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optimum proportions of ab-
sorption and diffusion

RESEARCH QUESTION

PROBLEM STATEMENT

speech-in-noise perception

RESEARCH OBJECTIVE

transdisciplinary approach

How can different periodicity 
patterns applied on fibreless 
surfaces provide a toolbox 
for designers that aim for a 
balanced ratio of speech in-
telligibility and speech privacy 
in an ILE school by allowing 
low-frequency absorption and 
high-frequency diffusion?

      hybrid

      periodicity

convert traditional materials 
into sound controlling devices

low-level rules
high-level of self-organization

PARAMETERS

WORKFLOW

Location: 
open-plan preschools

absorption + diffusion

      macro-scale (where)

      micro-scale (how)

non-repetitive sequence for 
uniform dispersion

depth-to-length ratio
well width
period

      pattern

      elements

finite set

EVALUATION

increase complexity of the 
reflected sound field

      selected pattern

      properties

overal simplicity (preserve the 
economy of the means for the 
end user)
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flat wall ornamentation

turn conventional materials 
into sound controlling 

devices through geometry
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intelligibility: recognizing the 
message from the din

longitudinal relationship:
speech-in-noise perception | cognitive 

| biological development

customization vs mass 
production

design-inclusive 
research

surface propertiesspatial context 
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transdisciplinary approach
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“the population of students in a learning 
space is likely to be more dense and 
interactive than in a typical office and 
runs on a high occupancy density”
(Vugts et al., 2017) 
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acoustics

transdisciplinary • macro-scale • micro-scale

strongly affected by noise: 
raising their voices, losing 
concentration or withdrawing

attention, memory, sensory 
perception and linguistic 
cognition are underdeveloped

long-lasting impact on cognitive 
performance , preliteracy and 
auditory perception

Speech-in-noise perception: 
mostly hindered by the 
children’s voices and activities 
(1-4kH)

exposed to informational 
masking (confusing the source)

listen to a broadband or to all 
frequencies simultaneously

psychology  
neuroscience

acoustics
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strongly affected by noise: 
raising their voices, losing 
concentration or withdrawing

attention, memory, sensory 
perception and linguistic 
cognition are underdeveloped

long-lasting impact on cognitive 
performance , preliteracy and 
auditory perception

Speech-in-noise perception: 
mostly hindered by the 
children’s voices and activities 
(1-4kH)

exposed to informational 
masking (confusing the source)

listen to a broadband or to all 
frequencies simultaneously

acoustics

psychology  
neuroscience
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speech power: low frequency vowels 
(125-500Hz)
speech intelligibility: high frequency 
consonants (2000-6000HZ)
noise: problem with dynamic ques + 
speakers localization

indoors: high reverberance 
for low frequency - vowels 
are amplyfied, masking the 
consonants.

forest: low reverberance for 
low frequencies, especially at 
125 Hz

acoustics
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acoustics

absorbers -> adjust the level and 
reduce the reverberation time

          
investigated for more than 100 years
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diffusers -> delay and temporally 
diffuse early reflections, avoid sound 

focusing + flutter echoes, while 
preserving sound energy

investigated in recent decades

acoustics

porous plate

membrane helmholtz

tubemf
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acoustics

hybrid ->

investigated currently

schroeder sonic crystals

cylinders concave

fractalstriangles

porous plate

membrane helmholtz

tubemf
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research question

How can different periodicity 
patterns applied on fibreless 
surfaces provide a toolbox for 
designers that aim for a balanced 
ratio of speech intelligibility and 
speech privacy in an ILE school by 
allowing low-frequency absorption 
and high-frequency diffusion? [room acoustics 

measures]
[proportions of 
absorption and 

diffusion]

[surface geometric 
properties]
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LA,eq: 75.7 db(a) - 84.0 db(a)
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Measures Parameters Comments

noise levels

1 play area

LA,EQ 
DB(A)

>60 currently 
up to 
80dB(A)2

high task con-
centration

45-
55

Early-Arriving 
Speech Energy 

1 inside zone U50
? revisete 

weight 
factors2 outside zone ?

reverberation 
time

1
open work-
space T30

[S]

0.4-
0.6

though low, 
SPL can 
remain high2 play room 0.4

Intelligibility

1
speech intel-
ligibility

STI

0.6-
1

reflections 
to retain 
the sound 
energy 
inside

2
speech pri-
vacy

0.2<

room
 g

eo
m

etry     signal-to-noise ratio     
 backg

ro
u

n
d

 n
o

is
e 

le
ve

l  
   r

everberation time

Speech 
Intelligibility

 60-75 children: 1800m3

playroom users: 7, impact on noise level
group size per classroom:15

activity zones:
playroom-class-withdrawal 

choose scenario:
1. absorptive

2. normal
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play

class

quiet

play

class

quiet

transdisciplinary • macro-scale • micro-scale

play

class

quiet

play

class

quiet

avoid parallel hard surfaces

case study: serpiensky 
space filling curve/surface:
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scattering coefficients (s) 

upper 
partition 
(0.8m)

Octave band centre frequency (Hz)

125 250 500 1k 2k 4k 8k

1 10 10 10 10 10 10 10

2 10 10 10 10 10 10 10

3 25 25 25 50 50 50 50

lower 
partition 
(1m)

4 50 90 90 25 25 25 25

lower 
partition 
(1m)

4 25 25 25 50 50 50 50

absorption coefficients (a)

upper 
partition 
(0.8m)

Octave band centre frequency (Hz)

125 250 500 1k 2k 4k 8k

1 6 28 70 68 74 53 53

2 10 45 85 30 10 5 5

3 50 90 90 25 25 25 25

upper
partition

prohibit the teacher’s direct speech 
from being transmitted to the immediate 
surroundings + transparency to obtain 
visual control.

GA “virtual” measurement: 
approximations of sound propagation 
(energy-based rather than solving the 

wave equation), 

%%
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0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

125 250 500 1k 2k 4k 8k

[-
]

[Hz]

STI

d1.4 d2.4 d3.4

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

125 250 500 1k 2k 4k 8k 16k

[s
]

[Hz]

T30

d1.4 d2.4 d3.4

lower 
partition 
(1m)

4 50 90 90 25 25 25 25

lower 
partition 
(1m)

4 25 25 25 50 50 50 50

absorption coefficients (a)

upper 
partition 
(0.8m)

Octave band centre frequency (Hz)

125 250 500 1k 2k 4k 8k

1 6 28 70 68 74 53 53

scattering coefficients (s) 

upper 
partition 
(0.8m)

Octave band centre frequency (Hz)

125 250 500 1k 2k 4k 8k

1 10 10 10 10 10 10 10

2 10 10 10 10 10 10 10

3 50 90 90 25 25 25 25 3 25 25 25 50 50 50 50

1. MPP foil “Microsorber”
2. MPP glass, 5 mm cavity

3. Balanced

2 10 45 85 30 10 5 5
revise certain acoustic measures

tailor-made for various users 
(weight factors+hypothesis)
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scattering coefficients (s) 

lower partition 
(1m)

Octave band centre frequency (Hz)

125 250 500 1k 2k 4k 8k

4 25 25 25 50 50 50 50

5 25 25 25 10 10 10 10

6 25 25 25 90 90 90 50

7 25 25 25 50 50 50 50

lower
partition

upper partition 
(0.8m)

2 10 45 85 30 10 5 5

upper partition 
(0.8m)

2 10 10 10 10 10 10 10

absorption coefficients (a) 

lower partition 
(1m)

Octave band centre frequency (Hz)

125 250 500 1k 2k 4k 8k

4 50 90 90 25 25 25 25

5 50 90 90 25 25 25 25

6 50 90 90 25 25 25 25

7 50 90 90 90 90 90 25

aim for high speech intelligibility among 
preschoolers + extended reflections 
for privacy

%%



T
O

O
L

B
O

X

about transdisciplinary • macro-scale • micro-scale

upper partition 
(0.8m)

2 10 45 85 30 10 5 5

upper partition 
(0.8m)

2 10 10 10 10 10 10 10

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

125 250 500 1k 2k 4k 8k

[-
]

[Hz]

STI

d2.4 d2.5 d2.6 d2.7

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

125 250 500 1k 2k 4k 8k 16k

[s
]

[Hz]

T30

d2.4 d2.5 d2.6 d2.7

scattering coefficients (s) 

lower partition 
(1m)

Octave band centre frequency (Hz)

125 250 500 1k 2k 4k 8k

4 25 25 25 50 50 50 50

5 25 25 25 10 10 10 10

6 25 25 25 90 90 90 50

7 25 25 25 50 50 50 50

absorption coefficients (a) 

lower partition 
(1m)

Octave band centre frequency (Hz)

125 250 500 1k 2k 4k 8k

4 50 90 90 25 25 25 25

5 50 90 90 25 25 25 25

6 50 90 90 25 25 25 25

7 50 90 90 90 90 90 25

4. balanced
5. uniform scattering

6. broadband scattering
7. broadband absorption
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insight of the complexity 
between geometry and 
acoustical properties
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0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

125 250 500 1k 2k 4k 8k 16k

[s
]

[Hz]

T30

1_d2.4 2_d2.4 3_d2.4

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

125 250 500 1k 2k 4k 8k

[-
]

[Hz]

STI

d1_2.4 d2_2.4 d3_2.4

absorption coefficients (a)

upper 
partition 
(0.8m)

Octave band centre frequency (Hz)

125 250 500 1k 2k 4k 8k

2 10 45 85 30 10 5 5

scattering coefficients (s) 

upper 
partition 
(0.8m)

Octave band centre frequency (Hz)

125 250 500 1k 2k 4k 8k

2 10 10 10 10 10 10 10

lower 
partition 
(1m)

4 25 25 25 50 50 50 50

lower 
partition 
(1m)

4 50 90 90 25 25 25 25
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periodic surfaces: reduce the 
complexity of the reflected 
sound field
non-periodic surfaces: potential 
for uniform directivity

non-repetitive sequence via the 
geometry articulation 

long number sequence 
with good aperiodic 
autocorrelation

complex surfaces 
-> greater scattering width + depth constraints for

spatial and temporal dispersion

visual freedom of the shape

complexity: low level rules / high 
level of self-organization

simplicity + architectural smartness: 
preserving the economy of means for 

the end users

well depth-to-length ratio

two 
depths

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

various 
depths

d=20% l 
[m]: 3

d=200% 
l [m] : 3

narrow 
width

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

periodicity parameters profile
con-

strains

st
e

p
s

• aperiodic
• periodic

• non-
periodic

• side legth
• well

• period

• extruded
• tapered

amount 
of cells 

produc-
tion
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periodic surfaces: reduce the 
complexity of the reflected 
sound field
non-periodic surfaces: potential 
for uniform directivity

non-repetitive sequence via the 
geometry articulation 

long number sequence 
with good aperiodic 
autocorrelation

complex surfaces 
-> greater scattering width + depth constraints for

spatial and temporal dispersion

visual freedom of the shape

complexity: low level rules / high 
level of self-organization

simplicity + architectural smartness: 
preserving the economy of means for 

the end users

well depth-to-length ratio

two 
depths

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

various 
depths

d=20% l 
[m]: 3

d=200% 
l [m] : 3

narrow 
width

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

periodicity parameters profile
con-

strains

st
e

p
s

• aperiodic
• periodic

• non-
periodic

• side legth
• well

• period

• extruded
• tapered

amount 
of cells 

produc-
tion
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periodicity parameters profile
con-

strains

st
e

p
s

• aperiodic
• periodic

• non-
periodic

• cells
• period
• well

• extruded
• tapered

amount 

finite 
set

well depth-to-length ratio

two 
depths

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

various 
depths

d=20% l 
[m]: 3

d=200% 
l [m] : 3

narrow 
width

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

periodic surfaces: reduce the 
complexity of the reflected 
sound field
non-periodic surfaces: potential 
for uniform directivity

non-repetitive sequence via the 
geometry articulation 

long number sequence 
with good aperiodic 
autocorrelation

complex surfaces 
-> greater scattering width + depth constraints for

spatial and temporal dispersion

visual freedom of the shape

complexity: low level rules / high 
level of self-organization

simplicity + architectural smartness: 
preserving the economy of means for 

the end users
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PERIODIC

A tiling is said to be periodic if there 
exist, among the symmetries of the 
tiling, at least two translations in 
non-parallel directions. 
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NONPERIODIC

A tiling that is not periodic (i.e. does not 
have two translations in non-parallel 
directions) is said to be nonperiodic. 

given: The central “star” occurs 
nowhere else in the tiling, and so no 
translations are possible. 
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APERIODIC

a finite set of prototiles that admits 
only nonperiodic tilings
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PENROSE

“twin parallelograms”: two prototiles 
without gaps or overlaps. The pair of 
rhombuses has equal sides but their 
angles differ. 

properties: ratio of the two is the 
golden mean, self-similarity, fivefold 
rotational symmetry
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RHOMBILLE

dual of the regular tessellation of the 
trihexagonal tiling

properties: every edge lies on a line of 
symmetry of the tiling;
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VORONOI

division of space into contiguous 
neighbouring cells. dual to its Delaunay 
triangulation

properties: each point has an associated 
cell consisting of all the points closer 
to that site than to any other; 
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VORONOI CVT

the generators of the Voronoi 
tessellations coincide with the mass 
centroids of the respective Voronoi 
regions , Lloyd’s algorithm/relaxation: 
close approximation of CVT
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ISO 
SCATTERING 

dissimilarity 
between the test 
and flat surface

amount of energy 
reflected in the 

specular direction

quality of 
the produced 

dispersion

more research 
for comparison 
purposes

pachyderm acoustics plug-in for 
grasshopper

! normal incidence: periodicity is highly dependent 
on the incidence angle

CORRELATION 
SCATTERING

scattering Coefficient

l:0.22[m] | d:20%l | simulated device; measured device                            

based on literatu
re

1.0

0.9

0.8

0.7

0.6

0.5

0.4
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0.0
0                     1000                    2000                    3000                    4000     
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superior performance
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well depth-to-length ratio

two 
depths

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

various 
depths

d=20% l 
[m]: 3

d=200% 
l [m] : 3

narrow 
width

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

periodicity parameters profile constrains

• aperiodic
• periodic

• non-
periodic

• cells
• period
• well

• extruded
• tapered

amount 

produc-
tion

l:0.05 [m] | d:20%l 

l:0.05 [m] | d:50%l 

l:0.05 [m] | d:150%l
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well depth-to-length ratio

two 
depths

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

various 
depths

d=20% l 
[m]: 3

d=200% 
l [m] : 3

narrow 
width

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

periodicity parameters profile constrains

• aperiodic
• periodic

• non-
periodic

• cells
• period
• well

• extruded
• tapered

amount 

produc-
tion

l:0.085 [m] | d:20%l 

l:0.085 [m] | d:50%l 

l:0.085 [m] | d:150%l
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well depth-to-length ratio

two 
depths

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

various 
depths

d=20% l 
[m]: 3

d=200% 
l [m] : 3

narrow 
width

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

periodicity parameters profile constrains

• aperiodic
• periodic

• non-
periodic

• cells
• period
• well

• extruded
• tapered

amount 

produc-
tion

l:0.05 [m] | d:20%l l:0.05 [m] | d:200%l
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well depth-to-length ratio

two 
depths

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

various 
depths

d=20% l 
[m]: 3

d=200% 
l [m] : 3

narrow 
width

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

periodicity parameters profile constrains

• aperiodic
• periodic

• non-
periodic

• cells
• period
• well

• extruded
• tapered

amount 

produc-
tion

l:0.05 [m] | d:20%l 

l:0.05 [m] | d:50%l 

l:0.05 [m] | d:150%l
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well depth-to-length ratio

two 
depths

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

various 
depths

d=20% l 
[m]: 3

d=200% 
l [m] : 3

narrow 
width

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

periodicity parameters profile constrains

• aperiodic
• periodic

• non-
periodic

• cells
• period
• well

• extruded
• tapered

amount 

produc-
tion

l:0.05 [m] | d:20%l 

l:0.05 [m] | d:50%l 

l:0.05 [m] | d:150%l
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well depth-to-length ratio

two 
depths

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

various 
depths

d=20% l 
[m]: 3

d=200% 
l [m] : 3

narrow 
width

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

periodicity parameters profile constrains

• aperiodic
• periodic

• non-
periodic

• cells
• period
• well

• extruded
• tapered

amount 

produc-
tion

l:0.05 [m] | d:20%l | extruded́́́́

l:0.05 [m] | d:50%l | extruded́́́́

l:0.05 [m] | d:150%l | extruded́́́́
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well depth-to-length ratio

two 
depths

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

various 
depths

d=20% l 
[m]: 3

d=200% 
l [m] : 3

narrow 
width

d=20% l 
[m]

d=50% 
l [m]

d=150% 
l [m]

periodicity parameters profile constrains

• aperiodic
• periodic

• non-
periodic

• cells
• period
• well

• extruded
• tapered

amount 

produc-
tion

l:0.085 [m] | d:20%l | extruded́́́́

l:0.085 [m] | d:50%l | extruded́́́́

l:0.085 [m] | d:150%l | extruded́́́́
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inferior performance
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well depth-to-length ratio

two 
depths

d=20% l 
[m]

d=50% 
l [m]

narrow 
width
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d=50% 
l [m]

periodicity parameters profile
con-

strains

st
e

p
s

aperiodic
• cells

• period
• well

• extruded
• tapered

• ....

amount 

finite 
set

avoid more than 50% depth-to-
length ratio for improved speech 

intelligibility

investigate different vertical profiles

choose aperiodic pattern

parameters: depth-to-length ratio + 
period [big] + well [narrow]

constrains: minimize amount + avoid 
variability of elements and depth
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robust + fiberless 

transparency

system of assembly 
and disassembly

a-periodic surface

air quality: 
vulnerable to 

pollutants

physical openness: 
safety

flexibility: 
adaptive to 

changing needs

visual complexity: 
stimulate the 

attention + present 
a degree of order

hollistic approach
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pattern profile parameters

Penrose tiles

Robinson tiles

Ammann tiles

Shield tiles

Danzer 
triangles

Wang tiles

Robinson 
triangle

[open source platform]
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pattern profile parameters
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pattern profile parameters
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pattern profile parameters
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pattern profile parameters
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two heights

various heights

DEPTH

WIDTH

element size

narrow
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two heights

various heights
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absorption material system

porous

plate

membran

helmholtz

mf

tube resonator

15% perforation ratio, thickness 0.4 mm

Absorption Coefficient
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absorption material system

cork

bamboo

desert sand

bioplastics

timber

mycelium

weight: high frequencies require less 
weight to reflect sound

sensitive users: antimicrobial, non-
allergenic, fire retardant

sustainability: harvested from the bark 
of living cork oak trees, after 10 years 
regrows
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absorption material system

hybrid device

dual function  

upcycling

assemby - disassembly
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absorption material system

hybrid device

dual function  

upcycling

assemby - disassembly

interaction: 
elements can rotate in order for 

the users to manipulate the visual 
appearance
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absorption material system

hybrid device

dual function  

upcycling

assemby - disassembly

interaction: 
elements can rotate in order for 

the users to manipulate the visual 
appearance
awareness: 

modifying the micro-scale affects the 
macro-scale
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absorption material system

hybrid device

dual function  

upcycling

decay: 
replacement of its components should 

be an option.
upcycling: 

the tiles can become block play 
learning resources,

assemby - disassembly
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influence the spatial context
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influence the visual appearance
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.... move from an interdisciplinary to a 
transdisciplinary era, where various perspectives 
transcend each other to form a new more holistic 

approach. 
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