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Post-treatment techniques

un i feslss

Frames Grills Beam wall Plate wall
systems systems

From Jozwik, 2022
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(TW-Architects, 2001). Photo by Franziska Safrane, Larry Williams, and Bele Marx. a1 ey
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The construction sector is responsible

for approximately 40% of global
reenhouse gas (GHG) emissions
Alexandrou et al., 2022).
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1.EXTRACTION 2.PRODUCTION 3. TRANSFORMATION
Raw materials Float line Glass processing

A 4. ASSEMBLING
Le. window making
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8. END OF LIFE WASTE Jﬁ B
Landfill ‘& ¢ E m E

5. INSTALLATION
7.DEMOLITION ¢, sgRvICE LIFE
From Rota et al,, 2023
Depletion of natural Habitat Generate CO2
resources destruction emissions
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Problem Statement

1.EXTRACTION 2.PRODUCTION 3. TRANSFORMATION
Raw materials Float line Glass processing

4. ASSEMBLING
i.e. window making
8. END OF LIFE
o Wimmisnenst .
H— . . . 5. INSTALLATION

7.DEMOLITION ¢, sERVICE LIFE
From Rota et al, 2023

Energy intensive Often relies on
melting process fossil fuels
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Problem Statement

1.EXTRACTION 2.PRODUCTION 3. TRANSFORMATION
Raw materials Float line Glass processing

2@

4. ASSEMBLING
i.e. window making

8. END OF LIFE
¢ Nema— @
Landfill ﬂ . 5. INSTALLATION

7.DEMOLITION ¢ SERVICE LIFE

From Rota et al,, 2023

CO2 emissions
during
transportation
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Minimizing environmental impact
of the construction industry

10R-model Circulariteit Ranks strategies based on their effectiveness on environmental pressure

Circular econom pimemmnty I i
y sconsinia Using and making a Refuse
product smarter
Product slimmer
gebruiken en maken Reduce
Rethink
Extending product and Re-use
Rule of thumb . : component life
ircularity = Vuistregel B
More C|rculgr|ty fewer Meer circulariteft = mind
raw materials and less SR S
environmental pressure millsudruk Repair
Levensduur
Product refurbishment
verlengen van
product en Refurbish
onderdelen
Remanufacture
Product reuse, but with a differel
Repurpose Producthergebruik, maar met ande
Useful application of Processing from product to raw materia
materials
Verwerking van product naar grondstof en he
Nttt Recycle i -
g toepassen
van materialen Energy recovery from mate
Energieterugwinning uit materialel
Recover = i
Linear economy Lineaire economie

Framework for a circular building practice (translated from Platform CB'23, 2019)
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Minimizing environmental impact
of the construction industry

10R-model Circulariteit

7,5% recycled back

. Circulaire .
Clrcular economy economie Using and making a Refuse iInto new f|OCIt g |C|SS
product smarter
Product slimmer
gebruiken en maken Reduce
Rethink
Extending product and
R component life 7 Re-use
ule of thumb Vulstregel -
More circularity = fewer Meer choularitalt = minder ~ Maintenance and repair --> life extension |
raw materials and less istoff ind b ti I " 1
environmental pressure millw:uk 6 Repair Dnderhou@_fﬂ g ging |
Levensduur 2 |
varlen van '\\ Product refurbishment
9 z Product opknappen
product en 5 Refurbish A i
onderdelen
Nieuw product v
= Henndfeones , Recycling involves
Product reuse, but with a differel reme I ti N g
3 Repurpose Producthergebruik, maar met ande
Useful application of m Processing from product to raw materia
materials
Verwerking van product naar grondstof en he
Nuttig toepassen 2 Recyde
van materialen \/ Energy recovery from mate
1 Recover Energieterugwinning uit materiale
Linear economy Lineaire economie
Framework for a circular building practice (translated from Platform CB'23, 2019)
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Research objective

Designing a float glass system that can be reused

4. ASSEMBLING
l.e window making

" "‘/‘l ! _. 6_—-’.
5. INSTALLATION

6. SERVICE LIFE

Adapted from Rota et al, 2023
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The design outcome presents an initial, potentially applicable solution that helps extend the
functional lifespan of structural glass, thereby contributing to waste reduction, resource conservation, and
the avoidance of unnecessary energy use.

it introduces a new pqrqdigm in structural float glass design by exploring how a structure can be made
reusable, to encourage designers and researchers to move beyond traditional recycling
methods and actively explore other circular strategies.

A final design solution that appeals to people by its architectural expression and innovative nature, serving in this
context more as an artwork for the broader public that encourages reflection on radically new
possibilities for the future of construction.
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Research question

“Which structural elements and connections
enable the design of a structurally feasible and
spatially adaptable float glass system that can

be manually assembled and disassembled by a
small team for reconfiguration at different locations,
ensuring its reusability?”
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Adaptable span

1. The system should be

scalable by expansion in the
x-direction, while maintaining yty
an open floor plan.

y et
2. The system should be /l/

extendable in the y-direction
to accommodate different

spans, while maintaining an
open floor plan. -— /I/ /I/

Scalable

X+X
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3. The system should be
designed to be

to support manual
assembly and disassembly

4. The system should be
designed to allow 3:@}

the need for
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5. The proposed system is a response
to existing all-glass structures, in
which transparency is a key design
principle. The new system will
therefore be developed in such a
way that it does not compromise

the transparent quality of all-glass
structures.

6. The system must consist of a
minimal number of standardized
building components to simplify the
manufacturing and construction
process, and to optimize the

reuse potential of the structural
components.
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External and internal

geometries suited for

light weight structural
glass

: Literature

Delt
,;J I e t University of
R Technology

Design
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Adaptable
Structures

A4

Development of %

Concept Designs

v

Selection of a Concept
Design

) ¢

Key Design
Guidelines
regarding Structural
Glass

I I
' Programme Of
| Requirements |

_________________
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From Mitsimponas & Symeonidou, 2024
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Adaptable Structures

ADD REMOVE TRANSFORM

—p

!

From Hussein et al.,, 2021
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From Mitsimponas & Symeonidou, 2024
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A. Gusset plates B. Sliding locks

I | I % @ @E
T I T
L I 1
L 1 ]
Hinge Hinge
C.Latch locks D. Self-latching locks E

Hinge Hinge

From Zhu & Filipov, 2024

A. Multi-path folding motion: Reconfigure between B. Uniform Thickness: Good load-carrying

g

storage and load carr

Flat state with kinematic bifurcation

From Zhu & Filipov, 2024



Arch

Curved
Barrel vault

Dome

Double curved

From Wurm, 2007 From Wurm, 2007
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Laminated safety glass made of 2 x Laminated safety glass made of 2 x
tempered glass — top pane broken tempered glass — both panes broken

Laminated safety glass made of 2 x heat Laminated safety glass made of 2 x heat
strengthened glass — top pane broken strengthened glass — both panes broken

From Van Dooren, 2014
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T~20°C
Heating

T~550°C | T=550°C

Bending

T~550°C

Glass

Jets of cold air
T=550°C
Cooling and Tempering

T=20°C

Curved Glass

Curved Glass

From Datsiou, 2017



Development of concept designs

Modularity External geometry that stimulates
compressional force transfer

e Arch

From Mitsimponas & Symeonidou, 2024 Dome
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Chosen desigh concept
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Fulfillment of design requirements

Adaptable span by adding Creation of external geometry that Adaption in x-direction by
multiple slots along the length supports force transfer in compression linking module rows

of the module, allowing for
interlocking in different angles

y (span)

Vv
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Fulfillment of design requirements

Position of slots keeps module edges clear,
enhancing transparency

ST

Free edges
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Improvement of the concept

Elimination of structurally weak shear Hinged connection
connection: one curved glass plate
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PART II: Design Elaboration
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Research on Define glass
| parameters affecting | thickness
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Research on
I parameters affecting |
| adaptability |

PART II: Design Elaboration

Other objective
functions

Structural model
(objective 1)

Y
-
I %
Multi-objective

H optimization |
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Verify structural
performance through
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of modules on
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Supports.

Structural model
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Define glass
thickness
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Modelling of internal [ Ansys structural |
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] L,,,,T,,,,J

Delft
I U De t University of
Technology

@tvitec | crICURSA



»  Zwick J 7100

L

Verify structural
performance through
lab testing
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import Rhino.Geometry as rg
import math

Parameters affecting ada

base plane = rg.Plane.WorldYZ
current_plane = base plane
planes = []

= angle step

’ [ ] for i in range(n):

planes.append{current_plane)

rotated plane = current_plan

rg.Plane.Rotate(rotated plan
moved plane = rotated plane.
move vector = rotated plane.

moved plane.Origin += move v

3
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Parameter 1: interlocking angle

Consistent interlocking angle

3.4
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Parameter 1: interlocking angle

Different interlocking angles

35
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Parameter 2: module height

5 cm height difference

S f e e
= ~y
> ( // - %
WY e o, ™
P e %,
N /! P A\\ o, 0
! \ N *’oo
> 7 N
° / 3
0 | ‘
N v
|
J i
' :
| ]
d 0 ‘
1 4 . N SR S N S — &
Pz 2 s 25
» i v 3

N——N

Eckersley

<]
TUDelft&=:  GCallaghan  @tvitec | cricursa



4 Delft
TUDelft &

Eckersley
O'Callaghan

@tvitec | cricursa

import Grasshopper

it num_clusters < 1:
num_ clusters = 1

cluster size = int{math.ceil

base plane = rg.Plane.WorldY
current_plane = base plane

all planes = []

current_cluster =
for i in range{cluster s
global index = clust

it global index >= n

break



span 1 span 2 span 1 span 2
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Parametric tool

Cluster 1 custers
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Fixed parameters

Small bending radius to maximize the
amount of interlocking angles while
minimizing the net length

- = s =5
o ™ 7 ~
v R b4 N Length
/ A / \
/ \
| R=650 I/ R=650 '
! 1
\ /
X /
\ 7
e 4
. P L
~ Net Length | ) NetLmax = 1300 )

First module height = 0.5 m
to carry a long module

Second module height = 30 cm: contrast with 0.5,
allowing enough span variation
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Amount of stacked Clustermodes
modules

——
00€ 00€
00S 005

Amount of clusters Angle between modules (AngleChoice)
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L = len(pattern)
! n(angles) < L:
angles += [@] * (L - len(angles))

angles = angles[:L]

idx, H nerate(pattern):

planes_tree.Add(current, path)

angle idx = angles[idx]
angle deg = angle map[angle idx]
rad = rad _map[angle idx]
H prev = pattern[idx-1]
H next = pattern[idx+1]
idx prev_starts:

H next : ‘
move_dist = H - (8.5 * H _next) +

move dist = H - (8.5 * H) + 25

H next is
move dist = (8.5 * H) + 25

H next < H:
move dist = H - (8.5 * H next) + 25

H next >
move dist

2
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Order of module heights

Background image: by Van Wendel de Joode, R. (n.d.). Vegetable garden at Villa Augustus (Dordrecht)
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Background image: by De Meester, L. (2021). World Press Photo exhibition in the Koepelgevangenis, Breda
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, K. (2023). The Darwin Flower Garden

Background image: by Koolbergen
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Background image: by Lobach, A. (n.d.)
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Background image: by Sibai, R. (2014). Bucharest, Romania
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Multi-objective optimization

Research on
I parameters affecting |
| adaptability |

Other objective
functions

Structural model
(objective 1)

Y
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I %
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geometry

Verify structural
performance through
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Multi-objective optimization

Research on Define glass
| parameters affecting | thickness
| adaptability |
L a

Other objective — Modelling of internal Ansys structural |

functions | ‘ ‘ ‘ geometry ‘ analysis ‘
L - l -
: Structural model | Verify structural
(objective 1) performance through
! ! lab testing
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Objective 1.
Minimize global structural displacement resulting
from self-weight, as the structure is primarily

. subjected to its own weight.
Parametric tool

,,,,,,,,,

I
Other objective 5 IENIEEEIEENENENENENENEE]]
functions ! —

,,,,,,,,,,,

N4

,,,,, y _ _ _

Structural model
(objective 1)

[ [
,,,,,,,,,,, ¢ 5
/ \
N
[ %
Multi-objective
%: optimization % l
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Objective 2.
Minimize alternation between module height

Parametric tool

Other objective e
functions |

|
|
|

Structural model
| (objective 1)
o 4

Multi-objective

>\ L
| optimization
g
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res.disp.cm]

0.00e+00

1.56e-01

312e-01

4.69e-01

6.25e-01

0009

EE
e
Lo |
o
—
—

Max. displacement
=16cm

res.disp.[cm]

0.00e+00

1.26e-01

251e-01

377e-01

5.02e-01

00S¢

=
=
B
N

Max. displacement
=13cm
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TUDelft &y YCallaaP @tvitec | criICURSA



Delft
e t University of
Technology

n—1
Total difference = Z \hi — hii1|
1=0
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diff. = 200
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diff. =0



Minimal deviation from desired span

L= (Sa,ctual - Sdesired)2

Actual span (3,7 m)

go 3.702055 |y

I -

N0 0.088771

Start plane End plane
Sactual

Delft

2
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Z-value of end plane

Start plane (z = 0)
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ar. 189

Parametric tool -
Cube size: deviation
5]
- end module from
cm------- - ground level
| Other objective F ]
‘ functions | Deviation from

desired span

Structural model
(objective 1)

|
|
|

- Y____
I %
Multi-objective

— optimization & —
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Optimization process

Randomly scattered Closer to 0, along displacement axis
4
- . : L = B
L L] - R4 L] \
>~ -- - o e R
a® e o %
b : e o’ “‘

L

“3
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Optimization process

More concentrated near the origin on all three

Most solutions gathered on the span axes,
objective axes

with global displacement and module height
alternation near to 0.

sgan: 20.65

Deviatio'h from .
desiredispan
: .

1
1
-
\ -
1
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iIon results

imizat

Opt

8cm

Global displacement = 0

o
©
w
I
w
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Module height alternation

0 500
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Preliminary hand calculations

0 —

‘ Research on Define glass
I parameters affecting | thickness
| adaptability |

,,,,,,,,,

I . :
Modelling of internal
geometry

Ansys structural |

Other objective
analysis |

functions

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,

‘ Structural model Verify structural
(objective 1) performance through
‘ ‘ lab testing

,,,,,,,,,,,
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Parametric model internal geometry

|
e )
Define glass
Thickness

Research on
I parameters affecting | thickness
I adaptability I
-
pane 1 \

Thickness \

77777777 r””””% RN S S
Other objective & Generative modal Modelling of internal K ——— - Ansysstructural pane 2
functions ‘ geometry o analysis
L o L — — — — - — — — — - L — — — — & — — — — . . e
___N___ H N4
B
Structural model | Verify structural
(objectivel) performance through
‘ ‘ lab testing
4

A4
- __
e B
| Multi-objective ‘
%‘ optimization e
J
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0,000 0,200 0,400 (m)
| I I
S Ansys structural | 0,100 0,300
-y analysis |

0,000 0,200 0,400 (m)

0,100 0,300

A: Static Structural

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: Pa

Time: 1s

02/05/2025 10:21:51

8,2649e6 Max

5,6068e6
4,2777e6
2,9486e6
1,6196e6
2,9049e5
-1,0386e6

-2,3676e6

-3,6967e6 Min
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Stress vs Glass Thickness

O~

\

Max Principal Stress (MPa)
O P N W B U O N 00 W

10 12 16 20

Total Glass Thickness (mm)
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peak stress decreased from
6.5 MPa to 4.7 MPa for 2x6 mm
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Y/
Y

0,000 0,200 0,400 (m)
I 4.

0,100 0,300
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Laboratory test

Research on Define glass
| parameters affecting | thickness
| adaptability |

Modelling of internal

Ansys structural |

Other objective

‘ functions ‘ | | | geometry ‘ analysis ‘
I .
‘ Structural model ‘ Verify structural
(objective 1) performance through
‘ ‘ lab testing
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Laboratory test

Hardwood as intermediate material
between steel profiles and glass

Hardwood in the slots

22 kN

A= 800
mm 2

F=0ocx A
= 28.4 MPa x 800 mm?
=22720N
= 22.7kN
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Laboratory test
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Conclusion
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S » Comparison

Modules made from fully toughened laminated glass,
2x6 mm thick, 1 meter long, and up to 0.5 meters in
height, show strong potential for use in compression-
based structures spanning up to 8 meters
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Final conclusion

“Which structural elements and connections
enable the design of a structurally feasible and
spatially adaptable float glass system that can

be manually assembled and disassembled by a
small team for reconfiguration at different locations,
ensuring its reusability?”
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Final design

7

Av.
AT AT 7
SN v

SERSIX VAV
A R
e
<7 4 =48
SIS VAR %
A
A
(s
45@.,?«

e
s N2
Sz, > Y
g
XL P
S wm»#ﬁwwxmwww\
AR
N
VRO

=\

fi
<5

tion) can be

irec
adapted by means of the interlocking angle and the module

ted global shape.

orien

Inacompression-

on.

Structurally feasible modular float glass system, proven to

The shape and consequently the span (y-d

span up to 8 meters
height alternat

@tvitec | cricURrsA

Eckersley
O'Callaghan

University of
Technology

Delft

]
TUDelft



Final design

The system is scalable in the
x-direction by linking multiple rows
of module units.
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Final design

The system uses two standardized
modules with integrated connections,
simplifying production, assembly,

and reuse at new sites.

A 500 mm high module allows manual
handling with the1-meterlength, while

a 300 mm height creates contrast to
encourage varied span outcomes.
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Final design

Four slots are combined into a one

meter long module with a 650 mm i

bending radius, maximizing the 1

amount of integrated interlocking -2 3 R650

angles while minimizing length and e 4 ’

weight for easier manual handling. = =
1000

L
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Final design

The combination of two negative angles
(-2° and -10°) and two positive angles
(2° and 10°) enables the formation
of both convex and concave shapes,
giving precise control over the global
geometry and, consequently, the span.
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Final design
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Final design
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Final design

The position of the slots keeps the
module edges clear, enhancing the
visual transparency and lightness of

» the structure.

Clear Acrylic

Free edges
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Discussion

- Basic protection against rain: certain height
sequences can create gaps in the structure due to
the shorter module’s limited interlocking depth. So
the water tightness varies for each configuration.

- Basic protection against overheating: Itis
assumed in this research that integrating
transparent solar control in the interlayer or at the
top as coating would work.

\ Inside /

- Optimization of span performance is not based
on variable slot locations: it is assumed in the
parametric model that each interlocking angle is
located at the same location.

Outside

- It is not investigated how the various slot angles,
who are inclined at a specific angle, can be best
distributed along the module’s length.
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Further research

- Investigate if the angle differences between
modules, mostly arising in a more freeform
geometry - are not a thread to the structural
performance.

- Assessment of overall structural stability and the
effects of asymmetric loading conditions.
- Further refinement of the slot infill:

1. Geometry will slightly differ for different

slots facilitating different interlocking angles.

2. Test compressive strength of slot infill and
capability of mitigating excessive internal
stresses caused by manufacturing or
installation tolerances.

,,,,,, Eckersley .
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- Testing of the bending resistance of the modules
in freeform configurations, where force transfer
through compression is not optimal.

- Design of supports for the first and last rows of
modules. Adjustable supports may be required,
as the algorithm can generate design solutions
that slightly deviate from the predefined spatial
constraints.

- Exploration of larger spans

- Structural exploration of using the system in

a different way, for example, by by rotating a
generated arch onto its side, allowing it to function
as a transparent partition wall.
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