts in chapters 4 and 5. The positions and directions at which
these FRF's are measured will be called measurement Degrees Of Freedom (measurement DOF's) for
the remainder of the report. The selection of the measurement DOF's is a very important step in the
validation process and will be discussed in Chapter 4. The experimental FRF's are a correspond to
the response at acceleration level at a measurement DOF and the acceleration signal ofthe excitation.
The experiments are carried out on a motor that is glued to the suspension with x60 glue. The re
sulting system is glued to a small aluminum platform which can be screwed to one of the two larger
aluminum blocks which can be seen in figure 2.6. By doing so, it is possible to change the excitation
direction by changing the orientation ofthe small aluminum platform. The two aluminum blocks are
glued to the vibrating table of the shaker. The second aluminum block is used as a contra·weight on
the vibrating table. A picture of the experimental setup can be seen in figure 2.7. The position of the
sensor that is used by the PC to control the shaker prevents that the aluminum blocks can be placed
at the center of the vibrating platform, see the schematic drawing of the experimental setup in figure
2.8. The equipment used in the experiments in order to measure FRF's is listed in table 2.3. The
properties of the shaker can be found in table A.I in appendix A.2. The motor-suspension system in
the experiments is excited by a noisy acceleration signal with a uniform spectrum in the frequency
range of 5 - lOOO Hz.

One accelerometer (Type 4344) is used to measure the excitation spectrum of the aluminium block
and the other accelerometer (Type 4374) is used to measure responses ofboth the motor and the sus
pension at different locations and in different directions; thus the latter accelerometer will be moved
over the motor-suspension system to measure the responses at the different measurement DOF's.
The FRF's are constructed using both signals. The accelerometers are attached to the selected mea-
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Figure 2.6: The motor attached to the aluminium block.

Figure 2.7: The experimental setup.

/

7 7

8

D
\

Figure 2.8: Schematic drawing of the experimental setup.

surement OOF by using bees wax. By using bees wax it is easy to move the sensor over different
sensor locations since it is easy to detach the sensor from its last position. The sensor properties can
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1 Motor-suspension system
2 TIRA vib 5500 LS vibration exciter
3 X60 glue
4 Two aluminium blocks
5 A Bruel and Kjrer acceleration sensor type 4344
6 A Bruel and Kjrer acceleration sensor type 4374
7 Two Bruel and Kjrer charge amplifiers type 2635
8 Bruel and Kjrer's PULSE data acquisition system
9 Computer
10 Bees wax
11 Shaker sensor
12 Shaker control system

Table 2.3: Experimental requisites

be found in table A.2 in Appendix A.2. The PULSE data acquisition box retrieves the amplified sensor
signals. The signals can be processed using the PULSE software on the computer.

2.3.1 PULSE Signal analyzer

The incoming time domain signals (the systems' response and the excitation) are transformed to the
frequency domain by using the Fast Fourier Transformation (FFT) algorithm. These frequency do
main signals are postprocessed using the HI = ~ estimator in order to estimate the Frequency
Response Function (FRF) [Kraker, A. de (2000)]. In order to avoid signal leakage a Hanning win
dow is used while performing the FFT algorithm. The sampling time dt is 0.244110- 3 seconds,
this implies that the sampling frequency is 1/dt = 4097 Hz, and that the Nyquist frequency (see
[Kraker, A. de (2000)]) is 4097/2 = 2049 Hz. The measuring time of a single measurement is I
second. The maximum frequency fmax that is measured in the experiments is I600 Hz because
of filtering, which is smaller than the Nyquist frequency. The chosen sampling time would prevent
aliasing (see [Kraker, A. de (2000)]) ifthe maximum frequency ofthe measured signal was 2049 HZ.
However, the exact frequency content of the signals is unknown. An analogue anti-aliasing filter that
removes the high frequency components from the signals is used to prevent aliasing.

2.4 Reproducibility of the experiments

Reproducibility of experiments is required in order to make sensible comparison between these ex
periments and the model results. In order to obtain reproducible results from the experiments it is
necessary to know what the influence of conditions such as ambient temperature, relative humidity
and excitation amplitude on the dynamic behavior of the suspension is. The next sections describe
some theoretical background on these issues.

2.4.1 Influence of relative humidity on the E-modulus of Durethan

From the data sheet that is provided for the material it is clear that the relative humidity has an im
portant influence on the E-modulus of the material. The reason for its influence is that when the
relative humidity ofthe environment ofthe suspension is higher, the suspension absorbs more moist.
This moist makes the material weak; hence the E-modulus decreases. According to the data sheet the
E-modulus is I3900 MPa when the material is dry, that is without any absorbtion of moist. When the
relative humidity is 70 percent and the material has adapted to the situation the E-modulus drops to
7700 MPa. This is the only data available from the producer of the material on the topic. It takes a
considerable amount of time for the material to absorb moist from the environment. In the litera
ture [Echte, A (I993)], some information is found about the dependency of the E-modulus of PA66
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to the water absorbtion. PA66 is the polymer which is used in Durethan with the exception of the
glass-enforcement. In figure 2.9, the influence ofthe water absorbtion can be seen. It is clear that the
water absorbtion has a large effect on the E-modulus. This can be concluded when for example the
E-moduli are compared at 20°C. The E-moduli at 20°C are about 3000, noo and 800 MPa for the a,
band c curves respectively. This indicates that it is very desirable to know the water absorbtion of the
material when experiments are carried out. It is impossible to quantify the influence of the humidity
on the dynamic behavior of the suspension in the scope of this project because of three reasons. It
is not possible to control the relative humidity in the experimental environment that is used. The
second reason is that it is also very difficult to determine whether or not the suspension has adapted
to the environmental conditions. The third reason is that it takes a long time (up to a day) before the
suspension has adapted to the new environmental humidity conditions. This implies that it would
take a lot of time to perform decent experiments at different water absorbtion levels. In order to per
form reproducible experiments it is evident that the water absorbtion level of the suspension should
be known. However in the experiments that are carried out throughout this work it was not possible
to perform such measurements. This leads to the idea that comparable experiments are carried out
within a short period of time. Otherwise it is not possible to state that the dynamical behavior of the
motor-suspension system for the different experiments is a result ofthe same boundary conditions.

t
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Figure 2.9: Sensitivity of E-modulus of PA66 to water absorbtion (a) ca 0.4 percent water, (b)
3.18 percent water, (c) 9.0 percent water. Figure from [Echte, A (1993)]

2.4.2 Influence of temperature on the dynamic properties of Durethan

No information is obtained, neither from the producer nor from literature about the influence of the
temperature on the dynamic properties of Durethan. However, some information about the influence
ofthe temperature on the dynamic properties ofPA66 is available, see figure 2.9. When the b-curve is
considered one can see that the E-modulus drops from about 2200 MPa at 0 °C to about noo MPa at
20°C. Since the E-modulus plays a very important role in the stiffness ofthe material and thus in the
eigenfrequencies of the system it is very important to know at what ambient temperature experiments
are carried out. It should be noted however, that the material that is used in the suspension is PA66
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which is filled with glassfibres for 45 percent. In [Echte, A (1993)] a figure is found that shows the
influence of the addition of glassfibres to PA66 and to PA6, see figure 2.10. The addition of the
glassfibres results in an E-modulus that is much higher than the non-reinforced material. It should
be noted that the orientation of the glassfibres in the material plays an important role in the stiffness
of the material. Experiments are carried out in order to investigate the quantitative influence of the

t

Figure 2.10: E-modulus as a function of the temperature for (a) PA66 30 percent glassfilled, (b)
PA6 30 percent glassfilled, (c) PA66, (d) PA6. Figure from [Echte, A (1993)]

temperature on the dynamic behavior of the motor-suspension system and are discussed in section
2·5·1.

2.4.3 Influence of excitation amplitude and excitation frequency on the
dynamic properties of Durethan

The producer of the material could not provide any information on this subject. A theoretical back
ground is not found in the literature, however there are indications in the literature that the excitation
amplitude does have an influence. Therefore, some experiments are carried out in order to check the
quantitative influence of the excitation amplitude on the dynamic behavior of the motor-suspension
system, see section 2.5.2. The material behavior of Durethan is visco-elastic. Frequency-dependency
of the stiffness of visco-elastic material is known from the literature (see [Mano, J.F. et al. (200I)]),

however quantitative information about the frequency-dependency of Durethan is not available. A
recommendation for future research is to characterize the dynamic properties of Durethan.

2.5 ~easurell1entplan

It is now known that environmental conditions such as relative humidity and ambient temperature
have a considerable influence on the dynamic behavior of Polyamide (PA66 is a Polyamide). How
ever, no information on the influence of the excitation amplitude is found in the literature. Now, it is
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important to quantify the influence of the relative humidity, the ambient temperature and the excita
tion amplitude in dynamic experiments. Only temperature experiments (with a varying temperature)
and amplitude experiments (with a varying excitation amplitude) are carried out since it is not possi
ble to perform the relative humidity experiments, see section 2.4.1. The measurement plan and the
results of these experiments are discussed in the following sections. The measurement plan for the
construction of the FRF's is also discussed.

2.5.1 Influence of temperature

The temperature experiments are carried out in order to quantify the effect ofchanges in temperature
on the resonance frequencies of the motor-suspension system. In order to perform the temperature
experiments several other requisites are necessary for the experimental setup as discussed in section
2.3. A thermometer is used to determine the ambient temperature and a heater and an airconditioner
are used to regulate the temperature. The measurement will start at a low temperature (about 13 0q.
Next the heater will be turned on and several experiments are carried out in a situation that the ambient
temperature is rising slowly. The sensors will be placed subsequently at measurement DOF's 6, 8, 16
and 18, see figure 2.II, in order to measure the acceleration in X-direction for measurement DOF's
6 and 16 and the acceleration in Z-direction for measurement DOF's 8 and 18. The measurement

Figure 2.11: Measuring positions for the temperature and amplitude experiments.

DOF's are a result of the selection process that is discussed in section 4-3- The measurement DOF's
for the temperature and amplitude experiments are selected in a way that the response at a single
measurement DOF will show a different eigenfrequency, see also appendix E. Not every measurement
DOF resonates at every eigenfrequency since it is possible that the selected measurement DOF is
located at a node of the particular eigenmode. Also two different excitation directions (Y- and Z
direction) are used in order to excite different eigenmodes. By doing this, it is possible to see the
effect of the temperature on at least four eigenfrequencies. The selection of the excitation directions
is also discussed in section 4.30 The excitation signal that is used is a noisy acceleration signal with a
uniform spectrum in the frequency range of5 to lOOO Hz. The HI estimator, see section 2-3-1, is used
to obtain the FRF's using the measured excitation acceleration signal and the measured acceleration
signal on the measurement DOF. Every FRF is a result of an averaging of 32 single measurements.
In figure 2.12, the results for the temperature experiment on measurement DOF 6 can be seen. The
experiments on measurement DOF's 8, 16 and 18 are depicted in figures B.I, B.2 and B-3 in appendix
B since the influence of the temperature at all measurement DOF's is similar. The temperature
experiments show that a relatively small change in temperature has a relatively large influence on the
resonance frequencies and on the amplitude ofthe peaks. The change oftemperature that is employed
in the experiments spans only a part ofthe range ofpossible temperatures in which an electrical shaver
may be used (one can think of the use of electrical shavers in the desert or on the arctic). This implies
that it is very difficult to design new frames with respect to avoidance of eigenfrequencies coinciding
with peaks ofthe motor-spectrum. The temperature experiments show that it is necessary to carry out
experiments at a constant temperature level in order to be able to compare different experiments. The
number of measurement DOF's (IS for this project, see section 4-3) determine the number of FRF's
that are needed to carry out an Experimental Modal Analysis (EMA). It is very important for the EMA
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that the FRF's are a result ofthe same dynamical behavior which implies that the temperature for the
FRF measurements should remain constant.

Comparison FRFs at pos6 for different temperatures
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Figure 2.12: Temperature experiment on measurement DOF 6.

2.5.2 Influence of amplitude of excitation

In this experiment, the same measurement DOF's as in the temperature experiment are chosen in
order to investigate the influence of the excitation amplitude on at least four different eigenfrequen
cies. The experimental setup is the same as the one discussed previously. The excitation signal that
is used is a noisy displacement signal with a uniform spectrum in the frequency range of 8 to roOD

Hz. The mean amplitude of the signal is varied over the different experiments. The HI estimator,
see section 2.3.1, is used to obtain the FRF's using the measured excitation acceleration signal and
the measured acceleration signal on the measurement DOF. Every FRF is a result of an averaging
of 32 single measurements. The results of the experiments for measurement DOF 6 can be seen in
figure 2.13 and for measurement DOF 16 in figure 2.14. The experiments at measurement DOF's 8
and 18 can be found in appendix C. From these figures, it can be concluded that the chosen mean of
the uniform spectrum ofthe excitation should be chosen sufficiently small to assure that the eigenfre
quencies and eigenmodes are insensitive to small changes ofexcitation amplitude. The reason that the
excitation amplitude has a large influence on the higher eigenfrequencies (see figures 2.14 and C.2)
and very little influence on the lower frequencies (see figures 2.13 and C.I) for this amplitude range
is not clear and should be investigated in future research. A possible reason could be that the strains
that are present in the suspension are directly related to the stresses and consecutively to the forces
applied. The force that is applied to the suspension is proportional to the acceleration that is applied.
At the higher frequencies, the acceleration signal is much higher than it is at the lower frequencies
(A(jw) = -w2 ·X(jw)), where A(jw) represents the acceleration, w the angular frequency and X(jw)
the displacement. This observation implies that the applied force at the higher frequencies is much
higher. This implies that it is very well possible that the non-linear regime is reached sooner in terms
of excitation amplitude at the higher frequencies than at the lower frequencies. The amplitudes used
in the experiments can not be related to the excitation levels that are caused by the motor in the shaver
since they are not known.
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Figure 2.13: Amplitude experiment on measurement DOF 6.

Comparison FRFs at pos16 for different excitation amplitudes
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Figure 2.14: Amplitude experiment on measurement DOF 16.

2.5.3 Experiments to obtain data for modal analysis

For the modal analysis it is necessary that the different experimental modes can be recognized. In
order to do this, a selection of measurement DOF's are defined at which the measurements are con-
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ducted, see figure 2.15. A short description of the measurement DOF's is given in table 2+ The
omitting of numbers 12, 13 and 14 in the numbering is done for convenience since measurement
DOFs 15, 16, 17 and 18 are located directly below respectively measurement DOF's 5, 6,7 and 8. The

measurement DOF number position meas. dir.
1 On top of the motor at the left side -y
2 On top of the motor at the right side -y
3 On top of the motor at the back side -y
4 On top of the motor at the front side -y
5 On the left side of the motor at the top -X
6 On the right side of the motor at the top X
7 On the back side of the motor at the top Z
8 On the front side of the motor at the top -z
9 On the left side of the suspension at the back -y
10 On the right side of the suspension at the back -y
11 On the back side of the motor at the bottom X
15 On the left side of the motor at the bottom -X
16 On the right side of the motor at the bottom X
17 On the back side of the motor at the bottom Z
18 On the front side of the motor at the bottom -z

Table 2.4: Description of measurement positions

Figure 2.15: The 15 measurement DOF's used in the experiments.

selection process is discussed in chapter 4. From this selection follows that 15 measurement DOF's
are defined. From sections 2.4.1 and 2.5.1, it can be concluded that it is very important that mea
surements at these DOF's are carried out in a small time span in order to cancel the influence of the
environmental conditions on the eigenfrequencies and eigenmodes in a single modal analysis. The
ambient temperature and the relative humidity should be constant in this time span. Therefore, it is
very difficult to compare measurements that are made on different days because of temperature and
relative humidity variations. From section 2.5.2, it is concluded that the excitation amplitude is to be
chosen sufficiently small in order to excite the system in the "linear" region. On the other hand, the
excitation amplitude should not be chosen too small in order to assure a good signal to noise ratio
in the measurement. The excitation signal is chosen to be a noisy acceleration signal with a uniform
spectrum in the frequency range of 8 to IOOO Hz. The measurements are a result of 32 averages
and the measurement is performed in a frequency span that covers 8 to IOOO Hz. The experiments
are carried out on three frames to assure that the dynamic behavior of different frames is the same.
Every single experiment is repeated three times in order to check reproducibility. The FRF's that are
a result of the experiments are constructed using the HI estimator, discussed in section 2.3.1, on the
measured excitation acceleration signal and the measured acceleration signal of the particular mea
surement DOF.
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2.6 Summary

The goal of this chapter was to present the experimental setup that is used to obtain reproducible ex
perimental FRF's that can be used in the experimental modal analysis in order to analyse the dynamic
behavior ofthe motor-suspension system. These experimental FRF's are also used to validate the FEM
model when they are compared with their numerical counterparts. In sections 2.1 and 2.2 descriptions
ofthe motor and suspension were given. The experimental setup that is used was presented in section
2-3- Sections 2.1, 2.2 and 2.3 represent the "hardware" side of the measurement plan. In the actual
plan, that is discussed in section 2.5, several considerations are made regarding the reproducibility
of the experiments. These considerations show that the experiments that are carried out should take
place in an environment with constant temperature and constant relative humidity. Also the excita
tion amplitude should be chosen carefully. It is seen that the environmental conditions have a great
influence on the dynamic behavior of the suspension. With regard to the main project where the dy
namic behavior at the hand-shaver interface has to be analyzed it can be concluded that a model of
the motor-suspension system can be used when the system is analyzed under different environmental
conditions. It also makes clear that the model is not very suitable when it is used for designs of new
suspensions, it is very difficult to critically design a new suspension with respect to the placement of
the eigenvalues. One important issue for the measurement plan, that is omitted in this chapter but
is discussed in chapter 4, is the selection process of the measurement DOF's and the selection of the
excitation directions because both are a result of a preliminary numerical modal analysis. It is also
clear that it is necessary to obtain more knowledge about the mechanical-dynamical behavior of the
material. Topics for future research are quantification of the excitation amplitude-, relative humidity
,excitation frequency- and temperature dependency of the Young's modulus of Durethan.
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Chapter 3

FEM modelling of the
motor-suspension system

The FEM modelling of the motor-suspension system takes place in two steps. In the first step the
motor is modelled. In order to build a model (see section 3-3 of the motor, knowledge on geometry of
the motor and the mass geometry ofthe motor (see sections 3-I and 3.2) is needed. In the second step,
the suspension (see section 3.4) is added to the model.

3.1 The motor geometry and mass

The geometry of the motor is very important because in experiments measurements are carried out
on different parts of the motor. The measurement DOF's used in the experiments should be on the
same locations as in the FEM model. The geometry of the motor is determined using a caliper ruler.
Knowledge on the dimensions of the motor allows for the construction of the geometry of the motor
in ANSYS. The mass is experimentally determined to be 4.0.10-2 kg.

3.2 The mass moment of inertia properties of the motor

The mass moment of inertia properties of the motor have a large influence on the dynamic behav
ior of the motor-suspension system. The inertia properties of the motor are determined using two
different approaches: an experimental approach (see section 3.2.I) and a numerical approach using
Unigraphics. In Unigraphics all the appropriate densities ofthe materials of the different parts ofthe
motor have been assigned which results in the following inertia matrix of the motor about the center
of mass:

[

2.688 -0.012 0.003]
JUG = -0.012 3.559 -0.002 . 1O-6kg m 2.

0.003 -0.002 3.276
(3.1)

This matrix is defined with respect to the reference frame as shown in figure 3.2. The diagonal terms
ofthe mass moments ofinertia matrix ofthe motor are very large compared to the off-diagonal terms.
This indicates that the reference frame offigure 3.2 closely matches with the principal axes ofinertia of
the motor. Experimentally the same reference frame is used in order to determine the diagonal terms
of the mass moments of inertia matrix. The off-diagonal terms are not determined experimentally
since they can be neglected compared to the diagonal terms.
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3.2.1 Experimental determination of the principal mass moments of
inertia of the motor

Experiments are performed in order to determine the diagonal terms of the inertia matrix of the
physical motor about the center of mass with respect to a reference frame oriented as defined in
chapter 2 (see figure 2.1). The experimental setup is shown in figure 3.1 and consists of a rotating
disk with a known moment of inertia about the axial axis, which is Jref = 3.296 . 10-6 kg m 2

• The
rotating disk is supported by an air bearing and is connected to the real world by a torsional spring.
The angular rotation of the rotating disk about its axis is defined bye, the angular velocity by iJ and

Figure 3.1: Experimental setup for moment of inertia measurement about (a) Z-axis, (b) X-axis
and (c) Y-axis.

the angular acceleration bye. Damping is neglected because an air bearing is used. The following
equation ofmotion can be derived:

Jref e+ K t e= o. (3.2)

Where K t is defined as the rotational spring constant. A possible solution for this differential equation
is:

e(t) = A ei
Wee! t,

where wref is defined as the angular eigenfrequency in [:~n

yields the following solution for wref:

(3.3)

Substituting this solution into (3.2)

{f;twref = -J.
ref

(3.4)

Mounting the motor onto the rotating disk only influences the total mass moment of inertia. The
assumption is made that the motor is mounted on the rotating disk such that the center ofmass ofthe
motor is located onto the rotating axis of the disk. From the additive property of moment of inertias it
can be concluded that the total moment of inertia ofthe rotating disk and the motor is the sum of the
moment of inertia of the rotating disk Jref and the moment of inertia of the motor Jmot ' This leads
to the following equation ofmotion for the total system including the motor:

(3.5)

Analogously to the derivation of expression (3-4) an expression for the angular eigenfrequency of the
total system Wtot can be derived:

(3.6)Wtot =
(Jref + Jmot )'

Since the spring constant K t is constant (and unknown) it is possible to find a solution for the moment
of inertia of the motor Jmot by comparing (3.6) and (3.4):

(3.7)
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Now four different experiments are carried out in order to determine the moments ofinertia. First, the
rotating disk without motor is being brought in free vibration in order to determine the eigenfrequency
Wrej ofthe system. In the other three experiments, see figure }I the motor is mounted on the rotating
disk in a way that the center ofmass is located on the rotating axis and that one ofthe three directions
of the reference frame of figure 2.I coincides with the rotational axis. Again the eigenfrequencies of
the different systems are determined by clocking the time that the system needs to undergo 50 periods
with a stopwatch. These four experiments are repeated three times.

3.2.2 Experimental results

The result of the experiment can be found in table p. The times are given in seconds per 50 periods.
The mean of the three experiments is given and W represents Wrej for the experiment on the disk
without the motor and Wtot for the experiments with the motor mounted on the disk. The results for

Exp 1 [sec) Exp 2 [sec) Exp 3 [sec) Mean [sec) W [:~]

Disk 32.91 32.85 32.88 32.88 9.55
Motor x-axis 44.48 44.24 44.22 44.31 7.1
Motor y-axis 47.47 47.37 47.35 47.40 6.63
Motor z-axis 47.19 47.29 47.22 47.23 6.65

Table 3.1: Experimental results.

the angular eigenfrequencies are substituted in (3.7) in order to determine the moments of inertia
about the three axes. The experimental results are compared with the moments of inertia that are a
result of the Unigraphics model in table 3.2.

Jxx[kg. m"l Jyy[kg· m"] Jzz[kg. m 2
]

Unigraphics model 2.69.10 -0 3.56.10 -6 3.28.10 -6

Experiment 2.67.10-6 3.54.10-6 3.50.10-6

Table 3.2: Moments of inertia in Unigraphics and experiments.

The experimental results and the results ofthe Unigraphics model are comparable since the difference
for Jxx and Jyy is less than I percent and the difference for Jzz is about 6 percent. The moments of
inertia that are found in the experiments represent the reality and will be used in modelling the motor
in the FEM package ANSYS.

3.3 FEM model of the motor

In the motor model the geometry, the mass and the moments of inertia ofthe motor should represent
the reality. The geometry is being taken from geometry measurements and is constructed in ANSYS.
It is possible to obtain the volume of the geometry of the motor Vmot from the output file in ANSYS.
Now, four parameters are still to be identified in the FEM model which are the mass ofthe motor mmot
and the three moments of inertia (Jmot,xx, Jmot,yy, Jmot,zz) about the center of mass with respect
to the reference frame of 2.I. These four parameters are known by experiments as explained in the
previous section. The mass and the mass moments ofinertia only depend on four geometric constants
(Vmot, CI , C2 and C3 ) and the density of the material (p) as can be seen in:

mmot = p. Vmot
Jmot,xx = p . CI

Jmot,yy = p. C2

Jmot,zz = p . C3
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Figure 3.2: The FEM model of the motor suspension system with point masses.

The first step of modelling the mass and the mass moments of inertia consists of determining the
geometric constants (C1 , C2 and C3 ). As stated before, the volume ofthe motor Vmot is already known.
The moments of inertia can be read from the output file in ANSYS after choosing a random p. The
resulting moments ofinertia (Jmot,xx, Jmot,yy, Jmot,zz), and the p that is used are substituted in the
last three equations of 3.8. Now the geometric constants (C1 , C2 and C3 ) can be determined. The
motor is modelled as one solid body but in reality different parts (the rotor, the magnets etc) are located
in the motor, this implies that it is impossible (or very coincidental) to choose one p that assures the
correct mass and the correct moments of inertia. In other words, an independent system ofequations
should be created in order to be able to model the mass and the moments of inertia correctly. This
system is created by adding three sets oftwo point masses to the motor. Every set of two point masses
is located on one of the three axes of the reference frame. In figure 3.2 the resulting FEM model of
the motor suspension system is depicted. The dots on the motor indicate the position of the point
masses. Two point masses, both with mass m x , are located on the X-axis, one point mass m x on
a distance rx = 12.501mm, and one point mass m x on a distance -rx = -12.501mm. Similarly
two point masses my on the Y-axis on distances r y = 1O.506mm and -ry = -1O.506mm and two
point masses m z on the Z-axis on distances r z = 1O.515mm and -rz = -10.515mm are added. The
distances are chosen in such a way that all three sets of two point masses are located on the edge of
the motor. By adding the point masses, equations (3.8) change to:

mmot = p Vmot + 2 m x + 2 my + 2 m z
Jmot,xx = P C1 + 2 my (ry)2 + 2 m z (rz?
Jmot,yy = P C2+ 2 m x (rx )2 + 2 m z (rJ2
Jmot,zz = P C3 + 2 m x (rx? + 2 my (ry)2

(3.9)

From the experiments, the desirable values for mmot, Jmot,xx, Jmot,yy and Jmot,zz are known. All
the geometric constants are known which leaves four unknown variables (p, m x, my and m z ) in (3.9).
Now the equations of (3.9) can be solved resulting in m x = 1.01 . 10-2 kg, my = 0.68 . 10-2 kg,
m z = 0.78· 10-2 kg and p = 1.65 . 103~. These parameter values are used in the ANSYS model.
The resulting mass and principal moments of inertia can be read from the output file ofANSYS and
are compared with the experimental results and the results from Unigraphics in the following table:

Mass [kg) Jxx[kg· m 2J Jyy[kg' m 2
] Jzz[kg. m 2

]

Unigraphics model 4.0·10 -~ 2.69.10-0 3.56.10-0 3.28.10-0

Experiment 4.0.10-2 2.67.10-6 3.54.10-6 3.50.10-6

Ansys 4.0.10-2 2.70.10-6 3.53.10-6 3.48.10-6

Table 3.3: Moments of inertia in Unigraphics, experiment and ANSYS.

It can be concluded that the mass and principal mass moments of inertia of the motor in the model
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represent the reality very well. The FEM model of the motor consists of 2044 elements of the type
SOLID95. SOLID95 is the ANSYS name for a 3-D 20-node structural solid. This type of elements is
chosen because it is well suited to model curved boundaries. The element is a quadratic element that
is defined by 20 nodes having three degrees offreedom per node: translations in the nodal x, y and z
directions. The ANSYS name of the point-mass elements is MASS2I.

3.4 FEM Model of the suspension

In this section the FEM modelling of the suspension is discussed. The geometry of the suspension
is complex, as can be seen in figure 2.5. It is decided to model the suspension with 8 node quadratic
structural shell elements, named She1l93 in ANSYS. The element has six degrees of freedom at each
node: translations in the (local) nodal x,y and z directions and rotations about the (local) nodal x,y and
z-axes. There is no significant stiffness associated with rotation about the element normal. A nominal
value of stiffness is present, however, to prevent free rotation at the node. A simple experiment has
been conducted in ANSYS to investigate this phenomenon. A simple cantilever beam is modelled
with she1193 elements in ANSYS. The square cross-section ofthe beam assures that the end deflection
of the beam should be the same when a force is applied at the tip in the direction ofthe normal of the
elements and when a force is applied at the tip in the direction ofwidth of the beam. The experiment
shows that the end deflections of the beam are the same (the difference in end deflection is about 0.1
percent). This implies that the error made by modelling the leaf springs of the suspension with shell
elements can be neglected. In figure 2.5, it can be seen that the middle plane is connected to the edge
with three leaf springs. The location of the springs assure that the geometry of the suspension is not
symmetrical. The geometry that will be used in ANSYS has to consist of surfaces only. Hereto, some
changes are made to the 3D Unigraphics model of the suspension that already exists. In ANSYS a
thickness is assigned to the shell elements. In ANSYS it is defined that the surface geometry of the
model represents the centerplane of the particular shell element. In Unigraphics surfaces are created
at the centerplane of the middle plane, at the leaf springs and at their connection to the outer edge
of the suspension. It should be noted that the three leaf springs do not have a constant width in Y
direction. This change ofwidth however is small enough to be neglected. Now, only the surfaces ofthe
middle plane, the leaf springs, the connection ofthe springs to the outer edge and the outer surface of
the outer edge are imported in Ansys. The edges that are perpendicular to the middle plane are also
added in the ANSYS model. The resulting FEM model of the suspension consists of 2306 elements
and the weight of the FEM model of the suspension is 5.05 .10-3 Kg which is in correspondence
with the weight of the real suspension. The resulting FEM model is already presented in figure 3.2.
During the project several enhancements have been made to the original model that was imported
from Unigraphics. For example the dimensions of the springs in Unigraphics were not correct and
have been changed, also two cilinders at the front of the suspension are added. The results of the
most recent model are presented throughout this report. The edge of the suspension is clamped,
which means that all translational and rotational degrees of freedom of the edge of the suspension
are fixed. The thicknesses of the different areas of the suspension are measured and are assigned to
the corresponding parts of the suspension. The other parameters that are to be assigned to the model
are the material parameters as provided by the producer: the density of the suspension material (I5IO
kg/m3

), the Youngs' modulus of the suspension material (7700 MPa) and the the Poisson ratio (0.3)
of the suspension material. Linear elastic material properties are assumed for the calculations in
ANSYS. In reality the suspension consists of Durethan with 45 percent glass fibres that experiences
viscoelastic material behavior. This might also introduce an error to the model.

3.5 Summary

This chapter is used to discuss the construction of the FEM model of the motor-suspension system.
In sections 3-1, 3.2 and 3.3 the correct geometryand the correct mass geometry are determined and
assigned to the motor model. It is concluded that the resulting FEM model of the motor represents
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the real motor. In section 3-4, the addition of the suspension to the motor model is discussed.
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Chapter 4

Modal analysis

A modal analysis is used to extract modal parameters (eigenvalues and eigenmodes) both from the
experimental results and from the FEM model. This enables us to compare the experimental modal
parameters with the modal parameters of the FEM model. In section 4-I, the theory behind the modal
analysis that is used in ANSYS will be described. The results of the modal analysis on the FEM
model in Ansys will be presented in section 4.2. The measurement DOF's are defined in order to
be able to compare the experimental modal analysis and the modal analysis of the FEM model. The
measurement DOF's as given in chapter 2 are a result of a selection method that makes use of the
modal analysis. The selection procedure will be discussed in section 4.3. The experimental modal
analysis (EMA) technique that is used will be explained in section 4.4 while the results of the EMA
will be described in section 4.5. The modal analysis results of both the EMA and the numerical
modal analysis will be compared in section 4.6. First the eigenfrequencies will compared and then
the eigenmodes will be compared using the Modal Assurance Criterion (MAC). A sensitivity analysis
on the FEM model will be discussed in section 4.7. Section 4-8 contains a short summary.

4.1 FEM modal analysis theory

The basic equation in a typical undamped modal analysis is the classical eigenvalue problem:

[K] = Stiffness matrix
[M] = Mass matrix

where:
¢i = eigenvector of mode i
Wi = natural circular frequency ofmode i

In order to solve equation (4.I) in ANSYS, a variety of numerical methods can be chosen. The fol
lowing methods are offered by ANSYS:

• Block Lanczos method;

• Subspace method;

• Powerdynamics method;

• Reduced (householder) method;

• Unsymmetric method;

These methods will be briefly described in appendix D. The eigenvalue problem solver that is chosen
is the Block Lanczos method because it is accurate, relatively fast and recommended when the model
is a combination of shell and solid elements.
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4.2 FEM modal analysis results

The frequency-range in which the modes are investigated is 5-IOOO Hz. The Youngs modulus that
is used for the analysis is E=7700 MPa, the density is p = 1510 kgjm3 and the Poisson ratio is 0-3
These values are provided by the producer of Durethan. The eigenfrequencies and a description of
the eigenmodes that are a result of the analysis are given in table 4.1. The different mode shapes are

Mode Freq. [Hz] Description of mode
1 125 Rotational mode about the X-axis with motion in Y-direction.
2 131 Rotational mode about the Z-axis with motion in Y-direction.
3 173 Mainly translation in Y-direction.
4 598 Rotational mode about the X- and Z-axes.
5 613 Rotational mode about the Z- and X-axes.
6 832 Rotational mode about the Y-axis.

Table 4.1: Eigenfrequencies from FEM modal analysis and description of the eigenmodes

animated in ANSYS. The mode positions of mode 3 can be found in figure 4.1, and all mode shapes
can be found in figures F.1 to F.6 in appendix F. In the first row of these figures, one position of
the mode shape is depicted for the three different views and in the second row the 1800 out-oE-phase
position of the mode shape is depicted. By comparing these two rows it is possible to gain insight in
the mode shapes of the FEM model.

Figure 4.1: Several views of eigenmode 3 at 173 Hz.

4.3 Selection of Measurement Degrees of Freedom

The measurement Degrees of Freedom (measurement DOF's) are defined by a measurement posi
tion and a measurement direction. The measurement DOF's are chosen by visual inspection of the
theoretical eigenmodes in such a way that the lowest six eigenmodes can be distinguished in these
DOF's. The measurement DOF's that are chosen can be found in chapter 2 in figure 2.15 and are
described in table 2+ The amplitudes of the displacements of the different measurement DOF's are

30



(4.2)

retrieved from the output file in ANSYS after the modal analysis is performed. The amplitudes ofthe
displacements of each mode are normalized such that the largest component of the eigencolumn of
that particular mode equals 1, see table E.1 in appendix E. The measurement DOF's with a normal
ized response smaller than 0.35 are categorized as small, higher than 0.7 as large and the normalized
responses between 0.35 and 0.7 are categorized as medium. In table 4.2, it is indicated which mea
surement DOF's have a small, medium or large normalized response for the lowest six eigenmodes.
This table shows that the six different eigenmodes that are computed by ANSYS can be recognized
only by comparing the responses at the different measurement DOF's. This gives a good indication
that these measurement DOF's are sufficient in order to identify the eigenmodes in the experiments.
All the chosen measurement DOF's will be used.

meas. DOF's large meas. DOF's medium meas. DOF's small
Mode 1 4, 7, 8 1,2 3,5,6,9,10,11,15,16,17,18
Mode 2 5,6, 1,2,9, 10 3,4,7,8, 11, 15, 16, 17, 18
Mode 3 3,9,10 1,2,4,7,8 5, 6, 11, 15, 16, 17, 18
Mode 4 9, 11, 15, 16 1,2,3,4,17,18 5,6,7,8,10
Mode 5 10,17,18 1, 2, 3, 4, 9, 11, 15, 16 5, 6, 7, 8
Mode 6 11 1,2,3,4,5,6, 7,8,9, 10, 15, 16, 17, 18

Table 4.2: Mode identification from measurement DOF's.

4.4 Experimental modal analysis theory

Visual inspection ofthe theoretical modes gives a clue that two excitation directions are probably nec
essary in order to be able to excite all six eigenmodes. These excitation directions are the X-direction
and the Z-direction. In the modal analysis experiments, accelerations are measured for the measure
ment DOF's as described in the previous section. These experiments result in frequency response
functions (FRF's) for every measurement DOF as described in chapter 2. It is necessary to retrieve
the modal parameters from these FRF's in order to compare them with the results from the FEM
modal analysis. A post analysis tool called ME'scopeVES is used for this purpose. The experimental
eigenvalues Ak = f.Lk + jWk are estimated by global curve fitting (see section 4-4-1) of a set of FRF
measurements. Next, the mode shapes are estimated by curve fitting each FRF separately (see section
4·4·2 ).

4.4.1 Frequency and damping estimates

The Modal frequency Wk and damping f.Lk are global properties of a structure, and are estimated by
curve fitting all of the FRF's in the measurement set. In the first step, a geometric model with nodes
is created, then every FRF is assigned to the corresponding node in the corresponding direction (mea
surement DOF's). An FRF can be written in the form ofa Rational Function Polynomial (RFP):

H(' ) _ 2:;;'=0 ak (jw)k
JW - ~n b (. )k'

L..k=O k JW

where ak and bk represent the coefficients. The global parameters (modal frequency and damping) are
estimated using the Rational Fraction Polynomial curve fitting method, see [Richardson, M.H. (1977)].
This method performs a least squared error curve fit ofmultiple FRF's and estimates the FRF denom
inator polynomial, called the characteristic polynomial. The roots (eigenvalues Ak) of this polynomial
result in the modal frequency (Wk) and damping (f.Lk) estimates.

4.4.2 Residue estimates

The modal residues (mode shape components) are unique to each FRF, and are estimated by curve
fitting each FRF individually after the global fitting procedure. In this step the numerator of the RFP
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of each FRF is estimated by a least squared error curve fitting process. Since both the nominator and
the denominator of (4-2) are known it is possible to obtain each modal residue estimate by performing
a partial fraction expansion, see (4.3), ofthe polynomial form of the FRF.

n *
. "'[ Tk T k ]

H(]w) = L...J. A +. A*'
k=l JW - k JW - k

(4.3)

where Tk represents the modal residue estimate and * denotes the complex conjugate. The residual
effects of out-of-band modes are automatically compensated for by the use of additional numerator
polynomial terms. The validity ofthe estimated nominator- and denominator polynomials is checked
by synthesizing FRF's from both polynomials and overlaying them over the experimental FRF's.

4.5 Experimental results

The experimental modal analysis consists of two steps: in the first step the modal frequencies and the
modal damping percentages are estimated (see section 4.5.1) and in the second step, see section 4.5.2,
the mode shapes are estimated.

4.5.1 Experimental results: modal parameters

Experiments are performed on three different frames labelled frame I, frame 2 and frame 3. One
experimental set consists of IS separate measurements on every of the IS measurement DOF's. Six
experimental sets are obtained for every frame, three when the system is excited in X-direction and
three when the system is excited in Z-direction. The IS measurements of every experimental set are
assigned to their corresponding measurement DOF's in the Me'scopeVES model. From this, the ex
perimental modal frequencies and the modal damping are estimated and can be found in table G.I in
appendix G. The values that are given in table 4.3 are the averages ofthe experimental results as given
in table G.I in appendix G. The modal frequencies are indicated by f, the (proportional) modal damp-

Mode # 1 2 3 4 5 6 Mode # 1 2 3 4 5 6
FI f [Hz] 107 111 154 583 639 821 d[%] 5.8 5.7 5.5 4.7 7.6 4.6
F2 f [Hz] 113 115 157 600 683 826 d [%] 5.7 5.5 4.7 4.9 5.1 4.7
F3 f [Hz] 104 109 150 576 644 811 d [%] 6.6 6.6 7.4 5.2 4.4 5.4

A 108 112 154 586 655 819 A 6.0 5.9 5.9 4.9 5.7 4.9
17 [Hz] 4.6 3.1 3.5 12 24 7.6 17 [%.] 0.5 0.6 1.4 0.3 1.7 0.4

Table 4.3: Average experimental modal parameters for frame 1 (F1), frame 2 (F2) and frame 3
(F3).

ing percentages d = f-lk/Wk *100% are indicated by d and the average ofthe three averages is indicated
by A. The results show that there are differences between the different frames. The experimental
modal frequencies are a result of 270 measurements (six experimental sets per frame gives 6(experi
mental sets)*3(frames)*I5(measurement DOF's)=270 measurements). It is clear that this amount of
measurements is time consuming. Measurements should be taken in a small time-span in order to
avoid environmental influences such as changes in temperature (see section 2.5.1) in order to assure
that experiments can be compared. These experiments are carried out in I day in which undoubtedly
variations in temperature and relative humidity take place. However, the time for the frames to adapt
to the humidity is too short and the variations in temperature in the measurement environment, in
which air conditioning is applied, are assumed to be small. The experimental modal parameters also
give an indication about the reproducibility of the experiments. When the standard deviations (17) of
the different experiments of table G.I in appendix G are compared to the standard deviations of the
averaged experiments of the three different frames of table 4.3 it is clear that the standard deviations
for the damping coefficients are of the same magnitude and for the modal frequencies smaller for
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the experiments on the same frame. This means that different frames behave differently under the
same experimental conditions. The averages and standard deviations give an indication about what
maximum accuracy is sensible to strive for in the numerical analysis.

4.5.2 Experimental results: mode shapes

In the second curve fitting procedure in ME'scopeVES (see section 4-4-2) the mode shapes are deter
mined. Mode shape 3 is visualised in figure 4.2. Only the middle plane ofthe suspension is attached to
the motor in the graphical representation. The mode shapes are created from experiment 2 on frame
I, for the modal frequencies see also table G.I in appendix G. All mode shapes that are extracted from
the same experiment are given in figures H.I to H.6 in appendix H. All pictures in the figure denoted
with (ax) represent the modes shape and the pictures denoted with (bx) represent the same mode
shape with 1800 phase shift. A short description ofthe mode shapes is given in table 4+ From a first

Mode Freq. [Hz] Description of mode
1 106 Rotational mode about the Z-axis with motion in Y-direction.
2 112 Rotational mode about the X-axis with motion in Y-direction.
3 152 Mainly translation in Y-dir.
4 584 Rotational mode about the X- and Z-axes.
5 641 Rotational mode about the Z- and X-axes.
6 821 Rotational mode about the Y-axis.

Table 4.4: Modal frequencies from experiment 1 on frame 1 and description of the eigenmodes.

inspection of the experimental and FEM modes (see also table 4.1) it can be concluded that the first
two modes are reversed since the first mode shape in the FEM model is a rotational mode about the
X-axis while the first experimental mode shape is a rotational mode about the 2-axis. A comparison of
the theoretical and experimental modes will be made in the following section.

4.6 Comparison FEM and experimental modal analysis

In order to validate the FEM model it is necessary to compare the experimental results with the results
from the FEM analysis. First, the modal frequencies are compared in section 4.6.1. Next, mode shapes
are compared in section 4.6.2.

4.6.1 Comparison of modal frequencies

The modal frequencies that are obtained from the FEM modal analysis of table 4.1 and the average of
all experimental modal frequencies (see table 4.3) are compared in table 4.5. The differences between

Mode # 1 2 3 4 5 6
Numerical eigenfrequency [Hz} 125 131 173 598 613 832

Average experimental modal frequency [Hz] 108 112 154 586 655 819

Table 4.5: Modal frequencies for FEM model and for the experiments on frame 1, frame 2 and
frame 3.

the experimental and the numerical results are: the first three frequencies of the numerical model
are too high and the difference between the fourth and fifth frequency in the numerical model is
much smaller than in the experiments. In the numerical analysis a Young's modulus ofE=7700 MPa
is used. The temperature experiments of chapter 2 tell us that the temperature has a relative large
influence on the resonance frequencies ofthe system. This indicates that the Young's modulus that is
used in the FEM model might not be the correct one in order to be able to compare the experimental
results with the results from the modal analysis in ANSYS. Another reason for the mismatch may
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Tap (-tZll52H: 3DView.152H:

Figure 4.2: The outer positions of the 3-D model in ME'scopeVES of eigenmode 3 at 152 Hz.

be that there is a frequency-dependency of the Young's modulus. The material behavior of Durethan
is visco-elastic. Frequency-dependency of the stiffness of visco-elastic material is known from the
literature (see e.g. [Mano, J.F. et al. (2001)]). However quantitative information about the frequency
dependency ofDurethan has not been found. A recommendation for future research is to characterize
the dynamic properties of Durethan. A third reason for the differences could be that the boundary
conditions used in the FEM model do not represent the reality. The influence ofsome ofthe boundary
conditions will be discussed in section 4.7.
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4.6.2 Comparison of mode shapes using MAC-values

The visual comparison of the mode shapes is not very objective. Therefore MAC values are used in
order to compare the mode shapes.

MAC analysis

A technique to determine the correlation between different mode shapes is the Modal-Assurance
Criterion (MAC), see [Kraker, A. de (2000)]:

(4.4)

Where Jdi is the experimental mode i and Jdj is numerical mode j. The MAC value always has a
value between 0 and 1. Experimental mode i is similar to numerical mode j when M ACij = 1. The
number of degrees of freedom should be the same for both the numerical and experimental modes
and the degrees of freedom have to correspond. Normalization of the modes does not influence the
MAC number. The numerical and experimental modes are not compared directly since the numerical
modes are real and the experimental modes are complex, however, it is possible when the Hermitian
transpose is used. In order to compare the mode shapes, a phase plot is being made for the experi
mental modes of experiment 3 on frame 3, see figure 4.3. This figure indicates that the phase angles

The eigencolumns of the mode shapes of experiment 3 on motor 3

2500

.. Mode 1

.,. Mode 2
x Mode 3

Mode 4
c Mode 5
<> Mode 6

1000 1500
Magnitude [-]

..

500

x

+ ..

*
o

-150 u

<n
'"~
Ol

'"e.
'"'"'".<::

Q.

Figure 4.3: The location of the elements of the eigencolumns of experimental modes.

are 0°, 180° or -180° degrees for the elements ofthe eigencolumns with the highest magnitude. This
means that when the phase is 180° or -180° a minus sign is added to the magnitude ofthe DOF ofthe
mode. By doing this the different modes can be compared using the magnitude of the experimental
mode shapes.
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Comparison of the mode shapes

The experimental modes that are presented in Appendix H are derived from the second measurement
set on frame 1. In table 4.6, the MAC-matrix is presented. This MAC matrix is a result ofa comparison
ofthe numerical results and the experimental mode shapes that are derived form the second measure
ment set on frame 1. The MAC values of all the other measurement sets can be found in appendix
I. When all the MAC-values are taken into account it can be concluded that for all experiments the

Numerical mode # 1 2 3 4 5 6
Experimental mode #

1 0.07 0.87 0.01 0.00 0.00 0.06
2 0.98 0.00 0.00 0.00 0.00 0.00
3 0.02 0.00 0.98 0.09 0.07 0.00
4 0.00 0.00 0.15 0.60 0.45 0.00
5 0.00 0.05 0.01 0.50 0.32 0.35
6 0.00 0.02 0.00 0.16 0.11 0.85

Table 4.6: MAC values for experimental modes of measurement 2 on frame 1 Vs. the numerical
modes.

first numerical mode has a high correlation with the second experimental mode, the second numer
ical mode has a high correlation with the first experimental mode and the third numerical mode has
a high correlation with the third experimental mode. In some experiments also the sixth numerical
mode has a high correlation with the sixth experimental mode. The fourth and :fifth modes do not have
a correlation which is high. This could be due to geometric errors in the FEM model, for example the
spring thickness or boundary conditions. In order to investigate some ofthese influences a sensitivity
analysis is carried out in the following section. It could be suggested that the fourth and fifth mode can
not be distinct the experimental modal analysis because the eigenvalues are located very close to each
other. However the fourth eigenmode is a result of the experiments with an excitation in Z-direction
and the fifth eigenmode of the experiments with excitation in X-direction.

4.7 Sensitivity analysis

The influence of different boundary conditions and of a change of thickness in the springs on the
eigenfrequencies and on the eigenmodes are investigated in the FEM analysis. The contact properties
of the motor to the suspension are not known and are investigated. The four situations that are
investigated are:

• The two springs that are symmetric and located in the back ofthe suspension (see figure 2-5) are
assigned to have a thickness of1.9 mm instead of 2 mm and and the spring at the front, located
just below the motor, is assigned to have a thickness of 2.1 mm instead of 2 mm. This variation
is called Thickspnng.

• Instead offixing the rotations and the displacements on the bottom edge ofthe suspension, the
rotations, the displacements and rotations ofthe edge of the outer plane are fixed; this is called
Topedge.

• The standing edge on the suspension on which the motor is attached is removed from the
original model. Now eight equally spaced nodes ofthe edge ofthe motor are coupled rigidly with
eight equally spaced nodes of the suspension that are located perpendicular below the selected
eight nodes of the edge of the motor, this variation is named Eightpoint.

• The same as Eightpointwith the exception that the eight points are all located on the front of the
motor. This variation is labelled as Fpfront.
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The influence of these variations on the eigenfrequencies can be found in table 4.7. The ex
perimental frequencies that are given are the average frequencies of table 4.5. The Young's
modulus that is used in the sensitivity analysis for Thickspring, Topedge, Fpfrontis E=6100 MPa
and is E=7700 MPa for Eightpoint. The effect of the variations on the eigenfrequencies is not

Mode # 1 2 3 4 5 6
Experiment [Hz] 108 112 154 586 655 819

Original model (E=7700 MPa) [Hz] 125 131 173 598 613 832
Eightpoint 121 131 154 566 592 815

Original model (E=6100 MPa) [Hz] 111 117 154 533 544 741
Thickspring 113 116 149 526 544 729

Topedge 116 123 167 551 605 797
Fpfront 110 110 140 534 552 733

Table 4.7: Comparison of the resulting eigenfrequencies of the sensitivity analysis with the eigen
frequencies of the original model and the experiment

very high. Except for Topedge ; when the difference between the fourth and fifth mode is being
examined, it can be concluded that this change in boundary conditions increases the difference
considerably. The influence of the variations on the mode shapes of the numerical analyses are
compared to the experimental mode shapes of the second measurement set that are carried out
on frame 1using the MAC-analysis. The results can be found in tables 4.8 to 4.II.

Eightpointmode # 1 2 3 4 5 6
Experimental mode #

1 0.02 0.88 0.00 0.00 0.01 0.06
2 0.90 0.01 0.03 0.00 0.00 0.00
3 0.15 0.00 0.88 0.07 0.00 0.00
4 0.02 0.00 0.12 0.91 0.03 0.00
5 0.00 0.07 0.01 0.12 0.74 0.27
6 0.00 0.01 0.00 0.04 0.30 0.84

Table 4.8: MAC values for experimental modes of measurement 2 on frame 1 vs. the numerical
modes of Eightnode .

Thickspring mode # 1 2 3 4 5 6
Experimental mode #

1 0.92 0.00 0.00 0.00 0.00 0.06
2 0.02 0.94 0.00 0.00 0.00 0.00
3 0.00 0.05 0.97 0.14 0.02 0.00
4 0.00 0.01 0.16 0.90 0.10 0.00
5 0.05 0.00 0.01 0.18 0.67 0.30
6 0.01 0.00 0.00 0.05 0.24 0.85

Table 4.9: MAC values for experimental modes of measurement 2 on frame 1 vs. the numerical
modes of Thickspring .

These MAC-values show that the correlation between the experiments and the FEM analysis
has increased considerably for the fourth and fifth mode for all variations. Furthermore a small
change in the thickness parameters for the leaf springs results in the fact that the first and sec
ond mode are reversed. These results leads to the conclusion that further investigation of the
contact situation between the motor and the suspension is necessary. Moreover, exact knowl
edge of the geometry of the suspension is needed since a small change in the geometry results
in a relatively large change in the mode shape.
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Topedge mode # 1 2 3 4 5 6
Experimental mode #

1 0.00 0.92 0.00 0.00 0.00 0.05
2 0.95 0.03 0.00 0.00 0.00 0.00
3 0.02 0.00 0.98 0.12 0.04 0.00
4 0.00 0.00 0.16 0.79 0.24 0.01
5 0.00 0.05 0.00 0.30 0.51 0.35
6 0.00 0.01 0.00 0.09 0.19 0.86

Table 4.10: MAC values for experimental modes of measurement 2 on frame 1 vs. the numerical
modes of Topedge .

Fpfront mode # 1 2 3 4 5 6
Experimental mode #

1 0.02 0.90 0.00 0.00 0.00 0.06
2 0.95 0.01 0.01 0.00 0.00 0.00
3 0.08 0.00 0.93 0.11 0.01 0.00
4 0.01 0.00 0.12 0.89 0.08 0.00
5 0.00 0.04 0.00 0.18 0.67 0.26
6 0.00 0.01 0.00 0.06 0.27 0.84

Table 4.11: MAC values for experimental modes of measurement 2 on frame 1 vs. the numerical
modes of Fpfront .

4.8 Summary

This chapter discusses the modal analyses that have been used to extract the modal parameters
from both the experiments and the FEM model. In section 4-1, some theory behind the modal
analysis that is used in ANSYS is described, from this the Block Lanczos eigenvalue problem
solver is chosen. The results of the modal analysis on the FEM model in Ansys are presented in
section 4.2 by presenting the eigenfrequencies and the mode shapes (both a description and a
graphical representation are given). The selection of the measurement DOF's, and the choice of
the excitation directions (X-direction and Z-direction) is discussed in section 4.3. The experimen
tal modal analysis (EMA) is explained in section 4-4, while the results of the EMA are described
in section 4.5. The accuracy of the model can not be better than the degree of reproducibility of
the experiments. The resulting experimental modal parameters show that the modal frequen
cies can differ to about 10 percent and the modal damping even up to more than 50 percent for
the experiments on three different frames. The resulting experimental modal parameters and
experimental mode shapes are compared with the results of the numerical modal analysis in
section 4.6. It is concluded that when a Young's modulus of E=7700 MPa is used, the lowest
eigenfrequencies of the model are too high compared to the experimental modal frequencies
however the highest eigenfrequencies are in the correct frequency range. Another difference is
the difference in eigenfrequencies of the fourth and fifth mode: in the model the difference is
about 15 Hz while the difference between the experimental modal frequencies is about 70 Hz.
When a smaller Young's modulus is chosen (E=6100 MPa) the lowest numerical eigenfrequen
cies are located in the same frequency range as the lowest modal frequencies ofthe experiments
while the higher eigenfrequencies are estimated too low. The mismatch could be caused by a
frequency dependency of the visco-elastic properties ofDurethan. The comparison ofthe eigen
modes shows that the first numerical mode corresponds with the second experimental mode
shape and vice versa. The fourth and fifth numerical mode shapes do not correlate very well
with the fourth and fifth experimental mode shape. The sensitivity analysis on the FEM model
is discussed in section 4.7 and shows that small changes in the FEM model or in the applied
boundary conditions yield numerical mode shapes that give a higher correlation between the
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fourth and fifth mode shapes. The sensitivity analysis shows that it is recommended to improve
understanding in the contact situation between the motor and the suspension. Also the exact
geometry of the suspension should be known.
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Chapter 5

Comparison of experimental FRF's
with numerical FRF's

In this chapter, the experimental FRF's, that are already obtained in order to perform the modal anal
ysis of chapter 4, are compared with the numerical FRF's because eventually the FRF's are the output
that will be demanded from the model. The construction of the experimental FRF's is already dis
cussed in section 2.3.1. The numerical FRF's are calculated using ANSYS. The construction of these
FRF's is discussed in section 5-1. The resulting FRF's of the numerical analysis and the results of the
experimental FRF's are compared in section 5.2.

5.1 Construction of the numerical FRF's

The numerical FRF's are constructed after performing a harmonic analysis in ANSYS. The equations
ofmotion of the motor-suspension system are given by:

M ~ + C 1+ K <J. = L(t)

where M = Structural mass matrix
C = Structural damping matrix
K = Structural stiffness matrix
~ = Acceleration vector
1 = Velocity vector
<J. = Displacement vector
f = Applied load vector

A harmonic excitation and a harmonic response are assumed:

(5.1)

(5.2)

where qc is the complex amplitude of the response, f the complex amplitude of the excitation and n
-- -c

the imposed angular frequency. Substitution ofequations (5.2) in equation (5.1) yields:

(5.3)

Three methods are available in ANSYS to solve equation (5.3) in order to calculate responses, namely
the full method, the reduced method and the mode superposition method. The theoretical back
grounds of these methods, the comparison of the three methods and the motivation for the choice
of the mode superposition method are described in appendix J. The output of the harmonic analysis
is the complex displacement of the response, however, a FRF is required. The FRF's in the experi
ment are a result of the application of the H l estimator on the acceleration signal of the excitation
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and the acceleration signal of the response which makes the FRF's dimensionless. In order to obtain
dimensionless FRF's that can be compared with the experimental FRF's it is decided to apply an exci
tation with an amplitude of I m in the frequency range of 5-IOOO Hz since the output ofthe harmonic
analysis is defined in terms of displacements. The numerical FRF can now be obtained by dividing
the displacement of the response by I m. However, the choice for the mode superposition method
in ANSYS has one drawback since it is not possible to apply (nonzero) displacements to the model.
Only excitation forces can be applied to the model. In order to apply an excitation displacement of I

m to the model a stiff spring is attached to edge of the suspension. One node of this stiff spring is
attached to all the nodes of the bottom edge of the suspension and the other node is fixed. In order
to approximate a prescribed displacement with an amplitude of I m the amplitude of the prescribed
harmonic excitation force is chosen equal to the stiffness of the spring and is applied to the node that
is coupled to the bottom edge of the suspension. By choosing a proper stiffness K for the spring it is
possible to obtain an excitation signal at the bottom of the suspension with an amplitude I m. The
choice for the spring constant Kwill be explained in section 5.1.1.

5.1.1 Determining spring constant K

The motor-suspension system can be considered to be a mass-spring-damper system in order to make
a proper choice for the spring constant K, see figure 5.1. The equations ofmotion for this system are:

x(t)

Ml

y(t)

M2

Figure 5.1: The mass-spring-damper system representing the motor-suspension system.

The dimensionless frequency response function Hexact between y and x is given by:

. X(jw) jwb + k
Hexact(Jw) = -Y(') = 2 +. b+k'JW -w ml JW

(5.5)

Now a stiff spring with stiffness K is attached and a force Fy is applied to M 2 , see figure 5.2. The
equations ofmotion for the system with the stiff spring are:

[ Ml 0] [x] [b -b] [ ;i;] [k -k] [ x] [0]o M 2 ii + -b b if + -k k + K y = Fy .

The following transfer function can be derived from the equations of motion:

(5.6)

-; (jw) = Hexact K (jwb+k)2 = HexactHerror. (5.7)
X -w2

m2 + bjw + k + K - -w2m, +jwb+k

These equations show that a very high spring constant should be chosen in order to make Herror :::::: 1
over a large frequency range. The mass-spring damper systems offigures 5.I and 5.2 are implemented

41
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M2

Figure 5.2: The mass-spring-damper system with stiff spring.
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Figure 5.3: Comparison of Herror for different values of K.

in Matlab and the transfer function Herror is compared for different values for the very stiff spring
constant K. The other constants are M1 = M2 = 1 kg, b = 1 Njmjs, k = 10 Njm and F = K. The
result can be found in figure 5-3- This figure makes dear that it is important to choose a very high
K. The numerical experiments show that the angular resonance frequency fcir of Herror corresponds
with /(K/M2 ) if K is chosen sufficiently high, as can be seen in table 5.1. The total mass of the

K[N/m]
fcir [rad/sec]
/(K/M2 )

10
2.00
3.16

100
10.5
10.0

1000
31.8
31.6

10000
100
100

Table 5.1: Numerical results of spring stiffness simulation

motor-suspension system is about 45 .10-3 kg. The frequency range ofinterest is 5-IOOO Hz. The
K that is chosen for the analysis is 1 . 109 N /m. The resonance frequency of Herror would be at
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about .;(K/m) = ';(1 .109 /0.045) = 149070 rad/sec which is 23725 Hz. The choice for K in the
harmonic analysis should be sufficiently high to perform accurate analyses.

5.2 Comparison FEM and experimental harmonic response
analysis

The mode superposition method is used to obtain FRF's that can be compared with their experimen
tal counterparts. The FRF's in the simulations are ~ee::.~s:::: ' where Xresp,sim is the displacement of
the response in the simulation and Xexc,sim is the displacement of the excitation in the simulation.
This can be compared with the experiments al FRF's since Xresp,sim = -W

2;resp ,exp. In the simula-
Xexc,siTn -w Xexc,exp

tions that are used only an excitation in Z-direction is used. A modal damping of 6 percent is used
in the analysis for all modes since the average experimental modal damping coefficients of table 4.3
are almost equal for all modes. The responses at measurement DOF's 3,7 and 17 are taken in order
compare the experimental FRF's with the numerical FRF's see figures 5+ 5.5 and 5.6. The compar
ison of the responses at the other measurement DOF's and with excitations in other directions show
similar results as the results that are shown here. It can be concluded that the FRF's that are estimated
using the FEM model produce qualitatively good results when the amplitudes of the resonances are
compared. As to be expected from the modal analysis of chapter 4, it can be concluded that the res
onance frequencies of the lowest modes are estimated a little bit too high when a Young's modulus
of E=7700 MPa is used. It is known that the rotational frequency of the motor depends on the load

Comparison experimental and numerical FRFs for MDOF 3
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Figure 5.4: Comparison of experimental and numerical FRF at measurement DOF3.

(read e.g. the resistance of the beard) of the shaver head. It is also known that the eigenfrequen
cies of the motor-suspension system are highly dependent of environmental conditions like ambient
temperature and relative humidity. This implies that a design of a new suspension is very difficult
with respect to placement of the resonance frequencies. However when the conditions in which the
dynamical behavior of the motor-suspension system have to be analyzed are known it is possible to
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make qualitative predictions of the dynamical behavior using the FEM model.
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Chapter 6

Conclusions and recommendations

The objective ofthe project is to model and to analyze the dynamical behavior ofthe motor-suspension
system using a combined experimental-numerical approach. Three sub-problems are formulated in
section 1.3 in order to achieve this goal. The conclusions that are made throughout the report with
respect to the three sub-problems will be given per sub-problem in section ?? The recommendations
with respect to the three sub-problems will be given in section ?? The main goal of the project
is to be able to analyze the dynamical behavior of the hand-shaver interface, the conclusions and
recommendations with regard to this topic are also made in sections G.I and ??

6.1 Conclusions

The first sub-problem consists of the design of an experimental setup that is suitable to obtain re
producible experimental results that can be used for the validation of the numerical results. The
experimental setup that is presented in chapter 2 is concluded to be suitable to obtain reproducible
results. It is shown that the dynamic behavior of the motor-suspension system is very sensitive to
changes in environmental conditions, like ambient temperature and relative humidity, and to changes
in excitation amplitude. These parameters should be kept constant during the experiments in order
to carry out reproducible experiments.

The construction ofa Finite Element model ofthe motor-suspension system is the second sub-problem.
It is concluded that the FEM model (see chapter 3) ofthe motor represents the reality very well in terms
ofgeometry, motor mass and principle mass moments ofinertia. Also a FEM model ofthe suspension
is added to the model.

The third sub-problem is the confrontation of the experimental results with the numerical results.
This confrontation is carried out in two ways. First the experimental eigenfrequencies and -modes,
that are obtained using Experimental Modal Analysis, are compared with the numerical eigenfrequen
cies and -modes, see chapter 4. When a Young's modulus ofE=7700 MPa is used in the numerical
analysis, the three lowest experimental modal frequencies are smaller than the numerical eigenfre
quencies. A second difference is the higher difference between the fourth and fifth experimental
modal frequencies and the fourth and fifth numerical eigenfrequencies. Comparison of the mode
shapes, using MAC analyses, indicates that the first three numerical eigenmodes correspond very
well with the first three experimental mode shapes, however, the first and second experimental mode
shape correspond respectively with the second and first numerical eigenmode. The fourth, fifth and
sixth mode shapes do not correspond very well. Next the experimental FRF's are compared with their
numerical counterparts, see chapter 5. It is concluded that it is possible to make qualitative predictions
of the dynamical behavior of the motor-suspension system in terms of FRF's using the current FEM
model.
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It is concluded in chapter 2 that the dynamic-mechanical properties of the material of the suspen
sion (Durethan) is sensitive to environmental conditions. This implies that the model should not be
used for design purposes of new suspensions in terms of a critical placement of the eigenvalues of
the motor-suspension system since the range ofenvironmental condition in which the shaver is used
is very broad. However, the model could be used for analytical purposes with regard to hand-arm
vibrations. One can think of analyses where the environmental conditions (and thus the dynamic
mechanical properties of Durethan) are varied.

6.2 Recommendations

The recommendations with regard to the sub-problems only involve the second one, which is the
construction of a Finite Element method of the motor-suspension system. The confrontation of the
numerical and experimental results show that there is room for improvement of the Finite Element
model of the motor-suspension system. A sensitivity analysis on the FEM model, where the attach
ment of the motor to the suspension and the geometry of the springs of the suspension are changed,
shows that it is possible to obtain six numerical eigenmodes that correspond better with the six ex
perimental mode shapes. The sensitivity analysis shows that it is recommended to obtain the exact
geometry of the suspension and to investigate the connection of the motor to the suspension since
that has a big influence on the mode shapes. The use of a Young's modulus ofE=6IOo MPa does not
change the mode shapes, however it does change the eigenfrequencies in a way that the first three
numerical eigenfrequencies are almost the same as the first three experimental modal frequencies.
It is known from the literature that it is possible for polymers (like Durethan) to have a frequency
dependant Young's modulus. This could explain the mismatch of the eigenfrequencies. It is recom
mended to investigate the frequency-dependency of Durethan.

When the model of the motor-suspension system is used in a model of a hand-shaver system it is
recommended that the quantitative temperature-, relative humidity- and excitation amplitude- depen
dency of the Young's modulus of Durethan (the material of the suspension) is known. This is nec
essary in order have knowledge on which Young's modulus to use under which conditions. Then,
it is possible to analyze the dynamic behavior of the shaver at the hand-shaver interface at different
conditions.
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Appendix A

Details of experimental equipment

A.I Motor spectrum experiment

An APTech accelerometer type AP33 with axial sensitivity of 0.022 pC/ms2 is used.
Configuration for Briiel and Kj<er charge amplifiers type 2635 is such that the sensitivity is 10.2
mV/ms2

A.2 Experimental FRF setup

The shaker properties are listed in table A.I below. The properties of the sensors that are used in the

Frequency range
Maximum acceleration
Maximum velocity
Maximum displacement

2Hz - 5 Khz
530 m/s2

1.7 m/s
0.0508 m

Table A.l: Shaker properties.

experimental setup are listed in table A.2 below. The configuration for the Briiel and Kj<er charge

Sensor Type 4344 Sensor Type 4374
Sensitivity 0.306 pC/ms~ 0.167 pC/ms~
Weight 2.1 gr 0.65 gr

Table A.2: Sensor properties.

amplifiers type 8307 is such that the sensitivity is 100 mV/ms2 •
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Appendix B

Results temperature experiments

Comparison FRFs at pos 8 for different temperatures
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Figure B.1: Temperature experiment on MDOF 8.
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Comparison FRFs at pos16 for different temperatures
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Figure B.2: Temperature experiment on MDOF 16.
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Figure B.3: Temperature experiment on MDOF 18.
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Appendix C

Results amplitude experiments

Comparison FRFs at posS for different excitation amplitudes

Frequency [Hz]

Figure C.l: Amplitude experiment on MDOF 8.
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Appendix D

Numerical modal analysis methods
in ANSYS

The numerical modal analysis methods that are offered by ANSYS are briefly described in the sections
below.

D.1 Block Lanczos method

This method uses the Lanczos algorithm where the Lanczos recursion is performed with a block of
vectors, see [Grimes, RG. et al. (1994)). This method is a variation on the classical Lanczos algorithm
that can be found in [Rajakumar, C. and and Rogers, C.R. (1991)}. The block Lanczos method is as
accurate as the subspace method but faster. The method is especially powerful when searching for
eigenfrequencies in a given part of the eigenvalue spectrum of a given system. The convergence rate
of the eigenfrequencies will be about the same when extracting modes in the midrange and higher
end of the spectrum as when extracting the modes in the lowest part of the frequency range. The
Block Lanczos algorithm is recommended by ANSYS when the model consists of poorly shaped solid
and shell elements and it performs well when the model consists of shells or a combination of shells
and solids.

D.2 Subspace method

This method uses the subspace iteration technique, which internally uses the generalized Jacobi it
eration algorithm. The classical subspace method is described in detail by [Bathe, K.J. (1982)]. The
enhanced method that is used here is described by [Wilson, E.L. and Itoh, T. (1983)). The method is
highly accurate because it uses the full K and M matrices. For the same reason, however, the subspace
method is slower than the reduced method, see section D+

D.3 PowerDynamics method

The subspace iterations technique is also used internally in the PowerDynamics method. The differ
ence with the subspace method is that PowerDynamics uses the PCG solver instead ofthe generalized
Jacobi iteration algorithm. The PowerDynamics method may be significantly faster than the subspace
and the Block Lanczos methods, but may not converge ifthe model contains poorly-shaped elements,
or if the matrix is ill-conditioned. This method is especially useful in very large models (>100,000

DOFs) to obtain a solution for the first few modes.
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DA Reduced method

The reduced method uses the Householder-Bisection-Inverse (HBI) iteration algorithm to calculate
the eigenvalues and eigenvectors. It is relatively fast because it works with a small subset of degrees
of freedom called master DOFs. Using master DOFs leads to an exact K matrix but an approximate
M matrix (usually with some loss in mass). The accuracy of the results depend on how well M is
approximated, which in turn depends on the number and location of master DOFs. This means that
the selection of master DOFs results in the preservation of the potential energy of the system but
modifies the kinetic energy. The kinetic energy of the low frequency modes is less sensitive to the
condensation than the kinetic energy of the high frequency modes since the velocities involved at
higher frequencies are higher than at low frequencies.

D.5 Unsymmetric method

The unsymmetric method, which also uses the full K and M matrices, is meant for problems where
the stiffness and mass matrices are unsymmetric (for example acoustic fluid-structure interaction
problems). It uses the Lanczos algorithm which calculates complex eigenvalues and eigenvectors if
the system is non-conservative.
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Appendix E

Responses at measurement DOFs for
FEM modal analysis

In this appendix, the eigenmodes are quantified for the 15 MDOFs. This is done by retrieving the
mass-normalized eigenmodes from the ANSYS output file. Every mass-normalized eigenmode (AMP)
is divided by the highest value in the eigenmode. The result (Norm) is given in table E.I below. The
empty spaces have values smaller than 0.1 and the minus sign indicates opposite direction of the
movement.

DOF Mode 1 Mode 3 Mode 3 Mode 4 Mode 5 Mode 6
Amp Norm Amp Norm Amp Norm Amp Norm Amp Norm Amp Norm

1 108 0.67 -73 -0.37 114 0.63 92 0.48 60 0.59
2 83 0.52 97 0.49 121 0.67 -81 -0.42 -68 -0.33
3 37 0.23 159 0.88 69 0.36 -91 -0.45
4 160 1.00 24 0.12 71 0.39 -65 -0.34 93 0.46
5 -32 -0.20 196 1.00
6 -31 -0.19 193 0.98 23 0.13
7 -141 -0.88 -26 -0.13 117 0.65
8 -141 -0.88 -26 -0.13 117 0.65
9 -87 -0.44 174 0.96 191 1.00 -75 -0.37

10 80 0.41 181 1.00 -203 -1.00
11 27 0.14 142 0.74 114 0.56 180 1.00
15 29 0.15 165 0.86 122 0.60 25 0.14
16 29 0.15 165 0.86 122 0.60 25 0.14
17 -22 -0.14 31 0.17 -128 -0.67 175 0.86
18 -22 -0.14 31 0.17 -129 -0.67 176 0.87

Table E.1: The response at the measurement DOFs for the different modes
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Appendix F

Mode shapes of the FEM eigenmodes

In this appendix the mode positions and the 180 degrees out-of-phase positions ofthe eigenmodes as
calculated in ANSYS are depicted. In the first row of every figure the mode positions are depicted and
in the second row the 180 degrees out-of-phase mode positions are depicted.

Figure F.l: Several views of eigenmode 1 at 125 Hz.
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Figure F.2: Several views of eigenmode 2 at 131 Hz.

Figure F .3: Several views of eigenmode 3 at 173 Hz.
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Figure F.4: Several views of eigenmode 4 at 598 Hz.

Figure F.5: Several views of eigenmode 5 at 613 Hz.
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Figure F.6: Several views of eigenmode 6 at 832 Hz.
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Appendix G

Experimental modal parameters

The experimental modal frequencies (f 1,2 and 3) and modal damping percentages (d 1,2 and 3) are
given in table G.!. The average of the different experiments per frame are indicated by A and the
standard deviation ofthe experimental results is indicated by (J".

Frame 1
Mode # 1 2 3 4 5 6 Mode # 1 2 3 4 5 6
f 1 [Hz] 108 111 158 583 636 822 d 1[%] 5.6 3.6 2.2 4.4 8.1 4.4
f 2 [Hz] 106 112 152 584 641 821 d 2[%] 5.9 6.0 6.7 4.6 7.4 4.7
f 3 [Hz] 106 109 151 582 640 819 d 3[%] 6.0 7.5 7.6 4.9 7.4 4.7
A [Hz] 107 111 154 583 639 821 A [%] 5.8 5.7 5.5 4.7 7.6 4.6
(J" [Hz] 1.2 1.5 3.8 1.0 2.7 1.5 (J" [%.] 0.2 2.0 2.9 0.3 0.4 0.2

Frame 2
Mode # 1 2 3 4 5 6 Mode # 1 2 3 4 5 6
f 1 [Hz] 114 116 156 599 685 824 d 1[%] 5.0 6.6 7.0 6.2 6.2 4.0
f 2 [Hz] 112 115 158 611 680 831 d 2[%] 6.4 5.0 4.5 4.2 4.8 4.6
f 3 [Hz) 112 114 158 590 685 828 d 3[%] 5.8 4.8 2.6 4.4 4.2 5.4
A [Hz] 113 115 157 600 683 826 A [%] 5.7 5.5 4.7 4.9 5.1 4.7
(J" [Hz] 1.0 1.0 1.2 11 2.9 3.5 (J" [%.J 0.7 1.0 2.2 1.1 1.0 0.7

Frame 3
Mode # 1 2 3 4 5 6 Mode # 1 2 3 4 5 6
f 1 [Hz] 103 112 152 570 634 810 d 1[%] 6.8 7.2 8.5 5.4 5.1 5.6
f 2 [Hz] 103 108 148 577 659 816 d 2[%] 6.5 6.0 7.4 5.1 5.0 5.3
f 3 [Hz] 106 106 150 581 638 808 d 3[%] 6.5 6.5 6.4 5.1 3.1 5.3
A [Hz] 104 109 150 576 644 811 A [%] 6.6 6.6 7.4 5.2 4.4 5.4
(J" [Hz] 1.7 3.1 2.0 5.6 13 4.2 (J" [%.] 0.2 0.6 1.1 0.2 1.1 0.2

Table G.l: All experimental modal parameters for frame 1, frame 2 and frame 3.
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Appendix H

Mode shapes of the experimental
mode shapes

In this appendix the mode positions of the experimental eigenmodes, as calculated by ME'scopeVES
for one experiment on frame 3, are depicted. The mode positions are indicated by ax and the 180

degrees out-of-phase modes are indicated by bx.
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Figure H.1: Several views of eigenmode 1 of the 3-D model in ME'scopeVES at 106 Hz.
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Figure H.2: Several views of eigenmode 2 of the 3-D model in ME'scopeVES at 112 Hz.
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Figure H.3: Several views of eigenmode 3 of the 3-D model in ME'scopeVES at 152 Hz.
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Figure H.4: Several views of eigenmode 4 of the 3-D model in ME'scopeVES at 584 Hz.

64



Figure H.5: Several views of eigenmode 5 of the 3-D model in ME'scopeVES at 641 Hz.
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Figure H.6: Several views of eigenmode 6 of the 3-D model in ME'scopeVES at 821 Hz.
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Appendix I

MAC-values

The MAC-values for all experimental modes vs the numerical modes can be found in tables I to I.

Numerical mode # 1 2 3 4 5 6
Experimental mode #

1 0.02 0.92 0.00 0.00 0.00 0.05
2 0.94 0.01 0.01 0.01 0.00 0.00
3 0.01 0.00 0.98 0.10 0.07 0.00
4 0.00 0.00 0.18 0.53 0.50 0.00
5 0.00 0.02 0.02 0.65 0.27 0.34
6 0.00 0.03 0.00 0.15 0.09 0.77

Table 1.1: MAC values of experimental modes of measurement 1 on frame 1 Vs. the numerical
modes

Numerical mode # 1 2 3 4 5 6
Experimental mode #

1 0.07 0.87 0.01 0.00 0.00 0.06
2 0.98 0.00 0.00 0.00 0.00 0.00
3 0.02 0.00 0.98 0.09 0.07 0.00
4 0.00 0.00 0.15 0.60 0.45 0.00
5 0.00 0.05 0.01 0.50 0.32 0.35
6 0.00 0.02 0.00 0.16 0.11 0.85

Table 1.2: MAC values for experimental modes of measurement 2 on frame 1 Vs. the numerical
modes

Numerical mode # 1 2 3 4 5 6
Experimental mode #

1 0.07 0.87 0.01 0.00 0.00 0.06
2 0.97 0.00 0.00 0.00 0.00 0.00
3 0.01 0.01 0.99 0.08 0.10 0.00
4 0.01 0.00 0.14 0.62 0.41 0.00
5 0.00 0.05 0.01 0.50 0.32 0.35
6 0.00 0.02 0.00 0.16 0.11 0.83

Table 1.3: MAC values for experimental modes of measurement 3 on frame 1 Vs. the numerical
modes
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Numerical mode # 1 2 3 4 5 6
Experimental mode #

1 0.03 0.92 0.00 0.00 0.00 0.05
2 0.95 0.02 0.01 0.00 0.00 0.00
3 0.00 0.00 0.99 0.10 0.08 0.00
4 0.00 0.00 0.07 0.58 0.43 0.00
5 0.00 0.08 0.01 0.25 0.50 0.48
6 0.01 0.01 0.00 0.10 0.41 0.85

Table 1.4: MAC values for experimental modes of measurement 1 on frame 2 Vs. the numerical
modes

Numerical mode # 1 2 3 4 5 6
Experimental mode #

1 0.03 0.90 0.01 0.00 0.00 0.06
2 0.96 0.02 0.00 0.00 0.00 0.00
3 0.01 0.00 0.99 0.11 0.08 0.00
4 0.05 0.00 0.21 0.45 0.51 0.00
5 om 0.00 0.00 0.35 0.16 0.06
6 0.00 0.02 0.04 0.04 0.61 0.46

Table 1.5: MAC values for experimental modes of measurement 2 on frame 2 Vs. the numerical
modes

Numerical mode # 1 2 3 4 5 6
Experimental mode #

1 0.02 0.92 0.00 0.00 0.00 0.05
2 0.96 0.01 0.02 0.01 0.00 0.00
3 0.01 0.00 0.98 0.10 0.08 0.00
4 0.00 0.00 0.07 0.58 0.44 0.00
5 0.00 0.01 0.00 0.34 0.47 0.18
6 0.01 0.01 0.01 0.03 0.26 0.33

Table 1.6: MAC values for experimental modes of measurement 3 on frame 2 Vs. the numerical
modes

Numerical mode # 1 2 3 4 5 6
Experimental mode #

1 0.01 0.79 0.00 0.01 0.02 0.07
2 0.97 0.00 0.00 0.00 0.00 0.00
3 0.03 0.01 0.94 0.12 0.04 0.03
4 0.02 0.00 0.17 0.52 0.52 0.00
5 0.00 0.06 0.00 0.22 0.19 0.03
6 0.01 0.03 0.00 0.04 0.00 0.59

Table 1.7: MAC values for experimental modes of measurement 1 on frame 3 Vs. the numerical
modes
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Numerical mode # 1 2 3 4 5 6
Experimental mode #

1 0.02 0.93 0.00 0.00 0.00 0.05
2 0.97 0.00 0.01 0.01 0.00 0.00
3 0.02 0.00 0.98 0.09 0.07 0.00
4 0.01 0.00 0.19 0.57 0.47 0.00
5 0.00 0.01 0.00 0.53 0.31 0.14
6 0.01 0.06 0.00 0.02 0.14 0.79

Table I.8: MAC values for experimental modes of measurement 2 on frame 3 Vs. the numerical
modes

Numerical mode # 1 2 3 4 5 6
Experimental mode #

1 0.02 0.91 0.00 0.00 0.00 0.06
2 0.92 0.04 0.00 0.00 0.00 0.00
3 0.00 0.00 0.98 0.09 0.08 0.00
4 0.00 0.00 0.15 0.59 0.43 0.00
5 0.00 0.09 0.00 0.28 0.55 0.36
6 0.04 0.01 0.01 0.05 0.40 0.83

Table I.9: MAC values for experimental modes of measurement 3 on frame 3 Vs. the numerical
modes
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Appendix J

Harmonic analysis method selection

Three different hannonic analysis methods are available in ANSYS. These three methods are the full
method, the reduced method and the mode-superposition method and are described and compared in
this appendix in order to choose one of the three methods.

J .1 Full harmonic analysis

The full solution method solves equation (5.3) directly using a wavefront solver (see [Irons, B.M. (1970)]
and [Melosh, R.J. and Bamford, R.M. (1969}]).

J.2 Reduced harmonic analysis

The reduced solution method uses reduced structure matrices to solve equations (5.3). This solu
tion method imposes the following restriction with regard to the response analysis for the motor
suspension system:

• Non-zero displacements may be applied only at master DOF.

This method usually is computationally more efficient than the full hannonic analysis by several or
ders of magnitude of the computation time since the technique of matrix reduction, discussed in
section J.Z.I, is used that the matrix representing the system will be reduced to the essential degrees of
freedom required to characterize the response of the system. These essential degrees offreedom are
referred to as the master degrees of freedom (mDOFs). Using mDOFs leads to an exact K matrix but
an approximate M matrix, as can be understood from section J.z.I. The accuracy ofthe results depend
on how well M is approximated, which in tum depends on the number and location of mDOFs.

J.2.1 Substructuring

Guyan-reduction (see [Kraker, A. de (zooo))) is used to substructure the system. The first step is the
partitioning of all degrees of freedom of the system in mDOFs lJ.

m
and local degrees of freedom lJ.1

(IDOFs):

lJ. = [ ~7 ]. (J.l)

Now the equations of motion for a structural system after partitioning can be written as:
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which can be written as:

(J.3)

Mlm~m + Mll~l + C1m1m + Cll11 + Klm~m + Kll~l = L· (JA)

When looking at the lOOFs it is assumed that the stiffness terms are much larger than the mass terms,
the damping terms and the load vector. Neglecting the mass terms, the damping terms and the load
vector in equation (J.4) and solving the result for ~l yields:

(J.5)

(J.g)

Substitution ofJ.S in (J.3) and (JA) yields:

(Mmm - MmlTlm)q + (Cmm - CmlTlm)rj + (Kmm - KmITlm)q = f . (J.6)-m -m -m -m

(M1m - MllTlm)~m + (Clm - CllTlm )1m = L· (J.7)

Substraction of (J.7) from (J.6) after multiplying (J.7) with KmlKu
1 yields:

Mq +Crj +Kq =1, (J.8)
-m -m -m-

where
M = Mmm - MmlTlm - KmlKu1Mlm + KmlKu1MllTlm

C= Cmm - CmlT1m - KmlKu
1C1m + KmlKu1CllTlm

K= Kmm - KmlTIm
~ -11 = 1m - KmlKll L·

Note that (J.8) has the same structure as equation (5.1) and is solved using the same method as used
in the full method.

J.3 Mode superposition method

The mode superposition method uses the natural frequencies and mode shapes to compute the re
sponse to a sinusoidally varying forcing. The mode superposition method starts with the definition of
a set ofmodal coordinates Yk such that:

n

~ = LP'kYk,
k=l

(J.lO)

where P.
k

is the mode shape of mode k and n the number of modes to be used. The use of (J.IO)
hinders the use ofnonzero displacement input, since defining Yk in terms ofq is not straight forward.

Substitution of (J.IO) in (5.1) and multiplying the result by a typical mode shape 17 yields
-J

n n n

eML~~+eCL~~+eKL~~=ef
k=l k=l k=l

(J.11)

In the mode superposition method only Rayleigh or constant damping is allowed so that P.;CP.k = 0
for k =/= j. The orthogonality condition of the natural modes states that every expression with j =/= k is
equal to zero, which yields:

(J.12)
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The eigenmodes are mass-normalized so ¢lM¢;. = 1 for j = 1, .. ·n. Now (J.1Z) can be rewritten as:
-J -J

.. 2 c' 2 F' 1Yj + Wj<"jYj +WjYj = j,l = ,.. ·n, (J.13)

where Wj is the natural frequency of mode j and ~j the dimensionless damping coefficient for mode
j. In order to solve these equations a harmonic excitation and a harmonic response in terms of the
modal coordinates is assumed:

Y .(t) = Yjceiflt ; f .(t) = fjceiflt, j = 1,·· ·n,
-J - -J -

(J.14)

where Yjc is the complex amplitude of the modal coordinates, f. the complex amplitude of the exci-
_ -JC

tation and n the imposed circular frequency. Substitution of (J.14) in (J.13) yields

(_n2 + i2wjn~j + wnYjc = fjc, j = 1, .. ·n,

Now equation (J.1S) can be solved for the modal coordinates:

fjc . 1
Yjc = , 1 = ,.. ·n.

(w; - n2 ) + i2wjn~j

The contribution of each mode j = 1 ... n is:

Qj = P'jYjC

Now the complex displacements can be defined as:

n

q =~C.
-c ~-J

j=l

J.4 Comparing the harmonic response analysis methods

(J.15)

(J.16)

(J.17)

(J.18)

Now a choice for a specific solution method has to be made. The advantages and disadvantages ofthe
different methods with regard to the analysis of the motor-suspension system are listed below. The
advantages ofthe full method are:

• It is easy to use, because no mDOFs (for the reduced method) or mode shapes (for the mode
superposition method) have to be chosen;

• It uses full matrices, so no mass matrix approximation is involved, as in the reduced method.

The disadvantage of the full method is:

• The method is computationally very expensive.

The advantages of the reduced method are:

• It is faster and less expensive compared to the full method;

The disadvantages of the reduced method are:

• The initial solution calculates only the displacements at the master DOF. A second step, known
as the expansion pass, is required for a complete displacement, stress, and force solution;

• All loads must be applied at user-defined master degrees offreedom.

The advantages ofthe mode superposition method are:

• It is faster and computationally less expensive than either the reduced or the full method;
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• It accepts modal damping.

The disadvantage ofthe mode superposition method are:

• Imposed (nonzero) displacements cannot be applied.

It is very important to have an analysis method that is computationally very inexpensive since the FEM
model of the motor-suspension system has many degrees of freedom. This is the main reason that
the mode superposition method is chosen.
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Samenvatting

In dit rapport wordt de modellering en de dynamische analyse van het motor-ophanging systeem van
een elektrisch scheerapparaat beschreven. Om die doelstelling te realiseren worden drie deelvragen
opgesteld: ontwerp een experimentele opstelling die geschikt is om reproduceerbare metingen voort
te brengen, bouw een Eindige Elementen model van het motor-ophanging systeem en confronteer
de experimentele eigenwaarden, -modes en Frequency Respons Functies (FRF's) met hun numerieke
tegenhangers.

De dynamische analyse van het systeem is gebaseerd op FRF's die de relatie geven tussen de
responsies van bepaalde posities op het motor-ophanging systeem en het excitatie signaal. De exper
imentele opstelling die gebmikt is om de FRF's te meten bestaat uit een motor-ophanging systeem
dat bevestigd is aan een verstelbaar aluminium frame. Dit frame is bedoeld om het systeem in ver
schillende richtingen te kunnen exciteren en is weer bevestigd aan een shaker. Per meting worden
twee sensoren gebmikt die de versnelling opmeten; een die het excitatie signaal meet en een die de
responsie op een bepaalde plaats meet. De literatuur, temperatuur experimenten waarbij de omgev
ingstemperatuur wordt gevarieerd en amplitude experimenten waarbij de gemiddelde waarde van
de amplitude wordt gevarieerd laten zien dat het noodzaak is om de omgevingstemperatuur en de
relatieve vochtigheid constant te houden gedurende de experimenten en dat de excitatie amplitude
voldoende laag moet worden gehouden om reproduceerbare metingen te kunnen doen. Het feit dat
de omgevingscondities een grote rol hebben in het dynamisch gedrag leidt tot de conclusie dat het
materiaalgedrag als functie van de omgevingscondities bekend moet zijn om voorspellingen van het
dynamisch gedrag van het motor-ophanging systeem ofvan het dynamisch gedrag van het scheerap
paraat in interactie met de menselijke hand te kunnen doen. Ook zorgt deze afhankelijkheid ervoor
dat een ontwerp van een ophanging met het oog op plaatsing van de eigenwaarden van het systeem
nagenoeg onmogelijk is.

De tweede deelvraag betreft de Eindige Elementen modellering van het motor-ophanging sys
teem. Eerst wordt de motor gemodelleerd waarna het model van de ophanging aan de motor wordt
toegevoegd. Om een goed model van de motor te krijgen worden experimenten uitgevoerd om de
geometrie en de massa geometrie te weten te komen. De uitkomsten van deze experimenten worden
gebmikt om een goed model van de motor te maken.

Twee methoden worden gebmikt om de experimentele en numerieke resultaten met elkaar te
vergelijken. De eerste methode bestaat uit de vergelijking van de eigenwaarden en eigenmodes van
het systeem. De numerieke eigenwaarden en -modes worden bepaald in ANSYS door in de modale
analyse gebmik te maken van het Block-Lanczos algoritrne om het klassieke eigenwaarde probleem
op te lossen. De Rational Fraction Polynomial (RFP) kleinste kwadraten fit methode wordt gebmikt
om de experimentele eigenwaarden te bepalen. Deze globale parameters worden bepaald door een
fit op meerdere FRF's toe te passen. De experimentele eigenmodes van het systeem zijn uniek voor
elke FRF en zijn dan ook bepaald door apparte kleinste kwadraten fits op elke FRF afzonderlijk. De
vergelijking van de experimentele en numerieke eigenfrequenties laat zien dat wanneer in de nu
merieke analyse een Young's modulus wordt gebmikt van E=7700 MPa, de drie laagste experimentele
eigenfrequenties lager liggen dan de eerste drie numerieke eigenfrequenties. Een tweede verschil
is dat het verschil tussen de vierde en vijfde experimentele eigenfrequentie groter is dan tussen de
vierde en vijfde numerieke eigenfrequentie. Wanneer een Young's modulus van E=6roo MPa wordt
gebmikt veranderen de eigenfrequenties van het systeem zo dat de eerste drie numerieke eigenfre-
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quenties nagenoeg overeen komen met de eerste drie experimentele eigenfrequenties. Uit de liter·
atuur blijkt dat het mogelijk is dat de Young's modulus van polymeren frequentie afhankelijk kan
zijn. Deze afhankelijkheid moet onderzocht worden. De numerieke eigenmodes worden vergeleken
met de experimentele eigenmodes door gebruik te maken van de Modal Assurance Criterion (MAC)
analyse. Uit de vergelijking van de eigenmodes blijkt dat de eerste drie numerieke modes correspon
deren met de eerste drie experimentele modes met het verschil dat de eerste experimentele mode op
de tweede numerieke mode lijkt en andersom. De vierde, vijfde en zesde numerieke eigenmodes cor
responderen niet helemaal met de vierde, vijfde en zesde eigenmode. Een gevoeligheidsanalyse op het
Eindige Elementen model waarbij de geometrie van de bladveren en de koppeling van de motor aan
de ophanging veranderd zijn blijkt dat het mogelijk is om uit de numerieke analyse zes eigenmodes
te krijgen die beter corresponderen met de zes experimentele eigenmodes.

Bij de tweede methode om de experimentele met de numerieke resultaten te vergelijken worden de
experimentele FRF's vergeleken met numerieke FRF's. Om in ANSYS numerieke FRF's te verkrijgen
is de mode-superpositie methode gebruikt. In ANSYS is het niet mogelijk om bij die methode een
verplaatsing op te leggen. Daarom is er een stijve veer aan de ophanging toegevoegd die door middel
van een opgelegde kracht een opgelegde verplaatsing tot gevolg heeft. Uit de vergelijking van de ex
perimentele FRF's met de numerieke FRF's blijkt dat het mogelijk is om een kwalitatieve voorspelling
te doen van het dynamische gedrag van het motor-ophanging systeem.
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