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KINEMATIC BEHAVIOR 

FOLDED PLATE PROPERTIES 



S
U
B
-
Q
U
E
S
T
I
O
N
S
 

RESEARCH QUESTION : 
To which extent can the kinematic qualities of folded geometries be combined with the 
structural benefits of glass plates and more specifically, how can these be applied in the case 
of a deployable glass roof system? 

• What are the criteria for selecting a folding pattern that provides both 
stiffness and deployment potential? 
 
• How do the geometrical parameters of the folding pattern affect the 
structural properties of the system? 
 
• What kind of mechanism enables the specified deployment 
movement and what restrictions does this present for the design? 
 
• What types of connections are required between plates and in the 
structure supports to ensure that the load transfer is done as expected 
and also to allow the necessary degree of freedom for the deployment? 
 
• How can those connections be designed to be as invisible as 
possible, while providing the required tolerances and envelope 
properties, such as waterproofing, etc.? 



DESIGN CRITERIA 
Provide natural lighting and maximum transparency 
Self-supported glass plate structure (no frame) 
Deployable on one side (fully adaptable) 
Feasibility  
  
STRUCTURAL CRITERIA 
Controlled element deformation + stress levels (all 
phases of deployment) 
General shape stability  (all phases of deployment) 
Glass element redundancy 
Damage sensitivity - Fracture mode – Safety factors 
  
DETAILING CRITERIA 
Discrete design- Invisible connection 
Tolerances 
Restriction of gaps- waterproofing 
Repair work facilitated 
BC maintained by connection detailing 
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RESEARCH QUESTION : 
To which extent can the kinematic qualities of folded geometries be combined with the 
structural benefits of glass plates and more specifically, how can these be applied in the case 
of a deployable glass roof system? 



CASE STUDY 
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Swimming pool area :  
15* 50m – Total span: 20m   
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PART 1:  
FOLDING PATTERN SELECTION 
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A folded plate structure is a three-
dimensional structure formed out of 
thin plate elements arranged in a 
manner to form a load bearing 
system. 
[J.Born,1954.] 
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1-fold  

Pattern angle 
90- φ  



LATERAL EXPANSION  
DURING DEPLOYMENT 

 
‘poisson ratio’ of 

 geometry expansion 



FOLDING PATTERN 
COMPARISON 



FOLDING PATTERN 
COMPARISON 



PART 2:  
DESIGN DEVELOPMENT 
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FULLY COVERED STATE 



FULLY OPENED STATE 



PART 3:  
STRUCTURAL ANALYSIS 
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deployment angle: θi 
structural height :hi 
 
span: s  
plate width: a  
fold width: b 
thickness: t 

deployment angle: θi 
structural height :hi 
 
span: s  
plate width: a  
fold width: b 
thickness: t 
folding angle: φ 

GIVEN: 
Span S 
S=20m  
 
VARIABLES: 
plate width: a  
thickness: t 
 
DEPENDENT VARIBALES:  
fold width: b 
folding angle: φ 
 
TIME-DEPENDENT: 
deployment angle: θi 
structural height :hi 
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PINNED SUPPORTS: one side: translation on x / z  
                                      other side : translation on z  
 
SUPPORTS ALONG LONG EDGES : translation on y  
                                        
  

BOUNDARY CONDITIONS 
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• Damage sensitivity, Σ: vulnerability based on 
probabilistic failure causes 
 
• Relative resistance r: ratio between actions on and 
resistance of elements 
 
• Redundancy : margin between damage and failure 
and failure and collapse 
 
• Fracture mode: breakage and injury potential 

• Material safety factor : 1.2  
 
•Permittable stress levels / deflection 
 
• Redundancy : extra layer of glass 
not included in calculations 
 
• Use of laminated heat-
strengthened glass 



DEFLECTION  

MAX STRESS  

FOLDING ANGLE 
θi 
Moment of inertia Iy Iy = 2tcosθi hi3 /12 
 
First moment of area Sy = ta2 sinθi 
 
Deflection w = 5ql4/384EIy 
 
Bending moment middle M = ql2 / 8 
 
Maximum flexural stress σ = Mz / Iy 
 
Principle Force max. F = σt 
 
Maximum shear stress τ = VQ / Ib 
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t=4*0.15 
a=3m 
Span 20m  
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STRESSES  
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PART 4:  
HINGED CONNECTION DEVELOPMENT 
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LAMINATED 
GLASS PANE 

GLASS / 
ALUMINUM 
DISCS  

PURE COMPOSITE 
SHEET 
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CONNECTION OPTIMIZATION 
Based on steel 
construction regulations  

Looking for adequate 
dimensioning of the discs 

Minimalize induced 
Principal forces 

DISK DIAMETER : 20 mm  
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at θi = 60o 

at θi = 8o 

Minimum sheet 
width to allow 
deployment  

LAMINATED HEAT-
STRENGTHENED GLASS PANE  
THICKNESS: 2 x 15mm 

PURE SHEET  
THICKNESS: 3 mm / HOLES Φ 50 mm  

GLASS DISK  
THICKNESS: 4 mm / Φ 40 mm 

RUBBER SEALANT  



LAB TESTS 

FEM TESTS 

MATERIAL PROPERTIES:  
• Fatigue test on PURE sheet  
    (notched and un-notched version)  
 
CONNECTION PROPERTIES:  
• Pull-out test on PURE sheet – glass 

disc connection principle 
    (different sheet thicknesses)  

CONNECTION PROPERTIES:  
• Pull-out test on PURE sheet – glass disc connection principle 
    (different sheet thicknesses)  
 
• Deformation upon out-of-plane compression 
    (different loadcase scenarios)  



NOTCHED UNNOTCHED 
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MAXIMUM STRAIN 
h0 [mm] : 92,5 

MAXIMUM STRAIN 
h0 [mm] : 91,960 

1.5 mm PURE sheet  UN-NOTCHED : 90 MPa   

FATIGUE TEST 
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36.73 MPa 

73.62 MPa 

22 Mpa 
Shear strength 
Glass/glass adhesion 
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DEFORMATION  

PRINCIPAL STRESSES  
IN-PLANE  

SHEAR 
 STRESSES 

LINE LOAD 

FIXED SUPPORTS 

DISK DIAMETER : 20 mm 

DISK DIAMETER : 40 mm 
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SCENARIO 1:  
ASYMMERTICAL LOAD 

SCENARIO 2:  
SYMMETRICAL LOAD 

SCENARIO 3::  
WIND LOAD 

14,9 mm 

1,22 mm 

2,25 mm 

2,06 mm 



PART 5:  
FINALISATION 



EXTRA SUPPORTS ON       
  THE DEPLOYED STATE 1 

DESIG
N  
ALTERATION
S 



EXTRA SUPPORTS ON       
  THE DEPLOYED STATE 1 

DESIG
N  
ALTERATION
S 

PLATE EXPANSON 
ON THE SIDES 2 



EXTRA SUPPORTS ON       
  THE DEPLOYED STATE 1 

DESIG
N  
ALTERATION
S 

PLATE EXPANSON 
ON THE SIDES 2 

HYDRAULIC SYSTEM TO 
CONTROL DEFORMATIONS 
DURING DEPLOYMENT 

3 
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WIND LOAD 

EFFECT   
PRIN

C
IPAL 

STRESSES  

SH
EAR 

STRESSES  

D
EFO

RM
ATIO

N
 



1. Translation on y-axis 
allowed during folding 

process and hindranced 
at the enclosed state. 

 
2. Tolerances on x-axis 

to avoid moments 
caused by the induced 

deflection. 
 

3. Increasing the area of 
support  as much as 

possible to avoid stress 
concentration 
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CLEAR FLEXI PVC FILM   

FOLDABLE ALUMINUM 
FRAME 

RUBBER SEALANT ON 
SECONDARY RAIL 



θi = 60o 
θi = 45o 

θi = 8o 

FINAL DESIGN 



FINAL DESIGN 
1 

1 

2 

2 



DESIGN CRITERIA 
Provide natural lighting and maximum transparency 
Self-supported glass plate structure (no frame) 
Deployable on one side (fully adaptable) 
Feasibility  
  
STRUCTURAL CRITERIA 
Controlled element deformation + stress levels (all 
phases of deployment) 
General shape stability  (all phases of deployment) 
Glass element redundancy 
Damage sensitivity - Fracture mode – Safety factors 
  
DETAILING CRITERIA 
Discrete design- Invisible connection 
Tolerances 
Restriction of gaps- waterproofing 
Repair work facilitated 
BC maintained by connection detailing 
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THANK YOU 
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