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Introduction

Background

* (lasses are used in high rise buildings to:
1. Promote daylighting
2. Isolate from outdoor noise
3. Architectural aesthetics




Introduction

Types for Glass: Optical Aspects

Flat Glass

e Allows direct
daylight

* Clear visibility

* Privacy Issues

* Direct sunlight
Glare

* Diffuse light
* Obscure visibility
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Introduction

Glasses for Sound Absorption

Normal glass
causes echo

Micro-perforated
glass absorbs sound

d Reduces echo
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Various designs of commercial micro-perforated glass exist
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Introduction

Curtains for Sound Absorption & Daylighting

* Curtains block light and absorb sound
* Adjustingis a hassle
* Recently few are designed to be translucent
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Introduction

Current Need: Multifunctional Smart Window

 Need a Smart Window which can

* Control transparency and
* Absorb sound simultaneously

Controlled
Daylight

* Few window devices which
can perform one of the
functions are commercially
available

Transparency Tuning Unit

Existing Solution

1. Electrochromic glass

2. Polymer dispersed liquid
crystal device (PDLC)

QO

Indoor Noise -
Reduced reflected
sound

— Noise Absorbing Unit
Existing Solution
1. Panel type absorber
2. Micro-perforated panel
absorber (MPP)




Literature Review

Review: Transparency Tunable Glasses

Smart Window for Transparency Tuning Examples
£ .- labsorbance FEHabsorbance :
5 = “ oo * Electrochromic glasses
=4 . ° 1 1
= z Incident] - Suspended Particle Devices
g
£l S * Micro-blinds array
‘E & * Optofludic smart glass
)
&
o : * Polymer dispered liquid crystals
§ g (PDLC)
- & ?Ii e Polymer filled with phase
af =l g % changing particle
5 é . Specular Refraction Forwardhgﬂcattering
=S| »
-
G * Indentation of elastomer substrate
gl e * Thin-film Wrinkling
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@ Literature Review

Existing Smart Windows

Electrochromic Glass Polymer Dispersed Liquid Crystal Device (PDLC)
» Electrochemically changes color » Scatters light to appear opaque
> Tunes transmittance from 5% to 65% > Tunes transmittance from 6% to 62%
» Cost $1000/sq.m (viewglass) » Cost ($200-300/sq.m)

» Age upon prolonged UV exposure

100
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§ 60 ] ./‘.,../" § 40 -
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2201 U % OFF _ _ _._ _.
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Indentation of Elastomer

Literature Review

Low-cost Approach: Surface Roughening

<) <

Dielectric elastomer

/) sanovie cteerote //)

(a) Light passing without (b) Diffuse refraction upon
diffusion electrical activation
Surface wrinkling

Thin film stiff electrode

//y/{? Dielectricelastomer

2 //7 — 7 -
(a) Light passing without (b) Diffuse refraction upon

diffusion wrinkle formation
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Literature Review

Comparison: Existing Devices

Tunable Privacy Glass
Polymer dispersed Liquid Crystal| Indentation of elastomer substrate Thin-film Wrinkling

100

N b N X0
S O O O

v

Inline
Transmittance (%)

()

PDLC Indentation of Elastomer Thin film wrinkling

» Nanowires in indentation device scatters light and limits transmittance
» Thin-film wrinkling has larger visibility tuning range

11
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» Large in-plane compression is not applicable for window appliance

Literature Review

Comparison: Thin Films Wrinkling Based Device

» High transparency at unwrinkled state is required

Performance Comparison of Thin Films

Thin films

Indium Tin Oxide

Gold

Graphene Oxide

Silicate (treated)

Electrical
Property

Conductor

Insulator

Tuning
visibility

§

Ll

11 11

o it

postec 2020

In-plane
strain

37%

70%

400%

* Large in-plane compression

makes these devices

inapplicable as window

appliance
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Review: Acoustic Absorbers

Acoustic Attenuation System

Passive

Active/ Tunable

Absorbers

Absorbers

Active Noise
Control Systems

Literature Review

Noise Source

Control

W

\Y~

/
Loud Speaker

—_ - P .:._’_' '?i
233 5 et
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S 3 = N kg @ = paquc
~S= 2|
V: 5 — e
o| Porous absorbing
Material
25 )’ 0 o Panel Absorber
S : g Helmholtz Absorber
S .
§ 2 S Micro-perforated Panel
SR & Absorber
* Variable Back-cavity
Stepping * Variable Membrane Tension
motor (panel absorber)
* Unpractical to implement
Processing Amplifier
Micl

* Small enclosed space
* Power hungry
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Literature Review

Existing Transparent Acoustic Absorbers

1. Panel absorber

Back air“

Incident Sound
N—

Vibrating
Panel Mass (M)

Isometric view Cross-sectional side view

2. Micro-perforated panel absorber (MPP)

Heat from viscous  Back air cavity
friction of air

|

Incident Sound

=
o
w2
o
=
&1
5

()°]

acoustic mass'

Isometric view Cross-sectional side view

* Resonating membrane or panel
absorbs sound

* Designed for fixed low frequency
sound of narrow bandwidth

Helmholtz resonator principle
Resonance of air-plug in the perforations
also absorbs sound

Designed for fixed low frequency sound
Designed frequency depends on
perforation size and Membrane thickness
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Literature Review

Comgarlson Existing Acoustic Absorber
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» Noise frequency changes (e.g.
Engine Noise)

» MPP designed for a fixed
frequency is not efficient to
absorb noise of frequencies

[1] D. Herrin and J. Liu, "Properties and Applicationsof Microperforated Panels," Sound and Vibrations, 2011.
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Motivation and Objectives

Problem Statement: Transparency Tuning

» Existing commercial technologies for transparency tuning are expensive
* Most of them have moderate transparency tuning range (e.g. 65% to 5% electrochromics)
* High continuous power consumption (e.g. 5-20 W/sq.m PDLC)

* Low cost approach using large area strain to form micro-wrinkles (e.g. >400% area change Graphene
oxide)

* Low coverage to the windows due to large area strain

Problem Statement: Acoustic Absorption

* Porous absorbers are opaque
» Existing transparent acoustic absorbers have fixed narrow absorption bandwidth (e.g. panel absorber)

* They are inefficient to absorb noise with varying dominant frequency

Objectives:

1.  To develop a low-cost smart window based on surface wrinkling
* With large transparency tuning range and
* Requires small area strain

2. To develop tunable acoustic absorbers which can adapt to broader bandwidth noise of varying
dominant frequency

16




Method & Results

Part |
Smart Window for tunable transparency
Based on Surface-Wrinkling

17



Method & Results

Scatterlng of Light by Rough Surface

» Optical scattering is strongly dependent on surface roughness (o) and refractive index

mismatch
(a) 2
2\ |
2 N
nq “%v 2@ Smooth surface
n, 0, Refraction
)

(d)

Glass

Frosted

Forward Scattering

Transparent

< »!
A »

Roughness pitch (p)

210 2
Inline transmittance (Tspec) = T.ex p —cos 0; (n; — nz)l

4n : .

where, T =1—R = (—12)2 is the total transmittance of the medlum given by Fresnel equation, n, andn, are

np +ng

the refractive indices of two optical media which defines the interface,

0, 1s angle of incidence, o is the surface roughness and / is the wavelength of light
*P.Beckmann and A. Spizzichino, " The scattering ofelectromagnetic waves fromrough surfaces," Norwood, MA, Artech House, Inc., 1987,511p., 1987.
** A, Spizzichino, The Scattering of Electromagnetic Waves from Rough Surfaces. By P. Beckmann... and André Spizzichino: Pergamon Press, 1963.
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Method & Results

Electrically Unfolding Microwrinkles

» Electrically controlling wrinkle amplitude using Dielectric Elastomer Actuators

(a) Maxwell stress (b)

i
Ty

Compliant electrode

;;;;;;

Soft elastomer
Voltage Off

Voltage On
. . A A
Voltage induced strain, e(V) = ? —-1= g(v) (%) =ey + D(V) (1 + ey) Where,
! o pre-compression
Er&o (V D
~e + (1+ o)ro(t)- strain ey = — —
I D;
Dielectric elastomer <t Thin film stiff electrode <
Vi )
z
A 117 ’é Z
é.._//l ........ vk LA
I
(a) Light passing without (b) Diffuse refraction upon (c) Reduction in light diffusion by
diffusion wrinkle formation electrical activation
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Method & Results

Solution : Thin Film Material Selection

O Problem Summary: Need for effective optical diffusion by surface microwrinkling
under a small axial compression
[ Material selection criteria to solve the problems
» Highly transparent
» Electrically conductive
» Stiff (So that even nanometric coating can induce large microwrinkles at small strain)
» High Refractive index (larger refractive index mismatch is better for scattering)
* ITO and AZO are possible but forms thermally induced wrinkles
O Solution: Multilayer thin films of materials like ZnO or TiO, films and conductive

materials like PEDOT:PSS (poly (3, 4-ethylene dioxythiophene)-poly styrene sulfonate)
100 ~ 2.6 A

3 = Ti0
. | ] Q 4 Y7
5‘% g0 4 PEDOTPS§ B E 2.4 insulating
bl e insulating 0 2.2 1 optical oxide
< A ITO optical oxide .= 7 - e
o 60 A A 3) n
é A Conductive oxide Lg 1.8 - AI%‘(()):
L Ag or polymer Dielectric O ™
% 40 - * elizstomer A 1.6 - " ALO;
E Au VHB A 1.4 A ¢ PEDOT:PSS
£ 20 A Metals PDMS Conductive oxide
% . 1.2 4 or polymer
ﬁ 0 T T T I 1 T 1
0 10 1000 100000 0.001 0.1 10 1000

Sheet resistance (Q/0) Young’s Modulus (GPa)
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@ Method & Results

Experimental Work: PEDOT:PSS/TiO, Coating

e Titanium dioxide (TiO,) thin films deposited at room temperature (38.79nm thick using E-beam
evaporation deposition, Coaxial Power Systems) on 3 times pre-stretched VHB4905 membranes

« PEDOT:PSS is spin-coated (38.79nm thick) or inkjet printed on TiO, thin films

Fabrication procedures Measurement Setup

. . . Transparency tuning device
1) Thin film deposition P s

<o
\ g Source

Collimating lens
(¢6 mm) Spectrometer

Y

e ess

VHB ‘ Optical Fiber

70 mm

) 4

1) Biaxial compression © 1O

5V
- w” m Pulse Digital
: . 0 trigger Multimeter
v Function High Voltage W 1 ( NI Data logger
~ Generator Supply = (Vand I
(kilovolts) | \__ logging)
* Inline transmittance measurement: Spectrometer (AvaSpec-USB2 Fiber Optic), Halogen light
source (AvaLight-Hal-S-Mini)

* Electrically activated : by high voltage power supply; current and voltage are logged; cyclic

activation controlled by function generator a1
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Method & Results

Results. Wrinkling of TiO,/PEDOT:PSS Thin Films

* Wrinkles with amplitude of 0.585+0.085um and pitch of 7-8um forms under 4.5-5% radial

compression

e Wrinkles formed at 5% compression strain, fully unfolds upon 2.85kV activation of DEA

3D Profile

0. Spm

0. Opm 0. Opm

D(V)/D=0.96 (V=0kV)

2

” 2A (Model) C.
‘cg)b 1.6 A

1.2 A
35 2AIN?

S 0.8 1 Z

5 0.4 1 Rms roughnes_s\\
S 0 =

0.92 0.94 0.96 0.98 1
Diameter ratio (Dy/Dy)

Wrinkle
wavelength (um)
LN N 9 0 O

092 094 096 0098 1
Diameter ratio (D/Dy)
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Method & Results

Results. Tuning transparency by DEA activation

Light Scattering

* The wrinkled surface scatterers the light (full width at half-maximum angle = 44.77°)

e Tunes transparency from 1.8% transmittance to 81% upon activation (involves only 4%

compression strain). Scattering angle
20 % 20
D(V)/D;=0.96 (V=0kV) D(V)/DI~1 (V=2.85kV) 40— a0
Refes\\we '
Ry —D(V)/D=1
__D(V)/D;=0.989
-80 — D(V)/Di=0.96

100 100 100 10 10- 10-
Normalizéd Inteznsity 6a.u)

1.03 _
) Model, Dy/D=0.955
=) e e OO
=0.99 - 7 e
>
A i . e
0.95 ¥ — —
0 1 2 3
Voltage (kV)
100 7=
__ 80 I~ = Model (n,=1.45) F
o T \.
S 60 - R “Measured
9 40 A LU
2. 20 \_=Model (n,=1.6)
— 0 i N g 5—o8
0 0.25 0.5

Relevant RMS Roughness (um) 23



Method & Results

Device Performance and Reliability

» The transparency tuning is broadband (i.e. throughout

visible range)

» Consumes very low power 0.81W/m?(2.85kV and <1uA) <

» Reliable for repeated and long hour activations

DH/DI =0. 96

2

5:m i
1]
\ 6= =

D(V)/D; ~ 1

A Sydtieyy bty

997
No. of cycles

100
80 - D(V)/DI— .......................
@ 6o 1 D(V)/P_I_—_Q,997 -----------
40 i
%20 1 D(V)/D=0,96 D(V/Di=0.98
0
400 500 600 700
Light Wavelength (nm)
3 __|<— - 2 —
S S
1y e il | :
Z 0 L S
SR aa— - 0.99 2
? g g 0 e 0.97 5
= BB ol ot o055
12 Fa o0 300 600 900 1200
= Time (s)
100
80 1
60
40 -
20 -
0 ' ' T T T T T

200 400
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Method & Results

Part 11
Tunable Micro-Perforated Membrane Absorbers

O Problem Summary: Fixed absorption spectrum of Narrow Bandwidth
O Proposed Solution: DEA-based tunable microperforated membrane absorbers
(tunable broader absorption spectrum)

25



Method & Results

Proposed Solution: Tunable MPDEA Absorber

* MPP’s absorption frequency depends on perforation size and membrane tension
Resonant Frequency assuming

Glagg plag M - Helmholtz Resonator
@) ., y - BaCkCaVzty () TH f = < znaz
N 21| (2b)2.H.(2h)

where, c is velocity of sound

Voltage induced stress change

Ao = —2Le
1 1-v

2
Pe _ & (%)

where, =— electrostatic

pressure, v is the elastomer’s Poisson's
ratio, V' is the applied voltage and ¢ is

Dielectric pin'film the membrane thickness, €, is the

elastomer 1o trode Holes vacuum permittivity, €, is the dielectric
l Y ! constant. .
MPDEA Voltage induced reduction
in hole radius
2 2
* Absorption spectrum of an microperforated membrane Aa(V) = v £k b+l _oa_ <b _ a_)]
absorber is modeled by Maa et. al. and Y. Li et. al. * 1-vE b b

*Li, Y., & Assouar, B. M. (2016). Acoustic metasurface-based perfectabsorber with deep subwavelength thickness. Applied Physics Letters, 108(6),063502.

** Lu, Z., Shrestha, M. & Lau, G.-K. Electrically tunable and broader-band s ound absorption by using micro-perforated dielectric elastomer 26
actuator. Applied Physics Letters 110, 182901, doi:10.1063/1.4982634 (2017).



Experiment

Fabrication steps
(1) Pre- stretchmg of VHB

______________

(2) Inkjet Printing of
PEDOT:PSS thin film

’_‘f/
7 7

(3) Repeat step (2) on other side

(4) Heating in an oven (~50°C)

DORA y

7

(5) Laser drilling\i/of through hole
/| C I/
Z J 4

Method & Results

Trek 10/40A

oooo |

Mic2 Back C&Vitv\

Reflected wave <A§N-

—

— \Loudspeaker DEMP membrane /

Impedance Tube (770mm long) Setup used to
characterize absorption property of cavity
backed resonant absorber

Two microphone method used

Microphone switch method used for phase and
amplitude correction
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Transparent Tunable MPDEA Absorbers

» 2-layered MPDEA were ~70% transparent » Absorption Bandwidth at 0=0.8 is 444Hz from

: 846Hz-1290Hz
0
> Hole diameter reduced by >15% at 3.5kV » Resonant Frequency is shifted from 1170Hz to

= 2-layer MPDEA Absorber 992Hz upon activation
- I
¥ = ! = (b) Perforation diameter reduction by DEA
'! 0% - -.,,.-*" " voltage activation
i = : 1 . ; .I*'-J. 1 ]
¥ - 2 06 : T, < 0.95 3
B I s § 0.9 —a— |-layer MPDEA\!\\‘
E_ 0.4 _i‘i': Absorption Peak 50853 _,_ 2-layer MPDEA )
,-..E 0.2 %)0;::: 0.2 ] "‘F"
< = ol
~ 2 0.1 A .
) e e e e e e | 8 1P) | .;F_'&—-ilm-:ﬁ
G RO LY 1200 14041 — g 0 ==t :
Frequency [He| g ' L] s C '
0 1 2 3 4 5 6
Voltage ramp up to reduce hole size and shift absorption peak Voltage (kV)
(d) Shifting absorption spectrum by DEA activation
(c) Optical transparency of the absorbers 1
100 08 1
. = 3.
~ 80 S = 0.6 ]
S 60 E5
8 60 ‘/’\ 8 E 04 ] X A hlft
5 0] -~ 1 Layer MPDEA < 8 02 Mt 992Hz 1170 Hz
20 : —2 LayeI'MPDEA 0 —T 2 laVCI‘MPDEA T T T T T T T T T 1
0 T T T 200 400 600 800 1000 1200 1400

400 %Qfavelength (nm) 700 Frequency [Hz] 08



Conclusions

a Transparency Tuning Using DEA

» High performance, low cost transparency tuning device I, """""" e 1"' | I/é/_/ﬂ“:&}\
based on surface wrinkling with TiO,/PEDOT:PSS &’ MR & ||||||,;u..,=,;'{-'-§§ Il
transparent coating layer r HI i{\ 4=t ez i

> Electrically transparency is tuned from 81%to 1% with #5 AT EREEY 5 =/1/ |
less than 5% in-plane radial compression is obtained ol i

N DEA V=0kV V=2.85kV )/

Comparison with Existing Technology

) T pec Response Sale price on 2016
Smart window Substrate . Power
@S50nm time (brand)
Electrochromic Glass 50465 300sec 0.1-0.5 $1000/sq.m
(WO3 and NiO) ° ° (5x20 cm?) Whr/sq.m (View glass)
Polymer dispersed Polymer $396/sq.m (sonte)
6%-629 500 5-20 : :
liquid crystal composite /0027 e Wisqm $100-300 (Alibaba)
S ded Particl 1.9-16
pEnCEe A Glass  2.4%-59%  100-200 ms i
Device W/sq.m
0.831
This work VHB 4905 1%-81% <60sec ~$65.6/sq.m
W/sq.m
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Conclusions

- 1

992 Hy 1170 Hz
2-layver MPDEA

02

Transparent Tunable Acoustic Absorber s ] 6KV >M R
» Broader band absorption is obtained by micro- 2 .. v S ﬁ)”# Wiy
perforated DE absorber g 9] Pl sl
» Peak-frequency is tuned by DEA (by 178Hz (é e |
=
=

from 1170Hz) ]
» PEDOT:PSS/Triton-x100 is inkjet printed to o e T e o ot 1At
k make transparent compliant electrode sy (] /

Comparison with Existing Technology

Material and  Back-cavity Bandwidth for Maximum o at

Acoustic absorb Clarit
COustic absorber form depth Ay (0>55%) resonant frequency

Absorber Light Polyster Fibre 590Hz (from
150mm Frosted 68% at 629H
Curtains weave TS 400 to 890H7) o z
Microperforated Microperforated 578Hz (from
25mm Cl 94.8% at 780H
Glass glass panel " 500 1o 1078Hz) 08 ‘
Microperforated 800Hz (from
i - 1 49 4H
This work VHB membrane Omm Clear 621 to 1421Hz) I7.4%@ 9341z
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Recommendations for Future Work

» Window appliances desire a lifetime of 20 to 25 years
* Currently used elastomer is not weatherproof
* It can creep and tear over time
* Investigate new weatherproof dielectric elastomer materials

» High voltage requirement can be concerned

* Experiment on soft dielectric materials with high dielectric
constant

» Current tunable MPDEA absorber is working in the
low-to-medium frequency
* R&D on mass-loaded membranes to target low-frequency

» Large back-cavity depth of current absorber

* R&D backed-cavities with meta-surface to reduce cavity
depth
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Thank You

Questions are Welcome
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