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Abstract

Based onthggener al i zed Snel Ipfoposerthef | ect i
design of an acoustic artificial structure that utilizes the spatial
distribution of the reflectiorphase tosteerthe outgoingdirection of the
reflectedacoustic waveWe have also implemented our design by using
an array of soda cans and acoustic device made by 3D printiagd
verified the performance of the fabricated samples experimentally by
measuring the reflected acoustfield. Numerical simulatios and
experimental resustwell matcheghetheoretical predictios) proving that
the designeacoustic structure can effectivglyoduce differentleviation
angles under normal incident conditipneading the reflected wave to
propagate along thebnormal reflection angleas anticipated Our
findings may have potential applications in variotields suchas music

hall design, ultrasound medical treatment and even military uses.

Keywords: Generalized Snell'slaw; abnormal reflection; acoustic

microstructure s; soda can experiment
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Theoretical and Experimental Research

on Abnormal Reflection of AcousticMicrostructure s

1 Introduction

When audience listen to music in a concert hall, sound waves reflected
by the walls are received by their ealrs this process, thaudio effecthas
been changedatably. However, normal walls can onfyeneratereflection
whosedirection is symmetric tdhe incidert direction. For this reasonthe
interiorssurface of walls in conceralis mustbe designed inrregular shapes,
soas to ensuréhat soundvavesare evenlhydistributed in the spacéd. walls
can generate random reflection angle, then the sound generated on the stage
can be focused to any desirable position, even making it possible to realize
some new degns of music halls. But that is only a fantasy from the
perspective of traditional acoustics, which stipulates that the angle of
reflection must be equal to the angle of incidence on a common plane. It is
determined by tradit possibk ko reSlimesundquas | aw t h
reflection and incidence angle without altering the shape of the surface.

We are attracted by a very interesting idea: Is it possible to design a
certain special surface on which the reflection angle no longer has to be equal
to the incident angle? A paper published Scienceprovides some insights
and theoretical support for sodawing this
[1] proposed in 2011 proved that a particyidwase profile on a surface in
conformity with specific gradient distribution enables the reflection ray to be
deviated to any predetermined direction, thus challenging the common sense
that reflection angle should always be equal to incidence angle. Based
this theory, this paper designs acoustigcrostructure of 180° phase
differences and realized the model in labs with soda cans. The model is

further improved to produc8D printing acousticmicrostructureof more
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practical value, which deviates reflem ray under normal incidence
condition. By observing prset abnormal reflection angle, we successfully
veri fied genlaw and derzised acdbhstr@drobtructurewith

controllable reflection angle.

The Nomenclature in the thesis is demotetbilowing:

g, = width of groove wall

a, =width of groove

d = period of grooves
g =incident angle

g =reflected angle

/ = wavelength

; =phase

r = radius of the neck of Soda can



2 Theoretical Models

2.1 Generalawzed Snell 0s L
Snell s law is of the following form:
sing = sin ¢ @)

The formula implies thahereflection angle equals theincidenceangle. It
is proposed by Reference 1 that if a phase profile is introduced on the surface,
reflection wil/ f ol | owl].“TGe nelationghipi zed Snel

between reflection angle and incidence angle becomes:

. . / ds (2)
sing, - sin @ =——
2p dy

In the formula 4 and g representincidence angle and reflection angle

respectively; is the wavelength of sound, represents phase and 9
2p dy

represents the additional determined by sound wavelength and surface phase
gradient. This item causes abnormal reflection. Reflection asfglertical
incidencels:

0, = arcsin (id_(o (3)
2r dy

T,

Incidence wave

Reflection wave

FigureLll |  ustration of generalized Sne



2.2 Finite element methodsimulation

Numerical simulations adopt finitelement analysifFEA) software
COMSOL Multiphysics, in whicha twodimensional model isbuilt-in
“Pressure Acoustics” and “Frequency
homogeneousn z axis.

As for the extraction of phase feedback of a unit, a boundary probe is set
on the surface othe unit to obtain phase information. The boundary
condition of eal unit isset to beperiodicin orderto simulate the reflection
attribute of an array of units.

In the numericalsimulationof a whole structureplare wave radiation
condition is set in the perimeter teimulate toboundary condition of
absorption inan anechoic roomResultingtype of ®und field distribution
should be set asonic pressure field in order twbserve refleetd sound

waves

3 Numerical Analysis

3.1 Simulation of 2D acoustistructure

For ordinary music room, sound field mayuoeevenly distributed when
sound waves travel in the roo@n this condition, standing wave field is
easily generated due to the regular geometric shapecohcerthall. If a
kind of acoustianicrostructurecan be designed so that interior walls reflect
sound waves abnormally, it is equivalentttansforminggeometric shapef
the concert hallthushomogenizing interior acoustic field to a large extent.

For inciden sound waves of 1210 Hz, this paper designed a 2D acoustic
microstructureas it is shown inFigure 2 (a). This structure consists of
periodic arrays of two kinds of feedback unit, which differa®d°in phase,
and is able to realize reflection angleddfat both sides for normal incidence,

splitting sound beams into halv8$ere are a series of indentasamder the
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surface of the designed acoustrostructurs, which are made of acoustic

hard materials and can be seemhard boundary for sound waves.

(@) (b)

360

Unit
Numerical simulation of a uni- 4,

s = sl

Proberetrieving phases Incidence wave

270+

Phase (}

a6 8 10
h (cm)

Figure 2 (a) Simulated diagram 0l80° phase difference indentation urglt)

Phase feedback of indentation unit

Figure2 (a) shows the diagram tfe unit structure and retrieval phase.

The width ofindentation d, =4cm; the width of walls of indentatiois d, =1cm;

therefore the width of a unitisl=d, +d 5tcm. Through retrieval of phase with

the probe in the simulation, the rélanship between phase feedbacktfué unit
and the depth dheunit structure h is obtained irFigure 2 (b).

When incidence acoustic waves reach the surfateesftructure they enter
the indentation, and are reflected tae bottom ofthe indentation. This process
creates the phase delay of sound waves. Consequently, thdssigning a
specific functionof indentationdepth the corresponding phase distribution can
be controlled.

Considering the dependence of phase chanytransmission distandbe
phasechangedrom 0-2" correspondso distance O- / . Reflection phase of the

surface is:

.2 4
j=Lon 10 @)
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From this result, the phase charigerause osound path is proportional to

theindentation depthh- Such linear relationship matches the liné=ayure

3 (b). Therefore, two units wita phase difference aB0° can beobtainedby

choosinga particular valuef h(y)

The structure composed of alternate indentation sequence is shown in

Figure 3 (a), with four units in a group. The depths of two kinds of units are

respectively h =13.5cmrandh, = 6.4cm, so thatthe difference between

corresponding phasesi80° Figure3 (b) shows the reflection pressure field

by numerical simulation. When incidence @amave reachs the surface,

reflection angle of°45 "~ is observed. Preliminary explanation indicates that
componenbf 0° reflection approaches zero because waves that diffie30h

interfere destructively, a mechanism that is applied in the traditional
spectrometer. Further mor kins thgse niveor al i zed
reflection angle strictly. Based on deduction of formula 2 and formula 4, we

have:

_2d[h(y)] ()

sing, - sin
q q dy
Due to the symmetry of arrangementtioé two units, depth gradient is the

same foithe left and rightd[h(y] _ A2 : therefore,
dy 4

g =arcsin d[;;y)] ):arcsiné%y )2 4L (6)

This explains the reflection anglef both positive and negative45°. This
proves that reflection direction of particular sound waves can be manipulated
by controlling the phas profile of microstructurebased on generalized

Snell s | aw.
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h1=13.5cm h=6.4cm d=5cm

(b)

Figure3 (a) Model of 180°phasedifference acoustimicrostructureb)

Numerical simulation results of acoustinicrostructure

The simplest structure of indentation is used to realize phase manipulation,
So it is possible to design a sample with objects in our daily life to peiove
beamsplitting mirror with experiment?n real life, it is common experience to
blow across the operg of a soda can and creatsonance. This means soda
cars resonate with sound waves @tertain frequency. If phase feedback which
manipulates sound wave can be achieved by special resonance effect of soda cans,
then acoustianicrostructureshould be able to beproduced with soda cans as

well.

3.2 Sodacan arrays

The shape of soda camesembles that of a Helmholtz resonator, which
consists of anarrow mouthand alarge body [9]. Through simulation methods
similar to those in 3.1, it is easy to find that phase feedback of soda can is mainly
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determined by the size dfe opening and the volume tie container Therefore

in the experiment, phase can be changed by cutting the gpehisoda can
(changing the area dhe neck) or filling water in the sodean ¢hanging the
volume of the containe)y [22] [23]. However, in actual operation, these two
methods areunfeasible, so a type of beer can is chosen to achieve phase
difference of180? The two dimensions of these soda c#660m and 330 M)

have the same cross section area and opening size, so specific frequency can be

found to achievel8Q3hase difference for these two soda cans.

(a) (b) 180

— 330mL

Soda can model — 500mL

@

90

Phasg)

-90 4
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Figure 4 (@) Soda can mode{b) Phasefeedbackcurves of 500mL and 330mL

cans

Based on numerical calculatiofjgure 4 (b) shows the curve of phase
feedback of two soda cans for different frequencies of sound wave. Notably, in
3.1 sound frequency is peet to find the relationship between phase and
parameters of structure, hatfact hereare onlytwo types of soda car{S00mL
and 330mL) Therefore, the method ofdqueng scanning is usetb determine
the frequency thatreate&80° of phase difference for these two soda can
dimensions. As it is shown idgure 4 (b), the phase difference is approximated
to180at frequerty 16661660 Hz. InFigure5 (a), three long soda cans and three

short soda cans are arranged in a line as a period, and there are three lines and
10



three periods in the entire model. The angle of reflection is still determined by

formula 6). The wavelengthare /., =20.7cw and /,,,,=20.5cnrespectively

the length of each period iBy =36.84cn phasechange D/ =2 r; therefore

g°34
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Figure 5 (a) Acoustic microstructurecomposedof can arraygb) and (c)

Reflectionsoundfield of 16601670 Hz plae wave

Figure 5 (b) and (c) shovs the reflectionsoundfield of 1660Hz and
1670Hz incidence sound beamesspectively It is obvious that reflection
wave is scarce in normal reflection direction but strong in 35°at both sides, a
result that matches theoretical calculation. Consequently, commorcaiosia
in our daily lifecan realizesimilar functions as indentations in 3.1.

It is noticeable that in numerical simulation there exasimall amount
of reflection field in normal direction. This imperfection is caused by the

phase gradient distributiorﬁj(;; that is simulated by phase span b80°?
y
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Lack of dixretepoint (ow surface resolution ratio, in other woydsadsto

the inaccuracyAs a result, more phase units are needed to create a phase
surface with more discrete points. However, dimensions of soda cans are
limited; cutting openings or adding waieevitably brings aboutcomplexity

and error in experiments. On the other hand, it is unrealistic to apply large

soda can arrays on the walls of music halls; therefore, processing method that

IS suitable for mass production is considered in this paper.

3.3 3D printing acousticmicrostructure

The soda can arrays verify the feasibility of phase change with
cont ai nein’orger to guanantee the accuracy and hardness of the
surface of the sample, several processing technapgesombinedo design
the dgructurethat suits walls of music hall. The processingnechanism is
shown in Figures (a). The sample consist# three partsSincethe shape of
openings is complicated asdme parts are too thin to be manufactured with
traditional procesing methods 3D printing method is applied using
materials including ABS plastic powder that takes shape by laser sintering.

The middle ofthe containeris made from 20manthick aluminum plate
and processed by CNC milling machine. The back cover is made from
5mmthick transparent Makrolon for better observation of the inner structure.
The three partare glued together with doubstdes adhesivaape, whid is
0.2mm thick and 3m long. Weights are put on the structure for 30s to ensure
adhesive strength.

Since this sample is treealeddown version of the soda can model, for
a specific frequency, the radius of the opening can be changeehliae
surface phse change of Helmholtz in the same way.
In this paper, to realize abnormal reflection, the relationship between phase

profile and reflection angle satisfies:
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- / dfo (7)
g, =arcsingsin(g) +—— S8
e oy

Dy =2mm
D =42
Therefore, we use former methods to simulate eaithand obtain reflection

phase that corresponds to different parameters of the unit.
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Figure6 (a) lllustration of samplg@rocessing mechanism(b) Model of
arrayunit (c) Changes in ppaseof 8.4kHzsound wavein accordance with

di fferent radius of container’s mouth

Figure6 (b) shows the model of unit structure. Tetwoidis 12mm in
both length and width, and 22.5mm in height. The sizehefopening
depends on the horizontal position and is 0.5mm in thickiiéssradius oa

hollow cylinder inside the cuboid is5.5mm and the height is 22mm. Figure
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7 (b) shows the phaskeedback changing with the radius of opening for
sound wave of 8.4kHz. According to this curtlkere arefour units in a
period with an equalphasedifference of 907 namely 0% 90° 1805 270°
Here 0°means direct reflectiorkor this condition,an indentation panel can

be substitutedy a plane structure.

4 Experiments

4.1 Soda can arrays

We verify the result of numerical simulation further by experiments. 63
long and short soda cans are arranged in an array to form acoustic
microstructure All the opening of soda cans are in one plane, which is
120cm inlength €ach period is 40cm) and 47cm in height, as it is shown in
Figure 7(a) and (b). Figure7 (c)a (d) and (e) respectively show the

loudspeaker, signal generator and B&K microphone.
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(©) (d) (e)

Figure 7 (@) Acoustic microstructureof soda can arrayb) Back view of

acoustic microstructureof soda can array¢c) Loud-speaker(d) Signal

generatofe) B&K microphone

Signal generator generatassingle frequency signal and loudspeaker
15



produces sound waves of identical frequency. The loudspeaker is 4m away
from the soda can arrays to ensure the condition oeplane incidence. 2m
from the soda caarrays microphone ecords the data of acoustic field for
everyl0? The experiments are carried out in an anechoic room. According to
theoretical calculan in formula (3), reflection angle in the experiments
should be ne&30?

Figure 8 (a) shows the experimental setup foeasuring soda can
acoustic field, andrigure 8(b) and8(c) represet the directivity of reflection
field of soda can arrays under 1660Hz and 1670 Hz incidence sound wave
respectivelySince error existbetween numerical simulation and real model,
there s a small discrepancybetweenthe experimental frequency arithe
frequency calculated ithe simulation. In the experiments, reflection is the
most apparent at 34vhen incidence sound wave is 1700Hz, so comparison
between data of 1700Hz and 1670Hz is provideegare 8(b) and8(c). The
most obvious reflection peakor both groups are ne&®0° which matches
the result ofsimulation. However, when incidence wagel670 Hz, there
are some reflection waves in other direcissuggesting that for sound wave
of 1670Hz, two waves with different phase cancels each other, but not
obviously enough. This means the phase differefmetwo soda can units

arelarger tharB0°, butnot close enough 180°.
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Figure8 (a) Photo ofexperimentatonfiguration (b) and(c) Diagram of

directivity of 1.7kHz/1.67kHz sound wave incidence

Through numerical simulation and experiments, this paper proves the
feasibility of using soda cans array to form acousticrostructurewith 180°
phase change. This means it is possible to determine the reflection angle for
acoustic microstructure by phag manipulation. To further improve the
performance of suchicrostructureso thatthe reflection wave is on only one side,
we study a new method to realize phase profile, hoping to apply this

microstructuran our life.

4.2 3D printing acousticmicrostructure

According toFigure 6 (c), the radius of each opening can be obtained to

produce a plate iRigure9 (a)
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Figured (a) Front surface of plate sampl@hite part is3D printing material)(b)
Structural parameters of the pldtg Experimental equipment in anechoic room

(d) Diagram of directivity of measured soupressure

As it is shown inFigure 9 (a) and (b), the plate consists of gerated
aluminum andD printingmodel. In an anechoic roortihe sample is located 2m
away from the loudspeaker to ensure plane wave incidence condition, as it is
shown in figure9 (c). Microphone is positioned at every10dn a semicircle with a
radius 1m to record the direction of refiea sound wave from 0 t0180°

According to the theoretical calculation, the interval between two imits

Dy d2mrm; the phase differencés D/ =4 2. Under normal incidence

condition,reflectionangle g, = arcsingsin(g) +/—d—f 8 %58.
& 2p dy

a
As is shown inFigure 9 (d), reflected sound wave peaked at 60°?
Considering deation caused by field scanninghis result matches theoretical

prediction, thus verifying the feasibility of the sample.

5 Conclusions and outlook

This paper probes into thlav application
For theoretical deduction, simulation of individual acoustic unit

provides the curve of phase feedback.t@mbasis ofthat,a modelof 180°

of phase difference is constructdthenthe model is applied onto soda cans

of two different sizes. As a result, numerical simulation matches theoretical

calculation. Finally, the model of soda can is further optimized designing a

plate acoustic mirror witl8D printingtechnique can be installed concert

halls.
For experiments, the reflectesdund fields of soda can arrays &31d

printing plate acoustienicrostructureare measured irprofessional anechoic
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room. Deviation angle in the experiments matches theoretical prediction and
numericalsimulation, proving both the correctness of theory and possibility
of multiple reflection angles.

This study reveals that possibility afanipulatingsound beams with
acoustic structure, with may have a wide application prospect in many fields,
such asoise control, medical ultrasound and architecture acoustics. It also
hasimmense potential value in recent research hot-sploiak of inaudibility.
However, the current design is slightly flawed. For example, it can only
operate on a single kind of freency, but sounds in music halls are
composed o& wider frequency range. The broadening of band width will be

the key point of this study is the future.
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