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Summary 
 
The use of free formed shapes in the design of modern architecture is can be seen more 

and more these days. In order to build these architectural designs many times panels are 

used to create a smooth surface. These panels can be created with molds that are 

custom made for each individual panel and are then discarded or with molds that can be 

adjusted for the desired shape. These are known as the flexible molds. Many different 

types of flexible molds exist. The use of these different types of molds comes with their 

own advantages and disadvantages, but all have one thing in common: The panel is 

hardened on top of the often expensive mold thus limiting the production speed to the 

amount of flexible molds and hardening time. For this thesis research is done to see if 

the use of smart materials, in particular shape memory materials, can be used to 

increase the production speed by letting the panel harden on top of the shape memory 

mold which is given a shape on top of a flexible mold.  

 

Shape memory materials are a type of smart material that can remember a shape and 

return back to that shape when triggered by a certain stimuli. This stimulus is often in 

the form of a temperature increase. The return back to the remembered shape is known 

as the shape memory effect. Several different types of shape memory alloys have been 

discovered in the last 100 years. These shape memory alloys can be categorized based 

on their material properties and triggering methods. These are the shape memory 

polymers, shape memory ceramics, shape memory hybrids, shape memory alloys and 

magnetic shape memory alloys. The shape memory ceramics showed to be very hard to 

find for purchasing online. In order to choose the most suitable shape memory material 

one should not only look at the different material properties, but also to the 

corresponding shape memory effect and how this results in the production process of free 

formed panels.  

For each category of shape memory materials a conceptual production process for free 

formed panels was designed. The shape memory polymers and shape memory hybrids 

can be grouped together since their shape memory effect results in the same production 

process. The shape memory effect of the (magnetic) shape memory alloys can also be 

grouped together based on their similar conceptual production process. The main 

difference between these processes is the use of the shape memory effect. For the first 

category the shape memory effect is used for the flattening of the otherwise rigid shape 

memory material. This is very different from the other category in which the shape 

memory effect is used to create a free formed shape out of a flat surface. Comparing the 

expected results from these processes the choice was made for the second category of 

which shape memory alloys were selected over magnetic shape memory alloys due to the 

difference in costs and the force this shape memory effect can produce per volume of 

material. The concept is that the panel material is cast on top of a flat surface of shape 

memory alloy material and that the shape memory effect is triggered when the panel 

material has become solid, but is still deformable thus resulting in a free formed panel 

with a constant thickness.  

 

Having selected the shape memory alloys and their corresponding process shape memory 

alloy mold had to be designed. The material is commonly available in wires which have 

the preference over sheets and strips due to the lower costs and durability. The choice 

for wires resulted in the need for a flexible membrane that can be placed on top of the 

wires in which the panel can be cast. For this membrane several materials have been 

compared and it was concluded that silicone rubbers seemed to be the most suitable 

material. In order to create a practical prototype of the shape memory mold several 

designs have been compared for their functionality and suitability in the designed 

conceptual production process and if they meet the design requirements. Out of several 

designs the choice was made for weaving the wires in a plain weave. The silicone rubber 

membrane is to be placed on top of this woven mesh of shape memory alloy wires. Two 

different prototypes have been created. The first prototype showed that weaving by hand 
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is not practical and feasible. The woven mesh would fall apart when deformed. It was 

concluded that the wires needed to be woven mechanically and that indentations needed 

to be added to each individual wire in order to lock the wires in place and prevent 

longitudinal axial rotation. Also an extra wire at the sides was added to further increase 

the stability of the mesh. Four meshes have been created with increasing distance 

between the wires. These wire distances are 20, 30, 40 and 50 mm.  

 

The conceptual process for the production of free formed panels with the use of these 

meshes and silicone rubber membrane has been further developed. This led to the 

conclusion that shape setting is to be done by fixating the meshes into place. Shape 

setting is the process in which the shape memory alloy mesh will learn a new shape to 

remember instead of the previously remembered shape. The temperature required for a 

shape setting is higher than the temperature required for triggering she shape memory 

effect. This means that without fixating the mesh into place the mesh would return back 

to current remembered shape and would not learn a new shape to remember. These 

experiments showed that the minimal temperature required for shape setting is 350 °C. 

 

In order to cast the double curved panel these meshes need to be flattened. The 

conclusion was made that flattening is to be done with the weight of the membrane 

material and if needed the weight of the panel material and even extra layers of silicone 

rubber can be added. 

 

The shape memory effect is to be triggered in the flattened meshes. The triggering is 

done by increasing the temperature of the meshes. The required temperature depends 

on a number of factors of which stress is the main factor. An increase in stress results in 

an increase in the required temperature for triggering the shape memory effect. 

Experimentation with the four different meshes with increasing wire distances has shown 

that the increase in wire distance resulted in an increase in the required temperature and 

a decrease in the amount of force provided by the shape memory effect. The required 

temperatures can be calculated; however the adding of the indentations to the wires and 

the stress caused by the weaving resulted in very different observed temperatures at 

which the shape memory effect was triggered. When a sufficient amount of shape 

memory alloy material was used the triggering of the shape memory effect resulted in 

the deformation of the silicone membrane and the mesh to the remembered shape.  

Several methods for providing this heat to the mesh have been compared and tested, 

however none of the methods has proved to be ideal. The methods do not heat the entire 

mesh evenly, are expensive or also increase the temperature of the panel material in the 

silicone membrane. 

 

The research described in this thesis shows that it is possible to create panels with the 

use of shape memory alloy materials, however that a more suitable heating method is to 

be devised for the shape memory alloy meshes. One possible solution would be to 

provide hot air from underneath the mesh thus using the silicone membrane to limit the 

temperature increase of the panel material.   

 

 

 

  



4 
 

Table of contents 
 

Preface 
Summary 

 

1. Introduction             5 

1. Motivation             5 

2. Problem statement           5 

3. Overview             6 

2. Literature study             7 

1. Theoretical framework           7 

2. Conclusion and concept         29 

3. Research methodology         31 

1. Research objective          31 

2. Research questions         31 

3. Research model          31 

4. Design of shape memory mold        33 

1. Morphological design matrix        33 

2. Material selection          36 

3. Designing a shape memory effect layer      54 

4. Detailed design and creating the prototype      69 

5. Conclusion           73 

5. Production process          75 

1. Shape setting          75 

2. Flattening           82 

3. Triggering the shape memory effect       85 

4. Conclusion           90 

6. Testing of prototype          91 

1. Prototype testing in general        91 

2. Shape setting           91 

3. Flattening           92 

4. Triggering the shape memory effect       94 

5. Conclusion         102 

7. Conclusion & recommendations       104 

1. SWOT-analysis        104 

2. Conclusion         105 

3. Recommendations        106 

8. Bibliography         107 

1. Source citations        107 

2. Source tables        110 

3. Source images        111 

     Appendix          113 



5 
 

1 Introduction 
 

1.1 Motivation 

 
My desires to design a new type of flexible mold began during one of the master projects 

during my studies. This particular project involved designing a flexible mold and 

production process for the production of double curved double layered glass. Since then 

flexible molds have kept my interest.  

It was not until recently that I came across a material that can remember any given 

shape and return to it after it has been deformed. This shape remembering characteristic 

has lead to the name "shape memory materials" which has been given to these 

materials. Shape memory materials seldom if even at all used in the building industry. 

This material can have a huge potential when used in the building industry. Not only for 

the production of double curved panels. 

 

The combination of both creating many different shaped panels with the use of flexible 

molds and shape memory materials which can remember any given shape is the base of 

my research for the design of a new shape memory mold for the production of double 

curved panels. 

1.2 Problem statement 
 

Shape memory materials are used in many different types of industries. It has been used 

in the aerospace industry where a shape memory alloy has been used for a coupling in 

the U.S. Navy F-14 fighter aircraft since 1970 (Ming, 2000) and in the medical industry 

where it is used for self expanding vascular stents and in orthodontic applications 

(Petrini, 2010). Since so many other industries make use of the unique capabilities of 

shape memory materials it seems that the building industry should be able to use this 

material in one or more aspects of the building industry.  

One of the aspects is the production of double curved panels used in the facades of free-

formed buildings. Free-formed buildings are not something that new as can be seen in 

the design of the Casa Batlló by Antonio Gaudi. However it is clear that computer aided 

design (CAD) makes it easier for designers to design free-formed buildings. Free-formed 

buildings with double curved shapes are also known as Blob-, fluid- or free-form 

architecture.  

 

In the case of some of these free-formed buildings it is clear that they would not have 

been able to be accomplished without the aid of computer aided design.  

 

Free-formed building facades have been handcrafted on site with success with 

conventional materials such as concrete, wood and stone. These methods are generally 

time consuming, expensive and not always possible. This calls for the need for offsite 

production of these facades. Offsite production of these panels is done with the use of 

molds. Molds are expensive which means that the repetition of the same panels is 

required to reduce costs. The facades of free-formed buildings however are made up out 

of panels where each panel is unique in its shape and size. Unique panels call for unique 

molds or a flexible mold. 

 

The building industry is just like any other industry where costs and quality are two of 

the main drivers in decision making. Because of this and the relative unknown shape 

memory materials in the building industry it is an easier choice to use well known 

production methods and materials. Robot-milled molds of polystyrene foam or fiber-

board are currently the most frequently used solution for the production of these unique 

panels. Even though in many cases these molds require both a top and bottom mold to 
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cast the element (Huijben, 2014). This production method is both time and material 

consuming. Other production methods involve the use of a flexible mold.  

Flexible molds can be very accurate, however they are expensive to buy. These initial 

costs will need to be covered by producing as many panels as fast as possible. This 

means that production speed is critical for the purchase and use of these flexible molds. 

When using building materials such as concrete with a relative long hardening time this 

high production speed is difficult to achieve. This is where the actual problem lies. 

Current production methods for the production of hundreds if not thousands of unique 

panels per building are mainly either produced by static molds which can be used once or 

by flexible molds which have a low production speed. 

 

Based on the preceding text the research problem is stated as the following: 

 

"The production of free formed surfaces with the repetitive use of the same 

mold can be done with flexible molds, which are currently very expensive, do 

not use smart materials and most require the product to harden on top of the 

mold resulting in a low production speed." 

1.3 Overview 
 

The research paper consists out of eight parts. The first chapter describes the motivation 

and problem statement. The literature study is in the second chapter. This chapter is 

concluded with the principle concept of this research. Chapter three describes the 

research mythology. The design of the shape memory mold is described in the fourth 

chapter. This design is then used for the production of a prototype. The production of this 

prototype is discussed in chapter five. Chapter six describes the testing of the prototype 

of the shape memory mold. The last chapter consists out of conclusions and 

recommendations. The appendixes are located in the back of this paper.   
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2. Literature study 
 

The literature study is used to analyze existing research and knowledge about the 

different theoretical fields of the theoretical framework. This will help provide a basis for 

new ideas and theories to create solutions for the research problem. The analyses of 

these fields of the theoretical framework are to the point and will only be composed of 

relative information to the problem of this research. In the end of this chapter is a 

conclusion about the analyzed fields which leads to the synthesis of a conceptual idea on 

how to create a shape memory mold. 

 

2.1 Theoretical framework. 
 

The theoretical framework is composed out of several theoretical fields. Each field is 

based on key terms mentioned in the research problem. These key terms are free formed 

surfaces, smart materials, shape memory materials and flexible molds. These terms and 

their connection with each other are shown in the theoretical framework shown in the 

figure below. Several papers have been written about the use and design of flexible 

molds for the production of free-formed architecture, however the combination of shape 

memory materials with these two theoretical fields has not been found.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.1 Theoretical framework showing the connections between the theoretical fields 
of research. 

2.1.1 Free formed surfaces  

 

The first research field is the field of free formed surfaces. Before attempting to develop 

a new type of mold for these free formed surfaces it is wise to know what free formed 

surfaces are and how the different types of free surfaces can be classified.  

 

Free formed surfaces 

 

These days the building designs become more and more complex with the help of 

computer aided design (CAD). With the help of CAD it is easier to create a large variety 

of shapes in the facade of a building. Within the architectural world these varieties are 

known under many different names such as BLOBS, fluid- or free form designed buildings 

Free formed surfaces 
 

Surface classification 
 

Surface manipulation 
 

Smart materials 
Lelyveld (2013) 

Shape memory materials 
 

Shape memory alloys 
Lagoudas (2007) 

Molds 

Flexible molds 

Shape memory molds 
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(Pedersen, 2010). For this research the terms free form designed buildings and free 

formed buildings will be used. 

 

There are many different techniques for the design and production of free formed 

buildings. For example: the buildings can be designed in design software on the 

computer or the building can be designed by using a clay model which can then be 

scanned. This last option has been used by Frank O. Gehry who designed the 

Guggenheim museum which was highly influential for bringing attention to free form 

design (Eekhout (2015).  

 

 
Figure 2.2 The Guggenheim museum in Bilbao. (M. Eekhout, 2015) 

Figure 2.3 Painting of the Pantheon in Rome. (G. P. Panini, 1734) 

 

However for the designing of free formed buildings the help of computers is not always 

required. This can be seen in the design of buildings that were constructed long before 

computers were capable of designing this or before computers even existed. Buildings 

such as the Pantheon in Rome are examples of concrete buildings with a dome structure 

that could be considered free formed buildings. There is discussion about the exact 

method with which the dome was supported during the construction and casting, 

however it is clear that the concrete was poured on a supporting formwork (Parker 

2009).  

 

Surface classification 

 

There are two methods to create curved building facades with the use of panels. One 

option is to use flat panels like in the Blob in Eindhoven (figure 2.4). These flat panels 

are all placed in different angles to create the desired shape of the façade. These flat 

panels can be produced with a simple flat mold. However this method does not allow for 

a curved surface with smooth edges such as the Baku Heydar Aliyev cultural center in 

Baku (figure 2.5). For a smooth transition between the panels the use of curved panels is 

required. These curved panels can be grouped together by their shape. One of these 

methods of grouping panels is by their Gaussian curvature and by surface generation.  
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Figure 2.4 De Blob in Eindhoven. (De Architect, 2010) 

Figure 2.5 Baku Heydar Aliyev. (Archdaily, 2013) 

 
 Gaussian curvature 

The shape of a panel is partly determined by the curvature in the panel. The curvature of 

a curve can be described in several ways. One of these is the principal curvature. This 

can be explained with the curve (C) in figure 2.6. The curvature in this curve at point (P) 

is determined by drawing a circle that osculates the curve a point (P). The radius (r) of 

this circle is then used to calculate the curvature [2-1]. 

 
Figure 2.6 Curvature in curve (C) at point (P). 

 

Formula 2-1    𝐾 = 1 𝑟  

 

The curvature in a curve can vary. When the curvature equals zero the radius of the 

osculating circle can be considered as infinite. When the curvature equals zero on every 

point in the curve the curve is linear.   

 

The curvature of surfaces is described as the Gaussian curvature. The Gaussian curvature 

at any given point on a surface is calculated by multiplying the curvatures in that point in 

two perpendicular planes that contain the normal line of the given point [2-2].  

 

Formula 2-2    𝐾𝑔 = 𝐾1 × 𝐾2 =
1

𝑟1
×

1

𝑟2
 

 

For the determination of the classification of the surfaces it is useful to give the curvature 

either a positive or negative value. A tangent vector can be drawn along the curve. The 

curvature is considered positive if the curve moves away from the tangent vector and 
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negative if it moves towards the tangent vector. The Gaussian curvature of an object can 

also be determined with the shape of a cross-section of the object. 

 

 Surfaces with a positive Gaussian curvature on any given point are considered 

synclastic and are dome or elliptically shaped. The shape of the cross-section is 

circular or elliptic. 

 Surfaces with a negative Gaussian curvature on any given point are considered 

anticlastic and are saddle shaped. The shape of the cross-section is similar to a X-

shape. 

 Surfaces with zero Gaussian curvature on any given point are considered monoclastic 

and are developable surfaces. The shape of the cross-section is rectangular. 

 

Examples of these shapes can be seen in figure 2.7. 

 
Figure 2.7 Surfaces with positive Gaussian curvature (l), negative Gaussian 

curvature (m) and zero Gaussian curvature (r). 

 

The Gaussian curvature is useful for determining whether a surface is a developable 

surface or not. A developable surface is a ruled surface with a Gaussian curvature of 

𝐾𝑔 = 0. Basically this means that a developable surface is a surface that can be made 

from a sheet of paper without crumbling it. A ruled surface is a surface that can be 

created by moving a straight line in space. A good example of this is a cylinder. A 

cylinder can be made by joining the two opposite edges together. This cannot be done for 

a surface with 𝐾𝑔 ≠ 0. For example a sphere (𝐾𝑔 > 0) or saddle shape (𝐾𝑔 < 0) cannot be 

made from one piece of paper without crumbling or folding it. This is a problem when 

creating panels because this would limit the methods of creating synclastic or anticlastic 

shaped panels. For the production of synclastic or anticlastic other methods would have 

to be used. However when it is not a problem to have variations in thickness of the panel 

it is possible to create synclastic or anticlastic panels. This is possible by stretching and 

compressing the material. This will cause a decrease in thickness in areas of strain and 

an increase in thickness in areas of compression.  

 
 Surface generation 

Developable regular surfaces or shapes are as explained shapes that can be made from 

flat surfaces by curving them without causing local strain or crumbling or tearing it and 

have a regular shape. There are three types of developable surfaces. These are ruled 

surfaces, surfaces of revolution and surfaces of translation.  
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o Ruled surfaces 

Ruled surfaces can be created by moving a straight line through a space in any direction. 

The simplest examples of ruled surfaces are cylinders and cones. A more complicated 

ruled surface is shaped like a cooling tower. This shape is known as a hyperboloid of one 

sheet and is a double ruled surface. Every point on the surface is intersected by two 

ruled lines that lay entirely on the surface. This can be seen in the picture below. The 

blue and red lines symbolize ruled lines. A hyperboloid of one sheet is a ruled surface, 

but not a developable surface. This is due to the fact that the Gaussian curvature of the 

surface is not 0 at every point. This can be seen in the figure 2.8. The green color shows 

a Gaussian curvature of 0. Blue shows a negative Gaussian curvature. 

 
Figure 2.8 Ruled surfaces: cylinder (l), hyperboloid (m) Gaussian curvature of 

hyperboloid (r).   

 

o Surfaces of revolution 

Surfaces of revolution are surfaces that are generated by the revolution of a two 

dimensional curve, called the meridional curve, around an axis. This axis is called the 

axis of revolution.  There are two special types of ruled surfaces that are also surfaces of 

revolution. This is the case when the meridional curve is a straight line. This is the case 

with cylindrical and conical surfaces. In figure 2.9 two surfaces of revolution are shown. 

The meridional curve is displayed in blue. 

 
Figure 2.9 Surfaces of revolution: cylinder (l), lemon shape (r).   

 

o Surfaces of translation 

Surfaces of translation are generated by sliding a two dimensional curve, called sliding 

curve, over another two dimensional curve perpendicular to the first. This curve is called 

the generator.  By changing the generator the Gaussian curvature of the surface changes 

resulting in synclastic or anticlastic surfaces. This can be seen in the figure 2.10 and 

figure 2.11. The generator is displayed as a red curve and the sliding curve is displayed 

as a blue curve.  
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Figure 2.10 Surfaces of translation: synclastic (l), anticlastic (m) and monoclastic 

(r).   

 

The Gaussian curvature is displayed in colors ranging from blue till red. Blue, green and 

red indicate a negative, 0 and positive Gaussian curvature respectively. 

 
 

Figure 2.11 Gaussian curvatures of surfaces of translation.  

 

 

Surface manipulation 

 

The shape of surfaces such as anticlastic, synclastic and monoclastic can be obtained by 

the manipulation of zeroclastic (flat) surfaces. These surfaces are generally membranes 

that can be stretched, compressed and/or are very flexible. It is not always possible to 

obtain the exact desired shape when manipulating a membrane, however it is possible to 

come close. There are 85 ways of manipulating surfaces as described by Pronk and 

Dominicus. (Pronk & Dominicus, 2011) These ways can be combined resulting in infinite 

ways of manipulation to obtain the desired shape. Single layered membranes in force 

equilibrium in relation to their Gaussian curvature can be grouped together into five 

combinations. 

1. Prestressed membrane or cable structure with an anticlastic surface 

2. Prestressed membrane or cable structure with a zeroclastic surface 

3. Inflatable with a synclastic surface 

4. Inflatable with a monoclastic surface 

5. Inflatable with an anticlastic surface 

 

The manipulation of these surfaces in force equilibrium can be grouped together into four 

different groups. These are manipulation by: 

1. Changing the pre-stress in a certain area of the structure. 

2. Applying an external load on the structure. 

3. Pushing other surfaces in force equilibrium against the surface. 

4. Pushing a rigid element in or out of the structure. 

 

For this research paper it is not that interesting to explain every way that can be used to 

give the membrane a desired shape. The membranes composed out of shape memory 

materials can be considered as prestressed membranes or cable structures. The 

difference with other materials such metals is that the stress in the material does not 

influence the shape of the material until a certain stimulant is applied. In the case of 
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shape memory alloys this stimulant can be the temperature increase till above the 

austenite starting temperature. While the temperature is above the austenite starting 

temperature the behavior is similar to that of other metals. The manipulation of these 

surfaces is generally done with some form of mold. These molds are described in the 

next paragraph. 

2.1.2 Molds 

 

Molds for the production of building components and other products have been used for a 

very long time and have evolved from simple sand and stone molds into far more 

advanced flexible molds. The many different types of molds have certain things in 

common and can be grouped in several ways, however for this paper the molds are 

grouped in the following three groups. These groups are rigid molds, semi-rigid molds 

and flexible molds as described by Frank Huijben in his paper Vacuumatics: 3d formwork 

systems, 2014 (Huijben, 2014). Rigid molds are considered to be stable and rigid 

throughout the entire process. Semi rigid formwork molds are easily reconfigurable and 

can change from being rigid to being flexible and vice versa. 

 

 Rigid molds      

Rigid molds are a type of mold that has been used for a very long time. These types of 

molds are very rigid and are usually crafted for the production of a single product or for 

the repetitive production of identical products.  

 

o Wooden formwork 

Wood can be used to construct a mold. This mold usually consists out of wooden boards 

that have been cut to size and are either flat and sturdy or flexible. The more flexible 

boards are generally used for curved surfaces. These boards can be bent onto the 

wooden supports and fixated in place. The use of wood for the production of smooth and 

curved shapes is not something new, but is one of the oldest methods for the casting of 

concrete products. Wood is a material that is relatively cheap and is easy to work with. 

The downside of wood is that it does not last forever. The material deteriorates due to 

the weather when used outdoors and due to the materials such as concrete that are cast 

on top. 

 
Figure 2.12 Wooden formwork for the bridge at Lexkesveer (Verhoeven 2009).  

Figure 2.13 Bridge at Lexkesveer (Verhoeven 2009).  

 

o Metal formwork 

In case the mold will be used repetitively and a high accuracy is required the use of 

tougher materials such as steel is preferable to that of wood. Steel molds are commonly 

used in the construction of buildings. These molds are designed for the production of 

walls and floors. The use of these materials is less flexible in terms of adjustability. Steel 

molds are very rigid while wood can be bent and adjusted with more ease. Wood and 

steel leave their own unique imprint on the surface of the concrete. The surface of the 
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mold can be adjusted to create a different imprint on the concrete by placing a textured 

layer in the mold before casting. This is mainly done for aesthetic reasons.  

 

 
Figure 2.14 Metal formwork (Peri).  

 

o CNC-milled formwork 

One of the modern techniques is to create the desired shape out of a solid block of 

disposable material such as expanded polystyrene (EPS). The desired shape is designed 

with design software and is then milled or wire cut by robots of which some can 

automatically change drills and/or other tools. These machines with computer numerical 

control (CNC) allow for a high amount of detail in the mold and thus in the finished 

product. This method is one of the most accurate methods for creating double curved 

and free formed products. The downside of this method is that the machine will need to 

be able to reach every part of the shape that is to be created. Complex shapes with 

hollow centers can be impossible to create with CNC-milling if the opening is smaller than 

the size of the drill head. Of course more expensive materials such as metals and wood 

can be used to produce a mold. The production of molds with the use of robots has 

limitations. One of these limitations is that the maximum size of the mold is determined 

by the robots reach. 

    
Figure 2.15 CNC-milled formwork (CNC-step).  

 

o Semi rigid molds      

Semi rigid molds are molds that are easy to shape and to (re)configure. In some cases 

the material will need to be made more rigid to stabilize the shaped material before 

casting.  

 

o Clay and Sand molds 

The simplest example of semi rigid molds is sand molds. There are two methods in which 

sand can be used as a mold. The first is by digging a hole in the desired shape which is 

then filled with the casting material such as metal. Metal is a commonly used material in 
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sand molds. The sand leaves a rough surface on the metal. The metal product can then 

be grinded to create a smooth surface. Products made with this method have a flat 

surface. The sand in sand molds does not get wasted and can be reused for later casts.  

The second method of using sand as a mold is by creating a model of the desired shape 

out of a material such as EPS which is easy to shape and greatly reduces its size when 

melted. The EPS model is wrapped in plastic foil to create a smoother surface and is then 

placed in a sand bed and covered with sand. The sand bed is stabilized and small holes 

are dug in the sand to allow the molten metal to reach the EPS and allow trapped air to 

be pushed out. The cooled and solidified metal product is then dug out of the sand and 

can be grinded for a smoother surface. This method allows for the creation of free formed 

shapes.  

Clay can be used in a similar method as sand. Clay has to advantage that it is easier to 

shape because it will stick together where as sand is more a collection of individual 

grains. Clay also has a smoother surface and will deform less when it comes into contact 

with liquid materials. The downside of clay is that depending on the temperature reached 

during casting the water inside the clay may evaporate essentially baking the clay and 

leaving a very solid and non reconfigurable piece of clay.  

 
Figure 2.16 Sand mold (McGill University, 2011).  

 

o Vacuum molds 

Some types of molds use low pressure. This low pressure is generally referred to as 

vacuum, however this is incorrect since there is always a little bit of air/pressure left and 

absolute vacuum is never achieved. Research has been done into the use of vacuum/low 

pressure to create vacuumatic structures or "Vacuumatics"(Huijben, 2014). These 

Vacuumatics are composed out of solid particles or objects that are placed inside an 

airtight flexible membrane. Decreasing the pressure inside the membrane will cause the 

outside air to apply pressure on the membrane. This pressure causes the membrane to 

wrap tightly around the objects effectively locking them in their current place and 

configuration. The vacuumatic structure has then transformed from a membrane with 

loose objects inside into a rigid object. This technique can be used to create free formed 

vacuumatic structures on which products can be cast. 
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Figure 2.17 Vacuum mold (Huijben, 2014).  

 

o Inflatable molds 

Inflatable molds are a type of mold that is prepared in advance and can then easily be 

transported and used on a different location. The inflatable mold is used to cast products 

or objects on top of its surface (figure 2.18). The surface acts as a membrane between 

the air inside and the product material on the outside. This material is generally concrete 

because other materials flow of to easily or result in an uneven thickness. The air 

pressure inside the mold will cause the shape of the mold to be convex. Inflatable molds 

can be used multiple times, but are generally limited to one shape. A new mold will need 

to be made to create other shapes. 

 

 
Figure 2.18 Inflatable mold (Betonballon technology).  

 

o Fabric formwork 

Fabrics can be used as a membrane in several ways to create free form shapes. Some 

fabrics made from materials such as cotton are easy to use, are disposable and cheap. 

These fabrics can be fixated at three or more points to create a free form surface. The 

location of these points can be calculated beforehand or the fabric can be shaped on site 

by adjusting the position of these points or by adding additional fixation points. The 
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fabric mold can then be filled or covered with casting materials such as gypsum plaster 

or cement like in the example shown in figure 2.19. The tensile strength in both the weft 

and warp direction of the fabrics need to be sufficient to hold the (wet) casting material 

(Orr, 2011). 

Materials such as concrete tend to have a better adhesion to permeable fabrics than to 

smooth plastic sheets and foils. The use of permeable fabrics will leave an imprint of the 

fabric texture on the final product, where the use of non-permeable materials such as 

plastic sheets will result in a smoother surface on the final product.  

The accuracy of the shape of the final product depends on the accuracy of the positioning 

points, but also on the used fabrics and the weight of the product material. Fabric 

formwork made from materials such as cotton cloth can stretch when a load is applied 

onto the fabric. This stretching needs to be taken into account in the design of the fabric 

mold and in calculation of the positioning points.  

 

 
Figure 2.19 Fabric formwork to create 3-dimensional shape.  

 

 Flexible molds      

Flexible molds have the advantage that they are easy to reconfigure and can be used for 

the production of many differently shaped products. These flexible molds usually make 

use of a membrane or fabric on which the product is cast. Flexible molds can be 

categorized in many different ways. For this paper the flexible molds are categorized by 

the method that is used to give the membrane its shape. These are supporting a 

membrane from underneath and tensioning a membrane to obtain the desired shape. 

 

Supported membranes 

Supported membranes are membranes that are given their shape by placing a 

membrane on top of one or more objects. Amongst other parameters the size, shape, 

vertical and horizontal position determine the final shape of the membrane. The 

membrane is pushed into place due to the weight of the membrane itself and the weight 

of the product that is cast upon the membrane. The amount of supports used can vary 

depending on the type of mold and the desired accuracy and smoothness.  

 

Pin-beds 

Pin-beds are a type of mold consisting of many supporting actuators or in this case pins 

that are closely packed together. These pins can move up and down. By moving each pin 

to its own position a smooth surface is created on which a product can be cast. The 

accuracy and smoothness of the pin-bed can be very high and depends on the size and 

amount of pins. Increasing the amount of pins results in a higher the accuracy, but also 

increases process the costs and process time. The products are cast directly on top of the 

pin-bed which causes tiny imprints or dimples on the surface of the product. Placing a 

membrane between the product and the pin-bed could solve this, but would limit the 
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accuracy of the shape of the final product. The pin-bed allows for the small scale 

production of many different shapes and objects. Pin-beds however are expensive. The 

pin-bed by Optimal Forming Solutions called The Fleximould is one of these pin-bed 

molds. (Agentschap NL, 2012) Research has shown that the acquisition of these molds is 

expensive and not always feasible. These pin-beds are therefore in some cases available 

as a commercial service.  

 

 
Figure 2.20 Pin-bed (Materia, 2013)  

 

Supported membranes 

Other supporting membrane molds make use of the same principle as the pin-bed molds. 

The pin-beds use closely packed together supporting actuators where as other supported 

membrane molds use fewer supporting actuators. As the name says these actuators 

support an attached membrane. This membrane causes the mold and the cast product to 

have a smooth surface. (Raun, 2015) This smooth surface is caused by the fact that the 

membrane acts as an interpolator between the actuators. The stiffness of the membrane 

is crucial for the smoothness of the cast product. If the membrane is to stiff, the 

supporting pins cannot obtain their correct setting or the membrane will not sack enough 

to obtain the desired shape. If the membrane is to flexible, the membrane will sag 

between the actuators due to the weight of the membrane itself and the cast product on 

top of the membrane. This will result in dimples on the surface of the cast product. The 

amount of supporting actuators in a supported membrane mold is far smaller than the 

amount of supporting actuators in a pin-bed of the same size. This lower density of 

actuators results in lower costs, but also allows for less local deformation and thus 

accuracy of the mold. These actuators could be controlled and set by hand depending on 

their amount.  
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Figure 2.21 Picture of stiff membrane (l), good membrane and too flexible 

membrane (r).  

 

The effect of the stiffness of the membrane can be seen clearly in figure (2.21). The left 

membrane is to stiff and will not sack enough. The middle membrane has a good 

stiffness. The right membrane sacks too much. 

 

 

 
Figure 2.22 Supported membrane mold (Raun, 2015).  

 

Inflatable molds 

Membranes can be supported by a high or low amount of pins, but can also be supported 

by pneumatic means. Research has been done into supporting membranes with 

pressurized air. Inflatable molds use chambers of pressurized air to support the 

membrane. Increasing the air pressure inside the chamber will result in an increase of 

the vertical position of the membrane. The vertical position is of course limited to the size 

of the air chamber and maximum expansion of the used material (Janmaat, 2015).  

The membrane acts as an interpolator in a similar way as it does with the previously 

mentioned molds where the membrane creates a smooth surface between the supports 

that have been given a certain vertical position. The difference with this method 

compared to the other methods is that the membrane is not supported at local points but 

rather the pressurized air inside the chambers. The support of a membrane at local 

points can cause dimples in the surface of the cast product. This effect is limited in 

inflatable molds. Variation of the air pressure in the different chambers will allow for the 

production of many different product shapes. 
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Figure 2.22 Inflatable mold (Janmaat, 2015).  

 

Tensioned membranes 

Tensioned membranes are membranes that are given their shape by suspending the 

membrane between three or more points. Variation of amount of suspension points and 

the horizontal and vertical position of these points allow the membrane to obtain many 

different shapes. The amount of points can vary depending on the type of mold, the 

desired accuracy and smoothness. When using cheap and disposable materials such as 

fabrics or other materials a membrane can be given an anticlastic shape by tensioning it 

from four or more points. When the points are not in the same horizontal plane the 

membrane is given a shape with synclastic and/or anticlastic areas. The membrane can 

then be sprayed upon with concrete or other hardening materials to create the desired 

object. The additional weight of the added material will cause an increase in the stress in 

the membrane and a decrease in the accuracy of the product. This technique is used to 

either create a solid mold or to create the final product. 

 

The tensile membrane mold of Van Rooy and Schinkel makes use of a tensioned 

membrane that is suspended inside a structure. This mold makes use of inflatable tubes 

at the edges to tension the membrane.  This membrane can then be given the desired 

shape by pushing down on the edges of the membrane. This method relies on 

adjustment by hand and only deforms the membrane at the edges which limits the ability 

of the mold to create local deformations. (Van Rooy, Schinkel, 2009)  

 

 
Figure 2.23 Tensioned membrane mold (van Rooy, 2009).  

 

 Analysis of the molding techniques 

There are many different types of molding techniques as can be seen above. The 

described molding techniques are only a selection of all the available molding techniques. 

The described molding techniques are compared in table x. This comparison is based on 

several research papers (Janmaat, 2015, Huijben (2014), Verhaegh, 2010) personal 
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experience and insight. The described molding techniques have been analyzed on several 

aspects. These aspects are as follows: 

 

Mold aspects 

 

 Geometry 

 

o Freedom of form 

This expresses the freedom of the molding technique to produce products with varying 

types of geometrical shapes.  

 

o Dimensions 

This expresses the magnitude of the dimensions of the molding technique. 

 

 Adaptability 

 

o Reusability of the mold for the same shape 

This expresses the ability of the mold to be used after casting for new casts with the 

same shape.  

 

o Reusability of the mold for other shapes 

This expresses the ability of the mold to be used after casting for new casts with a 

different shape. 

 

o Level of adjustability of the surface and edges of the mold 

This expresses the level of the ability to adjust the surface and edges of the mold.  

 

o Low adjustment time 

This expresses the required time for adjusting the mold to obtain a shape.  

 

o Accuracy of the mold 

This expresses the accuracy of the surface of the cast product straight after casting. 

 

 Processing 

 

o Material freedom 

This expresses the variety of the materials that can be used with the molding technique. 

 

o No contra mold required 

This expresses the need for a contra mold or substructure to be used with the molding 

technique.  

 

o Surface quality 

This expresses the surface quality of the cast product straight after casting. 

 

o Heat resistant 

This expresses the ability of the molding technique to withstand high temperatures. 

 

 Costs 

 

o Low labor intensity 

This expresses the magnitude of the required labor for the use of the molding technique. 

 

o Less labor skill required 

This expresses the magnitude of the skills needed to operate and use the molding 

technique. 
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o Low costs of molding technique 

This expresses the costs for the use and purchase of the molding technique. 

 

Mold analysis 

 

In several research papers the existing mold techniques have been analyzed and 

compared. The results of these analyses show that an increase of the costs generally 

results in an increase in accuracy and reusability of the mold. By combining the results 

from these analyses a new table has been constructed (figure 2.24). This table is can be 

seen in the next page. 
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Figure 2.24 Comparing different types of molding techiques  
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2.1.3 Smart Materials 

 

 Smart materials 

 

The term Smart Materials is used for materials that are “capable of automatically and 

inherently sensing or detecting changes in their environment and responding to those 

changes with some kind of actuation or action”. This means that a smart material can 

detect changes in the environment and adapt the material properties to this change 

(Lelieveld, 2013). Many different types of materials can fall under this definition of the 

term smart materials. A few examples of materials that can fall under this definition are: 

 

- Piezoelectric materials “have a crystalline structure that provides them with the 

ability to transform mechanical strain energy into electrical charge and, vice versa, to 

convert an applied electrical potential into mechanical strain”. (Sodano, 2004)  

 

- Photomechanical materials “can convert light energy into mechanical energy 

directly”. (Yu, 2006) 

 

- Shape memory materials can "remember" a given shape and return back to it under 

the influence of certain stimuli and are known as shape memory materials 

(Lagoudas, 2008).  

 

 Shape memory materials 

Shape memory materials are a group of materials that are considered smart materials. 

Over the last few decades many smart materials have been developed. The technical 

community has not reached to define an exact definition of the term smart materials, 

however it is clear that materials considered smart materials have intrinsic sensing, 

actuating and controlling or information-processing capabilities in its microstructure 

(Z.G.Wei, R. Sandström 1998).  

In the early 1900's the Martensitic transformation was one of the most studied 

metallurgic phenomenons. (Lagoudas, 2008). One of the results of these studies was the 

shape memory effect which was discovered in 1932 by Arne Ölander. He discovered that 

a gold-cadmium alloy could be plastically deformed while the material was cold and 

would return to its "remembered" shape when heated (Mavroidis, 2009). It took some 

decades before the shape memory effect was put to a good practical use. At the world 

fair in 1958 in Brussels at two researchers were the first to show that the shape memory 

effect could be used as a cyclic actuator. They showed this with a device containing a 

spring of shape memory wire that would cyclically lift and drop a load when heated and 

cooled down again (Lagoudas, 2008). Three years later in 1961 when researchers 

discovered a Nickel-Titanium alloy by accident the research into shape memory alloys 

and its use gained a boost. This alloy is named Nitinol after the elements nickel and 

titanium and the Naval Ordnance Laboratory that discovered it.  

These materials that can "remember" a given shape and return back to it under the 

influence of certain stimuli are known as shape memory materials and come in many 

different forms. One of the more well known shape memory materials are shape memory 

alloys such as Nitinol. Shape memory alloys show the highest actuation energy from all 

the other shape memory materials.  

There are many different shape memory materials that can be grouped together in 

several types of shape memory materials. Shape memory alloys are one of the most 

commonly available types of shape memory materials and are therefore used to explain 

what the shape memory effect is. Other types of shape memory materials are discussed 

further in chapter 4. 
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Figure 2.25 Shape Energy density of different active materials (Lagoudas, 2008).  

 

 Shape memory alloys 

 

o Discovery of shape memory effect 

In the early 1900's the Martensitic transformation was one of the most studied 

metallurgic phenomenons. (Lagoudas, 2008). One of the results of these studies was the 

shape memory effect which was discovered in 1932 by Arne Ölander. He discovered that 

a gold-cadmium alloy could be plastically deformed while the material was cold and 

would return to its "remembered" shape when heated (Mavroidis, 2009). It took some 

decades before the shape memory effect was put to a good practical use. At the world 

fair in 1958 in Brussels at two researchers were the first to show that the shape memory 

effect could be used as a cyclic actuator. They showed this with a device containing a 

spring of shape memory wire that would cyclically lift and drop a load when heated and 

cooled down again (Lagoudas, 2008). Three years later in 1961 when researchers 

discovered a Nickel-Titanium alloy by accident the research into shape memory alloys 

and its use gained a boost. This alloy is named Nitinol after the elements nickel and 

titanium and the Naval Ordnance Laboratory that discovered it.  

 

o Functionality of shape memory alloys 

Shape memory alloys (SMA) are just one of several different types of shape memory 

materials, however the basic principles of the shape memory materials can easily be 

explained with the description of the functionality of the shape memory alloys. SMAs are 

alloys that can recover their shape after deformation. The shape memory effect in SMAs 

is widely used for many applications. SMAs can be divided into two categories for 

applications. The first category contains SMAs that recover their shape upon heating after 

deformation. The second category of SMAs is called "super elastic". These SMAs recover 

their shape after the load causing the deformation is removed. These SMAs can recover 

from deformations far greater than could be possible by normal elasticity. The recovery 

ability is caused by a solid phase transformation. Phase transformations between solids, 

liquids, gasses and plasma are caused by a diffusion of atoms. Whereas a solid phase 

transition is caused by a shear lattice distortion while remaining solid. This causes the 

solid material to form different crystal structures. At high temperatures the SMAs are in 
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the austenite phase. (Lagoudas, 2008) At low temperatures the SMAs are in the 

martensitic phase. These are both solid phases but have different structures and 

properties. 

Martensitic crystals have an orientation that can be different for each crystal. The 

orientation is known as the variant. When SMAs cool down from the high temperature 

austenitic phase to the low temperature martensitic phase the material undergoes no 

apparent shape change. This is known as "self accommodation". (Lagoudas, 2008) 

To achieve this self accommodation the martensitic crystals have multiple variants. In 

total 24 different variants of martensite can be formed during the transformation from 

austenite to martensite. (Lagoudas, 2008) This "cold" martensite with multiple variants is 

known as twinned martensite (Mt). When one variant is dominant the martensite is 

known as detwinned or reoriented martensite (Md). 

 

o Temperature induced transformation 

When SMAs in the austenite phase cool down, the material transforms into martensite. 

This process begins at the martensitic start temperature (Ms). The transformation is 

completed at the martensitic finish temperature (Mf). When twinned martensite is heated 

it reverts back into austenite. This transformation begins at the austenitic start 

temperature (As) and finishes at the austenitic finish temperature (Af). These transitions 

are schematically shown in figure 2.26. 

 
 

Figure 2.26 Martensite and austenite start and finish temperatures (Lagoudas, 

2008).  

 

The figure shows the start and finish temperatures. This picture also shows that the 

martensitic start temperature and the austenite start temperature are not the same. This 

means that SMAs with a temperature between (Ms) and (As) can either be martensitic, 

austenitic or a combination of both. The presence of both martensitic and austenitic 

crystals occurs when a shape memory alloy is heated till a temperature between (As) and 

(Af) or is cooled down till a temperature between Ms and Mf. The crystals remain in their 

current phase which is either martensitic or austenitic while the temperature is between 

(Ms) and (As). The effect that the material phase at a certain temperature is based on its 

previous parameters is known as hysteresis source (Lagoudas, 2008). The hysteresis can 

be more clearly seen in a strain/stress diagram as will be shown in figure 2.29.  
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Applying a load on a SMA increases the stress in the material. Increasing the stress in 

the material till it reaches the detwinning start stress (σs) causes the twinned material to 

become detwinned. The material is fully detwinned at the detwinning finish stress (σf). 

These stress values depend on the temperature of the material.   

Removing the load will decrease the stress in the material, but the reduction in stress 

does not lead to a reversal of the detwinning. The detwinned crystals will remain 

detwinned until the detwinned crystals have become austenitic. The temperature at 

which the crystals become austenite depends on the stress in the material. An increase in 

the stress in the material leads to the increase of the austenite start and austenite finish 

temperatures. These higher temperatures (Mσf), (Mσs), (Aσs) and (Aσf) are schematically 

displayed in figure 2.27. SMA materials in the austenite phase with a stress above (σf) 

transform into detwinned martensite when cooling down below (Mσs). 

 

 
Figure 2.27 Transformation at constant stress and varying temperatures 

(Lagoudas, 2008).  

 

o Stress induced transformation 

The arrows in figure 2.28 show the transformation points of an SMA with a constant 

stress higher than (σf) with an increased and decreased temperature. This process shows 

a temperature induced shape memory effect. The shape memory effect can also be 

stress induced. This can be seen in figure x3. The arrows in this figure show the increase 

of the stress in an SMA while maintaining a constant temperature. The SMA starts to 

become detwinned at (σMs) and is fully detwinned at (σMf). Reduction of the stress 

results in the start and finish of the transformation of detwinned martensite to austenite 

at (σAs) and (σAf) respectively. This process is known as pseudo elasticity. 
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Figure 2.28 Transformation at constant temperature and varying stress 

(Lagoudas, 2008).  

 

These phase changes can also be seen in the stress-strain diagram that is shown below. 

This diagram clearly shows the hysteresis.  

 

 
Figure 2.29 Hysteresis in Shape memory alloy transformation temperatures 

(Lagoudas, 2008).  
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2.2 Conclusions and concept 
 

Buildings with double curved facades are not something new and have been built for 

quite some time. However it is clear that the shapes of the facades become more and 

more complex. For the production of these complex and double curved panels many 

different types of molds have been designed. One of the things all of these molds have in 

common is the fact that the final product is cast and left to harden on top of the mold. 

This means that the mold cannot be used for the production of new panels until the 

product has hardened and can be removed. This is not a very efficient use of expensive 

molds. Since the facade is one of the more expensive building components it would be 

beneficial if the speed of the production process of these panels would increased, thus 

decreasing the costs. 

Shape memory alloys are materials that are used very little if at all in the building 

industry. This seems strange considering the material offers much potential for product 

development in the building industry. The material can be used many times before it 

suffers from fatigue. The material has the unique characteristic that it will return to the 

remembered shape under the right conditions such as stress and temperature. These 

conditions can be predicted and adjusted. 

 

The shape memory effect can be used in combination with the current existing flexible 

molds. A surface or mesh of shape memory materials can be given a desired shape to 

remember on top of a flexible mold. This mesh can then be removed and used for the 

production of a panel in the desired shape. The basic principle is described below. 

 

Shape memory materials can mainly be found for purchase in the form of wires or strips. 

These can be combined in several ways. Two of the methods are weaving the wires/strips 

into a mesh or by welding one layer of straight parallel wires on top of second a layer 

perpendicular to the first layer. This can be seen in the figure 2.30. 

 

 
Figure 2.30 Woven mesh (L) and mesh with 2 layers (R) 

These meshes can then be placed on top of a mold and pressed into the desired shape. 

By securing the net in place as it is heated up till the point that it reaches the 

temperature that is required to set the shape (Figure 2.31). The mesh will then be cooled 

down and deformed into the previous shape (flat mesh). This fat mesh will be placed in a 

simple mold (Figure 2.30). This mold is then filled with a liquid material such as a plastic. 
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Figure 2.31 Cured mesh after shaping and heating (L) is flattened (R) 

 

 
Figure 2.32 Flat mesh is placed in square mold (L). Mold is filled with panel material 

As the panel transitions from a liquid to a solid phase the shape memory effect of the net 

will be triggered by increasing the temperature. The mesh will return to its remembered 

shape. When the panel has become a solid, it can be removed from the mold. 

 

 
Figure 2.33 Shape memory effect is triggered during solidification of the panel. After the 
panel is solid it is removed from the mold. 

The concept that is described above is the basic idea of how a shape memory mold could 

function. There are many variations possible for this concept. The actual design of this 

mold and process is described in chapter 4. This concept is based on the functionality of 

shape memory alloys. As will be explained in chapter 4 the functionality of other shape 

memory materials such as shape memory polymers and hybrids differ from the 

functionality of shape memory alloys and would require a different but similar concept.  
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3.  Research methodology 

3.1 Research objective 
 
The objective of this research is the development of a new flexible molding technique 

with the use of shape memory materials. This with the purpose of introducing a new 

technique that will be financially feasible and can be used for the production of one-of-a-

kind facade panels and copes with the lack of low production speed and local surface 

deformability of existing molding techniques. This is done by conduction research into the 

use of shape memory materials en is tested by producing a double curved facade panel.  

3.2 Research questions 
 
Main research question 

 

The main research question results from the problem statement and the analysis of the 

state of the art and focuses on providing a flexible molding/production technique in which 

shape memory materials are the key element in providing different types of curvature in 

facade panels and is as follows:  

 

In what manner can a flexible molding technique based on the use of shape memory 

materials be used for the production of double curved panels? 

 

Minor research questions 

 

In order to provide an answer to the main research question the following minor research 

questions have been defined: 

 

 What type of shape memory material is most suitable to be used in the shape 

memory mold? 

 What design of the shape memory layer is best for the functionality of the shape 

memory mold?  

 What method is most suitable for the shape setting of the shape memory material? 

 How can the shape memory effect/performance of the shape memory material be 

triggered and controlled? 

 

3.3 Research model 
 

This research is based on the systems approach as described by (Pahl, Beitz, Feldhusen 

& Grote, 2007). The first step is the gathering of information to analyze problems.  

 

The second step is to formulate the problem and to express the goals of the system. 

These goals provide criteria with which the solution variants are evaluated and 

subsequently the optimum solution can be discovered.  

 

During the third step several solution variants are synthesized based on the information 

provided during the first two steps. During the fourth step these solutions are tested for 

their performance and analyzed for their properties and behavior. The variants are 

evaluated and the performance is compared to the original goals during the fifth step. If 

the goals are not achieved, iterative procedures may be needed.  
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4. Design of the shape memory mold 
 

In this chapter the design of the shape memory mold is discussed in detail. In this 

chapter the design is created with the help of a morphological design matrix. The 

materials and further design of the shape memory mold and conceptual production 

processes are described in this chapter after which a prototype is created. 

4.1 Morphological design matrix 
 

In this chapter the design of the shape memory mold is discussed and described. In 

order to come to the best design for this shape memory mold various solutions to the 

different parameters of the design are compared and evaluated. These various solutions 

are listed in the morphological design matrix (figure 4.1). In this morphological design 

matrix the various solutions are placed next to each other for each parameter. The 

solutions that have been selected as the best are highlighted in blue. In some cases 

several solutions have been chosen to be used together or next to each other in order to 

further test these solutions. These tests are further discussed in chapters 5 and 6.   
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Wire 

distance 

[a] 

10 mm 
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20 mm 
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[a] 

Clamping 

[b] 

Extra wire 

[c] 

Add 

indentation 
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Figure 4.1 Morphological design matrix 
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4.2 Material selection 
 

In order to give an answer to the minor research question: “What type of shape 

memory material is most suitable to be used in the shape memory mold?" some 

different types of shape memory material are first described and discussed in general 

below and then compared together. In order to make a good decision not only the type 

of shape memory material is important, but also the material used for the membrane 

that is combined with the shape memory material. First the materials and behavior are 

described in general. Secondly the material requirements are listed and described. These 

requirements are then used to develop several potential material combinations that can 

be used for the shape memory mold. The combinations are then tested for their 

functionality and to see if they meet the material requirements. The combinations that 

function well are then placed in the morphological design matrix.  

4.2.1 Shape memory materials in general 

 

 Shape memory alloys 

 

The functionality of shape memory alloys has been discussed in Chapter 2. However 

there is another type of shape memory alloys that is different than the SMA's discussed 

before. This type is known as Magnetic Shape Memory Alloys (MSMA) or sometimes 

called Ferromagnetic Shape Memory Alloys (FSMA).  

 

 Magnetic shape memory alloys 

 

Magnetic shape memory alloys in general 

 

Magnetic Shape memory alloys are similar to "regular" shape memory alloys in that they 

are a group of alloys that can return to a certain shape after they have been deformed 

and a certain stimulus is applied. The shape memory effect that magnetic shape memory 

alloys can cause is known as the Magnetic Shape Memory Effect (MSME). The SME en 

MSME in SMA's and MSMA's are temperature or stress induced. The MSME can 

additionally be induced by applying a magnetic field. The MSME that can be observed is 

caused by the reorientation of the martensitic variants. These martensitic variants each 

have different preferred magnetic orientations. Applying a magnetic field to select certain 

variants will cause a macroscopic shape change. (Lagoudas, 2008,) 

 

Functionality of magnetic shape memory alloys 

 

The functionality of magnetic shape memory alloys is similar to that of "regular" shape 

memory alloys when stress and heat are applied without a magnetic field. The material 

however cannot be used for internal medical use which is possible with regular shape 

memory alloys. Magnetic shape memory alloys do have an advantage compared to 

regular shape memory alloys in that the triggering of the shape memory effect can be 

done with a much higher frequently up till 1 kHz, since the actuation of (magnetic) shape 

memory alloys with heat transfer is much slower than applying a magnetic field. The 

main limitation of the magnetic shape memory effect is that the relative low blocking 

stress level of 6-10 MPa. Above this stress level the magnetically induced strains are 

completely suppressed. When a magnetic field is applied the material responds in a non-

linear, hysteretic, stress dependent way. This response is driven by three mechanisms 

which are: 

 the motion of magnetic domain walls 

 the local rotation of magnetization vectors 

 field induced variant reorientation 

One of the most commonly investigated magnetic shape memory alloys is NiMnGa. 

Initially the maximum observed field induced strain was 0.2%. Later much higher field 

induced strains of up till 10 % have been observed. (Lagoudas, 2008) 
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 Shape memory polymers 

 

Shape memory polymers in general 

 

Metallic materials are not the only materials with the ability to change shape when 

exposed to external stimuli. Polymers have this ability as well and can even return to 

previous shapes after deformation. In general there are two types of shape changing 

polymers. These are shape memory polymers (SMP) and shape changing polymers 

(SCP). These types of polymers have in common that they react to certain stimuli which 

trigger a movement. These however differ in the degree of freedom of movement and 

the reversibility of the movement and the effect of the stimuli (Lendlein, 2010). 

 

Shape changing polymers differ from shape memory polymers in that they change shape 

as long as the appropriate stimuli are applied on the material. More stimulation results in 

more shape change. As soon as the stimulant is removed, the material will turn back to 

its "remembered" shape. This is very different from shape memory materials and is more 

like bi-metals that change their shape depending of the temperature. The shape can then 

be determined for all temperatures.  

 

Applying an external stress on shape memory polymers results in the deformation of the 

material resulting in a fixated shape even after the external stress has been removed. 

Applying the right amount of stimuli will trigger the shape memory effect resulting in the 

material to revert back to its remembered shape. This is not unlike the shape memory 

effect in shape memory alloys. The cause of this shape memory effect however is 

different on the molecular level. This difference also causes the SMP's and SMA's to have 

different properties and characteristics. SMP’s have a light weight, low cost, have a high 

recoverable strain compared to SMA’s and are easy to process (Lendlein, 2010). However 

SMA's have an advantage that the recoverable stress for SMA's is much higher than that 

of SMP's. This greatly limits the possible applications of SMP's.  

 

Functionality of shape memory polymers 

 

Applying an external stress on shape memory polymers results in the deformation of the 

material resulting in a fixated shape even after the external stress has been removed. 

Applying the right amount of stimuli will trigger the shape memory effect resulting in the 

material to revert back to its remembered shape. This is not unlike the shape memory 

effect in shape memory alloys. The cause of this shape memory effect however is 

different on the microscopic level. 

 

Shape memory polymers are composed out of two segments. One segment is elastic and 

remains elastic while the other segment is a transition segment changes its stiffness 

while under exposure of certain stimulants. There are several stimulants that can be used 

to create a shape memory effect cycle. For the explanation of the SME in SMP's the 

stimulant heat is used. 

 

Starting a shape memory effect cycle with a low temperature the transition segment of 

the shape memory polymer is stiff. When heating the material above the glass transition 

temperature (Tg) the transition segment becomes soft and can be deformed easily at 

high temperatures. Deformation of the material while above (Tg) will mainly be resisted 

by the elastic segment. Cooling the material below (Tg) during the deformation will cause 

the transition segment to regain its stiffness while deformed. The material will remain in 

this shape even after the cause of deformation has been removed. This shape is known 

as its temporary shape. The stiffness of the transition segment prevents the elastic 

segment from returning to its former shape. Reheating the material above (Tg) will cause 

the transition segment to become soft and easily deformable allowing the elastic segment 

to return the material back to its former shape.  
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Shape memory polymers have a similar shape memory effect in the way that they can 

remember a shape and return to it by re-heating. There are some differences however 

between the shape memory effect cycle of SMA's and SME's. SMP's are hard below their 

transition temperature (Tg) and become soft when heated above (Tg) and remain in a 

position when cooled below (Tg) while deformed. This is a big difference between SMA's 

and SMP's. SMA's can be easily deformed at low temperatures depending on the 

thickness etc while SMP's are difficult to deform at low temperatures and will return to 

that shape when elastically deformed. (Lendlein, 2010) 

 

 Shape memory hybrids 

 

Shape memory hybrids in general 

 

Shape memory alloys and shape memory polymers have the ability to return to a shape 

after deformation when a certain type and amount of stimulant is applied. This ability 

comes from the material itself. SMA's have this due to the transition between austenite 

and martensite while SMP's return to their shape due to the elastic segment in the 

material that forces the material to revert back to a certain shape when the transition 

segment transitions from rigid into soft. Shape memory hybrids (SMH's) are a 

composition of two or more materials that do not necessarily have the shape memory 

effect on their own, but do show this shape memory effect when combined and when the 

correct stimulant is applied. 

 

Functionality of shape memory hybrids 

 

There are many different types of shape memory hybrids due to the fact that hybrids are 

combined of two or more materials and many types of materials can be used. For now 

the combination of silicone and wax will be used to explain the functionality of heat 

triggered shape memory hybrids.  

 

Silicone is a material that can be easily compressed and stretched to deform the 

material. The material can easily be cast in a simple mold. Suppose that an object is cast 

out of silicone with a mesh of wax in the middle. The wax is rigid and will melt when 

heated. While the wax is cold and rigid the wax prevents the object from being deformed 

too much. When the object is heated the wax will melt while the silicone remains a 

flexible solid. The wax no longer prevents the deformation of the object. Cooling the 

object down till below the melting/solidification temperature while deformed will cause 

the wax to solidify in a different shape than before. The wax now prevents the silicon 

from returning to its former shape when the external force causing the deformation is 

removed. Reheating the object until the wax melts will allow the object to retake its 

former shape and completing the shape memory effect cycle. Of course the rigid element 

in the centre can be replaced with many different types of materials. Even water can be 

used since water solidifies when frozen and melts when heated.  

 

 Shape memory ceramics 

 

Shape memory ceramics in general 

 

Shape memory ceramics are similar to shape memory alloys. Both types of materials can 

be composed out of a great number of elements. In the case of shape memory alloys 

these are composed out of at least two or more metallic elements. Shape memory 

ceramics are as the name says a group of ceramic materials. These are composed out of 

at least two elements of which at least one is non-metallic.  
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Functionality of shape memory ceramics 

 

Shape memory ceramics have a similar shape memory effect as to that of shape memory 

alloys. SMA's and SMC's show a SME due to the martensitic transformation between two 

crystallographic phases. In the case of the SMA NiTi the shape memory effect is caused 

by the transformation between martensite (body centered orthorhombic) and austenite 

which is commonly assumed to be cubic. (Carter, 2007)  

A number of ceramics exhibit martensitic transformations such as zirconium. This has a 

martensitic transformation between tetragonal and monoclinic phases. These phase 

transitions result in the cracking of otherwise damaging of the material, due to shape 

distortions in adjacent crystal grains which cause stress and fracture of the material. 

 

Ceramics have many advantages. Most ceramics have a poor conductivity, are hard and 

heat resistant. Ceramics do have one major disadvantage when it comes to using 

ceramics for the shape memory effect. Ceramics are very brittle and have a high 

modulus of elasticity. Ceramics such as zirconium have been analyzed for their stress-

strain curve during cyclic loading with up to 50 cycles. It seems that the hysteresis 

becomes smaller as more cycles are completed. This is similar to what happens with 

shape memory alloys as the material becomes "trained" to a repetitive loading path. In 

figure 4.2 the hysteresis of can be seen in the stress-strain diagram. This diagram is 

characteristic for the testing of many hundreds of zirconium samples. The decrease in 

hysteresis is clearly visible in figure 4.3 in which the stress-strain diagram is shown for 

different cycles.  

 

 
Figure 4.2 Hysteresis for shape memory ceramics. Trained shape memory ceramics (l). 

Hysteresis after different amount of cycles. (Lei, A ,2013) 

4.2.2 Shape memory materials behavior 

 

The shape memory materials that have been described differ a lot in almost anything 

except that they share the shape memory effect. The shape memory materials react 

differently when deformed. This is due to the difference in composition of the materials.  

 

For example the maximum stress and strain of the material differs a lot. This can be seen 

in figure 4.2. Here the maximum stress-strain curve is shown for a super elastic 

zirconium sample and two commonly available shape memory alloys.  

 

Two way shape memory effect 

 

In chapter 2 the shape memory effect has been described for shape memory alloys. This 

is known as the one way shape memory effect (OWSME). In some cases it can be 

desirable that the shape memory alloy takes a known shape when heated and reverts 

back to a different shape when cooled without an externally applied load. This is known 

as two way shape memory effect (TWSME). The material will "remember" both a low 
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temperature and a high temperature shape without the need for an external load. 

TWSME is not a natural characteristic of the material, but something that can be added 

or "trained" by repeated thermo mechanical cycling of the material under a specific 

loading path. (Source: The effect of training on two-way shape memory effect of binary 

NiTi and NiTi based ternary high temperature shape memory alloys) This is done "until 

the hysteretic response of the material stabilizes and the inelastic strain saturates". This 

can be seen in picture X. Training the material will cause defects in the material that will 

create a residual internal stress state. This internal stress results in the formation of 

preferred martensitic variants when the material is cooled down in the absence of an 

external load. This internal stress state is disrupted when the temperature of the material 

is high enough or by a mechanical overload. 

 

Cyclic behavior and fatigue 

 

Shape memory materials are a group of interesting materials due to their unique shape 

memory effect. This effect however is only useful for the purpose of a shape memory 

mold if this shape memory effect can be used more than once with the same 

remembered shape, but also if the material can be used to remember new shapes. 

Research has been done into the cyclic behavior and fatigue of shape memory alloys. 

The fatigue of shape memory alloys depends on the material processing, the loading 

conditions and modifications (D.C. Lagoudas, 2008). The fatigue behavior of shape 

memory alloys has been tested by cyclically bending the material. This causes stress in 

the material. If the stress levels remain in the elastic regime of the material the fatigue 

life will be as high as around 107 cycles. When the material is under a sufficiently high 

load the material will have a shorter fatigue life with "only" thousands of cycles.  

  

Triggering shape memory effect 

The austenite finish temperature at which point the martensite in shape memory alloys 

and shape memory ceramics has become austenite is not a fixed temperature. This 

temperature depends on the amount of stress but also on the composition of the 

material. Shape memory polymers are different and do not rely on the phase transitions 

between martensite and austenite. These materials tend to require much lower 

temperatures than shape memory ceramics and alloys. The required temperature of the 

shape memory effect however is not the only thing that can be compared. There is also 

the actuation energy density. The actuation energy density in figure 4.3 is defined as the 

product of the actuation stress and actuation strain and is displayed on the dotted line. 

The actuation energy density is the work output per unit volume. This means that a 

higher actuation energy density can create a bigger force. 

 

The austenite finish temperatures of different types of materials is therefore difficult to 

compare and can only be compared in general by comparing the regions in which the 

austenite finish temperature can be found. The ceramics can be seen as high 

temperature shape memory materials and remain refractory. This means that the 

material retains its strength at high temperatures. Shape memory alloys tent to become 

softer at higher temperatures. This can be seen in the stress-strain diagrams shown in 

figure 4.4. Shape memory polymers can also be triggered by temperature to regain a 

remembered shape. This temperature is even lower than that of shape memory alloys. Of 

course with shape memory hybrids the temperature at which the material returns to its 

former shape depends on the used materials. Almost any type of material, such as 

metals, water and plastics, can be used and shape memory hybrids are therefore not 

compared with other shape memory materials. 
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Figure 4.3 Energy density of different active materials (Lagoudas, 2008).  

 

 
Figure 4.4 Hysteresis and energy density of different active materials including 

shape memory ceramics (Lai, 2013).  

4.2.3 Membrane materials in general 

 

The membrane is a layer of material that has several functions. The main function is to 

provide a smooth surface on which the final product can be cast. In order to acquire a 

smooth surface, the membrane needs to be composed out of a solid material. Local 

imperfections such as holes, indentations or bubbles will cause an irregular imprint on 

the product. The layer will need to be able to be deformed to match the shape of the 

shape memory material. This means that the membrane will be bent, stretched and 

compressed at local areas.  
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When choosing a material to function as the supporting membrane on which the final 

product is cast it is important that both the product and the membrane can withstand the 

actuation trigger of the shape memory material. These triggers are described in chapter 

4. These requirements reduce the amount of suitable materials that can be used for the 

membrane. In the previous chapters the use of membranes has been described for other 

types of flexible molds. These membranes are composed out of polymers. This type of 

material is very well suited for this application.  

Many polymers can be stretched and compressed with relative ease. There are several 

types of polymers that can be defined. These are thermosetting polymers, thermoplastic 

polymers and elastomers. 

 

Polymers in general 

 

Polymeric molecules consist out many chemically repeating units called monomers. These 

monomers are linked together with covalent bonds. These bonded monomers together 

are known as a chain. The size of the chain of molecules of polymers is relatively very 

large with seemingly endlessly series of connected monomers. The size of the molecules, 

physical state en structures that can be adopted by these molecules are the principal 

causes of the unique properties that plastics are known for such as the ability to be 

molded and shaped. In many different types of polymers such as (polystyrene) PS and 

poly methyl metacrylate (PMMA) the molecules in the chain do not move at all at room 

temperature. They are in a glassy state at low temperatures. All polymers have this 

glassy state below a certain temperature. This temperature is also known as the 

characteristic glass transition temperature (Tg).  

Polymers can be divided in multiple ways. One is by the chemical composition and the 

other is by the mechanical behavior. This chemical division is based on the backbone of 

the chain of the polymers. The atoms between which the monomers are bonded together 

are known as the backbone of the chain. The division is made between polymers 

containing only carbon with single(C-C) or double(C=C) bonds in the backbone of the 

chain and polymers containing other elements in the backbone of the chain. For this 

research paper the polymers are categorized by their mechanical behavior.   

 

Thermoplastic polymers 

 

Thermoplastic polymers can repeatedly be molten into a liquid and then solidified by 

subsequently increasing and decreasing the temperature of the material. This allows the 

material to be reused again and again. However thermal aging can occur. Thermoplastic 

polymers are composed out of many individual molecules that can be separate d from 

each other by heating it. This allows the molecules to "flow" past each other allowing the 

material to take new shapes. By cooling the material till below the glass transition 

temperature causes to molecules to link together again. This feature is distinguishes 

thermoplastics from thermosetting polymers.  

 

Thermosetting polymers 

 

Thermosetting polymers are different from thermoplastic polymers in the fact that they 

cannot be reprocessed by heating the material. When thermosetting polymers are 

processed and cast into a desired shape a chemical reaction takes place. This reaction 

causes the material to become an infusible and insoluble network. This network is not 

composed out of many individual monomers, but can be considered as one big molecule. 

This means that the entire cast or product is one big molecule. Re-heating the molecule 

will not melt it or soften it to the point where it can be remolded, but will however lead to 

breaking it.    
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Elastomers 

 

Elastomer is the name for elastic polymers. Basically any type of polymer that can return 

to its shape after being stretched is considered an elastomer. Polymers with carbon 

based backbones with single bonded carbon-carbon connections(C-C) in the backbone of 

the chain would in theory be flexible polymers, because rotation around these (C-C) 

bonds allows the molecule to take many different configurations. However rotation is not 

always possible due to severe crowding. Other carbon based backbone polymers have a 

high glass transition temperature and tend to be crystalline at "normal" temperatures 

and are therefore not flexible. So polymers need to have internal flexibility to be 

considered elastomers. In this case flexibility means that the polymer has little internal 

hindrance from the motion of the individual monomers and they do not crystallize at 

"normal" temperatures. Polymers that return to their former shape due to the rotations 

around the carbon-carbon bond when they are stretched and subsequently released are 

considered elastomers. 

4.2.4 Membrane materials behavior 

 

The different types of polymers as described before all react differently to external 

forces. There are several reasons why these react differently such as the chemical 

buildup of the molecule chain. Polymers react very differently to stress and strain than 

other materials such as metals. This makes comparing polymers and metals in matters 

such as strength and stiffness of little use. Some of the mechanical behaviors of the 

polymers are described below. 

 

Stress-Strain/Elongation 

 

Materials are tested commonly tested for their stress-strain curve. This curve gives 

insight in the strain/elongation of the material when under various amounts of stress. For 

materials such as steel the elasticity modulus is almost constant (linear) in the materials 

elastic region. This is known as the Young’s modulus. The material follows Hooke's Law 

which is as follows:  
𝜎 = 𝐸 × 𝜀 

 
This describes the relation between the stress (σ) in the material, (𝐸) elasticity modulus 

and the (𝜀) elongation of the material. Materials that follow Hooke's Law have the same 

stress-strain curve when loading and unloading. Polymers do not follow Hooke's Law 

 

The Young’s modulus cannot be used for polymers since the elastic modules of these 

materials are not constant or linear. This means that the strain is not directly 

proportional to the applied stress. The stress-strain curve is not similar during loading 

and unloading. In figure X the stress-strain curve is shown for rubber which is strained 

up till 4 (400%). After reaching a strain of 400% the stress is gradually reduced resulting 

in a decrease in strain.  

 

Hysteresis 

 

It is interesting to see that the strain in polymers does not decrease with the same rate 

as the stress resulting in a different path while unloading than during loading. The area 

between the loading and unloading path is known as energy dissipation. When the 

material becomes stretched the material heats up due to internal friction. The material 

cools down when the strain is reduced.  

Adding additional loading and unloading cycles makes the material softer resulting in 

changes in the stress-strain curve. This can be seen in figure 4.5(r). This figure shows 

the sixth cycle of the same rubber as in figure 4.5(l). The distance between the loading 

and unloading path has decreased. This effect is known as the Mullins effect and 

stabilizes after a number a cycles (Ciesielski, 1999). This effect can be used as an 
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advantage. By prestressing the material without allowing the material to rest the material 

becomes softer and has a smaller hysteresis. 

 

  
Figure 4.5 Difference in hystresis when a loading cycle is performed several times. First 

cycle (l) sixth cycle (r) (Ciesielski, 1999) 

Furthermore the strain does not go back to the point of origin (0%). Some amount of 

strain remains. This is known as creep (Ciesielski, 1999). The amount of creep depends 

on the temperature of the material and if it is below or above the glass transition 

temperature. Polymers with a temperature well above tg tend to show more creep than 

polymers below tg. Polymers such as rubber will return to the point of origin if the 

material is allowed to rest for a while. This is further explained below with viscoelasticity. 

 

The hysteresis is caused by vicious dampening of the polymer. This means that the 

polymer behaves in such a way that it combines both elastic solid and viscous behavior. 

These polymers are known as viscoelastic. 

 

Viscoelasticity 

 

Viscoelasticity can be described by the combination of two different mechanisms 

occurring at the same time. These two mechanisms are a spring and a dashpot. When a 

force is applied the spring and dashpot behave very differently. The spring deforms and 

stores the deformation energy and releases it causing the material to revert back to its 

former state when the force causing the deformation is removed. The dashpot acts as a 

piston when the material is deformed. The piston moves up or down due to the 

deformation. This energy is converted into heat and no energy remains to return the 

piston back to its former position. The drawings of Maxwell and Voight are two different 

representations of this mechanism (figure 4.5) (Ciesielski, 1999). The viscoelasticity of a 

material has effect on the engineering aspects creep and stress relaxation of a material. 
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Figure 4.6 Viscoelasticity according to Maxwell and Voight. (Ciesielski, 1999) 

Creep 

Creep is as explained before the effect that a material does not return to its initial shape 

after a force causing deformation has been removed. The effect can also be seen when a 

load is placed on top of a block of rubber. The load deforms the rubber causing it to 

become thinner underneath the load and bulge out at the sides. The thickness of the 

rubber will continue to decrease with an ever decreasing rate. Creep is caused by the 

viscous component of the material. Therefore a more viscous rubber will have more 

creep than an elastic rubber. (Ciesielski, 1999) 

 

Stress relaxation 

Stress relaxation is an effect in which time is an important aspect. When a viscoelastic 

material is compressed in a certain shape, the material will exert an opposing force. This 

force is caused by the elastic component of the material. This opposing force will 

decrease under the influence of time. This is the case with seals or gaskets. Gaskets tend 

to start leaking after a sufficient amount of time has passed. The decreasing opposing 

force created by the elastic component in the material causes it to leak. The gasket no 

longer exerts a force big enough to prevent leaking (Ciesielski, 1999). 

 

4.2.5 Material requirements 

 

In order to choose the most suitable type of shape memory material some restrictions 

and requirements related to the production of double curved panels have to be taken into 

consideration. Choosing the best shape memory material can only be done in 

combination with choosing the appropriate membrane material.  

 

The three most important processes of the shape memory material when used for the 

production of double curved panels are shape setting, flattening and triggering the shape 

memory effect. The materials that are chosen should be chosen with regard to these 

processes to aid or at least not prevent these processes from taking place.  

 

The shape memory mold will be used many times. This leads to the following 

requirement: 

1)  The shape memory mold needs to be able to be used repeatedly. 

 

Shape setting of shape memory alloys is done at temperatures above the maximum 

temperatures of most commercial (if not all) polymers. This leads to the second 

requirement: 

2) Shape setting of the shape memory materials needs to be done in such a way that 

the membrane will not be affected by the high temperatures required for shape setting.  

 

In chapter 2 it is explained that creating a double curved shape with negative and/or 

positive Gaussian curvatures out of a flat surface causes local strain and compression. 
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Strain and compression increases with the thickness of the membrane. This leads to the 

third requirement: 

3) The shape memory material and membrane will need to be flexible enough to be 

 given synclastic and anticlastic shapes. 

 

This paper is about the design and development of a new production process for double 

curved panels. These panels can also be made with currently available molds, however 

these processes take time. One of the elements that determine the production speed of 

any production process is the ease to work with the used materials. This leads to the 

following fourth requirement 

4)  The used materials need to be easy to work with. 

 

The shape memory effect can only be used if the force of the shape memory effect is 

high enough to shape the membrane and the panel.  This leads to the following fifth 

requirement: 

5)  The shape memory material will need to be able to provide enough force in order 

 to lift the membrane and panel material. 

 

During the many uses of the shape memory mold the membrane will be subject to some 

wear and tear. In order to increase the endurance of the membrane this membrane will 

need to have sufficient abrasion and chemical resistance. 

 

6) Good abrasion resistance of the membrane  

7) Good chemical resistance of the membrane  

 

The requirements described above are listed below.   

 

1)  The shape memory mold needs to be able to be used repeatedly. 

2) Shape setting of the shape memory materials needs to be done in such a way that 

 the membrane will not be affected by the high temperatures required for shape 

 setting. 

3) The shape memory material and membrane will need to be flexible enough to be 

 given synclastic and anticlastic shapes. 

4)  The used materials need to be safe and easy to work with. 

5)  The shape memory material will need to be able to provide enough force in order 

 to lift the membrane and panel material. 

6) Good abrasion resistance of the membrane  

7) Good chemical resistance of the membrane  

4.2.6 Selection of materials 

 

The selection of materials is based on the material requirements that have been listed 

and described in the previous section. At least two materials are needed for the mold. 

These are the membrane and the shape memory material and possibly one or more 

materials that aid in the process. Choosing a shape memory material has to be done in 

conjunction with the membrane material since the combination of these two materials 

will be the essence of the shape memory mold. Research into the availability of shape 

memory ceramics has shown that these materials are not commonly available. In fact 

searching for these materials for purchase online has shown no results in the 

Netherlands. This leaves shape memory alloys (SMA), polymers (SMP) and hybrids 

(SMH). Choosing a shape memory alloy over a shape memory polymer or a shape 

memory hybrid means choosing between different processes with each their own pros 

and cons. In order to make a good choice between these materials, the effects of this 

choice on the process should be made clear. 
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Description of the processes 

 

Shape memory alloys, shape memory polymers and shape memory hybrids differ in their 

functionality. The shape memory effect in shape memory alloys can be triggered by 

increasing the temperature or by decreasing the stress of the material until above the 

austenite finish curve. The remembered shape can be any shape that the shape memory 

alloy is given while above the required temperature for shape setting.  

This is unlike shape memory polymers and shape memory hybrids which are cast in a 

desired shape that is "remembered" which can then be deformed while heated. Cooling it 

down in a deformed shape will cause the material to maintain that shape until heated 

again. This means that the "remembered" shape in which the shape memory polymer is 

cast needs to be the flat shape since this is the only shape that remains the same while 

the shape of the panels differs for each panel. 

 

Applying these different types of shape memory materials to the basic concept that is 

described in chapter 2 results in two different conceptual processes (figure 4.7 and figure 

4.8). The further development of one of these conceptual processes is described in the 

next chapter. 

Since these processes are only basic concepts, comparing them would not give a full 

picture of the advantages and disadvantages of these concepts. However comparing 

them does give an insight in the basic advantages and disadvantages of the conceptual 

processes.  

In figure 4.7 and figure 4.8 the conceptual processes for the shape memory polymer and 

shape memory alloy options are given. These displayed conceptual processes clearly 

show that the shape memory effect is used on two different ways. Both have their 

advantages and disadvantages. The return to the remembered shape is used for 

flattening the mold in the conceptual process of SMP's and SMH's while the return to the 

remembered shape is used to shape the panel and counter the weight of the panel and 

mold material in the conceptual process of SMA's. This recovery force should result in a 

more accurate panel shape as the shape memory polymer and shape memory hybrid 

based mold will deform due to the weight of the panel material and rely on the material 

stiffness to maintain the desired shape. These and several other properties have been 

compared and are listed in figure 4.9. When casting several identical panels the process 

is basically cut in half for both the displayed conceptual processes. For the SMP and SMH 

conceptual processes the steps 7-10 are repeated. For the SMA conceptual process the 

steps 7-15 are repeated. 

The use of the shape memory polymers and shape memory hybrids requires the use of 

both a top and a bottom mold. In order to produce a panel with a constant thickness and 

accurate surface shape the bottom and top mold cannot have the same shape. The 

bottom and top mold will be slightly different. This means that they need to be shaped on 

separate molds. This has a negative effect on the shape setting time. 

 

Comparing the processes 

 

Comparing the different processes shows the difference in several properties and 

functionalities. With this the best suitable materials for the shape memory mold can be 

chosen. The properties described before and displayed above and other expected 

properties have been awarded positive and negative results in figure 4.10. 
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Production process using shape memory polymers (SMP/SMH) 

   
1: Pouring smp in mold 2: Hardening of SMP 3: SMP layer is created 

   
4: SMP layer is to be 

given a new shape. 

5: SMP layer is heated 

above (Tg) and then 

deformed to obtain the 

desired shape. 

6: SMP is cooled down 

and remains in this 

shape. 

   
7: SMP layer is placed in 

a box.  

(front is open in drawing 

for explaining purposes) 

8: Panel material is 

poured on top of SMP 

layer. 

9: Second SMP layer is 

placed on top. Panel 

material left to harden. 

   
10: Top SMP layer is 

removed 

11: Panel is removed. 12: SMP layer is kept in 

box. 

   
13: SMP layer is heated 

to return back to flat 

shape. 

14: SMP layer is returned 

to remembered flat 

shape. 

15: SMP layer can be 

used again. 

Figure 4.7 Conceptual process for production of double curved panels using shape 
memory polymers.  
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Production process using shape memory alloys (SMA) 

   
1: SMA layer is created 2: SMA layer is to be 

given a new shape. 

3: SMA layer is pushed 

into shape 

   
4: SMA layer is heated 

above shape setting 

temperature 

5: SMA layer is cooled 

down 

6: SMA layer remains in 

this shape. 

   
7: SMA layer flattened 8: SMA layer is placed in 

a box and panel material 

is poured on top of SMA 

layer. 

(front is open in drawing 

for explaining purposes) 

9: SMA layer is placed in 

a box and panel material 

is poured on top of SMA 

layer. 

   
10: Panel material 

hardens till it is solid, 

but still deformable 

11: SMA layer is heated. 12: Heating triggers 

shape memory effect in 

SMA layer 

   
13: Shape memory effect 

causes the SMA layer to 

push panel in desired 

shape. 

14: Panel material is 

removed. 

15: SMA layer can be 

used again. 

Figure 4.8 Conceptual process for production of double curved panels using shape 
memory alloys.  
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Shape memory material SMP/SMH SMA 

Mold type Bottom and top Bottom 

Shape setting temperature Around 100 degrees 400-500 degrees 

Remembered shape Flat Any given shape 

Panel deformation Deformation while liquid Deformation during 

solidification 

Shape memory effect After solidification During solidification 

Flattening Shape memory effect Manually 

Costs Lower Higher 

Reusable Yes Yes 

Shape memory effect force Low High 

 
Figure 4.9 Comparing the properties between the different processes when using shape 
memory polymers and shape memory alloys.  

The properties described before and other expected properties have been awarded 

positive and negative results in the table below. It is important to know that these are 

expected properties since the mold first has to be developed further and tested to 

accurately value these properties.  

 SMP/SMH SMA 

Geometry Freedom of form ++ ++ 

Dimensions + + 

Adaptability Reusability of the mold for the 

same shape 

++ ++ 

Reusability of the mold for other 

shapes 

+ + 

Level of adjustability of the surface 

and edges of the mold 

++ ++ 

Low adjustment time + + 

Accuracy of the mold + ++ 

Processing Material freedom + + 

No contra mold required -- ++ 

Surface quality + + 

Heat resistant + + 

Costs Low labor intensity + + 

Less labor skill required + + 

Low costs of molding technique + - 

 
Figure 4.10 Comparing the advantages and disadvantages of the different processes 
when using shape memory polymers and shape memory alloys.  

 

Figure 4.10 clearly shows that the use of shape memory alloys results in a process that 

has a lower adjustment time and a higher accuracy when compared with the use of 

shape memory polymer or shape memory hybrids.  

 

Both groups of shape memory materials can be used in the shape memory mold for the 

production of curved panels. The difference however is the shape memory effect and the 

subsequent process. Shape memory polymers and shape memory hybrids use the shape 

memory effect for flattening while the shape memory alloys use it to give the panel the 

curved shape. This last group has the advantage that the weight of the panel and the 

membrane can be counteracted during the casting process. The temperature of the 

shape memory alloys can be increased to counter this deformation. Applying more panel 

material for thicker panels causes inaccurate results as the shape memory polymers and 

shape memory hybrids will deform due to the weight of the panel material. This results in 
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the preference of shape memory alloys over the use of shape memory polymers and 

shape memory hybrids.  

 

Process and shape memory material selection 

This leaves shape memory alloys and magnetic shape memory alloys. Magnetic shape 

memory alloys and shape memory alloys differ mostly in the actuation methods and the 

energy density. Since (magnetic) shape memory alloys will be one of the most expensive 

materials in the mold the energy density is very important. A lower energy density will 

result in the requirement of more material and thus result in a thicker and less flexible 

layer of shape memory material. The choice for the shape memory material to be used is 

therefore shape memory alloys. The different types of shape memory materials are 

shown in the morphological design matrix. 

 

Comparing membrane material 

 

The choice of a membrane material is far less complicated than that of shape memory 

materials. Membrane materials need to be flexible to adapt to the shape given by the 

shape memory material. Since shape memory alloys are chosen the heat resistance could 

be crucial. The material will need to be able to withstand at least 100°C to allow the 

shape memory effect to be triggered. The austenite finish temperature can also increase 

due to the amount of stress that is applied on the shape memory alloy. The austenite 

finish temperature is not an exact temperature and is different depending on the 

composition of the shape memory alloy the ability to withstand higher temperatures is 

preferable. Ideally the membrane material can withstand temperatures of up to 500°C, 

but this is optional. This and the material requirements result in the choice of elastomers 

for the membrane of the shape memory mold.  

 

Elastomers are flexible and can easily be elastically deformed without causing damage. A 

list of elastomers and their properties can be found in figure 4.12. In this table the most 

important properties related to the use of the material as a membrane in the shape 

memory mold are highlighted. These important properties are the maximum temperature 

and elasticity. 

 

Membrane material selection 

 

Comparing the elastomers listed in figure 4.11 clearly shows that the silicone rubbers 

and fluorocarbon rubbers are the only ones likely to be capable of withstanding the 

austenite finish temperatures required by many shape memory alloys. The elasticity and 

elongation of these two elastomers seem to be better in the silicone rubbers. This is why 

the silicone rubber is chosen as the membrane material for the shape memory mold. The 

different types of membrane materials are shown in the morphological design matrix.  

 

There are many different silicone rubbers available. A silicone rubber has been selected. 

The selected silicone rubber can withstand high temperatures and has a high elongation 

till breaking. This material is also very suitable for the production of detailed products 

and can be produced without (many) bubbles in the material. The information of this 

silicone rubber can be found in the table below: 

 

Name: Siliconen additie transparant 15 Normaal 

Elongation till break 900% 

Tensile strength 6,5 N/mm² 

Tear strength >15 N/mm 

Shore hardness A15 

Viscosity of mixture 3000 mPa·s 

Good resistance against Acids, aggressive chemicals 

Figure 4.11 Properties of selected Silicone rubber (Silicones and more, 2018)  
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 NR SBR IIR NBR ECO, CO CR AU, EU FPM Q EPDM CSM 

Tensile 
strength, MPa 

4-25 4-25 4-15 4-18 4-18 4-20 15-30 7-15 3-10 4-18 4-12 

Break 
elongation, % 

100-600 100-500 100-800 100-400 100-500 100-500 100-800 100-200 100-400 100-400 100-500 

Operating 
temperature, 

°C 

           

- long-term 60 70 80 70 80 70 60 175 200 80 80 

- short-term 100 100 140 130 150 130 80 250 275 150 150 

- cold -60...-30 -50...-20 -40...-10 -50...-10 -50...-10 -50...-20 -20...0 -40...-20 -80...-50 -60...-30 -40...-20 

Compression 
set, % (°C) 

20-60 
(70) 

20-60 
(70) 

20-80 
(100) 

20-60 
(100) 

20-60 
(100) 

30-80 
(100) 

20-60 
(70) 

30-50 
(175) 

20-60 
(150) 

25-60 
(100) 

60-80 
(100) 

Elasticity 5 5 2 3-4 3 3-4 5 2 1-3 3 3 

Electrical 
properties 

4 4 4-5 1-2 1 3 3 3 4 4 3-4 

Resistance            

- weather and 

ozone 

1-2 1-2 3-4 1-3  4-5 4 5 5 4 5 5 

- acids 2-3 2-3 4 3 3 3 1 3-4 1-3 3-4 4 

- alkalis 2-3 2-3 4 2-3 3 3 1-2 1-3 1-2 3-4 4 

- aliphatic oils 1 1 1 4 4 2-3 3-4 4 1-2 1 1-2 

- aromatic oils 1 1 1 3 3 1 1-2 4 1-2 1 1 

- abrasion 4-5 4 2-3 3-4 3-4 3-4 4-5 3 1-3 3 3 

- flame 1 1 1 1-2 3 3-4 1-2 4 2-3 1 3 

- radiation 2-3 2-3 1 2-3 1 2-3 3 2-3 2-4 1 2-3 

Gas 

Permeability 

3 3 5 3 4 3-4 3 4 2 2-3 4 

Adherence 4 4 3-4 3-4 3-4 3-4 3 1-3 2-4 1 2-3 

 

1= poor 2 = fair 3 = good 4= really good 5 = excellent 

 

NR SBR IIR NBR ECO, CO CR AU, EU FPM Q EPDM CSM 

Natural 
rubber 

Styrene-
Butadiene 
Rubber 

Butyl 
Rubber 

Nitrile-
Butadiene 
Rubber 

Epichlorohydrin 
Rubber 

Chloroprene 
rubber 

Polyurethane 
Rubber 

Fluorocarbon 
Rubber 

Silicone 
Rubbers 

Ethylene-
Propylene-
Diene 
Rubber 

Chlorosulphonated 
Polyethylene 

Figure 4.12 Comparing different types of elastomers (Janmaat, 2015) 
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4.2.6 Conclusion of parameter A (Material Selection) 

 

The analysis in this paragraph was to obtain an answer to the minor research question: 

“What type of shape memory material is most suitable to be used in the shape 

memory mold?". The choice of the shape memory material also has an effect on the 

conceptual process and thus the membrane. Several shape memory materials have been 

described and compared. The choice was made for shape memory alloys. This material 

along with its corresponding conceptual process seemed to be the best available choice. 

The silicone rubber that is to be used as a membrane has good properties that can be 

used in the production process of a double curved panel.   
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4.3 Designing a shape memory effect layer  
 

In the previous paragraph two types of material have been selected. This paragraph 

focuses on how these materials can be implemented in the conceptual design as 

discussed in chapter 2.2 to provide an answer to the following minor research question: 

"What design of the shape memory layer is best for the functionality of the 

shape memory mold?" The conceptual design is based on two different components to 

create the shape memory mold. These components are the membrane and the shape 

memory layer. In this paragraph the development of a functional shape memory effect 

layer from commercially available forms of shape memory alloys is described and tested.  

4.3.1 Shape memory alloy forms 

 

Shape memory alloys are available in many different forms just like many other alloys 

and metals. The most common forms are wires, strips and foils. Each form has its own 

characteristics and availability on the market. The availability on the market is based on 

the personal experience. 

  

Wire 

Shape memory alloy wires are commonly available on the market. Wires are generally 

rolled up on coils for easy storage and transportation. This means that the wires are not 

straight, but curved when sold. Wires are generally drawn from thicker wires to acquire 

the desired thickness. The wires are generally circular in a cross-section. Wires need to 

be combined together into a mesh to create or support a surface. The circular shape has 

the advantage that deformation of the wire can be done in all directions with an identical 

result.  

 

Strip 

Strips of shape memory alloy are similar to wires and can be drawn to achieve the 

desired thickness and width. Strips are similar to wires in that they need to be combined 

together into a mesh to create or support a surface. The difference is the rectangular 

cross-section. Due to the rectangular shape of the strips the undesired rotation around 

the longitudinal axis is easier spotted than with wires with a circular cross-section. The 

availability of strips of shape memory alloy is however much lower than that of wires. 

 

Foil 

Shape memory alloys are also available in the form of foils. Foils of metals or alloys are 

considered water and airtight. This would mean that no membrane is required. The 

disadvantage however is that foils can easily tear and have a low mass per area. A 

reduction in mass means a reduction in the amount of shape memory material and thus 

a reduction in the total force provided by total amount the shape memory material. The 

foil form has a big disadvantage when used in the shape memory mold. When creating 

shapes with negative and/or positive Gaussian curvatures the foil needs to be able 

compress and stretch. 

 

Conclusion 

The choice between the different types of forms of shape memory alloy is based in 

several aspects such as availability, deformation and durability.  

The shape memory alloy foil has too many disadvantages to be feasible. The material is 

much more prone to tearing and breaking due to its low thickness. Besides the fact that 

foils are prone to tearing the reduction in thickness and mass reduces the ability of this 

form to shape the panel on top. 

The shape memory wires and strips are very similar but differ in several aspects. The 

availability of wires is much higher than that of strips allowing for a wider and better 

choice in thickness. As said the rotation around the longitudinal axis is easier to spot in 

the strips than in wires due to the circular cross-section of the wires as opposed to the 

rectangular cross-section of the strips. This circular cross-section however should allow 
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for more freedom during deformation. It is this increased freedom of deformation and the 

higher availability that makes the shape memory wires the preferred form to be used in 

the shape memory mold. 

4.3.2 Combining shape memory alloy wires 

 

After selecting the shape memory alloy wires for the shape memory mold the wires need 

to be combined in order to create a layer that displays the shape memory effect. In order 

to provide accurate results during deformation the wires need to be kept in place and 

prevented from rotating. One could choose to place the shape memory alloy wires inside 

the membrane. This enables the shape memory alloy wires to deform the surface of the 

membrane while the membrane itself prevents the wires from moving or rotating. This 

combination is described and tested in appendix 1. This combination failed because the 

silicone rubber membrane cannot withstand the high temperatures that are reached 

during the shape setting process of the shape memory alloy wires. It is clear that the 

silicone rubber and shape memory alloy wires need to be separated from each other 

during the shape setting process. This means that the shape memory alloy wires need to 

be secured with a different method. Several different methods of creating a mesh out of 

the shape memory alloy wires are described in next few pages. 

 

Welding/adhesives 

 

Shape memory alloys have a unique characteristic ability which is the shape memory 

effect. This effect is potentially very useful for many different industries, however the use 

of a material also relies on its workability. One of the aspects that make a material easy 

to work with is the joining or combination of the material to other materials and itself. 

NiTi alloys make up for almost all the shape memory materials used in the commercial 

market. This material will therefore be discussed in this paper to give insight in the 

joining of shape memory materials/alloys. Combining metals and alloys can be done in 

two ways. This can be done mechanically, by heating/liquefying and subsequently cooling 

the material, and with adhesives (Akelsen, 2010). 

 

The joining of shape memory alloys to themselves and other metals is discussed by 

example of three different types of welding. These types of welding are arc welding, 

beam welding and brazing/soldering. SMA's have the shape memory effect due to a very 

specific chemical composition and microstructure. Welding SMA's to themselves means 

that these properties need to be present in both the weld, the heat affected zone (HAZ) 

and the base material of the SMA (Akelsen, 2010). This is important since the chemical 

composition and microstructure are factors for the functionality and transformation 

temperatures of the shape memory effect.  

 

Arc welding 

There are many different arc welding processes available, but only gas tungsten and 

plasma arc welding have been tested for SMA's as described by Odd M. Akselsen 

(Akelsen, 2010). These welding processes are carried out without a welding wire. During 

the welding of SMA's the material may become brittle due to reactions with oxygen, 

nitrogen and hydrogen at high temperatures. This can be prevented by shielding and 

backing gas. Additionally precipitation of brittle compounds such as NiTi2 and Ni3Ti during 

solidification of NiTi SMA's can have adverse effects on both strength and shape memory 

characteristics. This can be seen in the picture below: 
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Figure 4.11 Stress/strain diagram for arc welded NiTi wire and non welded NiTi wire. 
The welded wire clearly breaks at a much lower stress and strain. (Akelsen, 2010) 

The phase transition temperatures change when welding SMA's together. In the table 

below the phase transition temperatures are shown for the base and fused metal for both 

TIG (arc) welding and Laser beam welding. This clearly shows that the properties have 

changes after welding. 

 

Welding method Alloy As (°C) Af (°C) Ms (°C) Mf (°C) 

TIG Base metal 63 98 53 35 

Fused metal 59 114 65 5 

Laser beam  Base metal 67 93 44 10 

Fused metal 81 115 70 35 

Figure 4.12 Transformation temperatures for tig and laser beam welded NiTi shape 
memory alloys. (Akelsen, 2010) 

Beam welding 

Laser beam welding results in narrower weld zones when compared to welds created by 

arc welding. These narrower welds should give better properties since the thermal 

stresses and strains in a weld are influenced by the size of the weld volume, since these 

stresses and strains are caused by expansion and contraction during heating and cooling 

the SMA. This however does not result in stronger welds as can be seen in figure X. The 

fracture of the tested SMA occurred in the weld region. 
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Figure 4.13 Stress/strain diagram for beam welded NiTi wire and non welded NiTi wire. 

The welded wire clearly breaks at a much lower stress and strain. (Akelsen, 2010) 

Brazing/soldering 

Brazing processes differ from welding in the fact that the base metals do not melt which 

avoids the loss of strength and shape memory effect which occurs in welding after the 

welding process. However during the brazing process reactions take place between the 

filler alloy and the base metals. This is needed in order to achieve a strong bond and 

causes the formation of a reaction layer between the base metal and the brazing alloy.  

 

To reduce the reactions of the base metal and filler alloy with other elements the use of 

vacuum conditions during the brazing process is preferable. For the joining of two pieces 

of NiTi together by a brazing process means that the filler alloy will need to withstand 

temperatures achieved during the shape setting of the SMA. When brazing NiTi pieces 

together, using Ag-Cu filler material (72wt% Ag, melting temperature 779°C), the 

overlap length is important for the strength and ductility of the joint. Figure 4.14 shows 

this. Joints with an overlap length of 1mm and 2 mm fail at 360 and 600 N respectively. 

Joints with an overlap length of 4 mm fail at 980 N. In figure 4.14 the recoverable strain 

is plotted versus the total strain of the joint. Up till 4% strain there is a linear relation 

indicating a 100% recoverable strain. The straining of the joint for more than 4% results 

in a permanent loss of recoverable strain (Akelsen, 2010). 

 

 
Figure 4.14 Stress/strain diagram for brazed NiTi wire with different overlap lengths (l). 
Recoverable strain vurses total strain of the joing (r). (Akelsen, 2010) 
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Adhesives 

 

The information of adhesives for joining shape memory materials together is very 

limited. This is surprising since the use of adhesives has some advantages when 

compared to welding and brazing pieces of NiTi together. The material is not heated and 

the properties of the base material should therefore remain the same. For an adhesive it 

is important that the surface area is a large as possible since the adhesion strength 

seems to be proportional with the surface area. 

 

Conclusion 

Overall welding shape memory alloys such as NiTi causes the characteristics such as 

strength and the shape memory effect to alter during the welding process. The weld is 

weak and breaks easily under stress. The information about adhesives is limited and 

therefore does not provide a good solution at the moment. There is however one aspect 

of welding that has not yet been discussed. This is the fact that welding the individual 

shape memory alloy wires to each other limits the flexibility or drape of the wire mesh. 

This is an aspect that has to be considered when choosing the method of 

combining/joining the shape memory alloy wires together.   

 

Weaving 

 

Weaving is an old process that has been done for many centuries throughout many parts 

of the world. This has resulted in the development in many different weaving methods 

and patterns. These patterns differ in their appearance resulting in a different aesthetic, 

but also differ in their behavior and properties. A number of weaving patterns are 

discussed below. Woven meshes are created by the interlacing of warp and weft threads. 

Warp threads are the vertical threads that run along the length of the mesh. Weft 

threads are the horizontal threads that run along the width of the mesh. Several different 

types of weave patterns have been described and compared below. 

 

A) Plain 

The plain weave is a relative simple weave. The plain weave is created by alternatively 

passing the warp thread over and under the weft thread. The mesh has good stability 

and reasonable porosity. This weave however is very difficult to drape and the high level 

of crimp imparts relatively low mechanical properties compared with the other weave 

patterns (Cripps). 

 

 
Figure 4.15 Plain weave. (Cripps) 

B) Twill  

The twilled weave is created by weaving a warp thread alternatively over and under two 

or more weft threads in a regular manner. This creates a visual effect of a diagonal "rib" 

in the mesh. This weave has a good porosity and drape when compared to the plain 

weave with only a small reduction in stability. Twilled weaves have a reduced crimp and 

a smoother surface with slightly improved mechanical properties (Cripps). 
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Figure 4.16 Twill weave. (Cripps) 

C) Satin  

The satin weave is similar to the twill weave and is created by four or more weft threads 

floating over a warp thread or vice versa. The satin weave is very flat resulting in a very 

smooth surface. The porosity in a satin weave is high and the mesh has a high degree of 

drape. The low crimp gives good mechanical properties. The satin weave allows for a 

very tight weave in which the distance between the threads is minimal. The stability and 

symmetry of this weave however is low (Cripps). 

    
Figure 4.17 Satin weave. (Cripps) 

D) Basket  

The basket weave is identical to the plain weave, but differs in one simple thing. Instead 

of weaving one warp and weft thread alternatively over and under each other, the basket 

weave is created by weaving two or more warp and weft threads. The basket weave can 

also be woven in a non symmetrical manner. A basket weave with two warps crossing 

two wefts is known as a 2x2 basket. Non symmetrical basket weaves can be a 3x2, 4x5, 

8x9, etc. Compared to a plain weave a basket weave is flatter and has less crimp 

resulting in a stronger mesh, but is less stable. 

 
Figure 4.18 Basket weave. (Cripps) 

 

E) Leno  

The leno weave is similar to a plain weave. The warp and weft thread alternatively go 

over and under each other. The difference is that there is a second weft thread that is 

paired with the other weft thread. This second weft thread goes over and under the warp 

thread when the first weft thread goes under and over the warp thread respectively. 

These two weft threads essentially lock a warp thread in place. This weave is generally 

used in conjunction with other weaves (Cripps). 

 
Figure 4.19 Leno weave. (Cripps) 
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F) Mock Leno 

The mock leno weave is a plain weave with some differences. Every few weft threads 

apart a weft thread does not follow the alternating over-under path but alternatingly 

goes over and under two or more warp threads instead. This is the same with few 

threads apart in the warp direction. This results in a thicker with rougher surface and 

increased porosity(Cripps).   

 
Figure 4.20 Mock leno weave. (Cripps) 

Weave patterns compared 

The table below shows a number of properties of the described weaving patterns. Not all 

properties are equally important when the mesh is used in the shape memory mold. The 

best scores of the most important properties are highlighted.  

 

Property Plain Twill Satin Basket Leno Mock 

Leno 

1) Good stability **** *** ** ** ***** *** 

2) Good drape ** **** ***** *** * ** 

3) Low porosity *** **** ***** ** * *** 

4) Smoothness ** *** ***** ** * ** 

5) Balance **** **** ** **** ** **** 

6) Symmetrical ***** *** * *** * **** 

7) Low crimp ** *** ***** ** **/***** ** 

(Symbol and word explanation) 

***** = excellent,    **** = good,    *** = acceptable,    ** poor,   *= very poor 

 
Figure 4.21 Weaving patterns compared. (Cripps) 

 

The different properties listed in the table above are: 

 

1) Stability 

Stability can be described as the ability of the weave to stay together and not fall apart 

into individual wires. 

 

2) Drape 

Drape is the ability of the weave to take a given shape when draped over an object. A 

weave with poor drape ability will remain flat and sturdy. 

 

3) Porosity 

The porosity of a weave is the amount of open area inside the weave between the wires 

and is opposite of the weave density. The porosity of a weave increases with the 

decrease of the weave density.  

 

4) Smoothness 

The smoothness of a weave is determined per side of the weave since the smoothness of 

each side can be different depending on the weave. Placing a weave against a plane 

perpendicular to the mesh reveals the smoothness of the weave. Weaves with a high 
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amount of smoothness touch the plane as much as possible. Weaves with a low amount 

of smoothness touch the plane as little as possible. 

 

5) Balance 

Balance can be described as the ability to withstand deformation of the mesh within the 

same plane.  

 

6) Symmetrical 

This represents the level of symmetry of the mesh. 

 

7) Crimp 

Crimp is the curvature in the wires of the woven mesh. These curves or "crimps" have 

multiple functions. Crimps add strength and rigidity to the weave. The weave becomes 

more rigid due to the fact that the warp and weft threads rest securely in the crimps of 

each other. This restricts the random movement of the individual wires within the mesh. 

Adding additional crimps in which no threads rest has the advantage that the wires can 

be elongated further before breaking. 

 

The best weaving pattern seems to be the plain weave. This weave is the most 

symmetrical of all the described weaving patterns. This is very important for the shape 

memory layer. A symmetrical mesh provides a evenly distributed amount of force in the 

woven mesh. This weaving pattern is also very stable. This will reduce unwanted wire 

displacement and rotation.  

 

Knitting 

 

Knitting is similar to weaving, but is considered a different process with which wires can 

be joined together. Knitting does not use a warp and weft wire, but is generally 

composed out of one or sometimes several wires which is/are knitted together by looping 

the wire through itself in a repetitive pattern. Knitting is a very old technique and many 

different knitting patterns have been developed. Overall it can be said that the main 

difference between the behavior of knitted and woven fabrics is the behavior when the 

fabric is stretched. Knitted fabrics can easily be stretched in any direction. Woven fabrics 

can easily be stretched in the diagonal direction. Stretching a knitted wire mesh causes 

deformation. This deformation does not reverse when the force causing the stretching is 

removed. Woven fabrics can be outfitted with crimps that prevent the wires from moving 

and rotating. This is not done with knitting. This means that knitted wire meshes are very 

difficult to deform back to their original shape.   

 

Clamping 

 

Clamping the wires in a mesh can be done with several types of clamps on the edges of 

the mesh, but also where the wires intersect with each other. Each place of clamping has 

a different effect on the flexibility of the mesh. 

 

Clamping at intersections 

Clamping the wires at the intersections has a similar effect on the flexibility of the mesh 

as welding the wires together, but does not alter the chemical structure of the wires. 

Clamping at the intersections could therefore be a better solution to combining/joining 

the wires together than welding. Clamping at intersections does require a special 

clamping device. One very simple method of clamping the wires at the intersections is to 

use spheres with two perpendicular holes drilled through the center of the sphere. 

Friction between the wires and the sphere could secure the wires in place. The material 

that is used for these spheres should have a similar thermal expansion as the wires to 

prevent the possible movement of the wires. 

 

Clamping at the sides 



62 
 

Clamping the wires at the sides of the mesh allows for the use of bigger clamps. These 

bigger clamps can be used to clamp two or more wires together. Clamping the wires at 

the sides of the mesh can limit the movement of the wires and thereby the level of drape 

and flexibility of the mesh. This can be seen in the picture below. To obtain the shape of 

the object over which the mesh is draped some of the wires are deformed. Due to this 

deformation the length of the path of the wires is increased. This means that either the 

wires need to stretch or the ends of the wires move towards the object. Assuming that 

the ends of the wires will move, it is not desirable to clamp more than 2 wires together. 

Clamping more than two wires together limits the movement of the wires and thus the 

ability of the mesh to acquire certain shapes. 

 

Conclusion 

 

The proposed methods of combining the shape memory alloy wires together do not all 

appear to be equally promising. Some methods are similar to others and will most likely 

show similar characteristics. Weaving and knitting for instance are very similar. The main 

difference however is the amount of wires used and the characteristic behavior when 

deformed. The knitted mesh is far more difficult to return back to its shape than a woven 

mesh due to the fact that the wires in a woven mesh can rotate and move in any 

direction. This difference helps conclude that knitting is not a suitable method of 

combining the shape memory alloy wires together but weaving can be a suitable method. 

The information about using adhesives for shape memory alloys is very limited and 

adhesives shall therefore not be considered as a usable option. This leaves weaving, 

clamping and welding.  

Overall welding shape memory alloys such as NiTi causes the characteristics such as 

strength and the shape memory effect to alter during the welding process. The weld is 

weak and breaks easily under stress. However it is worth testing this method to see how 

strong this weld is.  

Clamping seems to be a good option for combining the shape memory wires together and 

will be tested for their behavior and suitability to be used in the shape memory mold 

along with woven and welded meshes. The description of these tests and the test results 

can be found in the next section. 

4.3.3 Testing combination methods 

 

The combination methods described above are all different and each has their own 

respective advantages and disadvantages. Some of these combinations have been 

tested. The tested combinations and the analysis of the results have been described 

below. The combinations need to meet with the described requirements that have been 

listed in the material requirements and below. Only the first 5 requirements have been 

checked and tested for the following combinations. The requirement concerning the 

ability of the shape memory alloy wires to provide enough force to lift the membrane and 

panel material involves additional research and is discussed in the testing of the 

prototype in chapter 6. The following combinations have been checked and tested to see 

if they meet the first 5 requirements. 

 

The requirements are listed below.   

 

1)  The shape memory mold needs to be able to be used repeatedly. 

2) The shape memory material needs to be supported or placed in such a way that 

 flattening does not cause an irregular mesh. 

3) Shape setting of the shape memory materials needs to be done in such a way that 

 the membrane will not be affected by the high temperatures required for shape 

 setting. 

4) The shape memory material and membrane will need to be flexible enough to be 

 given synclastic and anticlastic shapes. 

5)  The used materials need to be safe and easy to work with. 
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6)  The shape memory material will need to be able to provide enough force in order 

 to lift the membrane and panel material. 

 

Combination 1: 

 

The first combination of materials is the combination of shape memory alloy wires and a 

silicone rubber membrane. The hypothesis of this combination is as follows. The shape 

memory alloy wires are given a shape to remember by being heated. The material is 

cooled and flattened by hand and/or by the weight of the silicone rubber. The panel is 

cast on top of the silicone membrane. Heating the shape memory alloy will cause the 

mold to retake the remembered shape. Depending on the weight of the panel material 

and the membrane, the mold is deformed and possibly even flattened after cooling. This 

can be prevented by keeping the temperature of the shape memory alloy wires above the 

austenite finish temperature as the panel material solidifies.  

 

Conclusion: 

This combination has been tested. The test report can be found in Appendix 1. The 

conclusion of this combination is that the temperature that is needed for shape setting of 

the shape memory alloy is higher than the maximum temperature that the silicone 

rubbers can withstand.  

 

The following combination requirements have been met: 

 

2) The shape memory material needs to be supported or placed in such a way that 

 flattening does not cause an irregular mesh. 

4) The shape memory material and membrane will need to be flexible enough to be 

 given synclastic and anticlastic shapes. 

5)  The used materials need to be safe and easy to work with. 

 

Explanation: 

The shape memory alloy wires are secured inside the silicone rubber and do not get 

dislocated or rotate freely when deforming the mold. The silicone rubber membrane is 

flexible and can be stretched and compressed. This allows the membrane to adapt from a 

zeroclastic shape into a synclastic and an anticlastic shape. The materials are not 

unhealthy or a fire risk. 

 

The following requirements have not been met: 

 

1)  The shape memory mold needs to be able to be used repeatedly. 

3) Shape setting of the shape memory materials needs to be done in such a way that 

 the membrane will not be affected by the high temperatures required for shape 

 setting. 

 

Explanation: 

The silicone rubber burns before the temperature required for the shape setting is 

reached. This is confirmed by the information in figure 4.12 about membrane materials 

that can be found in chapter 4.2.  

 

Overall this combination does seem to be a good combination if the shape setting can be 

done without burning the silicone rubbers. Removing the shape memory alloy from the 

silicone rubber membrane is advised. 

 

Combination 2: 

 

The second combination of materials is to weld the shape memory alloy wires together to 

create a net or mesh. Creating this mesh by welding each intersection or some of them 

can be time consuming and difficult. In the previous sub-paragraph the welding of NiTi 
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shape memory alloy wires has been described. The expected result is that the NiTiCu 

shape memory alloy wires have a similar result. The hypothesis of this combination is as 

follows. The shape memory alloy wires are welded together. The wires are then given a 

shape and heated for the shape setting process. The shape memory alloy wires are then 

cooled and deformed. After deformation and subsequently heating the shape memory 

alloy wires till above the Austenite finish temperature the wires should return back to the 

remembered shape. As described in the previous sub-paragraph the welding process can 

have a negative effect on the shape memory process due to an alteration in the chemical 

composition of the alloy. Since the distance between the wires in a mesh could be limited 

this could become a problem. The previous combination has showed that the silicone 

rubber membrane needs to be separated from the shape memory alloy wires during the 

shape setting process. This means that the welded wire mesh needs to be stable enough 

to prevent irregular deformation during flattening, but remain flexible enough to be given 

random shapes. 

 

Conclusion: 

This combination method has been tested. The test report can be found in Appendix 2. 

The conclusion of this combination method is that the weld was very weak and failed 

under both the application of a relative small load and when heated till the shape setting 

temperature. The weld that did hold showed that the heat affected zone of the weld did 

not show any noticeable shape memory effect.  

 

The following combination requirements have been met: 

3) Shape setting of the shape memory materials needs to be done in such a way that 

 the membrane will not be affected by the high temperatures required for shape 

 setting. 

4) The shape memory material and membrane will need to be flexible enough to be 

 given synclastic and anticlastic shapes. 

5)  The used materials need to be safe and easy to work with. 

 

Explanation: 

Separating the shape memory alloy wires from the silicone rubber during the shape 

setting process prevents the burning of the membrane. The shape memory alloy wires 

are flexible enough to be pushed into random desired shapes. A mesh created of these 

welded shape memory alloy wires should be able to adapt from a zeroclastic shape into a 

synclastic and an anticlastic shape. The materials are not unhealthy or a fire risk. During 

the welding it is advised to wear welding goggles for eye protection. 

 

The following requirements have not been met: 

 

1)  The shape memory mold needs to be able to be used repeatedly. 

2) The shape memory material needs to be supported or placed in such a way that 

 flattening does not cause an irregular mesh. 

 

Explanation: 

The weld of the shape memory alloy wires did not hold. This means that the mold would 

not be able to be used (repeatedly). The heat affected zone shows no noticeable shape 

memory effect. This means that the heat affected zone effects the minimum distance 

between the wires in order for the welded mesh to have a noticeable shape memory 

effect.  

 

Overall this does not seem to be a suitable combination method for the shape memory 

wires. Several combination requirements have not been met and the welds are too weak 

to be useable for the shape memory mold. 
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Combination 3 

The third method of combining the shape memory alloy wires is to weave the wires. The 

hypothesis of this combination is as follows. Weaving the wires to create a mesh should 

result in a mesh that can be deformed without the individual wires rotating along the 

longitudinal axis during flattening. This combination separates the silicone rubber 

membrane from the shape memory alloy to prevent burning. The silicone rubber 

membrane is placed on top of the shape memory alloy wire mesh after the heat setting 

process. 

 

Conclusion: 

This combination method has been tested. The test report can be found in Appendix 3. 

The conclusion of this combination method is that weaving the mesh out of shape 

memory alloy wires by hand is possible, but does not produce a stable mesh. An increase 

of the size of the mesh results in an even more unstable mesh. Weaving this mesh by 

machine instead of by hand could result in a stable mesh.  

 

The following combination requirements have been met: 

 

1)  The shape memory mold needs to be able to be used repeatedly. 

3) Shape setting of the shape memory materials needs to be done in such a way that 

 the membrane will not be affected by the high temperatures required for shape 

 setting. 

4) The shape memory material and membrane will need to be flexible enough to be 

 given synclastic and anticlastic shapes. 

5)  The used materials need to be safe and easy to work with. 

 

Separating the shape memory alloy wires from the silicone rubber during the shape 

setting process prevents the burning of the membrane. 

 

The following requirements have not been met: 

 

2) The shape memory material needs to be supported or placed in such a way that 

 flattening does not cause an irregular mesh. 

 

During the shape setting the woven mesh seemed rigid, but during flattening the mesh 

became unstable and the wires moved and rotated.  

 

Overall this method seems to be feasible. The only problem seems to be that weaving 

shape memory alloy wires requires a lot of force. The weaving has to be done 

mechanically. Adding additional crimps could secure the wires in place. 

 

Combination 4: 

The fourth combination of materials is the combination of shape memory alloy wires with 

clamping at the intersection in the form of wooden balls to keep the wires in place. Wood 

is chosen to reduce the costs of the test. The hypothesis of this combination is as follows. 

With this combination the silicone rubber membrane is separated from the shape 

memory alloy to prevent burning. The balls are placed at the intersections of the shape 

memory alloy wire mesh. The balls clamp the wires to prevent them from moving and 

rotating. The silicone rubber membrane is placed on top of the balls after the heat setting 

process.  

 

Conclusion: 

This combination method has been tested. The test report can be found in Appendix 4. 

The conclusion of this combination method is that the wooden balls limit the bending of 

the shape memory alloy wires. This limitation in flexibility could be reduced by increasing 

the distance between the wires or reducing the size of the balls. Wood was used to limit 

the costs of this test, but is not a feasible option as the wooden balls got burned and 
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would not survive a second test. The most problematic however is that the wires rotated 

around the longitudinal axis. Heating of the shape memory alloy wires till above the 

austenite finish temperature resulted in the wires to bend in unwanted directions. 

Limiting the size of the holes in the balls or increasing the size of the mold could limit this 

bending, but also limits the form freedom and increase the costs of the test respectively.  

 

The following combination requirements have been met: 

 

3) Shape setting of the shape memory materials needs to be done in such a way that 

 the membrane will not be affected by the high temperatures required for shape 

 setting. 

5)  The used materials need to be safe and easy to work with. 

 

Explanation: 

Separating the shape memory alloy wires from the silicone rubber during the shape 

setting process prevents the burning of the membrane. The used materials are safe to 

work with. 

 

The following requirements have not been met: 

 

1)  The shape memory mold needs to be able to be used repeatedly. 

2) The shape memory material needs to be supported or placed in such a way that 

 flattening does not cause an irregular mesh. 

4) The shape memory material and membrane will need to be flexible enough to be 

 given synclastic and anticlastic shapes. 

 

Explanation: 

Overall this combination solves one problem and creates several new problems. The 

wooden balls burned during the testing. This could be solved by using steel clamps/balls. 

Adjusting the clamps to firmly clamp the wires should result in preventing the rotation 

along the longitudinal axis. The clamps drastically restrict the flexibility of the mesh. 

 

Combination 5: 

The fifth combination of materials is the combination of shape memory alloy wires with 

clamping at the end of the wires in the form of bolts, rings and nuts. Bolts, rings and 

nuts are chosen, because this allows for the clamping of two wires together and is 

relatively cheap. The hypothesis of this combination is as follows. This combination 

prevents the wires from rotating around the longitudinal axis while keeping the form 

freedom for the mesh of shape memory alloy wires. In this combination the silicone 

rubber membrane is separated from the shape memory alloy to prevent burning. The 

silicone rubber membrane is placed on top of the shape memory alloy wire mesh after 

the heat setting process. Clamping the wires at the ends can be done in several ways. 

One is to clamp every unique set of two wires or to place a clamp between every two 

wires. Clamping all the wires together would limit the form freedom, while clamping in 

unique pairs of two wires the form freedom is less limited. 

 

Conclusion: 

This combination method has been tested. The test report can be found in Appendix 5.  

The conclusion of this combination method is that the clamps prevented the wires from 

rotating around the longitudinal axis during the deformation, the shape setting and the 

flattening of the mesh. The problem however was that the clamps limited the form 

freedom of the mesh. This form freedom was clearly influenced by the clamping method. 

Two opposite sides of the mesh were clamped in groups of two wires. The other two 

opposite sides of the mesh were all clamped together. Bending the mesh around a 

cylindrical shape was easier in one direction than the other. It was clear that the sides 

with groups of two wires clamped together allowed for more form freedom.  
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Clamping the wires all together resulted in a rather constant distance between the wires, 

but the distance between the wires that were grouped in pairs of two was not. This 

meant that the pairs of wires would not always be parallel to each other before and after 

flattening. This results in imperfect shapes after triggering the shape memory effect in 

the mesh. 

 

The following combination requirements have been met: 

 

1)  The shape memory mold needs to be able to be used repeatedly. 

3) Shape setting of the shape memory materials needs to be done in such a way that 

 the membrane will not be affected by the high temperatures required for shape 

 setting.  

5)  The used materials need to be safe and easy to work with. 

 

Explanation: 

The bolts, rings and nuts did not break and could be used again. Separating the shape 

memory alloy wires from the silicone rubber during the shape setting process prevents 

the burning of the membrane. The bolts, rings and nuts posed no danger and are easy to 

work with. It is advised to not use galvanized materials to limit the use of potentially 

toxic fumes. 

 

The following requirements have not been met: 

 

2) The shape memory material needs to be supported or placed in such a way that 

 flattening does not cause an irregular mesh. 

4) The shape memory material and membrane will need to be flexible enough to be 

 given synclastic and anticlastic shapes. 

 

Explanation: 

The wire mesh was easy to shape in a cylindrical shape. Shapes such as anticlastic or 

synclastic shapes were difficult to achieve due to the two sides that were clamped 

together. The form freedom made possible by the side that was clamped in pairs of two 

also allowed the wires to irregularly deform during flattening.  

 

Overall this combination does not seem to be a valid option. The tested combination was 

of limited size. Increasing the size would increase the irregularly deformation during 

flattening.  

 

Combination 6: 

The sixth combination of materials is the combination of shape memory alloy wires with a 

mesh of spring steel. The shape memory alloy wires are woven through a mesh of spring 

steel wires. In this combination the silicone rubber membrane is separated from the 

shape memory alloy to prevent burning. The silicone rubber membrane is placed on top 

of the balls after the heat setting process. The hypothesis for this combination is that the 

shape memory alloy wires are kept in place by the spring steel wire mesh. The mesh and 

wires can be deformed and given a desired shape during which the mesh can be fixated 

and to allow the shape memory wires to be shape set by heating them. When the mesh 

is no longer fixated and cools down the elasticity of the spring steel wire mesh should 

flatten the mesh and the shape memory wires. Reheating the materials till above the 

austenite finish temperature should result in the triggering of the shape memory effect 

causing the mesh and the wires to retake the "remembered" shape. 

 

Conclusion: 

This combination method has been tested. The test report can be found in Appendix 6. 

The conclusion of this combination method is that the spring steel wire was able to 
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flatten the combination of the shape memory wires and the spring steel wire mesh. This 

was however before the mesh was heated for shape setting. 

The high temperature caused to spring steel wire mesh to change its properties. Before 

the spring steel wire mesh was heated the mesh was flat and would return to the flat 

shape after it was deformed and the load causing the deformation was removed. After 

the mesh was heated for the shape setting of the shape memory alloy wires, the mesh 

was in a cylindrical shape. Cooling the mesh (and the shape memory alloy wires) did not 

result in the flattening of the mesh. Applying a load on the mesh that resulted in the 

flattening of the mesh resulted in a flat mesh until the load causing the deformation was 

removed. The mesh would then return to the cylindrical shape it was in during the shape 

setting. 

 

The following combination requirements have been met: 

 

1)  The shape memory mold needs to be able to be used repeatedly. 

3) Shape setting of the shape memory materials needs to be done in such a way that 

 the membrane will not be affected by the high temperatures required for shape 

 setting.  

4) The shape memory material and membrane will need to be flexible enough to be 

 given synclastic and anticlastic shapes. 

5)  The used materials need to be safe and easy to work with. 

 

Explanation: 

Separating the shape memory alloy wires from the silicone rubber during the shape 

setting process prevents the burning of the membrane. The use of spring steel wire mesh 

is not dangerous. 

 

The following requirements have not been met: 

 

2) The shape memory material needs to be supported or placed in such a way that 

 flattening does not cause an irregular mesh. 

 

Explanation: 

The temperatures required for the shape setting of the shape memory alloy wires caused 

the spring steel wire mesh to behave differently. The normal shape to which the wire 

mesh would elastically return back to was no longer flat, but the cylindrical shape it had 

during the shape setting of the shape memory alloy wires. 

 

Overall this combination does not seem to be a valid option. The tested combination was 

of limited size. Increasing the size would increase the irregularly deformation during 

flattening. 

 

4.3.4 Selection of combination methods 

 

The combination methods that have been described and tested before did not all meet 

the combination method requirements set for the design of the shape memory layer. In 

fact none of the tested combination methods met all requirements. However the tested 

combination methods were tested on a small scale and were constructed with relative 

simple tools. The table below gives a good overview of the combination methods and the 

combination requirements they did or did not meet. 
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 Combination requirement 

1 2 3 4 5 

C
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d

 

1 - + - + + 

2 - - + + + 

3 + - + + + 

4 - - + - + 

5 + - + - + 

6 + - + + + 

Figure 4.22 All combination methods failed for some combination requirement. Some 
failed for more than one. 

This table clearly shows that combination 4 meets the least amount of requirements. 

Combination requirement 2 seems to be one of the most difficult requirements to meet. 

When making a selection out of these 6 tested combination methods only two have failed 

for one requirement. These two are combination method 4 and 6. Combination method 4 

and 6 both fail the second combination requirement in a different way. Combination 

method 4 falls apart during flattening, while combination method 6 is unable to remain 

flat after being shape set. Combination method 3 could theoretically still be feasible with 

some alterations. 

 

Weaving the shape memory alloy wires seems to be a good combination method, 

however the weaving of metal wires is not the same as weaving fabrics such as cotton. 

Metal wires are sturdy and rigid. This means that weaving the wires requires a lot more 

force. In order to weave a stable weave/mesh the weaving should not be done by hand, 

but by machine. The best combination method for the development of the shape memory 

mold is therefore combination 3. 

 

4.3.5 Conclusion designing a shape memory effect layer 

 

The analysis in this paragraph was to obtain an answer to the minor research question: 

"What design of the shape memory layer is best for the functionality of the 

shape memory mold?" In this paragraph it is described in what shape and form the 

shape memory material can be used to create a layer that displays the shape memory 

effect while meeting the set requirements. The selected wire form needs to be 

implemented in the best way possible to create a stable shape memory effect layer. 

Several methods of combining the shape memory alloy wires have been compared and 

tested. Weaving the wires into a mesh by machine and adding indentations to the wires 

should result in the best design of the shape memory effect layer. The silicone membrane 

is to be placed on top of the mesh during the casting of the panel, but is to be removed 

during when high temperatures are used during the shape setting to prevent damage. 

4.4 Detailed design and creating the prototype  
 

In the previous paragraphs several aspects have been discussed about the design of the 

shape memory mold and how this mold can be used. By combining all these things a 

prototype can be designed that can be tested for its functionality. Before an actual 

prototype can be created several details of the design need to be discussed first. These 

details are size of the mesh, the wire diameter and the distance between the wires. 

 

4.4.1 Mesh size 

 

The shape memory alloys will be woven into a mesh as discussed in the previous 

paragraphs. This mesh will need to have a practical size that can be used for the 
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production of panels. Panels come in many different forms and sizes. For this research it 

a panel size is chosen that is practical for the coming test experiments. This means that 

the panel can be lifted by one person by hand. Panel sizes up to 60x60 cm seem to be 

the best choice and require less material to be produced thus limiting the costs of the 

experiment. For the first prototype a mesh with the size of 50x50 cm was chosen. This 

size was chosen for practical reasons involving transportation between the experiments. 

4.4.2 Wire diameter 

 

The wire diameter used for the mesh is one of the main factors for the amount of force 

the mesh can lift. The amount of force is directly influenced by the volume of shape 

memory material. The wire diameter should therefore be as high as possible, but should 

not restrict the flexibility of the wire. A higher diameter should also result in a lower 

accuracy and stress in the wire. An increase of wire diameter also results in the increase 

in costs. A balance must be found between these parameters.  

 

 
Figure 4.23 Influences of wire diameter. 

 

A slight increase in the diameter of the wire will result in a large increase in the amount 

of material and costs. The surface area of the cross section of the wire can be calculated 

with the following formula: 

 
𝐴 = 0,25 ∗ 𝜋 ∗ 𝑑2 

 

The table below shows that the linear increase in diameter results in a cubic growth in 

surface area. The cubic increase in surface area also results in the cubic increase in costs 

since the costs of the wires are based on the material volume  

 

Diameter 

(d)[mm] 

1 2 3 4 

Surface area 

(A)[mm²] 

0.7854 3.1416 7.0686 12.5664 

 

For the prototype a 1,51 mm wire was chosen. The cross section of this wire has a 

surface area of 1,79 mm². This wire can be bent by hand and is still sturdy enough to 

create a firm mesh.  

 

  

Wire 
diameter

costs

accuracy

flexibilityforce

stress
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4.4.3 Wire distance 

 

The distance between the wires in the mesh is another parameter that is of influence on 

the amount of force the mesh can provide and on the flexibility of the mesh. Increasing 

the distance between the wires will increase the flexibility but reduces the amount of 

force the mesh can provide and also reduces the accuracy. This increase in flexibility also 

means that the individual wires move easier. This can result in unwanted wire rotation 

and displacement. The load that is placed on top of the mesh is divided over the amount 

of wires. Thus the wire distance has a direct relation with the amount of stress in the 

wires. In order to make a proper decision about the wire distance some testing is 

needed. It is clear that the wire distance has influence on many different factors. 

 

 
Figure 4.24 Influences of wire distance. 

4.4.4 Creation of the first prototype 

 

With the properties described in the previous paragraphs and this paragraph a mesh is 

created out of shape memory alloy wires. The wires are manually cut with wire cutters 

and woven though each other by hand.  

 

During the weaving it became clear that it takes a lot of force to pull the wires into the 

desired place and keep a relative constant wire distance. The wires tended to take the 

shape as schematically displayed in figure 4.25. When a wire is pulled into place the 

perpendicular wires will push the wire away. This force will cause the wires to get an 

increasingly curved shape as more wires are added. This can be prevented by increasing 

the distance between the wires, but this results in a very unstable mesh in which the 

wires can freely move and rotate along the longitudinal axis. The mesh needed to be 

woven into a frame to keep the wires in place. Removing the mesh from the frame 

resulted into the mesh falling apart. This effect was even greater when trying to push the 

mesh into a curved shape. Creating this mesh has shown that weaving by hand requires 

a lot of force and results in an unstable mesh. This led to the design and creation of the 

second prototype 

 

Wire 
distance

costs

accuracy

flexibilityforce

stress
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Figure 4.25 The first prototype tended to be very unstable. The wires were not easy to 
pull into place (l). The prototype was created inside a wooden frame (r). 

4.4.5 Creation of the second prototype 

 

In collaboration with the company Gondrexon Industrie SA a new design for a shape 

memory alloy mesh was made. Their experience in weaving metal wires resulted in two 

great improvements on the design.  

 

Indentations 

The first improvement was to add indentations on the wires. This was done mechanically 

to create a permanent deformation in the wires. This gave the wires a sinus-like shape. 

This sinus-like shape greatly restricts the displacement and rotation of the wires.    

 

Additional wire at the sides 

The second improvement is the addition of an additional wire at all four of the sides of 

the mesh. This wire locks the other wires at the sides in place. 

 

These improvements can be seen in figure 4.26. 

 

 
Figure 4.26 The wires of the second prototype have been given indentations and an extra 
wire is added at all sides to lock the wires in place. 

One other small adjustment is that the wire diameter of the wires has been increased to 

2 mm. This was due to the fact that a different supplier was used. The diameter increase 

also increased the sturdiness of the wires.  

 

This has led to the creation of the second prototype. Due to the size of the weaving 

machine a minimal mesh of 1 x 1 meter could be made. This large mesh has been cut 
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into 4 smaller meshes with a size of 50 x 50 cm. The wires in these meshes have been 

displaced to create four meshes each with different distances between the wires. The 

properties of these meshes are listed in the table below.  

  

Wire distance 20 mm 30 mm 40 mm 50 mm 

Wire diameter 2 mm 2 mm 2 mm 2 mm 

Number of 

wires (W x L) 

27 x 27 18 x 18 13 x 13 11 x 11 

Mesh size 

[mm] 

500 x500 500 x500 500 x500 500 x500 

SMA volume 

[cm³] 

84,82 56,54 40,84 34,56 

 
Figure 4.27 The four different variations of the second prototype have different wire 
distances. The properties of these meshes are displayed. 

4.4.5 Creation of the silicone membrane 

 

The silicone membrane that will be placed on top of the shape memory alloy prototypes 

will be composed out of a silicone rubber that can withstand high temperatures. This 

material is described in chapter 4.2. A silicone rubber has been selected that will be used 

to create the membrane.  

 

The mold will be a simple flat layer of silicone rubber with raised edges. The distance 

between the raised edges will be 40 x 40 cm. This size was chosen in order to allow some 

room at the sides of the shape memory alloy mesh. This can be beneficial for the 

production process. The properties and specifications of the silicone membrane are 

shown in table 4.4.3. The production of the silicone membrane has been described in 

appendix 10. 

 

Inner size 

(width x 

length)  

[mm x mm] 

Outer size 

(width x 

length)  

[mm x mm] 

Height of 

raised edge 

[mm] 

Total height 

of silicone 

membrane 

[mm] 

Material 

density 

[kg/dm³] 

400 x 400 430 x 430 15 20 1,06 

Figure 4.28 Properties of the silicone rubber mould in which the panel can be cast. 

4.4.6 Conclusion of detailed design and production of the prototype 

 

The design of the prototypes has been completed in this paragraph. In total four 

prototypes have been designed and produced. These prototypes vary in the amount of 

wires and wire distance. This variation in the prototypes will show different results when 

they are experimented upon. The silicone rubber membrane has been created out of a 

silicone rubber that will most likely be able to withstand the heat required for triggering 

the shape memory effect. The experiments with the membrane and shape memory alloy 

prototype will prove this.  

4.5 Conclusion  
 

In this chapter the design of the shape memory mold is described. The design of this 

mold is created by comparing the effects the different types of shape memory materials 

will have on the eventual production process. The selection for shape memory alloys was 

made over other types of shape memory materials due to its higher shape memory effect 

force and more promising and easier production process. The wire form was chosen. This 

resulted in the addition of a silicone membrane that would be placed on top of the wires 

to form the shape memory mold.  
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In order to design a functional shape memory mold out of shape memory alloy wires 

several methods to combine these wires have been discussed and compared. 

Experimenting with small scale samples resulted in the selection of weaving the wires 

into a mesh as the best method to create a functional shape memory alloy layer.   
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5. Production process 
 

In this chapter the production process of the shape memory mold is discussed in detail. 

The general concept of this process has been described in the previous chapter. In this 

chapter each step of that process is discussed and tested to see which method will be the 

most. These steps are discussed in the order they are in the conceptual process 

described in chapter 2. These steps are shape setting, flattening and triggering the shape 

memory effect. 

5.1 Shape setting 
 

Shape setting of the shape memory alloy layer or mesh is what allows the material to 

gain a new shape to "remember". The term “remember” has been used several times 

before in this paper without explaining what this really means and how this works. In 

order to provide an answer to the following minor research question: "What method is 

most suitable for the shape setting of the shape memory material?" the shape 

setting process and several methods for shape setting are described and tested in this 

paragraph. 

 

5.1.1 Shape setting in general 

 

In the previous chapters and paragraphs the term shape setting has been used many 

times without really explaining what this means and how this works. One could think that 

shape setting of shape memory alloys such as NiTi is done by melting the alloy so it can 

take a new shape, but this is not the case since shape setting is done at much lower 

temperatures than the melting point. The melting point of NiTi is around 1300 degrees 

Celsius (Johnson Matthey Medical Components (1), 2017), while the shape setting is 

done at much lower temperatures (Johnson Matthey Medical Components (2), 2017). So 

how does the material that allows the material to "remember" a shape?  

 

In chapter 2 the shape memory alloy functionality has been described. It was said that 

the solid phase of NiTi has several different structures with their own properties. The 

transformation between these different types of structures is dependent on a 

combination of stress and temperature. The decrease in temperature till below the 

martensite start temperature causes the austenite to transform into martensite. This is 

known as the martensitic transformation and happens without diffusion of atoms, but 

only by local atomic rearrangements (Zarkevich, 2014). When a new to be remembered 

shape is desired for the NiTi wire, the wire needs to be given the desired shape and be 

held in place during the shape setting process. It is important that the wire is held in 

place, since during the shape setting process the temperature of the wire will get past 

the austenite finish temperature. This causes the wire to revert back to the last 

remembered shape. This needs to be prevented by fixating the wire. Increasing the 

temperature even further causes the new shape to be the new remembered shape in the 

austenite phase. This is known as shape setting. 

The temperature used for shape setting can be varied along with the heating duration to 

achieve different properties of the NiTi alloy wire. The temperature and heating duration 

can be used to decrease or increase the shape memory actuation temperature (As and 

AF)) and sharpness of the thermal response. Higher temperatures during shape setting 

lead to higher actuation temperatures and a sharper thermal response. A lower 

temperature during shape setting leads to lower actuation temperatures and a more 

gradual thermal response. The increase in temperatures however also leads to a drop in 

force or in plateau stresses and a drop in the ability to resist permanent deformation 

(Johnson Matthey Medical Components (2), 2017). 
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5.1.2 Shape setting methods 

 

The shape setting of shape memory alloys is induced by temperatures between around 

400 till 500 degrees Celsius (Johnson Matthey Medical Components (1), 2017). The 

temperatures are of influence on the properties of the shape memory alloy. In order to 

better predict the behavior of the wire it is preferable to have an even temperature 

throughout the entire wire or mesh in the case of the shape memory mold. The 

temperature needed for shape setting can be achieved with several methods and could 

for example be measured with a pyrometer. The advantages and disadvantages of 

several methods that could possibly be used for this process are discussed below. The 

shape setting method is of influence on the choice of the mold on which the mesh is 

placed during the shape setting. Not all molds are suitable for the shape setting methods 

described below. For each of the shape setting methods the compatibility with the flexible 

molds which have been described in chapter 2 is described. 

 

Flame 

 

Method description: 

 

The use of a flame is very common for the demonstration of the functionality of shape 

memory alloys and is an easily accessible method that can be applied with commonly 

available products. The temperature of the flame depends on a number of parameters 

such as the type of fuel and the fuel/air mixture. This method was also used for the 

testing of the combination methods in chapter 4.3 with a butane gas burner.  

Using a flame/burner for heating the shape memory alloy mesh as it has been designed 

so far has some advantages and disadvantages. First of all the shape memory alloy mesh 

is only heated locally. In order to heat every part of the mesh the burner needs to be 

moved. During this process not only the mesh is heated, but the mold on which the mesh 

is placed as well. The local temperature of the mesh is controlled by the relative position 

of the burner and the mesh, the type of fuel, time and environmental conditions. In order 

to measure the temperature with a pyrometer the flame needs to be removed. This will 

lead to an unstable temperature during the shape setting process and will lead to a wide 

spread range of properties and a less predictable behavior of the shape memory alloy 

mesh. The foreseeable risks of this method are burning the mold underneath the mesh 

and undesirable behavior in the shape memory effect. 

 

Flexible mold compatibility: 

 

Pin-beds 

The shape setting method using flames can be used on pin-beds, however the flames will 

heat up the pins of the pin-bed. Thermal expansion will occur in the pins, however this 

should have a relative small effect on the accuracy of the mesh. 

 

Supported membranes  

The flexible mold using supported membranes can be used for shape setting in 

combination with flames. It is however important that the membrane can withstand the 

high temperatures that occur during the shape setting process. Membranes made from 

material such as silicones will not survive the shape setting process. Not only does the 

membrane material need to remain intact, the properties of the membrane should 

remain relatively similar in order to maintain the shape. 

 

Inflatable molds 

The idea of an inflatable mold is to use a flexible membrane that can shaped by inflating 

it with an gas or liquid. Gasses and liquids expand when heated. Shape setting the mesh 

on top of the inflatable membrane with the method using flames will cause a rapid 

temperature increase of the gasses or liquids inside the membrane. This will cause a 

relative big shape deformation and the shapes will be difficult to predict. Furthermore the 



77 
 

membrane will need to withstand the high temperatures that occur during the shape 

setting process. Flames will not be suitable in combination with the inflatable mold for 

the shape setting of the mesh. 

 

Tensioned membranes 

The shape setting done on top of tensioned membranes using flames is possible. It is 

important to use membranes that can withstand the high temperatures that occur during 

the shape setting process. 

 

Hot air 

 

Method description: 

 

Hot air can be used to increase the temperature of the shape memory alloy mesh more 

evenly. The best method of using hot air is inside an oven where the desired temperature 

can be reached and maintained. Unlike flames which quickly burn at a constant 

temperature the hot air ovens tend to take a longer time to reach the desired 

temperature needed for shape setting the shape memory alloy mesh.  

The use of an oven however does has some advantages and disadvantages when used 

for shape setting the shape memory alloy mesh as it has been designed so far. The oven 

should allow for a constant temperature throughout the entire mesh. The disadvantage 

however is that the mold on which the mesh is placed needs to be placed in the oven as 

well. Depending on the size and type of the mold this can be a problem. The temperature 

of the mesh is to be assumed to be equal to the set temperature in the oven. The 

temperature of the mesh itself is difficult to measure in a closed oven. The foreseeable 

risk of this method is damaging the mold underneath. 

 

Flexible mold compatibility: 

 

Pin-beds 

The shape setting method using hot air can be used on pin-beds. Placing the pin-beds 

inside an oven is not to be advised since pin-beds tend to be relatively expensive and 

could be damaged when placing the pin-bed inside the oven. The thermal expansion 

caused by blowing hot air on the mesh should be smaller than the thermal expansion 

that occurs when using flames since the temperature of the air should be easier to 

control than the temperature of a flame.  

 

Supported membranes  

The flexible mold using supported membranes can be used for shape setting in 

combination with hot air. It is however important that the membrane can withstand the 

high temperatures that occur during the shape setting process. 

 

Inflatable molds 

Just like supported membranes it is important that the membrane can withstand the high 

temperatures of that occur during the shape setting process. Since the temperature of 

the hot air is easier to control the thermal expansion of the gasses or liquids inside the 

mold can be compensated better. Overall this mold does not seem to be very suitable for 

the shape setting process using hot air. 

 

Tensioned membranes 

Using hot air to set the shape of the mesh on top of a tensioned membrane is possible. 

Several types of tensioned membrane have been designed specifically to be used inside 

an oven. It is however important that the used membrane can withstand the high 

temperatures that occur during the shape setting process. 
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Laser 

 

Method description: 

 

Lasers can be used to increase the temperature of an object. Heating objects such as NiTi 

wires can be done by focusing the light on the wires.  

The use of laser for shape setting the shape memory alloy mesh has some advantages 

and disadvantages. The biggest advantage is that the laser can heat the mesh very 

precisely without directly heating the mold underneath. This precision is due to the small 

diameter of the laser beam. This leads to the biggest disadvantage. The area the laser 

can heat simultaneously is limited. The area heated by the laser depends on the diameter 

of the laser beam and the intensity. This is similar to the disadvantage of a flame, 

however the laser has the disadvantage of not being able to hit every part of a woven 

mesh. Assuming the mesh is heated from above the underlying wire at an intersection of 

two wires is not hit and will have a lower temperature. This leads to a wide spread range 

of properties and an less predictable behavior of the shape memory alloy mesh. The 

foreseeable risks of this method are burning the mold underneath. 

 

Flexible mold compatibility: 

 

Pin-beds 

The use of lasers combined with pin-beds for the shape setting of the mesh is possible. 

Due to the high amount of precision of the laser the temperature and thermal expansion 

of the pin-bed will be kept to a minimum. This should increase the accuracy of the mesh. 

 

Supported membranes 

Using lasers in combination with supported membrane is possible. The intensity and the 

diameter of the laser beam can be adjusted to the thickness of the wires forming the 

mess in order to minimize the temperature increase of the membrane.  

 

Inflatable molds 

Using lasers in combination with an inflatable mold is possible. The intensity and the 

diameter of the laser beam can be adjusted to the thickness of the wires forming the 

mess in order to minimize the temperature increase of the membrane and the gasses or 

liquids inside the inflatable mold. 

 

Tensioned membranes 

Lasers can be used for tensioned membranes. The intensity and the diameter of the laser 

beam can be adjusted to the thickness of the wires forming the mess in order to 

minimize the temperature increase of the membrane. 

 

Electric 

 

Method description: 

 

Shape memory alloys such as NiTi are good electric conductors. This means that 

electricity can be easily passed through them. The shape memory alloy NiTi has very low 

electrical resistance in the austenite phase. Using electrodes and wires with a lower 

electrical resistance then the shape memory alloy mesh should result in the increase of 

temperature of the mesh.  

The use of this method however has some advantages and disadvantages when used for 

shape setting the shape memory alloy mesh as it has been designed so far. The 

electrodes need to be attached to the mesh on two opposite sides in order to let the 

electricity pass through the entire mesh. The temperature of the mesh can easily be 

measured and controlled by increasing or decreasing the current passing through the 

mesh. The foreseeable risks of this method are creating a short circuit and getting 

electrocuted. 
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Flexible mold compatibility: 

 

Pin-beds 

Using pin-beds in combination with the electric shape setting method is possible, but not 

advised. Measures need to be taken into account in order to prevent a short circuit or 

damaging the pin-beds. The mesh is to be placed on a material with a high electric 

conductive resistance in order to optimize the results. This is to direct the current 

through the mesh and not the pin-bed. 

 

Supported membranes 

Using supported membranes in combination with the electric shape setting method is 

possible. Supported membranes using membranes with a high electric conductive 

resistance will ensure that the electric current will be directed through the mesh and not 

into the supports. 

 

Inflatable molds 

Using Inflatable molds in combination with the electric shape setting method is possible. 

Inflatable molds using membranes with a high electric conductive resistance will ensure 

that the electric current will be directed through the mesh and not into the membrane 

and the gasses or liquids inside the mold. 

 

Tensioned membranes 

Using tensioned membranes in combination with the electric shape setting method is 

possible. The tensioned membranes are generally clamped at the sides. Using clamps 

with a high electric conductive resistance will ensure that the electric current will be 

directed through the mesh and not into the supports. 

 

Comparing shape setting methods 

 

The previously described methods for shape setting the shape memory mesh each have 

their advantages and disadvantages. By comparing these advantages it is easier to gain 

insight into which of the shape setting methods is the best option for shape setting the 

shape memory mesh. Some of the described advantages and disadvantages have been 

compared for the shape setting methods. This can be seen in the table below. 

 

 Flame Hot air Electric Laser 

Size heated 

area 

+/- + + - 

Temperature 

control 

-- + + - 

Initial costs + - + - 

Risks - + -- + 

Figure 5.1 Comparing the different shape setting methods. (++ = very positive, + = 
positive, +/- = neutral, - = negative, -- = very negative) 

The table above clearly shows that the electric shape setting method and hot air method 

seem to be the best choices. These methods have to be tested before the final decision 

for the shape setting method is made. The description of the test setup and the test 

results can be found in the next section. 

5.1.3 Testing shape setting methods 

 

The described shape setting methods for the shape memory alloy meshes have thus far 

been theoretical and need to be tested in order to provide an answer to the following 

minor research question: "What method is most suitable for the shape setting of 

the shape memory material?” Not all of the described shape setting methods need to 
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be tested, since comparing them has shown that not all of the described shape setting 

methods seem to be equally effective. Comparing the described shape setting methods 

has shown that the electric method and hot air method seem to be most promising. The 

testing of the shape setting method is successful when the shape setting temperature is 

obtained in the tested material. The first tests will be performed with an individual wire in 

order to test this method without risking damaging the shape memory alloy mesh.  

 

Electric  

 

Test setup: 

 

The shape setting method using electricity needs to be tested for its functionality and 

suitability. The test setup first has to be designed to prevent dangerous and unwanted 

situations such as short-circuiting or fires.  

 

In order to run an electrical current through a wire, a closed circuit needs to be created. 

The temperature of the wire is to be increased by running the current through the wire. 

By using copper wires with a lower electrical conductive resistance than the SMA wire the 

increase of temperature in the copper wires is limited, while the temperature increase of 

the SMA wire will be substantially larger. Since the goal of the test is to achieve a 

temperature of around 500 degrees Celsius and not higher some form of regulator is 

required to adjust the current passing through the wire. The temperature of the wire can 

be measured with a pyrometer. 

For this test a single wire can be used. The required electric power that is needed to heat 

up a mesh can roughly be calculated with the results of testing a single wire. 

 

The test setup and results for electrically heating a single shape memory alloy wire has 

been described in appendix 7 and is further explained below. 

 

Test results: 

 

The test shows that a NiTi wire can be electrically heated using an electric current. The 

temperature of this wire was not measured. The radius of the wire was to small for the 

pyrometer to measure the temperature. The information and results can be seen in the 

table below.  

 

Length Radius Electric 

resistance 

Voltage Electric 

Current 

Temperature 

15,3 cm 0,75 mm 0,069 Ω ≤1 Volt 10 Amperes Above 100°C 

Figure 5.2 Test results of the experiment using electrical current to increase the 

temperature of the NiTi wire. 

 

During the test an electric current of 10 Amperes was applied to the wire. The austenite 

finish temperature of the used wire is known to be just under 100°C. This has also been 

proven by the tests shown and described in Chapter 4.3. The following material 

information has been used to calculate the required amperes to increase the temperature 

of an entire mesh made out of NiTi wires. 

 

Density 

σ 

Volume Weight 

m 

Specific 

heat 

Room 

temperature 

Required 

Energy 

6,45 g/cm³ 0,27 cm³ 1,74 gram 0,32 J/g*°C 20°C 44,64 J 

Figure 5.3 Properties of the NiTi wire. 

 

The required power that is needed (when assuming all energy is transferred into heat 

and no heat is lost through radiation, convection or conduction) can be calculated as 

follows. 
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𝑃 =   𝑚 ∗ 𝜎 ∗ 𝛥𝑇  
𝑃 =   1,74 ∗ 0,32 ∗  100 − 20   

𝑃 =  44,64 𝐽𝑜𝑢𝑙𝑒  
 

This method seems to be a good method for heating a short NiTi wire. When heating a 

mesh the length of the wires becomes a problem. In order to heat the mesh the wires 

can be linked together in series to form one single wire. In this way all the wires get 

heated together instead of one after the other. This however drastically increases the 

length of the wire. This can be seen in the following example: 

 

Mesh length Mesh width Wires per size Weight Total wire 

length 

1 meter 1 meter 34 775 gram 68 meter 

Figure 5.4 properties of an example shape memory alloy wire mesh with 34 wires per 

size. 

 

The electrical resistance for this 68 meter wire becomes 30,7 Ω. Calculating the Power 

running through this wire when 10 amperes of current is applied shows: 

𝑃 =   𝐼2 ∗ 𝑅  
𝑃 =   102 ∗ 32,7  
𝑃 =   3078 𝐽/𝑠  
 

This shows that amount of energy running through this wire/mesh is very high. In order 

to heat the wire/mesh to 100°C the following amount of Joules is required. 

 

𝑃 =   𝑚 ∗ 𝜎 ∗ 𝛥𝑇  
𝑃 =   775 ∗ 0,32 ∗  100 − 20   

𝑃 =  19842 𝐽𝑜𝑢𝑙𝑒  
 

The high power requirements are a problem. In order to properly heat the wire up to the 

required temperature a lot of power is needed. There is another problem however. In 

order to prevent short-circuiting, the wires in the mesh cannot touch each other. This is 

almost impossible to achieve. Especially when bending the mesh in different shapes. 

 

Conclusion: 

The wire can be heated electrically, however this will require a large amount of power. 

This is not practical together with the fact that short-circuiting will occur when the wires 

touch each other in the mesh. Altogether this method does not seem to be usable. This 

test has also shown that measuring the temperature of a wire is difficult with an infra red 

thermometer.  

 

Hot air 

 

In the comparison between the shape setting methods the hot air method seemed almost 

as good as the electrical method. Since the experiments with the electrical method have 

proven to be unsuccessful the hot air method is chosen to be further examined and 

tested for its usability. 

 

Test setup: 

 

The shape setting method using hot air needs to be tested for its functionality and 

suitability. The test setup first has to be designed to prevent dangerous and unwanted 

situations such as fires.  
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The test setup and results for heating a single shape memory alloy wire by using hot air 

has been described in appendix 8 and is further explained below. 

 

Test results: 

 

During the experiment no shape memory effect was visible until the wires were heated 

up to 150 degrees Celsius. The wires showed a minor shape memory effect from 200 till 

325 degrees Celsius. This indicates that the shape setting temperature was high enough 

for small parts of the wires. This may perhaps be caused by impurities. This is effect was 

hardly noticeable. Heating the wires up to 350 degrees Celsius clearly showed a strong 

shape memory effect. Clearly the wires need to be heated up to a temperature between 

325 and 350 degrees Celsius. For the remainder of this research the shape setting 

temperature will be noted as 350 degrees Celsius. The shape memory effect causes the 

wires to return back to the shape they had during the shape setting at 350 degrees 

Celsius. In the photo's it can be seen that the wires do not return back to the exact same 

shape. This can be caused by several parameters such as the temperature of the hot 

water, time at 350 degrees Celsius and stress in the material. 

 

Conclusion: 

 

Heating the wires with hot air inside an oven is clearly a good method. This method 

clearly uses much more energy than heating the wires electrically due to the size of the 

oven and the loss of heat when opening the oven. The temperature of the wire can easily 

be controlled and measured by adjusting the temperature of the oven and the time the 

wire is inside the oven. The wires did not return to the exact same shape they had while 

they were heated in the oven. This can be caused by several parameters such as the 

temperature of the hot water, time at 350 degrees Celsius and stress in the material. 

Further research is needed into the austenite start and finish temperature and the 

triggering of the shape memory effect.  

5.1.4 Selection of shape setting methods 

 

In the previous section four different types of shape setting methods have been 

described. Two of those have been selected for testing. These tests showed that the 

electrical method will require devices capable of providing and withstanding high 

currents. Furthermore the risk of short-circuiting is very high. This could lead to 

dangerous situations if any mistakes are made. The second method that has been tested 

involving the use of hot air has proven to be a very successful method.   

5.1.5 Conclusion parameter C 

 

In this paragraph several methods have been described and tested in order to give an 

answer to the following minor research question:”What method is most suitable for 

the shape setting of the shape memory material?” 

Four different methods have been described. Not all of these methods are equally 

practical and functional. When comparing these methods to each other, two methods 

looked the most promising and have been selected for testing. These tests showed that 

the use of electricity to heat the shape memory alloy wires was not practical and feasible. 

The method involving hot air to set a new shape in the shape memory alloy was easy and 

showed good results. This method is therefore selected as the most suitable method for 

the shape setting of the shape memory material.   

5.2 Flattening  
 

Flattening of the shape memory alloy layer is an important step in the shape memory 

molding process. The mold needs to be flattened in order to be able to pour the panel 

material on the mold and let it partially harden with a constant thickness. This step is 
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followed by the triggering of the shape memory effect and the further hardening of the 

panel. In this paragraph the flattening is further discussed and several methods are 

discussed and compared.  

5.2.1 Flattening methods 

 

For the flattening of the shape memory alloy layer several methods could possibly be 

successful. Several methods that could possibly be used for the flattening of the shape 

memory alloy layer are listed below.  

 

Membrane weight 

 

The membrane that is placed on the shape memory alloy layer will provide a downwards 

force due to the weight of the membrane. The weight of the membrane in combination 

with the panel material might be enough to flatten the shape memory alloy layer. The 

required force will depend on several factors including: 

 Wire diameter of the shape memory alloy wires. 

 Distance between the shape memory alloy wires. 

 Size of the shape memory alloy layer. 

 Shape of the shape memory alloy layer. 

 Additional wires are the sides. 

 Added indentations in the wire. 

 Extra tension in the wires due to the manufacturing process. 

 Friction between the wires and the membrane. 

 Friction between the wires and the floor. 

 

Many of these factors are not know. Experimentation with the prototype will provide 

information if the weight of the membrane and panel material will be enough to flatten 

the shape memory alloy layer. If the weight is not enough, an extra layer of silicone 

rubber can be added between the membrane and the shape memory alloy layer to 

provide additional weight for flattening. 

 

Spring steel mesh 

 

Weaving the shape memory alloy wire through a flat mesh of spring steel wires could 

result in the flattening of the shape memory alloy layer when the temperature of the 

shape memory alloy wires is below the austenite start temperature. Unfortunately this 

method has been proven to be unsuccessful in chapter 4.3 and appendix 6. The spring 

steel mesh takes on a new shape as it is heated. This removes the flattening effect of the 

spring steel mesh.  

 

Pulling down 

 

Instead of relying on the weight of the panel material it is also possible to pull the mesh 

down from underneath. This method however is far more complicated and would require 

a pulling device on each intersection the wires. This will be a costly and time consuming 

method. The only advantage of this method is that the pulling force can be removed as 

the shape panel material hardens.  

 

5.2.2 Comparing flattening methods 

 

In the previous section several flattening methods have been described. These methods 

vary in their functionality and feasibility. Using the weight of the membrane is by far the 

easiest method that requires no additional materials. This method does mean that the 

weight of the membrane and panel will need to be high enough. The weight could be 
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increased by adding a layer of silicone rubber. This extra weight will mean that that the 

shape memory effect of the shape memory alloy layer needs to exert a higher force. 

The spring steel mesh method is not feasible and will not be discussed in more detail. 

Pulling the mesh down is very complicated and not practical. This method however does 

mean that no additional weight will need to be added when the weight of the membrane 

is not sufficient to flatten the shape memory alloy layer. This method works by pulling 

down the shape memory alloy layer by pulling down at the intersections of the wires. 

This means that the shape memory alloy layer will not be pulled down at every location, 

which does happen when using the weight of the silicone rubber mold on top of the 

shape memory alloy layer.  

  

 Membrane weight Spring steel mesh Pulling down 

Functionality ++ -- + 

Practical ++ -- - 

Costs ++ - -- 

Accuracy ++  = 

Figure 5.5 Flattening methods compared. 

 

5.2.3 Conclusion flattening 

 

In this paragraph several methods for flattening the shape memory alloy layer have been 

described. The simplest method is using the weight of the silicone membrane and 

possible adding an additional layer of silicone rubber. This method is practical and should 

result in a flat surface. This method is chosen as the most promising method of flattening 

the shape memory alloy layer. Testing with the prototype will show if an additional 

silicone rubber is needed and how thick it will need to be.  
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5.3 Triggering the shape memory effect 
 

A shape memory alloy product that has been given a shape to remember will revert back 

to that remembered shape when the temperature is above the Austenite starting 

temperature (As) due to an increase in temperature or the decrease in stress as has been 

explained in chapter 2. In this paragraph several methods of triggering the shape 

memory effect have been described and tested in order to give an answer to the minor 

research question:"How can the shape memory effect/performance of the shape 

memory material be triggered and controlled?".  

5.3.1  Shape memory effect triggering in general 

 

In chapter two the shape memory effect has been explained to be triggered by the solid 

state transformation between martensite and austenite. This transformation occurs in the 

region between the austenite start (As) and austenite finish (Af) temperatures. These 

temperatures are influenced by the stress in the material. The amount of stress will not 

be constant in every part of the woven mesh and therefore the (As) and (Af) will not be 

the same for every part of the mesh. With testing it is possible to determine the As and Af 

for a given shape memory alloy under different levels of stress. 

 

Over the years since the discovery of the shape memory effect many tests have been 

performed on the shape memory effect. It became clear that these testing methods 

needed to be standardized. ASTM has published standard test methods in order to 

address this need (Lagoudas, 2008). These testing methods can be used as guides for 

testing and developing new shape memory alloy applications. The shape memory alloy 

NiTi has at least two distinctive solid state transformations. For the shape memory mold 

the transformation from austenite to martensite is not that interesting. The 

transformation from martensite to austenite however is, since the shape memory 

recovery occurs during this transformation.  

 

Determining austenite finish temperature 

The austenite finish temperature (Af) of a given shape memory alloy in a given situation 

can be determined. Stress and the alloy composition are the parameters that influence 

this (Af). By reducing the stress to 0 a base level of the (Af) can be set. This zero stress 

austenite finish temperature is known as (Af0). This (Af0) is the lowest (Af) for a given 

shape memory material, because the (Af) increases when the stress is increased.  

 

The (Af0) can be determined by using Digital Scanning Calorimetry (DSC). The method 

involves testing a very small sample of a SMA wire. The sample is placed in a digital 

scanning calorimeter along with a reference sample. Both these samples are then heated. 

The device determines the required heat flow in order to keep the testing sample at the 

same temperature as the reference sample. The phase transformation of martensite to 

austenite and the phase transformation from austenite to martensite are either 

endothermic or exothermic. The endothermic transformation requires more heat flow as 

the temperature increases or decreases. The exothermic transformation requires less 

heat flow as the temperature increases or decreases. The DSC test has been performed 

to determine the (Af0) of the same NiTi material that has been tested before. This test is 

described in appendix 9. The results of the DSC test can be seen below.  
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Figure 5.6 Results of the DSC test for a NiTi wire from the second prototype. 

 

The graph clearly shows a peak in the heat flow between 28°C till 40°C and between 

51°C till 38°C. The endothermic reaction that takes place when martensite transforms 

into austenite requires an increase in heat flow to maintain the constant heat rate. This 

increase in heat flow is visible in the graph.  

The peak in heat flow indicates a phase change in the material. These phase changes are 

assumed to be the martensite to austenite and austenite to martensite transformations. 

It is possible that the material goes through the intermediate R-Phase, but this is 

unclear. The intermediate R-phase is a crystal form that can occur during the increase of 

the temperature, but is not discussed further in this paper. The hysteresis between the 

peaks is around 11-12 degrees. The peaks occur at temperatures that are different than 

what is indicated by the producer (Nimesis) of the wires which can be seen in the table 

below. This can be caused by the cutting method that was used to cut the samples. The 

cutting of this material could have damaged the material and caused bright sparks to 

occur. These sparks could indicate the oxidization of the NiTi material during the cutting. 

The oxidized NiTi has different properties as explained in 4.3.2.  

 

 Transformation temperatures in °C at 0-stress 

 As0 Af0 Ms0 Mf0 

DSC 38 51 40 28 

Nimesis 

information 

84 100 41 59 

Figure 5.7 Transformation temperatures at 0-stress according to the DSC test and the 

supplier. 
 

The required temperature for the phase transformations is linearly related to the amount 

of the stress and can be calculated with the following formulas: 

 

 

 

Austenite start temperature:     𝐴𝑠 = 𝐴𝑠0 +
σ

CA  
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Austenite finish temperature:    𝐴𝑓 = 𝐴𝑓0 +
σ

CA  

 

Martensite start temperature:     𝑀𝑠 = 𝑀𝑠0 +
σ

CM  

 

Martensite finish temperature:     𝑀𝑓 = 𝑀𝑓0 +
σ

CM  

 

In these formulas σ represents the stress in the material in MPa. CA and CM represent the 

stress influence coefficients for austenite and martensite respectively. These stress 

influence coefficients can be determined with the help of a constant stress tensile test. By 

keeping the wire under a constant stress while changing the temperature of the wire the 

phase changes can be identified by observing sudden changes in the slope of the 

strain/temperature curve. The martensitic start and finish temperatures at a given stress 
will be noted as 𝑀𝑠

𝜎and𝑀𝑓
𝜎 . The austenitic start and finish temperatures at a given stress 

will be noted as 𝐴𝑠
𝜎and𝐴𝑓

𝜎 . Plotting a linear line in a temperature/stress graph through Af0 

and 𝐴𝑓
𝜎will give a indication of the required temperature for the solid state phase changes 

in the material at any given stress. This can also be done for the other solid state phase 

changes. The slope of these lines is CA and CM. The figure 5.8 shows an example of a 

graph with lines drawn in.  

 

 
Figure 5.8 Example of transformation temperatures for a shape memory alloy 

(Lagoudas, 2008).  

 

This test was not performed for this research paper for two reasons. No tensile machine 

in combination with the appropriate clamps at the university could be used. The tests 

were also no longer necessary after receiving the required information from the producer 
of the wire material. The NiTi material received for testing has a CA and CM  of 6,5 MPa/°C. 
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5.3.2  Shape memory effect triggering methods 

 

The shape memory effect of shape memory alloys such as NiTi occur when the 

temperature of the alloy is above the austenite start temperature (T> As). There are 

several methods with which the temperature of the alloy can be raised. Some of these 

methods and how they can be used for the shape memory mold are described below. 

Some of these methods are similar to the methods that can be used for shape setting the 

shape memory alloy mesh.  

 

Flame 

The use of a flame for increasing the temperature of the mesh during the solidification of 

the panel material is one of the possible methods.  

The advantage of this method is that the mesh can be heated up rapidly. The problem 

however is how to do this. Since the mesh will not be accessible from the top as the 

membrane and panel are placed on top of mesh, the mesh needs to be heated from the 

sides or from underneath. Heating from the sides will not be very efficient and heating 

from underneath is difficult due to the fact that the mesh will be placed on a surface. 

Heating the mesh with flames has some other disadvantages. The flames are not very 

accurate heaters and will heat both the membrane and the mesh together. As said in the 

shape setting paragraph the temperature of common butane burners is much higher than 

that of the shape setting temperature and thus also much higher that the austenite start 

en finish temperatures. This could result in damaging the membrane.  

The foreseeable risks of this method are burning the mold underneath the mesh and 

undesirable behavior in the shape memory effect. 

 

Hot air 

Hot air can be used to increase the temperature of the shape memory alloy mesh. This 

can either be done in an oven or by blowing hot air onto the mesh. Placing the mesh in 

the oven will also mean placing the membrane and panel in the oven. This can have 

negative effects on the properties and hardening of the panel. This only leaves blowing 

hot air onto the mesh outside of an oven so the temperature increase of the panel will be 

limited. With this method the membrane will still be heated directly, however the 

temperature increase of the panel will be limited as the membrane will act as a barrier 

between the blower and the panel. This is only the case if the hot air is blown from below 

or the sides as the panel will be on top of the membrane. This is similar to the method 

using flames.  

Heating the mesh with hot air has some other advantages and disadvantages. Blowing 

hot air onto the mesh is not a very accurate method and will increase the temperature of 

the membrane, the mesh and the panel together. Due to this inaccurate method of 

heating the mesh it is easier to heat the entire mesh instead of just a part of it. This 

should result in a more constant temperature. As long as the temperature is above the 

austenite finish temperature and below the shape setting temperature, the shape of the 

mesh should be mesh will be constant as the panel material hardens. 

The foreseeable risks of this method are damaging the panel. 

 

Electric 

Shape memory alloys such as NiTi are good electric conductors. This means that 

electricity can be easily passed through them. Passing electricity through the mesh 

should allow for a controllable method of heating the mesh for the duration of the 

solidification of the mesh. 

The use of this method however has some advantages and disadvantages. The 

temperature of the mesh can be measured and controlled by increasing or decreasing the 

current passing through the mesh. The temperature of the mesh is increased in a very 

efficient way that does not heat everything around the mesh as well as is the case with 

the flame and hot air methods. This means that the temperature increase of the 

membrane will be limited.  

The foreseeable risks of this method are creating a short circuit and getting electrocuted.  
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Hot liquid 

Hot liquids such as water are relatively cheap and commonly available and can be used 

to trigger the shape memory effect because boiling water (100°C) is generally higher 

than the austenite finish temperature. Since the austenite start (As) and austenite finish 

(Af) temperatures are influenced by the stress in the material this does not always have 

to be the case. Testing with the shape memory alloy has shown that the water needed to 

be close to 100°C in order to trigger the shape memory effect by having the temperature 

of the water above the austenite start temperatures (T> As). 

Using hot liquids has some advantages and disadvantages when used for triggering the 

shape memory effect. Water and other liquids can be sprayed on the mesh or the mesh 

can be dipped in the liquid. Dipping the mesh in a hot liquid should result in an 

immediate response as the liquid will cover every part of the mesh. Spraying will result in 

a slower response as the increase in temperature of the mesh will be slower. The use of a 

liquid does have some disadvantages. One of these disadvantages is best explained with 

the help of figure 5.9. In the first picture the panel material is placed on top of the 

membrane which is placed on the shape memory alloy mesh. A liquid is added to the 

mold in order to heat the shape memory alloy mesh. The increase in temperature will 

result in triggering the shape memory effect as the temperature of the mesh passes the 

austenite start temperature (T> As). Due to the shape recovery caused by the shape 

memory effect the mesh could partially deform in such as way that part of the mesh is no 

longer in contact with the hot liquid. These parts will then begin to cool down. As the 

temperature decreases till below the austenite finish temperatures (Af) the weight of the 

panel can cause the mesh to deform and flatten causing the mesh to make contact with 

the water again. This leads to an increase in temperature and triggers the shape memory 

effect again. This constant movement will not lead to accurate panel shapes and should 

be avoided. One could add more liquid, but this could result in the panel coming in 

contact with the water. Since the panel material is assumed to be in a liquid phase, this 

could have bad results. This problem might not occur if the heat conductivity of the 

shape memory alloy wires is high enough to keep the parts of the mesh that do not touch 

the hot liquid above the Austenite start temperature. 

The foreseeable risks of this method are mixing the panel material and the liquid and an 

undesirable behavior in the shape memory effect that could result in panels with 

inaccurate shapes. 

 

 

 
Figure 5.9 The shape memory alloy mesh can lift itself out of the hot liquid when 

the shape memory effect is triggered.  

 

 

Comparing shape setting methods 

 

The previously described methods for triggering the shape memory mesh each have their 

advantages and disadvantages. By comparing these advantages it is easier to gain 

insight into which of the methods is best for triggering the shape memory effect in the 

shape memory mesh. In the table below some of the described advantages and 

disadvantages have been compared. 
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 Flame Hot air Electric Hot liquid 

Size heated 

area 

+/- + + + 

Temperature 

control 

-- + + - 

Initial costs + - + ++ 

Risks - - -- + 

Figure 5.10 Comparing the shape memory effect triggering methods. (++ = very 

positive, + = positive, +/- = neutral, - = negative, -- = very negative) 

 

Figure 5.10 clearly shows that the hot liquid method for triggering the shape memory 

effect seems to be the best choice. This method has also been used during the testing of 

the best method of setting the shape memory effect.  

5.3.3  Conclusion parameter E 

 

In this paragraph several methods for triggering the shape memory effect in the shape 

memory layer have been described and tested. The results of these tests have been 

compared in order to find the method that will most likely perform the best when 

triggering the shape memory effect in the prototype. The comparison showed that using 

hot liquid seems to be the most promising method since this method limits the amount of 

heat to the panel material and is easy to control.  

5.4 Conclusion 
 

In this chapter the production process is described. This process consists of three steps. 

The first step is known as shape setting. Several methods have been described and 

tested in order to be able to select the best shape setting method. These tests revealed 

that using hot air is the best method to set the new shape for the shape memory alloy 

prototypes. With this method a high and evenly distributed temperature can be provided 

when using an oven.  

Flattening the prototypes is a step that depends on the rigidness of the meshes. Of the 

described flattening methods the easiest is to use the weight of the silicone membrane to 

flatten the prototype meshes. The weight of the silicone will determine if the mesh will 

flatten or an extra layer of silicone will be required.  

Triggering the shape memory effect is a process that involves heating the shape memory 

alloy mesh above the austenite start temperature. Several methods can be used to reach 

the required temperature that depends on the amount of stress in the shape memory 

alloy material. Heating the prototypes in a hot liquid seems to be the best method. This 

method evenly heats the mesh and limits the temperature increase of the panel material 

inside the silicone membrane. This method can fail to heat the shape memory alloy mesh 

when the mesh lifts itself out of the hot liquid when the shape memory effect is 

triggered. The part of the mesh that has no contact with the hot liquid will need to keep 

warm with the heat conduction through the wires. If this conduction is not high enough, 

this method will fail. Testing with the prototype will show if this is the case. If it is, the 

second best method will need to be used. This involves using the same oven as used for 

the shape setting of the prototypes. 
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6. Testing of prototype 
 

In the previous chapter a prototype has been designed and the production is described. 

This prototype needs to be tested for its functionality. In this chapter the testing of the 

produced prototype is described and the results are analyzed. With these results an 

answer might be given to the following minor research question: “How can the shape 

memory effect/performance of the shape memory material be triggered and 

controlled?”. 

6.1 Prototype testing in general 
 

In the previous chapter the creation of four different variations of the second prototype 

has been described. With a fixed wire diameter and weaving pattern the distance 

between the wires is the only changing parameter between the four variations of the 

prototype meshes. These four meshes will be tested upon by using them for the different 

steps in the shape memory molding process that has been described in chapter 4.2. The 

first of these steps is the shape setting of the mesh. This is followed by the flattening of 

the mesh. The flattened mesh is then heated to trigger the shape memory effect during 

the hardening of the panel material. 

The meshes are given a monoclastic shape. The meshes are fixated into a position with 

one side bent down and subsequently heated till above the shape setting temperature 

(350 °C). This will set the new shape in the mesh and conclude the shape setting 

process.  

Placing a silicone membrane on top of the meshes in their new shape will result in an 

increase in the stress in the wires and the partial or complete flattening of the mesh. The 

mesh can then be heated till above the austenite finish temperature. This austenite finish 

temperature will be higher for each mesh since the stress in the material will not be the 

same. The triggered shape memory effect will show which of the meshes will provide 

enough force to return back to the remembered shape by lifting the silicone membrane.  

 

Each of these steps will give a good insight into the five parameters that are influenced 

by the distance between the wires as described before and visualized in picture X. 

6.2 Shape setting 
 

The shape setting of the meshes will be done in a similar way the individual wires have 

been tested to identify the shape setting temperature as described in appendix 8. The 

individual wires were heated while tied in a circular shape to counter the elastic forces of 

the wires. The meshes will need to be tied into place as well. The meshes can be 

deformed by hand, but will return back to their shape due to elasticity. The meshes need 

to be tied to an object or several objects with a high enough mass to withstand the 

elastic forces of the meshes. In this case the meshes have been tied onto several 

limestone blocks that have been connected with threaded steel rods to further restrict 

movement. The placement and orientation of the blocks are varied to create the desired 

shape (figure 6.1).  

 

 

 

 

 

 

 

 

Figure 6.1 Schematic representation of the shape setting setup and shape.  
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The shape setting experiment for these meshes is described in appendix 11. The shape 

setting experiment has shown that the wire distance has a great effect on the flexibility 

and stability of the mesh. The meshes with 20 and 30 mm distance between the wires 

are harder to bend into shape and remain stable. The meshes with 40 mm wire distance 

were easy to bend and allowed the wires to move more freely which results in unwanted 

wire displacement. The meshes showed elastic behavior before the shape setting. Just 

like in the experiment described in appendix 11 the shape setting caused the material to 

retain the new shape even after the mesh was cut loose from the limestone blocks. The 

meshes are compared together on several aspects. These are the overall stability of the 

mesh to retain its shape after deformation, the individual wire displacement during and 

after shape setting and the ability to withstand shear deformation of the mesh. Shear 

deformation is the deformation of the mesh within the same axial plane. The meshes are 

curved and therefore they do not have a two dimensional plane, however this is still the 

best way to describe the deformation of the mesh that is caused by the displacement of 

two opposite sides of the mesh in opposite perpendicular directions.   

 

Wire distance 20 mm 30 mm 40 mm 50 mm 

Stability ++ + - -- 

Wire 

displacement 

++ + - -- 

Shear 

deformation  

++ + - -- 

Figure 6.2 The mesh with 20 mm wire distance shows the best results in the 

shape setting process.  

 

It is clear that the mesh with a wire distance of 20 mm shows the best results so far.  

6.3 Flattening 
 

In chapter 5.2 the flatting of shape memory alloy meshes has been discussed. The 

conclusion of the comparison between several flattening methods was that the weight of 

the membrane and the panel material might be enough to flatten the mesh. Adding 

additional silicone layers may be required to fully flatten the shape memory alloy mesh.  

The behavior of the meshes will depend on several parameters including the wire 

distance. All four of the meshes have been given the same shape and can therefore be 

compared for their behavior when they are deformed. A silicone membrane will be placed 

on top of the mesh. The weight of the membrane will increase the stress in the material 

and cause the meshes to deform. The ideal situation would be for the mesh to be 

flattened by the weight of the membrane and the panel material. This would mean that 

the stress is limited and the austenite finish temperature increase due to the increase in 

stress will be limited. The silicone membrane has been placed on all 4 meshes. This 

experiment has been described in appendix 12.  

6.3.1  Flattening with silicone membrane 

The experiment shows that 3 of the 4 meshes are flattened completely by the weight of 

the silicone membrane. The mesh with 20 mm distance between the wires still has some 

curvature. The height (h) did not reach 0 mm at the measured location due to the way 

the mesh is woven. The measured height (h) for the different meshes is displayed in 

figure 6.3.  

  20 mm 30 mm 40 mm 50 mm 

Height in 

mm 

without 

silicone 
44 46 43 45 

with 

silicone 
18 6 7 6 

Figure 6.3 The height (h) for the different meshes.  
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The weight of the panel material might be enough to flatten the mesh completely. This 

has been tested and is described in appendix 12. The membrane is placed on top of the 

mesh and subsequently filled with water. It should be noted that water has a lower 

density than common panel materials. The weight of the water adds to the flattening of 

the mesh. The height (h) is shown in figure 6.4. 

    

 

     

 

  

 

 without silicone with silicone 

Load 

in 

liters 

0,0 0,0 1,5 2,0 2,5 2,75 3,0 3,25 

Height 

in mm 
44 18 18 17 14 11 9 8 

Figure 6.4. The height (h) for the mesh with 20 mm wire distance when loaded 

with the silicone membrane and filled with water.  

 

The table shows that the height (h) was decreasing under the weight of the water. The 

experiment ended when the water spilled over the edges of the membrane. Using a panel 

material with a higher density should result in a faster decrease in height (h). Increasing 

the smoothness of the surface area on which the mesh is placed could also have an effect 

in the height decrease.  

 

6.3.2  Flattening with silicone membrane upside down 

To reduce the effects of the surface friction the same experiment is performed with the 

panel flipped upside down. The height (h) was measured as the membrane was filled 

with water. This experiment is described in appendix 13 and the results are shown in the 

table below. The height was 17 mm when 3 liters was poured into the membrane. The 

mesh would not flatten any further due to the fact that the wire ends were curved and 

prevented the mesh from flattening any further. 

 

 

 

 

 

 

 without silicone with silicone 

Load 

in 

liters 

0,0 0,0 1,5 2,0 2,5 2,75 3,0 3,25 

Height 

in mm 
45 33 30 29 22 18 17 17 

Figure 6.5. The height (h) for the mesh with 20 mm wire distance when placed 

upside down and loaded with the silicone membrane and filled with water. 

 

The experiment shows that the mesh is flattening. If the wire ends did not prevent the 

mesh from flattening any further it is likely the mesh would have been flattened 

completely if the membrane was fully filled with water. 

h 

h 
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6.3.3  Results analysis 

 

In both these experiments the meshes with a wire distance of 30 mm, 40 mm, and 50 

mm the meshes were flattened by the membrane. The mesh with a wire distance of 20 

mm did not flatten completely. Filling the membrane with water was almost enough to 

fully flatten the mesh. Increasing the density of the panel material will most likely be 

enough to flatten it completely. If this is not the case, an extra layer beneath the 

membrane may have to be added. Figure 6.6 indicates that for the elastic behavior of the 

mesh with 20 mm wire distance performs less well than the other three meshes. The 

three other meshes perform equally well. 

 

Wire distance 20 mm 30 mm 40 mm 50 mm 

Flattening 

with 

membrane 

+ ++ ++ ++ 

Flattening 

membrane + 

panel material  

++ ++ ++ ++ 

Figure 6.6. The mesh with 20 mm wire distance required the weight of the panel 

to be flattened. The other meshes were all flattened when loaded with the 

silicone membrane. 

6.4 Triggering the shape memory effect 
 

The triggering of the shape memory effect is caused by an increase in temperature. This 

triggering will start at the austenite start temperature (As) and finishes at the austenite 

finish temperature (Af). It is important that the entire mesh returns to the remembered 

shape so the mesh needs to be heated up to or above the austenite finish temperature 

(Af). As discussed before the austenite finish temperature is influenced by the stress in 

the material. The amount of stress will depend on several parameters including the load 

on top of the mesh and the amount of wires.  

6.4.1  Hot liquids 

 

There are several hot liquids that can be used for the triggering of the shape memory 

effect. The suitability of these liquids depends on the required temperatures. Water is by 

far the cheapest available liquid and will be tested first. 

  

Water 

The first set of experiments has been described in appendix 14. The shape memory effect 

was triggered while the silicone membrane was placed on top of a mesh. In chapter X.X 

the triggering methods are compared and in accordance with that outcome water is used 

to increase the temperature of the shape memory alloy mesh. 

For this a container was constructed. This container is watertight and open on the top. A 

layer of aluminum foil covers the bottom and sides of the container to reduce the friction 

between the mesh and the container. The experiment indicated that the mesh partially 

returned towards its remembered shape. It is unclear if and to what extend the floatation 

of the membrane on the water influenced the height (h). It is clear however that the 

temperature of the water did not pass the austenite finish temperature. Since water at 

normal atmospheric pressure boils at 100 °C a different liquid will be required to reach 

temperatures above 100 °C. Common liquids that can be used are vegetable oils (Chu, 

2004).  

 

A second experiment has been performed to reach higher temperatures. 
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Vegetable oil 

The second set of experiments has been described in appendix 15. A container was 

constructed that allowed for the placement of the heating element of a frying pan. This 

heating device was sufficient to increase the temperature of the liquid till far above 100 

°C. Vegetable oil normally used for frying was used instead of water. Oil expands with 

the increase in temperature so overflow was added to the container to prevent the oil 

from flowing over and to prevent the silicone membrane from floating. This experiment 

showed that the temperature of the mesh would increase along with the oil. However as 

described in comparison of the heating methods in chapter 4.6.2, the mesh lifted itself 

out of the oil as the temperature increased. This heat conduction within the shape 

memory alloy material was not high enough to further increase the temperature of the 

entire mesh. 

 

Hot liquid conclusion 

The second experiment showed that the shape memory effect needs to be triggered with 

a different method. So far hot liquids and electrical heating methods have been 

unsuccessful. This leaves heating the mesh with hot air and flames. Of these two the hot 

air method seems to be the best alternative. 

6.4.2  Hot air 

 

Hot air can be used to trigger the shape memory effect in a similar way the shape setting 

process is performed. The previous methods have shown that much higher temperatures 

are needed than first anticipated. Since the shape setting process takes place at 

temperatures of between 325°C and 350 °C the maximum temperature that is to be 

used for triggering the shape memory effect during the experiments is 300 °C. 

 

The third set of experiments has been described in appendix 16. The same oven that has 

been used for shape setting the meshes was used for triggering the shape memory 

effect. The meshes are tested one after the other with the silicone membrane on top. The 

height (h) is measured for several temperatures and is listed in table 6.4.1.  

 

 

  No 
silicone 

With silicone 

 T in °C 20 
 

20 130 150 170 190 210 230 250 270 290 

20 

mm 

mesh 

H in 

mm 

44 20 20 22 28 28 28 28 28 28 29 

30 

mm 

mesh 

H in 

mm 

46 12 12 18 23 23 23 27 29 29 29 

40 

mm 

mesh 

H in 

mm 

43 13 13 13 13 13 13 15 15 15 15 

50 

mm 

mesh 

H in 

mm 

45 12 12 12 12 12 12 12 12 12 12 

Figure 6.7. The height (h) measured for the different meshes at different 

temperatures.  

6.4.3  Results analysis 

 

The results from the experiment show that none of the four meshes fully returned to 

their remembered shape. Some meshes showed a clear shape memory effect while 



96 
 

others did not show any or very little. In order to better understand these results the 

height (h) and temperatures will be compared between meshes. Furthermore the 

observed transformation temperatures are compared to the calculated transformation 

temperatures. 

 

Comparing results 

The observed increase in height (h) gives an indication for the transformation 

temperatures. The results shown in table 6.4.1 are discussed below for each mesh. 

 

20 mm 

The mesh with the 20 mm wire distance showed a similar response to that of the mesh 

with 30 mm wire distance. The force caused by triggering the shape memory effect lifted 

the silicone membrane at 150 °C. This would indicate that the austenite start 
temperature (𝐴𝑠

𝜎) is between 130 and 150 °C.  

 

30 mm 

The mesh with the 30 mm wire distance showed a gradual increase in the height (h) and 

then flattened out at 250 °C. The height (h) remained 29 mm at that point. The austenite 

start temperature will be between 130 and 150 °C and the austenite finish temperature 

(𝐴𝑓
𝜎) will probably be around 250 °C. 

 

40 mm 

The mesh with the 40 mm wire distance slightly raised the silicone membrane at 230 °C. 

After this the silicone membrane was not raised any further. The austenite start 
temperature (𝐴𝑠

𝜎) is most likely lower than 230 °C. As the temperature increase towards 

the austenite finish temperature (𝐴𝑓
𝜎) more force was provided until eventually the 

silicone membrane was lifted.   

 

50 mm 

The mesh with 50 mm wire distance showed no shape memory effect. It can be that the 

shape memory effect was taking place, but that the force caused by the shape memory 

effect was not high enough to lift the silicone membrane. 

 

From these results some information about the transformation temperatures has become 

clear. It is not possible to make precise conclusions about the exact transformation 

temperatures of the shape memory material, but the observed reactions have been 

noted in the table below. 

 

 20 mm mesh 30 mm mesh 40 mm mesh 50 mm mesh 

First reaction  

(T in °C) 
150 150 230 - 

Figure 6.8. The first visible reaction of movement due to the triggering of the 

shape memory effect for the different meshes.  

 

Analysis of results 

 

The results from this experiment clearly show that the transformation temperatures are 

not the same for each mesh. Table 6.4.2 shows the temperatures at which the meshes 

first gave a visible reaction to the increased temperatures by lifting the silicone 

membrane. This reaction can only take place above the austenite start temperature. The 

shape memory effect force increases along with the temperature. As more crystals 

transform from martensite to austenite crystals more force is applied to the lifting of the 

silicone membrane. The transformation temperatures can be calculated with the formulas 

stated in chapter 4.6. These formulas are: 

 

Austenite start temperature:     𝐴𝑠 = 𝐴𝑠0 +
σ

CA  
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Austenite finish temperature:    𝐴𝑓 = 𝐴𝑓0 +
σ

CA  

 

The transformation temperatures are influenced by the amount of stress. The amount of 

stress is influenced by many parameters such as the load, the amount of wires, but also 

the manufacturing process of the indentations of the wires and the fact that these wires 

are woven into a mesh will have an influence on the amount of stress. 

 

Assuming the only parameters are the amount of wires and the load a calculation can be 

made to give a rough indication of the required transformation temperatures. The 

flattened mesh and the silicone load on top can be schematically displayed as in picture 

6.4.1. This situation occurs when the mesh is about to lift the silicone membrane.  

 

 

 

 

 
Figure 6.9. Schematic drawing of the load calculation of the mesh when loaded 

with the silicone membrane as the shape memory effect just lifts the middle of 

the mesh from the ground.  

    

 

The uniformly distributed load depends on the wire distance. The displayed 1,06 N/m is 

the load resting on a single wire when the wire distance is 20 mm. The stress in the wire 

can be calculated with the following equation: 

 

𝜎 =  
𝑀

𝑊
 

In this formula the σ stands for the tension in the wire and the M stands for the moment. 

The W stands for the moment of resistance. 

 

The moment can be calculated with the following equation: 

 

𝑀 =  
1

8
∗ 𝑞 ∗ 𝑙² 

In this formula q is the uniformly distributed load and l is the length of the beam.    

 

The moment of resistance for a circular area can be calculated with the following 

equation: 

 

𝑊 =
𝜋

32
𝑑3 

 

In this formula the d is the diameter of the wire.  

 

h 
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These equations are used for the different meshes. The uniformly distributed load is 

adapted for the wire distance. The results of these equations are shown in figure 6.10. 

 

 

 20 mm mesh 30 mm mesh 40 mm mesh 50 mm mesh 

l (in mm) 500 500 500 500 
q (in N/m) 1,06 1,59 2,12 2,65 

M 33,13 49,69 66,25 82,81 
d (in mm) 2 2 2 2 
W (in mm³) 0,79 0,79 0,79 0,79 
σ (in N/mm²) 42,18 63,26 84,35 105,44 

Figure 6.10. Calculation values of the different meshes 

 

Now that the stress in the wires is known for the different meshes the transformation 

temperatures can be calculated. The transformation temperatures are calculated with the 

formulas as stated on the previous page.  

 

 20 mm mesh 30 mm mesh 40 mm mesh 50 mm mesh 

σ (in N/mm²) 42,18 63,26 84,35 105,44 

As0 (in °C) 90 90 90 90 

Af0 (in °C) 100 100 100 100 

C (in MPa/°C) 6,5 6,5 6,5 6,5 

As (in °C) 96,49 99,73 102,98 106,22 

Af  (in °C) 106,49 109,73 112,90 116,22 

Figure 6.11. Transformation temperatures and 0-stress and the calculated 

transformation temperatures when loaded with the silicone membrane.  

 

The calculated transformation temperatures for the shape memory alloy are much lower 

than the observed transformation temperatures. Clearly something during the production 

process or the shape memory effect process has had an influence on the transformation 

temperatures. There are parameters and processes that could have had an influence on 

the crystal structure in the wires and thus the shape memory effect. These are adding 

the indentations to the wire, weaving the wires in a mesh and the shape setting process. 

 

Explaining the difference between calculated and observed transformation 

temperatures 

 

Adding indentations 

Adding the indentations to the wires is done by cold working the wires. The wires are 

deformed by pushing the wire in the desired shape with a machine. This pressure causes 

a change in crystals just like rolling a piece of metal. This change in crystals structure 

leads to the hardening of the material and increase in the tensile yield strength (Koike, 

1993). In order to create a curved shape in the woven mesh some elongation of the 

wires is required. As explained in chapter 2.1 no double curved shape can be made out of 

a flat shape without creating tension and compression in the material. Since the yield 

strength is increased by the cold work it requires more force to deform the material to 

obtain the remembered shape.  

 

Weaving the wires in a mesh 

The weaving of the wires was a difficult step in the production of the prototypes. The 

prototypes are woven by hand out of the wires with indentations. It required a lot of 

force to pull the wires in the desired place when the wires were still “straight”. The mesh 

is under a lot of stress with the wires are locked in place due to the indentations and the 

additional wires at the sides that create even more stress to keep the wires in place.  
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Shape setting process 

The other factor that can influence the crystal structure is the shape setting process. This 

process has been briefly described in chapter 2 and 4. The shape setting is a process by 

which the temperature is increased to allow recrystallization of the material. There are 

several parameters during this process that influence the shape memory effect and the 

transformation temperatures. Some of these parameters are listed below. 

 

 Heating rate when shape setting 

The heating rate has an influence on the transformation temperatures. By 

increasing the heating rate (°C / minute) the austenite start (As) and finish (Af) 

temperatures increase. This has been proven by the research into the factors 

influencing the transformation temperatures by (Fang, 2014).  

 

 
Figure 6.12. The influence of heating rate on the transformation temperatures. 

These transformation temperatures are for wires that have been shape set at 

temperatures of 800°C (Fang. 2014)  

  

Graph 6.4.1 clearly shows a rapid increase in the transformation temperatures 

due to the heating rate of the shape setting process. The graphs show an increase 

in the transformation temperatures of about 15 °C. Assuming the shape memory 

alloy used in the prototype shows a similar increase, the heating rate is not 

enough to cause the difference between the calculated and observed 

transformation temperatures.  

 

 Cooling rate when shape setting 

The cooling rate has an influence on the martensite start and finish temperatures. 

By dipping the shape memory alloy in water the cooling rate can be very high as 

opposed to letting the material slowly cool down inside the oven. The cooling rate 

is also shown in figure 6.12.  

 

 Temperature 

The shape memory material is heated till a certain temperature and kept on that 

temperature for some time. The height of this temperature is determining for the 

transformation temperatures. Higher temperatures lead to an increase in the four 

transformation temperatures. The graph above displays the transformation 

temperatures of a NiTi wire that has been shape set at a temperature of 800 °C. 

These transformation temperatures are much higher than the transformation 

temperatures of the same wire that has been shape set at a temperature of  

350 °C as can be seen in figure 6.13.  
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Figure 6.13. The influence of heating rate on the transformation temperatures. 

These transformation temperatures are for wires that have been shape set at 

temperatures of 350°C (Fang. 2014)  

 

 Time  

The duration of the heat treatment has an effect on the shape memory effect. For 

metallic alloys time is an important factor for the recrystallization process that 

takes place during the shape setting of the shape memory alloy. The 

recrystallization time is influenced by the temperature and depends on the 

amount of defect grains in the material (Rollet, 2017). These defects are caused 

by the cold deformation of the wires. Increasing the time that the shape memory 

alloys are at a temperature above the recrystallization temperature will result in 

an increased amount of defects that are replaced. In order to reduce the stress in 

the material, that leads to an increase in transformation temperatures, as much 

defects as possible need to be replaced. 

 

It is clear that there are many factors that can influence the transformation 

temperatures. It is difficult if not impossible to control all these parameters in order to 

calculate a precise transformation temperature for the given prototypes. It is however 

also clear that the mesh did not lift the silicone membrane to the remembered height it 

had before the silicone was placed on top of the mesh.  

 

Explaining not returning to the remembered shape 

 

One possible explanation for this could be that the force provided by the shape memory 

effect was not high enough. The reason for this could be that the amount of volume of 

shape memory alloy material was not high enough.  

A second possible explanation could be that there is a mechanical hysteresis. In that case 

the end result at a certain temperature depends on the starting point of the process. For 

example: Coming from a higher position will result in a position above the desired 

position, while coming from a lower position will result in a position below the desired 

position. Applying this principle to the prototypes would mean that the mesh is unable to 

return to the remembered shape and always has some deformation. This deformation 

would depend on the starting shape of the mesh in relativity to the remembered shape.  

 

This principle can be tested by performing a similar experiment as before, but with one 

variation. The mesh is placed upside down and placed on top of some limestone blocks. 

The silicone membrane is placed on top of the mesh. The weight of the silicone 

membrane will deform the mesh and thus instead of flattening the mesh it will deform 

the mesh in a way that the radius (r) will decrease. By decreasing the distance between 

the stones on which the mesh rests the length of span the mesh needs to bridge is 

reduced. This will result in a decrease in moment and thus in a decrease in stress and 

transformation temperature. By combining both the upside down placement of the mesh 
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and the reduction of the span both possible explanations can be tested in the same 

experiment. This experiment is described in appendix 17.  

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 6.14. The height (h) when the mesh is placed upside down and the span 

between is decreased.  

 

The results of the experiment can be seen in table 6.4.5. The experiment clearly showed 

that the mesh fully returned to the remembered shape at a temperature of 190 °C. 

These results give an answer to the possible explanations as stated before why the shape 

prototypes did not return to the remembered shape. The experiment as described in 

appendix 17 shows that there is no deformation present when shape memory effect is 

triggered from the upside down position and the length of the span is decreased. This 

means that there is no mechanical hysteresis. This experiment also showed that adding 

more shape memory material should make it possible for the prototypes to return to the 

remembered shape from a flat position as they have been tested and described in 

appendix 16.  

This theory has been tested. There are three methods to increase the volume of shape 

memory alloy material. These methods are: 

 

 Increasing the diameter of the wires 

 Decreasing the wire distance 

 Placing two meshes on top of each other 

 

Increasing the diameter of the wire would mean buying new wires and having them go 

through the same cold work process as the previous wires. This is an expensive and 

unreliable method since the cold work process will have to be performed in the exact 

same way to produce reliable results.  

Decreasing the wire distance is difficult since the wires are already under a lot of stress 

and it takes a lot of force to pull the wires into place. This method could also lead to an 

increase in the amount of force required to deform the meshes. 

Placing two meshes on top of each other seems to be the best method. This method can 

be done easily by creating a second mesh with the same wire distance. These meshes 

will need to be tied together and then be given the same shape to remember so that they 

will work together to return to the remembered shape. The combined meshes are then 

loaded with the silicone membrane and the temperature of the meshes is increased to 

trigger the shape memory effect. This experiment has been performed and has been 

described in appendix 18.   

 

 No 
silicone 

With silicone 

20 

mm 

mesh 

T in °C 20 
 

20 100 150 155 180 

H in 

mm 

70 60 65 68 69 70 

r 

h 

r 
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The results from this experiment can be seen in table 6.4.6. The experiment clearly 

showed that the combined shape memory alloy meshes fully returned to the remembered 

shape. The combined meshes started lifting the silicone membrane at a lower 

temperature than the single mesh with the same wire distance. This is caused by the 

decrease of stress in the wires and the doubled shape memory effect force.  

 

  No 
silicone 

With silicone 

 T in 

°C 

20 
 

20 130 150 170 190 210 230 250 270 290 

20 mm 

mesh 

H in 

mm 

44 20 20 22 28 28 28 28 28 28 29 

Double 

20 mm 

mesh 

H in 

mm 

45 31 34 35 37 40 43 45 45 45 45 

 

Figure 6.15. The height (h) measured for a mesh with 20 mm wire distance and 

for a double layered mesh with 20 mm wire distance at different temperatures.  

6.5 Conclusion 
 

The research and experiments that have been performed and described in this chapter 

give an insight into the answer to the following minor research question: “How can the 

shape memory effect/performance of the shape memory material be triggered 

and controlled?”. This research question is composed of two parts. Triggering and 

controlling the shape memory effect/performance.  

Triggering the shape memory effect can be done best by heating the prototypes with hot 

air. This method can provide enough heat and has the ability to evenly increase the 

temperature of the entire mesh. The problem however with the oven that was used for 

these experiments is that the hot air not only increased the temperature of the mesh, but 

also that of the silicone membrane and the eventual panel material. In order to counter 

this, a different type of oven will need to be used that provides hot air from the bottom. 

That way the silicone membrane can act as a thermal buffer between the hot air and the 

panel material. 

Controlling the shape memory effect/performance also means being able to predict the 

required temperatures and volume of shape memory alloy in the mesh. The research and 

experiments described in this chapter clearly show that there are many factors that can 

influence the transformation temperatures. Not all of these factors can be controlled that 

easily. This reduces the repeatability of the results from the same experiment with a new 

set of prototypes. The experiments also showed that adding more shape memory volume 

of shape memory alloy material resulted in a successful experiment in which the 

prototype returned to the remembered shape while loaded with the silicone membrane 

when the shape memory effect was triggered inside a hot oven.  

The experiments described in this chapter also gave more insight into the best design for 

the prototype. The prototype with the 20 mm wire distance performed the best overall 

and showed a high amount of shape memory effect force. This force was not enough to 

fully lift the silicone membrane, but this was solved by combining two meshes together. 

Decreasing the wire distance would most likely not be a good method since this would 

result in a very difficult shape setting process due to the elasticity of the mesh and the 

high amount of force needed to push the mesh in the desired shape. A better design 

would be to increase the wire distance. For this it should be kept in mind that increasing 

the wire distance will also result in a more sturdy mesh that is more difficult to deform 

and press in the desired shape for shape setting. 

The oven that is used for the triggering of the shape memory effect has a negative side 

effect. This oven heats the mesh, but also the silicone rubber from the top. This means 

that the temperature of any panel material inside the silicone membrane will increase up 
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to 300 °C. Due to this problem no panel material has been produced. Using an oven that 

blows hot air from underneath would result in better results as this would limit the 

temperature increase of the panel material.  
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7. Conclusion & recommendations 
 

In the previous chapter a prototype has been designed and the production is described. 

This prototype needs to be tested for its functionality. In this chapter the testing of the 

produced prototype is described and the results are analyzed. With these results an 

answer might be given to the following minor research question: “How can the shape 

memory effect/performance of the shape memory material be triggered and 

controlled?”. 

7.1 SWOT-analysis 
 

The SWOT-analysis is a method which can be used to evaluate the functionality and 

usefulness of the shape memory molding technique to produce free formed panels. This 

method evaluates the Strengths, Weaknesses, opportunities and Threats in order to get a 

clear picture of the shape memory molding technique. The SWOT analysis is shown in 

figure 7.1. 

 

 Helpful 

to achieving the objective 

Harmful 

to achieving the objective 

I
n

te
r
n

a
l 

fa
c
to

r
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Strengths: 

 Reusable molding technique 

for unique panels 

 Form freedom 

 Constant panel thickness 

 Can be used in combination 

with other molds to increase 

production speed 

 Can withstand high 

temperatures 

 Durable 

Weaknesses: 

 High material costs of shape 

memory alloys and silicone 

rubber. 

 Shape memory materials are 

relatively unknown in the 

building industry 

 Complicated process 

 Manual labor 

 Accuracy depends on 

placement of silicone 

membrane 

 Costs of maintaining 

temperature during hardening 

of panel 
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Opportunities: 

 Free-form design trends 

 High costs of current free 

formed molding techniques 

 Industrialization of production 

processes 

 Accurate control of 

temperature and shape when 

high enough electrical current 

can be provided. 

 New techniques for using 

shape memory alloys are 

being developed 

 Shape memory alloy mesh can 

be used in other technologies 

Threats: 

 Development of 3d-printers 

 Costs of the material in case 

of scale up 

 Costs of the maintaining 

temperature during hardening 

of panel in case of scale up 

 

Figure 7.1. SWOT-analysis.  
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7.2 Conclusion 
 

The objective of this research is the development of a new flexible molding technique 

with the use of shape memory materials for the production of free formed panels. These 

panels can be used for building façades or any other application. When comparing the 

existing molds used for the production of free formed panels there is room for 

improvement by increasing the production speed and using reusable molds. The use of 

shape memory materials is very limited in the building industry, but it shows great 

potential. This research focused on how these shape memory materials can be used to 

produce free formed panels. This leads to the main research question of this research 

paper: 

 

In what manner can a flexible molding technique based on the use of shape 

memory materials be used for the production of double curved panels? 

 

The unique ability of shape memory materials is that they can remember a shape and 

return back to it after they have been deformed. Not all shape memory materials have 

the same functionality. Therefore the way in which these materials and this effect can be 

used for the production of double curved panels greatly depends on the chosen type of 

shape memory material. By comparing the different types of shape memory materials 

and their associated conceptual production processes it was concluded that the shape 

memory alloys showed a better potential for the use of producing double curved panels 

due to a predicted higher accuracy since the shape memory effect will counter the load 

caused by the panel material. 

 

The choice to use shape memory alloys in the shape memory mould and the 

corresponding production process influenced the design of the shape memory mould. 

Shape memory alloy wires are the most suitable form of shape memory alloys. These 

wires need to be joined together in order to create a strong and usable layer that can be 

used to shape the panel by triggering the shape memory effect. Weaving the wires in a 

plain weave gave the best results. In order to lock the wires in place and to prevent wire 

displacement and rotation along the longitudinal axis the wires are given indentations to 

create a sinus like shape. Also an extra wire was added at the sides. A membrane is to 

be placed on top of the woven wire mesh in which the panel can be cast. This membrane 

is to be removed before the shape setting process since the high temperatures required 

for shape setting damage the selected silicone rubber material that is to be used for this 

membrane. 

 

The diameter of the wires and the distance between the wires have a great influence on 

the performance of the shape memory alloy mesh. A balance must be found between the 

ability to accurately deform the mesh and the force that is provided by triggering the 

shape memory effect. This shape memory effect is caused by the volume of shape 

memory alloy material. It was concluded that wires smaller than 2 mm in diameter 

showed to be more susceptible to wire displacement and rotation due to the fact that the 

small size of the indentations of the sinus shaped wires. The distance between the wires 

depends on the wire diameter. Due to the way the indentations were created a wire 

distance of 20 mm was the smallest possible distance that could be created while still 

being able to be deformed by hand.  

 

Experiments with four meshes with wire distances varying from 20 mm up to 50 mm 

showed that the minimum required temperature for giving the mesh a new shape to 

remember is 350 °C. Higher temperatures can also be used. The mesh will need to be 

fixated on the surface or object on which it is placed. This is due to the fact that the 

shape memory effect is triggered as the temperature increases before the shape setting 

temperature is reached. 

Further experimentation showed that an increase in wire distance resulted in an increase 

in transformation temperatures. These observed transformation temperatures are 
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different from the calculated transformation temperatures. Literature study has shown 

that these transformation temperatures are not only influenced by stress, but also by the 

heating rate, temperature and duration of the shape setting process. This resulted in a 

difference in the calculated transformation temperatures and the calculated 

temperatures. For this research the transformation temperatures are of importance since 

these high temperatures are also affecting the panel production. 

Several different methods have been tested in order to trigger the shape memory effect 

in the meshes when they are loaded with a silicone rubber mould. It was concluded that 

hot air was the best method given the size of the mesh. This method increases the 

temperature of the entire mesh evenly, but also increases the temperature of the panel 

material. The silicone rubber membrane can act as a buffer to limit the temperature 

increase of the panel material from conduction, but not from the hot air that is provided 

with the oven type that was used in the experiments for this paper. In order to limit the 

temperature increase of the panel material a different type of oven is to be used. This 

oven would need to be customly adapted for the size of the mesh and silicone rubber 

membrane.  

 

7.3 Recommendations 
 

This research has shown that the use of shape memory alloys is more difficult than 

expected. Many different parameters are involved when using shape memory alloys 

woven together in a mesh to create a free formed panel. In order to use this method 

several recommendations can be made. 

 

Shape memory alloys are expensive and the weaving needs to be done mechanically 

which leads to a further increase in costs. The use of shape memory alloys is relatively 

limited in the modern world, but the use is increasing. This will inevitably lead to the 

discovery of new shape memory materials that have provide an even higher shape 

memory effect force than the current shape memory alloys. The increase in the use of 

the shape memory materials should also lead to a decrease in production costs and thus 

making the use of these materials for the production of free formed panels more feasible. 

In order to gain financial profit from the use of a shape memory mold one should wait for 

this decrease in costs and the increase in shape memory effect force. 

 

The second recommendation that can be made is to investigate what the effects are of 

the cold work deformation of the wires that caused the formation of the indentations of 

the wires. In order to design a automated production process the required temperatures 

need to be known for each different shape that is to be obtained.  

 

The triggering of the shape memory effect is to be done in a way that the temperature 

increase of panel material is limited. A better method for heating the meshes is to be 

devised. One could think of designing an oven that heats the mesh from underneath or 

by improving the electrical heating method.   
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Appendix 1 
 

Experiment for combination 1 

 

Aim: 

 To find out if a heat resistant silicone can withstand the heat required to set the 

shape of the shape memory alloy wire. 

 

Materials: 

1. 1 NiTiCu wire with thickness 1,51mm 

2. Silicone component A 

3. Silicone component B 

4. Butane burner 

5. Butane gas 

6. 2 Staples 

 

Procedure: 

1. Mix the silicone components A and B. 

2. Pour the silicone in a mold. 

3. Let the silicone harden. 

4. Place a wire on top of the silicone and fixate with staples. 

5. Light the butane burner. 

6. Heat the NiTiCu wire until it is glowing red. 

7. Cool the wires with water. 

8. Flatten the wires. 

9. Heat water in a water boiler. 

10. Place the wires in the bowl or pan.  

11. Pour the water over the wires into the pan. 

 

Result: 

(1-3)The silicones were mixed together and left to harden over night. The next morning 

the silicone was hardened and ready for step 4. 

(4-11)During the heating of the silicone and the NiTiCu wire it became clear that the 

silicone was not able to withstand the heat of the burner. The silicone started to turn 

from transparent to white and started to crumble before the wires glowed red.  

 

Analysis: 

The silicone was not able to withstand the heat required to set the shape of the shape 

memory alloy wire. This means that this silicone cannot be used during the shape setting 

of the shape memory alloy.  

 

Photos: 
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The silicone rubber disk with a NiTiCu wire on top. 
 

 

The silicone rubber and NiTiCu wire are heated with a butane burner. 
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The temperature of the flame caused the silicone rubber to disintegrate.  
 

 

Placing the NiTiCu wire inside the silicone rubber will give similar results.  
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Appendix 2 
 

Experiment for combination 2 

 

Aim: 

 To find out if the NiTiCu alloy can be welded 

 To find out if the NiTiCu alloy attains its shape memory effect after welding. 

 

Materials: 

1. 4 NiTiCu wires with thickness 1,51mm 

2. 1 NiTiCu wire with thickness 0,70mm. 

3. TIG welder 

4. Argon gas 

5. Butane burner 

6. Butane gas 

7. Metal scaffolding pipe 

8. Wire clamps 

9. Water boiler 

10. Water 

11. Heat resistant bowl or pan 

 

Procedure: 

1. Place 2 perpendicular wires on top of each other. 

2. Weld the wires together using a thinner NiTiCu wire as a feeding wire. 

3. Let the wires cool down. 

4. Bend the welded wires around a thick metal circular pipe. 

5. Fix the wires into their position using the wire clamps. 

6. Light the butane burner 

7. Heat the NiTiCu wires until they are glowing red. 

8. Cool the wires with water 

9. Flatten the wires 

10. Heat water in a water boiler 

11. Place the wires in the bowl or pan.  

12. Pour the water over the wires into the pan 

 

Result: 

(1-3)The wires could be welded together. This process was tested with and without a 

feeding NiTiCu wire. Without the feeding wire the weld would appear weak. The weld with 

the feeding wire appeared stronger. During the welding one of each pair of wires where 

cut in half by the heat. The two halves were then pushed against the remaining wire and 

welded together. Each pair of perpendicular wires was then composed out of 3 wires and 

2 welds. The weld was created by TIG welding using argon gas and 15 amps. 

(4-8)During the heating of the metal wires one weld on each pair of wires broke. One 

broke within a second during the heating process, while one other broke several seconds 

later. The remaining weld held even while glowing red hot.  

(9-12) The wires where placed in a pan after being flattened by hand. The shape memory 

effect was triggered when the boiling water was poured onto the wires. The welded area 

appeared to have retained its shape memory effect. 

 

Analysis: 

NiTiCu wires can be welded together given enough practice and retain their shape 

memory effect after welding. 

 

Photos: 
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The two wires have been welded together. 

 

 
Heating the weld caused one of the wires welds to break. 
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The shape memory effect is triggered with boiling water. 

 

 
The weld had no visible effect on the shape memory effect. 
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Appendix 3 
 

Experiment for combination 3 

 

Aim: 

 To gain insight in the NiTiCu alloy. 

 To gain insight on how NiTiCu wires act when woven as a mesh. 

 

Materials: 

1. Straightened NiTiCu wires with thickness 1,51mm 

2. Self crafted mesh weaving equipment 

3. Butane burner 

4. Butane gas 

5. Metal scaffolding pipe 

6. Water boiler 

7. Water 

8. Heat resistant bowl or pan 

 

Procedure: 

1. Place half of the wires parallel to each other in the weaving equipment. 

2. Weave the wires through the placed wires. 

3. Remove the mesh from the weaving equipment. 

4. Bend the mesh around a thick metal circular pipe. 

5. Fix the mesh into its position. 

6. Light the butane burner. 

7. Heat the NiTiCu wires until they are glowing red. 

8. Cool the wires with water. 

9. Flatten the wires. 

10. Heat water in a water boiler. 

11. Place the wires in the bowl or pan.  

12. Pour the water over the wires into the pan. 

 

Result: 

(1-3)The wires were woven into a mesh with 1cm spacing between the wires. The wires 

needed to be hammered into place to create a mesh with parallel and perpendicular wires 

(4-8)During the heating of the mesh the plastic cable binders used to hold the mesh into 

place got burned.  

(9-12) While flattening the mesh some of the wires got dislocated and the mesh lost its 

former sturdy form. The shape memory effect was triggered when the boiling water was 

poured onto the mesh. The wires all took the former shape they were in when being 

heated.  

 

Analysis: 

This experiment was done twice. The wires seemed to have lost some sturdiness during 

the heating process with the burner. This made it easier to weave the mesh and to push 

it into the desired shape before heating and when flattening. Copper wires were used in 

the second experiment to prevent the burning of the plastic cable binders.  The mesh 

appeared to take the shape as a single product, however some wires got dislocated 

resulting in an inaccurate shape. Fixating the wires in some way prevents the moving 

and rotation of the wires. Using a bigger mesh might reduce movement and rotation of 

the individual wires. 

 

Photos:  
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Weaving a small mesh of wires by hand. 

 

 
The woven mesh is fixated to metal pipe and heated with butane burner. 
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The mesh kept its new shape when removed from the metal pipe.  

 

  
Triggering the shape memory effect with boiling water showed the dangers of individual 

wires being displaced or rotating around the longitudinal axis. 
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Appendix 4 
 

Experiment for combination 4 

 

Aim: 

 To gain insight in the NiTiCu alloy. 

 To gain insight on how a NiTiCu wire mesh acts when fixed with wooden balls. 

 

Materials: 

1. Straightened NiTiCu wires with thickness 1,51mm 

2. Wooden balls with 2 perpendicular drilled holes  

3. Butane burner 

4. Butane gas 

5. Metal scaffolding pipe 

6. Water boiler 

7. Water 

8. Heat resistant bowl or pan 

 

Procedure: 

1. Place half of the wires parallel to each through the wooden balls. 

2. Push the other wires through the wooden balls creating a mesh with parallel and 

perpendicular wires. 

3. Bend the mesh around a thick metal circular pipe. 

4. Fix the mesh into its position. 

5. Light the butane burner. 

6. Heat the NiTiCu wires until they are glowing red. 

7. Cool the wires with water. 

8. Flatten the wires. 

9. Heat water in a water boiler. 

10. Place the wires in the bowl or pan.  

11. Pour the water over the wires into the pan. 

 

Result: 

(1-3) The wires were woven into a mesh in such a way that the wooden balls touched 

each other in a square grid.   

(4-7) During the heating of the mesh the wooden balls caught fire and the outside of the 

balls was burned.  

(8-12) The shape memory effect was triggered when the boiling water was poured onto 

the mesh. The wooden balls prevented the wires from fully obtaining their austenite 

shape. 

 

Analysis: 

The experiment showed that fixating the wires in position with wooden or with metal 

balls does not work. The balls restrict the movement of the wires. Restricting the 

movement reduces the flexibility and thus the ability to take complex shapes. This 

experiment also showed that some restriction is needed to prevent the wires from 

rotating as can be seen in the pictures below. Some of the wires got rotated during 

flattening. This resulted in the wires bending the wrong way after the boiling water was 

poured on.   

 

Photo's 
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Appendix 5 
 

Experiment for combination 5 

 

Aim: 

 To gain insight in the NiTiCu alloy. 

 To gain insight on how a NiTiCu wire mesh acts when fixated with bolts and rings. 

 

Materials: 

1. Straightened NiTiCu wires with thickness 1,51mm 

2. Self crafted mesh weaving equipment 

3. Metal bolts and rings 

4. Butane burner 

5. Butane gas 

6. Metal scaffolding pipe 

7. Water boiler 

8. Water 

9. Heat resistant bowl or pan 

 

Procedure: 

1. Place half of the wires parallel to each other in the weaving equipment. 

2. Weave the wires through the placed wires. 

3. Fixate the ends of the wires together with bolts and rings. 

4. Remove the mesh from the weaving equipment. 

5. Bend the mesh around a thick metal circular pipe. 

6. Fixate the mesh into its position. 

7. Light the butane burner. 

8. Heat the NiTiCu wires until they are glowing red. 

9. Cool the wires with water. 

10. Flatten the wires. 

11. Heat water in a water boiler. 

12. Place the wires in the bowl or pan.  

13. Pour the water over the wires into the pan. 

 

Result: 

(1-4) The wires were woven into a mesh. The bolts and rings at the end of the wires held 

the mesh in place and prevented movement and rotation of the wires.  

(5-9) During the heating of the mesh some of the bolts and rings fell off. They had to be 

reattached before heating again.  

(10-12) The shape memory effect was triggered when the boiling water was poured onto 

the mesh. The bolts and rings prevented the wires from moving and rotating too much. 

  

Analysis: 

This experiment was done twice. The bolts and rings seem like a fine method of securing 

the wires, but seem to limit the freedom of shape of the mesh.  

 

Photos: 
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Appendix 6 
 

Experiment for combination 6 
 

Aim: 

 To find out if a mesh made out of  spring steel wire retains its elastic behavior 

after being heated up to the temperature required for shape setting the shape 

memory alloy wires. 

 To find out if a flat mesh made out of spring steel wire with shape memory alloy 

wires woven through it will elastically return to its flat shape after being heated 

while deformed and subsequently cooled down.  

 

Materials: 

1. NiTiCu wire with thickness 1,51mm 

2. Butane burner 

3. Butane gas 

4. Metal scaffolding pipe 

5. Water boiler 

6. Water 

7. Heat resistant bowl or pan 

 

Procedure: 

1. Weave the NiTiCu wire through the spring steel wire mesh. 

2. Bend the mesh around a thick metal circular pipe. 

3. Fixate the mesh into its position. 

4. Light the butane burner. 

5. Heat the NiTiCu wires until they are glowing red. 

6. Cool the mesh. 

7. Flatten the mesh. 

8. Heat water in a water boiler. 

9. Place the wires in the bowl or pan.  

10. Pour the water over the wires into the pan. 

 

Result: 

(1-3) The NiTiCu wire was thin enough to be woven through the openings in the spring 

steel wire mesh. The mesh was still flexible and could be bent and fixated around the 

metal pipe. 

(4-6) The wires turned red during the heating of the NiTiCu wire.  The NiTiCu wires and 

the spring steel wire mesh were cooled by waiting. This was done as to limit the effect of 

the cold water on the elastic property of the spring steel wire mesh.  

(7) After removing the cooled mesh from the metal pipe the expected flattening did 

not occur.  

(8-10) These steps were not performed since no shape change would occur. 

 

Analysis: 

The spring steel wire mesh was expected to elastically flatten back to its flat shape after 

the material had cooled down. When the material was cooled down nothing happened. It 

appears that heating the spring steel wire mesh up till the temperature required for the 

shape setting of the shape memory alloy wires caused the spring steel wire mesh to 

obtain a new shape to elastically return to after deformation. 

 

Photos: 
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 Appendix 7 
 

Experiment electric shape setting method 
 

Aim: 

 To find out if it the electrical heating method can be used to increase the 

temperature of the wire. 

 To gain insight into the amount of electrical current that is needed for heating the 

wire. 

 

Materials: 

1. NiTi wire with thickness 1,51 mm 

2. Transformer 

3. Copper wires with clamps 

4. Infra red thermometer 

 

Procedure: 

1. Connect the copper wires to the NiTi wire by attaching the clamps. 

2. Set the current to 10 amperes. 

3. Turn on the transformer. 

4. Measure the temperature 

 

Result: 

(1-4) The temperature of the wire was not measurable. The temperature indicated by 

the infra red thermometer was the room temperature.  

During this test the temperature of wire clearly increased. This could be observed by the 

vibrating air around the wire. The initial shape of the wire was straight. During the test 

the wire was curved in a U shape by using pliers. Turning of the transformer allowed the 

wire to cool down. The wire was straightened during when the wire was cooled down. The 

wire returned back to the U-shape when the transformer was turned back on. 

The applied electric current was 10 amperes. This resulted in an electric potential of 1 

Volt. 

 

Analysis: 

The infra red thermometer was not able to measure the temperature of the wire. This 

can have several reasons. One would be the size of the area that is measured by the 

thermometer compared to the diameter of the wire. The diameter of the wire could be 

too small for the thermometer to measure. 

During this test the wire was shaped in a U-shape while the wire was heated. The cooling 

down and reheating of the wire showed that this shape was clearly "remembered". The 

temperature was high enough for the wire to transform from martensite to austenite.  

 

Photos: 



137 
 



138 
 

 
 
 
 
  



139 
 

Appendix 8 
 

Experiment hot air shape setting method 

 

Aim: 

 To gain insight into the shape setting temperature.  

 

Materials: 

1. NiTi wires with thickness 2 mm 

2. NiTiCu wires with thickness 1,51 mm 

3. Oven 

4. Water boiler 

5. Water 

6. Heat resistant bowl or pan 

 

Procedure: 

1. Fixate the wire in a U shape. 

2. Place the wires in the oven. 

3. Turn on the oven. 

4. Set the temperature of the oven to the first temperature listed in table 1 

5. Remove the wires from the oven and let it cool down 

6. Straighten the wires 

7. Place the wire in hot/boiling water 

8. Observe if the wires return to the U shape.  

9. If the wires return to the U shape, the oven temperature was high enough. If the 

wires remain straight, the oven temperature was not high enough and the steps 

4-9 need to be repeated for a next temperature listed in table 1. 

 

Attempt Temperature in °C 

1 150 

2 200 

3 250 

4 300 

5 350 

6 400 

7 450 

8 500 

Table 1 

 

Result: 

 

(1-6) The oven was heated till 150 degrees Celsius. The wires were left in the oven for 5 

minutes after the temperature in the oven had been reached in order to make sure the 

wires had the same temperature. After this the wires were cooled in cold water. The 

wires were straightened by hand as far as possible. 

(7-9) Placing the wires in boiling water caused no shape memory effect when the wires 

were heated up till 150 degrees Celsius. Heating the wires in the oven up to 200, 250 

and 300 degrees Celsius did have a small effect. The wires showed a small amount of 

shape memory effect. This was however very minimal. Wires that were heated up to 350 

degrees in the oven and subsequently cooled and placed in boiling water showed a clear 

and strong shape memory effect. In order to increase the accuracy of the test the wires 

were also heated up to 325 degrees Celsius in a new shape. This shape was however not 

the shape to which the wires returned. Nor did they return to the shape they had at 350 

degrees Celsius. 

 

Analysis: 
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Two wires of NiTi and two wires of NiTiCu shape memory alloy were used for this 

experiment. The wires showed no shape memory effect when they were heated up to 

150 degrees Celsius. The wires showed minor shape memory effect from 200 till 325 

degrees Celsius. This indicates that the shape setting temperature was high enough for 

small parts of the wires. This may perhaps be caused by impurities. This is effect was 

hardly noticeable. Heating the wires up to 350 degrees Celsius clearly showed a strong 

shape memory effect. Clearly the wires need to be heated up to a temperature between 

325 and 350 degrees Celsius. For the remainder of this research the shape setting 

temperature will be noted as 350 degrees Celsius. The shape memory effect causes the 

wires to return back to the shape they had during the shape setting at 350 degrees 

Celsius. In the photo's it can be seen that the wires do not return back to the exact same 

shape. This can be caused by several parameters such as the temperature of the hot 

water, time at 350 degrees Celsius and stress in the material. 

 

Photos: 
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Appendix 9 
 

Experiment for zero stress austenite finish temperature determination 

 

Aim: 

 To gain insight into the austenite finish temperature.  

 

Materials: 

1. NiTi wires sample with weight between 2µg and 10 µg. 

2. Digital Scanning Calorimeter. 

3. Butane burner 

4. Butane gas 

5. Heat resistant bowl or pan 

 

Procedure: 

1. Cut a small sample from a NiTi wire. 

2. Place the sample in a heat resistant bowl. 

3. Increase the temperature of the sample with the burner. 

4. Let the samples cool down. 

5. Place the sample on a scale to measure the temperature. 

6. Place the sample in the DSC. 

7. Set the minimum and maximum temperature of the test, the speed of the 

temperature increase and the number of cycles. 

8. Start the DSC process. 

 

Minimum  

temperature 

(°C) 

Maximum 

temperature  

(°C) 

Temperature 

increase per 

minute 

(°C/minute) 

Number of  

cycles 

0 150 5 3 

Table 1 

 

Result: 

 

(1-5) The sample was cut from a NiTi wire. This resulted in some sparks as it was cut. 

This could be a result due to the sudden oxidation of the wire that causes an exothermic 

reaction. The sample had a weight of  

(6-8) The sample was placed in the DSC device. The parameters were entered into the 

computer controlling it. The test lasted a few hours. The results can be seen on the next 

pages with the photos. 

 

Analysis: 

 

The cut sample had a weight of 4.1350µg and fell well within the margins of 2µg and 10 

µg. The sample was placed in the DSC device to be tested. The results of the test were 

unexpected. The heat flow clearly increases drastically at 28 degrees Celsius and peaks 

out at 36 degrees Celsius. At 40 degrees Celsius the heat flow seems to level out again. 

This could indicate the austenite finish temperature (Af). The temperature was increased 

till 150 degrees Celsius. At this point the temperature was gradually decreased. The heat 

flow remained level until the temperature of 51 degrees Celsius. The heat flow peaked 

out at 48 degrees Celsius and leveled out at 38 degrees Celsius.  This could indicate the 

martensite finish temperature (Mf). This cycle has been repeated two more time with 

similar results as can be seen in the photos on the next page. 

 

 

 



146 
 

Photos: 
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Appendix 10 
 

Creating a silicone membrane 

 

Aim: 

 To create a silicone membrane that can be used to create double curved panels.  

 

Materials: 

1. Silicone A 15 transparent A component 

2. Silicone A 15 transparent B component (normal) 

3. Wooden mold 

4. Container 

5. Spoon 

 

Procedure: 

1. Add component A and B together in a container in a ratio of 10:1. 

2. Stir the components till they are mixed well. 

3. Pour the mixed components into the wooden mold. 

4. Let the silicone harden. 

5. Remove the silicone membrane from the wooden mold. 

 

Result: 

 

(1-2) The silicone components are mixed until the individual components were no longer 

to visible.  

(3-4) The silicone mixture was poured into the mold and left to harden.  

(5) The hardening lasted much longer than described on the instruction manual. The 

silicone was cut loose from the mold at several locations.  

 

Analysis: 

 

The silicone mold took a long time to harden. This was maybe caused due to not 

completely mixing the A and B components. The wood left an imprint on the silicone 

membrane. The silicone membrane is not transparent, but translucent. The silicone had 

to be cut at locations where the silicone had run into the seams of the mold. 

 

Photos:  
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Appendix 11 
 

Shape setting NiTi meshes 

 

Aim: 

 To set the shape for four different NiTi wire meshes.  

 

Materials: 

1. Wire mesh 20mm wire distance 2mm diameter 

2. Wire mesh 30mm wire distance 2mm diameter 

3. Wire mesh 40mm wire distance 2mm diameter 

4. Wire mesh 50mm wire distance 2mm diameter 

5. 9 limestone blocks 

6. Threaded rods M8 

7. Nuts M8 

8. Metal wire 

9. Oven 

 

Procedure: 

1. Place the limestone blocks in the desired position 

2. Slide threaded rods through the blocks and secure the blocks in place with nuts. 

3. Place a wire mesh on top of the blocks.  

4. Use metal wire to secure the mesh into place. 

5. Heat up the oven and place over the mesh. 

6. Remove the oven 

7. Release the wire mesh from the blocks and metal wires. 

8. Repeat steps 3-7 for each mesh. 

 

Result: 

 

(1-2) The blocks were placed and secured to each other to create something stable on 

which the meshes could be secured.  

(3-4) The meshes were tied into place. The meshes with 20 and 30 mm wire distance 

required more force to bend them into the desired shape.  

(5-8) The oven was heated till 350 degrees Celsius. The meshes were inside the oven as 

the temperature was increased. The meshes were kept at 350 degrees Celsius for 5 

minutes each.  

 

Analysis: 

 

The meshes no longer had a flat shape when they were released from the oven. This 

indicates that the shape setting process has been successful. Further experiments will 

prove this. Depending on the weight more mass may be needed to secure the meshes 

with 20 and 30 mm wire distance. 

 

Photos:  
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Appendix 12 
 

Elastic behavior when flattening NiTi meshes 

 

Aim: 

 To gain insight in the elastic behavior when flattening the shape set NiTi meshes 

with the silicone membrane.  

 

Materials: 

1. Wire mesh 20mm wire distance 2mm diameter 

2. Wire mesh 30mm wire distance 2mm diameter 

3. Wire mesh 40mm wire distance 2mm diameter 

4. Wire mesh 50mm wire distance 2mm diameter 

5. Silicone membrane 

6. Water 

7. Measuring cup 

 

Procedure: 

1. Place a mesh on a flat surface as displayed in figure A12.1 

2. Measure height h. 

3. Place the silicone membrane on top of the mesh. 

4. Measure height h. 

5. If h is not 0, then fill the membrane with water till h = 0 or the membrane is 

filled. 

6. Measure amount of water used. 

7. Repeat steps 1-4 for each mesh 

 

 

 

 

 

Result: 

 

(1-4) The meshes were flattened by the silicone membrane. The weight of the silicone 

membrane was not high enough to flatten the mesh with 20 mm wire distance.  

(5-6) 3,25 liters of water was used to fill the membrane. The height (h) was 9 mm when 

the water spilled over the sides of the membrane. The height (h) is shown in the table 

below for different amounts of water. 

 

  

Volume of 

water in (l) 

0,0 1,5 2,0 2,5 2,75 3,0 3,25 

Height (h) in 

mm 

18 18 17 16 11 9 9 

 

 

Analysis: 

 

Three of the four meshes were flattened by the load of the silicone membrane. This 

makes things easier since no other products or processes are needed to create a flat 

surface on which the panel can be cast. The mesh with 20 mm wire distance did not 

flatten completely. It was assumed that the weight of the panel would be enough to 

flatten the mesh completely. The higher density of the panel material might be enough to 

fully flatten the mesh.  

 

Photos:  

 

h 
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1,5 liter 



157 
 

 
 

2,5 liter 
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3,25 liter 
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Appendix 13 
 

Elastic behavior when flattening NiTi meshes upside down 

 

Aim: 

 To gain insight in the elastic behavior when flattening the shape set NiTi meshes 

with the silicone membrane with the mesh turned upside down.  

 

Materials: 

1. Wire mesh 20mm wire distance 2mm diameter 

2. Wire mesh 30mm wire distance 2mm diameter 

3. Wire mesh 40mm wire distance 2mm diameter 

4. Wire mesh 50mm wire distance 2mm diameter 

5. Silicone membrane 

6. Water 

7. Measuring cup 

 

Procedure: 

1. Place a mesh on a flat surface as displayed in figure A13.1 

2. Measure height h. 

3. Place the silicone membrane on top of the mesh. 

4. Measure height h. 

5. If h is not 0, then fill the membrane with water till h = 0 or the membrane is 

filled. 

6. Measure amount of water used. 

7. Repeat steps 1-4 for each mesh 

 

 

 

 

 

Result: 

 

(1-4) The meshes were flattened by the silicone membrane. The weight of the silicone 

membrane was not high enough to flatten the mesh with 20 mm wire distance.  

(5-6) 3,25 liters of water was used to fill the membrane. The height (h) was 17 mm 

when the water spilled over the sides of the membrane. The height (h) is shown in the 

table below for different amounts of water. 

 

  

Volume of 

water in (l) 

0,0 1,5 2,0 2,5 2,75 3,0 3,25 

Height (h) in 

mm 

33 30 29 22 18 17 17 

 

 

Analysis: 

 

Three of the four meshes were flattened by the load of the silicone membrane. This 

makes things easier since no other products or processes are needed to create a flat 

surface on which the panel can be cast. The mesh with 20 mm wire distance did not 

flatten completely. It was assumed that the weight of the panel would be enough to 

flatten the mesh completely. The higher density of the panel material might be enough to 

fully flatten the mesh.  

 

Photos:  
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0 liters 
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2,0 liters 
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3,25 liters 
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Appendix 14 
 

Shape memory effect triggering for NiTi meshes with hot water 

 

Aim: 

 To gain insight into the shape memory effect behavior of the mesh when loaded 

with the silicone membrane while heated with hot water.  

 

Materials: 

1. Wire mesh 30mm wire distance 2mm diameter 

2. Silicone membrane 

3. Water 

4. 3 Water boilers 

5. Thermometer 

6. Wooden container 

 

Procedure: 

1. Place a mesh in the wooden container. 

2. Measure height h. 

3. Place the silicone membrane on top of the mesh. 

4. Measure height h. 

5. Add hot water (100 °C) to the container. 

6. Measure the temperature. 

7. Measure the height h. 

 

Result: 

 

(1-7) The silicone membrane was placed on top of the mesh. Adding the hot water 

resulted in the immediate triggering of the shape memory effect. The water heated the 

mesh easily as the shape of the mesh was still flat at first and the mesh could be heated 

with a limited amount of water. The water then quickly dropped several degrees in 

temperature as the materials began absorbing the heat. As the temperature of the water 

decreased the height also started to reduce. This reduction was somewhat limited due to 

air bubbles getting trapped underneath the silicone membrane. The height (h) for several 

temperatures is listed in the table below  

 

T in 

°C 

 
20 

↑  

90 
↓ 

85 

↓ 

80 

↓ 

75 

↓ 

70 

↓ 

65 

↓ 

60 

↓ 

55 

↓ 
50 

↓ 

45 

↓ 

40 

↓
35 

↓
30 

↓
25 

H in 

mm 

46 42 41 36 35 33 33 33 30 30 30 28 28 25 25 

 

Analysis: 

 

This experiment showed that the mesh did not fully return back to the shape it had 

before the silicone membrane was placed on top of it. The height (h) did not reach 50 

mm, but maxed out at 42 mm. There are several reasons why the height (h) did not 

reach 46 mm. The first is that the temperature was not high enough to reach the 

austenite finish temperature. The second is that the load is too high for the mesh to fully 

return back to the remembered shape.     

 

Photos:  
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Appendix 15 
 

Shape memory effect triggering for NiTi meshes with hot oil 

 

Aim: 

 To gain insight into the shape memory effect behavior of the mesh when loaded 

with the silicone membrane while heated with hot oil.  

 

Materials: 

1. Wire mesh 20mm wire distance 2mm diameter 

2. Wire mesh 30mm wire distance 2mm diameter 

3. Wire mesh 40mm wire distance 2mm diameter 

4. Wire mesh 50mm wire distance 2mm diameter 

5. Silicone membrane 

6. Vegetable oil 

7. Frying pan heating element 

8. Thermometer 

9. (Wooden) container 

 

Procedure: 

1. Add vegetable oil to the container. 

2. Place a mesh in the wooden container. 

3. Measure height h. 

4. Place the silicone membrane on top of the mesh. 

5. Measure height h. 

6. Measure the temperature. 

7. Increase the temperature. 

8. Repeat steps 5-7 until a maximum of 300°C or the height is equal to the height 

when no silicone was placed on top of the mesh. 

 

Result: 

 

(1-8) The silicone membrane was placed on top of the mesh. The hot oil heated the mesh 

easily as the oil circulated around the container in relative high speed. The oil expanded 

as the temperature increased. During the first attempt the oil overflowed into the silicone 

mold. To prevent the oil from overflowing an overflow was added. This kept the oil level 

even with the surface on which the mesh was placed during the second attempt. The 

excess oil flowed into a separate container. The mesh started to return to its 

remembered shape as the temperature increased. The height (h) was measured for 

several temperatures and is listed in the table below. 

 

 

 

30 

mm 

mesh 

No 
silicones 

With silicones 

T in 

°C 

20 
 

18 40 50 60 70 80 90 100 110 120 140 160 180 

H in 

mm 

46 15 17  17 17 17 18 18 19 19 19 19 19 19 

 

Analysis: 

 

This experiment showed that the mesh did not fully return back to the shape it had 

before the silicone membrane was placed on top of it. The height (h) did not reach 46 

mm, but maxed out at 19 mm. There are several reasons why the height (h) did not 
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reach 46 mm. The first is that the temperature was not high enough to reach the 

austenite finish temperature. The second is that the load is too high for the mesh to fully 

return back to the remembered shape.     

 

Photos:  

 

 
 

Oil is overflowing into the silicone mold and eventually even over the edge of the 

container. 
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Adding and overflow allowed the oil to expand without overflowing into the silicone mold. 

Excess oil is collected in a separate container. 
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Triggering the shape memory effect caused the mesh to lift itself out of the hot oil and 

preventing the further increase in temperature of the mesh.  
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Appendix 16 
 

Shape memory effect triggering for NiTi meshes with hot air 

 

Aim: 

 To gain insight into the shape memory effect behavior of the mesh when loaded 

with the silicone membrane while heated with hot air.  

 

Materials: 

1. Wire mesh 20mm wire distance 2mm diameter 

2. Wire mesh 30mm wire distance 2mm diameter 

3. Wire mesh 40mm wire distance 2mm diameter 

4. Wire mesh 50mm wire distance 2mm diameter 

5. Silicone membrane 

6. Thermometer 

7. Measuring tool (ruler) 

8. Oven 

 

Procedure: 

1. Place a mesh on the oven floor. 

2. Measure height h. 

3. Place the silicone membrane on top of the mesh. 

4. Measure height h. 

5. Place the top part of the oven over the mesh. 

6. Increase the temperature of the oven. 

7. Remove the top part of the oven. 

8. Measure height h. 

9. Repeat steps 5-8 until a maximum of 300°C or the height is equal to the height 

when no silicone was placed on top of the mesh. 

 

Result: 

 

(1-9) The silicone membrane was placed on top of the mesh. This deformed the mesh. 

The mesh was heated inside the oven. The mesh started to return to its remembered 

shape as the temperature increased. The height (h) was measured for several 

temperatures and is listed in the table below. 

 

  No 
silicones 

With silicones 

 T in °C 20 
 

20 130 150 170 190 210 230 250 270 290 

20 

mm 

mesh 

H in 

mm 

44 20 20 22 28 28 28 28 28 28 29 

30 

mm 

mesh 

H in 

mm 

46 12 12 18 23 23 23 27 29 29 29 

40 

mm 

mesh 

H in 

mm 

43 13 13 13 13 13 13 15 15 15 15 

50 

mm 

mesh 

H in 

mm 

45 12 12 12 12 12 12 12 12 12 12 
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Analysis: 

 

This experiment shows that the mesh did not fully return back to the shape it had before 

the silicone membrane was placed on top of it. The mesh with the 50 mm wire distance 

showed no shape memory effect and the mesh with 40 mm wire distance only managed 

to lift itself and the silicone for 2 mm. The meshes with 30 and 20 mm wire distance 

showed similar recovery, however the 30 mm mesh was flattened a lot more due to the 

weight of the silicone. This experiment indicates that the meshes as they are constructed 

now do not have the capacity to fully recover their shape when loaded with the silicone 

membrane.  

 

Photos:  
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Appendix 17 
 

Shape memory effect triggering for upside down NiTi meshes with hot air 

 

Aim: 

 To gain insight into the possible mechanical hysteresis in the shape memory alloy 

mesh prototypes and to prove if the shape memory alloy mesh prototypes can 

fully return to the remembered shape when loaded with the silicone membrane 

when the length of the span is shortened.  

 

Materials: 

1. Wire mesh 20mm wire distance 2mm diameter 

2. Silicone membrane 

3. Thermometer 

4. Measuring tool (ruler) 

5. 4 limestone blocks 

6. Oven 

 

Procedure: 

1. Place two parallel rows of limestone blocks on the oven floor. 

2. Place the mesh on top of the lime stone blocks so that middle of the mesh is 

curved down. 

3. Measure height h. 

4. Place the silicone membrane on top of the mesh. 

5. Measure height h. 

6. Place the top part of the oven over the mesh. 

7. Increase the temperature of the oven. 

8. Remove the top part of the oven. 

9. Measure height h. 

10. Repeat steps 6-9 until a maximum of 300°C or the height is equal to the height 

when no silicone was placed on top of the mesh. 

 

Result: 

 

(1-9) The silicone membrane was placed on top of the mesh. This deformed the mesh. 

The mesh was heated inside the oven. The mesh started to return to its remembered 

shape as the temperature increased. The height (h) was measured for several 

temperatures and is listed in the table below. 

 

 

Analysis: 

 

This experiment shows that the mesh fully returned back to the shape it had before the 

silicone membrane was placed on top of it. The temperature at which the height (h) 

started to increase was lower than when the mesh was flattened on the floor as it was in 

the experiment described in appendix 16. No sign of mechanical hysteresis was seen. 

 

Photos:  

 

  No 
silicone 

With silicone 

 T in °C 20 
 

20 100 150 155 180 

20 

mm 

mesh 

H in 

mm 

70 60 65 68 69 70 
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Appendix 18 
 

Shape memory effect triggering for upside down NiTi meshes with hot air 

 

Aim: 

 To gain prove that increasing the volume of shape memory alloy material will 

increase the shape memory effect force so that the mesh can return back to the 

remembered shape from a flattened shape when loaded with the silicone 

membrane.  

 

Materials: 

1. 2 wire meshes with 20mm wire distance and 2mm diameter 

2. Silicone membrane 

3. Thermometer 

4. Measuring tool (ruler) 

5. Oven 

 

Procedure: 

1. Place the combined meshes on the oven floor. 

2. Measure height h. 

3. Place the silicone membrane on top of the meshes. 

4. Measure height h. 

5. Place the top part of the oven over the meshes. 

6. Increase the temperature of the oven. 

7. Remove the top part of the oven. 

8. Measure height h. 

9. Repeat steps 5-8 until a maximum of 300°C or the height is equal to the height 

when no silicone was placed on top of the mesh. 

 

Result: 

 

(1-9) The silicone membrane was placed on top of the combined meshes. This deformed 

them. The meshes were heated inside the oven. The meshes started to return to their 

remembered shape as the temperature increased. The height (h) was measured for 

several temperatures and is listed in the table below. 

 

  No 
silicone 

With silicone 

 T in 

°C 

20 
 

20 130 150 170 190 210 230 250 270 290 

Double 

20 mm 

mesh 

H in 

mm 

45 31 34 35 37 40 43 45 45 45 45 

 

Analysis: 

 

This experiment shows that the combined meshes fully returned back to the shape they 

had before the silicone membrane was placed on top of it. The temperature at which the 

height (h) started to increase was lower than when a single mesh was used. 

 

 

 


