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Part 1

Infroduction
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How window open for natural ventilation nowadays
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O Unpredictable wind

O Monotonous window openings

O Difficult to control inlet air velocity and direction
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Main questions

How can soft pneumatic actuator(SPA) bend thin-glass
windows structurally for natural ventilatione
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Sub-questions

How to prove curved window can decrease predict dissatisfied
percentage due to draft (PPDR)

Considering natural ventilation function, which window configuration
can be developed

What is the relationship between SPA geometry, air pressure and
bending radius.

o How to design window frame
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Part 1.1

Methodology
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Proof of Concept (POC)

Hypothesis
A: Soft pneumatic actuator can bend insulating thin glass window

B: Curved window can improve predict dissatisfied percentage due to draft
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Proof of Concept (POC)

Hypothesis

A: Soft pneumatic actuator can bend insulating thin glass window

B: Curved window can improve predict dissatisfied percentage due to draft
Hypothesis based Research

A: Soft Pneumatic Actuator, thin glass and Window detaill

B: Aerodynamic theory and Draught model

™ .
I U Delft ity o Future window
Technology




Proof of Concept (POC)

Hand calculation based approximation

A: Structure mechanism, SPA morphology generation

B: Inlet air flow rate
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Proof of Concept (POC)

Hand calculation based approximation

A: Structure mechanism, SPA morphology generation
B: Inlet air flow rate

Simulation based approximation
A: Soft Fiber-Reinforced Bending Actuator, SPA

B: Mean air velocity and predict dissatisfied percentage due to draft(PPDR)

Future window
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Proof of Concept (POC)

Experiment based evaluation

A: Model making by increase air pressure to test bending behavior
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Part 2

Hypothesis-based research
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o High strength

o Flexibility

o Lightweight

Source: (Schott, 2016)
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Previous research on thin glass topic

Thin glass adaptive facade Water and air tight bending facade Folding-canopy roof
Source: (Rafael, 2016) Source: (Ozhan, 2017) Source: (Prof. Jurgen Neugebauer, 2014)

Bamboo and thin glass roof Thin glass sandwich panel

Source: (Priyanka, 2016) Source: (Iris, 2017)
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Chemically strengthened borosilicate glass

Gxiz?n sur::::le P (I=Y0)i[=)'¢ Thermally tempered
: (0.85mm) (3.2mm)
MECHANICAL CHARACTERISTICS
Strength / Marginal stress @iz & 71 (MPa) 260 80
Young modulus > 4% (GPa) 74 70
Poisson ratio R7wvv itk 0.23 0.2
Density #E (g/cmd) 2.48 2.5
Thin glass mechanical properties
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Stress cross-sectional of chemically strengthened glass

Stress on surface by bending curvature
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New material possibilities
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Tilt and turn window concept
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New material possibilities

Variable opening radius adaptable to external environment
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Tilt and turn window concept
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CFD simulation comparison

Eric James/NASA Ames
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Why curved window

Aerodynamics theory
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Friction drag- laminar flow
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Fanger and Pedersen(1977) experiments shows that a fluctuating air flow is more uncomfortable than a constant flow with the same mean velocity.
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CFD simulation comparison

Status:  Transtent

e m— Analysis 20
= ) N Wind Speed: 32808 {ft/s)
’_&/ Length: 203,675 inches)
— = Vadth: 174579 (inches)
/ e Height 145,482 (inches)

Voxelsize: 1819 (inches)
{ —

R e
i f'\ \ ity e~ %
NaSSe——ras
M* \\ \\\‘,&" V—-—\—’%*\

Tme 00752 16 Orag cefficent 208 Orag force 44108 (b1 Average drag couticent: 110

ez

Status:  Transient
Analysss 20
Wind Speed:  32.808 {fu's)
Length: 192420 (inches)
Width: 164931 (inches)
Height  137.443 Gnches)
Voxelsze: 1718 (nches)

— -
Opening size-B/ Drag force 28/ Drag coefficient 1.18 Opening size-B/ Drag force 47/ Drag coefficient 1.78
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Soft robotics

Source: (soft robotic toolkit, 2015)
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Two soft actuators comparison

Soft Fiber-Reinforced Bending Actuators Soft Pneumatic Actuator

Extensible Layer

Protection Layer
Elastomer y \ J——

Inextensible

Strain Wrapping Strain Layer Layer = 3
Inner Chamber Inside wall
Chamber Top wall
s AR R Fiber
'/‘(’” ﬁjy.\‘xﬁlv;“"‘ﬂ'lyl\f""}'i“li{h'sl'i!‘;?;:nnIiH‘:m:Li«\u-fw““”“ ; reinforcements Paper

LR Embedded

Layer

. FEM modeled
) 2oftactustor Unpressurized Pressurized

Inextensible
layer

Max Principal
Strain

+1.7¢+00
+1.4e+00
+1.1e+00
+8.0e-01
+5.0e-01
+2.0e-01

-9.1¢-02

Source: (soft robotic toolkit, 2015) | Source: (soft robotic toolkit, 2015) | Source: (soft robotic toolkit, 2015)
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Two soft actuators comparison

Soft Fiber-Reinforced Bending Actuators Soft Pneumatic Actuator

A

! ml|n|||m|‘||m|uu_mup\u||

S, |
E

Source: (soft robotic toolkit, 2015)
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Relative Research- SPA- Actuator morphology influences air pressure

A Height of Segments B # of Chambers C Wwall Thickness

Conclusion

75 | /——‘ To achieve full bending motion,

Thinner wall, more chamber numbers and higher

0 — segments requires least qir pressure

0246 810012 0 5 015 0 1 2 3
Height of Chambers (mm) Number of Chambers Thickness of Walls (mm)

Source: (Mosadegh et al., 2014)
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Relative Research- SPA- Variable Stiffness at different localities to conform to the shape

a)Full Fist

MCP PIP DIP /J
b) Straight Fist

MCP PIP

b) Conventional Actuator c) Actuator with Variable Stiffness ¢) Hook Fist

R e

PIP DIP

) Table Top

=
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Structural mechanism

Stretching based bending

Inextensible layer 5 N D M — 2
: 4 stretch= a

Contacting based bending

L

L1F
&V
L1F
L
=

o OO

= 7

= Mcontact—
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Structural mechanism

O Bending moment (M) by pressure

O Rubber tensile stress (o)

N | . .
Q M, My M, M, M, M, M, M, M, M, M, O Thin glass tensile stress(o)
o e T T W, WA, 0, T Tl e (e 1
| o o A LA A
§ O End edge deflection(d)
1 L Mstretch 1 . Mcontact
R EI R:  EI
,; Delft Future window
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Product mechanism- siretching model

S, Mises

(Avg: 0%)
+2.172e+00
+2.063e+00
+1.955e+00
+1.846e+00
+1.738e+00
+1.629e+00
+1.521e+00
+1.412e+00
+1.304e+00
+1.195e+00
+1.086e+00
+9.779e-01
+8.693e-01 .
+7.607e-01 Min: +8.7
+6.522e-01
+5.436e-01
+4.351e-01
+3.265e-01
+2.180e-01
+1.094e-01
+8.768e-04

Max: +2.172e+00
Elem: MERGE-1.34202
Node: 865

Min: +8.768e-04
Elem: MERGE-1.45714
Node: 4832

Max: +2.1\<+000

ODB: nogravity.odb Abaqus/Standard 6.14-32  Mon Mar 12 09:59:

X 1 Step: Step-Pressure )
Increment  12: Step Time = 1.000
Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1.000e+00

12 West-Europa (standaardtijd) 2018
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Product mechanism- sirain energy method

d
Rubber top i "
V chamber l )\]X r )\]X r
Inextensible X X
L 6 6
layer
X

O Gas compression

O Elastic rubber deformation

O Work added by an external load

W= W.ir+ Wisiicom+ Wioad h = 50mm P = OSSMPa

SWacor . SWar . 8Wis
s T en T sn 0 d=8mm  Mawew=189Nmm
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Product mechanism- contacting model

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.820e+02
+1.500e+00
+1.375e+00
+1.250e+00
+1.125e+00
+1.000e+00
+8.751e-01
+7.501e-01
+6.251e-01
+5.001e-01
+3.751e-01
+2.502e-01
+1.252e-01
+1.967e-04

ODEB; Pneunet2.0db Abagus/Standard 6:14<3 Tue Feb 27 11:41:50 West-Europa (standaardtijd) 2018

Step: Step-Pressure
Increment 30& Step Time =
Mi
‘U

Future window
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Product mechanism- contacting model

h = 50mm

d = 8mm

/// P
|
)

. M contact = PAe=2775Nmm
O A= Contacting area

P= Air pressure

Future window
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Product mechanism- stretching and contacting model

M stretch— 189Nmm
M contact — PAe:2775Nmm
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Soft Robotics Technology Utilities

o Gripper

Octopus gripper- Festo Soft Robotics gripper Soft Robotics gripper

O Rehabilitation

& Thin-film
PV panel

" Soft Robotic
Actuator

O Sun shading

Adaptive Solar Facade installed at ETH House of Natural Resources
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Soft Pneumatic Actuator-benefit

o Curvature adaptive

o Continuous form change

O Lightweight

O Easily controlled and measured

O Less mechanical equipment

%
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Part 3

Draft design
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Hand sketches

Bi-direction opening window Variable stiffness with jamming chamber Top hung window Four opening directions prototype
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Design A Design B
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Design C

4{ Magnet tape |

| steel joint with wall —— 4
| Glass beam }7

Thin glass panel |

| i
| steel joint with window | :—

°—| Jamming actuator

| Soft pneumatic actuator I

q

I Air supplying pipe
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AP1=0 AP1=0

AP2<0 AP2=0

Phase 1: Closed Phase 2: Prepare opening Phase 3: Start opening Phase 4: Keep opened

Delft .
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Design D
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Parametric geometry generation

Segments(N)

LW | L a J¢b c - d Jdedd f g 9 Jlh
ﬂj-
(N)

Segments

[ T S—— : i = 3

— ] “}7‘“
— — o = == Ll

= ; = R o /| .;é ‘4_;:;1 4] kd
£ 5 = a ) > —re—— =—p—y : ‘ / =00 S FRESENTY o
= I [ - é‘*—/mk " -))‘ @ /,,;- /
| | — | ) —
|
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Part 4

Mathematical model and assumption
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Opening size calculation

N\

Opening size =L(sinB+sin 20+sin 30+

8 =L./R
ET LM: L
°~ %R == TR
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Product mechanism- rigid spacer

Flexural rigidity = E1 Li+E: Iz

.\ M(h/2)E:
" Ei1L+E:

M(he/2)E:
O2max = *
Ei L+E2 L2

_Eih+E:
o M

O 1max

R

t=0.55mm
he=12mm

M= 2775Nmm
R= 346m

b b:
I:_hc3 = — C3
2 12 I 12h
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Correction: Soft actuator morphology-enlarge bending moment

ﬁu/u/u/u/m/

p S S
hc= 4mm
n= 25
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Spacer material-super spacer edgetech

&

5_Edgetech ?ycﬁﬁmm\] . Contact +44 (0) 2476 639931

A Quanex Building Products Company : v =y

Email: ukenquiries@edgetechig.com

HOME PRODUCTS DEALERSHIP+ PRESS AREA NEWS ROOM CONTACT US CUSTOMER LOGIN A

E n e rg y Efﬂ C | e nt Secondary Sealant

80% of the energy lost through a window occurs at the edge of the glass because of
the highly conductive nature of aluminium spacer. Super Spacer® is 950 times less
conductive, blocking heat loss and reducing energy costs. Super Spacer reduces
window U-values by up to 0.2W/m2K allowing windows to achieve the highest
Window Energy Ratings.

Download the leaflet & Barrier film
continuous at corners

Acrylic pressure-
ive adhesive

Flexible silicone foam

Multi-layer vapor
barrier film

This site uses cookies. By continuing to browse the site you are agreeing to our use of cookies. / Accept
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Product mechanism- effective flexural stiffness of insulating window-correction
0.55mm thickness thin glass and 12mm super spacer

Thin glass
PIB layer
Super spacer
PIB layer
Thin glass

Thin glass
Silicone glue
PIB layer
Super spacer
Silicone glue
PIB layer

Thin glass
b

b2
12

[ =

he®  Flexural rigidity = 2E:1 i+E2 12 = 1.3 * 10'N mm’
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Calculation integration

[wim:lowlenglh| 500 ¢ ]J—-——( : 5] . —
an s Y
B

vomp R A
c ! (x] % [ I Blj 0 81675983
[SEgmentru'nber| 15e P g k . .
1|

SPA total length

" L
(sPatength] o020 b =—1\ |, (%] & b )
bending ahg] = = S
e\ —— ), b

[segmentdistamel BEo P=0 0 375.0

“on e BLs B P . | Ventilation

A -
' g »

glass moments of inertia(mm4 ‘ may (NN 1: <

number of persons

{0;0}
P o 5_a03073 D

window width | 600 ¢ ] A
[

E D

o

[ 1z 0
== o

¥
C ~1

~ super spacer c%nentso iertia(mm4)

0 A
I [spauerwidm| o D & B (x] = p A to}
| [cavilysime| 12 ¢ D || 1 l“l |I

behding mom.ent(Nm 1 stress

| [airpressuel ©0.260 F
e A A
[cawlyrmght| ¢33 D B@R ' - B@R BD A%R / {0}
| — ® D=(l A d B 0 141.527263
[mntacting mefﬁciem| 0700 o b g B
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thin glass moments of inertia(mm4)

Mindow width 520 ¢

12

0.55

Calculation integration

A A
g B R an

2

- super spacer

ents of‘inertia(mm4)

— (] % (2 g
T Al
& 8= e CTL®e P

opening size

R A 3
¥ x| R {0;0}
B 0 136.998145

SPA total length

§0 600.0

\Ventilation

A E] .
| spacer width 60 A B A
= B (] R A AR A N 85000 x
B @ R D q A
B @ R
cavity size. 160 x Ay  so pqs
bending moment(Nm stregs
|[zrpeswe] o030
A A A
[cavityheight| 033 B@R . B®R B®R
- E] R A
Sebdh 0:68 22.5 5 B Eﬂ R ™ -
|[contacting coeticient| 00330 NL

E] R 0 1.4304e+6

{0} }

in glass (MPa)

0 105.734265

{0}

number of persons

{0;0}
0 16.413474 D
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Part 4.1

Draft experiment
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Material property

Tensile strength: 6.5MPa
Elongation at break: 700%

I _
- |

Pouring

Break at air pressure: 1 bar

Disadvantage

Before After Low tensile strength: 6.5MPa

Cure

Bubbles—maybe a
weak spot. Inspect
closely.
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Material property

Tensile stress at yield: 8.6MPa
Elongation at break: 580%

Maximum air pressure: 4 bars

Disadvantage

High tensile modulus: 26MPa

Leakage between layers

TPU 95A Soft robotics prototype
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Production and cost

Description X |y | z extents Quantity Unit
(mm)

FDM: Material= Nylon 12

77.209*46.511*30
0.000 1 $377
FDM: Material= ABS
77.209*46.511*30
0.000 1 $324
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Material property

Tensile stress at yield: 11MPa
Elongation at break: 600%

Maximum air pressure: 7 bars

HNOA N
oL aNiw NI
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Part 4.2

Further design
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Inspiration- Bellows grippers Festo
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Inspiration- Bellows grippers Festo
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Bellows connection remove
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Bellows geomeiry generation

Design A

Design B

TU De Ift Do iy of Future window
Technology




Bellows geomeiry generation

/ O Decreasing segments height

O Keep contacting area same

O Decreasing segments thickness

O Fillet bellow corners

Buckling Decreasing height

TU D Ift Defft Future window
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Mould making and Production
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Mould making and Production
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Design A

)

A

A4 A 4 A 4 4

m\\\r_‘&
A -
¢
= o

|z

ATTTTITILY
e

Top view Clamping edge Rendering
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Design B

IIIIIIII
o

AR

loooo)
||||||||

— Rendering
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Design C- boitom edge clamping method

Thin glass

Clamping Profile

Super Spacer TriSeal
Premium Plus
Rubber sealant

Silicone adhesive

Clamping method A Compression state

Shear state

Clamping method B

Opening on side edge

6 Delft
TUDelft

Technology
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Design C

T
loooo|
loooo|

oooo
l000o|
0000|
oo

Side edge

Bottom edge

%
TU Delft
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Design C

R N
|

Cross section
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Inside view e Outside view
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Part 4.3

Installing process
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Profile A

Defft Future window
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Profile B

Thermal
insulation

TU De Ift e o Future window
Technology




Profile C

Defft Future window
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Profile D

Side edge frame
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Top edge frame

Defft Future window
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Side edge frame

Side edge frame installing

/
/

Top edge frame installing

~_ |/
2/

Top edge frame

Delft
I U Del t University of
Technology
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Thin glass panel edge painting
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Bottom edge clamping
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Bottom edge clamping
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Clamping profile

]

Future window

University of
Technology

Delft
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NN o

s

o

/

Finishing

SPA installing

SPA support installing

]

Future window
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Part 5

Simulation
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Structure equivalent

Flexural I‘lgldlty — 2 Ethin glass Ithin glass+ Esuper spacer Isuper spacer

— Eequivalent quuivalent

Thickness = 1.1mm

Eequivalent — 84‘5 5 6MPa
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Geometry

Whole segment

Connected segments

Separate segments

]

Future window

University of
Technology
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Pressure correction

«— — «— — « —> «—
« — «— — <« —> «—
- . - . — P+AP _ « P+AP
“« — « — <— o «
<« S <« > «— — «—
«— —> «— — «— —> «
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U, Uz U, uz U, U2
+1.6166+00 +1,669¢+00 +1.351e+01
-1.157e+00 -9.817e-01 +1.207e+01
-3.929e+00 -3.633e+00 +1.063e+01
| 28 | et |
12250101 v -1.159¢+01 Y +6.316+00 v
-1.502e+01 -1.424e+01 +4.8776+00
-1.779e+01 | -1.689e+01 +3.4386+00
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u, Uz u, U2 U, U2
+7.530e-03 +6.601e-03 +2.513e-03
-1.932e+00 -1.839e+00 -2.676e-01
-3.872e+00 -3.685e+00 -5.376e-01
-5.812e+00 -5.531e+00 -8.077e-01
-7.752e+00 I -7.376e+00 | -1.078e+00 I
-9.692e+00 v -9,222e+00 v -1.348e+00 v
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S, Mises S, Mises S, Mises
(Avg: 75%) (Avg: 75%) (Avg: 75%)
+1.634e+02 +1.630e+02 +1.633e+02
+1.501e+02 +1.495e+02 +1.498e+02
+1.369e+02 +1.361e+02 +1.363e+02
+1.236e+02 +1.227e+02 +1,228e+02
+1.104e+02 +1.093e+02 +1.093e4+02
+9.711e+01 +9.587e+01 +9.573e+01
+8.385e+01 +8.245e+01 +8.221e+01
+7.060e+01 +5.903e+01 +6,868e+01
+5.734e+01 +5.561e+01 +5.516e+01
+4.409e+01 +4.219e+01 +4.164e+01
+3.084e4+01 +2.877e+01 +2.811e+01
+1.758e+01 +1.536e+01 +1.459e+01
+4,.328e+00 +1.937e+00 +1.066e+00 'ﬂ"ﬂﬂ"""'ﬂ'ﬂ‘ ﬂm H
Max: +1.634e+02 Max: +1.630e4+02 Max: +1.633e+02 /] 5 /]
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Validation

opening size

[ window length | 500 &

[ segment number | 180

+ap R A
-'ﬁﬂ & -
I_ll_l I ‘+¥ x R {0‘0}
AN ﬁ:j B l:] I ‘o 131375075 } i

[sm length | o 20

— i
= . [XIr} SPA total length

[segmemdistance | Fo

thin glass moments of inertia(mm4)

[ window width | 600 ©

- super sp.acer 0 énts o) 'ertia(mm4osite plate flexural rigidity(Nm

_bea. d A
' ‘ A | BER { 0 4500 b
=D

[ “ T 1|
e

[berige radius|
g A
q B

7B -
A
| 1z D - ] lE]R

Ventilation

[
it
(72000 el

73
(x]

{0}

| [spaoerwidth| 6o 0 |
X| B D= A
® B@R';@R

' [ cavity size | 12¢ 0 il

ben'ding momént(Nm X

| [airpressu'el o 0.280

1)
A
=
f . . X| R D=Q A
[ca\ﬂiy\mdm| o568 b {2 e ) d B .ll
1

[mntacting coefiicient | 0.750 @

m 1= m 1=

g
%
BR.
R 0
[ A
BB R P05 13176046
| R D

s (MPa)

stress ¢
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A

1|
‘ (x] R b a | {0}
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' B lZB] | II
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Material inflating comparing

Natural rubber Elastosil silicone Natural rubber Elastosil silicone

e IR SR M R eSS TR W e SRSl S R e Vs olladt e Sleiand e SR SUTINEGe 12 2 Cl i L obs et o] ODB: rubber.odb Abaqus/Standard 6.14-3 Sun May 06 13106:37 W. Europe Daylight T] ODB: elastosil.odb Abaqus/Standard 6.14-3  Sun May 06 12:59:01 W. Europe Daylight

Step: Step-1 Step: Step-1
Increment  11: Increment 2

Segments inflating deformation Segments inflating stress simulation

Tensile strength: Natural rubber 28MPa

Elastosil silicone 6.5MPa
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Part 5.1

Indoor comfort simulation
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Relationship between air speed and air temperature in comforting human

Comfort From Moving Air vs. Temperature Rise,
For Different Radiant Temperatures
Inlet air temperature

e . _
Temperature Rise; *C 5°C lower than radiant temperature
0 1 2 3 4 o _ . _
T (+] SULENLEN A R N r—1-® O 3 Cincreasing need 0.8m/s increasing
- n o . .
a i | 12 E 5°C higher than radiant temperature
5 200 = o o
@ ; B ; © o O 3 Cincreasing need 1.6m/s increasing
@ 150 or |} ] 0.8 o
Q. PSPPI Q.
) i ' . n
» 100 | 5
< : . 0.4 g
50 [ O Maximum allowable elevated airspeed is 1.5 m/s
0 3 RO W 1 [ PR SR PP
0o 1 2 3 4 5 6 7 8
Temperature Rise, °F
TU De Ift %’S&;ﬁ* Future window



How to quantify indoor comfort by ventilation

O Air temperature (ta)

O Mean air velocity (V) —  Percentage Dissatisfied due to draft

O Turbulence intensity (Tu) —

PD= 3.143( 34- ta) ( v—0.05)96223 + 0.3696V Tu( 34- ta)

( V—O.O5)O'6223
for v<0.05 m/s insert v=0.05 m/s

for PD>100% use PD=100%

AIR TEMPERATURE

0 1\)“9‘“\'e
Fig. 19. A three-dimensional representation of the draught-risk model. The surfaces shown correspond to 10%,
15% and 20% dissatisfied respectively. The axes are turbulence intensity, mean air velocity and air temperature.

Source: (Fanger, 1988)

%
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Standard room configurations

Inlet

Inlet  se— Vi ™ N

— \ \

—> = PN
/ ] \ / FN
l ;N ( .
\(// \y\‘// > o

Air circulation

Inlet

Single side ventilation
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Standard room for simulation

Wind velocity
Inlet airflow rate Q (m3/s)

Air temperature

— : Outlet
—
EE——

— Air temperature ( ta)

—— Mean air velocity (V)

. @— Turbulence intensity (Tu)
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Phoenics CFD simulation =

3.0m

0.45@% \ '
RoomA  |om\ 1

24m .
PPDR in room A

4.5m 2 =N

Room B %

PPDR in room B

. .
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Phoenics CFD simulation

PFDR, ¥ velocity, m/s
100 8.00
88 6.93
a1 6.39
N 75 H s5.85
H & 1 5.31
H 623 H 4.78
[ 56 H 4.24
50 3.70
“ Outlet
38 2.62
31 2.09
25 1.55
19 1.01
13 0.48
& -0.06
o -0.60
- . e . )
—_ PPDR in room A Air speed in room A
100 6.93
94
88 6.39
81 5.85
7% M 5.31
69 M 4.78
63 4.24
56 .70
3.16
50
" Outlet 262 Outlet
3
25 1.01
19 0.48
13 0.06
6 -0.60

PPDR in room B Air speed in room B
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Velocity, m/s

Phoenics CFD simulation

Sweep 1000
Probe value

Sweep 1000
probe value
52.07736

s
g
3
»
gt
3 43
g8z
B r
58
if
=
T
gRREYEaSTIHe Y,
e e e e R R

Average value
78.55168
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Air speed in room A

velocity, m/s

Sweep 1000

PPDR in room A

Sweep 1000
Probe value
0.156487

Average value
0.440148
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Air speed in room B

PPDR in room B
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Phoenics CFD simulation

TINS, & Sweep 1000
100 Probe value PEDR, %
94 13.05695 100
88 Average value 91
a1 £3.15377 88
75 81
€9 75
63 6
57
50 63
aa 56
38 50
3z a1
26 38
19 31
13 25
7 19
1 13
6
o
. o sroba valua PPDR in room A
» Turbulence intensity in room A wene
81 48.45218
75
69 PPDR, %
e 100
o 921
“ a8
3 %
32
26 69
19 63
13 56
T 50
1 a4
38
31
25
19
13
6
o

Turbulence intensity in room B

PPDR in room B
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Part 5.2

Benchmark Exoskeletwindow
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Window opening configurations
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Product features

o Smooth air flow rate changing ratio
o Adaptive hinge system

o Low maintenance compared to kinetic facade

o Easy tfo control and measured

© Meet different architecture function and aesthetic
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Part 5.3

Case study
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238

Google map view TPM Building facade Window hinge system
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RT 82 HI+ IDEAL 5000 Exoskeletwindow

™ .
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RT 82 HI+ IDEAL 5000 Exoskeletwindow
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’ RT 82 HI+ o IDEAL 5000 80— Exoskeletwindow
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Part 6

Conclusion and discussion
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Advantage

Automatically indoor environment
O improving by responding to the
external environment

No motors and mechanical
equipment

O Lightweight

O Potential on geometry generation

Disadvantage and limitation

O

Low insulation value

Too large window frame

The low durability of rubber material

Risk of delamination between
silicone and thin glass

Conclusion: Not ready for the market, but worth further researching
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Limitation of research

O Wind load and wind direction effect on structure are not considered

O Rubber material biaxial and uniaxial testing for Abaqus simulation

O CFD analysis in different configurations
O Different window opening size
O Different window locations

O Different outlet locations

. .
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Future research

o Geometry generation

O Effects of wind load and direction

O Window location and opening size optimization to improve indoor comfort

O SPA material exploration

O Sun shading integration

" .
TU De Ift Do iy of Future window
Technology



Physical model
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Exploration
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Wing wall configurations

WAl D
s =\ ==
T = -
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