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Figure 1: Energy Technology Perspectives 2017, IEA/OECD, Paris www.iea.org/etp/.  EJ = exajoules; kWh/m2 = 
kilowatt-hours per square meter: RTS = Reference Technology Scenario. (Source: IEA 2017)  

  

 
  



 
 

 
 

 

 



 
 

 
 

 



 
 

 
 

 

  
Figure 2: Typical deflection of insulated glass units (a) concave form of deflection, (b) convex form of deflection, 

(c)deflection characteristics of wind load (Source: Respondek, Z., 2020)  
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Table 1: Deflection limits of glass panes as specified. (Source: Code of Practice for Structural Use of Glass, Buildings 
Department, Hong Kong, 2018, p. 19, 20) 

  

 

 

 

 

 



   

 

 

 

 

 

 

 

 

 

 



   

 

 

  
                                               Fig 3                                                                                                     Fig 4                

Figure 3: Stand for testing deflections in an IGU: a) view, b) detail of the model's support 1 – IGU model, 2 – main 
frame, 3 – fixed part of supporting frame, 4 – movable part of supporting frame, 5 – bolt, 6 – supporting rods, 7 – 

gusset plate.   

Figure 4: Scheme of deflection measurement 1 – IGU model, 2 – main frame, 3 – magnetic base, 4 – dial gauge. 



   

 

 

Figure 5: interior of the LightVan (Source: Hordijk et al., 2014) 
  



   

 

 

   
 

Figure 6: Exterior of the LightVan . Right side image shows the rear view of the van where the testing IGU is set on 
(Source: Hordijk et al., 2014)  

 

 



   

 

 

  
Figure 7: A schematic for the proposed pneumatic system (Source: Sagar Oke, 2023)  

 

 

 

  
 

 Figure 8: A simplified scheme of determining optimum thickness of glass  



   

 

 



   

 

 

  
Figure 9:   Boundary condition and the corresponding deformed shape (exaggerated) for a rectangular shape on the 

left-hand side. Maximum deflection, max(w), and maximum in-plane translation of the edge, max(u), are as presented. 
The edge conditions are equal for both panes. Central nodes of both panes are constrained for preventing rigid-body 
motion. On the right-hand side is center-of-pane deflection versus applied pressure for both panes of a rectangular 

IGU (a= 1260 mm, b = 750 mm, t1=t2=5.7 mm, s= 13 mm), a comparison between finite element results [12] and 
experimental results by McMahon et al. [9]. (Source: Janne et al., 2023)  

 



   

 

 

 

Figure 10: flowchart of optimization routine used in (Source: Janne et al., 2023) 



   

 

 

    
Figure 11: Design stresses of the glass panes for symmetric IGU in vertical application in load condition “summer” 
with 4 mm glass thickness (with a length short edge and b length long edge) (Source: Buddenberg, Stephan & Hof, 

Peter & Oechsner, M., 2016. Climate loads in insulating glass units: comparison of theory and experimental results.)   



   

 

 

  
Figure 12: Deformations due to changes of temperature, atmospheric pressure and amount of 

substance compared to the conditions of production (Source: Buddenberg et al., 2016)  



   

 

 

Table 2: Comparison of climate loads and stresses based on Kirchhoff’s plate theory with results of an FE model in 
consideration of the influence of geometrical nonlinearity and shear flexible plate for symmetric IGU for the load 

condition “winter” in accordance with (Source: DIN 18008-1, 2010)  

  

Table 3: Combination of actions in accordance with (Source: DIN 18008-1, 2010)   

 

Table 4: Production conditions for the load conditions summer and winter in accordance with (Source: DIN 
18008-1, 2010) 

 



   

 

 

  
Figure 13: Symmetric IGU with 12 mm cavity and dimensions of 350 mm × 500 mm during cycling with difference in 
calculated and experimentally determined climate loads at +53 ◦C in percentage (Source: Buddenberg et al., 2016)   

Figure: 14 Symmetric IGU with 12 mm cavity and dimensions of 350 mm × 500 mm during cycling with difference in 
calculated and experimental determined climate loads at −18 ◦C in percentage. (Asterisk) After 28 cycles, the test 



   

 

 

was interrupted. Note that for specimens with 3 mm glass panes the climate load is relatively low with about 20 hPa 
so small absolute changes cause greater changes in percentage (Source: Buddenberg et al., 2016)  
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Figure 15: Simultaneous registration of wind velocity and wind-induced pressures in full scale on the main 
building of Eindhoven University of Technology. Source: Eindhoven Wind-induced pressure fluctuations on 
building facades. [Phd Thesis 1 (Source: Research TU/e/ Graduation TU/e), Built Environment]. Technische 

Universiteit Eindhoven. https://doi.org/10.6100/IR495154 

� 

� 



   

 

 

 

� 
� 
� 
� 
� 



   

 

 

            

Table 5: Tabulation of the calculation performed to estimate the pipe sizing for the experimental setup. In the 
calculation, the number of pipes, diameter of the pipe and pump size are determined. 
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Figure 16: Pneumatic connectors. ¼ “Quick connect, male nipples, female quick connects. 



   

 

 

 
Figure 17: Pneumatic connectors for the pressure transducer 

 
 

 

Figure18: Vacuum generator (left) and vacuum pump (right) 

 

 



   

 

 

 
Figure 19: Electronic circuit, Arduino uno, solenoid, power supply, MOSFET, Voltage regulator and power supply 



   

 

 

 

 

 

 

Figure 20: Scheme 1 of the Pneumatic system  

 



   

 

 

 
Figure 21: Scheme 2 of the Pneumatic system  

 
Figure 22: Scheme 3 of the Pneumatic system 



   

 

 

 
Figure 23: Scheme 4 of the Pneumatic system 



   

 

 

 
Figure 24: 1 Diagram of the electro pneumatic system used to control the air flow inside the cavity. See Table 6 for 

further detail.  

 

Table: 6 Detail description of the pneumatic components used in Figure 3. The number tag of the components 
corresponds to the number tags on Figure 24. 



   

 

 

 

 

 



   

 

 

 
Fig 25. Pressure time series captured by the pressure transducer 

  

 
Figure 26:  IGUs: 3 DGUs and 3 TGUs stored in the basement of faculty of architecture  



   

 

 

  
Figure 27: Safety film (left) and safety film application finished and when the glass is left to dry (right) 



   

 

 

 
Fig 28. Air bubbles from the application of a safety film  



   

 

 

 
Figure 29: ASTM Blast Arena Test setup   

 
Figure 30: Electronic control system for the break test 



   

 

 

 
Figure 31: Testing of IR sensor  



   

 

 

 Figure 32: Readings from the IR sensor 

 
Figure 33: Measurement setup and wooden gauge meter  

 



   

 

 

 
Figure 34: Break test setup 

 
Figure 35:  Pressure readings during the final break test set at 0.9 psi  

Table 7: Steps taken and pressure applied to the cavity and pressure readings. 
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Figure:36 Stress vs strain graph from the break test performed. Stress measured in Psi and strain (CGD) measured in 

mm. 
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Figure 37: Linear analysis results of maximum principal stress 

 
Figure 38: Non-linear analysis results of maximum principal stress 

 



   

 

 

 
Figure 39: Linear analysis results of directional deformation 

 
Figure 40: Nonlinear analysis of directional deformation  



   

 

 

Table 7: Results from the linear analysis in Ansys 

 

Table 8. Results from the Non-linear analysis in Ansys. 

 

 

 



   

 

 

 
Figure 41: pressure vs deflection graph and pressure vs principal stress graph for comparison 

 

 

   

 

 

 
Figure 41: pressure vs deflection graph and pressure vs principal stress graph for comparison 

 

 

   

 

 

 
Figure 41: pressure vs deflection graph and pressure vs principal stress graph for comparison 

 

 



   

 

 

 
Figure 42: Breaking patterns observed after the break test  

 
Figure 43: Setting up the framing on the van. 



   

 

 

 
Figure 44: installing the DGU in the van and routing the cables  



   

 

 

 
Figure 45: Deflection measurement and calibration with pressure 

Figure 46: A plot of Pressure (psi) vs deflection(mm). The orange line represents filtered data removing anomalies and 
the blue line represents processed data without filtering. 
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Figure 47: Fixing mechanism on the van and vacuum generator  

 



   

 

 

 
Figure 48: Interior view of the van after the setup was done. The left side showing participants zonae and right-side 

showing control zone. 



   

 

 

 
Figure 49: Experimental setup: a) schematics of experimental setup in the Lightvan; b) interior view of the Lightvan; c) 

exterior view of the Lightvan. 

 

 

Figure 50: Facial action units and corresponding facial expressions. Baltrusaitis, T. (n.d.). OpenFace: Action Units. 
GitHub. Retrieved June 29, 2024, from https://github.com/TadasBaltrusaitis/OpenFace/wiki/Action-Units 
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Fig 51. Testing with preliminary participants 

 

 



   

 

 

Figure 52 Indoor view during the deflection of the glazing at night: a. condition with no deflection, b. condition with 
deflection 10 mm; c. condition with maximum deflection at 23 mm. 

 

Figure 53 Outdoor view during the deflection of the glazing: a. condition with no deflection, b. condition with deflection 
10 mm; c. condition with maximum deflection at 23 mm. 
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Table 9: Summary of variables used in the experimental setup in the lightvan experiment. 



   

 

 

Table 10: Tabulation of the 3 scenarios, time of day, condition of knowledge provided or not and number of 
participants in each repeated measure. 

 

Figure 54: sequence of events on the experiment and the time taken by each event



   

 

 

Table 11: Main parameters measured during the experiment and related methodology 



   

 

 

 

 

 
Figure 55: Structure of surveys. Introduction survey used tin the start of the experiment, main survey questions used in 

the 3 repeated measures and outro survey used to conclude the experiment. 
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Figure 56: Demographics of participants Age and gender frequency plotted from spss. 



   

 

 

  
Figure 57: Demographics of participants: Type of eyesight (left) and level of sensitivity to movement (right) plotted 

from spss. 
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Figure 58: Frequency distribution of participants personality: Extroverts(right) and agreeableness(left) personality 

showing a normal distribution. 
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Figure 59: Frequency distribution of participants personality: Neuroticism and consciousness personality. 

 
Figure 60: Frequency distribution of participants personality: Openness personality. 

 

 



   

 

 

  
Figure 61: Box plot of response from participants regarding comfort: Satisfaction to the acoustical condition of the 

room, temperature of the room and View of the outside. 

 



   

 

 

 
Figure 62: a. Participant perception of movement from 5 (Strongly agree: Absolutely: there was a significant 

movement in the facade) to 1 (Strongly disagree: I didn’t noticed any movement of the façade), the “3” shows the 
neutral vote “I am unsure if there was any movement in the façade”; b. Participant acceptance of the movement:  With 
a scale from  5 (Perfectly acceptable) to 1 (totally unacceptable), the “3” shows the neutral vote (Neither acceptable or 

not acceptable). The red dots show the means while the orange lines the median. The level of significance is shown 
as: “*” p value < 0.05; “**” p-value < 0.01; “***” p-value < 0.001. 



   

 

 

Figure 63: a. Perception of changes in reflection during day and night sessions; from 5 ( Strongly Agree: There is a 
significant change in reflection.) to 1 ( Strongly Disagree: There is no change in reflection.), the “3” shows the neutral 

vote “ Neutral: I am unsure about the change in reflection.”;:  b. Acceptability of changes in reflection across the 
scenarios at day and night:  With a scale from  5 (Perfectly acceptable) to 1 (totally unacceptable), the “3” shows the 

neutral vote (Neither acceptable or not acceptable).. The red dots show the means while the orange lines the median. 
The level of significance is shown as: “*” p value < 0.05; “**” p-value < 0.01; “***” p-value < 0.001. 

Figure 64: Perception and acceptance of view distortion: a. Perception of view distortion during the day and night; 
from 5 (  Strongly Agree: There was a significant distortion in my view outside.) to 1 (  Strongly disagree: There was no 

distortion in my view of the outside.), the “3” shows the neutral vote “ Neutral:I am unsure about the change of 
distortion in my view of the outside.”;  b. Acceptance of view distortion during the day and night: With a scale from  5 

(Perfectly acceptable) to 1 (totally unacceptable), the “3” shows the neutral vote (Neither acceptable or  
unacceptable). The red dots indicates the means while the orange lines the median. The level of significance is shown 

as: “*” p value < 0.05; “**” p-value < 0.01; “***” p-value < 0.001. 



   

 

 

Figure 65: Perception of safety during glazing movement and impact of knowledge: a. Perception of safety while 
glazing is moving; from 5 (Safe.) to 1 (Unsafe.), the “3” shows the neutral vote “ Neither safe or unsafe.” ; b. Perception 
of safety while glazing is moving depending on previous knowledge of participants. The red dots show the mean while 
the orange lines the median. The level of significance is shown as: “*” p value < 0.05; “**” p-value < 0.01; “***” p-value < 

0.001. 

 

Figure 66:  Impact of previous knowledge on participants acceptance: a. acceptance of glazing movement; b. 
acceptance of changes in reflections. With a scale from 5 (Perfectly acceptable) to 1 (totally unacceptable), the “3” 
shows the neutral vote (Neither acceptable nor unacceptable). The red dots show the means while the orange lines 

the median. The level of significance is shown as: “*” p value < 0.05; “**” p-value < 0.01; “***” p-value < 0.001. 



   

 

 

 

Figure 67: Factors contributing to perceive movement in glazing (a) and (b) factors contributing to concerns about 
safety when glazing is moving. from 5 (Strongly Agree.) to 1 (Strongly disagree.), the “3” shows the neutral vote. The 
red dots show the means while the orange lines the median. The level of significance is shown as: “*” p value < 0.05; 

“**” p-value < 0.01; “***” p-value < 0.001. 

 

  

Figure 68: a. Annoyance from 5 (Unperceivable.) to 1 (Unbearable.), the “3” shows the neutral vote. The red dots show 
the means while the orange lines the median. Effect on concentration from 5 (Extremely affected.) to 1 (Not at all.), 

the “3” shows the neutral vote. The red dots show the mean while the orange lines the median. The level of 
significance is shown as: “*” p value < 0.05; “**” p-value < 0.01; “***” p-value < 0.001 and b. 

 



   

 

 

 

Figure 69: Box plot of facial action units (AU) of all participants. Each AU is plotted with the 3 scenarios of A (10 mm 
deflection), B (19 mm deflection) and C (23 mm deflection). The red dots denote the mean. The orange line denotes 

the median and the black circles denote outliers



   

 

 

Figure 70: Box plot of facial action units (AU) of participant number 16. Each AU is plotted with the 3 scenarios of A 
(10 mm deflection), B (19 mm deflection) and C (23 mm deflection). The red dots denote the mean. The orange line 

denotes the median and the black circles denote outliers 

 

 

 

 

 

 

 



   

 

 

 

 
 
 
 
 

Table 12: Candidates of optimization study with 19 mm deflection limit. Result of optimization study in Ansys with the 
objective of achieving the minimum weight in in the limit of 19 mm. 

 

  

 



   

 

 

  
Figure 71: optimization steps of 19 mm deflection limit. Result of optimization study in Ansys with the objective of 

achieving the minimum weight in in the limit of 19 mm. Thickness iteration (left) and total deformation(right) 

 

  
Figure 72: optimization steps of 23 mm deflection limit. Result of optimization study in Ansys with the objective of 

achieving the minimum weight in in the limit of 23 mm. Thickness iteration (left) and total deformation(right) 

Table 13: Candidates of optimization study with 23 mm deflection limit. Result of optimization study in Ansys with the 
objective of achieving the minimum weight in in the limit of 23 mm. 

 

 

 

 

 



   

 

 

Figure 73:  Structural analysis in SJ Mepla. Maximum deflection in the pane of glass the load was applied on(left) and 
maximum principal stress on the pane of glass the load was applied on (right). 

 

Table 14: Tabulation comparing analytical model performed ANSYS and SJ Mepla. Similar boundary conditions were 
used and resulting minimum thickness required are compared. 



   

 

 

Table 15: Tabulation comparing minimum thickness required based on deflection limit. The deflection limit compared 
are that of the current serviceability limit(L/50) and the relaxed serviceability limit of (L/40). 



   

 

 

 

 

 

Figure 74:  a. over all construction of proposed façade section to accommodate edge rotation. b. component break 
down showing the working of the hinge that accommodates edge rotation 
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Figure 75:  a and b illustrate how the proposed section accommodates deflection of IGU. 

 

 

Figure 76:  a and b illustrate the workings of the polyurethane, compressing and stretching to accommodate for edge 
rotation that could potentially occur during higher defection caused by relaxing serviceability limit.  

 

a. b.

a. b.



   

 

 

 



   

 

 

 

  



   

 

 

  

 

 

 



   

 

 

 

 



   

 

 

 

 

 



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

 

 



   

 

 

 



   

 

 



   

 

 



   

 

 



   

 

 



   

 

 



   

 

 

 



   

 

 



   

 

 

 

 

 
 

 

 



   

 

 



   

 

 



   

 

 



   

 

 

 

 

 

 



   

 

 

 

 
const int pressureInput = A1; 
const int pressureZero = 102.4; 
const int pressureMax = 921.6; 
const int pressureTransducerMaxPSI = 30; 
const int baudRate = 9600; 
const int sensorReadDelay = 250; 
float pressureValue = 0; 
int inflateValvePin = 9; // Pin for the valve used for inflation 
int releaseValvePin = 10; // Pin for the valve used for releasing pressure 
 
void setup() { 
  Serial.begin(baudRate); 
  pinMode(inflateValvePin, OUTPUT); 
  pinMode(releaseValvePin, OUTPUT); 
} 
 
void loop() { 
  // Read pressure value 
  pressureValue = analogRead(pressureInput); 
  pressureValue = ((pressureValue - pressureZero) * pressureTransducerMaxPSI) / 
(pressureMax - pressureZero); 
   
  // Perform actions based on pressure thresholds 
  while (pressureValue < 0.28) { 
    // Serial.println("Pressure is low. Pump air"); 
    Serial.println(pressureValue); 
    // Call function to inflate 
    controlValve(inflateValvePin, LOW); // Open inflation valve 
    controlValve(releaseValvePin, LOW); // Close release valve 
    delay(sensorReadDelay); 



   

 

 

    // Update pressure value after delay 
    pressureValue = analogRead(pressureInput); 
    pressureValue = ((pressureValue - pressureZero) * pressureTransducerMaxPSI) / 
(pressureMax - pressureZero); 
  } 
   
  // Close inflate valve when pressure reaches 0.2 
  controlValve(inflateValvePin, HIGH); // Close inflate valve 
   
  while (pressureValue >= 0.20) { 
    // Release pressure until it reaches 0.1 
    while (pressureValue >= -0.22) { 
      // Serial.println("Releasing pressure"); 
      Serial.println(pressureValue); 
      // Call function to release pressure 
      controlValve(releaseValvePin, HIGH); // Open release valve 
      delay(sensorReadDelay); 
      // Update pressure value after delay 
      pressureValue = analogRead(pressureInput); 
      pressureValue = ((pressureValue - pressureZero) * pressureTransducerMaxPSI) 
/ (pressureMax - pressureZero); 
    } 
     
    // After reaching 0.1, close the release valve 
    controlValve(releaseValvePin, HIGH); // Close release valve 
    // Break out of the loop and continue reading pressure 
    break; 
  } 
} 
 
void controlValve(int pin, int state) { 
  digitalWrite(pin, state); 
} 
 
 
 
 
 
 
 
 
 
 
 
 
 



   

 

 

 
 

 



   

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   

 

 

 



   

 

 

 
 
 

 



   

 

 

 

 



   
 

 

End. 
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