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~ TITLE: ACOUSTIC DEVICE COMPRISING A PANEL MEMBER RELYING ON BENDING WAVE ACTION

FIELD OF THE INVENTION

This invention relates to acoustic devices capable of
acoustic action inﬁolving bending waves.
BACKGROUND TO THE INVENTION

Co-pending International Patent Application PCT/GB96
/02145 (published W097/09842) includes wvarious teaching as -
to nature, structure and configuration of .acoustic panel

members having capability to sustain and propagate input

‘vibrational -energy through bending waves in operative
. area(s) extending transversely of thickness usually (if not

~ necessarily) to edges of the member(s). Detail analyses are

made of wvarious specific panel member configurations, with
or without directional anisotropy of bending stiffness

across said area(s), so as to have resonant mode wvibration
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components distributed over said area(s) beneficially for

acoustic coupling with ambient air. Analyses extend to
predetermined preferential location(s) within said area(s)
for transducer means, particularly operationally active or
moving part(s) the:f:eof effective in relation to acoustic
vibrational activity in said a::e.éx(s) and signals, usually
.electrical, corresponding to acoustic content of ‘such
vibrational activity. ﬁses are aléo envisaged in the above |
PCT 'applicétion for such members as or in ‘'passive "o
acougtic devices, i.e. without transducer means', such as
for . reverberation or - for acoustic filtering or for
acoustically "“voicing" .a space or room. Other nactive
acoustic devices, i.e. with bending wave transducer means,
inclﬁde a remarkably wide range of loudspeakers as sources
of sound when supplied with input signals to be converted
to said sound, and also 1n such as microphones when exposed
t.o sound to be converted into other signals.

Co-pending International Patent Application PCT/GB98/
00621. concerns applying to panel member(s) distribution(s)
of stiffness(es) and/or mass(es) not centred coincidentally
with centre(s) of mass and/or geometrical centre(s). This
is particularly - (but not. exclusively) useful to

beneficially combining both pistonic acoustic action (as
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for hitherto conventional, typically cone-type,
loudspeakers) with bending wave acoustic action generally
~as in the above published PCT application. Specifically,
location(s) of transducer means for both pistonic and
bending wave actions can include at centre(s) of mass
and/or geometrical centre(s) (as very much suits'pisténic

action), but still satisfy general desiderata for bending

. wave action.

Thig invention has arisen from intuitive feeling that
various approaches of the above PCT applications to design’
and specification of acoustically useful bending wave
action members reflect some other useful -concept/

methodology that should be capable of yielding as good or’

yet better and/or as practical or more practicai design/

specification criteria, perhaps including other useful
configurations and transducer locations not before
specified or otherwise appreciated. it has been an object
of this invention to investigate, and arrive at such
results.
SUMMARY OF THE INVENTION

According to first general method and device aspects
of ‘this invention, panel member parameters affecting

bending wave action, such as particularly configuration/
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geometry in relation to bending stiffness{es) and/or
bending wave transducer location(s), is/are in accordance
with desiderata applied to analysable characteristic(s)

relevant to power transfer for the acoustic device

. concerned, such desiderata 'usefullly favouring acceptable

:digt:ibution and/or density and/or evenness of ex'cii’:ation
of acoustically .r.ellievan’c resonant modes of surface
vibration involved in bending wave action.

It has been ,pairt;icularly- established that desirably
effectiire resohant m§de density/distribution correlates
with a measure of smoothness of power transfer for the

acoustic device concerned; and use and results of such

- correlation in terms of acoustic panel wmembers involving

~bending wave. action constitute wvarious other aspeéts of

~ this invention.

~Underlying inventive raticnale or - concept involved
includes appreciation that, for active acoustic devices as
sources of sound, satisfactory acoustic performance of
panel members concerned is more "depéndent on smoothness of
power output than on hitherto conventionally esteemed
flatness of output over whatever frequency range . is
concerned/desired. Deviation from flatness of output is

actually readily compensated by suitable electronic signal
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conditioning, specifically so long as the output deviations
concerned are reasocnably smooth.

Enexrgy losses withiq panel members and transducer
means of acoustic devices concerned tend to be both
relatively small and reasonably smooth in themselves.
Accordingly, for the purposes hereof, effectiveness of
deviceldesign and specification can be based on swmoothness
‘of input power transfer, including particularly as to
geometry/confiquration such as aspect ratios and as to
bending wave transducer location(s) such as in terms of
proportionate_co-ordinates.

Whatever particular characteristic(s) is/are involved
in assessing smoothness of power transfer, conveniently and
preferentially inpu: power transfer, it is practical to be
éoncerned with deviation from some useful condition, state
or value,. whether of arbitrary or of relational nature.
Thus, analysis relative to same or unity weighting of
~whatever vresonant frequency wodes are concerned has
produced useful results, as has analysis relative to mean
value(s). However, selective adjustment of weighting etc is
also seen as useful refinement, for example at least for
end-most modal frequencies involved, particularly lowest;

and feasibly more generally or otherwise.
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The frequency modes concerned/involved in analytical

assessment hereof can be as arise from making practically

~viable simplification, such as using analogies of one-

dimensional nature, say to orthogonal beams notionally in
directions parallel to pairs of ' opposite sides of
substantially rectangular panel members. This
simplification approach reflects success achieved in
specific teaching of  W097/09842, including  first

consideration relative to a number of resonant modes in

-each beam direction ' and directly related inter4acti\}e
 modes. Refinements of analyses relative to two-dimensional
.relationships should more closely reflect realities "of
- panel members -as such, including revealing and taking
_ _,__app__ropriate account of more inter-actively related resonant

‘modal frequencies.

Preferred said characteristic(s) relevant to power

.transfer for the panel member include criteria for

mechanical impedance, say as to standard deviation with

. application of a smoothing factor, say 10%.

In some particular inventive aspects hereof, criteria
for mechanical impedance are used in assessing input power
transfer, specifically in £finding practical geometries

and/or stiffness parameters/distributions of panel' members
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for acoustic action relying on distribution of resonant

modes of bending wave action. It can be of high practical
value first to investigate relative to known favourable
transducer locations and to present results functionally,
usefully graphically, relative to variant aspect ratios of
general geometrical shape concerned in looking for minima
of deviation.

In other particular inventive aspects hereof, criteria
for mechanical impedance is/are used to find practical
transducer 1locations for particular desired geometries/
configurations and/or stiffness distributions of panel
members for acoustic action involving bending_ waves,
gpecifically and advantageously without limitation to panel :
members having fav_ourable geometry/configuration such as

available from said some inventive aspects. It can be of

high practical value to investigate wvariable one relative

to fixed other of co-operative aréal locators such as co-
ordinates of transducer location and present results
functionally, usefully graphically, in looking for minimum
deviation of preferably smoothed mechanical impedance. It
can also be of high practical value to present results of
this investigation of panel members as areal distribution

of mechanical impedance or deviation thereof, conveniently
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in contoured manner to indicate extremes and gradations

between, and for which it is a matter of choice ‘whether to
apply selected values ‘and/or to normalise relative thereto,
or to do no more than have relative step-wise gradations
indicate at least best and ﬁorst locations, say within 10%
or less steps.

In further aspects of ‘invention héreof, geometries
promising for acoustic action involving bending waves are
ir_westigated using a -.'measu're of mechanical impedance for
promising - transducer  locations, and such promising °
goometries are further investigated in relation to use of

such promising transducer - locations, such investigations -

" being capable of application ‘cumulatively/successively/

rqcursively for .any desired degree of further réfinihg' of
both of promising gefoﬁietrical parameters and i)romising
transducer location parameters.

For substantially rectangular panél ‘members and
methodology, " gimplification based anaiyses involving
superposition of orthogonal beam-type functions, and with
reference to ' 10% smoothness criteria for mechanical

impedance, have confirmed and refined calculation for .one

‘known preferred aspect ratio, specifically 1:1.134 as

taught in above published PCT application, to be at about
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1.138:1; and refined proportionate co-ordinates for

transducer location (4/9, 3/7) thereof to about
{0.440,0.414). In addition, however, and starting from
substantially the same transducer location co-ordinates,
analyses hereof have revealed another promising aspect
ratio, specifically at about 1.41 to about 1.47. 1In
practice, particular investigation of 1.47 aspect ratio
with transducer locations substantially at proportionate
co-ordinate position(s) (4/9, 4/9) led by cumulative
refinement to aspect ratio 1.41 aﬁd transducer co-ordinate’
locations 0,455, 0.452; indeed, to appreciation that thei‘e
may be considerable inter-relationship between these 1.41
to 1.47 aspect ratios and variant transducer locations.

It is a particular inventive aspect hereof that : a
substantially rectangular panel member (as or in an
acoustic device and relying on 'bending wave action) and
substantially isotropic as to its bending stiffness in at
least two directions has an aspect ratio of about 1.41:l1 to
about 1.47:1; and another particular aspect of invention
that proportionate co-ordinate transducer location(s)
involve substantially 0.453 and/or substantially 0.447.

Mor;eover, two other reasonably promising aspect ratios

have also emerged from further development of simplified
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beam type analyses, namely about 1.6 and about 1.2,
together with wviable ﬁransducer' locations at (0.41, 0.44)
and (0.403, 0.406), respectively; again with expectation of
- useful inter—relationship‘s between particular aspect ratios
and particular transducer locations.
It has further been established for the purposes of

this invention that, perhaps particularly for panel members

. of favourable geometries/configurations, including such

. variations as known to arise from anisotropy of bending -

stiffness(es), . the above attainable high specificity as to
transducer - locations amounts to refined determination
_ wit__hin more extended areas that are generally favourable in
. terms of transducer locations.  Indeed, there is strong
correlation between size of such areas, particularly medial
but .off-ce.ntre. ‘for panel members with isotropy of bending
stiffness, and favourability of geometry/configuration,

thus between what might be termed truly significant high

specificity and unfavourability of geometry/configuration.

At least for the latter, it can be particularly valuable to
utilise accompanying analyses by scrutiny of power output
with frequency and/or_'finite' element analysis (FEA)  at
“least to assess low frequency modality, say as indicative

of start positions for analysis of transducer location as
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above (or below) and/or of overly intrusive resonant modes

for useful correction by localised clamping/damping or for
compensation by signal conditioning. Interestingly, for

favourable substantially rectangular geometry/configuration

viable edge adjacent transducer locations are -indic_:ated on

basis of mechanical impedance characteristics/desiderata.
The above-indicated alternative techniques utilising
inherently two-dimensional analysis, also 'in terxms of
mechanical impedance, generally confirm efficacy of above
aspect ratios and transducer locations, including pr'om'isi”ng
relatively discrete and extended areas, whether or not for
hitherto favoured aspect ratios, thus efficacy of ~ such
methodology and results with manifest wmerit of a geﬁeral'

nature even including converse approaches identifying

~particularly poor areas to be avoided for transduéer'

location ,a_nd/or aspect ratios of low prospects (albeit then
capable of indicating possibly or likely viable, or beét
attainable singly or in combination, transducer locations
in unfavourable geometries).

It is of particular practical interest that hitherto
known least promising or worst cases of most symnetricél
geometries, such as isotropic as to bending stiffness

within square or circular boundaries, and substantially
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central locations of transducers, continue to be indicated

as poor' combinations, ‘but that much more or most promising

transducer locations can now be identified even to the

- point of viability at ‘least for p‘érhaps relatively limited

frequency ranges and output responses.

Inventive methodology  hereof and results obtainable

. can .take account of boundary conditions ranging from free

or only 1lightly - damped  to more strongiy dafnped ‘and
constrained including' clamped ' for which promise is," if

anything, now highest '(and practically highly beneficially"

80 in relation to actual physical 'impleméntation and
_.presentation of acousti¢ devices hereof, partidulafly in or

. as panel-form loudspeakers).

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary specific implementation of methodology

- embodying this invention, including results theredf,' is nbw"

described and detailed with reference to thé accompanying
diagrammatic drawings, in which:

Figures 1 is an 6utline' diagram indicating basis of
specific implementation hereof;

Figure 2 ‘indicates . rationale(s) of analytical
processing hereof;

Figures 3A and 3B are graphical representations of
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mechanical impedance with frequency in substantially

rectangular isotropic panels starting with selected aspect
ratios;

Figures 4A, B and C are graphical illustrations of a
measure of smoothed mechanical impedance (deviation/
variation) for particular transducer locations to indicate
useful aspect ratios of rectangular panels;

Figures SA - D are graphical illustrations for one
previously known particular panel aspect ratio and known
values of one transducer location co-ordinate to
investigate value of the other co-ordinate;

Figures 6A - D are graphical illustrations for another
previously unknown particular panel aspect ratio and known
values of . one transducer location co-ordinate to
investigate values of the other co-ordinates;

Figures 7A and 7B are generally similar to Figure 3
but starting with other selected aspect ratios;

Figures 8A - D are generally similar to Figure 4
showing confirmation of aspect ratios previously indicated
as useful (Figures 8A, B) and also indicating further
promising aspect ratios;

Figures S9A - D are areal contour plots of mechanical

impedance demonstrating transducer location co-ordinate
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determination for panels with aspect ratios indicated in

- previous Figures;

Figures 10A, B are quarter-panel areal contour plots
for smoothness of mechanical impedance for the aspect
ratios of Figures 6A - D;

Figures 11A, B and 12A, B and 13A, B are also

_generally similar - toz Figures 3A, B but for boundary

conditions in which all panel edges are clamped;

Figures 14A - C are generally similar to Figuré 4 but’

related to Figures 11, 12, 13 and location of promising

aspect ratios;

Figure 15 is similar to Figures 10A - D relative to
the aspect ratio of Figure 13A; - | |

Figure 16 shows graphical comparison of the frequency
responses of various aspect ratio panels, including those
of Figures 11, 12 and -i3;

Figures 17A - T are quarter-panel contour plots of

mechanical - impedance : obtained by full two-dimensional

. analysis/methodology;

Figure 18 is a larger scale quarter-panel contour plot

of mechanical impedance for longest known favourable aspect

ratio 1.134; and

Figure 19 is a corresponding three-dimensional plot.
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PARTICULAR EMBODIMENT (S) OF THE INVENTION

In Pigure 1, an active acoustic device, specifically a
distributed wmwode acoustic panel member complete with
exciting transducer(s) is represented by block 10, |
basically as a "black box" with electrical input 11 shown
from_ such an audioc amplifier, acoustic output 13 shown in
phantom for in-principle completeness in equivalent
electrical terms as driving res_istive impedance Zair, and
indication of intrinsic losses also in electrical terms as
resistive 1eéka_ge path 14 to ground.

By its nature as a structure sufficiently stiff to
support bending wave action and afford useful acoustic
coupling to air, é resonant mode acoustic panel comp"onent
of "black box" 10 will have low loss. Also, bending wave
transducers along with usual couplings to 'such panel
generally have low losses; and overall loss representéd by

path 14 tends to be low, at least compared with input and

output power at 11, 13 - which would be good for proposed

analysis whether or not smcoth, but does also tend to be
reasonably smooth thus further beneficial.

.Figure 2 is believed to be helpful for understanding
basis of analytical assessment for which worked examples

will be given relative to later Figures. Block 21



10

15

WO 99/41939 PCT/GB99/00404

16 -
indicates a first useful exercise to some extent common to

the above-mentioned published PCT -application, specifically

looking at spacings oOf resonant mode frequencies. Indeed,

such inspection based on angled single dimensions relevant -

to fundamental ' frequencies, specifically as for notional

orthogonal beams parallel to sides of a rectangular panel

‘member, is indicated at 21a; and is, of course, inherently

of a nature that is positionally one-dimensional though

capable of 1limited ' two-dimensional application as to

frequency. More complete two-dimensional treatment is

- indicated at 21B, essentially using inherently two-

dimensional equations of vibration in plétes.

The next indicated stage 22 represents investigation

. of modal distribution and mechanical 'impedance, on the one

. hand relative to assumed equal or unit excitement of each’

mode (22A), i.e. without appl‘ica:tion. of any differential

weighting; and on the other hand ‘taking account of mean

values (22B), preferably with further selective adjustment

for end-most modal frequencies involved. A further stage
of inter-active assessment of - estimated mechanical
impedance is indicated at 23, specifi’cally as to aspect
ratios relative to specific drive-coupling transducer

positions (23A) and as to specific transducer positions
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"relative to aspect ratios (23B).
More specifically, spread of frequencies of natural
resonant modes for an acoustic panel member is readily

investigated by use of central differencing analysis, viz:-

, last{A) - 1

where An are resonant mode fre..quenci'es (eigenvalues) in
ascending order.

Appropriate refinement regarding investigating spread
of resonant mode frequencies can include considering useful
sub-groupings according to some characteristic, say of a
nature involving symmetry. For example, for substantially
rectangular acoustic panel members, and at least relative to
orthogonal beam simplification, the SEE measure could be in
relation to odd-odd, even-even, odd-even and even-odd sub-
groups of resonant modes individually for such sub-groups and
collectively by weighted summing, viz:- '

Fmoo(c:) i« | Jor poec 1,3..P~1
for gqoe 1,3.Q-~ 1
Al Ez.1+2;1hfm(“sp°lqc)

sont(A)

Free{a) = | for pee 0,2.P-1
. ’“ q’e 0,2..0'- 1
A
N.'-? “szzhﬁn(“vpelqe)

Jeoneay

Pnixi(a)_z.' for poe 1,3..P ~ 1
: -~ for g8¢ 0,2,,Q- 1
A : '

. E;1+52=¢-ﬂn(u.pu.qe)

sort(A)
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Fmix2{c) = | for pee 0,2.P - 1
for goe 1,3.Q- 1
Bmm+q'°2 4 & fina,pe,qo)

son(B)
a-SEE(Fmoo(a)) + b-SEE(Fmee(«)) ...

+ ¢ SEE(Fmix1{a)) + & SEE(Fmix1(ex))
axbsres d

SEW(a.a,b,c,d) =

The values of freqi:_tencies of natural resonant modes and

their distribution or spread depend on. m‘ateriais/ structure

and geometry/configuration of panel members concerned; and

indicate 'suitability for acoustic device application, for

- which evenness of spread/distribution is established as being

particularly beneficial - There is, of course, no account
taken of transducer location at this stage.
For known resonant mode frequenc1es and correspond:.ng

-shape of bending wave vibration can also be modelled, the

- mechanical admittance can be investigated for any particular

transducer locatn.on (p,q), viz:- .

wf
3 w[ZZ(Z(p@)) (Z(q:m) p;;-_e’ .
Ym(w)=| -o[ [“”H) :]+2}C°'",q ]

where Yp,q is the square ‘of the amplitude of the mode shape
at the transducei‘ location concerned, and § represents' an
amount of damping. Plotting a log-log graph can facilitate
finding smoothest re:spo_r'_lse, or the rootﬁ mean square deviation

can be investigated over a specified range, say for minima of
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1

oo [ Tx(eof o)

or of

stagn) = J;’x--in:&-(wi-'os(l’fm(xu-mﬁm)!))2]

representing applicat‘ion of a weighting function.

' Where the resonant mode frequenéies are known, but not
the corresponding vibration shapes (or same not modelled and
taken intoc account by choice), investigation of intrinsic

mechanical impedance can be investigated using the formulae

Vi'(w)e} o ZZ’,[

T

SAabm) > }gx-.-lz'a-(wm(lvm'(xi.«)m*|

which can be done without reference to any particular
transducer location by setting Yp,q to unity. Results will
not be as accurate as for mechanical admittance .taking
account of transducer location, and will be slower than above
investigation of mechanical admittance. _

Figure 3 is a graphical representation of variation of -
of wechanical impedance with frequency choosing rectangular
panel aspect ratios expected to be above (1.527), below
(0.838) and between (1.141) optimum for useful acoustic
action substantially isometric panels. Figure 3B shows

real and imaginary components of the mechanical impe.dance
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for the intermediate aspect ratio (1.141). Generally smooth

nature at higher freq@encies is apparent, and importance of
resonance modes at lower frequencies is implicit, as
already well established from the above published PCT
application, .particularly distribution as evenly as
ptactical. | |

Figure 4A plots ? measufe'(SD) of standard deviation
of mechanical impedance agaiﬁst aspect ratio for a
substantially isotropic rectangular panel wmember with a

preferred transducer location from the above published PCT

application, specifically at proportionate length and width

co-ordinates (0.444, 20.429),. and subject to a smoothing
fadtor.of 10%. Expectéd 6ptimum aspect ratio of 1.134:1 is
sﬁbstantially ~confirmed by oﬁe minimum of the plot.
However, §ther minima'éppegf; particularly.one of piomiSing
dépth and greater 'width; i:e; less shaiply defined,
specifically bottominglat about 1.47:1.

Further investigations of these aspect ratios for

standard deviation of mechanical impedance against

~ proportionate co-ordinate values for transducer locations

have led to useful refinement of the latter. Thus, for the

éspect ratio of 1.134:1 of the above published PCT

 application, plots of Figures 5A - D in turn set eacﬁ”of

length and width prbpbrtionate transducer location - co-

ordinates to the established values of 3/7 and 4/9 and show
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10% smoothed standard deviation of mechanical impedance for

the pther_ proportionate co-ordinate, i.e. of width and
length,' respectively. These investigations result in
refinement of the 0.444 value to 0.441 and of the 0.429
value to 0_.414; and results of listening tests' have shown
noticeably improved performance; both subjectively and
objectively within constraints and limitations of such
measurement exerciseg .

The plots of Figures 6A - D likewise investigate the
unexpected aspect ratio possibility at its minimum value of
about 1.47:1. The resulting wvalues for length and width
proportionate co-ordinates of transducer location are 0.453
and 0.447. Further listening tests have shown excellent
promise for acoustic performance, and the lesser curvature
of the minimum concerned in Figure 4A is believed to be
particularly advantageous by reason including actual
practical transducers inevitably having extent beyond their
centring at particular prescribed positions.

The investigation represented by Figure 4A was then

repeated for the transducer location co-ordinate wvalues

arising from Figures 5A - D and Figures 6A - D, and results
shown in Figures 4B and 4C, respectively. Figure 4B shows

that the minimum for the standard deviation of wmechanical
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impedances bottoming at the aspect ratio 1.134:1 is

deepened and sharpenéd, whereas that at 1.47:1 is less deep
and sharper. This, of course, correlates well with the
greater changes of co-ordinate values arising from Figures
6A - D compared with Figures 5A - D. Figure 4C produces a
refinement of the aspect ratio 1.47:1 to 1.41:1, including

to a .deeper wminimum ‘of standard deviation of mechanical "

_impedance. The interestingly deep minimum at an aspect

ratio of about 0.72:1 is, of course, close to reciprocal |

for 1.41:1, thus to be expected; and, for the indicated’

lesser minima at about 0.66:1 and 0.85:1 in Figure 4A, =

perhaps particularly in view of refining a little downwards
i'n. Fi_gu:_fe 4B,. _thére 'ié c1o.seness' to the reciprocals for
upper of the range 1.141/1.47:1 and lower of 1.134/1.138:1,
respectively. |
Indeed, much as these processes of refinement,
including mutual refinement, can be of value in optimising
for best available acbuscic performance, they appear to be
as valuably viewed in terms of indicating ranges of
variation for viable acoustic operation. Particular merit
arises in identifying areas of viable location  for
transducer means, perhaps especially for panel members ‘with

favourable geometry/bending resistances, and further for
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optimisation of loca.tions for two or more transducer means
on the same panel member. However, at least equal. merit
arises in identifying best available ' locations for
trapsducer means on panel members of unfavourable geometry/
bending stiffnesses. Much the same applies to identifying
worst locations for transducer wmeans, i.e.. ags to be avoided
even where high acoustic performance is not deemed to be
necessary. Accordingly it .is found to be useful to present
analytical results on a relative basis, effectively in
percentage terms, though any particular values could be
applied, and normalisation may be seen as useful. It is the
case that favourable geometry panel members show larger
~areas for 1likely wviable-to-good/best locations for
transducer means, and unfavourable geometry panel members
show smaller such areas; and that edge 1locations are
confirmed as viable,_ though perhaps normally best used in
pairs to ensure similar excitation of resonant modes that
useful beam-based simplifications indicate as related to
| different geometrical axes.
Moreover, due account should be taken of available
power output, whether as to low being acceptable for even-
ness of excitation of more resonant modes, or high being

preferred even at cost of fewer modes excited and/or less
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evenly excited. However, higher numbers and wore evenness
are usually associated with smoothness of power, and are
most readily compensated towards flatness by suitable
electronic input signai conditioning, ‘at least where power
efficiency is not necessarily .of pai:amount importance.

Figures 7A, B indicate arriving at the aspect ratios
1.38 and 1.41, together with transducer location co-
ordinates (0.44, 0.414) and (0.455, 0.452), respectively,

see Figures 8A, B, by'a route as above for Figures 3A, B

_ete, but starting from aspect ratios 1.149, 1.134 and

;- 1.762. Interestingly, however, further indication arises

other favourable aspect ra't_ios at about 1.6 and 1.2, with
transducer location co-ordinates (0.41, 0.44) and (0.403,
0.406), respectively, see Figu.re_s' 8C, D. The mechanical
impedance plots of Figurés 9A -ﬁ ‘are generally useful
regarding the transducer location co-ordinates, as is
evident by inspection for all of above aspect ratios, i.e.
1.138, 1.41, 1.6 (taken as refined to 1.62 or during
.refinement to 1.6) and 1.2 (taken as refined to 1.266 or
during refinement).

Generality of such usefulness' is manifest in self-
evident identification of areas including preciself

calculated locations. At least where such areas are larger
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than transducer dimensions, good excitation coupling is to
be expected along with tolerance of actual location without
losing viability. Figures 10A, B are quarter panel contour
plots of_ mechanical impedance deviation for the aspect
ratios 1.41 and 1.47, respectively, and establish credence
f_or such range affording good .transducer locations, see
substantiai extents of areas of least/smoothest mechanical

impedance location {cross hatched), albeit within which"

- further precise calculation is available as desired/useful.

Indeed, this technique 1lends itself readily to
extension for investigation of best available transducer
locations even for panels other than identified as
favourable. Identified such locations may well have more
viable mechanical impedance than for better aspect ratio
panels, but. can be wviable at 1least for somewhat lesser
frequency ra;nges of operation. -

It is also feasible ¢to 'investigate virtually any
boundary conditions for acoustic panels, ranging £from
substantially free or only lightly damped as specifically
described in the above published PCT application to much
more constrained, even clamped. Indeed, preferential  .co-
ordi_nate positions have even been identified for a circular

panel at (0.8, 0.6).
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Investigation of aspect ratios for fully clamped
‘panels, as highly éuitable for practical loudspeaker
-equipmgnt with prefe#ence for rigid or semi-rigid edgé-
mounting, has -reveaied precisely calculated favourable
aspect ratios 1.160, 1;.341 and 1.643 together with likewise
precisely calculated preferential transducer location co-
ordinates (0.437, 0.414), (0.385, 0.387) and (0.409,
0.439), respectively.: Figures 11A, B with Figure 14A,
Figures 12A, B with @Eigure 14B and Figures 13A, B with
Figure 14C .demonstra;e appiication' of analytical method-
'ology as above for F:;lg_ures' 32, B etc in confirmation of |
values just listed -_see also the gquarter-panel mechanical
impedance plot for the aspect ratio 1.16 and substantial -
extent of areas promising for transducer location, even two
sugh separate areas, (cross hatched).

Indeed, much as for the asbeCt ratio 1.138 for free or
near-free panel edge conditions, the actually quité close
aspect ratio 1.160 for clamped e&ge panels appears to have
signiﬁicant extent(s) .of at 1least viable transducer
locations - and is itself postulated aS'having'substantial
tolerance, at least with likely increasing particularity of
transducer locations. Figure 16 gives revealing comparison

of above preferential clamped edge aspect ratios and
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transducer locations, including further ior above aspect
ratio 1.138.

- Particular exemplification is now given of specific
‘mathematics and calculation/computation supporting above
given results in terms fow by row of

- eigenvalues correspbnding'.to investigated resonant
modes, and smoothing factor

- . useful angle definitions

- specific panél parameters énd related expressions

- .displacement functions for different (free/clamped)
boundary conditions

- length/width £ractions .for proportionate transducer
location co-ordinates along with formula involving
mechanical impedance

- three mechanical impedance formulae

- two ratios of . infinite énd._finite panel impedancés
involving aspect ratios and transducer locations

- all intendedly without prejudice to generality implicit in

approach hereof.
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EXAMPLE I

* caloulete sigmnvales pEO.M4 qmot gm0
1,:(294-1)- 3,20 fgso A= root(hn(tl—) unh(fL:—o):a)a-x,

m-«-o.u_sonm’ asa.azum | ..somkgm -cs-—-f

BB sfimd o
 Zen(p,§) = Mp>0, (eoo(z ;)uau(x,;)).c + (n(ArK) + s (3,35} 1]
20c5,%) 3 Hfp>0,(con(r; q- cosh(, l;)) C,+ (sin(As ;) sinh(3,X)), 0]

R0=0441  wDx 0414 | Y ‘(z_m_.ém) (M)
4

C

- em(a)=.

: *[ f-m..f-yfww..-]

o .Zm(» o) ' approx
JT .QIL oM -u +Zl-§u]

' Zm(e L)
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Turning to alternative analysis and design methodplogy
specifically using inherently fully two-dimensional plate
vibration eguations, there is self-evident poséibility of
taking account of more up to all possible modes of bending
wave related vibration in panels. This, of course raises
the matter of assessing which up .to given set of
circumstances.

However, first application of such wmethodology gives
rise to substantially free-edge rectangular panel aspect
ratios precisely calculated at 1.134, 1.227, 1.320 and
1.442 together with likewise calculated "best" transducer
location co-ordinates (0.359, 0.459), (0.414, 0.424),
(0.381, 0.429) and (0.409, 0.459), respectively. For
substantially rectangular clamped edge panels, precisely
calculated aspect ratios (1.155, 1.299, 1.309, 1.5, 1.602
arise together with transducer 1location co-ordinates
(0.446, 0.407), (0.391, 0.374), (0.281, 0.439), (0.347,
0.388). and (0.399, 0.488), respectively.

Both of closeness and differences as compared with
abovg orthogonal two-beam simplified methodology are of
interest and subject of further investigation.

Reverting to analysis of panels of any aspect ratios,

fully two-dimensional analysis and methodology has been
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applied over a wide range, specifically from 1.05 to 2.00

in steps of 0.05. Results are shown as quarter-panel plots

of mechanical impedance in Figures 17A-T, in each case by
proportionate contouring with worst and best indicated by .
hatching and cross-}h’at'ching, respectively, and with
lightest coalesced from original 14-level scaling. Whilst

this means that each plot is individual, it is found to be

‘useful to know the darkest and near darkest locations in

areal terms at about 7% intervals, though' other -

presentation and analysis will be useful, whether as’ to

~ levels and intervals as such or even as to relationships

with minimum  areas reasonably required for transducer
coupling or with absolute levels related to transducer
performance, etc.

A larger scale areal plot on a six-level grey scale
contour basis is given in Figure 18 for one of the original
preferential aspect ratios, specifically 1.134, and the
distribution of worst locations (lightest) is interestingly
mostly in accord with previous {:hin]cing, namely close to,
but not actually at, each corner. However, po'ssibil:i.'ty of
true or near-true point energisation could well  be
attractive if precisely on a corner itself, perhaps even on.

a localised extension for practical sizes of transducer,
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and if smoothness of power transfer out-weighed inevitable

reduction of efficiency of power transfer. Extension of the
worst locations in lobes away from the corner at gquite
acute angles to the sides is seen as noteworthy.
Concentration of lowest mechanical impedance (darkest) at.
long-known well in-board but ecce_ntfic locations is also of
interest, including separation into discrete sub-areas,
though perhaps particularly extent of next-darkest region
to splitting intrusion from a virtually diagonal iobe -of
more variable mechanical impedance from the worst near-
corner location. Edge-adjacent location of strips of low to
lowest mechanical impedance deviation is in accordance with
what we had found empirically, namely including favouring
positions correlating well with co-ordinates of in-board
sub-areas of least mechanical impedance deviatibn- and
longest known preferential location 25 for transducers.

Figure 19 1is essentially another representation of
what is shown in Figure 18, but usefully in effectively
continuous three dimensional format in accordance with
mechanical impedance.

Example is now given of two-dimensional analysis and
of methodology along the lines of the previous example for

two-beam simplified techniques.
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- EXAMPLE II
Panel data:
Ex,Vx Young's modulus and Poisson's ratio of panel material aldn'g 'the x-axis
Ey,Vy Young's modulus and Poisson’s ratio of panel material along the y-axis
5 Gxy In-plane shear modulus of panel material
p Density of panel material
Lx,Ly : Panel length along the x- and y-axis dnrecnons respectively
l h Panel thickness
; Cohstants :
10 E b E b G b
x y _X _ . -
D —_—— |2 ——— - D = D_=2D_-v_ +2D k
1oy v Y ifiev vy 12 XwoUxTy
1 [Pxy Lx
P=P‘h . OB |22 C iRe—
_ _ o LxLly | u : Ly
Modal frequency expression ; )
15 ix ."'
a i M . [ .
fa— Dx-t-;-}. +Dy (J- 1” +2D AR A - B{A, - B)

+4D A A [(h -B)l Byj = {r - "x)(" ]

where 1:",1, are the relevant (boundary-cohdition dependent) beam eigenvalues in the k- and
y-directions respectively and B,. py ¥, are corresponding constants. '

As an example, for a fully free pahel > N
20 B,=B,=-6 137,=2 A=k =2 where cosh()-cos(A)=1

Mode shag_e expression :
d=cl +c2:C + c3-cosh(A-C) + cé-sinh{A-L) + c5-cos (A-C) + c6-sin (A L)

where cl..c6 are boundary-condition and mode-dependent beam function constants
As an example, for the 1st flexural mode of a fully free beam :

cl=c2=0 c3=c5=1.0 cd=c6=0.982502215
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Relative mobility expression :

The mobility of the finite panel relative to that of an infinite panel (8- (D xy M ) al a specific point
on the panel s given by

. o,

W= .‘.‘_g. Z . 3 - J 3 '
b S "\ -~ F* { - . & -fF.
) p (R X O ERPT )
where F is the driving frequency and & 5%  8re the structural and viscous damping facldrs for
the panel material respectively and ¢=(¢x)2-i’ %)2 :
B_eing a function gf d{iving frequency, the relalive mobility for any point is sampled at *j’
discrete frequencies in the frequency range of interest, the mean of which is given by :
i . .
= . A
Vav 2(F tax - F min) _ZAEi (v +w;,) where aF=F ,-F
3
.10

_ Measu_re of goodness :

A logarithmic measure of the variation of relative mobilit with the m i
optimisation purposes, i.e. : 4 san removed) s used for

N=lo —‘l-’—]
Ve
The standard deviation of this measure is used for

15 identifying optimum drive locations

1 2 2
o= _|———— > AF,|(x.)* +(x; '

Precision of values given above for aspect ratios
and/or co-ordinate transducer 1locations is an inevitable
result of calculation, and not necessarily indication of

20 wmore than sowme point within a range of wviability For
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transducer locations areal plots are particularly

promising, certainly affordj.ng deserving basis for
investigation by exi:eriméntation. both as to matching
between results of 'analytical methodology as proposed
herein and as to aci:ual acoustic performance for which
number of xresonant modes ‘coupled is important as is
reasonable evenness of couplings' to as thany modes as
practical. Ready availébility of analysis for any" aspéc_:t'
;at;ios and refinement thereof relative to particular

transducer locations and own refinement capability can be’

~useful in revealing greater generality of application of"

gome especially favourable transducer locations/areas as

well as particularity to aspect ratios of other transducer
locations/areas.

It is believed to be of particularly high potential to

have arrived at a single discipline or demonstratér of-

merit, termed herein measure of smoothness of mechanical
impedance, that is egually - capable of | locating and
specifying both valuable aspect. '.-ratios and transducer
locations, including evident capability for recursive
refinement, i.e. 'essentially jointly choosing geometry. and
transducer location by similar procedures using esséntially

the same variable or parameter, or feasible wvariations
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thereon.
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1. Method of making acé:uséic d_évice relying on bending wave
action in a panél menbér,’ particularly distribution of
resonant modes of sv.:xch _"bending wave action and related
acoustically significant surface vibration over area of
said panel member favourable to desired or at least

acceptable acoustic @ device performance, the method

comprising selecting parameters of said panel member

affecting said distributibn, including configuration/
geometry and/or bending stiffness(es), and/or location(s)
of bending wave transducer(s) in said area of said panel"

member in accordance with analytical assessment of power

. transfer related parameter(s) of said panel member thus

- 'said acoustic device concerned and desiderata therefor

correlating  with achieving . said acoustic device
performance. .

2. Method according to claim 1, wherein said power transfer
related characteristic(s) and désiderata are as to power
transfer into said panel member.

3. Method according to claim 1 or claim 2, wherein said
desiderata include(s) smoothness of power transfer into
said panel member of lth_e acoustic device concerned.

4. Method according to any preceding claim, wherein said

| R
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analytical assessment inv_o_lves smoothness of power transfer
being given priority relative to flatness of .power'output .
5. Method according to c¢laim 4, . wherein compensation of
deviation from _flatness of output éower is provided for by
devising correlated conditioning of input power as applied
such as electrically applied to electrical input signals.
6. Method according any preceding claim, wherein said
analyi;ical assessment includes deviation of said power
transfer characteristic(s) from some wvalue or relation
therefor.
7. Method according to claim 6, wherein said deviation is
relative to same or unity weighting applied for resonant
frequency modes involved.
8. Method according to claim 6, wherein said deviation is -
relative to mean values for resonant frequency modes
involved.

9. Method according to claim 6, wherein said deviation is

- relative to selective weighting for resonant frequency

modes involved.
10. Method according to Claim 9, wherein said selective

weighting is applied for end-most resonant frequency

mode (s) involved.

11. Method according to claim 10, wherein said end-most

.
LA
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. 38
resonant frequency modes involved are lowest in frequency

range of interest for desired or acceptable operation of
said acoustic device.-

12.Method according to any preceding claim, wherein
resonant frequency modes involved in said analytical
assessment arise from making simplification analogy of one-
dimensional nature.

13. Method according to any precedixfg claim, wherein said’
panel member is or is «considered as substantially

rectangular, and resonant frequency modes involved in said

analytical assessment arise from making simplifying analogy -

_to orthogonal beams notionally in: directions parallel to

pairs of opposi_te sides of said panel members.

14. Method according té any one of claims 1 to 11, wherein
resonaht frequency modes involved in said " ai:ai"ytical
assesswent | arise relative to ltwo-dimensional relationships
of the panel member as such.

15. Method according to any preceding c¢laim, wherein said
characteristic(s) include mechanical impedance of said
panel member.

16. Method according to any preceding claim, wherein said
selecting is as to proportions of shape of said ‘panel

member.

L
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17. Method aécording to claims 15 and 16, wherein said

selecting _is assisted by presenting results of said
analytical assessment as smoothéed mechanical impedance of
said panel member against varying said shape proportions to-
show minima of deviation. -

18. Method according to claim 16 or claim 17, wherein said
analytical assessment is for given transducer location(s).
19. Method accordiné to any preceding claim, wherein said
selecting is as to location of transducer means for a given
said panel member.

20. Method accordihg to claim 19, wherein said analYticél
assessment is for variable one relative to fixed other of
co-operative areal locators such as co-ordinates of
transducer location and results are presented functibnally',
usefully_ graphically, in looking for minimum deviation of
preferably smoothed mechanical impedance.

21. Method according to claim 20, wherein alternate said
asséssments involve alternation as to which areal locator
is fixed and which variable..

22_. Method according to claims 15 and 19, wherein said
analytical assessment includes distribution of mechanical
impedance of said panel member on areal basis.

23. Method according to claim 22, wherein said selecting is

S
N )
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assisted by presenting results of said analytical

PCT/GB99/00404

assessment as contour mapping of ar_eal deviation/variation
of mechanical impedance.

24. Method according ‘to claim 23, wherein said analytical
assessment and coﬁtour mapping is of one only of two or
more notional parts of the same or similar geometry that
together substantially match area of said panel member.

25. Method according to claim 24, wherein said analytié'él
assessment and contour mapping is of one quadrant for a
substantially rectangular shape of said panel member.

26. Method according to any one of claims 19 to 25, with
claim 18, wherein at least one of said sélectings of panel
member shape proportions an& of transducer location is done
at least once after and using results of doing the other. '
27. Acoustic device comprising a panel mewber having its
geowmetry/configuration and/or location(s) for bending wave
transducer means in accordance with application of method
according to any preceding claim.

28. Acoustic device comprising a .panel member relying on
bending wave action for its acoustic performance, the panel
member being of substantially rectangular 'shape . and
isotropic as to its bending stiffnesses in directions

parallel to its substantially orthogonal axes, the panel

R 0O O
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" member having axial proportions of about 1 : 1.41l.

29. Acoustic device according to claim 28, wherein
proportionaté co-ordinate transducer location(s) involve
substantially 0.453 and/ox substantially' 0.447.

30. Acoustic device compr_ising a panel member relying on
bending wave action for it;s acoustic performance, the panel
member being of substantially rectangular shape and
anisotropic as to its bending stiffnesses in directions
parallel to its substantially orthogonal axes, the panel
member having axial proportions affording axial bending

stiffnesses in a ratio of about 1 : 1.41.
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