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Calibrated Noncontact 

Exciters for Optical 
Modal Analysis 

Two types of exciters were investigated experimental/yo One of the exciters uses a 
small permanent magnetfastened on the ohject. The force is introduced by the change 
in the electromagnetic field from a coil via an air gap. The second exciter is an 
eddy-current electromagnet one. The amplitude of the forces from these exciters are 
calibrated by using dynamic reciprocity in conjllnction lI'ith electronic holography. 
These forces strongly depend upon the distance hetween the exciter and the oh
ject. © 1996 John Wiley & Sons, inc. 

INTRODUCTION 

Experimental modal analysis has become more 
important as structures and materials become 
more sophisticated. Modal analysis refers to the 
process of determining modal parameters like fre
quencies, damping factors, and modal vectors 
(mode shapes) Ewins, (1984). Modal parameters 
may be determined analytically or by experi
ments, The experiments are often used to verify 
an analytical model. If such a model does not 
exist, the experimentally determined modal pa
rameters can serve as a model of the object. The 
modal parameters may be used for structural 
modifications or to explain the dynamics of the 
structure. 

If the object is stiff and heavy, accelerometers 
or other contacting experimental techniques can 
often be used. For thin and weak structures the 
object behavior is, however, changed by the mass 
loading from accelerometers. A noncontact tech
nique is then preferred. Today, there are effective 
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noncontacting techniques available such as laser 
Doppler vibrometers and electronic holography 
techniques. A review of recent developments in 
electronic holography techniques is described in 
L!i>kberg (1993). 

In most experiments with stiff and heavy ob
jects, the object is forced to vibrate, either from 
an impact of the hammer or from a frequency 
controlled exciter. If the object is thin and weak, 
the exciter should be of the noncontacting type. 
Different types of such exciters are loudspeakers, 
eddy-current exciters, and coils with a permanent 
magnet fastened to the object. In this study eddy
current and permanent magnet exciters were cali
brated using dynamic mechanical reciprocity and 
electronic holography (EH). The force from the 
exciters were calibrated using reference objects 
and a quartz force transducer. 

Two examples of optical modal analysis are 
also presented. Body modes of vibration of a vio
lin were analyzed using EH. Modes of vibration 
of a plate were analyzed using electronic shearog-
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raphy (ES) in the second example. ES is a special 
version ofEH and measures the spatial derivative 
of the out-of-plane deformation field. Shearogra
phy is often used for nondestructive testing 
(Hung, 1974). This technique has recently been 
extended by Mohan et al. (1994) to include vibra
tion studies. 

NONCONTACT EXCITERS 

Two types of exciters were studied experimen
tally. Both use forces introduced by changes in 
an electromagnetic field of a coil and a permanent 
magnet. The first type, called type I, has the mag
net fastened onto the object. For the eddy-current 
type, type II, the magnet and the coil are mounted 
as one unit separated from the object [compare 
Fig. l(a) and (b)]. 

(a) object 

d 

p 

(b) 

h 

FIGURE 1 Two noncontact exciters. (a) Type I has 
a small permanent magnet, P, fastened onto the object. 
(b) Types II is an eddy-current electromagnet exciter 
with the coil and the magnet as one unit. 

Permanent Magnet and Coil (Type I) 

Figure l(a) shows the design of the exciter. A 
small permanent magnet is waxed onto the sur
face of the structure. A coil is placed close to 
the permanent magnet with an air gap d. The 
stationary magnetic field from the permanent 
magnet interacts with the varying electromag
netic field from the coil that causes the desired 
out-of-plane force. 

This force depends upon the strength of the 
permanent magnet and the strength of the electro
magnetic field from the coil. Because the mag
netic field from the coil is proportional to the 
current in the coil, the force is proportional to 
the voltage of the driving signal generator at a 
constant frequency. The relation between voltage 
E and current I is in the jw method related as 
(jwL + R) I = E, where w is the angular frequency 
and j is the square root of -1. Land R are the 
inductance and the resistance of the coil, respec
tively. Thus, the force will decrease with increas
ing frequency. IfR ~ wL, the force will be approx
imately independent of the frequency. The 
frequency of the force is the same as that of the 
current through the coil. 

The permanent magnet fastened onto the sur
face of the object gives a mass loading and should 
be as small as possible. A cylindrical 0.35-g per
manent magnet, which sticks to an iron plate with 
a force of about 1 N, was used in the experiments 
(length 3.5 mm, diameter 3.5 mm). Two different 
coils were used in the present experiments: one 
without core and dimensions (length 16 mm and 
diameter 12 mm), and one with an iron core with 
about 40 windings and dimensions (length 3.0 mm 
and diameter 12 mm). 

Eddy-Current Electromagnet 
Exciters (Type II) 

The eddy-current electromagnet exciter is shown 
in Fig. l(b). A sinusoidal current in the coil will 
introduce harmonically varying eddy currents in 
the conducting object. The electromagnetic field 
generated by the eddy currents will interact with 
the stationary field from the permanent magnet 
and give rise to a force. The principle of this 
exciter can easily be verified in the following way: 
place a coil on one side of an object, a thin con
ducting plate. A force will be introduced in the 
object if a permanent magnet is placed on the 
other side of the plate. 

The eddy current in the object decreases expo-



nentially with depth from the surface. The skin 
depth 8 is defined as the depth in the material 
where the electromagnetic wave is reduced to 
lie (=0.37) of its initial amplitude. For good con
ductors the skin depth is formulated in Jackson 
(1975) as 

8=J 2 , 
/LW(1' 

(I) 

where W is the angular frequency and /L and (1' 

are the permeability and the conductivity of the 
object material, respectively. If 8 is much less 
than the thickness h of the object, the force will 
be independent of h. For aluminum, 8 is about 8 
mm for frequencies in the range of 100 Hz. In 
most experiments, the forces will depend upon 
the thickness of the object and a calibration of 
the force is needed for different object thick
nesses. The present exciter has a permanent mag
net that sticks to an iron plate with a force of 
about 40 N and with about 600 windings. The 
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dimensions are length 12.5 mm and diameter 13.2 
mm. The magnet is glued to the iron core of the 
coil in a single unit. 

EH 

The EH system uses a four frame, phase stepped 
speckle interferometric technique. It offers effi
cient ways to measure fields of deformation and 
allows the deformation to be visualized in real 
time. Names such as electronic speckle pattern 
interferometry (ESPI), electrooptic holography, 
and TV holography are commonly found in the 
literature for similar techniques. The system used 
was developed at United Technologies Research 
Center (UTRC) in the U.S. by Stetson (1990) and 
Stetson et at. (1989) (see Fig. 2). The object is 
illuminated by a 500-mW frequency doubled Nd: 
Y AG laser (wavelength 532 nm). The image of 
the object interferes with a smooth reference 
beam from an optical fiber onto a CCD camera. 

Object 

\O+-----j ~e_e:~~Violin 
--r::::::r---""-i..H.JL.J-I Object beam 

b PZM (phase step) CCD 

Image 
processor 

PZM 
(bias vib.) 

exciter 

ic==:J'---,I--_--IDI--___ -; Video printer 
Video recorder TV-monitor .) 

FIGURE 2 (a) The optical head of the electronic holography system and the object arrangement used 
for the violin experiment. Three sides of the violin are studied simultaneously via mirrors. (b) Electronic 
components of the system. 
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A piezo mounted mi rror (PZM) int rod uces optical 
phase steps of 90° between subsequent images . 
Four consecuti ve images a re t reated by an image 
processor and presented as high qual ity in terfe ro
grams on a monitor in real time (30 frames / s). A 
host computer cont ro ls the image processor and 
the phase steppi ng PZM . To grasp the inte rfero
grams , the object has to be exci ted at single fre
quencies or by frequency sweeps. 

From an interfe rogram it is not poss ible to say 
if the antinode is a " hill " or a " valley, " that 
is , in-phase or out-of-phase compared to other 
antinodes. A second PZM is therefore used to 
find this important phase relat ion. The mirror is 
set to vibra te at the same frequenc y, amplitude, 
and phase as some part of the object. This is often 
called a bias vibration. Thi s part of the object will 
then act as a new nodal line .The real nodal lines 
will be given the number of fringes that corre
spond s to the a mpl itude of the bi as vibrati on of 
the PZM. By switchi ng the bias vibration on and 
off, the phase of the anti nodes can be dete rmi ned 
from the increase or decrease of the number of 
fringe s in each anti node. T his faci lity is needed 
for the study of complicated modes or when the 
object is imaged via mirro rs. N umerical evalua
tion of the vibration amplitude di stribution can 
also be performed by recording three interfero
grams, without bias , wi th posi ti ve bias and wi th 
negative bias , together wi th a postprocessing rou
tine . The deta ils are described in Stetson and 
Brohinsk y (1988). 

To reduce the speckle noi se and thus improve 
the quality of the interferograms, speckle averag
ing is possible. A numbe r of interferograms are 
averaged to produce the fin a l interferogram. Each 
interferogram is given a slight ly different illumina
tion direc tion to get a diffe rent speckle pattern . 

RECIPROCITY AND CALIBRATION 
OF EXCITERS 

In static load ing of a linear e lastic body with a 
single force , the relation between load and defor
mat ion is given by Maxwel l's reciprocal relation. 
Maxwell ' s reciprocal re lation is described in Fung 
(1965). The equation is usuall y written as 

P~ 
(2) 

where the loads Pi can be e ither a force or a couple 
and the correspondi ng defo rmations U i are a d is
placement or a change in slope , respectivel y 

(' ind ica tes first and /I the second loading and the 
index numbers refers to pos ition). With a known 
reference and P ; and measured deformations u} 
and U'; , the un known load P :; can be determined . 
Reciproci ty fo r a dynamically loaded system is 
usually formulated in a similar way as Maxwell ' s 
reciprocal relation fo r static loading (Wolde, 
1973). Here , however , other corresponding pa irs 
of variables are used. For mechanical reci procity 
we may have fo rce F (N) and translation velocity 
v (m /s). The experiments with EH are performed 
at a single frequency where the velocity amplitude 
is proportional to the measured amplitude of 
the vibration. 

This reciprocity relation has been used to cali
brate the amplitude of the force for both types of 
exciters. A type I exciter was first calib rated with 
a quartz force transducer on a stiff and heavy 
object. This cal ibrated exciter was then used as 
the reference in the reciprocal experiment. A 
Brilel & Kjcer force transducer (type 8200) was 
used in the ex periments. 

The reciprocal calibration is performed in the 
following way : a reference force amplitude is ap
plied to a plate as the known load P ; at position 
I . The amplitude of the vibration field u(x, y ) ' of 
the whole plate is measured using EH. A second 
force P; , the one we want to calibrate , is applied 
to the pl ate at position 2 and the second deforma
tion field u(x, y )" is measured . The two measured 
defo rmation fi e ld s include the deformations a t po
sitio n 1 and 2, that is , u} and u';, respectively . If 
the vibration and the force are in phase (or out 
of phase) the numerical amplitude values from 
the experiments can be used directly in E q . (2) 
to give the unknown quantity P2. If the object 
has a low mechanical damping and if the frequen
cies are separated fro m an eigenfrequency , this 
phase condition wi ll be fulfilled. Two similar alu
minum plates of different thicknesses were used 
as objects with dimensions 120 x 90 mm2 and 
thicknesses 0.7 and 2.0 mm . The damping factor 
, of the plates as experimentally determined to 
be , < 0.006 from the sharpness of the lower 
resonances as in Thomson (1988). 

The type I excite r can be used on different 
object materia ls according to this calibration . But 
the type II edd y-current exciters have to be cali
brated for each mate rial and th ickness. 

RESULTS 

An exciter of type I was firs t calibrated with a 
force transducer fo r frequencies between 200 and 



2000 Hz. The result is shown in Fig. 3(a). For 
increasing frequency the force gets smaller for 
constant driving voltage and distance d. The de
pendencies of the distance d (see Fig. 1) was mea
sured using the aluminum plate. Figure 3(b) and 
(c) show this dependence for a type I exciter; the 
coil in (b) has no iron core. The distance d can 
become negative [see Fig. lea)]. In Fig. 3(c), a 
coil with an iron core is used. Due to the number 
of windings of the second coil and the iron core, 
the force gets larger for this exciter. A 0.35-g 
permanent magnet is used in graph (b) and (c). 
Both the coils were also tested below and above 
the resonance of the object. An unwanted behav
ior is found for short distances d, most clearly 
seen for the coil with iron core [Fig. 3(c)]. The 
reason for this peculiar behavior above and below 
object resonance is the effect of motion of the 
permanent magnet. Below resonance the object 
deformation and the force will be in phase and 
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above they will be out of phase for low damped 
objects. The moving permanent magnet influ
ences the force differently in and out of phase. 
For a larger distance d, this effect can be ne
glected and both coils work better, say for dis
tances d > 1.5 mm. Each new coil has to be 
analyzed to get the smallest working distance. 
From Fig. 3(b) and (c) it is tempting to use coils 
only without iron cores, but they need higher 
electrical power to get the same amplitude of the 
force. (Even if the voltage is less in graph (b), in 
(c) the power is much higher.) 

Results for the eddy-current exciter are shown 
in Fig. 3(d) for a 0.7-mm aluminum plate. The 
(d + constant)-3 form of the graph is as expected 
due to the cubic decrease with distance of the 
electromagnetic field for a dipole. The unwanted 
behavior described above does not exist for the 
type II exciters. If a 2.0-mm aluminum plate is 
used instead, the force will increase 2.2 times. 

x 1C? 

11t< 
10 • below 

9 l' .'++ resonance 
+.+ . , 

Z8 ' +++ 

'-' +. 
7 

<Ll 

~ 6 
"'" 5 

4, 

3 I 
2 [ , 

above 
resonance 

-0.5 0 0.5 

++ 

1 

+ 

1.5 

Type I 
E = 1.6 Vp-p 
coil without core 
f",600Hz 

2 2.5 3 3.5 
Distance d between coil and magnet (mm) 

0.035
1 1 

0.03 r . Type II J 

g 0.025f 

E =30 Vp-p I 
f= 500 Hz 

j h = 0.7mm 

§ 0.02 f j 

1 

& I 
0.015 r 
om f 

. . 1 I 
... ... 

0.005 1 

0 1 2 3 4 5 6 7 

Distance d between coil and magnet (mm) Distance d between exciter and object (mm) 

FIGURE 3 (a) Force vs. frequency for the reference exciter, type I. (b) and (c) Force vs. distance 
d [see Fig. lea)], for two different coils with and without iron core, type I. (d) Force vs. distance d 
[see Fig. l(b)], for the eddy-current electromagnet exciter type II for a O.7-mm aluminum plate. 



112 Sa /d ller 

OPTICAL MODAL ANALYSIS 

Short comments from two opt ical modal analysis 
experiments, where these exciters were used , are 
presented below. 

Body Modes of a Violin 

The first experiment concerns whole body vib ra
tions of a violin. Because the material is wood , 
a type I exciter was used. The magnet is waxed 
to the treble side of the bridge. Three sides of 
the instrument a re observed simultaneous ly via 
mirrors (compare Fig . 2 and the interferograms 
in Fig. 4). An intelferogram presented live on the 
monitor looks as shown in Fig. 4 . Each fr inge 
seen on the surface of the violin model connects 

FIGURE 4 Modal analysis of a vio lin using e lectron ic 
holography (EH) . Three sides of the violi n are studied 
simul taneous ly: the back plate to the left, the top plate 
to the right , and one side of the ribs in the middle of 
the image. Interferograms of two vibration modes: (a) 
at 430 Hz and (b) at 465 Hz. 

points that are vibrating with equal amplitude. 
Going from one such fringe to the next gives a 
change of about 0.13/Lm in amplitude. The bright
est part in the interferogram are nodal lines that 
have zero vibrat ion amplitude. 

The optical modal analys is was conducted to 
seek answers to some questions formulated by 
Jansson et a!. (1994). One of the quest ions was: 
Are basic low-frequency vibrat ion modes of a 
musically superior instrument different from 
those of an inferior violin ? The details of the ex
periments are given by Jansson et a!. (1994). The 
lower modes a re fou nd to be quite equal even if 
differences in shape were observed. A noticed 
difference was how easy the vio lin was excited. 
It was eas ier to get large vibrat ion s in a musica ll y 
superio r instrument. Figure 4(a) shows a torsion 
mode at 430 Hz. The 46S-Hz mode in Fig. 4(b) is 
quite complicated . By the use of the bias vib rat ion 
mirror it was found that the largest anti nodes in 
the top (the right part of the image) and the anti
node in the back a re moving out of phase . Notice 
that the ribs vibrate considerably . 

Modal Analysis using ES 

ES is a version of EH where the spatia l derivative 
of the out-of-plane deformation field, the slope 
change, is measured (Mohan et a!. , 1994) . The 
experimental arrangement is shown in Fig . S. A 
type II exciter is used at the center of the plate 
on the back side . The object is illuminated by a 
laser light at near normal incidence. It is imaged 
onto the photo sensit ive surface plate of a CCD 
camera via a pi ezo electrica ll y driven mllTor, 

PZMl 

Q 
'-------j U 

U 

Illumination beam 

Object beam 

FIGURE 5 The optical head of the electronic shear
ography setup for measurements of a spatial derivative 
of the amplitude of vibration . 
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FIGURE 6 Modal a nalys is of an edge-clamped a luminum plate using e lectroni c shearography (ES) . 
The plate is vibra ting at its first eige nfrequency at 600 Hz wi th o ne a nti node at th e ce nte r o f the pl ate . 
(a) Fringe pat tern prod uced during the time-average recording of th e pl ate wi th a ho ri zon ta ll y shear. 
(b) The same as in (a) but wit h a posit ive bias mod ul ati o n a nd (c) with negat ive bias modulation. (d) 
A 3-dime nsional plot of the s lope c hange of the vibration am plitude along the x direct io n . compu ted 
from the images show n in F ig. 6(a). (b). and (c). (el The vibration a mpl it ud e fi eld evaluated by nume ri ca l 
integrat io n of Fig . 6(d ). 
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PZMl, and a bias modulation mirror, PZM2, 
placed in the arms of a Michelson interferometer 
configuration. A zoom video lens in the front is 
used along with relay lenses (R) before and after 
the Michelson interferometer. Initially both mir
rors are adjusted so that one overlapped image is 
formed. Shear in any desired direction can be 
introduced in the image by tilting the PZM2. For 
vibration studies, the PZM2 can then be driven to 
provide bias vibration. The two laterally sheared 
wave fronts interfere with each other on the target 
of the CCD camera. The electrical parts of the 
system are the same as in EH [Fig. 2(b)]. 

The shearography optical arrangement is less 
sensitive to environmental disturbances than or
dinary EH. The reason for that is the quasiequal 
pathway for the two interfering images. The use of 
ES in modal analysis also extends the measuring 
range of the amplitude of vibration because the 
sensitivity depends on the shear distance between 
the interfering images that can be set, respec
tively. Figure 6(a)-(c) shows the three interfero
grams used to produce a numerical evaluation of 
the measured slope change. A small bias modula
tion introduces a phase shift of ±7T/3 in Fig. 6(b) 
and (c) via the PZM2. By postprocessing, the 
measured slope change is quantified [Fig. 6(d)]. 
If the amplitude of the vibration is searched, sim
ple and stable numerical integration gives the out
of-plane deformation field [see Fig. 6(e)]. The cali
brated exciter is needed to compare the result 
with other experiments or calculations. 

CONCLUSION 

Reciprocity was used to calibrate the force of 
noncontacting exciters. Two different types of 
exciters were investigated experimentally. Both 
types work as point exciters and will not drive 
vibration modes with nodal lines close to the posi
tion of the exciter. The present exciters were not 
compared with other types. The first type uses a 
small permanent magnet fastened onto the object 
surface and a fixed coil that, via an air gap, gives 
the excitation force. For a small gap between the 
coil and the permanent magnet, the force from 
the exciter becomes quite nonlinear. The smallest 
working distance for one coil/permanent magnet 
combination was determined to be about 1.5 mm. 
These type of exciters can be used for noncon
ducting materials like wood and polymer com
posites. The amplitude of the force was calibrated 
and a typical value was 1/100 N. 

The second type of exciter uses the eddy-cur
rent effect and can be used for objects made of 
a conducting material. A coil introduces eddy cur
rents into the object by inductance. The interac
tion between these eddy currents in the object 
and the stationary electromagnetic field from a 
permanent magnet give rise to the force in the 
object. These type of exciters are true noncontact 
ones, have no mass loading of the object, and are 
recommended for objects made of a conducting 
material. The force depends on the material, the 
thickness of the object, and the distance d be
tween the object and the exciter. The amplitude 
of the force was calibrated and determined to 
about 2/100 N for O. 7-mm aluminum. For a thick
ness of2.0 mm, the force gets 2.2 times stronger. 

The author wishes to thank Dr. Bo Kjellmert for helpful 
discussions about the electrodynamics of the exciters, 
and my supervisor Professor Nils-Erik Molin for his 
support. This work was supported by the Swedish Re
search Council for Engineering Sciences (TFR). 
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