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Abstract 

    Based on the generalized Snell’s reflection law, we propose the 

design of an acoustic artificial structure that utilizes the spatial 

distribution of the reflection phase to steer the outgoing direction of the 

reflected acoustic wave. We have also implemented our design by using 

an array of soda cans and an acoustic device made by 3D printing and 

verified the performance of the fabricated samples experimentally by 

measuring the reflected acoustic field. Numerical simulations and 

experimental results well matches the theoretical predictions, proving that 

the designed acoustic structure can effectively produce different deviation 

angles under normal incident condition, leading the reflected wave to 

propagate along the abnormal reflection angle as anticipated. Our 

findings may have potential applications in various fields such as music 

hall design, ultrasound medical treatment and even military uses. 

 

 

Keywords: Generalized Snell's law; abnormal reflection; acoustic 

microstructures; soda can experiment 
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Theoretical and Experimental Research  

on Abnormal Reflection of Acoustic Microstructure s 

 

1 Introduction  

 

When audience listen to music in a concert hall, sound waves reflected 

by the walls are received by their ears. In this process, the audio effect has 

been changed notably. However, normal walls can only generate reflection 

whose direction is symmetric to the incident direction. For this reason, the 

interiors surface of walls in concert halls must be designed in irregular shapes, 

so as to ensure that sound waves are evenly distributed in the space. If 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 designs 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 traditional Snell’s law that it is impossible to realize unequal 

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 on Science provides some insights 

and theoretical support for solving this problem. The generalized Snell’s law 

[1] proposed in 2011 proved that a particular phase 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 on 

this theory, this paper designs acoustic microstructure of 180° phase 

differences and realized the model in labs with soda cans. The model is 

further improved to produce 3D printing acoustic microstructure of more 
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practical value, which deviates reflection ray under normal incidence 

condition. By observing pre-set abnormal reflection angle, we successfully 

verified generalized Snell’s law and devised acoustic microstructure with 

controllable reflection angle. 

 

The Nomenclature in the thesis is demoted in following: 

 

0d  = width of groove wall 

1d  
= width of groove  

d  = period of grooves 

iq 
= incident angle 

rq 
= reflected angle 

l = wavelength 

j = phase 

r  = radius of the neck of Soda can 
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2 Theoretical Models 

 

2.1 Generalized Snellôs Law 

 

    Snell’s law is of the following form: 

sin sinr iq q=                          

The formula implies that the reflection angle equals to the incidence angle. It 

is proposed by Reference 1 that if a phase profile is introduced on the surface, 

reflection will follow “Generalized Snell’s Law”[2-21]. The relationship 

between reflection angle and incidence angle becomes:  

sin sin
2

r i

d

dy

l
q q

p

j
- =

                    

 

In the formula, 
iq and 

rqrepresent incidence angle and reflection angle 

respectively;l is the wavelength of sound, jrepresents phase and 
2

d

dy

l

p

j 

represents the additional determined by sound wavelength and surface phase 

gradient. This item causes abnormal reflection. Reflection angle of vertical 

incidence is: 

 

 

 

Figure1 Illustration of generalized Snell’s Law 

Incidence wave 

Reflection wave 

(3) 

(1) 

(2) 
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2.2 Finite element method simulation 

 

    Numerical simulations adopt finite element analysis (FEA) software 

COMSOL Multiphysics, in which a two-dimensional model is built-in 

“Pressure Acoustics” and “Frequency domain”, because the model is 

homogeneous on z axis. 

    As for the extraction of phase feedback of a unit, a boundary probe is set 

on the surface of the unit to obtain phase information. The boundary 

condition of each unit is set to be periodic in order to simulate the reflection 

attribute of an array of units. 

    In the numerical simulation of a whole structure, plane wave radiation 

condition is set in the perimeter to simulate to boundary condition of 

absorption in an anechoic room. Resulting type of sound field distribution 

should be set at sonic pressure field in order to observe reflected sound 

waves. 

 

3 Numerical Analysis 

 

3.1 Simulation of 2D acoustic structure 

 

    For ordinary music room, sound field may be unevenly distributed when 

sound waves travel in the room. On this condition, standing wave field is 

easily generated due to the regular geometric shape of a concert hall. If a 

kind of acoustic microstructure can be designed so that interior walls reflect 

sound waves abnormally, it is equivalent to transforming geometric shape of 

the concert hall, thus homogenizing interior acoustic field to a large extent. 

For incident sound waves of 1210 Hz, this paper designed a 2D acoustic 

microstructure as it is shown in Figure 2 (a). This structure consists of 

periodic arrays of two kinds of feedback unit, which differs in 180° in phase, 

and is able to realize reflection angle of 45°at both sides for normal incidence, 

splitting sound beams into halves. There are a series of indentations under the 
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surface of the designed acoustic microstructures, which are made of acoustic 

hard materials and can be seen as a hard boundary for sound waves. 

 

 

 

Figure 2 (a) Simulated diagram of 180° phase difference indentation unit (b) 

Phase feedback of indentation unit.  

     

    Figure 2 (a) shows the diagram of the unit structure and retrieval of phase. 

The width of indentation 0 4cmd = ; the width of walls of indentation is 
1 1cmd = ; 

therefore the width of a unit is 0 1 5cmd d d= + = . Through retrieval of phase with 

the probe in the simulation, the relationship between phase feedback of the unit 

and the depth of the unit structure h  is obtained in Figure 2 (b). 

When incidence acoustic waves reach the surface of the structure, they enter 

the indentation, and are reflected at the bottom of the indentation. This process 

creates the phase delay of sound waves. Consequently, through designing a 

specific function of indentation depth, the corresponding phase distribution can 

be controlled. 

Considering the dependence of phase change on transmission distance, the 

phase changes from 0-2  ́corresponds to distance 0 l- . Reflection phase of the 

surface is: 

2 4
2

h
h

p p
j

l l
= ³ =                 (4) 

h (cm) 

Unit 

 

Incidence wave Probe retrieving phases 

Numerical simulation of a unit 

P
h

a
s
e
 (

°) 

(a) (b) 
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From this result, the phase change because of sound path is proportional to 

the indentation depth h S̆uch linear relationship matches the line on Figure 

3 (b). Therefore, two units with a phase difference of 180° can be obtained by 

choosing a particular value of ( )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 1 13.5cmh = and 2 6.4cmh = , so that the difference between 

corresponding phases is 180°. Figure 3 (b) shows the reflection pressure field 

by numerical simulation. When incidence plane wave reaches the surface, 

reflection angle of 45°  ̄ is observed. Preliminary explanation indicates that 

component of 0° reflection approaches zero because waves that differ in 180° 

interfere destructively, a mechanism that is applied in the traditional 

spectrometer. Furthermore, generalized Snell’s law explains these two 

reflection angle strictly. Based on deduction of formula 2 and formula 4, we 

have: 

2 [ ( )]
sin sinr i

d h y

dy
q q- =

                   

 

Due to the symmetry of arrangement of the two units, depth gradient is the 

same for the left and right.[ ( )] 2

4

d h y

dy
=° ; therefore, 

2 [ ( )]
=arcsin( )=arcsin( )= 45

2
r

d h y d

dy dy

l
q

j

p
°  ̄           (6) 

This explains the reflection angles of both positive and negative 45°. This 

proves that reflection direction of particular sound waves can be manipulated 

by controlling the phase profile of microstructure based on generalized 

Snell’s law. 

 

 

(5) 
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Figure 3 (a) Model of 180° phase difference acoustic microstructure (b) 

Numerical simulation results of acoustic microstructure 

 

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 prove a 

beam-splitting mirror with experiment? In real life, it is common experience to 

blow across the opening of a soda can and create resonance. This means soda 

cans resonate with sound waves of a certain frequency. If phase feedback which 

manipulates sound wave can be achieved by special resonance effect of soda cans, 

then acoustic microstructure should be able to be produced with soda cans as 

well. 

 

3.2 Soda can arrays 

 

The shape of soda cans resembles that of a Helmholtz resonator, which 

consists of a narrow mouth and a large body [9]. Through simulation methods 

similar to those in 3.1, it is easy to find that phase feedback of soda can is mainly 

(a) 

P
la

n
e

 w
a

v
e 

h1=13.5cm, h2=6.4cm, d=5cm  
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determined by the size of the opening and the volume of the container. Therefore 

in the experiment, phase can be changed by cutting the opening of soda can 

(changing the area of the neck) or filling water in the soda can (changing the 

volume of the container) [22] [23]. However, in actual operation, these two 

methods are unfeasible, so a type of beer can is chosen to achieve phase 

difference of 180°. The two dimensions of these soda cans (500ml and 330 ml) 

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

found to achieve180° phase difference for these two soda cans. 

 

 

Figure 4 (a) Soda can model (b) Phase feedback curves of 500mL and 330mL 

cans 

 

    Based on numerical calculation, Figure 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 pre-set to find the relationship between phase and 

parameters of structure, but in fact there are only two types of soda cans (500mL 

and 330mL). Therefore, the method of frequency scanning is used to determine 

the frequency that creates180° of phase difference for these two soda can 

dimensions. As it is shown in Figure 4 (b), the phase difference is approximated 

to180°at frequency 1660-1660 Hz. In Figure 5 (a), three long soda cans and three 

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

f (kHz) 

Soda can model 
P

h
a
s
e (

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

formula (6). The wavelengths are 
1660Hz 20.7cml =  and 1670Hz=20.5cml respectively

;
 

the length of each period is 36.84cmyD =  phase change 2j pD = ; therefore, 

34rqº ¯
. 

 

 

 

Figure 5 (a) Acoustic microstructure composed of can arrays (b) and (c) 

Reflection sound field of 1660/1670 Hz plane wave 

     

    Figure 5 (b) and (c) shows the reflection sound field of 1660Hz and 

1670Hz incidence sound beams respectively. 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, common soda cans 

in our daily life can realize similar functions as indentations in 3.1. 

It is noticeable that in numerical simulation there exists a small amount 

of reflection field in normal direction. This imperfection is caused by the 

phase gradient distribution d

dy

j that is simulated by phase span of 180°.   

Plane wave 

wave 

Plane wave 

(a) 
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Lack of discrete point (low surface resolution ratio, in other words) leads to 

the inaccuracy. As 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 water inevitably brings about complexity 

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  acoustic microstructure  

 

     The soda can arrays verify the feasibility of phase change with 

container’s shape. In order to guarantee the accuracy and hardness of the 

surface of the sample, several processing techniques are combined to design 

the structure that suits walls of music halls. The processing mechanism is 

shown in Figure 6 (a).The sample consists of three parts. Since the shape of 

openings is complicated and some parts are too thin to be manufactured with 

traditional processing methods, 3D printing method is applied, using 

materials including ABS plastic powder that takes shape by laser sintering. 

    The middle of the container is made from 20mm-thick aluminum plate 

and processed by CNC milling machine. The back cover is made from 

5mm-thick transparent Makrolon for better observation of the inner structure. 

The three parts are glued together with double sides adhesive tape, which is 

0.1mm thick and 3m long. Weights are put on the structure for 30s to ensure 

adhesive strength. 

Since this sample is the scaled-down version of the soda can model, for 

a specific frequency, the radius of the opening can be changed to realize 

surface phase 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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arcsin sin( ) 58
2

12

/ 2

r i

d

dy

y mm

l f
q q

p

j p

è ø
= + º ¯é ù

ê ú

D =

D =
           

 

Therefore, we use former methods to simulate each unit and obtain reflection 

phase that corresponds to different parameters of the unit. 

 

(a) 

 

 

 

 

Figure 6 (a) Illustration of sample processing mechanism  (b) Model of  

array unit  (c) Changes in phase of 8.4kHz sound waves in accordance with  

different radius of container’s mouth 

    

    Figure 6 (b) shows the model of unit structure. The cuboid is 12mm in 

both length and width, and 22.5mm in height. The size of the opening 

depends on the horizontal position and is 0.5mm in thickness. The radius of a 

hollow cylinder inside the cuboid is r=5.5mm and the height is 22mm. Figure 

Different radius of opening 

Cylindrical cavity 

P
h

a
s
e (

°)
 

(7) 

r (mm) 

Back Cavity Front 

(b) (c) 
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7 (b) shows the phase feedback changing with the radius of opening for 

sound wave of 8.4kHz. According to this curve, there are four units in a 

period, with an equal phase difference of  90°, namely  0° 9̆0°̆ 180°, 270°. 

Here 0° means direct reflection. For this condition, an indentation panel can 

be substituted by 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 openings of soda cans are in one plane, which is 

120cm in length (each period is 40cm) and 47cm in height, as it is shown in 

Figure 7(a) and (b). Figure 7 (c)ȁ (d) and (e) respectively show the 

loudspeaker, signal generator and B&K microphone. 
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(a) 

 

(b) 

 

         (c)                     (d)                       (e)  

Figure 7 (a) Acoustic microstructure of soda can array (b) Back view of 

acoustic microstructure of soda can arrays (c) Loud-speaker (d) Signal 

generator (e) B&K  microphone 

 

Signal generator generates a single frequency signal and loudspeaker 
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produces sound waves of identical frequency. The loudspeaker is 4m away 

from the soda can arrays to ensure the condition of plane wave incidence. 2m 

from the soda can arrays, microphone records the data of acoustic field for 

every10°. The experiments are carried out in an anechoic room. According to 

theoretical calculation in formula (3), reflection angle in the experiments 

should be near 30°.  

Figure 8 (a) shows the experimental setup for measuring soda can 

acoustic field, and Figure 8(b) and 8(c) represent the directivity of reflection 

field of soda can arrays under 1660Hz and 1670 Hz incidence sound wave 

respectively. Since error exists between numerical simulation and real model, 

there is a small discrepancy between the experimental frequency and the 

frequency calculated in the simulation. In the experiments, reflection is the 

most apparent at 34° when incidence sound wave is 1700Hz, so comparison 

between data of 1700Hz and 1670Hz is provided in Figure 8(b) and 8(c). The 

most obvious reflection peaks for both groups are near 30° which matches 

the result of simulation.  However, when incidence wave is 1670 Hz, there 

are some reflection waves in other directions, suggesting that for sound wave 

of 1670Hz, two waves with different phase cancels each other, but not 

obviously enough. This means the phase differences for two soda can units 

are larger than 90°, but not close enough to180°. 
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Figure 8 (a) Photo of experimental configuration   (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 acoustic microstructure with 180° 

phase change. This means it is possible to determine the reflection angle for 

acoustic microstructure by phase manipulation. To further improve the 

performance of such microstructure so that the reflection wave is on only one side, 

we study a new method to realize phase profile, hoping to apply this 

microstructure in our life. 

 

4.2 3D printing  acoustic microstructure 

 

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

produce a plate in Figure 9 (a) 

 

Pressure amplitude(mPa) 

Pressure amplitude(mPa) 
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(a) 

 

(b) 

 

Pressure amplitude(mPa) 

̂c̃ (d) 
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Figure9 (a) Front surface of plate sample (white part is 3D printing material) (b) 

Structural parameters of the plate (c) Experimental equipment in anechoic room 

(d) Diagram of directivity of measured sound pressure 

 

As it is shown in Figure 9 (a) and (b), the plate consists of perforated 

aluminum and 3D printing model. In an anechoic room, the sample is located 2m 

away from the loudspeaker to ensure plane wave incidence condition, as it is 

shown in figure 9 (c). Microphone is positioned at every10°on a semicircle with a 

radius 1m to record the direction of reflection sound wave from 0 to180°. 

According to the theoretical calculation, the interval between two units is 

12y mmD = ; the phase difference is / 2j pD = . Under normal incidence 

condition, reflection angle arcsin sin( ) 58
2

r i

d

dy

l f
q q

p

è ø
= + º ¯é ù

ê ú
. 

As is shown in Figure 9 (d), reflected sound wave peaked at 60°. 

Considering deviation caused by field scanning. This result matches theoretical 

prediction, thus verifying the feasibility of the sample. 

 

5 Conclusions and outlook 

 

    This paper probes into the application of Generalized Snell’s law. 

For theoretical deduction, simulation of individual acoustic unit 

provides the curve of phase feedback. On the basis of that, a model of 180° 

of phase difference is constructed. Then the 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 with 3D printing technique can be installed in concert 

halls. 

    For experiments, the reflected sound fields of soda can arrays and 3D 

printing plate acoustic microstructure are measured in professional anechoic 
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room. Deviation angle in the experiments matches theoretical prediction and 

numerical simulation, proving both the correctness of theory and possibility 

of multiple reflection angles. 

    This study reveals that possibility of manipulating sound beams with 

acoustic structure, with may have a wide application prospect in many fields, 

such as noise control, medical ultrasound and architecture acoustics. It also 

has immense potential value in recent research hot spot-- cloak of inaudibility. 

However, the current design is slightly flawed. For example, it can only 

operate on a single kind of frequency, but sounds in music halls are 

composed of a wider frequency range. The broadening of band width will be 

the key point of this study is the future. 
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