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This thesis presents assembly methods for reversible 
structures using 3D printed glass units with a innovative 
interlayer solution inspired by the traditional japanese art 
of Kirigami. It investigates the design and optimisation 
of a dry-assembled compression-only glass vault with 
variable interlayers to reduce geometric imperfections 
and enable structural performance. Three parametric 
models- a freestanding wall, a catenary vault, and 
a doubly curved shell- were developed to verify the 
relationship between geometry, interlayer stiffness, 
and global behavior under load. A multi-objective 
optimization workflow was constructed via Grasshopper, 
ANSYS, and OptiSLang, using surrogate modeling 
strategies including Kriging and polynomial regression 
to determine target stiffness values for the interlayer. 
Based on these targets, a kirigami-inspired interlayer 
was reverse-engineered and optimized to satisfy the 
required elastic stiffness via another surrogate-assisted 
optimization procedure. Final structures were validated 
using finite element simulations, but further experimental 
testing must be done to assess long-term behavior, 
particularly creep and interface performance with 
glass.  Tension activated Kirigami (TAK) samples were 
fabricated and tested under compression, revealing that 
the surrogate models require refinement to accurately 
capture their mechanical response- an area identified 
for future research. The assembly system described 
here has promise for reversible, scalable construction, 
but requires further detailing for disassembly, formwork 
integration, and physical prototyping. Overall, the 
research demonstrates a framework for material-
driven, performance-based design in dry-assembled 
glass structures.

Keywords: 3D printed glass, dry-assembly system,  
masonry structures, kirigami metamaterials

Abstract 



 “What if glass could be printed like plastic, assembled like 
LEGO, and disassembled—over and again?”
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1.0 | Research Framework
1.1 Introduction

“Glass is inherently multi-functional. The material is structurally 
sound, optically transparent, and chemically inert…What if 

these properties become fully tunable spatially and temporary 
such that glass becomes a multifunctional transparent building 

block?”  
–Chikara Inamura, 2017

With the first ever 3D printed glass object (Figure 1), 
the Mediated Matter Group at MIT sparked a new 
beginning of looking at glass structures for the built 
environment. In 2015, (Klein et al., 2015), the MIT 
media lab introduced a novel technique: G3DP, a 
large-scale 3D printed glass technology, followed 
by G3DP2 in 2018, they showcased three-meter-
tall glass columns (Figure 2) optimized for structural 
and optical efficiency (Inamura et al., 2018). The 
technology has been rapidly evolving ever since. Other 
studies, including Baudet et al., (2019) and Zhang et 
al. (2021) showcase the versatility of 3D-printed glass, 
overcoming challenges and maintaining original glass 
properties. 

Additive manufacturing (AM) or 3D printing (3DP) is a 
computer-aided design and manufacturing technique 
that builds objects layer by layer. This rapidly evolving 
method offers key advantages, including reduced 
material waste, mass-efficient, structurally optimized 
products, lower development time and cost, and the 
ability to create complex geometries unattainable 
with traditional methods. Its potential in architectural 
applications has been explored using materials like 
ceramics, metal, and concrete (Qaidi et al., 2022; 
Tessman et al., 2022).
	 Fused Deposition Modeling (FDM), also known 
as Fused Filament Modelling (FFM) or Fused Filament 

Figure 2: 3D-printed glass columns displayed during Milan 
Design Week 2017 (Source: Inamura et al., 2018)

Figure 1: One of the first 3DP object (Source: Inamura, 2017)

Fabrication (FFF) of glass, or more commonly AM or 
3DP of glass involves a computer-controlled heating 
nozzle moving along the x-plane, selectively applying 
molten glass onto a work table, followed by rapid 
cooling (Huang et al., 2020; Sood et al., 2010; Popescu 
et al., 2018).  MIT researchers developed G3DP2 
(Figure 3)  to produce industrial scale glass products for 
structural and architectural applications (Inamura et 
al., 2018). Owing to its infant stages of developments, 
we have seen very limited application of 3DP glass at 
an architectural scale. 

Current 3DP glass constraints (32.5 × 32.5 × 38 cm) 
necessitate segmentation into masonry units for larger 
assemblies. Massimino et al. (2024) introduced 3DP 
glass interlocking units, inspired by cast glass systems 
(Oikonomopoulou et al., 2018). Adhesive applications 
in projects like the Crystal House and Atocha 
Memorial hinder deconstruction and recyclability 
(Oikonomopoulou & Bristogianni, 2022). Interlocking 
units avoid adhesives, relying on glass features for 
lateral load resistance, but require interlayers to 
prevent contact, level tolerances, and transfer loads 
(Massimino et al., 2024). Unlike cast glass, 3DP glass 

Figure 3: G3DP2 platform (Source: Inamura et al., 2018) Figure 4: The Robotic glass vault (credit: Maciej Grzeskowiak)

enables customizable masonry unit geometries thereby 
creating the possibility to standardize the interlayer 
using architected materials or (meta)materials for 
programmable stiffness and flexibility.

Kirigami, the ancient art of transforming flat 
sheets into 3D structures, imparts tunable 
properties, making it a (meta)material. Its flexibility, 
stretchability and the ease of manufacturing with 
sheets of material, it has many applications in 
lightweight, energy-absorbing panels, structures, and 
equipment (Corrigan et al., 2023; Sun et al., 2021). 
	 This thesis employs a research-through-design 
approach to develop a kirigami-inspired interlayer 
system for assembling 3D-printed glass masonry 
units. It focuses on optimizing masonry structures to 
design the interlayer geometry. Drawing on cast glass 
interlocking systems (Oikonomopoulou et al., 2018), 
it explores kirigami-based interlayers for 3DP glass 
bricks in  dry assembly of a wall, a catenary vault and 
a purely compressive shell structure, comparable to 
the adhesively bonded Robotic Vault (Parascho et al., 
2020).
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1.2 Research objective

"In comparison to traditional glass casting, glass additive 
manufacturing (AM) presents an opportunity to increase design 
flexibility and reduce tooling costs for the production of highly 
variable geometries." - Massimino et al., 2024

This thesis leverages the advantages of 3D printing 
non-standard glass units to standardize the interlayer 
design for specific assemblies. The primary goal is 
to develop a methodology for designing assemblies 
using 3D printed glass units, along with a strategy to 
engineer the interlayer for targeted performance.

Kirigami is a technique that imparts mechanical 
properties to sheet materials through strategically 
placed cuts and the application of an activation force. 
This method offers a simple, scalable approach to 
manufacturing from flat sheets. For these reasons, 
kirigami is employed to engineer the interlayer, enabling 
precise control over its properties while ensuring ease 
of production and scalability. The thesis develops 
a parametric method to optimize a dry-assembled 
masonry structure using 3D-printed glass bricks 
and reverse-engineers a kirigami-based interlayer. It 
addresses the structural design and optimization of 
the assembly while considering the current limitations 
of 3DP glass technology.

The novel interlayer solution could also be adapted 
for the dry assembly of cast glass units or similar 
applications.  Future work may involve further 
optimizing the interlayer for other masonry structures 
and expanding its applicability.

1.3 Research Question

Given the Research objectives, the research question is 
framed as follows:

Can a Kirigami-inspired interlayer be the solution 
for a reversible dry-assembly system with 3D-printed 
glass bricks in the built environment? What are the 

key considerations?

Secondary goals supporting the exploration of the 
method's potential have been categorized into two 
owing to the two-faced research strategy. They are as 
follows:

Global Design and performance:
1. What are the suitable tessellation strategies for 
various dry-assembly structural typologies, and how do 
they influence geometric and mechanical compatibility? 
 
2. How do local design parameters—such as load, 
support conditions, and unit arrangement—affect 
the overall structural performance of dry-assembled 
systems globally?

3. What is the optimal stiffness range for the interlayer 
material to ensure mechanical stability and compatibility 
within a given dry-assembly configuration?

Interlayer design:
4. How can the target stiffness values be translated into 
a feasible kirigami-based interlayer design, considering 

Figure 5: 3DP glass Interlocking units (Source: Massimino et al., 
2024)

1.4 Methodology

Owing to the idea of Research through design, the 
Methodology followed is this thesis is simplified as 
shown in the figure below. The process is categorized 
into mainly three overlapping phases.

PHASE 1: 
Designing the Assembly

PHASE 2: 
Discretization, Parameter 
Optimization

PHASE 3: 
Prototyping and Validation Design Optimize Validate

material properties and manufacturing constraints?

5. How can a surrogate model be created and fine-
tuned, to help predict the performance of interlayer–
assembly systems, and how can these tools accelerate 
the design-space exploration through simulation? 
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1.5 Time Planning and Schedule

The Building Technology Graduation studio officially 
started on November 7th, with my P1 presentation 
on November 15th. The research is currently directed 
towards reviewing relevant literature to establish 
the research objectives and sub goals.  My aim is to 
complete this graduation project within the originally 
designated time frame, which allows for approximately 
29 weeks. This research is also in collaboration with 
the Fabrication Integrated Design lab, MIT who 
are also working on engineering kirigami to target 
performances. Therefore, this calls for a strict time 
frame, for a fruitful collaboration- and feedback from 
the externals. This section provides the time frame 
that has been followed till date.

Figure 6: Schedule (Source: Own)

Particulars Description
Graduation week: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Week number: 45 46 47 48 49 50 51 52 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Month:
P1 14/Nov
P2 27/Jan

Presentations P3 26/Mar
P4 12/May
P5
Holidays/events Christmas Holidays

Consultations Faidra 10/Jan 10/Feb 17/Feb 24/Feb 27/Feb 04/Mar 21/Mar 07/Apr 08/Apr 02/May 15/May 13/Jun
Charalampos 07/Jan 21/Feb 25/Apr

MIT meetings- External Kaitlyn Becker 10/Jan
Daniel Massimino
Thomas 24/Apr
Telesilla Bristogianni
Wilfred Damen 19/Mar 08/Apr 15/Apr

Phase 1: Compression 
only shell Literature Research- Mathematics 

Tools
Case Studies

Design-
Form and Force 
diagams

Optimization-
Modeling and 
Optimization 
Analysis

Phase 2: Discretization 
and Detailing Literature Research- 3DP glass

Tesellations, dry 
assembly
Interlayer geometry
Interlayer properties

Design-
Tesellation pattern and 
brick geometry
Parametric geometry 
models and karamba 
analysis
Kirigami modelling

Optimization- Workflow development
Surrogate modelling for 
interlayer stiffness 
Kirigami surrogate 
model 

Final design validation 
and futurework

Phase 3: Prototyping and 
Testing Design-

prototyping and 
assembly

Testing-
Kirigami interlayer 
performance testing

Scaled Assembly model

26/Nov

23/Jun

March April May June

GRADUATION TIME SCHEDULE 

November December January February
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2.0 | Case Study 1 - Robotic Glass Vault
2.1 Introduction

Choosing the case study:
Glass is not commonly used as a structural material, 
but its exceptional compressive strength makes 
it well-suited for application in compression-only 
shell structures (Beghini et al., 2020). The closest 
comparable masonry application for the problem at 
hand is cast glass masonry structure. In contemporary 
architecture, glass masonry units primarily consist 
of cast or hollow pressed glass blocks. Traditional 
fabrication techniques for these blocks involve 
disposable molds for intricate designs or costly 
reusable molds for simpler forms (Oikonomopoulou 
et al., 2020). Cast glass masonry units offer valuable 
structural strategies that can be adapted for using 
glass additive manufacturing as a production method 
for construction components (Massimino et al., 2024). 
However, we have only seen glued applications for 
load bearing cast glass masonry at an architectural 
scale- The robotic glass vault, Crystal houses, and 
the Qammat Pavillion. Out of these, the Robotic glass 
vault has a more complex doubly curved geometry 
and varying interlayer dimensions - that aligns with our 
idea of developing standard interlayer and varying 3DP 
units. Therefore, we have chosen this as our primary 
case study and a project to compare our outcomes 
with. 

The initial concept aimed to design a unique 
compression-only shell considering constraints such 
as ease of assembly, dry construction, and scaffold-
free erection. However, a review of literature on discrete 
construction and interlocking geometries led to the 
selection of a geometry similar to the Robotic Glass 
Vault, but more symmetrical. This choice was made 
for its compatibility, minimal scaffolding requirements, 

and the avoidance of solving for irregular block 
shapes. Further details are discussed in Section 5.4 of 
this report.

Robotic Light Vault- An Introduction:
The LightVault project- also known as Robotic glass 
vault, a collaboration between SOM, Princeton 
University's c.r.e.A.te lab and Form Finding Lab, 

Figure 7: Prototype of assembled brick vault at Princeton 
University (Source: Parascho et al., 2021)

Figure 8: Final constructed vault (Source: Beghini et al., 2020)

2.2 Robotic glass vault- Design goals

i. Automated construction- Robotic
ii. No falsework- eliminate the guides
iii. Use of standard size bricks 
iv. Compression only structure- form finding method 
based on Airy Stress function

2.3 Form Study

The vault consists of leaning arches that grow 
larger outward from the central, robot-built arch.  
The leaning arches are stable without requiring 
falsework, following the ancient technique discussed 
as shown below (Figure 9). Additionally, the vault's 
geometry is made asymmetric to prevent conflicts 
between the robot's movement and the structure, as 
shown in Figure 10.

Height of Vault: 2.0m
Width of Vault: 2.6m
Length ~6m 

Figure 10: Barrel vault Techniques (Source: Heyman, 1995)

and the TU Delft Glass Group, aims to showcase the 
potential of automated robotic construction. This 
project focuses on the robotically assembled, scaffold-
free construction of a large-scale, double-curved glass 
brick vault measuring approximately 2 meters in height 
and 2.6 meters in width (Parascho et al., 2021). The 
first full scale model prototype was built using concrete 
and cast glass units at Princeton University (Beghini et 
al., 2020)(Figure 7). Finally assembled live on-site by 
two robots during SOM's Anatomy of Structure 2020 
exhibition in London (Figure 8), the vault features a 
herringbone pattern and was designed as a purely 
compression-only structure. However, an adhesive 
medium was applied to stabilize the structure during 
assembly due to the absence of scaffolding.

In this section, the Robotic glass vault has been 
reviewed in terms of its compression only geometry 
design, tessellations, and its interlayer properties. 
The further details about the robotic assembly of the 
structure is disregarded. 

Figure 9: Original and Final vault shape based on robotic arm placement (Source: Beghini et al., 2020; Parascho et al., 2021)
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Figure 11: Original vault shape of the Robotic Glass Vault 
(Source: Beghini et al., 2020)

Figure 12: Force and Form Diagram and vault shape derived 
from Airy Stress function (Source: Beghini et al., 2020)

Figure 13: First phase: the middle arch is built by alternating 
the robots used to place and then support the structure. Second 
phase: the construction is continued on either side of the middle 
arch (Source: Beghini et al., 2020; Parascho et al., 2021)

Prototype section (Figure2.1) : 3.3 × 2.6 × 2.0 m
No. of bricks: 233 full bricks (250x110x50mm)
	               32 half bricks (125x110x50mm)

The original symmetric shape of the vault as shown 
below (Figure 11) is selected for our design problem. 
The compression-only form of the Robotic vault has 
been developed using their in-house custom tools 
using an outdated grasshopper plugin called Mothra 
which is later explained in this report in Section 5.3. We 
initially planned to recreate the shape using the same 
strategies used here as shown in Figure  9. (Parascho 
et al., 2021)

2.4 Tessellation

Tessellation pattern in this case was chosen to employ 
a constant brick shape and size as use of standard cast 
glass bricks were a fabrication constraint due to costs. 
The herringbone pattern was chosen for its stability 
during construction- which allows the blocks to 
naturally lock into place and ensure higher structural 
stability, although several different tessellations were 
considered for scaled prototyping (Figure 14). Gaps 
between bricks were optimized to range from 6mm (to 
avoid clashes during robotic placement) to 50mm (to 
minimize epoxy use and maintain aesthetics). The final 
tessellation is shown in Figure 9. 
	 An iterative process was used to ensure 
equilibrium at each stage of construction using finite 
state analysis and discrete element method. (Source: 
Beghini et al., 2020). A central arch supports the 
vault construction serving as a backbone (Figure 13). 
However, this technique failed and a more stepped 
construction was followed.

3DP eliminates the requirement of moulds, and 
therefore does not require standardization. Therefore, 
the tessellation pattern would depend on the dry 
assembly performance.

Figure 14: Tessellation (Source: Beghini et al., 2020)

Figure 15: Final Vault construction (Source: Beghini et al., 2020)
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2.5 Interlayer

The Interlayer for the Glass vault, as summarized from 
(Oikonomopoulou & Bristogianni, 2022):

Required properties (Prioritized in order): 
High gap-filling capability
Fast assembly
Economic construction  & Good creep resistance

Chosen interlayer: Fast setting Rigid epoxy putty in 
combination with acrylic pieces in case of the larger 
gaps

Gap filling capacity: 20mm

Color: Grey

Experimental Validation:  Applicability tests on 
adhesive pre-selection  small and large-scale 
prototyping of assembly

Selecting an interlayer with gap filling capability as 
well as resistance to creep was the major challenge. 
A putty form of epoxy was finally chosen which does 
not generally have structural applications and has 
different properties than regular stiff epoxy. Strength 
was not a major factor of concern as the geometry was 
a designed as compression only.

Key take-aways

-Inferring from parallel research on tessellations and 
dry-assembly systems presented in later sections of the 
report, the a symmetric version of the vault (Figure11) 
is chosen to be recreated for our design assignment. 

-Considering inclined barrel vault techniques (Figure 
10) from Heymann's is promising and is considered 
for the final design as it will avoid stress concentration 
along the unsupported edges.

-We considered the grasshopper tool Mothra created 
for the form developed- which is however found to be 
outdated and is discussed later in this report.

-Defining a concave Airy's stress function is assumed 
to be a potential solution to form-find such a concave 
compression only shell.- but is not further explored in 
this thesis

-Herringbone tessellation is excluded, as it relies on 
standard brick modules and self-supported robotic 
construction. In contrast, 3D printing allows for non-
standard units without the need for molds.

-The tessellation will instead be guided by dry 
interlocking performance and assembly detailing. 
While staggered patterns (like the 90° orientation 
shown) help support half-bricks during adhesive 
curing, such cantilevering is unsuitable for a dry 
assembly process and will be avoided.

-Our research idea has arrived mainly from the 
challenge faced in finding an interlayer solution in this 
case. The properties of interlayer required in our case 
remain the same as mentioned here.
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3.0 | A Review of 3D printing glass
3.1 Overview and benefits

Contemporary architectural trends demand complex 
glass forms and large-scale production of custom-
tailored, doubly curved panels. Additive manufacturing 
(AM), or 3D printing (3DP), offers a revolutionary 
approach to producing glass components layer by 
layer with key benefits such as reduced material 
waste, shorter development time, lower costs, and 
the ability to create intricate geometries unattainable 
by traditional methods (Qaidi et al., 2022). 
 
Various methods to additively manufacture glass  
have been researched on, and they include Fused 
Deposition Modelling(FDM), Stereolithography 
(SLA) and Digital Light Processing (DLP), Selective 
laser sintering/melting (SLS), and Direct Ink Writing. 
An overview of the methods can be found in Table 
1. Pioneering research by MIT’s Mediated Matter 
Group, KIT Klein Lab, and NIMTE has advanced 3D 
glass printing technology for custom architectural 
components. The G3DP2 platform comprising of a 
4-axis motion by MIT demonstrated the feasibility of 
industrial-scale 3D-printed glass, opening pathways 
for high customization and sub-millimeter precision 
in glass processing (Inamura et al., 2018; Zhang et 
al., 2021). Thereby, FDM is regarded as the most 
promising for industrial scale, and we consider MIT's 
latest G3DP3 (Figure 17) platform for our study.  
 
Despite its promise, large-scale applications remain 
limited. 3DP glass is also one of the most sustainable 
fabrication techniques, enabling intricate and 
customized structures with minimal waste, offering 
significant opportunities for innovation in design, 
geometry, and structure (Oikonomopoulou, 2023; 
Inamura et al., 2018). 

Figure 17: Photograph of Evenline’s G3DP3 Molten Glass 3D 
Printer (Source: Stern et al., 2024) and exploaded view of printer 
(above) (Source: Klein et al., 2015)

3.2 Limitations, Restraints

The FDM method limits the control of discharge shape 
and achieving results under operating temperatures. 
Printed samples lack precision (sometimes), show 
"step effects,"- have surface flaws; the structural 
strength also depends of geometry. Therefore, it has 
lower structural performance and visibility of layering, 
presenting developmental limitations (Zhang et al., 
2021; Oikonomopoulou, 2023). 

There are fabrication limitations due to the continuous 
filament deposition (Inamura, 2017). The Glass 3D 
Printer 3 (G3DP3) represents the third generation 
of molten glass printing technology. The printer 
characteristics of G3DP3 have been summarized in 
table 2.

Although recently the potential and feasibility of using 
recycled glass(soda lime container glass and recycled 
float produced window glass) for 3DP has been 
demonstrated by (Stern et al., 2024), the applications 
of the same at an architectural scale and recyclability 
of the 3DP product itself is still unknown.

Table 1: Qualitative Analysis of 3DP glass techniques (Source: Own)

Table 2: Qualitative Analysis of 3DP glass techniques 
(Source: Stern et al., 2024)

CCrriitteerriiaa:: FFDDMM  ((ggllaassss)) SSLLAA  aanndd  DDLLPP SSLLSS DDIIWW

Operating principle: Glass extrusion Photopolymerization Powder sintering Semi-solid ink 
extrusion

Material: Glass (specific 
formulation) Limited glass options Limited glass 

options Glass-based inks

Print Speed Moderate to fast Slow to Moderate Moderate Slow

Suitability for Large Objects Feasible Limited Limited due to 
setup Limited

Applications Prototyping, 
functional parts, 

Prototyping, small 
parts

Complex glass 
structures

Complex structures, 
soft robotics

Unit G3DP3

X-Axis mm 325

Y-Axis mm 325

Z-Axis mm 380

Print volume cm3 40, 100

Bead height mm 3.0-6.0

Bead width mm 9.0-16
Feed rate mm/s 6-20
Path curvature radius mm 6-15

Max overhang angle Degrees 30-35
Minimum path length mm 300-475
Max extrusion temp. oC 1200
These limitations can be exceeded for certain 
shapes, but require additional testing.
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3.3 Latest Advancements

‘3D printing techniques have brought new life to the 
ancient material, glass’ (Zhang et al., 2021)
	 There has been a rapid development in 3DP of 
glass, and thus a growing interest for applications in 
the built environment. Latest advancements include- 

Interlocking 3DP glass units of different types using the 
G3DP3 platform- the latest and third generation of the 
printer currently owned and operated by Evenline Inc.

Hollow interlocking unit(Figure 18) produced using 
recycled soda-lime float glass using G3DP3; also 
establishing a conclusion that the printer can be re-
calibrated for different glass formulations. Prints were 
also made on top of float glass as a base as shown in 
Figure 20. (Massimino et al., 2024; Stern et al., 2024)

Architectural scale applications include 3D-printed 
glass columns displayed during Milan Design Week 
2017 (Figure 19)

Evenline studio and Maple glass have been exploring 
3DP glass objects; Maple glass in collaboration with 
RMIT Architecture have developed Glass 3D Printed 
Architectural Facade Prototype (Stern, n.d.; Maple 
Glass Printing, n.d.). 

Figure 18: Hollow 3DP glass unit using recycled soda-lime float 
glass (Source: Massimino et al., 2024)

Figure 19: Interlocking units assembled in a Wall configuration 
(Source: Massimino et al., 2024)

Key take-aways

Following are key takeaways from literature and 
outcome of initial discussions with the MIT Team:
-FDM is regarded as the most promising for industrial 
scale, and we consider MIT's latest G3DP3 platform 
for our study. 
-Maximum size limitation for a single printed unit: 32.5 
x 32.5 x 38cm.Path curve radius of 6-15mm and other 
characteristics summarized in table 2.
-Printed unit has to be designed to accommodate a 
Continuous path during slicing (develop a custom 
slicing tool in gh). 
-2 faces (bottom and top) of the printed object has 
to be parallel and horizontal. - Brick units can be 
used with loading in the perpendicular direction as to 
printing.
-The assumed masonry unit for our design assignment 
is assumed to be hollow units- with a possibility to be 
printed over float glass- for a closed/shaded vault 
structure.
-There are signs of anisotropic behavior of printed 
glass objects due yo FDM, but we will disregard the 
effect of the same for this research.
-Although crucial, we will not delve deeper into glass 
characterization/ viscosity and printing calibration.

Figure 20: Hexagon form printed on Optifloat float glassand high 
temperature coated float glass (Source: Stern et al., 2024)
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This section outlines our vision and goals, emphasizing 
the key aspects we aim to address in this thesis.

4.1 Vision

Using an example assembly of a masonry vault- we 
aim to develop a method to engineer an innovative 
interlayer solution capable of accommodating 
required properties of gap filling while providing creep 
resistance. This interlayer can be further optimized 
for assembling other interlocking masonry structures, 
making it a versatile and universal solution. To 
demonstrate and analyze we attempted to put forward 
methods to assemble a simple wall, a singly curved 
structure (a catenary vault) and a  doubly-curved 
compression only vault  with 3d printed glass blocks 
designed for the assembly system.

4.2 Research sub-questions

As briefly mentioned earlier in Section 1.2, in this 
section we state how the sub research questions 
would be answered as per the current methodology 
planned. We have categorized the sub questions into 
two categories as here unider. This also reflects in the 
chapters categories that come after, with each chapter 
that define a 'goal' in the beginning.

Global Design and performance:
1. What are the suitable tessellation strategies for 
various dry-assembly structural typologies, and how do 
they influence geometric and mechanical compatibility? 
	 Chapter 8 of the report demonstrates 
tessellation strategies for a wall, a catenary vault 
and the doubly curved compression only shell based 
on force flow in the structure, ease of assembly and 
construction limitations.

4.0 | Design Goals
2. How do local design parameters- such as load, 
support conditions, and unit arrangement- affect the 
overall structural performance of dry-assembled 
systems globally?
	 Chapter 9 demonstrates parameter sensitivity 
and optimization and a developed workflow for 
automation of FEA to create a surrogate model for 
optimization.

3. What is the optimal stiffness range for the interlayer 
material to ensure mechanical stability and compatibility 
within a given dry-assembly configuration?
	 Chapter 9 also documents an optimization 
done with structural performance objectives on the 
developed surrogate in order to derive the required 
optimal stiffness in terms of its young's modulus of the 
interlayer assumed as a solid in this case. This process 
is demonstrated with the case of the dry assembled 
catenary vault as per design.

Interlayer design:
4. How can the target stiffness values be translated into 
a feasible kirigami-based interlayer design, considering 
material properties and manufacturing constraints?
	 Chapter 10 demonstrates a method to reverse 
engineer the kirigami geometry from the target stiffness 
range based on an optimization task performed on 
the surrogate. This is planned to be fine tuned based 
on physical tests in the following month

5. What role can machine learning  and  surrogate modeling 
play in predicting the performance of interlayer–
assembly systems, and how can these tools accelerate 
the design-space exploration through simulation? 
	 Chapters 9 and 10 demonstrates a workflow 
for creating surrogate models and validate the 
optimization outcome with FEA.
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5.1 Designing a pure compression structure

Veenendaal & Block  (2012) classified the methods 
of form finding into three main families (Figure 21): 
Stiff Matrix Method- based on standard elastic and 
geometric stiffness matrices; Geometric stiffness 
methods- material independent, only with geometric 
stiffness; and Dynamic Equilibrium- steady state 
solution equivalent to static solution of static 
equilibrium.

In this section we discuss the background and methods 
of form finding of pure- compression shells with respect 
to computational tools to realize the same. The idea is 
to find with trying out different methods and find the 
appropriate method for our design goal to create a 
similar concave compression only form similar to the 
Robotic glass vault discussed earlier.

5.1.1 Tension Compression Analogy - the Catenary 
principle

"As hangs the flexible line, so but inverted will stand 
the rigid arch." -Robert Hooke, 1676

5.0 | Design Approach

(Source: *Philippe Block-Reimagining Shell Structures https://www.youtube.com/watch?v=vAavRx7uoeA&t=2174s)

If you have a system in pure tension without any 
flexure, the geometry if frozen, can be inverted to 
create compression-only structure. The idea to create 
such compression only shells goes back centuries and 
notable pioneers are Antonio Gaudi, Heinz Isler 1968, 
Frei Otto's soap bubble experiments and so on. 

The methods of graphic statics as shown in the 
figure 21 were developed to create force diagrams 
and solve equilibrium problems that were otherwise 
very complex. This is what is the basic idea the more 
modern methods of Thrust Network analysis is built 
upon. (Marmo & Rosati, 2017)

Figure 22: Use of Tension-compression analogy and graphic statics to solve equilibrium. Right: models  from Gaudi, Heinz Isler *

Figure 21: Development and categorization of form finding 
methods (Source: Veenendaal & Block, 2012)

Figure 23: Representation of the thrust network. (Source: Marmo 
& Rosati, 2017)

5.1.2 The compression only model- Heymann's model

In 1966, Heymann defined the idea of Limit Analysis 
to assess the safety of masonry structures, based on 
following three assumptions
i. Stone has no Tensile strength
ii. The compressive strength of stone is effectively 
infinite
iii. Sliding of one stone upon other cannot occur

Considering these assumptions, Limit analysis allows 
us to apply Safe Theorem and Kinematic Theorem to 
ensure stability of the designed structure. 

Safe theorem: The structure will not collapse if a 
pure compression stress field exists that balances the 
external loads.

Kinematic theorem: The structure will collapse if a 
deformation mechanism exists where the external 
loads' work exceeds the internal energy dissipation.
This is the base idea that Membrane equilibrium 
Analysis is derived from which also uses graphic statics.

5.1.3 Force Density Method (FDM)

Schel, 1974 presented the Force Density Method that 
analyzes (rope) networks using force-length ratios 
(force densities) for each branch. These parameters 
effectively describe the equilibrium state of any 
network. Node coordinates are determined by solving 
a single linear equation system, derived through a 
Gaussian transformation of the branch-node matrix. 

These concepts are seen in the grasshopper plugin 
Kangaroo- a grasshopper (Rh) plugin that solves 
for an equilibrium condition with given loads using 

dynamic relaxation- a numerical method where 
forces and displacements are iteratively updated to 
simulate physical behavior.  Form finding principles of 
RhinoVAULT 2 also overlap with FDM

5.1.4 Thrust Network Analysis(TNA)- Rigid block 
Equilibrium

It is very difficult to draw conclusions from stress 
analysis of unreinforced masonry even for a simple 
2D problem (Block, 2009). The equilibrium of vaulted 
structures is analyzed through a network of thrusts, 
representing compressive forces balanced with the 
applied loads. A thrust network is representative of 
the thrust forces that equilibrate the external loadings.
(Marmo & Rosati, 2017) reformulated the original 
version of TNA originally developed by Block, 
added horizontal forces and boundary conditions 
thereby significantly enhancing the computational 
performances. The thrust network as shown in figure 
22 can be described by nodes- Nn and branches Nb, 
where Nn= Ni + Ne+ Nr . Ni , Ne, Nr are the internal, edge, 
and external (restrained) nodes. The generic branch is 
identified by two end nodes and corresponding thrust 
force: t(b) = (tx

(b), ty
(b) ,tz

(b)). 
Nodes are loaded with an external force f(n) =(fx

(n), 
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fy
(n) ,fz

(n)) and equilibrium conditions are employed to 
evaluate position of all nodes and branch thrusts. 

Force components fx
(n), fy

(n) and thrust forces relative 
to branch b , tx

(b), ty
(b) enter the horizontal equilibrium 

conditions, and their z-components constitue vertical 
equilibrium. To do so, the network is projected onto 
a 2D surface using graphic statics as shown in figure 
5.4. The evaluation of the nodes and branches have 
not been presented here, and can be reviewed at  
(Block, 2009) and (Marmo & Rosati, 2017).

RhinoVAULT, a plugin for Rhino developed in 2015 
by Matthias Rippmann uses TNA approach to explore 
compression-only structures by using reciprocal 
diagrams to solve horizontal and vertical equilibrium 
conditions of a network of nodes and branches. It 
has been used in designing structures such as the 
Armadillo vault. There were further versions -2 and 3 
of the RhinoVAULT plugin but is currently unavailable.

5.1.5 Membrane Equilibrium Analysis (MEA)

Membrane Equilibrium Analysis(MEA) is developed 
by Carlo Oliveri, 2021 that uses a thrust-membrane 
derived from thrust-line solution from Heymanns 
Model as shown in figure 25, and uses a continuum 
approach to solve the equilibrium using Airy Stress 
Function- definition of a function and solving a single 
biharmonic equation instead of multiple equilibrium 
equations. 

Carlo Oliveri, 2021developed FORMERLY-Math 
a constrained Form- Finding through MEA in 
Mathematica  openly available at https://github.com/
colivieri89/FORMERLY-Math/blob/main/FORMERLY-
Math_Documentation.pdf

The tool using FEM, it takes into account the thickness 
of shell and non uniform loading and therefore is 
more suitable for optimization volume of the shell as 

Figure 24: Representation of the thrust network. (Source: *)

Figure 25: 2D Thrust line to 3D Membrane (Source: **)

Figure 26: FORMERLY-Math (Source: **)
(Source: *Philippe Block-Reimagining Shell Structures https://www.youtube.com/
watch?v=vAavRx7uoeA&t=2174s)
              **Carlo Olivieri - Airy Stress-based Approach for Assessment and Design of 
Compressed Shells https://www.youtube.com/watch?v=tU7uLn36mRg&t=1474s

Key take-aways

Following are key takeaways from compression-only 
shell theories and tools-
-Graphic statics- developed centuries ago has been 
adapted into different conditions to design shell 
structures. It helps make computational tools more 
effective with graphical represenattions.
-Dynamic relaxation can help achieve equilibirum 
and therefore kangaroo solvers can be used for form 
explorations. However, they would (might) not generate 
compression only structures.

-Both MEA and TNA draw from the Heyman's model 
for discretization

-Thrust Network analysis using RhinoVAULT is one 
of the promising tool to be used initially, also used to 
design discrete dry assembled shells like the Armadillo 
vault. However, it does not consider material and 
volume.
-FORMERLY-Math is also considered as it the latest 
research that overcomes the material and thickness 
applicability. However, upon using it is inferred that 
there are input shape constraints and might need 
modification.
-Mothra plug-in for grasshopper is considered to be 
most promising as it follows a grasshopper interface 
which would fit well for the parametric process. 
However, upon trying, mothra has dependencies 
on Sho .NET Microsoft environment which has been 
discontinued. 
-Karamba3D and Kiwi3D are other optimzation tools 
also considered for analysis and validation of form- 
founded shells.

Figure 27: Mothra plugin (Source: Miki et al., 2015b)

opposed to TNA that is only a representative of thrust 
forces that equiibrate external loadings.

5.1.6 Applying Airy stress function to NURBS patches

Computing Airy Stress Function is proven to be an 
effective solution to solve equilibrium- and thus 
help design parametric- self-supporting surfaces 
(Miki et al.,2015a). Miki et al. (2015b) presented 
a new computational tool 'Mothra' for computing 
compression-only shell applying Airy Stress Functions 
to NURBS patches in Rhino+grasshopper (Figure 27).

Mothra uses NURBS surface patches in grasshopper as 
an input, computes an airys stress function and then 
computes the equilibrated structure based on certain 
user inputs of boundary conditions as shown in figure 
27. This tool was used to generate the custom tool 
to create the Robotic glass vault's compression only 
shell.

Mothra (although a decade old) is open source and is 
available at https://github.com/mikity-mikity/Mothra5, 
however, due to dependencies on a discontinued 
Microsoft environment, cannot be further used.
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5.2 Case study 2- The Armadillo vault

Owing to its discrete- dry assembly, and a prime 
example of Form finding using TNA (Block et al., 2015) 
in RhinoVAULT, the Armadillo Vault (2016) by the Block 
Research group, ETH Zurich has ben chosen as a case 
study. This is to mainly understand the form finding 
and tessellation process.

5.2.1 Introduction 

The Armadillo Vault is an unreinforced, freeform vault 
made using 399 discrete interlocking limestone blocks 
with thickness ranging from 5-12cm. 

Total area : 75m2

Span : >15m
Weight: 23.7 tons

The triangular stone vault, located in the exhibition 
space, spans the central walkway and wraps around 
existing columns, which penetrate its surface through 
large openings. Supported by 20 mm steel plates, the 
structure's weight is evenly distributed, while steel ties 
absorb horizontal thrust, as no floor connections were 
permitted. The vault's voussoir geometry results from 
tessellation patterns defining stone rows. Figure 28 
outlines the design, fabrication, and assembly process. 
The process follows the following outlined steps: 

i. Design of a Thrust surface through a form-finding 
process (RhinoVAULT).
ii. This surface is taken as the middle surface of the 
cross-section of the vault and offsetted for a thickness.
iii. Tessellation pattern developed using an elaborate 
method described here.
iv. Discretized into voussoirs following a tessellation 
pattern taking into account the fabrication and 
assembly requirements
v. Stability verified with discrete element modelling
(Rippmann, Matthias et al., 2016)

Figure 28: Flowchart for constructing Armadillo vault (Source: 
Rippmann, Matthias et al., 2016)

5.2.2 Design Goals

i. Mortar-less construction- interlocking design with a 
high degree of precision.
ii. Compression only funicular design
iii. Fabrication limitations for the limestone

5.2.3 Form Study

The form finding is through TNA described earlier. 
(Rippmann, Matthias et al., 2016) 
i. Design alternatives created using RhinoVAULT plugin 
ii. Obtained mesh was refined for functional and 
aesthetic considerations.
iii. Obtained mesh used as 'target' for a 'best-fit' 
procedure. Its an iterative procedure defined at Van 
Mele et al. 2014. 
	 An initial pair of reciprocal diagrams 
generated and rescaled to align the thrust network 
with the target. Through iterative optimization, thrust 
forces are redistributed, and force densities are refined 
while maintaining parallelism between form and force 
diagrams until achieving an optimal solution
iv. Corresponding thickness computed based on 
experience, aesthetic considerations and common 

Figure 29: a. form diagram b. force diagram c. thickness 
distribution d. resulting stress due to force and thickness (Source: 
Rippmann, Matthias et al., 2016)

Figure 30: Tessellation design overview (Source: Oval et al., 2017)

sense- varies from 12cm-5cm on top. 

5.2.4 Tessellation and unit geometry

As summarized by Oval et al.(2017) and Rippmann 
& Block (2018), the tessellation of the vault can be 
strategized into five steps as shown in figure 30. The 
tessellation pattern is created from meshing using 
certain strategies that align with production limitations. 
It is a manual process as described by Rippmann & 
Block(2018) and is further discussed in section 5.4 of 
the Report. 

Key take-aways

Following are key takeaways from Armadillo Vault-
-The structure has been designed for disassembly, but it 
does require a network of scaffolding for construction. 
-RhinoVAULT is used only for initial form finding of 
thrust surface. The form and force diagrams are then 
modified using an iterative process stated in Van Mele 
et al. 2014.
-Thickness is not optimized computationally as TNA 
does not take into account the volume of the structure 
as discussed earlier. Rather thicknesses are applied as 
per experience, aesthetics and common sense.
-Tessellation is formed by a segmenting procedure to 
create controlled patterns- this will be later discussed 
in section 5.4.
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5.3 Overview of tools to design a concave pure-compressive shell

This Section gives an overview of workflow of the different tools being explored to form-find our desired shape in 
mind for a doubly curved vault shape. The applicability of these tools are mentioned earlier in the report.

ii. Rhino + RhinoVAULT v1

RhinoVAULT uses defined form and force diagrams 
projected on a flat surface. 

STEP1: Input Topology- can be 2D patch or a 
Rhinomesh.
STEP2: Create relaxed projected pattern 
STEP3: Create force diagram from the form diagram
STEP4: Horizontal equilibrium with angle deviations<5
STP5: Vertical equilibrium with height constraint.

These are further elaborated in the next sections since 
this tool has been considered for the design.

We use Kangaroo only for initial form exploration. If 
this method is chosen as primary- then it will have to 
be coupled with evolutionary solvers maybe coupled 
with Karamba to allow only compression only stresses 
in the geometry.

5.3.1 Comparison of currently available tools

i. Rhino gh + Kangaroo3D

Kangaroo uses Dynamic relaxation with principles 
of FDM to arrive at a relaxed solution which can be 
assumed to be in equilibrium under the application of 
the specified forces only.

STEP1: Input topology.
STEP2: Define supports-anchors and edges 
STEP3: Define elasticity factor and forces
STEP4: Relax mesh in 3D

Analyze mesh using karamba.

Figure 31: Parametric form exploration using Karamba (Source: 
Own)

Figure 32: RhinoVault Workflow (Source: Food4Rhino.com)

Figure 33: RhinoVault exploration (Source: Own)

iii. FORMERLY-Math - A mathemica tool

Formerly-Math by Carlo Oliveri as stated earlier has 
been explored. It generates promising solution based 
on given shell material properties- and also calculates 
a force distribution as shown in figure 34.

iv. Rhino gh + Mothra 

Mothra- the grasshopper plugin also used for designing 
the Robotic glass vault as mentioned earlier  is also 
attempted, with provided example files- however, the 
plugin has dependencies on SHO a .NET Microsoft 
environment which has been discontinued.

If this plugin is still chosen, it has to be recreated by 
changing dependencies using their Github repository. 

v. Rhino gh + Kiwi!3D

Kiwi!3D is yet another grasshopper plugin based 
on Isogeometric Analysis (IGA) to directly integrate 
structural analysis into CAD. It uses B-Splines- NURBS 
instead of discrete meshes unlike Karamba, therefore 
can be more accurate. This method has not been 
explored in this thesis.

This method can be promising as inferred to earlier. If 
this method is chosen then the tool has to be modified 
to accept other boundary conditions than a rectangle.

As shown in figure 33, the equilibrated form tends to 
always be convex- it is a prime consideration for Thrust 
network analysis. 

In case this method is chosen, further modifications 
in the force diagram need to be done and iterative 
methods mentioned in Van Mele et al., 2014 will have 
to be utilized.

Figure 34: Formerly-Mathematica. An Attempt to create a 
concave rectangular shell using a quartic Airy Stress function 
(Source: Own)

Figure 35: (Source: https://www.kiwi3d.com/)
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5.3.2 Designing the compression-only shell

Initial explorations were done using kangaroo plug 
in grasshopper with the idea of tension compression 
analogy. However, it resulted in mixed-tension 
compression shells as demonstrated in Appendix 
1 of the report.  It was also observed that the free 
edges play a crucial role in determining the vaults 
compression-only state. 

The intention was to design a symmetric version of the 
glass vault (Beghini et al., 2020) as shown in figure 36. 
The researchers have not demonstrated the creation 
of the shape or its verification as a compression only 
shell. Based on the analysis done using karamba and 
form exploration, it is assumed that the glass vault 
designed as a mixed compression-tension shell and it 
takes tension within the limits as glass units are bonded 
to each other with spacers.

The tools mentioned in the previous sections were 
explored, and Rhino Vault 1 was found to be the only 
applicable(working) tool to create a compression only 
shape by mere inputs of a 2D form diagram.

RhinoVAULT 1

RhinoVAULT is a plugin for Rhinoceros 3D based 
on Thrust Network Analysis (TNA). It helps design 
funicular (compression-only) structures like masonry 
vaults or fabric forms by aligning the geometry with 
the flow of forces.

Draw the form diagram - Create a 2D network outlining 
the desired boundary and connectivity of the structure. 
 
Generate the force diagram - RhinoVAULT 
builds a reciprocal diagram representing 
internal force directions and magnitudes. 
 
Adjust force densities - Modify edge lengths in the force 

Figure 36: Intended design of glass vault (Source: Beghini et 
al.,2020)

Figure 37: Glass vault using RhinoVAULT (Source: Beghini et 
al.,2020 ; Own)

from Glass vault case study own exploration- RhinoVAULT

Figure 38: Final compression-only shell force and form diagram 
(Source: Own)

Key take-aways

-Multiple tools were explored for form-finding 
compression-only shells, each with different 
methods and applicability based on constraints. 
 
-Kangaroo3D (with Grasshopper) uses dynamic 
relaxation for free-form shape exploration but 
results in mixed tension-compression shells 
unless coupled with advanced optimization. 
 
-RhinoVAULT 1, based on Thrust Network Analysis (TNA), 
was found to be the most applicable tool for designing 
compression-only forms with simple 2D input diagrams. 
 
-Formerly-Math showed promising results by 
calculating forms based on material properties 
but lacks flexibility in boundary conditions. 
 
-Mothra and Kiwi!3D have potential but face 
limitations: Mothra requires redevelopment 
due to outdated dependencies, while Kiwi!3D 
was not explored further in the thesis. 
 
-The final vault design- thrust network for a symmetric 
dry-assembled compression-only glass vault- was 
achieved using RhinoVAULT, but was not pursued for 
application due to design constraints and scope limits.

diagram to control how forces flow through the structure. 
 
Lift to 3D form - The software uses TNA to raise the 
form diagram into a 3D shape in vertical equilibrium. 
 
Refine the geometry - Tweak positions, 
weights, and constraints to optimize the 
structure’s shape and force distribution. 
 
Export the final funicular form - The result is a 
compression-only surface ready for analysis, 
visualization, or fabrication.

Figure 37 shows the form founded shape using 
RhinoVAULT when a form diagram of the glass vault 
design was used. The equillibriated shell did have 
similar force diagram, but the vertical equilibrium 
resulted in a shape as seen in the figure.

Figure 38, and 39 shows the symmetric compression 
only form  considered for showcasing a dry assembly.

The idea was to avoid curvature in all directions as 
we have constraints for 3DP glass that adds more 
restrictions to the tessellation process making it not 
feasible. The compression only form is thereby chosen 
so as to keep the dry assembled block at an equilibrium 
without necessitating additional supports.

Figure 39: Final compression-only shell (Source: Own)

Final Vault Design: (Figure 39)

Span= 2.6m(max) ; Height=1.8m(min)

Thickness of the vault is decided as per tessellations in 
the part C of the report so asto keep the equilibrated 
thrust network within the shell thickness. 

The resulting design does not seem to be promising for 
application, and further exploration is not done in this 
direction since it is out of scope for the thesis. 
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5.4 Tessellation and Brick geometry

This Section presents a review of literature studied for 
tessellation of masonry shell structures and relevant 
interlocking brick geometries inferred from existing 
Cast glass dry assemblies.

5.4.1 Tessellation Patterns

Oval et al. (2017) summarized a method to create 
discrete compression only masonry structure. The 
best way ti do is id by using a 'feature preserving' and 
structured quad mesh. (Figure 40, 41, 42). Rippmann 
et al.(2018) further established rules for tessellating 
geometries considering their structural integrity (Figure 
5.16). Some of the key considerations for tessellations 
are-
-The intersections should be as perpendicular as 
possible to the direction of force flow
-Joints should not align between courses-a stargerred 
pattern can be developed by removing every second 
edge (Figure 40)
-Singularities- where multiple(more than 3) blocks 
meet should be avoided (Figure 40)

Figure 41: Flow Diagram showing sequential steps of the developed 
tessellation algorithm by Rippmann et al.(Source: Rippmann et al., 2018)

Figure 42: Generating a smooth quad mesh by 
(Oval et al., 2017) 

Figure 40: Transformation rules of regular areas and solving 
sigularities of mesh into tessellation described with an example of 
Armadillo vault (Source: Oval et al., 2017) 

It is also to keep in mind that with tessellating free 
form geometries, Wang et al. inferred that topological 
interlocking assemblies generally end up with many 
unique blocks.(Figure 44)

5.4.2 Cast glass Dry Assemblies

With references from (Aurik 2017; Aurik et al. 2018; 
Snijder et al. 2016) a dry-assembled arched glass 
masonry bridge and an interlocking cast glass 
column (Akerboom 2016), Oikonomopoulou et al. 
(2018) developed promising interlock geometries for 
application of cast glass assemblies (Figure 43). 
Design criteria followed interlocking requirements and 
criteria imposed by glass as a building material by 
casting.
-Limited volume. 10kg mass limitation
-Rounded shape and equal mass distribution - equal 
cross sectional area
- Limited number of units- lesser moulds

The authors consider osteomorphic blocks (types A 
and B as shown in figure 43) the most promising for 
further development due to their multifunctionality, 
ease of assembly, and ability to reduce peak stress 
during casting and loading. The smooth concave-
convex interlocking  mechanism of the elements 
ensures its high shear capacity, however an interlayer 
is necessary to avoid glass-to-glass contact.

Figure 43: Developed interlocking designs. Type A, B - 
Osteomorphic Bricks defined by Dyskin et al. 2003 
(Source: Oikonomopoulou et al., 2018) 

Figure 44: Topologies Interlocking assemblies
(Source: Wang et al., 2019) 
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5.4.3 Osteomorphic Brick geometry

The osteomorphic geometry as proposed in Dyskin 
et. al, 2003 derives its shape from a Cosine/Sine 
trigonometric identity. General Sine/cosine function:

Where A=Amplitude,  =Wavelength. The amplitude 
of the brick A is ideally 0.5h as to create a symmetric 
curvature of the block. However, the amplitude of 
the full sine/cosine curve does not need to match the 
amplitude of the half curve on the 'h' side of the block 
as shown in the figure 46.

The proportions of the block can be varied within 
manufacturing constraints of 3DP glass. The main 
consideration is the maximum amplitude(A) of the 
brick 3D printable. The maximum A will vary based on 
the wavelength , therefor the length of the brick is set 
to be constant = 300mm in order to find the maximum 
amplitude printable.

Maximum overhang angle: θ=60° from base

Figure 45: Osteomorphic Interlocking units with Cast glass
(Source: Oikonomopoulou et al., 2018) 

Slope of sine curve:

For maximum slope 60°,

Therefore for length =300mm, 

Therefore the maximum amplitude for a 3DP glass 
unit with length 300mm is 82mm. For simplification of 
further analysis and to utilize maximum sizing limits of 
3DP glass units, table 3 shows constraints and variables 
that are set for an osteomorphic masonry unit. 

Key take-aways

The rules for tessellations provided by Oval et al. (2017) 
have been considered to create effective tessellations. 
The main criteria is that the seams should not be 
parallel to the direction of force flow. Ideally, they 
should be perpendicular.

It has also been inferred from (Wang et al.,2019) 
tessellation of free-form structures creates various 
unique blocks. (Figure 5.20) Therefore a standardizing 
procedure has to follow. 

From cast glass assemblies, we infer that osteomorphic 
geometries are the best performing for masonry 
applications- brick amplitude and height are crucial 
geometry aspects. For ease of further optimization, 
the length of the brick is set to be constant, and the 
maximum amplitude calculated based on glass 3DP 
overhang constraint is 82mm. The thickness (h) is a 
parameter to be optimized as per design.

Figure 47a: Osteomorphic Interlocking unit parameters
(Source: Own) 

Figure 47b: Possible Orientations for 3DP an osteomorphic 
geometry with glass (Source: Own)

Table 3: Osteomorphic Interlocking unit parameters considered 
(Source: Own) 

Length (L) 300mm Amplitude 0-82mm

Width (B)

constant 
per design 
~200mm

Thickness 
(h)

To be 
optimized 
based on 
design

CCoonnssttaannttss VVaarriiaabbllee

3DP 
Osteomorphic 
glass unit
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5.5 Optimization Approaches

Here we overview various methods for an efficient 
form and tessellation of the geometry that have been 
implemented in this thesis

5.5.1 Form optimization

We initially aimed to optimize the form using Airy 
Stress Function, and/or minimizing stresses using 
parametric modelling and Karamba analysis. The main 
parameters to be looked at were the vault sizes and 
the thickness of the vault.

The overall vault sizes are decided to be constant 
in case of catenary vault, and a  the form founded 
compression only shell was set as the constant size 
for the assembly process and are discussed later in 
chapter 8 of the report. The only parameter affecting 
the overall sizing that is kept to be parametric is the 
thickness of the vault- it is assumed that the thickness 
will largely affect the structural performance as well 
as the stiffness of the interlayer required for the dry 
assembly system.  The design parameters are further 
explained in Part C of the report.

5.5.2 Standardization

One of the main advantages of using 3D printing is 
the ability to produce customizable geometry without 
extra material waste, but it is not practical to create 
entirely unique masonry units for construction. Having 
all unique units would significantly complicate the 
assembly process, making it highly time-consuming 
and inefficient. 

To address this challenge, we aimed to minimize 
the number of unit typologies while preserving the 
structural and architectural intent of the design. In 
section 8.1, we present a standardization method for 
the units used to assemble a catenary or a single curved 

vault where 50% of the units can be used to assemble 
any other straight wall or a vault of another size. It 
was inferred that standardization for a doubly curved 
geometry designed was not possible as explored with 
tessellations and given the manufacturing limits, they 
are further discussed in chapter 8. We proposed a 
tessellation method derived from the Armadillo vault 
by Block Research group as overviewed in chapter 
5.4, resulting in unique units for the doubly curved 
compression only shell designed. There is further 
research and experimentation required to find a way 
to standardize units for a doubly curved geometry.

5.5.3 Material Optimization

Even though its crucial for structure's self weight, 
and cost, the optimization of geometry for material 
efficiency with 3DP is considered out of scope for this 
thesis. This study focuses on optimization of overall 
geometry parameters which affect the structural 
performance. It focuses on material optimization 
of the interlayer in terms of its Young's modulus, in 
order to engineer the interlayer to meet the required 
properties.

5.6 Chapter Conclusions

Based on the study of comression only shell structure 
design, RhinoVAULT emerges as a promising tool 
for initial form-finding, as seen in projects like the 
Armadillo Vault, though it lacks considerations for 
material and volume. Newer advancements, such as 
FORMERLY-Math, address material applicability but 
face input shape constraints. Among parametric tools, 
Mothra shows potential but is hindered by outdated 
dependencies. Karamba3D and Kiwi3D remain 
valuable for optimization and validation.

For the Armadillo Vault, scaffolding requirements and 
the non-computational optimization of thickness reveal 
areas for further improvement. Tessellation strategies, 
as discussed by Oval et al. (2017) and Wang et al. (2019), 
underscore the need for standardized procedures to 
balance unique geometries and assembly efficiency. 
This is eventually where we decided to use a more 
symmetric and one-way spanning vault rather than 
a complex multi supported shell like the Armadillo. 
Therefore we plan to replicate the symetric initial form 
of Robotic glass vault as dicussed in section 2.

Finally, the potential of osteomorphic geometries in 
cast glass assemblies demonstrates their superiority 
in masonry applications, emphasizing the importance 
of controlling brick amplitude and height for optimal 
performance. Moving forward, the challenge remains 
to define initial geometries effectively and create 
efficient tessellations for concave, compression-
only shells. Adding to that, the 3DP blocks would be 
hollow sections and therefor need a bracing design as 
mentioned earlier in section 3.
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6.1 Interlayer properties for Selection

Based on (Oikonomopoulou, 2019), the selection 
of bonding media for cast glass assemblies revolves 
around the following key characteristics:
i. Visual Performance- transparency
ii. Structural performance- Bond (shear) strength, 
Resistance to creep, Elongation to failure, Service 
temperature suitability
iii. Ease of Assembly (Constructability): Gap-filling 
capability to ensure proper alignment and bonding 
during assembly
iv. Budget Constraints: Post-processing requirements 
for glass components, influencing production costs 
and time.
v. Additional Considerations like UV resistance, aging, 
and weathering durability, Toxicity and emission 
safety, Processing properties (e.g., viscosity, curing 
conditions, surface preparation) and Low shrinkage 
during curing

To achieve our design goal, the interlayer criteria is 
inferred from the review of Robotic vault's interlayer 
by (Oikonomopoulou & Bristogianni, 2022) and 
are mentioned in section 2.5. An illustration of the 
R&D Method for selection of interlayer system for 
the Robotic glass vault is depicted in figure 48. We 
can see how the brick geometry and the adhesive 
selection both depend on the Key performance 
criteria. Therefore we need to define the performance 
criteria along with the final design of the vault.

6.2 Cast glass assemblies- Review of 
adhesive based Interlayer systems

Adhesive interlayers for cast glass assemblies are 

6.0 | The Interlayer
categorized into three: 
(i) flexible, soft-elastic adhesives, which include 
silicones, polyurethanes and MS polymers 
(ii) stiff adhesives, which include epoxies and acrylates 
(iii) cement-based mortars and tile adhesives, typically 
employed in hollow glass brick structures

Table 4 provides a curated comparison of adhesive 
properties as curated from (Oikonomopoulou & 
Bristogianni, 2022). In all the applications discussed 
in the paper, a significant concern was the high 
degree of precision required and the necessity for 
post-processing glass bricks, both of which are 
less desirable. Additionally, the creep resistance of 
the interlayer emerged as a critical property for the 
interlayer system.

6.3 Interlayers for Cast glass- Dry 
Assemblies

Dry-stacked glass under axial load is unlikely to fail due 
to its high compressive strength. However, because 
glass cannot undergo plastic deformation, any surface 
irregularities or imperfections at the contact points 
can lead to localized tensile stress concentrations., 
thereby necessitating an interlayer (Oikonomopoulou 
et al., 2018). Some key considerations noted from the 
research are:
i. The stiffness of the interlayer need to be within a 
certain stiffness as to not decrease the stability of the 
overall structure- ideally only a little lower than glass. 
ii. It should have good short and long term compressive 
behavior and resistance against creep.
iii. Accommodate dimensional discrepancies and yet 
be consistent in thickness-at least 2-3mm
iv. Time-dependency response and resistance to creep
v. A maximum service temperature of 50 oC

Figure 48: Illustration of the R&D Methodology for interlayer selection for the Robotic glass vault. (Source: Oikonomopoulou & 
Bristogianni, 2022)

Table 4: Adhesive interlayer properties (Curated from: Oikonomopoulou & Bristogianni, 2022)

VViissuuaall

AAddhheessiivvee  ffaammiillyy BBoonndd  ssttrreennggtthh
CCrreeeepp  

rreessiissttaannccee SSeerrvviiccee    tteemmppeerraattuurree    rraannggee FFaaiilluurree  mmooddee
GGaapp--ffiillll    

ccaappaabbiilliittyy

PPoosstt--pprroocceessssiinngg  ooff    
ccaasstt  ggllaassss    

ccoommppoonneennttss TTrraannssppaarreennccyy

Stiff (epoxies, acrylates) High High

High; yet stress  concentrations  
may occur due  to differences  

in thermal  expansion
Rigid joint:  brittle,  

sudden Low (<  1 mm)
Yes  (CNC-
polishing) High

Flexible (PU, MS 
polymers,  silicones) Low Low High 

Visible  deformation  
prior to  failure High  (1–10 mm) Not required Medium/ high

Cement-based mortars &  
tile adhesives

Low (TS < 1 
MPa g) Satisfactory

Tile adhesives  typically used  
only for  interior  applications

Visible  warning  prior 
to  failure High (3–7  mmg )

Yes  (sand-blasting 
or  3D geometry of  

connection  
surfaceh) Opaque

EEaassee  ooff  AAsssseemmbbllyySSttrreennggtthh

vi. Flexible for forming into osteomorphic surface.
The paper presents several designs and interlocking 
mechanisms, as reviewed in section 5.4.2. Using 
vertically stacked osteomorphic cast glass bricks, 
the research evaluated two different interlayer 
materials(initially concluded from an FEA) : PU70 3mm 
and Neoprene 5mm and concluded that PU70 rubber is 
the best fit for the application in terms of its structural 

performance and shaping potential.

The key factors contributing were its consistent 
thickness and flexible as to match the curves of the 
brick surfaces. The research also proposes a solution 
to be a composite with a softer external interlayer to 
accommodate surface deviations and displacements 
under axial load and a stiff, resistant inner core.
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6.4 (Meta)materials- Why Kirigami?

Based on the requirements of unique properties of 
interlayer as discussed in the previous section, the 
research is driven towards (meta)materials. There are 
various similar terms like architected materials, and 
programmable materials which have an overlapping 
idea as (meta)materials. 

"A metamaterial is a 3D structure with a response 
or function due to the collective effect of meta-atom 
elements that is not possible to achieve conventionally 
with any individual constituent material.

A metasurface is a 2D version of a metamaterial where 
the structural elements are confined to a 2D plane."
Source: UK Metamaterials Network

In other words, metamaterials are engineered 
materials designed to exhibit properties that do not 
naturally occur in their original form. Since these 
properties are externally induced, in many cases could 
be programmable. 

Kirigami

Kirigami is a traditional Japanese art form of cutting 
paper that dates at least 15 centuries back. The new 
cut shape acquires new structural configuration  by 
stretching/compressing. Kirigami also often involves 
cutting and folding (the art of Origami) that can further 
enhance the structural configuration. Kirigami is thus 
a technique that can create metamaterials and meta 
structures with extraordinary properties like negative 
Poisson's ratio. (Sun et al., 2021)

Kirigami patterns are generally crated on a 2D 
surface, thereby enabling one to program the material 
at any scale. (Sun et al., 2021) This increases the 
productability as well as transportation. The stiffness 
and flexibility of kirigami has been widely explored for 

different applications such as lightweight structures, 
and sandwich panels and well as shock absorbing 
materials (Sun et al., 2021; Parra Rubio et al., 2023; 
Qi et al., 2024)  

Owing to the evidence of its unique configurable 
properties, its simple manufacturing process and its 
scalability, Kirigami is chosen as a concept for further 
research of the novel interlayer solution.

Key take-aways

Following are key takeaways from the initial interlayer 
study
-Suitable interlayer should be stiff- ideally little lower 
than glass so as to withheld the structural integrity
- The interlayer good short and long term compressive 
behavior depending on the structure
- A minimum thickness of 2-3mm (for cast glass 
surfaces). For 3DP glass as inferred from section 3, a 
bead height min. 3mm would require ~6mm minimum 
interlayer only to take care of surface variations of 
3mm(min) on either side.
- Should be flexible as to curve into osteomorphic 
surfaces
- PU rubber could be a promising material for the 
external layers of a sandwich interlayer so as to take 
surface geometry tolerances of a 3DP masonry unit.
- Transparency might not be a crucial factor for 
selection of interlayer material in this case.

We are interested in finding the possibilities of an 
interlayer solution- even though it is labor intensive.
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7.1 Kirigami- an introduction to types

Kirigami is an ancient Japanese art form that creates 
metamaterials by simply making cuts on a sheet 
material. It is often combined with Origami- the art of 
folding to create 3D geometries. (Sun et al.,2021)

Researchers Sun et al. (2021) classified kirigami into 
mainly two types- (a)cut-only and (b)cut-and-fold with 
sub categories as shown in Figure 49. On reviewing 
these types it was inferred that the for our application 
Ribbon kirigami and Zig-zag kirigami could be 
considered for further exploration as they showcase 
transformability of 2D to 3D structure. The other types 
are thus not presented further in this report. The cut-
and-fold kirigami involves an extra step pf folding and 
is thereby less preferred even though it can exhibit 
better stiffness values.

7.1.1 Ribbon Kirigami

The ribbon kirigami pattern, originally used to improve 
graphene’s ductility, undergoes four deformation 
stages under tension: 
initial hinge rotation, 
elastic deformation with stress concentration, 
yielding due to hinge stress, 
and eventual tearing. 

Studies highlight the influence of geometric parameters, 
such as slit size and hinge design, on stretchability and 
buckling resistance. Adjustments like adding grooves 
or modifying patterns can control deformation modes 
and enhance programmability. Also known as Tension-  
Activated Kirigami(TAK), Ribbon kirigami improves 
elasticity with simple manufacturing, making it versatile 
for applications in graphene, metallic glasses, shape 

7.0 | Kirigami inspired Interlayer

Figure 49: Kirigami types (Source: Sun et al., 2021)

Figure 50: Compression testing of Kirigami  forms in paper, 
plastic and alominum(Source: Corrigan et al., 2023)
 

Figure 51: TAK- regular single slit and designed double slit 
(Source: Corrigan et al., 2023)

Figure 52: TCOnfiguring hinges into Ribbon Kirigami (Source: Sun 
et al., 2022)

memory alloys, and energy/biomedical devices, while 
offering significant strain capacity and energy efficiency. 
(Sun et al.,2021; Corrigan et al., 2023)

Corrigan et all.(2023)'s research assesses the stiffness 
of ribbon kirigami types and creates a TAK novel 
hexagon pattern that was found to be 84% of the specific 
strength of a full honeycomb construction which is 
more production-intensive. (Figure 50) Another finding 
of the research was the lockability of the deformed 
state- it was found that multi layered TAK interlocked 
themselves thereby maintaining their deformed state.

7.1.2 Zig-zag Kirigami

The zigzag kirigami pattern, inspired by the Miura-ori (a 
notable Origami pattern), features the unique property 
of negative Poisson’s ratio and rigid folding. Miura 
origami, due to its stiffness has already been explored 
in creating lightweight and stiff sandwich panels as 
seen in Wang et al. (2023). Further configurability of 
the zig zag kirigami in discussed in the next section.

7.2 Design of a Kirigami structure

In this section we discuss the configurability of the 
ribbon and zig-zag Kirigami as inferred from (Sun et 
al.,2021; Corrigan et al., 2023).

7.2.1 Ribbon Kirigami Design

Ribbon Kirigami mainly consists of single slits - parallel 
or alternating TAK as shown in Figure 51. Corrigan et 
al., (2023) demonstrated that materials arranged in an 
alternating configuration exhibit lower initial stiffness 
but demonstrate notably higher stiffness and strength 
after undergoing significant strain, compared to those 
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in a parallel configuration. The geometry variation after 
deformation -its relation to the parameters depends 
upon material and has to be figured out. 
The ribbon Kirigami also shows  varying deformation 
pattern based in the end configurations as shown in 
figure 52.

7.2.2 Zig-zag Kirigami Design

The Zig-zag kirigami pattern has been represented by 
Eidini & Paulino, (2015) as a base unit cell BCHn (Base 
unit cell with Hole) that is parametrized. The parameter 
representation is shown in figure 53. The expressions 
defining the geometry are as below:

l = projected length of zigzag strips along x axis in xy 
plane; relationship between angle     and fold angle 
is given by: 

For the zigzag kirigami with n = 2, the in-plane Poisson’s 
ratio of the approximately infinite BCH2 (figure 53 right) 
is expressed as

The sign of Poisson’s ratio depends on the sign of the 
numerator in the equation. Eidini & Paulino (2015) 
further proposed a misplaced pattern (figure 53 left) 
that affect the folding of the overall pattern as shown 
in figure 55. The Kirigami retains the characteristics of 
Miura-ori including negative Poisson's ratio as well as 
stackability and rigid folding, but however has lower 
density- is lighter and higher programmability.

Figure 53: Base unit cells representation (Source: Sun et al., 2022)
 

Figure 54: Behavior of BCH2 sheet  (Source: Eidini & Paulino, 
2015)

Figure 55: displaced pattern creating varying folds globally. 
(Source: Eidini & Paulino, 2015)

Figure 56: Tension Activated Kirigami(TAK) (Source: Corrigan et 
al., 2023)

7.3 Kirigami as an interlayer material

Based on the literature summary of the  kirigami types, 
the ribbon kirigami also represented in researches as 
tension activated kirigami or Buckling induced Kirigami 
only involves cutting of the sheet material and then 
activation. And on the other hand the other type(s) of 
kirigami also involves folding in order to activate.

As per the required properties for the interlayer 
discussed in chapter 6, resistance to creep is a property 
that can be achieved with a certain stiffness in the 
interlayer. It was seen in the previous chapter, that the 
interlayer property requirements also keep changing 
based on applications.

Kirigami - being simple to manufacture has seen 
several applications that present a stiffness range 
that are tuned with geometry parameters. Therefore 
Kirigami is chosen for creating an interlayer with 
tunable properties required for a particular assembly 
system.

7.3.1 Design Intent

Kirigami has a wide range of geometries and types 
as seen earlier. For the application as an interlayer 
material, following considerations are made:
•	 A constant- controlled thickness: It is crucial to have 

a precise and uniform thickness after activation 
because the 3DP glass units are manufactures to 
precision and should not be post processed due to 
the interlayer.

•	 Able to take tolerances: The kirigami interlayer 
should also be able to take tolerances of the 
3DP unit surface and also tolerances during 
construction.

•	 A cut-only kirigami is most preferred in this case 
as to ease the manufacturing process by keeping it 
easily scalable. 

•	 The geometry properties as well as material 

properties would play a role in composite action 
with glass when applied in a dry assembly system, 
thereby material compatibility with glass is also 
to be considered while selecting the interlayer 
material. Especially for dry assemblies it can cause 
stresses in glass if the tolerances have not been 
incorporated.

•	 A more flexible material like PU70 as suggested 
for cast glass dry assemblies (Oikonomopoulou et 
al., 2018) an be considered on either side of the 
kirigami in case it is needed for tolerances- thereby 
developing a sandwich interlayer.

 7.3.2 Geometry

In this thesis Kirigami is looked at as a method that 
can be applied to selected materials in order to tune 
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Figure 57: Initial Kirigami Explorations (Source: Own)

Key take-aways

Following are key takeaways from the initial kirigami 
study so far
-We have looked at various kirigami patterns there is a 
vast space and configurations to select from.
-We have also seen the configurability with custom 
cut patterns/ modified patterns for varying properties 
both in the case of ribbon and zig zag Kirigami.
-Zig-zag Kirigami as defined by Eidini & Paulino, 2015 
was a novel research that drew its progammability 
ideas from Miura-ori. Although has extraordinary 
properties, it is less preferred due to an extra step of 
folding. 
-Ribbon Kirigami- alternate or parallel configurations 
are a starting point for prototyping. The relationship 
of the strength with different thicknesses of material 
and architecture is to be determined.
-The research by Corrigan et al. (2023) already shed 
some light on the Tension activated Kirigami Ribbon 
patterns using aluminum thereby demonstrating its 
applicability and confgurability. TAK is thus chosen for 
exploration in this thesis.
-Research on the ability of Kirigami patterns to stably 

them to obtain desired target properties. Therefore, a 
promising geometry is selected from the literature for 
further exploration and application.

Tension Activated Kirigami (TAK)

Tension Activated Kirigami(TAK) is a novel pattern 
proposed by Corrigan et al.,2023 enabling a low-cost 
method to create wrapping material out of different 
material (figure 56). TAK  pattern creates rows of 
material into vertical walls which demonstrate stiffness 
and strength comparable to honeycomb grated 
material. The concept and its activation is shown in 
figure 56. The researchers have made several iterations 
with paper, plastic and aluminum foil of 0.077mm 
thick demonstrating their promising application in the 
packaging industry.

As seen in figure 56, TAK has the parameters H, L, and 
W which drive the activated pattern. These patterns 
were considered as L = 5.8 mm, H = 5.8 mm, W = 1.2 
mm; extended +50% for the samples in the research. 
In this thesis, we aim to utilize these to create an 
interlayer material of target thickness and stiffness. 
Further considerations regarding the geometry and 
model are discussed in chapter 10.

7.4 Chapter Conclusions

This chapter explained the kirigami principles as 
cut-only and cut-and-fold types based on Sun et 
al. (2021) and their subtypes within the context of 
transformable structures. Ribbon kirigami and zig-zag 
kirigami were among those most suitable for future 
research by virtue of the fact that they can transform 
flat sheets into three-dimensional structures, a 
property which is crucial for interlayer utilization. 
Whereas cut-and-fold styles can yield increased 
stiffness, the added folding complexity makes cut-
only shapes like ribbon kirigami better suited for 
scalable, manufacturable applications.

The critical analysis focused on the tensile behavior of 
ribbon kirigami and its flexibility by way of geometric 
adaptation, supported by Corrigan et al.'s (2023) 
creation of a new TAK (Tension Activated Kirigami) 
motif. Zig-zag kirigami, derived from the Miura-ori 
motif, exhibited complex mechanical properties such 
as a negative Poisson's ratio and stiff folding, though 
less favored here due to its dependence on folding.

In conclusion, this chapter lays the groundwork for 
the choice of kirigami patterns with programmable 
mechanical properties, and the outcome is the choice 
of TAK as a promising candidate for the development 
of an interlayer material with tunable stiffness and 
controlled deformation.

maintain their folded state or transition seamlessly 
between folded and unfolded configurations remains 
limited. Activation factors of kirigami needs to be 
taken into account which will affect its stiffness.



Part C | The Design



63 

3DP Glass Assemblies 

62 

Goal: To define the geometry for the assemblies as per 
design goals mentioned in chapter 4.
 
Since our goal is to establish an assembly technique 
and an interlayer solution, the design was not looked 
at as the primary objective in terms of designing-for-
users or a specific case. Several Parametric models 
have been created for the process that are discussed in 
chapter 9 for parameter optimization. In this chapter, 
we discuss the parametric form, and tessellation for a 
simple straight wall, singly-curved, and doubly-curved 
dry-assembly system.

8.1 Parametric Design Approach

The idea was to define geometric and material property 
parameters  that result in a structurally stable geometry 
while performing optimizing certain parameters. 
	 Since the thesis revolves around creating a 
circular design for disassembly, in order to maximize 
the re-use of the 3D printed blocks, the design of a 
catenary vault was proposed using 2 types of modules 
for a vault design as shown in figure 58-
i. a standard module- that can be assembled into a 
straight wall or can be reused for assembling another 
arch with different dimensions.
ii. angular modules- that are specific for the curvature 
of the vault.

This approach reduces the number of unique 
modules for a curved geometry, allowing some 
amount of standardization. The idea is simplified for 
our application, deriving from (Sheth & Fida, 2020) 
who  have explored osteomorphic form on funicular 
structures; however, results used gap filling techniques 
and tension cables for assembly. Therefore, for a doubly 

Figure 58: Unit Design Approach

8.0 | Designing the Assembly

All angular blocks Alternate angular blocks 

Figure 59: Force flow in designed compression only shell. 
(karamba analysis) 

tangential forces at mesh nodes

vertical forces at mesh nodes

vertical and horizontal force 
components on shell section

curved geometry, the osteomorphic form is not believed to be a suitable option for mortar-less construction, 
since there is force flow in both directions as shown in figure 59. In addition, there will be interlayers required in 
both directions in this case to avoid load transfer via glass-to-glass contact. 

Looking at Block Research group's Armadillo vault as a prime example of a dry assembled doubly curved system 
as discussed in section 5.2, we propose  trapezoidal glass units for a doubly curved assembly with interlayer 
application on both directions. 

The overview of assembly properties is given here under in table 5.

The block geometry has been proposed based on trying various tessellation forms using osteomorphic shape as 
the initial 'ideal' shape. They have been further discussed in the next section. The main objective was to derive 
at a shape with manufacturing constraints mentioned in section 3.2, and is easy to assemble.

Table 5: Assembly design

WWaallll
SSiinnggllee--ccuurrvveedd  ssttrruuccttuurree  

CCaatteennaarryy  VVaauulltt
DDoouubbllyy--ccuurrvveedd  ssttrruuccttuurree  
CCoommpprreessssiioonn--oonnllyy  sshheellll

Dimensions
Length- 1.2m Height- 2.5m 
(one floor) Thickness-110m

Span- 2.2m Height- 1.9m 
Length ~4m

Span ~2.6m Height- 1.8m Length 
~5m

Dry assembly yes yes yes

Unit shape

Unit customization standard standard+custom custom 

Unit 3DP configuration

Scaffolding not necessary yes yes
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8.2 Tessellations

Based on the study on the tessellation patterns for dry 
assembly  and chosen osteomorphic brick geometry, 
the goal was to use the osteomorphic faces of the 
brick in the direction perpendicular to the force flow, 
as you would do to assemble a wall. However, due to 
the complex sine-cosine curvature discussed earlier 
in section 5.4.3 and the manufacturing constraint of 
having at least 2 parallel geometry faces for 3DP, it was 
not possible to apply this unit geometry to a doubly 
curved compression-only form.

In this section, we have outlined several tessellation 
ideas along the same line, to arrive at feasible 
tessellation and block geometry for manufacturing 
and assembly.

1. Tessellation from Mesh geometry: 
As seen in examples like Armadillo vault, the mesh is 
used as a base to create the tessellations. Since we are 
dealing with a vault shape (with two parallel supports), 
a quad mesh would be feasible to consider as per the 
size of manufacturable bricks. This idea was discarded 
as our obtained shape had mesh faces that varied 
immensely in area (as seen in figure 60. 

2. Tessellation using projected patterns:
Lunchbox tools within grasshopper provide various 
tessellation patterns including staggered pattern. This 
was tried on an unrolled surface and projected back 
to the source surface. This resulted in a pattern that 
was difficult to control further. In addition, the pattern 
would not follow the shape as seen in figure 60.

4. Structured quad mesh:
In order to get a structured quad mesh that can be 
manipulated as per user inputs and controlled based 
on manufacturability of units, its essential to refine 
the initial mesh and post process as suggested in 
(Rippmann & Block, 2018). Deriving from the process,  Figure 60: Tessellating a doubly curved surface

the idea of creating two different (mirrored) pattern on 
the intrados and extrados of the shell was found to be a 
feasible solution to create the osteomorphic form on a 
shell of certain thickness. This idea was first applied to 
the simpler catenary vault which has a single curvature 
as shown in figure 61. It was also inferred that the sine-
cosine surface gets distorted while applied to a doubly 
curved shell, and is unnecessary as the form is stable 
with lateral loads. 
	 Since its a curved shell, the osteomorphic 
surface does not help resist lateral loads as it does in 
case of a wall. The shape however, would immensely 
help during assembly so as to rightly place blocks into 
place in the staggered pattern.

Several iterations of stagerred pattern were done, and 
it was inferred that in case of a curved assemble, the 
shape would highly affect the ease of assembly allowing 
blocks to rightly place themselves in their respective 
locations. This was also seen in case of the Armadillo 
vault where stones edges were chamferred at angles. 
Figure 62 denotes the some tessellation options. These 
are done keeping the manufacturing constraints for 
block geometry in mind as discussed in chapter 5.4.3. 
Figure 63 shows the final tessellated geometries that 
are considered for the assembly optimization.

Figure 61: Osteomorphic Tessellation on curved surfaces

Figure 62: Possible Staggered Tesselation options for Catenary 
vault

Figure 63: Final Tessellated geometries with 10mm thick interlayer 
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8.3 Defining Geometric Parameters

As discussed earlier, the overall parameters of the 
design were intended to be kept constant. However, 
certain geometric factors might affect the overall 
performance of the structure and would need 
optimization. Apart from the overall geometric 
shape parameters as in table 5, figure 64 depicts the 
parameters and geometries that have been considered 
to explore in this thesis.

In this section, an overview of the geometric parameters 
are presented for each of the geometries. Certain 
parameters for the Catenary Vault and a free standing 
wall are inter-related as we define the wall length, width 
and height based on the standard blocks defined from 
the catenary vault, and the loading conditions for the 
wall. Similarly, the amplitude of the brick is decided 
based on the performance of the wall  under applied 
lateral loading and manufacturing constraints.

8.3.1 Catenary Vault

As discussed earlier regarding the brick geometry, we 
assume that the amplitude of the brick only affects the 
ease of assembly and varying the osteomorphic form will 

not affect the structural performance. Figure 65shows 
the Parametric model from grasshopper with constant 
parameters used and the parameters to be optimized 
as number sliders. The block size parameters entered 
here are only tentative upper limits, and they change 
with the thickness of the interlayer and the overall 
arch dimensions. The standard blocks in the alternate 
layers are consistent. The interlayer thickness is set to 
a constant value of 10mm as per initatial parameter 
sensitivity analysis and ease of assembly discussed in 

Figure 64: Geometry and parameter relationship.

Figure 65: Parametric model of the Catenary Vault

the subsequent chapters. 

8.3.2 Free standing wall
We consider a 1m high free standing wall for our 
analysis, to be constructed using the 'standard' 
osteomorphic bricks defined for an optimized 
catenary vault. A straight wall is mainly considered to 
understand what is the amplitude of the block to be 
used if we consider a wall of length 1 meter and height 
(based on the thickness of the optimized catenary 
vault structure). 
From the subsequent chapters, the best performing 
catenary arch based on considered interlayer stiffness 
is found to be around 110mm. A height of a free 
standing 110mm thick wall considering a lateral wind 
load of o.5kN/m2 was found to be 0.4m as documented 
in Appendix 1, and is not considered as in case of a dry 
assembly the upper block also has to be restrained. 
A height of 2.5m wall which could span a floor level is 
considered here, with a length of 1.2m. 

A lateral load on the wall would help understand the 
effect of amplitude of the brick to be considered for 
such assemblies.

8.3.3 Compression only shell
The doubly curved shell does not relate to the geometric 
definitions of the other geometries. The units in this 
case are not standard and vary as per the shape of the 
geometry. Figure 67 shows model in this case. Since 
the vault is form founded in RhinoVault, it is not made 
parametric.  The thickness of the vault is also made 
constant as to incorporate the form founded thrust 
network lie within the shell. It is further demonstrated 
in Appendix 1.2.

Figure 66: Parametric model of 1m free standing wall.

Figure 67: Model of compression only shell
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8.4 Chapter Conclusions

Three Parametric models were made to analyze the 
assembly process further. Some geometric parameters 
were set as constants as per the design intent and 
some parameters were considered to be varying based 
on the structure's performance. Following are the 
considerations summarized for each geometry-

i. A free standing wall of length 1.2m, thickness 0.11m 
and height 2.5m is considered with a lateral wind load 
of 0.5kN/sqm in order to determine the amplitude of 
the brick to be considered. 

ii. A Catenary vault of span 2.2m and height 1.9m is 
considered. The amplitude is kept constant (defined by 
the altitude for the free standing wall) and it is assumed 
that it will not play a role in the overall performance 
of the structure. The thickness of the vault is the only 
geometric factor which is set to be optimized in the 
next steps.

iii. The form founded compression only geometry from 
section 5.3 is considered as the doubly curved shell 
geometry for the assembly process. It is tessellated 
using customized bricks of trapezoidal cross-section, 
therefore, the brick sizes vary with geometry however 
within manufacturable limits. In this case, no geometric 
parameter are to be varied for optimization, since 
the thickness of vault also depends on the thrust 
network of the vault. Considering more input factors 
lead  to a complex relationship with output parameters 
under loading conditions as depicted in the following 
chapters.

The overview of the parametric models made has been 
depicted in Appendix 1 for reference to the tessellation 
process. 3DP unit sizes are defined to be kept within 
manufacturable limits but are controlled within the 
bounds by the geometry parameters. 
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This chapter is a documentation of the process to be 
followed for optimizing the structure based on certain 
boundary, load conditions.

Goal: To find a stiffness range of a solid interlayer 
with initial (arbitrary) properties. The process is 
demonstrated with our design case of the Catenary 
arch.
Since the study focuses on engineering the interlayer 
for application with respect to the dry assembly, it's 
essential to identify the parameters that would affect 
the properties of interlayer required for an acceptable 
structural performance. The following equation 
gives the stiffness of the interlayer assuming it as a 
simple linear spring(1D axial deformation with area  
A under uniform load and deformation):

where,    = Stiffness of Interlayer (N/mm)
               = Young's modulus of Interlayer (MPa)
               = Area of the interlayer (mm2)(at one course)
               = Thickness of the Interlayer (mm)

As seen in the above equation, the geometric 
parameters A, t and the material property E influence 
the stiffness of the interlayer. The first step was to 
study the parameter sensitivity with the performance 
of the overall structure. 

This section presents an overview of the optimization 
process followed to derive the required stiffness of the 
interlayer based on objectives set for the structural 
performance globally. We understand the parameter 
sensitivity in a simplified 2D arch thereby defining the 
variables for the vault geometry.

9.0 | Parameter Optimization
9.1 FEA Tools and Workflow

9.1.1 Parametric Finite Element Analysis(FEA):

We chose Ansys for the Finite element analysis(FEA) 
of the discretely modelled masonry structures, and 
optimization process since it ingrates with python 
and several ML tools for optimization and sensitivity 
analysis. Ansys allows parametric analysis with MAPDL, 
however, all the parameters need to be defined within 
Ansys. In our case, the geometry was not considered 
to be recreated in Ansys CAD tools- Discovery/Design 
Modeller or Spaceclaim, since they are very limited 
compared to grasshopper.

9.1.2 Workflow:

The geometry was modelled parametrically in 
grasshopper, but, there is a lack of integration between 
Ansys and Rhinocerous+Grasshopper in order to 
consider geometric parameters from grasshopper. 
A new workflow had to be thus developed for 
automation of repeated analyses,  incorporating 
geometric parameters that would affect the structural 
performance. The material properties were considered 
to be parametrized in Ansys, and the geometry is 
parametrized in grasshopper prior to performing 
the analysis in a loop for varying parameters. Ansys 
Workbench is used to perform multiple analyses by 
running Ansys programs in the background. Figure 
9.1 shows an overview of the workflow developed 
integrating the tools for the process.

The workflow was made keeping in mind the time 
constrains for FEA, and system requirements. The 
idea was to utilize Delftblue supercomputers for the 
analysis process, but, further automation is required Figure 69: Developed Workflow for Surrogate based Optimization 

to automate the creation of .dat input files by running Ansys Mechanical in batch mode, without manually having 
to export input solver files for each geometry. In addition, another automation is required for reading the solved 
files from Delftblue, without having to load each solved file in Ansys Mechanical. It was also found that Ansys 
Mechanical does not support 'Journaling' - a script that records all actions performed in Ansys for automating 
repetitive tasks. Hence, Delftblue was only used for Validation FEA runs only. Sample workflow and the python 
script components can be found in the github repository.

github 
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9.1.3 Method:

As shown in the workflow diagram (figure 9.1), following 
steps outline the whole process from creating design 
samples to optimization:

(a) Parameter bounds are first decided based on 
constraints for 3DP glass and material properties- 
parameters vary for each design as discussed further 
in this chapter. 

(b) A 100 samples are selected using Latin Hypercube 
Sampling(LHS) every time for each design. A 100 
samples seemed to be a fair number for the time span 
of the thesis and available resources. The parameter 
values of these samples were imported in grasshopper 
and the geometry for each design was exported 
using python and a grasshopper plugin Colibri that 
automatically iterates over a given design space. 

(c) The sample designs were imported to Ansys 
Workbench's Parameter set using Design of 
Experiments(DOE) to import the csv file with designs.

(d) Ansys Programming Design Language (APDL) is 
used to analyze all the design points by running Ansys 
tools in batch mode. Two python scripts (PyAnsys) are 
integrated within the tools- one to import  the correct 
geometry on parameter value change, and another 
within Ansys mechanical to set the correct boundary 
conditions and load conditions. These scripts would 
change for different structures and loading/boundary 
conditions presented in the report.

(e) The evaluated results(inputs and outputs) for the 
100 samples are then exported as a csv file for post 
processing in optiSLang and to create a Surrogate 
model to be used for the optimization task.

ANSYS tools Design explored, OptiSLang were initially 
explored for sampling and optimization process. 

ANSYS OptiSLang was found to be more flexible and 
has more machine learning tools that can be leveraged. 

i. Sampling: 

With a sample size of 100 design points, Latin 
Hypercube Sampling (LHS) was used to effectively 
explore the parameter space. Because LHS can offer 
a more consistent and stratified coverage of the 
multidimensional parameter space, especially when 
working with a small number of samples, it was chosen 
over alternative sampling methods. By ensuring that 
every parameter range is sampled uniformly, LHS 
lowers the possibility of clustering and enhances 
the representation of the input space in contrast to 
simple random sampling. In high-dimensional models, 
where a full factorial design becomes computationally 
impractical, this is particularly crucial. The sampling 
was done in ANSYS OptiSLang by defining the variable 
parameters and their bounds and exported as an excel 
for further processes. Since OptiSLang samples were 
continuous, they were rounded off in excel. 

ii. Surrogate Method:

The surrogate method used is Polynomial Regression, 
Moving least squares(MLS), Kriging (Gaussian Process 
Regression). OptiSLang was used to create Meta 
Model of Optimal Prognosis (MOP) using Polynomial 
+MLS + isotrop. Kriging. OptiSLang it chooses the best 
surrogate model per output parameter individually 
and is further mentioned in the chapters that follow.

iii. Optimization Algorithms: 

ANSYS optiSLang provides a variety of local and global 
optimization algorithms, each with unique advantages 
based on the type of problem:. The following were 
looked into for a multi-objective optimization task:

•	 Adaptive Multi-Objective (AMO): Robust algorithm 

Figure 70: 3D scatter plot of designs for analysis of 2D arch

designed for multi-objective problems. It adaptively 
balances exploration and exploitation, suitable for 
highly nonlinear and constrained problems.

•	 Adaptive Metamodel of Optimal Prognosis (AMOP): 
An effective surrogate-based optimizer that lowers 
computational costs by creating predictive models 
(metamodels) of the design space.

•	 Evolutionary Algorithm (EA): A population-based 
global optimization method inspired by biological 
evolution. Capable of handling complex, non-
convex, and multi-modal design spaces without 
requiring gradient information.

•	 Multi objective Particle Swarm Optimization 
(MOPSO): A heuristic optimization technique 
based on the collective behavior of particles. Well-
suited for continuous and moderately nonlinear 
problems. This method was not further explored 
as they were found to be less robust than EA.

The Evolutionary Algorithm was chosen for its 

robustness in handling multi-objective, non-linear, 
and non-convex optimization problems. While AMO 
is effective in multi objective tasks, it can require 
more iterations to converge in rugged landscapes. 
And, AMOP depends on surrogate model accuracy, 
which can be limiting for higly non linear problems like 
stress and deformations in glass. EA does not require 
gradient information. Its global search capability also 
reduces the risk of converging to local optima.

Figure 9.2 shows a 3D scatter plot of 100 samples in 
the design space with three variables used for initial 
study of 2D Arches discussed in chapter 9.3. 
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9.2 Constraints and Objectives

9.2.1 Materials:

The Material properties of standard soda-lime glass 
was used from Ansys Granta Material Data. They are 
as outlined hereunder:
Glass properties:
Density: 2465 kg/m3

	   1403 kg/m3 (calculated for eq. 3DP unit)
Young's Modulus: 69.93 GPa
Poisson's ratio: 0.2149
Tensile Yield strength: 32.56 MPa

Interlayer Properties:
Density: 1100 kg/m3

Poisson's ratio: 0
(A density of PU is considered and a poissons ratio 
assumed to be 0 as per the chosen kirigami geometry 
discussed in chapter 7.3.)

Note: Solid blocks with a density equivalent to a 3DP 
unit of the same size as mentioned in chapter 5.4.3  have 
been considered for the analyses in order to keep the 
model simple and make computation less expensive. 
Initially, glass units were considered to be discrete and 
max. stress in glass was to be monitored but not set 
as an objective. However, initial results on 2D arch 
implied on setting a multi-objective optimization. Even 
then, solid blocks were considered for the analyses, 
and were set to be later verified with a hollow block 
model of the optimized structure. 

9.2.2 Variables, Responses and Objectives:

Initially all the geometric parameters that would 
affect the overall structural stability were listed. It 
was crucial to understand the parameter sensitivity 
with the performance for a specific application. Trying 
to optimize multiple geometric parameters was not 
feasible, as it would lead to higher computation time 

Figure 71: Sampling parameter bounds to create Design Space

and increase complexity.

Therefore, the parameter sensitivity was analyzed 
using an over-simplified 2D catenary arch section 
form the catenary vault designed, under self weight 
as discussed in the following chapter. Following this, 
the variables were decided for the Catenary vault 
optimization process. Certain parameters like the 
thickness of the interlayer were set to constant on 
the process, and geometric variables were kept at 
minimum. Geometric parameters were still considered 
in order to allow some flexibility in the engineering of 
the interlayer as well as optimize the overall mass of 
the design as per the performance objectives set.

Table 6 gives an overview of the bounds of the variable 
parameters and the constant parameters considered 
for each design. Figure 71 shows a scatter plot of a 
100 designs sampled within the parameter bounds to 
create the design space.

Table 6: Parameter Bounds and Optimization Objectives used

GGEEOOMMEETTRRYY IINNPPUUTT OOUUTTPPUUTT
VVaarriiaabblleess//  CCoonnssttaannttss DDeessiiggnn  ssaammpplleess RReessppoonnssee OObbjjeeccttiivvee CCoonnssttrraaiinnttss LLiimmiitt  SSttaattee

Arch thickness (T) in mm 150 250

Interlayer thickness (I) in mm 6 25

Interlayer Young's Modulus (E) 
in Mpa 20 5000

Arch thickness (T) in mm 100 200

IInntteerrllaayyeerr  tthhiicckknneessss  ((II))  iinn  mmmm

Interlayer Young's Modulus (E) 
in Mpa 20 1000

Amplitude of osteomorphic 
3DP unit in mm 40 82

WWaallll  tthhiicckknneessss  ((TT))  iinn  mmmm

IInntteerrllaayyeerr  tthhiicckknneessss  ((II))  iinn  mmmm
Interlayer Young's Modulus (E) 
in Mpa

VVaauulltt  tthhiicckknneessss  ((TT))  iinn  mmmm

Interlayer Young's Modulus (E) 
in Mpa 50 1000

Max Tensile 
Stress in 
glass<30MPa

1100

1100

Compression 
only shell

111100

220000

100

Total deformation

Max Tensile Stress 
in Interlayer
Max Compressive 
Stresses

minimize none

2D Arch
BBoouunnddss

Catenary Vault

Wall

100

200

100

OOPPTTIIMMIIZZAATTIIOONN

Max Tensile 
Stress in 
glass<30MPa

250

none  -

none

Max Tensile Stess in 
glass

Total deformation

minimize

minimize

Max Tensile Stess in 
glass

Total deformation

Max Tensile Stress 
in Interlayer
Max Compressive 
Stresses

minimize

minimize

Total deformation

Max Tensile Stress 
in Interlayer
Max Compressive 
Stresses

minimize none Max Tensile 
Stress in 
glass<30MPa
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9.3 Parameter Sensitivity 

Analysis of 2D Catenary arches:

Two simplified Catenary arches from the catenary vault 
design as shown in figure 73 and 77 were made initially 
to set up the workflow, and were used to analyze the 
parameter sensitivity with the performance factors as 
outputs. This was mainly to minimize the geometric 
parameter variables and consider only the ones that 
could make an impact in terms of resources.

Material Properties: as mentioned in chapter 9.2.1

Boundary conditions: Fixed displacement supports. 

Load: Self weight considering 0.3m thick shell

Figure 74: 3D scatter plot of designs for analysis of 2D arch

Number of designs: 100 (as sampled using LHS) Figure 
72

Results:
ARCH 1- Solid Bricks: 
Deformation in all designs were less than 1mm- 
inferring that the catenary shape is very stable with stiff 
geometry blocks like glass- and even for an interlayer 
with low young's modulus like 10Mpa, the units 
eventually settle down under their self weight.
	 It was also noticed that in this case the friction 
coefficient played a crucial role in the arch stability- 
and the solutions converged only when a higher friction 
coefficient was applied implying that the arch behaves 
as if the interlayer was bonded instead of being a dry 
assembly.

Figure 72: 3D scatter plot of designs for 
analysis of 2D arch

Figure 73: Boundary conditions and load Figure 75: Solid block arch 2D Total deformation and Tensile stress locations in glass

As seen in figure 75, the deformation inwards implies 
the stress patterns in the glass blocks- higher stresses 
where the blocks come together as the interlayer 
slides/compresses.

The 100 designs were used to build the Metamodel 
of Prognosis(MOP) or surrogate on OptiSLang, and 
the accuracy of the model reached 93% (for output 
total deformation) with inputs- Young's modulus of 
interlayer, Arch thickness, and interlayer thickness as 
seen in figure 74.

The relationships of the inputs with other responses 
were not significant and therefore have not been 
considered.

The parameter sensitivity for 2D arches as presented in 

Figure 76: 3D scatter plot of designs for analysis of 2D arch

True scale 2x
Max tensile stress in 

glass locations

figure 76 shows that the interlayer thickness as well as 
the thickness of the arch does not have a clear relation 
to the total deformation of the arch or the maximum 
tensile stress in glass. Although the stiffness (k=EA/t)N/
mm of the interlayer would depend on the area as well 
as the thickness of the interlayer, it would not directly 
affect the total deformation or the maximum stress in 
glass. It would depend on the young's modulus for the 
given thickness. For eg. a very soft interlayer which 
has low thickness is more likely to cause stress in glass 
as compared to the same interlayer but with more 
thickness. 

It was decided to keep the interlayer thickness as 
constant- as it would mainly play a significant role during 
the assembly of the vault, and tolerances needed. The 
thickness of the vault was the only geometric factor to 
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Figure 77: Hollow block arch 2D Total deformation and Tensile stress locations in glass

Interlayer thickness (i)

Arch thickness (t)

Youngs Modulus of interlayer (E)

Total Deformation Maximum (d)

Max Tensile stress- glass (s1)

Max Tensile stress- interlayer (s2)

(i) (t) (E) (d) (s1) (s2)

be varied for the 3D vaults. 

A clear reduction in the total deformation is seen 
with the increase in young's modulus of interlayer; 
however, the deformation does not further significantly 
change with an interlayer with young's modulus above 
~2000Mpa. Thus, the bounds of the property can 
be changed to better represent the design space for 

optimization.

Figure 76 shows the relationship between the two 
input parameters with maximum tensile stress in glass. 
The coefficient of prognosis in this case is 71%- thus 
implying not a clear depiction of the response. It can 
be implied that too many input parameters have been 
selected in this case. Key take-aways

Deformation is minimum as the structure designed is a 
vault section. Therefore the outputs- stresses in glass 
as well as interlayer are to be monitored for responses 
to be set as objectives for the optimization process.

Interlayer thickness as well as arch thickness does 
not have a clear relation to total deformation or max. 
tensile stress in glass. Interlayer thickness will mainly 
affect the assembly process and thus can be set as 
constant for better control. A clear relationship with 
the stress in glass is not seen probably due to too many 
input variables.

For the interlayer, a youngs modulus of more than 
2000Mpa does not further increase structural 
performance, and thus the bounds for youngs modulus 
maximum can be set to 2000Mpa for further analyses.

Figure 79: Total Deformation vs Young's Modulus of interlayer for the 2D Arches analyzed

Results:
ARCH 2- Hollow Bricks: 

Similar results' trend was seen as compared to the 
solid blocks with approximated density; with a higher 
total deformation and higher tensile stresses in glass 
as expected due to geometry. This implied that the 
approximation of solid blocks is valid; however, a 
safety factor needs to be incorporated in case high 
stresses are expected.

Both the 2D arches were highly unstable under eccentric 
loading conditions since the contacts were not bonded. 
It is assumed that the osteomorphic form of brick and 
the compression only shape for the doubly curved vault 
would stabilize the structure. Nonetheless, eccentric 
loads as per Eurocodes are considered for validation 
in the following chapters.
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9.4 Optimizing the Catenary Vault 

The designed catenary vault was used to create 
surrogate approximations with several loading 
conditions as shown in figure 80. The goal was to 
optimize the chosen parameters for the catenary vault 
under realistic loading conditions. However, it was 
observed that constant eccentric loading conditions 
have a complex relationship with the vault's varying 
geometric features which results in a very low accuracy 
of the coefficient of prognosis for the surrogate model 
and they cannot be used for optimization.

The loading conditions that were considered are 
mentioned in the table 7 alongwith the results for the 
surrogate created with the design samples selected 
within the bounds for the variable parameters. The 
loading conditions were considered as per Eurocode 
EN 1991-1-4 and EN 1991-1-1, and are elaborated in 
Appendix 2 of the report. This section of the report 

Figure 80: Load conditions considered for design

presents the surrogate model for Load condition A: 
under Self weight only that is then used for optimization 
to find the range of young's modulus for the interlayer 
and the vault thickness to go with for best performance 
under self weight. 

The analyzed result is then verified with FEA with same 
boundary and load conditions and also under eccentric 
load conditions to confirm its stability.

9.4.1 Variables and Sampling:

Parameters to optimize: Vault thickness (varied within 
a range of 100mm to 200mm) and Young's Modulus of 
the interlayer.

Sampling: Advanced Latin Hypercube(LHS) sampling 

Table 7: 3D scatter plot of designs for analysis of 2D arch

OOppttiimmiizzaattiioonn
GGeeoommeettrryy LLooaadd  ccoonnddiittiioonn DDeessiiggnn  ssaammpplleess OObbjjeeccttiivveess CCooeeffffiicciieenntt  ooff  PPrrooggnnoossiiss RReemmaarrkkss

A. Self Weight

100 97%-99% Clear relationship 
between input/output 
parameters

B. Self Weight + 
Uniform maintenance load of 1kN/sqm

100 0-29%

C. Self Weight + 
Pressure load due to wind  of 1kN/sqm on 
one side

100 0-62%

D. Self Weight + 
Pressure load due to wind  of 1kN/sqm on 
one side + 
Uniform Maintenance load of 0.4kN/sqm + 
Maintenance Point load of 1kN over 
100mm x 100mm area at the center of 
vault

200 3-11%
Catenary Vault

SSuurrrrooggaattee  MMooddeellDDeessiiggnn  PPooiinnttss

1. Minimize 
Tensile stress in 

glass

2. Minimize Total 
deformation

Relationship between 
the inputs and 
outputs not clear to 
be represented by a 
surrogate model.

was done in optiSLang using the bounds of the Inputs 
in order to fill the design space with a 100 samples as 
shown in the scatter plot 81. 

These sampled designs were then imported into 
grasshopper to export the geometries alongwith their 
labels as per the methodology discussed earlier.

9.4.2 Loads and Boundary Conditions:

Load Case A: Vault under self weight

Vault simplified to solid bricks with approximate 
density ~1403kg/m3 considering 12mm bead width 
and 6mm layer height for 3DP. Density of interlayer-
1100kg/m3 as specified in section 9.2.1.

Boundary conditions: Fixed Displacement supports 
applied on the bottom mesh faces as shown in figure 
82.
(The support detailing is done in chapter 12 of the 
report.)

Figure 81: LHS sampling create Design Space with 100 designs

Figure 82: Boundary conditions
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9.4.3 Surrogate Model for Optimization:

OptiSLang's interface was used for the optimization 
process is depicted in Appendix 2. Following specifies 
the details of the optiSLang's Metamodel for optimal 
prognosis-MOP (surrogate).

INPUT: Youngs Modulus of the interlayer
	 Vault thickness

RESPONSES: Total deformation maximum of the Vault
	 Maximum Tensile Stress in Glass
	 Maximum Tensile Stress in Interlayer

Following are the approximation methods used for 
each response as best suited:

•	 A. Isotropic Kriging approximation - Total 
deformation maximum

•	 B. Isotropic Kriging approximation -Maximum 
tensile stress in glass

•	 C. Moving Least Squares approximation -Maximum 
tensile stress in the interlayer

The accuracies of the models are 97-99% and are 
depicted in figures 84, 85 and 86.

Inferences: 
•	 A. Total deformation approximation (figure 84): 

Both fitting and prediction errors are very low. CoD 
(fitting) indicates very good fit to training data as well 
as CoP (prediction) indicates strong generalization 
to unseen data. Only a few outliers. 

•	 B. Maximum Tensile Stress in glass approximation 
(figure 85): High CoD and CoP indicating strong 
fit and generalization. Mean error in prediction is 

The model set-up for the Ansys Workbench is depicted 
in Appendix 2. Ansys Static Structural is used in this 
case to perform a non-linear FEA analysis. Symmetry 
option along two axis is used in this case since the 
conditions are symmetric.

Figure 85: MOP- B. Maximum Tensile stress in glass Figure 86: MOP- C. Maximum Tensile stress in interlayer
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860Pa (slight increase on unseen data) which is 
acceptable. 

•	 C. Maximum Tensile Stress in interlayer 
approximation (figure 86): Very accurate, and also 
generalizes well. Lesser outliers. 

9.4.4 Optimization and Best Designs:

OptiSLang's Nature Inspired Optimization- 
Evolutionary Algorithm is used for the task with a 
maximum number of samples as 10,000 and a global 
search strategy.

Population size: 10
Start opulation size: 10
Maximum number of generations: 1000
Mutation rate: 50%

Fitness method: Pareto dominance 

Criteria:
Objective 1: Minimize Total Deformation maximum
Objective 2: Minimize Maximum Tensile stress in glass

Results:

The Pareto front generated (figure 87) indicated two 
designs as seen in clear two clusters: 

•	 Design A-features a very high Young’s modulus, 
resulting in lower overall deformation. However, 
this comes at the cost of significantly increased 
stress in the interlayer as shown in figures 88 and 
89, which compensates for the reduced stress in 
the glass. While structurally efficient, this solution 

Figure 87: Pareto 2D plot- Tradeoff between objectives- minimize Total deformation and minimise maximum tensile stress in glass.

Design B

Design A

may be unrealistic for practical implementation 
due to the extreme material properties required.

•	 Design B - presents a more moderate Young’s 
modulus (around 200 MPa) and shows lower 
interlayer stress- as shown in figures 88 and 89, 
making it a more balanced and feasible option 
from both performance and material perspectives.

Filtering  of results:
Two clusters of designs as from the Pareto front can be 
seen in figure 87. Figure 88 shows a comparison of % 
values of two designs selected  from the two clusters. 

Figure 88: Comparison of the two design types

Design A
Design B

Figure 89: Two clusters of the best designs in the design space
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Figure 90: K-means Clustering of the Best Designs

9.4.5 Clustering of Best Designs:

The best designs were made into 5 clusters since the 
idea was to derive a stiffness range for engineering 
the interlayer in the next step. K-means clustering 
was used in this case as the objective was to make the 
clusters based on their values. The first cluster which 
causes the least stress in glass as seen in figure 90 was 
chosen as the range of Young's Modulus(E) for the 

interlayer and vault thicknesses(t) to be considered. 
The two designs that define the range are:

Design 2392: E = 183.333MPa; t = 109.06mm

Design 2920: E = 250.493MPa; t = 111.086mm

9.5 Validation

The two designs that define the range of interlayer 
properties for the interlayer design alongwith their 
corresponding vault thicknesses were validated back 
in Ansys Mechanical with same boundary and loading 
conditions. Table 8 shows the predicted and FEA 
results.

Inferences:
Both the designs depicted a slightly lower deformation 
as well as tensile stresses in glass as well as in the 
interlayer. This is maybe due to the number of decimal 
places rounded off from optiSLang as more discrete 
values were considered for the geometry dataset. 

The surrogate gives more conservative predictions in 
this case. Validation with FEA showed slightly lower 
deformation and tensile stress than predicted by the 
surrogate model within the mean errors, despite minor 
rounding of input parameters. This is likely due to 
small surrogate overestimations and nonlinear effects 
not fully captured in the model. The results remain 
within acceptable error margins.

The  FEA presented better performance than predicted 
but within error margins, and thereby the range of 
designs- interlayer properties (Young's modulus 183-

Table 8: Predicted and Actual results

YYoouunngg''ss  MMoodduulluuss  
ooff  tthhee  
IInntteerrllaayyeerr((MMppaa))

VVaauulltt  
TThhiicckknneessss  
((mmmm))

TToottaall  
DDeeffoorrmmaattiioonn  
((mmmm))

MMaaxxiimmuumm  TTeennssiillee  
ssttrreessss  iinn  ggllaassss  
((MMPPaa))

183.333 109.06 0.026 0.055936

183 109 0.015 0.044837

250.493 111.086 0.018 0.056208

250 111 0.010 0.041524
Actual (FEA)

Response Predicted2920

DDeessiiggnn  IInnppuuttss RReessppoonnsseess

Actual (FEA)

Response Predicted2392

250MPa) are considered for the interlayer engineering, 
but would need to be converted into stiffness in terms 
of mechanical behaviour as the obtained stiffness is 
in terms of young's modulus of a solid interlayer with 
density 1100kg/m3.

Performance of the vault under eccentric loading 
conditions:

Both vaults were analyzed under eccentric loading 
conditions in order to assess their performance with 
regard to global buckling under asymmetric loading. 

Loads (figure#):  Gravity loads with solid glass units 
(with equivalent with approximate density ~1403kg/ 
for hollow 3DP unit) and 10mm  thick interlayer of 
1100kg/cu.m.
	 Pressures on vaulted roofs due to wind as per 
Eurocode 1991-1-0 as shown in figure #.
	 A maintenance load as per Eurocode 1991-1-
1, Dutch National Annex: uniform load of 0.4kN/sqm 
on overall shell, and a point load of 1kN applied on 
100x100mm at the centre of the vault.

Boundary conditions: (Figure 92) Displacement 

Figure 91: Loading conditions for Vault Performance
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supports at the free edges. Symmetry is used in one 
axis only since the vault is subjected to eccentric 
loading.

Results: The Vaults (as in table 8) are stable under 
these eccentric loading conditions only when the sides 
are supported with a displacement condition fixed at 
x and y directions as shown in figure 92. This suggests 
that edge restraints are probably inevitable in designing 
interlocking assemblies with glass when subjected to 
assemmetric loading. 

Restraining edges lead to additional stresses in glass 
as seen in figure 93, and has to be carefully detailed 
out for application.

Figure 92: Boundary conditions for Vault under eccentric load

Figure 93: Stresses in glass maximum at restrained edges

true scale

Auto scale

Key take-aways

Catenary vault with input parameters of Vault 
thickness and Young's modulus does not have a clear 
relationship with the output performance criteria when 
vault is considered under constant loading conditions. 
This is because the output parameters are defined by 
a local maxima caused due to loading on the vault. 
Therefore it is considered to use a constant thickness 
in order to optimize with loading conditions.

The surrogate models presented had high accuracy 
and were robust as per the model qualities presented 
in chapter 9.4.3; however, the validation results vary 
slightly probably due to rounding off of parameters, 
and is overlooked in this case.

As inferred previously from 2D arch analyses with 
hollow vs solid bricks of low density, the hollow bricks 
depicted higher deformation and stress values. A final 
validation has to be done with hollow bricks to check 
the stress and deformation levels.

The required interlayer's young's modulus as inferred 
should be within the range of 183-250MPa. This is 
considering a solid interlayer of density 1100kg/m3 

and has to be converted to stiffness range for the 
interlayer engineering presented in chapter 10.

Interlocking vault assemblies would likely require 
edge supports for a stable assembly under eccentric 
loading conditions.
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Since the amplitude of the osteomorphic unit was 
considered constant and assumed not to affect the 
overall total deformation as well as stress in glass, 
the amplitude had to be decided with a wall where 
lateral loads are applied. The amplitude of the unit 
will mainly help the bricks to interlock in place during 
assembly. However in case of a free standing wall, the 
amplitude would play a role in the total deformation 
when a lateral load is applied in one direction. This is 
considered as the standard bricks from the Catenary 
vault can be used to assemble a free standing wall as 
depicted in chapter 8. 

The optimization process depicted for optimizing 
Catenary Vault parameters in the previous sections 
were followed for a free standing wall made using the 
defined standard blocks from the vault-
Wall Dimensions as per design (Chapter 8.3.2) : Length- 
1m, Thickness- 110mm, Height- 2.5m
Boundary conditions: Fixed at the bottom 
			   Displacement restricting x,y 		

Figure 94: Brick Amplitude vs Max deformation, tensile stress in glass Figure 95: Boundary conditions, deformation at auto scale

			   deformation.
Load applied: Self weight and lateral wind load of 
0.5kN/m2 at ULS: 0.75x0.5= 0.375kN/m2 perpendicular 
to the length of the wall
Amplitude of brick (INPUT) : 40 to 82mm (as calculated 
for a 300mm brick with glass 3DP constraints in chapter 
5.4.3.)
Interlayer properties as optimized in previous section.
Total design samples: 82-40 = 42
Goal: to understand the relationship between the 
amplitude of the brick to total deformation for a dry 
assembled wall using osteomorphic brick units.
Response recorded: Total deformation(OUTPUT) and 
max tensile stress in glass

Results: 
As seen in figure 94, there is a more complex relationship 
between the brick amplitude and the total deformation  
and maximum stress recorded. The deformation 
sharply decreases after 50mm brick amplitude but 
also is seen increasing after an amplitude of 80mm.

9.6 Brick Amplitude 9.7 Chapter Conclusions

This chapter detailed the development of a customized 
optimization workflow aimed at engineering the 
stiffness of a solid interlayer for dry-assembled glass 
vaults. By parameterizing both geometry and material 
properties, and integrating tools such as Grasshopper, 
Ansys, and OptiSLang, a robust and scalable 
method was established for evaluating the structural 
performance of different design configurations. 
 
The  focus  was  to  identify  a  stiffness  range  for  the 
interlayer that supports acceptable structural 
performance, particularly in compression-only 
systems like catenary arches. 
 
The parameter sensitivity analysis confirmed that while 
stiffness is influenced by interlayer geometry (area and 
thickness) and material modulus, its impact on total 
deformation and tensile stress is not always direct or 
linear. This validated the need for surrogate modeling 
using methods like Polynomial Regression and Kriging 
to capture non-linear dependencies efficiently. The 
final selection of the Evolutionary Algorithm for multi-
objective optimization was based on its robustness 
for handling complex, non-convex design spaces. 
 
The required interlayer's Young's modulus as inferred 
from the simulations should be within the range of 
183–250 MPa. The workflow developed in this chapter 
sets a foundation for more detailed optimization 
studies and supports the design of functionally 
graded or programmable interlayers in next chapters. 
It also emphasizes the importance of balancing 
computational feasibility with design flexibility in 
structural optimization tasks involving dry-assembled 
masonry systems. 

It was observed from (Source: Oikonomopoulou et al., 
2018) that increasing the amplitude enhances shear 
capacity by enlarging the contact surface, but at the 
same time, it raises the likelihood of shear-key failure 
a controlled and preferable failure mode that can serve 
as an early warning mechanism.

As per the FEAs, it was inferred that when the 
amplitude is increased over 50mm, slipping of bricks 
is reduced by the increasing shear capacity. When the 
amplitude is further increased over 75mm, the stresses 
in glass increase at the contact region (figure 96) when 
a lateral load is applied. Therefore, it is assumed safe 
to consider ~70mm amplitude for the design.

Further simulations are required as to closely 
understand the behavior in order to optimize the 
amplitude of the block. This has to be further verified 
when the blocks are applied to the catenary vault 
under load conditions.

Figure 96: Stresses with high amplitude and low amplitude

Amplitude=82mm Amplitude=42mm
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This chapter documents the process to reverse 
calculate the kirigami geometry (as chosen in section 
7.3)  parameters to achieve a given target stiffness.

Goal: To convert the obtained solid interlayer designs 
from the previous section to a kirigami geometry for 
application. 

Assuming the interlayer as a simple linear spring with 
an area A under uniform load and deformation, the 
axial stiffness can be given by k=EA/t as discussed 
in section 9. This equation is not valid for complex 
kirigami response. The stiffness of the designed 
kirigami geometry is can be determined with the 
following equation, when a pressure is applied on the 
kirigami thereby vertically pressing it down: 

where   = Reaction force z component
	  = Displacement in z direction

This kirigami stiffness would include bending, 
buckling, local geometry effects, cut patterns, out-of-
plane motion, and therefore is not comparable to the 
theoretical axial stiffness k=EA/t of a solid interlayer. 

10.1 Defining the target stiffness range

As from the previous chapter, the target interlayer 
stiffness would be in the range of the stiffness of a solid 
interlayer with young's modulus between 183Mpa and 
250Mpa. The effective structural stiffness of the solid 
interlayer at that E values is therefore determined 
using FEA. FEA was performed on solid interlayer 
sections with the same properties in order to derive 
their stiffness in terms of  . Table 9 shows the 
stiffness range converted from the young's modulus 

10.0 | Engineering the kirigami interlayer
range of the solid interlayer section having density 
1100kg/m3.  The target stiffness range for the kirigami 
is therefore between 315-415N/mm.

Table 9: Target stiffness range for the interlayer

Figure 97: Compression Test setup (Source: Fabrication-
Integrated Design Lab MIT) 

YYoouunnggss  MMoodduulluuss  
[[MMppaa]]

DDeennssiittyy  
[[kkgg//ccuu..mm]]

TThhiicckknneessss  
[[mmmm]]

SSttiiffffnneessss  
[[NN//mmmm]]

E t
183 1100 10 331155
250 1100 10 443311

SSoolliidd  iinntteerrllaayyeerr  rraannggee  ffoorr  sseelleecctteedd  ccaatteennaarryy  vvaauulltt  bbeesstt  ddeessiiggnnss

10.2 Target Stresses for the Kirigami

Initial compression tests on the kirigami structure 
were conducted at the Fabrication-Integrated Design 
Lab, MIT. The resulting stress–strain curve revealed 
a distinct linear elastic region prior to a plateau, 
which eventually led to structural failure. This 
pronounced elastic behavior indicated the potential 
for the kirigami to be used as a compliant interlayer, 
provided it operates within this linear regime. 
 
For the intended application as an interlayer in a 
masonry vault, the goal was to utilize the kirigami 
within its elastic range. This ensures sufficient 
resistance to initial deformation while minimizing risks 
of buckling, creep, or long-term instability. To simulate 
this behavior, a linear transient structural analysis was 
carried out in ANSYS. The focus was on monitoring the 
reaction forces and deformation in order to record the 
stiffness, and also monitor the equivalent (von Mises) 
stress in the kirigami structure to evaluate the risk of 
yielding, using the material's known yield strength as 
a benchmark.

Other inferences from the activation of kirigami were 
taken into consideration for the parametric model for 
analysis as discussed in the section 10.4. 

10.3 Material and Method

One of the key motivations for selecting kirigami as the 
basis for the interlayer design is its manufacturability 
from flat sheet materials, which are widely available 
and easy to process. This also presents a logistical 
advantage, as the inactivated kirigami can be 
transported in compact, flat form and only deployed 
on-site, reducing transportation complexity and cost. 
 
Aluminum was chosen as the reference material for the 

kirigami interlayer due to its mechanical compatibility 
with glass. It offers a similar Young’s modulus and a 
closely matching coefficient of thermal expansion, 
thereby minimizing the risk of stress buildup from 
thermal mismatch in composite assemblies. Kirigami 
with Aluminum would also be easier to activate 
without using special equipments. While stainless 
steel was used for the initial physical prototypes at 
the Fabrication-Integrated Design Lab, MIT- primarily 
due to its availability in a variety of thicknesses- the 
material considered for the simulations in this thesis is 
aluminum. This selection supports the development of 
surrogate models based on material properties, with 
the understanding that final material selection may be 
revised during the prototyping phase.
 
Method:

The method used here can be outlined as follows:

•	 Defining the target stiffness in terms of N/mm from 
FEA on the solid interlayer

•	 Creating a surrogate model for the kirigami by 
performing FEA on varying geometry parameters 
of the selected kirigami- Tension Activated Kirigami 
(TAK). Inputs: geometry parameters and response: 
stiffness calculated from Fz/dz.

•	 Perform an optimization with target stiffness range  
as calculated, with an objective to minimize stress 
in the kirigami as the idea is to stay within the elastic 
limit  of the material.
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10.4 FEA on kirigami geometry

10.4.1 Parametric model of Kirigami:

As inferred from the activation of TAK samples 
from MIT (Figure 98), following considerations and 
assumptions were made to parametrically model the 
same in grasshopper:
•	 The parameters L, H and W were considered from  

(Corrigan et al., 2023), as shown in the figure 96 
which are used define the cuts on the 2D sheet of 
material.

•	 As seen in figure 95 the vertical flaps tilt at a 
consistent angle from the vertical for a single 
sample. This angle depends on the parameters and 
thickness of sheet material chosen. 

•	 There were anomalies of vertical flaps that activate 
in the opposite direction making the sample 
inconsistant after activation. This has been ignored 
in the parametric model.

•	 For simplication, activated kirigami pattern is 
parametrically modelled with the mentioned 

Figure 98: Activation of TAK samples (Source: Fabrication-Integrated Design Lab MIT) 

parameters L, H, W, and two activation angles that 
defines the activated geometry as shown in the 
figure 99.

•	 The thickness is parametrized in Ansys Mechanical.

Kirigami is looked at as a metamaterial that can be 
tuned to achieve different mechanical properties, 
and further research is necessary to understand the 
relationship between the parameters and the activation 
angle. 

10.4.2 FEA Analysis setup and worklflow

To create the surrogate model and perform the 
optimization for the kirigami, the same workflow 
as used in section 9.1 for optimization of the overall 
design is used in this case in order to reverse calculate 
the kirigami geometry from the target stiffness. Since 
the kirigami has multiple modes for deformation 
and we will be using it in a dry assemble, Ansys tool 
Modal was used to consider the modal deformations 
at different frequencies as shown in figure 100. Ansys 
Transient was then used to derive the stiffness of the 

Figure 99: TAK  parameters for activated kirigami model

geometry when an incremental  pressure is applied 
perpendicularly. Further description of the model 
setup has been documented in Appendix 2. 

Boundary conditions: Pinned connection at the base 
since the vertical flaps can rotate as seen in the 
compression test (figure 97).
All parameters were not set to vary for this analysis. 
From (Corrigan et al., 2023) the parameter relation 

Figure 100: Several Modal deformations considered for FEA analysis

was cansidered. The parameter W was kept constant 
at 1.2mm, since it only helps in activation and will not 
play a role in the stiffness. The parameters H and L 
were set to be equal as seen in (Corrigan et al., 2023) 
keeping the pattern uniform. The activation angles 
were also set as constant (refer Appendix 2).
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10.5 Kirigami Surrogate Model

The desired input - stiffness of the kirigami was first 
calculated with the recored Fz and dz in excel and 
Optislang's solver wizard was used to create the  
Metamodel for optimal prognosis-MOP (surrogate) for 
the kirigami. Following gives an overview of the created 
surrogate:

INPUT:  Geometry parameter H and thickness of the 
sheet

RESPONSES:  Stiffness of the interlayer, Equivalent 
stress in the interlayer

Following are the approximation methods used for 
each response as best suited:

•	 Linear Regression is used for approximation of 
Equivalent Stress maximum as well as stiffness.

The accuracies of the models are 99% and are depicted 
in figures 101 and 102.

Inferences: 
Both the models  CoD (fitting) indicates very good fit 
to training data as well as CoP (prediction) indicates 
strong generalization to unseen data. Only a very few 
outliers. The mean prediction and fitting errors for 
stiffness are around 19N/mm.

10.6 Reverse calculating the Kirigami 
geometry

Adaptive Response Surface Method(ARSM) is used in 
this case to create the surrogate model. ARSM is fast, 
there is only one input and 2 responses and a simple 
relationship is expected.

OBJECTIVE: Minimize equivalent Stress maximum

CONSTRAINTS: Target Stiffness between 
		     315-431N/mm 

Parameter H set to a constant oh 8.7mm which would 
result in an interlayer of 10mm thickness as per design. 
However, in case a sandwich interlayer is preferred, 
it can be tuned accordingly in order to achieve the 
stiffness target.

Inference:

The objective history plot as shown in figure 100 shows 
that objective stabilized within 25 iterations during the 
ARSM optimization, suggesting a relatively simple and 
smooth relationship between the kirigami geometry 
and its stiffness. The surrogate model based on linear 
regression was sufficient to capture the key trends, 
indicating that stiffness is primarily influenced by first-
order geometric effects.

However, these results are expected to vary 
significantly when compared to physical test data. 
Therefore, the surrogate model should be calibrated 
with experimental results, and the optimized designs 
identified through ARSM can serve as candidates for 
physical sampling and validation.
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Figure 103: Objective History plot, and the best predicted design for kirigami

Figure 104: Spider plot with selected best TAK design Table 10: Predicted results vs FEA results on best design 

Equivalent stress - uniformity

SShheeeett  
TThhiicckknneessss  ((iinn  
mmmm))

HH  ((iinn  
mmmm))

WW  ((iinn  
mmmm))

LL  ((iinn  
mmmm))

SSttiiffffnneessss  
((NN//mmmm))

EEqquuiivvaalleenntt  
SSttrreessss  
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((MMppaa))

0.501627 8.7 1.2 8.7 430.989 7.76051

0.5 8.7 1.2 8.7 415 8.294

DDeessiiggnn  IInnppuuttss RReessppoonnsseess

45 Response Predicted

Actual (FEA)

10.7 Validation

FEA was performed in Ansys Mechanical to validate 
the predicted performance of the best design selected. 
The sheet thickness was rounded off to 0.5mm due to 
material availability. The predicted and FEA results as 
shown in the table 10 validate the mean error of the 
surrogate model.

The stiffness of the kirigami as from FEA still lies withing 
the stiffness range of the best designs of the catenary 
vault earlier specified. The equivalent stress as seen 
in the table 10 also shows that stresses are uniform, 
but it is assumed that this will not reflect in the case of  
osteomorphic shape, which has to be validated.

10.8 Kirigami Interlayer Performance

A 10 mm-thick kirigami interlayer was designed using 
the methodology outlined earlier in this chapter. 
Physical prototypes were fabricated to evaluate the 
performance of the kirigami interlayer in direct contact 
with glass. This testing aimed to identify a suitable 
interlayer material(s) and assess the contact behavior, 
particularly the potential need for a soft intermediate 
layer- such as neoprene- to mitigate localized stresses 
that could arise from direct contact between the metal 
interlayer and the glass surface.

Compression Test Set-up:
Three samples with same specificatons were tested 
under compression using the setup shown in Figure 105.  
The specifications for the test components are below: 

MDF: 2mm thick, 110 x 110 mm (as a buffer between 
glass and the compression machine head )
Glass: 8 mm float glass, 100 × 100 mm (wrapped with 
foil on one side only - the side towards the mdf)
Kirigami Interlayer: 10 mm thick, covering an area 
larger than the glass, with parameters: H = 8.7 mm, 

W = 2.2 mm, L = 8.7 mm made with 0.5mm thick 
aluminum sheet.

Loading: 0.01mm/sec, the loading plate available was 
6x12cm which was smaller than the glass(10x10cm). 
The results here are considered as initial observations. 
It is therefore suggested to perform further tests with 
plates larger than the glass for a uniform loading.

Multiple kirigami samples were produced to investigate 
the influence of the width parameter (W) on achieving 
a uniform activation pattern. These samples and 
corresponding observations are documented in 
Appendix 3. While the activation force and criteria for 
ensuring consistent deployment of Tension Activated 
Kirigami (TAK) fall outside the scope of this thesis, they 
are currently the subject of ongoing research at MIT.

Figure 105: (above) samples; (below) Compression test set-up 
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Compression Test Results:
The maximum capacity of the equipment available was 
10kN. Following observations were made during the 
test-
•	 The glass did not crack with the applied load for all 

three samples. 
•	 The kirigami interlayer deformed from state (a) to 

state (b) as seen in figure 107 for all three samples. 
The vertical flaps were close to 90 degrees vertical.

•	 Figure 108 shows the force vs displacement graphs 
of the three sandwich samples tested. A linear-
elastic portion can be seen typically below 1mm 
displacement.

Further, to check the behavior with higher loading, 
another sample was tested using a manual load 
equipment setup as shown in figure 106. Above 10kN 
the kirigami interlayer was seen to buckle state (c) 
(figure 107). At around 19kN the test was stopped since 
the lower glass plate had already cracked- and the test 
was stopped. The glass cracked on the edge of the 
loading plate as illustrated in figure 106. Three samples 
were further tested with a larger loading head whuch 
confirms the buckling of kirigami without damaging 
the glass and is presented in the Appendix 3.

Stiffness of the Sandwich:
Displacement data for the three samples is filtered up 
to 1mm displacement and linear regression is applied 
to get the stiffness value (refer figure 108). 

Figure 107: (a) Activated kirigami - vertical flaps at an angle; (b) Kirigami after 10kN applied force - vertical flaps almost 90 degrees 
vertical; (c) Kirigami after 19kN applied force- buckling of vertical flaps starts over 15KN

(a) (b) (c)

Figure 106: Sample 4 showing buckling of kirigami interlayer and 
glass failure due to experiment setup

Figure #: Load-Displacement graph of the three samples

Figure 108: Initial Linear Region Fits (Displacement ≤1mm)

Stiffness of the Kirigami interlayer:
To determine the kirigami aluminum interlayer's 
stiffness from the sandwich test, the stiffness of the 
other two materials were removed using the concept 
of series stiffness.

             = Total stiffness of the sandwich
             = Stiffness of MDF (2 layers considered)
             = Stiffness of glass (2 layers considered)
             = Stiffness of the kirigami interlayer

The stiffness of the 8mm thick float glass and 2mm 
MDF is determined by k=EA/t, assuming the young's 
modulus(E) of glass being 70GPa and that of MDF 
being 3GPa.
           = 15,000N/mm per layer 
           = 87,500N/mm per layer

Table # summarizes the stiffness values of the 
sandwich and the kirigami interlayer for the three 
samples. Because the MDF and the glass layers are 
much stiffer, their contribution to overall deformation 
is minimal. The stiffness of the kirigami is closer to 
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the stiffness of the sandwich. It is observed that the 
kirigami with parameters as calculated in the earlier 
chapter, in reality is much more stiffer than simulated 
on a parametric activated model of the geometry. All 
three samples show stiffness more than double of what 
is required and optimized for. Therefore we can say 
that more experimental research is required to tune the 
kirigami interlayer to the desired stiffness level to be 
used as an interlayer for the catenary vault structure.

Conclusions and Future work:
The tested kirigami samples turned out to be at least 
two times stiffer than the required optimized value 
for our interlayer application. This suggested that the 
activated kirigami parametric model does not resonate 
well with actual activated kirigami geometry. There 
are many more factors to be considered to fine tune 
the kirigami parametric model. A better suggestion 
is to simulate the activation in Ansys each time for 
an activated model instead of modeling the same 
parametrically on grasshopper. This process will take 
much more time to create the surrogate model as 
non-linear deformations need to be captured for the 
kirigami activation, but will result in a more realistic 
prediction model.

The suggested thickness of the interlayer needs to be 
reconsidered since 10mm thick interlayer needs to 

SSaammppllee
SSaannddwwiicchh  SSttiiffffnneessss  
((NN//mmmm))

SSttiiffffnneessss  ooff  tthhee  KKiirriiggaammii  
iinntteerrllaayyeerr  ((NN//mmmm))

1 957 1125

2 1463 1896

3 1877 2656

Table 11: Calculated Stiffness of the sandwich and the kirigami 
interlayer

accommodate for the surface deviations of the 3DP 
glass. Therefore, the kirigami interlayer can be 5-6mm 
so as to keep the glass elements at a safe distance from 
each other. Further detailing is necessary considering 
assembly of a designed interlocking masonry structure.

10.9 Chapter Conclusions

This chapter outlined the process of reverse-engineering 
kirigami geometry to achieve a target stiffness range 
suitable for use as an interlayer in compression-
only masonry vaults. Starting from a solid interlayer 
benchmark, finite element analysis (FEA) was used 
to determine equivalent stiffness values, which then 
served as the target for kirigami design optimization. 
 
A parametric model of Tension Activated Kirigami 
(TAK) was developed, informed by physical activation 
behavior observed in earlier prototypes. Using a linear 
regression model, the relationship between geometric 
inputs - cut height and sheet thickness- and the 
resulting stiffness and stress was established with a 
mean prediction error of 19 N/mm. The optimization 
was performed using the Adaptive Response Surface 
Method (ARSM), with the goal of minimizing equivalent 
stress while meeting a stiffness constraint between 
315–415 N/mm. The optimization quickly converged, 
indicating a smooth and well-behaved design space. 
The final design identified by the surrogate and ARSM 
framework is a TAK interlayer with a sheet thickness 
of 0.5 mm, which achieves the upper target stiffness 
of 415 N/mm.
 
Validation of the surrogate predictions confirmed 
performance within the required range, though 
deviations from predicted values emphasize the need 
for experimental calibration. The tested kirigami 
prototypes exhibited more than double the strength 
required for application as an interlayer- thereby 
suggesting a way to calibrate the kirigami surrogate 
model based on physical testing of kirigami samples. 
This remains in the scope of future work. Overall, this 
chapter demonstrates that kirigami, when treated 
as a tunable metamaterial, can be engineered to 
achieve structural stiffness targets- provided physical 
validation and iterative refinement are integrated into 
the design loop.

Key take-aways

The effective structural stiffness bounds were defined 
by performing FEA on a solid interlayer with optimized 
property range defined in the last chapter.

A parametric model of Tension Activated Kirigami 
(TAK) was made assuming uniformity in the activated 
geometry, considering factors of activation as seen 
from the physical tests done at MIT and parameters 
of the cut-pattern for manufacturing.

A surrogate model was created using Linear Regression 
approximation with a mean prediction error of 19N/
mm in stiffness. The validated model gave expected 
results with actual stiffness lower than predicted, but 
is within the range specified for a best performing 
design. 

These results differ from physical tests of the kirigami 
protypes created using the same parameters which 
exhibitted double the stiffness value, so the surrogate 
model should be calibrated experimentally based on 
more tests.

One major inference from the compression testing 
was that the aluminum kirigami interlayer buckles 
without causing a crack in the glass suggesting that 
such kirigami geometry in aluminum can be used as 
an interlayer between glass elements, however more 
experimental validation is required with different 
materials/ parameters of the kirigami geometry and 
3DP glass surface. 
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11.0 | Validation
This chapter documents the further validations 
performed using FEA on discrete models with the 
parameters optimized in the previous chapters to 
propose a final design.

Goal: To validate the results obtained with respect to 
the catenary vault design.

11.1 Stiffness of kirigami on an 
osteomorphic plane 

Since the proposed assebly of catenary vault uses 
osteomorphic units, the kirigami performance has to 
be validated for the same.

In this case, the model used for simulation was a 
kirigami geometry with the parameters inferred from 
the previous chapter onto an osteomorphic unit shape 
of the brick. A FEA was done by applying a pressure 
on the geometry vertically downwards which resulted 
in a stiffness value of 500N/m with irregular stresses as 
shown in the figure 103 However, in case of the vault 
assembly, the pressure will act perperdicular to the 
osteomorphic surface and therefore the simulation 
needs to be performed with osteomorphic units/ 
surfaces on either side of the kirigami interlayer. 

The resultant mesh of the kirigami alongwith the 
interlayer has more than 10,000 mesh faces as seen 
in figure 104. This simulation was computationally 
intensive requiring over 250gb of RAM memory and 
could not be solved using Delftblue supercomputers. 
Further work is necessary in order to simplify and 
validate this using FEA. Physical tests are suggested 
to be performed in order to assess the performance of 
the kirigami interlayer on a 3DP osteomorphic glass 
surface.

Figure 108: Stress distribution pattern in the interlayer when a 
vertical pressure is applied (2x)

Figure 109: Meshing in Ansys Mechanical

11.2 Vault Design with 3DP units

The final Catenary vault proposed as shown in figure 
111 to validate using hollow bricks with the optimized 
interlayer properties, and with eccentric load conditions. 
The vault design draws inspiration from the glass 
vault case study discussed in Chapter 2, particularly 
the use of stepped free edges- an approach derived 
from traditional barrel vault construction techniques. 
In this proposal, the stepped edge also facilitates the 
dry-assembly process by enabling a more stable and 
sequential placement of units discussed in chapter 12. 
Additionally, it was observed that under asymmetric 
loading conditions, the free ends of the vault require 
supplemental support to maintain structural stability.

In this section we validate the design with the 
optimized parameters, with more realistic eccentric 
loading conditions. We also compare the same if 
a soft interlayer is used, and the possibility to use a 
combination of 3DP and cast glass units.

Analysis 1- Eccentric loading on 3DP glass masonry 
vault with optimised interlayer

Loads:  Gravity loads with hollow glass units (density 
2450kg/cu.m) and 10mm  thick interlayer of 1100kg/
cu.m.
	 Pressures on vaulted roofs due to wind as per 
Eurocode 1991-1-0 as shown in figure 105.
	 A maintenance load as per Eurocode 1991-1-
1, Dutch National Annex: uniform load of 0.4kN/sqm 
on overall shell, and a point load of 1kN applied on 
100x100mm at the centre of the vault.

Boundary conditions: fixed at the bottom
Symmetry is used only along one axis since loading 

Figure 110: Loading conditions for Final Vault design

Figure 111: (above) Loading and Boundary conditions on stepped 
vault with symmetry; (below) Meshed vault
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conditions are eccentric.

Contacts: Frictionless contacts between glass-glass .
	     Frictional contacts between glass-interlayer 
with a frictional coefficient of 0.2 

Results: Unconverged solutions- different friction 
coefficients (0.15, 0.2, 0.5, 0.8, 1.5) were tried but all 
designs failed to converge. Following observations 
were made-
•	 The masonry units at the free edge are only half 

interlocked- and therefore tend to slip out as 
seen in figure 112. The stepped design therefore 
might not be a good solution for the interlocking 
mechanism

•	 The vault tries to deform outwards indicating that 
its light-weight. This suggests that optimizing the 
vault for lesser weight is not the possible solution 
when the vault is subjected to eccentric loading and 
edges are kept free. Edges need to be restrained in 
such cases as discussed in section 9.5 earlier.

The meshing of the structure were found to be critical 
to achieve a stable solution since it is an interlocking 
structure subjected to asymmetric loading conditions. 
Several iterations of meshing strategies were used to 
simulate efficiently and have been demonstrated in 
Appendix 2 of the report.

Figure 112: Unconverged solution for the stepped 3DP glass masonry vault design

Several strategies of edge constraints and increasing 
vault's weight using cast glass masonry units towards 
the top of the vault and the edges were then considered. 
The design options for a stabilized vault under these 
eccentric load conditions are presented in the next 
section.

11.3 Final Vault Design

The following table 11 depicts strategies to stabilize the designed vault under eccentric loading conditions. 
Stable solutions were achieved only after restraining the edges completely and refining meshing on ANSYS as 
depicted in Appendix 2. The solutions typically fail with abnormal behavior of the solid interlayer which could be 
a meshing issue. A higher friction coefficient of 0,2 was used in these analysis. 

The vault can also be simplified to a simple catenary vault as optimised for and validated under these load 
conditions in section 9.5. The friction coefficient is a crucial factor for the assembly yet to be determined by 
experimental tests. Another material can be used to achieve a higher friction coefficient on either side of the 
kirigami interlayer- with a clipping mechanism to the glass unit.

Table 11: Design strategies for stabilizing the final vault design under eccentric loads

Maximum Total Deformation (mm) Maximum tensile stress in glass (MPa)

Units added at the free edge- made 
out of cast glass and restrained in x, 
y, and z directions

0.09 5.6

Units added at the free edge- made 
out of cast glass and restrained in x, 
y, and z directions
+
three rows at the top including the 
keystones considered as cast glass 
units

0.15 7.8

2 rows of free edge units made out 
of cast glass and restrained in x, y, 
and z directions and three rows of 
units at the top considered as cast 
glass units for added mass 

Did cot converge to a solution due to extreme memory requirements

Design Strategy

Maximum Total Deformation (mm) Maximum tensile stress in glass (MPa)

Units added at the free edge- made 
out of cast glass and restrained in x, 
y, and z directions

0.09 5.6

Units added at the free edge- made 
out of cast glass and restrained in x, 
y, and z directions
+
three rows at the top including the 
keystones considered as cast glass 
units

0.15 7.8

2 rows of free edge units made out 
of cast glass and restrained in x, y, 
and z directions and three rows of 
units at the top considered as cast 
glass units for added mass 

Did cot converge to a solution due to extreme memory requirements

Design Strategy

Maximum Total Deformation (mm) Maximum tensile stress in glass (MPa)

Units added at the free edge- made 
out of cast glass and restrained in x, 
y, and z directions

0.09 5.6

Units added at the free edge- made 
out of cast glass and restrained in x, 
y, and z directions
+
three rows at the top including the 
keystones considered as cast glass 
units

0.15 7.8

2 rows of free edge units made out 
of cast glass and restrained in x, y, 
and z directions and three rows of 
units at the top considered as cast 
glass units for added mass 

Did cot converge to a solution due to extreme memory requirements

Design Strategy

A

B

C

Maximum Total Deformation (mm) Maximum tensile stress in glass (MPa)

Units added at the free edge- made 
out of cast glass and restrained in x, 
y, and z directions

0.09 5.6

Units added at the free edge- made 
out of cast glass and restrained in x, 
y, and z directions
+
three rows at the top including the 
keystones considered as cast glass 
units

0.15 7.8

2 rows of free edge units made out 
of cast glass and restrained in x, y, 
and z directions and three rows of 
units at the top considered as cast 
glass units for added mass 

Did cot converge to a solution due to extreme memory requirements

Design Strategy

Maximum Total Deformation (mm) Maximum tensile stress in glass (MPa)

Units added at the free edge- made 
out of cast glass and restrained in x, 
y, and z directions

0.09 5.6

Units added at the free edge- made 
out of cast glass and restrained in x, 
y, and z directions
+
three rows at the top including the 
keystones considered as cast glass 
units

0.15 7.8

2 rows of free edge units made out 
of cast glass and restrained in x, y, 
and z directions and three rows of 
units at the top considered as cast 
glass units for added mass 

Did cot converge to a solution due to extreme memory requirements

Design Strategy
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Inferences: As shown in Figure 113, both designs 
exhibit maximum deformation at the crown 
where the point maintenance load is applied. 
 
Design B, which places heavier cast-glass units at 
the top, demonstrates improved interlocking. This 
is evident from the reduced lateral displacement 
under wind loading compared to Design A, which 
uses lighter 3D-printed hollow glass units. The 
lower side displacement in Design B indicates 
a more stable assembly. And at the same time, 
Design A showcases higher stresses in glass at the 
keystone area since the edges are now heavier. 
 
This improved interlocking in Design B comes with 

Design BDesign A
Figure 113: Deformation of designs A and B at AUTO-SCALE

Design A Design B
Figure 114: Maximum Tensile stresses in glass for designs A and B at true scale.

trade-offs. As seen in Figure 114, it results in lower 
stress concentrations in the glass but it increases 
material usage and mass of the structure. While 
tensile stresses in both designs remain below the 
allowable tensile strength of glass, the increased 
weight only at the edges leads to greater internal 
forces with the 3DP hollow units next to them for 
design A, particularly near the fixed supports. 
 
In summary, a heavier vault improves interlocking 
performance but increases material use and the mass 
of the structure overall. Although the inclined vault 
geometry helps reduce overall tensile stresses, it can 
compromise interlocking efficiency- highlighting the 
balance between structural performance, material 

Key take-aways for design

A stepped design might not be a good approach 
for interlocking assemblies as edge units need to 
be restrained for a stable solution under eccentric 
loading.

Vault geometry (inclined shape) helps reduce tensile 
stress but may undermine interlocking.

Balance is required between material use, interlocking 
stability, and stress distribution.

Final designs explored combinations of 3DP and cast 
glass units for optimized structural behavior.

Kirigami interlayer- The performance of the kirigami 
on an osteomorphic surface is not determined, 
physical testing for the same is suggested considering 
the kirigami prototypes behave very differently than 
the parametric model as seen in the previous chapter. 
The kirigami surrogate needs to be replaced with 
physical test data instead of FEA data for more 
realistic predictions. An alternate could be to simulate 
the activation of kirigami within Ansys before testing 
compression behavior with FEA.

At the end, it all comes down to assembly detailing 
for the interlayer to select a possible design solution- 
by re-evaluating the design with an interlayer which 
would allow for necessary tolerances for taking care 
of the surface deviations of the masonry units as well 
as necessary friction for a stable assembly.

optimization, and assembly behavior. A more feasible 
design need to be selected based on the assembly 
detailing and re evaluating teh interlayer to allow 
tolerances.
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Figure 115: Impression of the designed vault Figure 116: Impression of the designed vault 
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The Assembly process would be very crucial in this case 
because- it is a complete dry assembly proposal using 
hollow glass 3DP units which need carefull handling. 
The osteomorphic form chosen for the vault helps in 
placement of the bricks  in their correct position by 
thereby interlocking them, but at the same time it 
would need larger tolerances in order to complete the 
the vault with the keystone placement at the top. 

Unlike adhesive-based systems as used in case study 
of the glass vault, each unit in this dry-assembly design 
must be individually supported during assembly. This 
necessitates a custom-designed formwork that not 
only accommodates each unit but also maintains 
stability throughout the construction. The scaffolding 
should be slightly oversized relative to the vault’s 
intrados to account for tolerances. Once removed, the 
vault is expected to settle into its final compression-
only state. 

Currently, the interlayer properties have been 
optimized based on the geometry of the completed 
structure. However, this does not account for the 
potential stresses during construction—a factor 
that can only be evaluated through prototyping. It is 
therefore essential to re-engineer the kirigami-based 
interlayer, ensuring it can accommodate moderate 
stresses during assembly while maintaining its post-
deployment performance.

12.1 Assembly process and formwork 

An assembly method is suggested based on scaled 
models made during the process. Figure 118 
demonstrates the assemply process.
•	 The scaffolding needs to be designed with precision 

in order to support each block during the assembly 

12.0 | Assembly and Detailing
process. The formwork should slightly exceed the 
vault geometry, allowing the structure- along with 
the interlayers- to shift into final position under 
compression once the support is removed. This 
remains in the scope of future work.

•	 Base support conditions require careful detailing 
and experimental validation, as peak stresses 
are expected here during unit placement. 
This aligns with findings from the dry-interlocking cast 
glass bridge by Aurik et al. (2018).

•	 To provide a robust and stable base, the first row 
of masonry units could be constructed using an 
alternative material (e.g., concrete or timber). A 
possible base detail sketch is shown in Figure 117.

•	 The stepped free edges assist with dry-assembly but 
remain vulnerable to slipping if not fully interlocked.
The advised solution of edge constraints discussed in 
chapter 11  has not been further detailed in this thesis.

Figure 117: Foundation Detailing Figure 118: Assembly process

non-standard (angular) units standard units

non-activated interlayers

Kit-of-parts for the vault assembly

timber formwork larger than vault intrados to precision Assembly of units with activated (on-site) interlayer

Assembly of units on top of each other avoiding cantelivered units at all steps

Removal of formwork after the vault is complete- carefully from the inside allowing the units to settle into shape.



115 

3DP Glass Assemblies 

114 Figure 119: Assembly process with a scaled model- 3DP PLA and PET

1

4

7

2

5

8

3

6

9 Figure 120: Removal of formwork with tension strings installed

12.2 Scaled model demonstration

The scaled model was fabricated using 3D-printed PLA 
for the base blocks and formwork, while PET was used 
to represent the 3D-printed glass bricks. In this model, 
the edge bricks and constraint strategies discussed in 
Chapter 11 were not implemented. Instead, structural 
stability was achieved by introducing tension strings 
across the center of the vault, as illustrated in Figure 120. 
 
The assembly process, shown in Figure 119, follows 
the same methodology previously outlined. The free 
stepped edges remain the most vulnerable components 

in this model, as they are not fully interlocked and 
are therefore prone to slipping. Additionally, because 
the vault is extremely lightweight- due to the hollow 
plastic construction of the units- tension strings were 
necessary to stabilize the structure prior to the removal 
of the formwork. The kirigami interlayers were not 
included in this scaled model.

1

4

2

5

3

6
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13.1 Conclusion 

This research set out to investigate masonry design 
methodology optimizing the properties of interlayer 
design in dry-assembled, compression-only masonry 
structures, with a case of a glass brick vaults. 
A comprehensive framework for evaluating and 
designing interlayer stiffness to ensure both structural 
and manufacturability performance was developed 
through a sequence of parametric models, simulation 
pipelines, and optimization protocols.

Three unique geometries- one freestanding wall, a 
catenary vault, and one form-found doubly curved 
shell- were explored in order to gain insight into 
geometric parameters' effects on assembly as well as 
behavior. Each was parametrized with manufacturing 
constraints with some variables (eg., brick amplitude or 
wall height) and some constants (e.g., brick thickness), 
thereby allowing for optimization studies based on 
specific subsets of parameters. 

One of the main contributions of this work was the 
development of an integrated design-to-analysis 
process using Grasshopper, Ansys, and OptiSLang to 
enable automated parametric exploration of interlayer 
stiffness and material properties. The analysis 
demonstrated that while parameters like geometry 
and material modulus govern the interlayer stiffness, 
the effect of the latter on structural performance 
metrics like deformation and tensile stress is in most 
cases non-linear. Such an outcome necessitated the 
use of surrogate model techniques, such as Polynomial 
Regression and Kriging, which were able to capture the 
subtle interdependencies in the system.

Multi-objective optimization, conducted using 

13.0 | Conclusions

Evolutionary Algorithms, identified an optimum 
value of interlayer stiffness between 183–250 MPa 
for the designed glass vault assembly. This interlayer 
stiffness was then used as a performance target in the 
design of a novel Tension-Activated Kirigami (TAK) 
interlayer. Using a parametric model informed by 
prior physical models, a predictive model was created 
relating kirigami cut geometry and sheet thickness 
to equivalent stress and stiffness. Optimization using 
the Adaptive Response Surface Method (ARSM) led 
to a TAK interlayer design that met the target upper 
stiffness of 415 N/mm with minimal internal stress. 
However, physical prototypes of the same TAK 
presented double the stiffness value required for the 
interlayer application thereby suggesting the kirigami 
surrogate model to be fine tuned/ rebuilt based on 
physical test data.

Although the optimized kirigami structure proved to 
have acceptable performance based on the parametric 
model, the simulation also elicited problems in the 
modeling of pressure loads in a direction along curved 
osteomorphic surfaces and is yet to be validated. 

In summary, this research presents a novel methodology 
to design programmable interlayers for dry-assembled 
masonry systems using data-driven and simulation-
informed approaches. The proposed methods open 
up avenues for future exploration of programmable 
materials, machine learning-based surrogate models, 
and complex structural geometries. While issues 
remain- namely, in translating digital predictions 
to physical response- the results demonstrate that 
kirigami-inspired interlayers can be engineered to 
meet specific structural performance specifications 

13.2 Discussion and future work

This thesis demonstrates the potential of a surrogate-
assisted, parametric design and optimization 
workflow for dry-assembled masonry systems. This 
workflow enables the development of multi-material 
or composite masonry (e.g., 3D-printed glass with 
cast glass or concrete bricks) where interlayers 
can be optimised to enhance performance and 
accommodate fabrication and construction tolerances. 
 
Unlike current dry-interlocking masonry approaches, 
which demand extremely high precision (as seen in the 
work of Block Research Group, ETH), this research 
shows that a well-designed interlayer can mitigate 
such requirements. It opens a possible direction for 
introducing interlayers as functional and structural 
buffers in interlocking masonry structures, especially for 
glass masonry,  improving constructability and resilience. 
 
The optimised interlayer properties can be used 
to select any available interlayer material for the 
designed assembly. The kirigami-inspired interlayer 
is a tunable solution, capable of locally adjusting 
stiffness and adapting to complex geometries, though 
its full evaluation was limited by computational 
constraints. Surrogate models allowed rapid 
optimization, supported by automation, but their 
accuracy depends on the quality of training data. To 
improve reliability, future work should calibrate these 
models with physical tests and can integrate machine 
learning and detailing into a unified design-validation 

loop. The activation of the kirigami can be simulated 
instead of using a parametric model. Furthermore, the 
physical samples showed extremely high stiffness value 
implying a major mismatch to the surrogate model 
developed. Further study must incorporate inferences 
from the currently ongoing TAK study at MIT. In 
addition, Physical testing is essential, both for short-
term mechanical validation and long-term behavior, 
and will be key to refining the simulation workflow. 

Despite strong digital performance due to 
compression-only geometry, the absence of tensile 
stresses in the model likely underrepresents real-world 
effects, such as local tension from imperfections, edge 
conditions, and assembly tolerances. It is observed 
that a 10 mm thck interlayer in a deployed state 
might not be a suitable solution  and should be lesser.  
Assembly remains a critical factor, especially in dry 
construction. Even with digital planning, practical 
detailing, support conditions (Aurik et al., 2018), 
error tolerance, and reversibility require careful 
attention. The formwork must accommodate precise 
positioning with flexibility for in-situ adjustments. 
Moreover, end-of-life disassembly strategies are 
increasingly vital for meeting sustainability goals. 
 
Finally, few limitations of this study could be addressed 
in future work:
-Optimising the vault weight with applied load for an 
efficient interlocking of the units as in this case the 
vault was optimized to be lightweight.
-Long-term material behavior (e.g., interlayer aging, 
creep) must be tested and incorporated into the workflow. 
-Seismic performance of dry masonry vaults remains 
an open challenge

upon integrating them with a tightly coupled design-
simulation-optimization loop.
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My growing interest in the world of additive 
manufacturing led me to do a little research as a part 
of a course during the second quarter of MSc 1. I was 
fascinated by the innovation of Glass 3DP, and was 
very curious to explore more about its application 
possibilities in the built environment. Motivated by a 
subject that never ceases to engage me- and drawn 
to the opportunity to delve into both structural and 
computational design- I chose to focus on this area for 
my graduation studio. I feel privileged to collaborate 
with leading experts in glass innovation, and the 
experience so far has presented a steep yet rewarding 
learning curve. The following section offers a reflection 
on this journey.

Graduation process:

1. "How is your graduation topic positioned in the 
studio?"
My graduation topic, centered on the architectural 
potential of Glass 3D Printing, is closely aligned with 
the studio’s emphasis on innovation at the intersection 
of material research and computational design. The 
studio deals with the expansion of technological 
boundaries and the discovery of new ways to integrate 
new technologies into the built environment, and 
therefore it is an appropriate setting for a topic that 
resists conventional approaches to both material use 
and construction.

Positioning with the Building Technology Graduation 
Studio: 
•	 Computational Exploration: A significant part of 

the thesis is dedicated to computational design 
and automation. Through parametric modeling 
and custom scripting, I developed a digital 
workflow that enables the generation of multiple 

14.0 | Reflection
design iterations and surrogate models. These 
tools support performance-driven design and 
allow for the exploration of structural optimization 
strategies, aligning with the studio’s strong interest 
in computational design processes.

•	 Structural Optimization: My graduation thesis 
is guided by structural performance needs. By 
incorporating simulation and analysis within 
the design process, the research optimizes the 
geometry of 3D printed glass components for 
overall structural performance while considering 
manufacturing limitations. This performance-
based approach lies at the core of the Building 
Technology track's emphasis on research that 
combines design with engineering precision.

•	 Innovation in construction: Although rapidly 
evolving, Glass 3D printing is a novel fabrication 
strategy that has not yet been seen in architectural 
applications. My project not only showcases the 
potential of this method of production but also 
suggests a novel engineered interlayer that is 
specifically engineered for desired performance 
outcomes. It explores the potential of the 
japanese-art of kirigami and depicts a method to 
engineer a sheet material to obtain certain desired 
properties. This addresses the studio's inquiry 
into the possibilities of material technologies and 
continued advancement in building materials.

•	 Construction Workflow and strategy:  Beyond 
design and research process, the project reflects 
on how such parts that are digitally designed can 
be realized in the physical world. The thesis skirts 
construction process and methodology, engaging 
with the Building Products and Innovation sub-

discipline in investigating how such new systems 
can physically be developed, assembled, and 
potentially scaled within real architectural contexts.

2. "How did the research approach work out (and why 
or why not)? And did it lead to the results you 
aimed for? (SWOT of the method)"

The research process eventually has proven to be 
successful so far, but it evolved drastically throughout 
the work. Initially, the process was not strictly defined- 
instead, it developed organically as I progressed with 
the research. It was mostly a research-through-design 
process, wherein exploratory iteration was a significant 
contributor to both the design and the direction of the 
research.

Early on, I had not recognized the need to narrow the 
scope and refine my objectives to remain focused and 
manage complexity, thereby spending more time in 
eventually doing so. This shift allowed me to concentrate 

on the most critical aspects of the research- namely 
computational workflows, structural performance, and 
fabrication strategies. Some design challenges were 
simplified rather than fully resolved, in order to prioritize 
the areas that were central to my research questions. 
 
Despite these trade-offs, the approach successfully 
met my intended learning outcomes. It provided a 
strong foundation in:
•	 Advanced computational design and parametric 

modeling.
•	 The integration and application of machine 

learning for performance prediction and 
optimization.

•	 A better understanding of structural engineering 
principles relevant to non-conventional materials

•	 Real-world insight into fabrication constraints and 
workflows, especially through collaboration with 
the design and fabrication lab at MIT.
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3. "What is the relationship between the methodical 
line of approach of the graduation studio (related 
research program of the department) and your chosen 
method?"

This graduation thesis is well aligned with the 
methodical line of approach of the Building Technology 
graduation studio and the department’s research 
programs, particularly in computational design, digital 
fabrication, and material innovation.

The studio's focus on the developing technologies in 
construction, material investigation, and computational 
practice is reflected in my work, combining parametric 
modeling, machine learning, and performance-based 
design with novel applications of 3D printed glass. The 
methodology also intersects with the department's 
general research project in Digital Fabrication and 
Building Products and Innovation, in particular in its 
emphasis on developing buildable systems based on 
computational and material research.

Therefore, my research not only is a suitable match 
within the parameters of the studio's methodological 
goals but also serves the department's ongoing 
exploration of how technology can redefine both the 
product and process of architectural design.

4. "How are research and design related?"

In my project, research and design are closely 
interrelated, with a continuous feedback loop between 
the two. It should, however, be noted that as much as 
they inform each other, design served as the controlling 
leader to question and validate the research goals.

Early design goals- such as the making of a 
compression-only glass vault- involved much research 
in structural behavior, form-finding strategies, and 
material constraints. Although this approach proved to 

be convoluted and was later changed, it did help inform 
the scope and focus of the study. Upon realization 
that a number of design targets would lie outside the 
pragmatism of the research duration, the design was 
adjusted but not the fundamental research objectives.

By this process, design was simultaneously driver and 
testing ground for the research. It posed questions 
that the research sought to address, yet research paid 
back in modes and knowledge that informed more 
realistic or strategically trimmed design options. This 
mutually reinforcing relationship allowed the project to 
be kept close to application while still maintaining the 
methodological demands of the thesis.

5. Did you encounter moral/ethical issues or dilemmas 
during the process? How did you deal with 
these?

While I did not encounter direct moral or ethical 
conflicts, there were important considerations related 
to collaboration, authorship, and research integrity, 
particularly because my thesis is partially embedded 
within a broader ongoing research project led by the 
Fabrication-Integrated Design Lab (FIDL) at MIT. 
The research was to be part of their effort to create 
fully circular 3D-printed glass modules for the built 
environment as informed by kirigami-interlayers.

My initial plan was to use numerical test data generated 
by the MIT group as my input design. However, due 
to time and access constraints, those findings were 
not incorporated into my thesis. While this created a 
level of uncertainty and complexity, I was careful to be 
open and to make clear that any external knowledge 
drawn on in my work- i.e., visual observations, 
informal discussions, and meeting interactions- was 
duly qualified as qualitative reference points and not 
as formal data sources.

Fortunately, the kirigami geometry I selected for the 
development of my interlayer design was the same that 
they tested at MIT, providing some indirect validation 
for the direction I pursued. Still, I decided to limit the 
use of their work to general inspiration, maintaining 
an independent, self-created, and accountable design 
and verification process.

I believe the collaboration could have worked out better 
if our timelines for research matched and research 
outcomes were exchanged through the process.

Societal impact:

The broader objective of the Msc program AUBS at TU 
Delft encourages multidisciplinary practices, blending 
the knowledge and skills from design practice, from 
the physical and social sciences, technology and 
engineering, this programme explores innovative ways 
to create more sustainable development which is 
discussed further with the following questions.

1. "To what extent are the results applicable in 
practice?"

The results of this research suggest great potential for 
practical application, particularly in the formulation of 
the integration of 3D printed glass components into 
a reversible assembly design. The process involved 
a simulation and numerically verified method, with 
regards to given structural load conditions as well 
as the incorporation of early fabrication, handling, 
and assembly limitations. This assisted in ensuring 
the design investigation was not only conceptual 
but founded upon feasible parameters based 
on construction. Following can be drawn for the 
applicability in practice:

•	 Assembly and construction: An operational 
construction plan was put in place to think about 

how these components might be made in practice, 
although further work must be done to adequately 
test and fine-tune this. The second most important 
step is physical prototyping and testing, which will 
enable the current assumptions to be refined and 
verified under actual conditions.

•	 Kirigami interlayer perfornace: As for the designed 
interlayer, the research went at it computationally 
to simulate its behavior within the entire assembly. 
However, due to limitations in modeling, certain 
material idiosyncrasies and real-world behaviors 
were oversimplified or not modeled. This means 
that while the simulation result is a good place to 
start, the real-world performance of the interlayer 
still needs to be tested and iterated on.

In summary, while the research is robust with empirical 
consciousness in practice terms, its full deployment 
shall be witnessed only through subsequent empirical 
testing and progressive refinement. This can be 
considered as a start point for 3DP glass assembly 
construction.

2. "To what extent has the projected innovation been 
achieved?"

The initially projected innovation- developing a way of 
designing reversible assemblies using 3DP glass units, 
and a strategy to design the interlayer for particular 
performance- has been achieved. The research 
demonstrates how digital design, simulation, and 
optimization can be combined to identify both the 
shape and behavior of such an element.

But within the realm of practical application, there 
is more to be worked out. Formwork design area, 
tolerance control, and logistics of assembly detailing 
are yet to be addressed in their entirety within this 
framework. Although the process itself can be done 
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and run, the final delivered design is still to fully counter 
all practical aspects of construction work.

In totum, the invention lies in putting down a 
conceptually working design and computational 
method, which sets the stage for further development 
and implementation.

3. "Does the project contribute to sustainable 
development?"

3DP- material optimised, minimal waste manufacturing 
The project operates towards sustainable development 
by looking into the possibility of additive manufacturing 
(3D printing) in architecture, a tactic which is naturally 
favorable to sustainability by some significant 
advantages. Among them are material waste reduced, 
mass-optimized and structurally efficient forms, 
shortened lead times in development, cost savings, 
and enabling intricate shapes that would be impossible 
or challenging with conventional construction methods.

Circular Assembly with Glass- a fully recyclable 
material
By focusing on glass, a fully recyclable material, and 
interlayer engineering in a fully circular assembly 
in combination with optimization using computer 
simulations, the project contributes to the discussion 
about the efficiency and circularity of material use in 
building construction.

The thesis also acknowledges the limitations, namely 
the need for extensive pre-engineering, performance 
testing, and manufacturing control. All of these must 
be addressed before the maximum potential for 
sustainability in practice of 3DP assemblies can be 
realized.

 4. "What is the impact of your project on sustainability 
(people, planet, profit/prosperity)?"

The project's environmental sustainability—material 
efficiency and circular potential, to be precise—
is addressed in the previous question. Moreover, 
it promotes worldwide knowledge sharing and 
cooperation (people), encourages labour-efficient 
and resource-conscious design practices (planet), 
and explores how may lead to more efficient use of 
materials and fabrication processes in the long term 
(prosperity), although not yet cost-effective.

5. "What is the socio-cultural and ethical impact?"

I would say that this project is at the intersection of 
tradition and innovation- pushing how we build, with 
what we build, and who builds. In the working with 3DP 
glass, it touches on not only material innovation but 
also cultural shift in architecture- where automation, 
performance-based design, and sustainability start to 
supplant age-old conventions.

But while these technologies are exciting, they also 
raise ethical questions: Who gets to access these 
tools? Can such approaches be used outside of well-
funded labs and studios? Although this project takes 
place within the high-tech space, it is still founded on 
the belief that efficiency and circularity shouldn't be an 
elitist privilege- their principles must be scalable and 
adaptable.

By its partnerships with recyclable materials and, 
as with the FIDL Lab at MIT, globally, the project 
encourages collaboration and mutual discovery. It's 
not trying to provide a finishing product, however, but 
open up a discussion as to what shape the future of 
construction should take- and how, maybe, it could be 
more productive, and responsible.

6. "What is the relation between the project and the 
wider social context?"

At its core, this graduation project is more than fancy 
glass and software simulations, -although the idea 
of 3DP glass and engineering a kirigami interlayer is 
fascinating, the project makes you rethink how we 
build fur the future. It makes you think about circular 
systems and dry assemblies for the built environment- 
designed for disassembly. 

What if materials like glass- often seen as delicate or 
wasteful- could become engineered building blocks 
built with minimal wastage and can be reused again 
and again?  This project lives in a simulated niche for 
now, but its a way forward to having fully circular glass 
assemblies in the built environment. 

7. "How does the project affects architecture / the 
built environment?"

3D printed glass is still in its infancy, with fewer than a 
dozen printers worldwide and very limited architectural 
applications to date. This thesis completes one of the 
primary gaps by explaining how to assemble 3D printed 
glass into functional, buildable shapes. By its proposals 
for circular, demountable, and transportable assembly 
methods, it establishes the foundation for future uses- 
temporary pavilions, exhibitions, or sculptural works.

One day, we might see architectural components 
made entirely from 3D printed glass blocks- and this 
research  attempts to mark a small but important step 
in that direction.
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Appendix 1 - Form finding, Tessellations
1.1 Doubly Curved forms using Kangaroo

Initially, Kangaroo was explored for form exploration- 
with the hypothesis that an inverted tensile-only 
structure would be purely compressive. The load 
applied in Z-direction was calculated from the self 
weight of the shell made with 3D printed hollow 
blocks. It was observed that load was not the main 
driving factor for the shape of the membrane. By 
changing factors like weighing and amplitude, the vault 
was tuned to a desired shape similar to the glass vault 
studied as a case study. By changing the 'length factor' 
the vault edges sagging were controlled as seen in 
figure 1.

Initially the intention was to formfind the compression 
only shape as in the glass vault, however, the obtained 
shape from kangaroo didnot result in a compression 
only shell when analyzed using Karamba plugin in 
grasshopper.

As seen in figure 2 the shell from kangaroo has peak 
stresses in the extrados and intrados while nearly 0 
stresses in the central area. This implies a bending 
moment occurs in the shell cross section with extreme 
stresses on either sides of the shell. The shell is 
therefore not compression only. It was further noted 
that letting the edges sag in kangaroo by not applying 
the load at edges results in a more compression only 
form. Therefore the free edges need to be restrained or 
stresses there should be within limits. In the case of the 
glass vault case study, the bricks were bonded together 
and stresses were kept within acceptable limits, making 
the chosen form executable. However, the form itself 
does not appear to be a pure compression-only thrust 
network, and it seems likely that it was post-processed 
to achieve the desired shape. Figure 1: Kangaroo exploration to recreate the glass vault shape

Max Deformation areas

Figure 2: Karamba analysis of the kangaroo shell
Figure 3: Karamba analysis of the kangaroo shell with sagged 
edges

Stresses at extrados

Stresses at center

Stresses at intrados

Stresses at extrados

Stresses at center

Stresses at intrados
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1.2 Catenary arch Tessellations

Since the tessellation design on a doubly curved shell 
considering the limitations of 3DP glass bricks and 
considered osteomorphic form of units were a major 
challenge that required greater amount of time, the 
vault was simplified to a singly curved vault- a catenary 
shape that follows an ideal load path for compression 
vaults. 

Different tesselation patterns were tried on the vault as 
shown here in figure 4. It was observed thathorizontal 
divisions are closer together towards the top of the 
arch due to more curvature, thereby resulting in unique 
course of unit typologies. They were therefore decided 
to be standardized as presented in the report.

Figure 4: Tessellating a Catenary Vault

standard blocks angular blocks

interlayer final geometry

1.3 Compression-only arch Tessellations

The aim is to depict a way to assemble a doubly curved 
compression only shell using dry 3DP glass masonry 
units. The main reference here was the Armadillo vault 
by the Block Research group and their methods about 
tessellating doubly curved forms using a structured 
mesh. Modelling the form founded doubly curved 
shell from Rhino Vault discretely incorporating 3DP 
constraints was a challenge. 

Deriving a thickened shell with the thrust network using 
Airy's stress function as developed by Olivery,2021 

was the ideal way to approach the problem but was 
not looked further into as that was not the main goal 
for the thesis. As seen in the figures 5, the shell offset 
creates a further distorted mesh you cannot work with. 
The sagging free edges in the thrust network had a 
smaller mesh network.

The shell offset therefore used was much thicker than 
intended so as to safely contain the thrust network 
withing the shell thickness and to incorporate lesser 
curvatures.

Figure 5: Tessellating a doubly curved shell
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1.4 Kirigami parametric model

As discussed in chapter 10, the activation tests done 
at the Fabrication-Integrated Design Lab, MIT gave 
insights on the activated kirigami pattern which were 
observed in order to create the kirigami parametric 
model for analysis. 

For the current surrogate model few things regarding 
the activated pattern were considered- and will be 
tuned based on the physical tests in the upcomming 
month.:
•	 The activated kirigami used as an interlayer will 

be uniform- no anormalities in pattern during 
activation is considered

•	 The tilt angle at which the vertical flaps tilt are 
constant with changing height of the vertical flap

•	 The kirigami is activated with a constant force 
that results in the desired hexagonal configuration 
modelled for with an angle of 60 degrees.

•	 The parameter dimensions are inferred from 
Corrigan et al., 2023, the values are parametrized 
proportionately so as to maintain the hexagonal 
uniformity in the pattern as proposed in the 
literature

Figure 6: TAK parametric model

1.6 Geometry dataset from Grasshopper

Figure 7 shows the grasshopper- collibri and python 
setup for exporting geometries from sampled designs 
to create the designspace for surrogate creation

1.7 Simulating Catenary glass vault without interlayer

The initial FEA simulation was to see what happens 
in case no interlayer is used for the catenary arch 
assembly. This was also used as a means to getting 
acquainted with Ansys softwarre interface and 
understand stuctural boundary conditions, loads etc 
in the application.

Inferences:
•	 The solution fails to converge as shown in figure 8. 

Iterative solver is used with GPU acceleration, and 
with non-linear material behariour.

•	  Since glass-glass contact is not frictional, and the 
osteomorphic surface is not modelled with double 
curvature, the vault collapses.

•	 It is inferred that the local stresses due to glass-to-
glass contact would be so high that the units would 
fracture before the vault collapses. 

Figure 8: FEA - Vault with no interlayer

Figure 7: Geometry export from grasshopper
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Appendix 2 - Structural analysis
2.1 Ansys Model Setup for parametric Global FEA of 
discrete masonry model

Intitially Ansys Design explorer, and optiSLang 
components were used within the Ansys workbech. 
However, since results needed post processing it was 
found better to use optiSLang interface which has 
many more tools.

All analysis done consider non linearities in material, 
and global performance of the structure. Since the 
structure is a dry assembly system, global stability 
with load conditions are crucial for its overall buckling 
behavior.

2.2 OptiSLang interface for both optimization tasks

The main drawback of using optiSLang was its handling of continuous parameter values—there was no control 
over the number of decimal places. Additionally, other challenges included dependent parameters, such as 
stress in the kirigami model, which had to be pre-processed in Excel before being imported into optiSLang’s 
Solver Wizard.

Figure 10: OptiSLang Interface for optimization tasks

Figure 9: Ansys Workbench Interface for Structural Analysis

2.3 Ansys Model Setup for parametric FEA of Kirigami

Figure 12: Boundary conditions for FEA

Figure 11: Boundary conditions for Modal deformations
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E interlayer

E interlayer

2.4 Parameter Sensitivity Analysis for 2D Arch

Two overly simplified 2D arches were initlally used to 
verify the developed workflow as presented  in the 
report, and they also allowed insights on the parameter 
sensitivity. 

Since number of geometric parameters mean a larger 
design space to choose the samples from and would 
require more number of samples for the surrogate 
model accuracy, the idea was to keep them to a 
minimum considering the given time frame of this 
thesis.  

As seen in the parallel charts below, the youngs 
modulus was varied considering a very soft interlayer 
of 10Mpa to a very stiff interlayer of 5Gpa. The goal 

Vault thickness Interlayer thickness Total max. Deformation Max Tensile stress in glass Max Tensile stress in 
interlayer

Total max. Deformation Max Tensile stress in glass Max Tensile stress in 
interlayer

was to see the relationship of the interlayer property to 
everall structural performance.

Efftect of Interlayer property:
A non-linear response is seen in this case with the 2D 
arch- where a very soft interlayer leads to the highest 
deformations and a high stress in glass since the 
interlayer squeezes to make the glass come in close 
proximity to contact. The arches with soft interlayer 
still converged to a solution without slipping since a 
high friction coefficient was considered.

Efftect of Vault thickness:
The vault thickess although has a non polynomial/ non 
linear relation with stresses in glas in this case as seen 

Figure 15: Input parameters vs Total deformationFigure 14: Input parameters vs Maximum tensile stress in glass

in figure 14, it was observed that this was due to the 
combined reaction of how stiff the interlayer is and 
how thick the vault is- for eg. a stiff interlayer would 
cause stresses in glass irrespective of the thickness, but 
thicker the vault- more the self weight and therefore 
more stress developed. 

Efftect of Interlayer thickness:
The performance with respect to interlayer thickness 
is also related to how stiff the interlayer is. The thicker 
the interlayer, the more stiff it has to be in order to not 
squeeze in. In this case as shown in figure 14 and 15, 
a non linear response is seen in total deformation and 
maximum tensile stress n glass- unclear as there are 
too many input variables in this case.

In order to make the relationship better, the input 
variable of interlayer thickness is removed- since it will 
majorly influence the assembly detailing as discussed 
in chapter 14. A constanct thickness also gives us the 
controll to engineer the kirigami interlayer as discussed 
in our design goals for this thesis.

Further simulations were not done to truly understand 
how the performance is affected when the interlayer 
thickness varies, or the block height and subdivision 
varies in the vault but can be done in furture works 
using the established workflow and parametric model 
defined in this thesis.
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2.2 Optimizing for dry assembled Catenary Vault
under different loading conditions

LOAD CONDITION A: Vault under self weight only

Optimizing for this load condition has been documented 
in detail in chapter 9 of the report which was finally 
used for determinimg the interlayer target stiffnesses.
This section demonstrates factors that were observed 
during analysis with varying parameters.

PARAMETER SENSITIVITY

Boundary conditions: Fixed supports at the base. 
Symmetry conditions used on both x and y axis as the 
vault and its loading conditions are symmetric.

Inferences:
A change in peak stress location is seen with the 
increase in thickness of the vault- the optimised result 
tends to keem peak stresses towards the center of the 
osteomorrphic surface as seen in figure 16

Figure 16: Thin Vault with a stiffer interlayer (as optimized) Figure 17: Thick Vault with a soft interlayer

LOAD CONDITION B: Vault under self weight and a 
maintenance load applied as pressure local to mesh 
surface.

Boundary conditions: Fixed supports at the base. 
Symmetry conditions used on both x and y axis as the 
vault and its loading conditions are symmetric.

Bounds: Vault thickness varied from 100mm to 200mm
	 Youngs Modulus of Interlayer varied from 
20Mpa to 2000Mpa
Load: Maintenance load of 1kN/sqm(maximum as 
per Eurocodes 1991-1-1 for maintenance loads on 
Category H roofs) with a safety factor of 1.5 applied 
perpendicularly local to the mesh faces in the extrados 
of the vault.

Number of samples for the design space: 100

Surrogate model methods: Linear Regression(auto 
selectied) for objective- minimise total deformation

Figure 18: Boundary conditions Figure 19: MOP with a low coefficient of prognosis

Linear Regression(auto selectied) for objective minimise 
maximum tensile stress in glass

Key observations: 
When a uniform (inward) pressure is applied on the the 
exterior surface of the vault, it stabilizes the vault and 
therefore can be used as a design intent incase certain 
eccentric loading conditions/ impact load is expected.  

The surrogate model as seen in the figure 19 did not 
result in an approximation of the design space, since 
total deformation as well as stress in glass was very 
low for all designs (with random outliers)  no matter the 
interlayer is soft or stiff. 

Optimization was not done in this case. We only infer 
that stability of the vault under an external inward 
pressure can be achieved by  using tension cables 
externally to stabilize and keep the vault in place in 
case of heavy impact loads or high eccentric loading 
that could destabilize the vault otherwise.
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LOAD CONDITION C: Vault under self weight, 
pressures created due to wind on one side of the vault. 

Boundary conditions: Fixed supports at the base. 
Symmetry conditions used on both x and y axis as the 
vault and its loading conditions are symmetric.

Bounds: Vault thickness varied from 100mm to 200mm
	 Youngs Modulus of Interlayer varied from 
20Mpa to     		  2000Mpa
Loads:  Gravity loads with densities considered for 
approximated hollow glass units- 1403kg/cu.m and 
10mm  thick interlayer of 1100kg/cu.m.
	 Pressures on vaulted roofs due to wind as per 
Eurocode 1991-1-0 as shown in figure 21. Safety factor 
of 0.75 is considered in this case for wind loads.

Number of samples for design space: 100
Surrogate model methods: Krigging for objective- 
minimise total deformation

Polynomial for objective minimise maximum tensile 
stress in glass

Key observations: 
The surrogate model in this case did not achieve 
accuracy levels as compared to load condition A. 

The output factors- total deformation maximum and 
stress in glass is governed by a local maximum because 
the vault thickness changes whicle the loading remains 
constant.

Eccentric loads were found to be more crucial for 
monitoring, since the vault is dry assembled.

Figure 20: Boundary, loading conditions Figure 22: Ansys Model tree and setup

Figure 21: Wind loads from Eurocode 1991-1-0

LOAD CONDITION D': Vault under self weight, 
pressures due to wind on one side, and maintenance 
loads

Boundary conditions: Fixed supports at the base. 
Symmetry conditions used on both x and y axis as the 
vault and its loading conditions are symmetric.

Bounds: Vault thickness varied from 100mm to 200mm
	 Youngs Modulus of Interlayer varied from 
20Mpa to     		  2000Mpa
Loads:  Gravity loads with densities considered for 
approximated hollow glass units- 1403kg/cu.m and 
10mm  thick interlayer of 1100kg/cu.m.
	 Pressures on vaulted roofs due to wind as per 
Eurocode 1991-1-0 as shown in figure 22.
	 A maintenance load as per Eurocode 1991-1-
1, Dutch National Annex: uniform load of 0.4kN/sqm 
on overall shell, and a point load of 1kN applied on 
100x100mm at the centre of the vault. 

Figure 23: Ansys Model tree and setup

Safety factors not considerd in this case 

Number of samples for design space: 200

Surrogate model methods: Krigging for objective- 
minimise total deformation
Polynomial for objective minimise maximum tensile 
stress in glass

Optimization: Evolutionary Algorithm

Key observations: (same as load condition C)

Figure 24: Local Stresses defined due to load
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2.3 FEA of Final Design

Performing a FEA on a discrete model of the designed 
vault depicting hollow 3DP bricks, even though ther 
were already siplified and the interlayer considered as 
a solid material of the equivalent stiffness. This was 
because a more fine mesh had to be used for the non-
linear analysis, and the vault was comparatively larger 
with symmetry condition applied in only one axis. 
These simulations were done on compute p2 nodes of 
Defltblue supercomputers.

The Meshing: The meshing of the vault was found to 
be the most crucial factor for the analysis to converge 
to a solution without a geometry getting extremely 
distorted in the process. Iterative solvers were used 
so that the problem could be identified and this akes 
lesser memory for the solving process. 

Figure 25 shows some of the quality of the meshes that 
were used for analysis in one of the design cases. The 
goal is to keep the element quality of the mesh closer 
to 1 and avoid really low values- lower than 0 which is 
likely to cause issues during analysis. Several meshing 
methods were explored, and Patch conforming method 
was found to be the most effective in this case.

Figure 26 shows unconverged solutions indicating 
issues in meshing, the interlayers are seen to slip in an 
abnormal way without causing the blocks to slip. Figure 
27 shows the meshing level suggested for a stable 
analysis. Figure 28 shows a converged solution- with 
edges restrained and friction coefficient increased.

It is also benificial to be aware of considering computer 
storage since each result range between 7 to 15GB.

Figure 25: Meshing the vault

Figure 26: Unconverged solutions due to meshing Figure 27: Suggested Meshing level

Figure 28: Converged solution after restraining the edge units
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Appendix 3- Kirigami prototypes
3.1 Kirigami activation

The chosen kirigami geometry TAK is also an ongoing 
study at MIT, from which certain initial observations 
were considered to model the kirigami parametrically. 
The activation force and further parameter influence 
on the structural performance were not a part of this 
thesis and remains as a scope for future research to 
fine-tune a kirigami interlayer for application in an 
interlocking masonry design. A brief study was done 
as to understand the parameters of the TAK geometry-
wise. It is observed that the parameter 'W' which is 
the width of the horzontal strip that pulls the vertical 
flaps upright are crucial for activation of kirigami and 
depend on material strength. Figure 29 shows an initial 
study of varying 'W' in samples created using 3DP PLA, 
since it was available at hand for rapid prototyping- 
where the thicker 'W' samples were found to be easier 
to activate with application of lesser force. 

Several samples of varying 'W' parameter were made 
with 0.5mm thick aluminum sheet as shown in figure 
30.

Figure 29: Prototyping TAK parameter variations 

H=L=8.7mm

W=2mm                      W=1.5mm                W=3mm

Figure 30: 0.5 Aluminum TAK prototype manual activation 

W = 1.2mm
Failed activation

Manual activation setup

W = 2.2 mm

1

2

3

samples for testing
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3.2 Kirigami Sandwich compression test

In order to test the composite behavior between the 
glass and the kirigami interlayer, several compression 
tests were done. 4 samples tested from which kirigami 
interlayer stiffness was calculated are presented in 
section 10.8 of the report. This section presents results 
from three samples under a different equipment setup 
with higher load capacity and larger loading plate 
which was not available earlier.

Experiment set-up:
Figure 31 shows the experiment setup with a loading 
plate of 15mm diameter. 
Loading- 1mm per minute. Tests were stopped at 4mm 
displacement since the kirigami interlayer had already 
buckled. 
Figure 32 Shows the three samples used for testing. 
All of the samples follow the same configuration 
mentioned in section 10.8. 

Figure 32: Specimens before testing. Figure 33: Specimens after testing showing buckled kirigami

Figure 31: Test Set-up Figure 34: Force-displacement plot for the three specimen

Results: 

Initial low-force region is seen in the force-displacement 
graph (figure 34). This likely corresponds to initial 
settling or seating of the different layers- especially in 
a dry-assembled system with no bonding. The load is 
not yet fully transferred through the entire sandwich. 

All three specimens then exhibit a much steeper, linear 
rise in force with displacemen depicting the elastic 
region. The kirigami may be contributing significant 
resistance here because its structure initially resists 
out-of-plane buckling. This suggests a stable load-
bearing phase without damage to the glass. The 
kirigami interlayer is also seen buckling (figure 33) 
without causing any damage to the glass. This suggests 
that it can be directly used as an interlayer.

However as demonstrated in the final design validation, 
the friction coefficient and the performance of the 
kirigami interlayer with 3DP glass surface is yet to 
experimentally tested. 



“This is not the final form, but the first layer- printed, 
placed, and ready to support what comes next.”
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