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Abstract

. Stefano Esposito” - Valerio Mussi? - Massimo Goletti” - Michele Monno'?

The use of metal foams for damping vibrations of mechanical structures has found interesting applications in machine tools and
its components. Indeed, undesired vibration is one of the most detrimental causes that limit the machine performance in terms of
the maximum achievable material removal rate MRR. Although positive results were presented in some research works, a
methodology for predicting the damping properties of such materials in the machine tool design phase using finite element codes
is still missing. In order to bridge this gap, in this paper, an experimental procedure for identifying the damping contribution of the
aluminum metal foam to the hosting structure is proposed. The experimental data are even used to develop a model for predicting
the damping. The procedure is further validated on a dummy structure.

Keywords Metal foam - Damping modelling

1 Introduction

The performance of machine tools can be affected by the
presence of undesired vibrations, which negatively influence
the maximum achievable material removal rate (MMR) and
the tracking accuracy of axis. Furthermore, vibrations can lead
to the failure of components such as spindle bearings. This
issue becomes more relevant in high-speed machining, in
which the high cutting speeds lead to major problems
concerning the dynamic of machine tools and vibrations of
its components.

Therefore, dynamic characteristics of mechanical struc-
tures become fundamental in order to avoid dangerous vibra-
tions. In this scenario, damping properties, which are the ca-
pacity of reducing oscillations by dissipation of mechanical
energy, assume a key role. Material (or internal) damping and
structural damping are the main source of damping to be
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considered in the field of machine tools, and they originate
from different physical phenomena. Indeed, material damping
is caused by microscopic and macroscopic dissipating pro-
cesses within the material, while structural one depends on
relative motions between components in correspondence of
points of contact, joints, or supports [1].

The dynamic performance of machine tools can be increased
using innovative materials, such as metal foams. Indeed, this
family of materials has a high internal damping capacity, which
is typically five to ten times greater than that of the metal from
which it is made [2]. Furthermore, the use of metal foams as a
filler (e.g., as foam sandwiches or foam-filled tubes) allows to
increase the structural damping properties of the machine.
Therefore, metal foams allow to minimize vibrations, increase
the MMR, and guarantee a good workpiece quality, but esti-
mation and prediction of damping in mechanical structures,
filled by these materials, still remain challenging. Indeed, the
prediction of damping of complex structures can be extremely
useful tool during the design phase, which allows to reduce the
need of creating expensive prototypes, t0o.

So far, many research studies were performed about the
damping properties of metals (metal foams included). More
specifically, experimental procedures to identify damping pa-
rameters such as loss factor or damping ratio were conceived.
These works were typically supported by FEM models, which
were used to validate the experimental tests or as preliminary
tools (for the setup of test parameters). Formulations for
predicting the damping properties of foamed structures, to
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be used in combination with FEM models during the design
phase of the machine tools, are still missing.

Goletti et al. [3] proposed an industrial-level experimental
procedure to estimate material damping of metal foams, in
terms of damping ratio parameter. Then, they replicated the
test by a FEM model, in which the experimental damping ratio
values were used. The procedure was validated. The main
limit of this method is that it does not consider the damping
behavior of the contact between foam and skin, i.e., the struc-
tural damping.

Arora [4] developed a method to identify structural
damping matrix of simple metallic components, such as can-
tilever beams from complex FRFs (frequency response func-
tions) that were experimentally obtained. This method was
then validated by a representative FEM model. It showed
good agreement between experimental and numerical FRFs,
but its usage was limited to simple structures, and it is strongly
dependent on the considered range of frequency.

Aggogeri et al. [5] compared dynamic performance of a
test ram structure, made of different hybrid materials, alumi-
num foam sandwiches included. First, they performed a modal
analysis by FEM models to analyze the main vibration modes.
Then, they executed an experimental modal analysis to com-
pute FRFs of the prototypes and estimate the structural
damping factor. Their work confirmed the high damping
property of innovative materials like the metal foams.

Strano et al. [6] carried out some experimental tests on
foamed tubes considering different interface conditions, in
order to understand their influence on structural damping.
They used a FEM model, representative of the real test bench,
in order to have preliminary information about the modes of
the analyzed structure. Finally, they conducted an experimen-
tal modal analysis to estimate the damping ratio of the tubes.
With this research, it was demonstrated that interfaces strong-
ly influence the structural damping value.

In the abovementioned research works, different experi-
mental procedures, supported by FEM simulations to estimate
damping in mechanical structures, are presented. The main
limitation of these methods is that the damping values, so
estimated, are valid only for the specific evaluated structures,
and they do not allow to predict the damping behavior of new
systems, which are different from the tested ones.

In this paper, a model to predict damping properties of
metal foams in complex structures was presented. In the first
part of this work, experimental tests and FEM simulations are
performed on simple structures, in this case on aluminum
foam filled tubes, in order to define critical damping values,
which guarantee a good agreement between experimental and
simulated FRFs. Based on the obtained results, a predictive
model of damping factors was developed.

In the second part, the predictive model is validated on the
basis of two different structures. The first one is again an
aluminum foam filled tube, but with different dimensions if
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compared to the previous ones, and the second one is definite-
ly a more complex structure, which is composed of various
foamed tubes. In both cases, the model is used to predict
damping coefficients, which are then applied in the FEM sim-
ulations, in order to obtain the FRF of the system. Finally, the
accuracy and the reliability of the model formulation were
confirmed by the comparison of simulated FRF and experi-
mental ones.

2 Materials and methods

In the following sections, the experimental tests performed on
foamed filled tubes, the corresponding FEM models and the
novel damping predictive model, developed during this re-
search project, are presented.

2.1 Experimental tests

Experimental tests are carried out on aluminum foam filled
tubes, in order to obtain their FRFs. Two different configura-
tions were evaluated during the experimental phase (see
Table 1).

An instrumented hammer (PCB model 086E80) is used to
excite the free end of the tube, and an accelerometer (PCB
model 352C23) is placed opposite to the driving point, in
order to acquire the FRF for both the configurations (see
Fig. 1). The other tip of the tube was connected to a massive
concrete block by means of a circular support and a smaller
flange.

Both the components were made of steel and connected by
bolts (see Figs. 1 and 2). Several types of connection (welding,
glue, etc.), between the tube and the flange, were tested to
minimize the damping effect of the connection interface and
to evaluate the damping contribution due to the tubes only (see
Fig. 3). In addition, the contact area is reduced by means of a
step profile (see Fig. 4). Steel washers are used at the interface
between flange and circular plate to reduce contact area be-
tween these components too.

For sake of simplicity, this part of the test was not presented
in the current paper. In the next paragraphs, all the results are
referred to the case with the welded stepped tube, for which

Table 1 Configuration of tested tubes

Parameter Conf. A Conf. B
Tube length (mm) 190 190

Tube outer diameter (mm) 8 12

Tube thickness (mm) 1 1.5

Tube material (/) Steel (S235) Steel (S235)
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the damping contribution of the connection interface can be
neglected.

Preliminary tap tests on empty tubes were performed for
both the configurations, in order to establish the structural
damping value of the steel tubes (0.001), which has been used
for all the FEM models. In most experimental cases, the half
power bandwidth technique is used to identify damping coef-
ficients. This technique belongs to the category of single
degree-of-freedom (SDOF) methods, which are based on the
one degree of freedom system, modeled by mass-spring-
damper system, but half power bandwidth method may be
affected by not negligible errors, due to poor frequency reso-
lution (see [3]). In the current research work, in order to avoid
the abovementioned estimation errors, the circle fit method is
used for the damping estimation [7]. It is a SDOF method,
based on a regression in the Nyquist plane. It is more accurate
than the half power bandwidth method since it considers more
points for the modal parameter estimation. It is a SISO tech-
nique (i.e., a single input is applied and a single response is
measured), which is applied in a recursive way. This proce-
dure can be used since the distance in frequency domain be-
tween eigenmodes is high.

Fig. 2 Circular support

Fig. 3 Welded tube

In the following tables, the preliminary (Table 2) and main
test cases have been summarized.

As shown in Table 3, the material used for the foam pro-
duction process was Alulight, which has been obtained by
direct extrusion of a AlSil0+0.8%wtTiH, powder (i.e., 90%
aluminum, 10% silicon, and 0.8% by weight of titanium hy-
dride). The experimental results are presented in Tables 4 and
5 below for the first 2 modes.

where £, Sg, and Cl o5 are namely the mean frequency, its
standard deviation, and the confidence interval, calculated ac-
cording to a t-distribution.

In Tables 6 and 7, damping ratios for the two configura-
tions are presented. As expected, the foamed tubes show
higher damping ratios than the empty ones.

where £, S;, and Clj o5 are namely the mean damping ratio,
its standard deviation and the confidence interval, calculated
according to a t-distribution.

ANOVA (analysis of variance) test is performed on the
experimental results for each mode in order to estimate both
the influence of filling (empty or foamed) and the diameter on
the damping ratio mean value [10]. The results of the analysis
were reported in the tables below.

According to the Tables 8 and 9, the P-value is high for the
diameter factor; therefore, the damping ratio mean values
show no significant differences passing from one diameter to

Fig. 4 Stepped tube at the connection interface with the flange
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Table 2 Preliminary test case

Table 6 Damping ratio configuration A

Preliminary test Conf. A Conf. B D. 8 mm Filling &N Se [/] Clo.os [/]
Number of samples 3 3 Mode 1 Empty 0.00089 0.00021 [0.00038; 0.00141]
Foam No No Mode 1 Foamed 0.00285 0.00007 [0.00268; 0.00302]
Mode 2 Empty 0.00116 0.00011 [0.00089; 0.00143]
Mode 2 Foamed 0.01292 0.00386 [0.00332; 0.02251]
Table 3 Main test case Table 7 Damping ratio configuration B
Conf. A Conf. B D.12mm  Filling 3 S Clyos [/]
Number of samples 3 3 Mode 1 Empty 0.00035  0.00028  [—0.00036; 0.00105]
Foam Yes Yes Mode 1 Foamed  0.00220  0.00150 [-0.00152; 0.00592]
Foam length (mm) 180 180 Mode 2 Empty 0.00076  0.00013  [0.00045; 0.00108]
Foam material (/) Alulight Alulight Mode 2 Foamed  0.01713  0.00386  [0.00754; 0.02672]
Table 4  Eigenfrequencies configuration A Table 8  Analysis of variance for damping ratio (mode 1)
D. 8 mm Filling f [Hz] S¢[Hz] Cly 95 [Hz] Source DF SS MS F- P-
value value
Mode 1 Empty 226.2 0.4 [225.2;227.2]
Mode 1 Foamed 218.7 13 [2 15.4; 2220] Diameter [mm] 1 0.000001 0.000001 2.04 0.187
Mode 2 Foamed 13609 3.4 [1352.6;1369.3]  Error 9 0000005  0.000001
Total 11 0.000017

another one [11]. On the contrary, the P-value is nearly null
for the filling factor, which can be considered, then, as the
main source of variation of damping ratio among those
analyzed.

This behavior is clearly visible in the interval plot (Figs. 5
and 6) for both the modes.

2.2 FEM models

Afterwards, the experimental tests were simulated by FEM
models for each tube (see Fig. 7 below). The main aim of
these FEM models was to properly reproduce the dynamic
behavior of the tubes in order to have a good agreement be-
tween the experimental and the simulated FRFs.

There are four parts modelled flange, tube, bolts, and foam
(only for the filled tube case). The bolts are the only part that is
not 3D; they are modelled as beam with an assigned section,
and they are fixed to a circular partition of the flange (pink
areas in Fig. 6), representing the real contact area (surface of
the steel washers), by a coupling connection (Fig. 8).

The connection of the flange to the circular plate (see Fig. 2)
is modelled by an “encastre” constraint on four circular partition,
representing the real contact area (area of the steel washers) on
the rear part of the flange (red areas in Fig. 9 below).

The welding between the tube and the flange is modelled
by means of tie connections, applied on the effective welding
areas (see highlighted surfaces in Fig. 10).

Table 9  Analysis of variance for damping ratio (mode 2)

Table 5 Eigenfrequencies configuration B

— Source DF SS MS F- P-
D. 12 mm Filling f [Hz] S¢[Hz] Cly 95 [Hz] value value
Mode 1 Empty 334.2 0.9 [332.0; 336.3] Diameter [mm] 1 0.000011  0.000011 1.30 0.284
Mode 1 Foamed 321.3 0.8 [319.3; 323.3] Filling 0.000593  0.000593  70.55 0.000
Mode 2 Empty 2057.3 3.6 [2048.3; 2066.3] Error 9 0.000076  0.000008
Mode 2 Foamed 2000.2 4.1 [1990.1; 2010.3] Total 11 0.000680
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Fig. 5 Interval plot of damping
ratio (mode 1)
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The connection between the inner surface of the tube and
the metal foam is also modelled by a tie constraint, applied all
over the outer surface of the foam. This kind of constraint does
not allow the relative motion of the foam respect the tube, but
in the real component, the foam is not bonded to the tube, so
slip can occur. This relative motion could explain the high
damping ratio for modes with a parabolic shape (e.g., mode
shape 2 in Fig. 11), in which there is a high energy dissipation
due to friction, as suggested by Baumeister et al. [8]. To model
the relative motion would be computational expensive, so it is
better to focus on the damping model and the material prop-
erties of the foam.

For all the parts, except the metal foam, a steel material is
used (see Table 10 below).

As already said, it is strictly important to model properly
the damping behavior of the foamed tubes. For this reason, a

Fig. 6 Interval plot of damping

ratio (mode 2)
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well-validated damping model as Rayleigh one has been used
for the metal foam. This model allows to calculate the critical
damping factor 4; as a function of natural frequencies w; of the
structure, but it requires user-defined input parameters « and
{3, which represent the mass proportional contribution and the
stiffness proportional contribution, respectively:

o a | Pw;
2w 2

(1)

For the above reasons, coefficients « and (3 have been
tuned in order to match experimental and simulated FRFs
(see Fig. 11). Coefficients o« and 3, for both the configura-
tions, are reported in Table 11.

The extracted mode shapes 1 and 2 are shown in Figs. 12
and 13 for both the configurations of foamed tubes.

Interval Plot of Damping Ratio - mode 2
95% Cl for the Mean

- -
2.0 2.0 2.0 2.0
Empty Foam Empty Foam
8.0 12.0
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Fig. 7 FEM model

Fig. 8 Coupling connection

For sake of simplicity, the comparison between experimen-
tal FRF and simulated one is shown only for the conf. A of
foamed tube (Fig. 14), but the same procedure is applied for
conf. B and similar results were obtained.

2.3 Damping predictive model

The « and /3 values, obtained in the previous phase, were used
to develop a predictive model, which allows to estimate
Rayleigh coefficients on foam filled structures made of one
or more circular tubes. A linear relationship between Rayleigh
coefficients and Af'is proposed. Af'is the difference between

Fig. 9 Encastre constraint
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Fig. 10 Tie connection between tube and flange

Fig. 11 Tie connection between tube and foam

the frequencies of a pair of vibrational modes of the structure.
In order to have a correct estimation, the chosen pairs have to
respect vibrational similitude. Indeed, the two mode shapes of
conf. A should be similar to the two modes of conf. B (see
Figs. 9 and 10). A linear formulation for o and  was con-
ceived, as shown in the following formulas:

a=my X Af +4, (2)
B=mgxAf +qg 3)

where m,,, mgz and q,, g3 have been extracted during the
previous experimental phase. It is important to point out that
these four coefficients depend only on the materials of the
tested circular tubes (see Table 12 below).

On the basis of the collected data for the tested tubes and of
the previous equations, it is possible to build a 3D plot (Fig. 15),

Table 10  Material properties of FEM model

Steel Foam
Young’s modulus 206 GPa 1.35 GPa
Poisson’s ratio 0.33 0.35
Density 7600 kg/m® 350 kg/m’®
Structural damping 0.001 0
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Table 11 Rayleigh

coefficients Foam Conf. A Conf. B
[od 345 487
B 0.00054 0.0008

Fig. 12 Mode shape 1 for foamed tubes (conf. A and conf. B)

which represents the variability of the critical damping factor /
as a function of frequency f'and Af.

The proposed predictive model allows to calculate
Rayleigh damping coefficients to be used in the FEM model
to simulate the vibrational behavior of aluminum foamed
tubes. This is a big advantage because, if the same materials
are used, no further experimental tests are needed for the de-
sign of new components. In addition, this model can be ap-
plied to more complex structures with respect to the tested
ones, as it will be shown in the next paragraph.

3 Results and discussion

In this section, the validation of the proposed damping
predictive model is presented. Two representative struc-
tures were considered, and the validation was performed

Fig. 13 Mode shape 2 for foamed tubes (conf. A and conf. B)

T T T T T

——experimental
—fem

10"t

magnitude [mm/N]

1000 2000 3000 4000 5000 6000
freq [Hz]
Fig. 14 FREF validation for foamed tube (conf. A)

Table 12 Coefficients

for steel-Alulight Coefficient Steel-
material Alulight
m, 0.2872
o 7.072
mg 4.7673e-07
qp 4.3360e—06

on the basis of the comparison between the simulated and
experimental FRFs.

3.1 Model validation on foamed tube

In order to have a first validation of the damping predictive
model, further configuration for the foamed tubes was evalu-
ated (see Table 13 below):

Firstly, the eigenfrequencies were extracted by a FEM
model of the tube, so no damping input data were required.
The natural frequencies of the first 2 modes are used as input
parameters of the proposed Af-based predictive model, in

X

‘ ’ .. 77

{77 TZLLS
\s‘&.’:...'.‘;':.‘ruu,’,'
ST ZZ LTI
O e e
(AL .."I""'"III’I

Fig. 15 Critical damping factor 3D plot
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Table 13 Configuration

C Parameter Cont. C
Tube length (mm) 190
Tube outer diameter (mm) 12
Tube thickness (mm) 2
Tube material (/) Steel
Foam length (mm) 180
Foam material (/) Alulight

order to estimate the Rayleigh damping coefficients  and f3.
This pair of modes was chosen as their shapes were similar to
those ones used for the determination of the coefficients my,
mg, q« and gg.

Afterwards, the so-calculated Rayleigh coefficients were
used in a FEM model to simulate the damping behavior of
the 12 x 2 mm foamed tube and to calculate its FRF. In order
to validate the predictive model, the simulated FRF is com-
pared with the experimental one. As shown in Fig. 16 below,
there is a good agreement between the frequency response
functions. In fact, the damping behavior, in terms of magni-
tude of the peaks, was properly estimated.

In addition, the percentage error £, ; on the estimation of
the magnitude of the ith mode is calculated as follows:

_ MFEM i Mexp,i

Epi = — 20 6Pl 0100 (4)

’ Mexp,i

where mggy i and mey, ; are the experimental and simulated
magnitudes of the ith mode, respectively. Results are reported
in Table 14 below:

It can be seen in Table 11 that the peak amplitude of the 1st
mode was predicted quite well; instead, the 2nd mode showed
a higher error, maybe related to the lower similarity of the
chosen mode with the 2nd mode of the predictive model.

——experimental
10° fem

<
£
£ 3
8 10 / 1
E A
Z / %
8 AN\

{ = 72~
E 10} \//

1000 2000 3000 4000 5000 6000
freq [Hz]

Fig. 16 FRF validation for foamed tube (conf. C)
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Table 14 Magnitude error conf. C

Mode number Mgy, [Mm/N] mppy [Mmm/N] En [/]
0.852243 0.933667 +10%
2 0.007164 0.010880 +52%

3.2 Model validation on complex structure

The previous procedure was even applied to a more complex
structure, in order to verify if the damping prediction formu-
lation still works properly. A structure, named D-cage, com-
posed of aluminum foamed tubes (conf. B), was chosen for
this phase (see Fig. 17).

Like the previous case, the eigenfrequencies and the mode
shapes of the structure are calculated by FEM models.
Comparing the mode shapes, it is possible to hypothesize a
similarity between the first mode of the single tube and the
first mode of the D-cage and, again, a similarity between the
second mode of the single tube and the fourth mode of the D-
cage (see Figs. 18 and 19).

Since the structure was quite different than previous ones, it
was necessary to verify the similitude. In order to assess if the
chosen mode shapes were similar to those ones used for the
determination of the coefficients m, mg, q4, and qg, the mod-
al assurance criterion (MAC) analysis [7] was used. Indeed,
the chosen pair of mode shapes of the foamed tube (conf. B)
and of the D-cage was compared by means of the following
formula:

2

[{wa) (o,
(ol () (e ;)

MAC(r.q) =

In Eq. 5, MAC is calculated as the normalized scalar prod-
uct of two set of eigenvectors {14} and {1y}, corresponding
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if
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i

Fig. 18 Mode shape 1 for foamed tubes (conf. B) and D-cage

to the mode shapes to compare. The MAC takes value from 0
(representing no similarity) to 1 (representing perfect similar-
ity) [9]. In Table 15 below, MAC results are reported.

Both MAC are high enough to consider the modes to be
similar, so Af can be calculated as the difference of the first
and the fourth eigenfrequency found for the D-cage
(Table 16).

Fig. 19 Mode shape 2 for foamed tube (conf. B) and mode shape 4 for D-
cage

Table 15 MAC results

Conf. Mode number Mode number
B 1 2

D-cage 1 4

MAC 0.9342 0.8350

Table 16  Magnitude error D-cage

Mode number Meyp [mMm/N] Mgy [Mm/N] En[/]
1 0.032784 0.030550 ~7%
2 0.024606 0.024041 —2%

As for the foamed tubes, simulated FRF was extracted by
FEM simulations and compared to the experimental one. The
simulated FRF (Fig. 20), based on the damping coefficients
extracted by the proposed damping formulation, fits quite well
the experimental one (see Fig. 6); therefore, the proposed
model for the identification of « and 3 seems to work properly
even for a more complex structure.

The good agreement of the FRFs is confirmed by the re-
sults in terms of percentage magnitude error E;.

4 Conclusion

In the proposed research work, a model to predict damping prop-
erties of metal foams in simple and complex structures was pre-
sented. In the first part of the paper, experimental tests and FEM
simulations were performed on simple structures, i.e., aluminum
foam filled tubes, in order to define their dynamic properties, in

10" T T
| ! ——experimental
1()'2 v .‘{' rrrrrrrrrrrr fem 4
|
€ v
€, al 7 ]
EVL = \ _
(<} ol \/ S
ke / e
= 10* 1Y, T
= [\
34 i\
£ 10° E
100 F 3
100 200 300 400 500 600 700
freq [HZ]

Fig. 20 FRF validation for D-cage structure
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terms of critical damping factor /;. The foamed tubes were all
made with the same materials, but different diameters and thick-
nesses were tested and their FRFs experimentally measured. The
collected data were then used in FEM models, in order to repli-
cate properly the tests and to identify Rayleigh damping coeffi-
cients v and 3, which best fit the simulated FRFs with the ex-
perimental ones. The so-obtained Rayleigh coefficients were
used in the damping predicting formulation, which allows to
estimate o and 3 (and therefore critical damping factor /;, too)
as a function of Af; i.e., the difference between the frequencies of
a pair of modes of a no-tested structure. The chosen mode shapes
have to be consistent (have to respect similitude) with those ones
used for the determination of coefficients of the conceived pre-
dictive model m,,, mg, q,, and g5 The main goal of this novel
formulation is to estimate critical damping factor /4; on different
or more complex structures with respect to the original ones,
without the necessity of repeating experimental tests. In fact, it
is just required a frequency FEM analysis on the new structure as
long as the materials do not change, in order to calculate Af'and
obtain the related /; by the proposed formulation.

In the second part, the proposed model was validated, con-
sidering two different structures. The first one was an alumi-
num foam filled tube, but with different dimensions. On the
contrary, the second evaluated structure was more complex
since it was made of several foamed tubes. In both the cases,
the formulation was exploited to predict coefficients «v and
to feed the FEM and for obtaining the simulated FRFs, with-
out the necessity of experimental tests on the evaluated struc-
ture. Finally, the adequacy of the model was confirmed by the
comparison of simulated FRFs and experimental ones.

Nomenclature o, Mass proportional Rayleigh coefficient; 3, Stiffness
proportional Rayleigh coefficient; Clyos, Confidence interval at 95%;
Conf., Configuration of tested tubes; D., Outer diameter of the tube; Af,
Difference between first two eigenfrequencies; £, ;, Percentage magni-
tude error of the ith mode; f' Mean frequency; FEM, Finite element
method; FRF, Frequency response function; 4, Critical damping factor;
h;, Critical damping factor of ith mode; m,,, Gradient in «v linear equation;
mg, Gradient in 3 linear equation; meyy, ;, Experimental magnitude of the
ith mode; mggy ;, Simulated magnitude of the ith mode; &, Mean damping
ratio; {\{A}, Eigenvector mode A; {{x}, Eigenvector mode X; g,
Intercept in « linear equation; ¢, Intercept in 3 linear equation; Se,
Standard deviation of damping ratio; S; Standard deviation of frequency:;
w;, Natural frequency of ith mode
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