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Abstract

A model was developed to predict the sound of a ball impacting a USGA CoR plate, as a first step towatogdimetacousts of a ball/driver

impact. A ball was dropped from 25 onto a fredree plate with the impact sound recorded vaithicrophone. The experiment was replicated

in Ansys/LSDYNA, with both the exact Boundary Element Method and thddRgtymethod applied to predict the sound. The Rayleigh method
predicted lower acoustic pressure than the Boundary Elemehb¥eind was less accurate at predicting relative amplitudbe éfequency
spectrum. The models underedicted decay time, although, increasing mesh density improved agreement with the experiment. Further wor
should look to improve agreement between model and experioredécay time, while investigating the effect of impact speed for a range of
plate thicknesses.
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1. Introduction

The ‘feel’ of sports equipment can infhee the user’s perception of its qualfty, 2] and any physical or psychological
discomfort can decrease performafide While the feel of a golf strokeith a driveris a combination of vibrations felt at the hand
and the impact sounf8, 4], it is dominated by the acoustic response of the[BlulSound is a subjectiveharacteristic, bigolfers
tend to differentiate drivers in terms of perceived loudness and shafgheGsmputer simulation represents an alternative to
physical testing, with Finite Element (FE) based structural analysis used for club [@esihi\s highlighted by Roberts et ],
if impact sound could be predicted using modelling techniguesuld be possible to maniputathe acoustics of a club earlin
the design process.

Several simulation methods are available for solving vibroacqustidens. The FE method requires discretisation of theeentir
acoustic domain, while the Boundary Element Method (BBRY requires the surface of the vibrating structure to be meshed.
LS-DYNA (Livermore Software Technology Corporatjocouples an FE solver with a BEM soly8r 9]. The structural response
of the object is computed in the time domain, and then tranetbmto the frequency domain via a Fast Fourier Transform (FFT)
as a boundary condition for the BEsolver. The Rayleigh method @similar alternative to the BENRh which each element of
the vibrating surface is assirated to a plane surface mountada rigid baffle and vibrates indepntly, it is more efficient but
less reliableat predicting acoustic pressuparticularly for curved surfaces [10, 11]

LS-Dyna has been used to model the sound of a golf ball imgactimcular titanium plate with a reduced central section (CoR
plate,United States Golf Association [12]). Mase e{&B] used the BEM to predict the plate frequencies excited by impact, while
Allen et al.[14] (2014)applied the Rayleigh method to platefsvarying thickness. Mase et §1.3] also simulated a ball/driver
impact using the BEM and Rayleigh method, although some frequencies did not match the experiment as théngthemesdel
was simplified. It is important to ensure the capabilities of YA at predictingthe acoustic response of a ball impacting a
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simple plate, before developing a ball/club irtgaodel. This investigation, therefoexplored the time and frequency dimensions
for ball/plate impact models.

2. Methods

A ball (Titleist ProV1x) was dropped 2.5 m onto the CoR plate pléaeziup on anechoic foam, to give an impact speed of 7
ms?. The drop test overcame issues of obtaining consistentiraplacity and location, as encountered when using adpghd
projectile devicg14]. The plate was impacted three times at both the centre and 20 reenti#, with the sound recorded at
44,1® Hz with a microphone (Behringer 140 ECM 8000) loc&édm away. Matlab (Version R2014a) was used to subtract
background noise and convert the signal to the frequency detaaam FFT at a resolution of 1 Hz. The drop test was replicate
numerically and solved using both the exact BEM and approximate Rayleigh rirethoslys/LSDyna.

The ball and plate were modelled in ANSYS 15.0, following the methods of Alle{®4jland the simulations were run using
the LSDYNA solver (version R7.0.0). Theab diameter was 42.7 mm, with 22,73é8de constant stress brick elements. The
same elements were used for the plate, aitlhspect ratio of four. Modal simulationsre used tadentify plate frequency modes,
which showed low dependency to mesh density when there were at least four elements through the rédocgwseneshes
were selected for the acoustic simulations with, i) 4 elements through the reduced section and 5,040 in total (coai®e) and ii)
elements through the reduced section and 36,192 in total (fine)naterial properties assigned to the plate were modifigdIgl
from those used by Allen et al. [14], to improve agreement between model and experiment (E = 11 @G8p = 4,388 kg.m
3). Density was reduced by 1k8.nt3to match the mass of the plate in the model with that of the actuahptitéoung’s modulus
was increased by 1 GPa to impragreemenbetween simulation and experiment for modal frequencies

For the acoustic simulations, the ball was set to impact thereglate at 7 msat both cent and offcentre locations. A
massless acoustic node was set 2.5 m away, corresponding to the microphone position. Acceleration was written fromathe structu
response every ps, and converted to the frequency domain via an FET avraised cosine window, to serve as the boundary
condition for the BEM solver. The simulation time was set to 0.fb% the coarse plate accordingdadime domain preliminary
study and to 0.25 s for the fine plate followittge work of VolkoffShoemaker [15]. The acoustic medium wasahiroom
temperaturewith a density of 1.21 kgrf) a speed of sound of 340 ¥and a reference pressure of|#@a.

LS-DYNA computes the acoustic pressure in the frequency domain as a complex variable, containinglenagd phase
information for eacfrequency. Output frequencies were set to range #@ho 20,000 Hz;orresponding to the human ear audible
range [B], at a resolution of 5 Hz. The microphone used in the expetriwaes not calibrated for acoustic pressure so the relative
amplitudes of excited modes were invgsted, which represents the sound tinfi&. The time domain was also explored, which
informs us about the sound behaviour over {itn@. The simulations provided the magnitude of the complex acoustic pressure in
the time domain, which does not represent sound as extrdthe microphone as the phase delay is missing.

To obtain the actual time domain representation of the sountialMeas used to apply an Inverse Fast Fourier Transform
(IFFT) to the complex pressure computed by the solvererfréquency domain. The real and imaginary parts of the complex
acoustic pressure were provided. The frequency range wa<stet 000,000 Hz. After applying the IFFT the resulting samgpli
frequency was 54,613 Hz which is in accordance with the Nyquist theofo [drevent aliasing when frequencies up to 20,000
Hz reed to be discerned. The time domain was investigatedcirtee impact with the computationally efficient coarse Ralyleig
model.

3. Results

Table 1 compares frequencies from experimental impacts anodal simulation of the platap to the 8 mode. The model
tended to slightly undesredict experimental frequencies. Tie 3 and & mode were not excited for a centre impact, and the 3
mode was not excited for an aféntre impact, as the impact location corresponded to nodes for these modes. A few experimental
frequencies did not match any mode of vibration from the moxfailaiion and were attributed tmise. One of these modes had
a frequency of 570 to 3735 Hz, which was likely to correspond to the ball as a frequencyldb 3z was identified ia modal
simulation of the ballln addition, Hocknelket al.[18] attributed frequencies recordgdm ball/club impact ugo 3,500 Hz to
vibrations of the ball.
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Tablel. Frequencies obtained from experimental impactsnaodiel. Model corresponds toodal simulation for fine mesh

Mode 1t 2 3¢ gt 5 6"

(E:Zr; centre frequency - 4319- 4323 - 7948-7961  12138- 12160 -

(Eﬁf) off-centre frequency  yg5,4_»g56 4316- 4320 - 7950-7971  12100-12163  13063- 13104
Model frequency (Hz) 2868 4244 7847 12030 12886

Model mode shape . . . .

Fig. 1a shows results in the frequency domain for the expatiared fine BEM simulation for centre impacts. The model
predicted the frequency of thé%and %' mode reasonably well, but did not identify tH& mode. The model identified thé®2
mode as the dominant mode, but the amplitude of thenéde was 48% of the"2mode in comparison to only 2% for the
experiment. For the same mesh the BEM and Rayleighaderedicted the same frequies, with the coarse meslightly under
predicting the fine mes{fFig. 1b). The amplitude of thé"imode was 26% of the/2mode for the coarse Rayleigh model and 20%
for the coarse BEM model, while the fine Rayleigh model incorrgoibglicted similar acoustigressurefor both modes. The
Rayleigh method predicted much lomacoustic pressure than the BEM.

As none of the models excited thefdequency mode the experimental impacts were assumed to havaligbtin off-centre,
based on the corresponding mode shape in Table 1. This was confirmed by running a Ecemtreofmpact simulation with the

coarse BEM model, which excitetie 4" mode with low amplitude. Based on the results presented for centre impacts, only the

faster stving models with the coarser mesh were used focefitre impacts.
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Fig. 1.Centre impact results in the frequency domaifireg) BEM simulation and mean experiment and b) simulation results.

Fig. 2a shows results in the frequency domain for the experiment and coarse BEM simulaticoédatrefimpacts. The model
identified the 2 mode as the dominant mode, but tRenfode was not excited. The amplitude of tHenbde was 29% of the'2

mode for the model in comparisonddy 9% for the experiment. Fib shows the Rayleigh model predicted lower amplitude
than the BEM, in agreement with thesuéts for the centre impact. In contréstthe experiment, the Rayleigh method predicted
similar acoustic pressure for the first two modes.
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Fig. 2. Off-centre impact results in the frequency domain a) Experiment and coarse BEM, &)Radesgh.
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Fig. 3. Centre impact results in time domain a) Experiment b) Predicted magnitude ofxcantlstic pressure with coaRayleigh method
c¢) True acoustic response computed from coaesdeigh method.

Fig. 3 compares experimental and coarse Rayleigh simulateveforms for a centre impact. Tkenulation waveforms
exhbited a sound pressure increase towaindsend which waprobably due to a boundary errdhe shape of the true temporal
acotstic pressurdFig. 3c)was very different from the magnitudé the complex accoustic pressure (Fig. 3b), which mats
symmetrical about the abscissa afibe global shape of the envelope wasilarfor both simulatiosas the impact sound decayed
in ~0.1 s, although this was shorter thah5 s for the experiment

As the decay time of the impact sound was similar for céegwue time domain and provided magnitude of the complex
temporal acoustic pressure, the latter was used to check fionghet sound duration predicted by the different models. Decay
time depended on the mesh density of the plate independemthetiier the BEM or Rayleigh method was used. The fine model
produced an impact sound which decayed in ~0.25 s, in betemmagnt with the experiment. Furthermore, the acoustic pressure
was not fully damped when the simulation completed, so the tatimintime should be increased to capture the entire impact
sound.

4. Discussion

The BEM and Rayleigh method were able to predict the frequeagi&ed by a ball/plate impact. For the same mesh density,
the BEM and Rayleigh method provided the same frequencies. A plate with 36,192 slaoentlosely matched experimental
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frequencies than one with 5,040 elenseand further work should investigate the influence of mesh density in more detail. The
BEM was better apredictingthe relative acoustic pressure of the frequenegspm The Rayleigh method is recommended if
only excited frequencies are of interest asat@mulations solved at least three times faster.

The Rayleigh method predicted lower acoustic pregbarethe BEM, as reported by Mase et aB]ffbr a ball/driver impact.

To a lesser extent, for a given computation method modelgheittoarser mesh predicted lower acoustic pressure thatitibse

the finer mesh. Models with a coarser mesh were better presictoelative amplitudes of the frequency spectrum for centre
impacts. This research did not determifnéhe simulations were able to predict true acoustic pressure in the frequency.domain
Further work should, therefore, look to improve the expemaliemethodology with a view to validate the acoustic pressure
predicted by the model.

Investigation in the time domain showee tiner mesh to provide a better predictiohdecay time independently of the
computation method. The magnitude of the complex acoustic pressure in time domain, however, Wwasasethis conclusion,
which did not exactly represent the true time domain acoresfwonse. A method was also developed to obtain the exact time
domain sound pressure from an acoustic simulation. Further woulkdsinvestigate the effect of mesh density on decay time for
the true acoustic response.

Further study should investigate the effect of impact speed on predicted relative amplitudes and decay timesd Trfisrmoul
usabout the loudness of the impact sound for a given speed wlashngportant parameter involved in the acoustic perception
of a golfer [4]. Further work should also apply the techniquesegmt here to the range of plate thicknesses used by Allehn et.
[14] before developing and validating a modebdfalldriver impact. It would also be intesting to determine if participants can
distinguish between recorded audlips and those generated by models.

5. Conclusion

This research developed mod#spredct the sound of ball/plate impacts. The Rayleigh method proved sufficient to predict
excited frequency modes. The BEM provided more accurate predictithvesrefative acoustic pressure of the frequency spectrum.
The models undepredicted decay time, although increasing mesh demsjtyoved agreement with experiment. Further work
should look to improve agreement betweewdei and experiment for dgcéime, and investigate a range of impact speeds for
plates of varying thickness.
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