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Abstract

Reconfigurable pin moulds are made of discrete elements that inherently impart surface
macro texture when applied to moulding. In this study, the process variables and design pa-
rameters were evaluated for thermoforming of plastic sheets using reconfigurable pin moulds,
in order to maximize the etched details in the sheet.

Through a qualitative analysis, the effect of the temperature and the amount of vacuum
holes in the detail etched was studied for three surfaces with different cross sections and con-
stant area. A DOE model was applied to determine the relationship and correlation between
four design factors that were analyzed by using a partial factorial design, whose response
was then evaluated on surfaces with different inclinations and height-distance ratios between
the pins of the mould bed.

It was found that the combination of a square grid pin bed with an interlayer. Irrespective of
the pinhead cross sectional shape and with the curve actuated in a positive setting, produced
the highest mean values for the evaluation of the details.

A factor range of 0.939 - 1.05 was determined theoretically for the optimal distance be-
tween two adjacent pins where the factor is the arc formed between the two pins divided by

the distance between the pins.

Keywords: Reconfigurable pin moulds, Pin heads, Textures, Thermoforming, Multi-point
Forming, Flexible Moulds.

Vi



VI



Resumo

Os moldes de pinos reconfigurdveis consistem em elementos discretos que transmitem
inerentemente uma macrotextura de superficie quando sao aplicados para moldagéo. Neste
estudo, foram avaliadas varidveis de processo e parametros de concepgao para a termofor-
macao de folhas plasticas utilizando moldes de pinos reconfiguraveis, a fim de maximizar
os detalhes gravados na lamina.

Usando andlise qualitativa, foi estudado o efeito da temperatura e o nimero de buracos
de vacuo nos detalhes gravados em trés superficies com secgbes diferentes e area con-
stante. Foi aplicado um modelo DOE para determinar a relagao e correlagéo entre quatro fac-
tores de desenho que foram analisados utilizando um desenho factorial parcial, cuja resposta
foi avaliada através de superficies com diferentes inclinagdes e relagdes altura/distancia en-
tre os pinos do leito do molde.

Verificou-se que a combinagao de um leito de pinos formando uma grelha quadrada com
uma camada intermédia, independentemente da forma da secgéo transversal dos pinos e
com a curva conduzida numa direcgao positiva, produziu os valores médios mais elevados
ao avaliar os detalhes.

Um intervalo de factores de 0,939 - 1,05 foi determinado teoricamente para a distancia
Optima entre dois pinos adjacentes onde o factor é o arco formado entre 0s dois pinos dividido
pela distancia entre os pinos.

Palavras-chave: Moldes de pinos reconfiguraveis, Cabecas de pinos, Texturas, Ter-
moformacgao, Formacédo multiponto, Molde flexivel.
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1 Introduction

Demand in the market is now more dynamic as more consumers prefer customized prod-
ucts and services that are tailor made to reflect their individual tastes and desires. This grow-
ing trend has led to a change in the manufacturing environment from long production runs
to short volume runs with a larger variety. However, industrial production processes were
designed to manufacture large batches of a single product that required dedicated tooling.
These rapid changes in product designs makes the mould unsuitable faster and requires a
new mould to be made and set up which consumes more time and effort. The introduction of
flexible and reconfigurable principles in industrial machines allows for rapid mould redesign,
saving resources and reducing labor costs and setup time [1].

Re-configurable moulds are made of elements that can be mixed and matched to cus-
tomize every product variant. These moulds can be rapidly and repeatedly configured for
producing mechanical parts for production. They can be used in variety of processes like
forming, moulding and casting to lessen production time and cost. Despite their universality,
it has only been applied in cases where a dedicated tooling is not justifiable, due to high cost
and storage factors. Pin moulds are a type of reconfigurable moulds that comprise of a bed
made of discrete elements called pins. These pins can move in the Z axis to recreate various
surface contours. An example of it in commercial application is PinArt toys as seen in figure
1.1. It was first patented by Ward Fleming in 1987 as a vertical three-dimensional image
screen [2].

Munro and Walczyk [3] investigated the reasons why this manufacturing technology is not
widely used in industrial practice or developed into a commercial product even with the devel-

(a) Toy available in the (b) As patented by Ward Fleming
market

Figure 1.1: Pin Art
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(b) Dynapixel by Cikoni used in Rapid Prototyping

(a) Adaptive Mould D200 by Adapa used in
Architecture [6] [7]

Figure 1.2: Commercial Re-configurable Moulds

opment of new actuation methods and an existing potential market. They suggested it is due
to high tool costs, low durability of interpolator surface and advent of additive manufacturing.
In their current state, reconfigurable moulds are suited to applications where "part variety is
high, production quantities are low and part geometry consists of gentle curvatures”.

Munro and Walcyzk also mention Gladwell’s book The Tipping Point [4] which postulates
three agents of change, one of them is the stickiness factor which in the realm of product
design states small details can make products memorable and compel large groups of cus-
tomers to acquire them. Correspondingly, the subject of this work is to develop a low cost ver-
sion of re-configurable moulds that does not use an interpolator layer and work together with
additive manufacturing to create previously impossible details, that might have the possibility
of becoming characteristic of these moulds and open up possibilities of different applications.

1.1 Goals of the work

Mould making industry remains competitive on the basis of three factors, quality, cost and
delivery time. Despite rapid development of digital technologies life cycle of moulds is still
a major concern [5]. Thus, the concept of re-configurable moulds was introduced in the
mould making industry as a potential replacement for conventional tooling. However, till
now commercial applications of reconfigurable moulds have been restricted to large scale
fabrication of curved composites surfaces where flexibility and size are prized over surface
requirements, as seen in figure 1.2.

In reconfigurable pin mould, the mould surface is discretized into smaller individual ele-
ments of a particular size with the freedom to move in the Z axis. This lends versatility to this
process, but is also the reason for two major limitations which significantly impacts the parts
that could be manufactured using this technology [8]:

» dimples caused by the pins in the part surface
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« cross sectional size of the pin and the arrangement of the pins

Prior research has been focused on developing smoothing techniques to minimize the
dimples caused by the pin based tooling to match the quality from a conventional mould.
To that effect, a rubber interpolator layer is introduced to provide a smooth surface for the
plastic to form on. This in turn creates parts without any details [9] [10]. It is proposed that
instead of looking at reconfigurable pin moulds as substitutes for conventional tooling and
focusing efforts on minimizing these perceived surface defects, this geometric waviness can
be considered as inherent part of the process and maximized as an aesthetical or functional
feature in new applications. For example, this technique could be employed to create textured
panels or to manufacture pleasing packaging.

Based on this preliminary understanding, the research objectives are listed as follows:

» Research objective 1: Understand the advantages and limitations of using the pin tool
in thermoforming.

» Research objective 2: Design pin attachments for re-configurable pin moulds and anal-
yse the surfaces produced.

» Research objective 3: Propose a set of parameters that produce high quality surfaces
with maximum details and applications where such surfaces and reconfigurable moulds
could be used.

1.2 Methods and techniques

This study will present mix methods research integrating both qualitative and quantitative
research. This approach of combining and analysing the statistical data with deeper con-
textualised insights is used due to the subject matter texture being highly subjective. After
conducting the literature review, design and process parameters will be tested to gauge their
effect. The resulting surfaces produced will then be analysed to gain a set of optimized
parameters.

1.3 Outline

The work presented in this thesis is divided into four chapters. The current chapter introduces
the concept of reconfigurable moulds, the relevance of the subject and gives an overview
of the objective of this research. The second chapter goes into an in-depth review of re-
configurable moulds by surveying the literature available and then briefly discusses basics
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of thermoforming and the combined application of these two technologies to identify possi-
ble research opportunities in creating textures. The third chapter explains the methodology
that was used in experiments to understand the capabilities of the pin tool prototype in the
thermoforming setup and the design of reconfigurable mould attachments. The fourth chap-
ter analyses the results of the experiments and discusses possible applications. The fifth
chapter summarises the most relevant findings with future research directions.



2 Literature Review

In the following chapter reconfigurable pin moulds are introduced. In addition, their func-
tionality, components and actuation mechanisms for different applications are explained.
Next, thermoforming technology is discussed with sections on process, moulds and materi-
als. Lastly, the benefit of textures and different type of patterns is explored and how they are
utilized in different industries, like packaging, architecture and design, among others. The
objective of this discussion is to identify recent stage of developments in these three subjects
and explicate by what method reconfigurable pin moulds could be be used to include texture
in new thermoforming applications.

2.1 Re-configurable moulds

Re-configurable moulds are not a new technology, as they have been around for at least 150
years [3]. Yet there is no standardized set of terminology, the keywords used widely differ.
Some recurring terms used to refer it are variable geometry mould, reconfigurable tooling,
pin bed tooling, discrete dies, flexible moulds, free form fabrication so on and so forth. In
this thesis, customisable moulds will be referred as reconfigurable pin moulds. This term
encompasses the flexible nature of these moulds without focusing on specific features like
geometry, actuation etc. The term details will denote the outline of the pinheads.

"A reconfigurable tool is defined as a machine that can be repeatedly configured
by a user for shaping mechanical parts in a manufacturing setting. Despite being
flexible and enabling companies to save time and money, these have still not been
adopted by industries and are only found for niche practices." [3]

Re-configurable tooling primary application has been thin shelled surface generation
rather than 3D solid object manufacture. It can be reshaped repeatedly by vertically re-
positioning each element resulting in new surface geometries. Geometric algorithms in this
technology are highly efficient and have been used for the planning operations [11], surface
approximation, error estimation, pin obstruction [12], [13] and reverse engineering [14].
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2.1.1 Components

Re-configurable moulds are based on the discretization of the mould surfaces into a number
of elements that can be positioned in the vertical direction. This positioning can be done by
a variety of methods as described in the next section. Tooling characteristics of reconfigured
moulds are divided into three main parts: pins, interpolation layer and the beds.

Pins are adjustable units that give rise to the so-called reconfigurable pin-type tooling, tools
that allow to generate surfaces of variable geometries by reshaping the pins, in a manufac-
turing setting [10]. Pins have the following set of features and parameters:

+ Pin Dimensions - Pin size and height determines the resolution of the matrix. A matrix
with higher resolution can create a product with finer level of details and extensive depth.
However, there is a trade-off between minimum pin size and maximum pin height vs
manageability and costs [15].

+ Pin Shape - The body of the pin can have different uniform polygon cross-section such
as square, hexagonal, circular, triangular etc. Selection of pin shape can depend on
their usage for example cylindrical pins are used for their ease of use during manufac-
turing while square pins can be closely packed.

+ Pin Density — Pins can either be closely packed or uniformly spaced. Greater the num-
ber of pin, more duplication of effort is required. The packing can be uniform or non
uniform, but former is preferred as varied spacing can lead to complications.

+ Resolution - Spatial resolution describes how small an area of the surface can be ma-
nipulated. Displacement resolution is a measure of how finely the position of the pins
can be controlled [16].

+ Pin Configuration - The pins are placed along a grid, covering spatial positions that
when put together can form different geometries as shown in 2.1, square and triangular
are the most used as they are the basic shapes that can give rise to more combinations,
depending on the need of the application.

» Pin Heads - The pins can be capped with different types of heads depending on the
interaction with the part. The end of pins that form the surface can be spherical, square,
conical etc. They could also be specialised to perform functions such as fixturing,
molding etc. The ability to exchange pinheads allows greater freedom for the pin tool.

Interpolation Layer is a layer of commonly flexible material that is placed between the pins
and the material to be manufactured, for example, neoprene. Its main function is to provide
a surface in order to limit the waviness in the formed surface [17].
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Figure 2.1: Pin Cross Sections - From left to right Octagonal & Square, Triangular, Square, Hexagonal

Pedersen and Lenau experimented with different interpolator thicknesses for dimple sup-
pression to level out the mould surface. They found out that the depth of the dimples is
reduced as the thickness of the interpolator is increased but that also results in low fidelity of
details [10].

2.1.2 Actuation Mechanisms

Re-configurable moulds can be actuated by variety of mechanisms, ranging from manual
to automatic. Pins can be moved to their required position in a specific mould manually or
automatically.

The simplest method pins can be actuated is manual adjustment through the use of lead-
screws as seen in figure 2.2 (b) that have the advantage of self-locking and self supporting
when a thread with the right pitch is used as demonstrated by Pedersen and Lenau and Im
et al. This method is valid for applications where forming loads are low and tolerances are
high but it requires a large a mount of time for positioning and verification. Berteau [19], even
patented a design where threaded pins are closely packed, and to be actuated, the pin has
to be rotated about its axis, sliding longitudinally using the threads of the adjacent pins.

The positioning of the pins can be done by a numerical controlled machine and ultrasonic
vibrator to push a metal tool towards the pins either one at a time or in multiples doing a
sweep. The curved surface can also be generated alternatively using a master model [20].
Both methods are shown in figure 2.3(b).

Haas et al as seen figure 2.2 (a), described a shaft-driven lead screw concept where the
pins are made of steel tubes with a lead screw inserted in the core. The lead screw is rotated
when the clutch is engaged using a worm gear. This actuation method can position with
sufficient accuracy with timing, to eliminate the need of position sensing device for each pin.
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Figure 2.3: Examples of Actuation Methods

However, the clutch is the weak point in this design [21].

Walczyk and Im [22], as seen in figure 2.3(a) demonstrated viability of hydraulically actu-
ated pins. The advantage is there is only one power supply, making it mechanically simple.
Two systems were tested, in open loop mode position is controlled by timing the constant-
velocity, tracking the upward movement of individual pins until a prescribed position is reached
and the closed loop mode with the help of position sensor which makes the system much
more complex. However both options have low position accuracy and repeatability.

Using the same packing configuration as the Humphrey design[23], Paul used a combi-
nation of two robots to divide the actuation process into two steps, roughing pass and the
finishing pass. The first manipulator actuates the pins to their height positions and the sec-
ond manipulator shapes the pin ends into a more smooth, sculpted surface [24]. Apart from
positioning the pins, robots can also be used store, transfer and arrange the pins into produc-
ing the mould as described by Todoroki [25]. Kaufman also describes a simple setup using
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robotic arm to form composites [26].

Moulds can also be actuated interactively and more intuitively by employing variety of
input methods, that can be switched with one another, during the process itself. As shown by
Protomoulds [27], the user can alter the height of each pin with hand gestures or can draw the
outline of the mould directly on the plastic sheet with a whiteboard marker where a camera
detects the line and the pins located inside the outline are then raised to press against the
plastic and form the shape. They can also use traditional scanning data through the inbuilt
camera or manipulate using the virtual model of the pins available with the accompanying
software.

2.1.3 Applications

Reconfigurable pin type tooling has been used in different areas of industrial application, its
versatility when adapting to new applications is shown in the following 6 areas where projects
are being implemented with this technology.

» Forming - Re-configurable tooling have been applied in the field of sheet metal form-
ing for automotive, airplane, and locomotive industries [28—-33]. Humphrey later on
suggested the use of an interpolation layer which is a flexible membrane placed over
the pin surface to prevent any material leakage, smoothing out the surface and easing
demoulding [23]. This allowed the technique to be applied for plastic sheet forming.
Thus, Kleepsies and Crawford were the first to apply reconfigurable moulds to the ther-
moforming process and present the waviness problems [34].

» Moulds - The trend in the construction industry to create organic, fluid shapes and forms
in architecture are time and labor intensive. New production methods using reconfig-
urable moulds provide an efficient method to create custom mould surfaces that are
non standard and complex with less effort and wastage. Materials such as concrete
facade panels that are double curved can either be cast in the flexible mould system
itself [35], or cast in a secondary form work that utilizes the geometry formed in the
system [36], where two vacuum formed plastic sheets with the desired curves were
held vertically and reinforced on either side to create a counter pressure on the poured
concrete.

Other popular materials that are used in architectural projects are composites and sheet
metal [37]. Different configurations of reconfigurable surfaces have been used to fab-
ricate non repetitive, irregular geometries in textile composite panels [38], glass fiber
reinforced concrete [39], bending glass [40], and sheet metal panels [41].

Narisco created a moulding device for solid form generation and tested the concepts for
forming resin-infused carbon fiber composites and bone replacement geometry. She
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(a) ShapeCAD Project [49] (b) Transform Project [50]

Figure 2.4: Reconfigurable moulds as Interface

observed flash or excess material is observed on the moulded object at the interacting
edge and stepped effect on the surface finish [42].

Zah and colleagues developed a form flexible to make injection moulding for small
objects more economical. For such 3D applications a clamping device and closed
pack configuration becomes necessary to prevent relative movement of the pins and
any leakage of the liquid plastic [43].

Koc building upon the work of variants of Kelkar et al. introduces several methods to
increase the structural rigidity of the component by using constraints. This lead in tool
strength can prevent gap formation in worst case loading during solid form generation
moulding activities [44]. Hong patented a four sided moulding mechanism that can be
used to creates gypsum or plaster moulds of people [45].

Fixturing - This can be seen in the development of reconfigurable and flexible fixturing
devices that can be re-positioned to conform to a wider variety of parts and products.
This is achieved by employing actuators and measuring devices either placed internally
or externally. These methods of adjustment can range from manual to automatic and
are selected based on the manufacturing conditions and financial analysis of the pro-
cess [46]. Park et al. [47], present a transformable pin matrix fixing system that allows
to automatically set the optimal pin height in order to reduce the deformation caused by
the positioning failures of the automotive doors that go through the assembly process
of the ultrasonic welding and screwing.

Interface - Reconfigurable technology has an immense potential for creating interactive
displays in exhibitions. Project Feelex created a technique that combined visual and
haptic sensations. This was accomplished by connecting an actuator array to a flexible
screen onto which images could be projected. The user could deform the screen by
touching and depending on the location and the amount of force applied, the recorded
graphics appear to be in motion [48].

Similarly, reconfigurable components are also applicable to the field of Human-Computer
interaction (HCI). They can create dynamic pathways that instruct users on the actions
they can take. The inForm system is a shape changing interface that renders physical
Ul elements on the basis of programmed states. These affordances can transform in
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shape, size, location, orientation and also appear or disappear on command enhancing
the previously static nature of physical objects. The feedback is tracked using an over-
head depth tracking camera [50]. Another project by the same lab explores how these
mould can improve our interactions with day to day objects for example an augmented
phone case as seen in figure 2.4 (b).

Another iteration of shape displays using reconfigurable technology is ShapeShift. It
builds upon previous work but goes further by rendering spatial tracking data with a
smaller mobile tabletop array. This kind of self actuation can give a tangible dimension
to virtual reality applications [51]. Tactile shape displays increase accessibility in blind
and visually impaired users to design, produce and edit 3D models with real time haptic
feedback [49] as seen in figure 2.4(a).

Large scale pin type tooling have been used as building blocks for prototyping room-
scale shape-changing interfaces. These modular, inflatable actuators are low cost,
highly extendable and support up to 10 Kg load. These constructive tiles can be used
for a variety of scenarios like pop up furniture or information displays [52].

In the same vein, different projects from MIT Media Lab have demonstrated how re-
configurable moulds can be used as adaptive and dynamic table to support a variety of
physical activities [53], or used as an abstract storytelling medium [54], or allow interac-
tion with music in real time by manipulating sound waves [55]. Inspired by the Feelex,
NSF Digital Clay project is a project conducted in GIT Atlanta focused on the design of
a physical graphical user interface (GUI) and output device capable of changing sur-
face shape in response to the pressure applied by human hands or by a 3D model [56],
[57].

Scanning - Generally, reconfigurable pin tooling systems are set up with 3D CAD mod-
els but recently advances have been made where a set of digitized points obtained
from reverse engineering can be converted into NC tool paths for rapid reproduction.
This can be achieved using geometric algorithms that treat the data to determine ap-
proximation of NURBS surfaces and eliminate any error [14].

Tam and Chan demonstrated a novel scanning approach system using pin array digi-
tiser and a smoothing technique, by reverse engineering the part surface to generate a
point cloud which is then segmented and treated to satisfy draw ratio, demoulding and
strengthening aspect of a thermoforming mould [58]. This approach saves costs and
illustrates another utilization of reconfigurable pin moulds.

Casting - Recently the reconfigurable technology has been applied to the casting in-
dustry to mark green sand castings with unique identifiers that allow traceability while
significantly decreasing process cycling time. The study developed an insertion tool
made of paraffin-graphite blend that got activated with electrical flow. As the current
passes, the tool gets heated due to resistance, expanding the paraffin, thus raising the
marker [59].
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A review of works done by other researchers in vacuum forming [8], [34], [60-62], illustrate
that the main focus was on creating surfaces that had a smooth interface. The application of
reconfigurable moulds to the thermoforming process is considered as this is a sheet forming
process that uses relatively low temperature and pressure. The moulds used can be made
of materials such as wood or plastic that are easily workable. This in addition to the use of
manual actuation techniques would allow faster and easier development of a prototype. The
materials used to test to validate the process are also more economical compared to other
process. Hence, the manufacturing process chosen for the experimentation is thermoforming

2.2 Thermoforming

Thermoforming is defined as a secondary moulding technique process where a plastic sheet
is shaped using heat and pressure. Thermoformed products can be classified into two main
categories: disposable products and industrial products. Industrial products are durable and
built to last. They are made of thick gauge plastic sheets like panels and liners in transporta-
tion and appliance industries. Disposable products which have shorter life expectancy are
formed from thin gauge plastic rolls. For example blister packs, single use cutlery, protective
plastics casings etc., are mainly used in rigid packaging and pharmaceutical industry [63—
65]. Examples of thermoformed products can be seen in figure 2.5.

According to PlasticNews in 2020, 85% of all thermoformed products are disposable prod-
ucts and the production of these items is very fast and carried out in large quantities. [66]
The growth in the industry is fed by on demand lifestyles as the market has shifted toward
e-retailing channels and convenient packaging. Manufacturers are looking for bio-based op-
tions to meet this rising trend by using biodegradable plastics such as PLA (Poly Lactic Acid)
to produce sustainable packaging without changing the process and equipment [67—-69].

Thermoforming technology is also an highly efficient method for creating composite struc-
tures such as FRP (Fibre reinforced plastics), WPC (wood plastic composites), etc that com-
bine the desired properties of its building components resulting in superior multi-layer lami-
nates that are only required for small scale runs [70-72].

2.2.1 Process

Thermoforming is a secondary, one side forming process. The production starts with ex-
truded sheets which can be single or multi-layered with different grades, colours and addi-
tives for versatile properties. Thermoforming process converts these sheets into different
forms and shapes by following a five step process:
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Figure 2.5: Thermoformed Products

+ Loading - Sheets are classified by their gauge as referenced in table 2.1. Thinner
sheets are handled as continuous rolls while thicker gauges are cut into the proper
size and stacked flat. Forming sheets above 13 mm are generally not included in this
process. The sheet is then held securely in a clamping mechanism.

» Heating - The sheet is heated uniformly using radiant heating elements until it reaches
its forming temperature window. This can be observed when a sag in the sheet is
visible. Heating of the sheet takes the longest time in the cycle, this time can be reduced
with the help of localized and rapid ultrasonic vibration energy [73].

» Forming - When the sheet touches the mould surface, it is chilled and stops stretching.
As stretching continues, the sheet free of the mould surface gets thinner and thinner.
The part of the sheet that is formed last is the most weak and oriented section. This
differential stretching results in non-uniform wall thickness.

Cooling - The sheet is allowed to cool to a temperature where the new shape will be
sustained. The cooling process can be quick or slow depending on the mould material
and part thickness.

Trimming - Part is removed and then the excess material is trimmed and recycled. In
some machines the trimming is done before the part removal. At other times, the part
is filled and sealed for example in cups, or capsule packaging.

Itis important to note for our objective that during the cooling process the sheet increases
its density and shrinks in the opposite direction to the external walls of the mould, so in
theory it is possible to generate structures that have walls with zero draft angle ( angle that
is formed between the parallel to the wall and horizontal to the base). However, this is not
recommended because such angles can lead to holes, very thin walls, webbing, and severe
sidewall thinning. Normally moulds have draft angles ranging from 1-5 degrees and it is
recommended to place the highest possible value that does not compromise the other parts
of the design [64].

On the other hand, the corners are points of great concentration of effort, and depending
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Table 2.1: Sheet Classification by Gauge

Types of Sheets Gauge

Film or Foils <0.25 mm
Thin 0.25-1.5mm
Mid 1.5-3mm
Thick 3-13mm
Plates >13 mm

on their location, internal or external, and the number of planes that intersect, 2D or 3D, their
reproduction will depend on how sharper they are. The sharper it is, the thinner and weaker
the part will be at that point. It is therefore recommended to increase the radii or corner
chamber to minimize these problems [74].

2.2.2 Thermoforming Parameters

In this section the various parameters related to thermoforming are discussed.

Moulds A thermoforming mould must fulfill the following criteria from creating a part ac-
cording to specifications [64]:

» A dimensionally stable surface against which a formable plastic sheet can be formed.

It should allow for the removal of heat from the sheet, repeatedly and efficiently.

It should be robust enough to withstand repeated forming at elevated pressures and
forming sheet temperatures.

It should withstand corrosive gases from plastic, erosion and wear from filled or rein-
forced plastic and should survive environmental conditions during long term storage. It
should be repairable if damage does occur.

Part Design In a mould, each structure and geometry has its peculiarities, here are some
general considerations to be taken into account when designing parts for thermoforming.

.

the uniformity of wall thickness;

« corner strengths;

ability to stack;

« structural stiffness and mechanical response of the structure;
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» material consumption;

The design parameters that most affect the thickness variation of the sheets are draw
ratios, which are a set of measurements that allow comparing figures with different geome-
tries. Aerial Draw Ratios (ADR) determines the overall stretch measurement of the sheet, by
dividing the surface area of the formed part by the surface area of the sheet used to form
the part. Linear Draw Ratios compares the length of a straight line drawn on the sheet be-
fore forming as compared to the length of the same line after forming, in order to evaluate
the tool and define if it is better to use a cavity or plug mould. Height-to-Dimension Ratios
which evaluates the symmetry of the shape by the ratio between the height of the formed
part divided by the length of the greatest opening of the part [65].

Conditions The sheet thermoforming process is widely used in the industry because of
the friendly operating conditions that the process demands. Forming pressure ranges are
generally below 14 psi and up to 150 psi depending on the forming method used [65]. It is
not necessary to reach the melting temperature (Tm) of the material in order to form it, unlike
moulding. This process takes place in the range between the value identified as lower limit
forming temperature that corresponds to the heat deflection temperature (HDT), temperature
at which the material begins to soften and starts to be malleable, effect generated by the
release of its secondary molecular bonds of attraction and the upper limit forming temperature
that is located below the Tm range known as thermoforming window [35].

Features Thermoforming technology has a distinct advantage over other plastic processes
when it comes to texture, as it picks up minute textures. There are two ways textures and
patterns can be incorporated in any thermoformed product: First it could pick up the texture
from an etched mould surface or the extruded sheet itself could be formed with having an
embossed surface. Once a mould has been etched its very difficult to have it modified, this is
because modified moulds can affect the fit and tolerances of the product resulting in errors.
However using a textured sheet is possible because unlike other processes the cosmetic
side of the sheet, doesn’'t come into direct contact with the mould surface. Table 2.2 defines
some of the features of both options. Some of the most prevalent textures can be seen in
figure 2.6, [75].

2.2.3 Thermoforming Material

Within the thermoforming process, the most widely used materials are thermoplastics. Those
polymers that have the ability to melt and become moldable again even after they acquire
their solid state. Some of the most commonly used thermoplastic polymers for thermoforming
of sheets and surfaces are presented in table 2.3.
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Calf Grain Coachman Coin Pattern Crush

Diamond Plate Haircell Heavy Grit Lava

Levant Il Royal Morrocan Saddle Grain Seville

Figure 2.6: Textures in Thermoforming

Table 2.2: Texturing options in thermoforming

Options Features

Texture can be etched into the mould in defined patterns and areas
Greater texture detail and depth than other moulding processes

In mould Contrasting surface finishes for variation and high level of details
textured Difficult to modify the mould once formed
surface Multiple texture options are available

Texture formed directly into the finished part
Functional design features can be added

Lower tooling cost than in-mould texturing
Minimal texture pattern options

Fewer details than in-mould texturing
Texture depth variation over the part surface
Pretextured sheets available from suppliers

Pre textured
plastic sheet

Table 2.3: Thermoforming Temperatures [64]

Polymer Forming temperature (°C) Forming temperature range (°C)
Polystyrene (GP-PS) 149 127-182
ABS 166 127-182
Rigid PVC 138 104—-154
Acrylic (PMMA) 177 149-193
Polycarbonate (PC) 191 168-204
HDPE 146 127-182
Polypropylene (PP) 154 132-166
APET 149 121-166
40% GR PP 204 129-232
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Below is a list of the most used thermoplastics. Along with their main characteristics,
new studies are included that showcase development of sustainable alternatives. This in
most instances is achieved by extending the useful life of the materials by the formation of
composite materials.

Polystyrene General Purpose Polystyrene (GPPS) is an amorphous thermoplastic with
a wide forming window, it presents a transparent appearance and has a high modulus, a
low room temperature elongation at breaking. Material with great acceptance in the dispos-
able and packaging industry mainly due to its low cost and ease of thermoforming. Its main
disadvantage is its high rigidity and fragility, which can make trimming difficult, leading to
micro-fractures that can spoil the thermoformed part. Different materials have been added
to increase the impact resistance of PS, being butadiene the most common and giving rise
to high impact polystyrene (HIPS) [64], [65], [76].

Kaho et al. [77], presents the fabrication of a mixture of expanded polystyrene (EPS) and
wood waste, for which a solution made from EPS dissolved in acetone is used as homoge-
nizing resin. As a result, the thermoformed samples were less porous, more homogeneous
and absorbed less water than the non-thermoformed samples.

Acrylonitrile butadiene styrene (ABS) An opaque amorphous polymer is a versatile poly-
mer which combines the properties of the three elements that make it. It preserves the pro-
cessing ease of styrene, and combines the gloss and weatherability of acrylic with the impact
resistance of a synthetic rubber such as butadiene. This is used when high impact strength
is needed yet transparency is not required, such as appliance cabinets, medical devices
or shell housings [64], [65], [76]. Sanguanwong et al. [78], elaborated a mixture of different
thermoplastic polymers including recycled ABS, in different proportions for use as a compos-
ite material in the formation of interior structural products for automotive industry, achieving
satisfactory results.

Polyvinyl chloride (PVC) A hard, rigid, translucent polymer. lts composition makes it a
fire-retardant with a limiting oxygen index (LOIl) greater than 30, which is why it is used in
transportation or electronic equipment coating applications where flammability ratings may
be an issue. It is sensitive to overheating, presenting color shift or discoloration. If the
by-products of excess heat in the process are mixed with water, it can generate hydrogen
chloride (HCI) gas due to its chemical composition thus, additional safety precautions within
the thermoforming system are required [64], [65], [76]. PVC is incompatible with several
polymers, having some affinity for acrylates.
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High and Low Density Poly Ethylene (HDPE / LDPE) Low cost crystalline thermoplas-
tic, with density around 960 kg/m?. It serves as a barrier for the passage of water vapor,
characteristic that makes it one of the preferred materials in the food packaging industry,
together with its low density presentation (LDPE). HDPE has as main characteristics a high
impact strength, chemical resistance, and excellent outdoor weatherability, having applica-
tions in the formation of pallets, marine and garbage cans. LDPE, on the other hand, has a
much lower modulus than its high-density counterpart, a property that gives it the flexibility
necessary to be useful in the flexible packaging industry [64], [65], [76].

Several studies have been conducted in the quest to extend the shelf life of single-use
disposable plastics and flexible food packaging. Awoyera evaluated the feasibility of using
polymer blends, including LDPE and HDPE materials recovered from the sea, in the produc-
tion of composite cements, achieving at the end of its work to prove the ability to use these
wastes as secondary raw materials in a new production process [79].

Polylactic Acid (PLA) & Green Polyethylene (PE) Special mention must be made of
biodegradable polymers and composites. Polylactic acid is a crystalline polymer with a glass
transition temperature between 55°C and 65°C, density of 1.25 g/cm? and highest modu-
lus of elasticity at 3500 MPa. The physical properties of PLA can be improved by material
orientation, for example bi-axially oriented sheets. It is a renewable thermoplastic obtained
entirely from corn and can also be produced from other renewable resources that contain
natural plant sugars such as sugar beets, wheat etc. It biodegrades by hydrolysis, so it
must be protected from moisture in the air. PLA is suitable for applications ranging from soft
drink glasses, fruit and vegetable trays, and refrigeration and freezer containers [80]. Green
Polyethylene made from sugar cane is as an alternative to regular fossil based polythene
with the same properties as PE but renewable and sustainable. It is not biodegradable like
PLA but can be recycled. Altinbalik studies how green PE can be used in the thermoforming
process to achieve the same result as traditional PE [81].

2.3 Textures and Patterns

2.3.1 Texture

Perception of texture can relay information through visual, acoustic and tactile communica-
tion. Incommon terms it is the feel or appearance of a surface. The use of physical and visual
textures in design can convey a variety of emotional responses and functional behaviors. Ev-
ery texture has its corresponding personality trait that originates from learned expectations
from the natural environment and can trigger clues in the built environment.
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For designers itis a powerful tool that remains invisible to the viewer unless it doesn’t align
with their expectations. In engineering, surface texture can enhance properties of materials
with top (cutting, etching, grinding) or bottom (deposition, coating) processes. Coblas and
Moronuki [82], reviews surface texture manufacturing methods (nano to micro scale) and
how they have been applied in various fields such as optics, physics, bio-medicine, tribology,
energetics, electronics, metrology. The design of functional texture if often inspired by natural
designs [83]. However, the objective of this thesis will be focused on macro textures and their
functional and aesthetic features.

Texture in Architecture and Interior Design In architecture and interior design, textures
can stimulate pleasant psychological associations in an interior space with the help of bio-
philic designs. These imitations of natural forms and elements in the built environment can
nurture cognitive well being [84]. They are also effective tool for creating mindful spaces
as different types of textures interact with light in their own way. Furniture and furnishings
with smooth and shiny fabrics such as silk and satin reflect more light giving an extravagant
appearance while rougher fabrics such as fur and wool absorb or diffuse lights creating a
warm and cozy environment. Combination of textural contrasts can be used to either bal-
ance or highlight lighting in any room [85]. Similarly in product design, physical and visual
textures trigger feelings of elegance and class with smooth, high gloss finishes, or strength
and industrial responses from rough or hard finishes.

Spence and Ferreira review how tactile textures implemented in packaging designs can
significantly affect the consumer perception and behavior towards the product itself and the
need for texture compatibility between product and packaging for a positive impact [86], [87].
A study conducted in Brazil with visually impaired people suggests inclusive models to design
accessible packaging that provide tactile details about opening and closing of the package,
expiry date of the product, nutritional information and brand identification [88]. Braille is one
way to make packaging accessible, but it is not as commonly used. [89] Raised symbols
and QR codes as seen in figure 2.7 are great examples of inclusive designs that enhance
usability for all customers.

Texture in Product Design Texture in food science and technology has emerged as one
of four key factors that form the eating experience and can even determine appreciation and
acceptability of food items. It is an integral sensory component with multi parameters that can
be modified to enhance the textural profile using food processing techniques [90-92]. One
of the common applications is the use of silicone food moulds to make puree foods more
attractive to patients with dysphagia [93] and to influence food preferences in young children
by promoting tactile exposure [94].

Texture also has various tribological applications. A study conducted by worobets et. al
presented that maximizing traction on the outsole of running shoes resulted in increased
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(a) VictoriaLand Beauty s Packaging (b) Universal Raised Symbol’s 2

Figure 2.7: Accessible Packaging Example
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(a) Slip Resistant Crocs with raised surface area (b) Colgate 360° Manual Toothbrush

Figure 2.8: Everyday examples of tribological applications

performance in the athletes [95]. Textured thumb grip in Colgate 360 manual toothbrush im-
prove stability and handling of the brush during activity. Both examples can be seen in figure
2.8, [96]. Similarly, it is possible to find the use of macro textures in dumbbells, handlebars,
coffee cup grips for slip resistance and ergonomics.

Texture in Packaging Design In thermoforming packaging products, flat surfaces are
avoided, as the slightest distortions are manifested and the part will lose its quality appear-
ance. Rounding, arching of surfaces or incorporating high reliefs, ridges and grooves in-
creases the rigidity of the formed part and allows the use of thinner sheet materials. Not
only reducing overall cost but also being eco-friendly by minimizing consumption of plastic.
These effects protect the contents of the packaging [76].

Rodriguez-Parada, Mayuet, and Gamez studied how mechanical properties of thermo-
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Figure 2.9: Pattern Examples

formed containers can be improved by different types of geometrical reliefs, their amount and
arrangement. She also states that the important structural factors are the relationship be-
tween the width of the relief and its height. Furthermore, she proposes study of complex relief
patterns and geometries on thermoformed surfaces by means of FDM moulds. These inno-
vative and efficient designs can open up avenues personalisation and expression of brand
identity. In another field study conducted by Rodriguez [98], thermoformed products with rib
design variations were tested with consumers to perceive the influence of the final finish of
the package and it was suggested that future reliefs should have more specific customization
to achieve the desired differentiation on the packaging and strong consumer reaction.

2.3.2 Patterns

Pattern is ordered repetition of a unit. This recurrence of forms can be at regular intervals or
increasing intervals. Nature is full of patterns from molecule lattices to wood grains, veins in
a leaf to branches in a tree, petals of a flower to a snowflake. These universal forms when
incorporated into man-made design can support and emphasise visual communication. As
patterned forms repeat predictably, it creates balance, harmony and symmetry which help in
defining relationship that can be interpreted intuitively and transfer information seamlessly. It
is a key principles of design that when used effectively is aesthetically pleasing and optimizes
the user experience [99].

The construction of every pattern, no matter how complex or simple the unit is based on a
geometric plan. The skeleton of any pattern - geometric or organic is formed upon cross lines.
These framework systems of cross lines, if there are two lines produce a square or diamond
lattice depending on the angle, three cross lines will produce triangles and hexagons as seen
in figure 2.9, [100].

Tessellations are type of patterns that like textures can be found in every culture. They can
be found around the world in cultural artifacts, historical architecture and natural elements.
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(a) Geometric Regular Tessellations (b) Simple Escheresque Tessellations

Figure 2.10: Examples of Tessellations

It can be defined as "Tesselation is a collection of shapes that fit together without gaps or
overlap to cover the infinite mathematical plane. Another word for tessellation is tiling, and
the individual shapes in a tessellation are referred to as tiles", [101].

Tessellations can be divided in to two groups:

» Geometric Tessellations - Tilings in which the individual tiles are geometric shapes are
geometric tessellations.

» Escheresque tessellations - Tilings in which the individual tiles are real-world motifs
are Escheresque tessellations. Where a tile is a set whose boundary is a single simple
closed curve and generally possesses some sort of symmetry, mirror or rotational [101].
Few examples of tessellations can be seen in figure 2.10.

The next chapter discusses the application of the pin tool to thermoforming and the ex-
periments that were conducted to explore the parameters of the pin tool that would maximise
texture or details.
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3 Experimental Work

In the following chapter, methodology, materials, configuration and tools used in the ex-
perimental setups is discussed. The experiments were conducted to determine an optimal
set of parameters that would result in higher quality surfaces with maximum details in the
reliefs. A preliminary set of experiments was also conducted to validate the prototype in the
setup. Thus, the main experiments were divided into three parts:

» Experiment 0 To demonstrate the proof of concept of reconfigurable mould in thermo-

forming applications and to determine the capabilities and limitations of the prototypes
in the thermoforming process.

» Experiment 1 To study the effect of process parameters.

» Experiment 2 To study the impact of design variables and determine their co-relation.

Heating Time
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Figure 3.1: Overview of the Experimental Work
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(a) Mayku Form Box (b) HIPS Sheets

Figure 3.2: Experimental Setup

3.1 Equipment

Mayku FormBox is a desktop vacuum former as seen in figure 3.2 (a) and was used to carry
out all the experiments. It was powered by a domestic vacuum cleaner and had a built-in
heater with temperature range 160 - 340° C. The thermoplastic sheet was clamped on a
silicon lined frame that slid on supportive guide rails from the heater to the bed. The form-
ing bed was made of super fine steel mesh to increase airflow. The bed had the dimen-
sions of 200 mm x 200 mm and allowed draw depth up to 130 mm. Time and temperature
can be controlled with two dials located on the front of the machine. The Mayku FormBox
can work with thermoplastic sheets such as PETg, HIPS, ABS, Polystyrene, Polypropylene,
Poly-carbonate, Polyethylene and Acrylic PMMA with thickness range of 0.25 - 1.5 mm in
thickness.

3.2 Material

High impact polystyrene (HIPS) sheet measuring 230 x 230 mm with 0.5 mm thickness was
chosen due to its low cost and availability. It is one of the most widely used materials in this
process as it an easy forming amorphous thermoplastic. It thermoforms with ease utilising
low temperatures and fast cycle times. These are standard sheets that are available with
Mayku Form Desktop thermoformer. The sheets are white in color, are able to replicate fine
details and are ideal for prototyping and packaging as seen in figure 3.2 (b).
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3.3 Experiment 0 and 1

The goals of the first set of experiments were the following:

To test the prototype in the experimental setup.

» To determine the reproducibility of the experimental setup with surfaces that had differ-
ent geometric sections.

» To explore and understand the influence of different process variables on the surfaces
produced.

 To analyse characteristics of parts produced without the interpolation layer present.

» To propose modifications for the next prototype to be used in experiment 2.

3.3.1 Process Parameters

In this prototype no micro holes for vacuum were made, instead pins were removed, at the
high and low points of the curve to record their influence. The sheets were heated to low
and high values of 4 and 8 minutes respectively to register their response. The process
parameters selected for this experiment were the following:

* Heating Time - 4 and 8 minutes

« Vacuum Holes - 2 and 6 holes

3.3.2 Tool

The pin-tool prototype used in the first set of experiments comprised of 372 pins, set in a
matrix of 24 columns, each column containing 15 and 16 pins alternatively. The columns
were misaligned to create a triangular packing arrangement that led a to denser matrix with
high resolution [102]. The pins are spaced center to center 5.75 mm apart vertically and
diagonally. For the purposes of testing the concept, steel construction nails, 70 mm in length
and circular cross-section of diameter 3 mm, were used. The nails had a diamond shaped
point and a wide hemispherical head of diameter 5 mm. As the nails were originally intended
for rough work, tiny variations were found from pin to pin in size and shape. The prototype is
depicted in figure 3.3.

The pins were held in two aluminium plates (6 mm thickness each) with a rubber sheet
(3 mm thickness) between them. The holes in the rubber layer had a smaller cross-section
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Figure 3.3: Prototype for Experiment 1

that created friction and held the pins in desired position. Layers were clamped together with
hexagonal bolts that locked the pins in position by applying lateral compressive loads [24]
and could be loosened to release tension in the rubber layer and making it easier to reset
the tool. The stand is made of female dowel pins made of aluminium. After the first set of
exploratory experiments, a makeshift skirt of duct-tape was added to seal the mould. The
maximum pin height that could be drawn with this prototype is 40 mm.

3.3.3 Configuration

In the first experiment process parameters were varied to evaluate the transmission of the
details from the nail heads to the sheet formed. Experiments were conducted without the
interpolator layer with the main intentions of exploring the effect of the pin tool on the surface
quality on different shapes.

The pin-tool was actuated into three distinct single curves as seen in table 3.1. The
surface A had a 45 degree positive and negative incline with a sharp peak and valley. The
surface B had smooth concave and convex sections. The surface C had flat and a sharp
90° degree step. All three surfaces were chosen to create a baseline of different geometric
shapes that can be formed using the moulds. A, B and C all had same area under the curve
and the same amplitude.

3.3.4 Process

The pin tool was actuated manually, for this purpose three master models were 3D printed.
These templates were first modelled in SOLIDWORKS®. The curves A, B and C were sketched,
offsetted and extruded to fit the prototype dimensions. The STL file was exported to a FDM
printed, Flashforge - Creator 3, and printed in PLA material. The templates were then at-
tached over the bed as seen in figure 3.4. The pins were then pushed one by one until the
head hit the underside of the template.

After loading the configuration into the pin tool the sheets were thermoformed following
the process as shown in figure 3.5. Each experiment as seen in table 3.1 was repeated thrice
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(a) Template for curve A (b) Template for curve B

Figure 3.4: 3D Templates Modelled in SOLIDWORKS®

Figure 3.5: Experiment Process - (1) Preheat the heater to the required temperature setting. Prepare
and load the sheet into the tray (2) Clamp it into the top half of the tray near the heater. (3) When the
sheets shows ripples place the mould on the bed (4) Press the frame with the sheet on the mould,
wait for it to cool for 10-20 seconds then trim and demould.
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Table 3.1: Process Parameters where A (Sharp), B (Smooth), C (Flat) are single curves

Curvature Heating Time Vacuum Holes Name
Vs 4min 6 A1
>N 8min 6 A2
< \x 4min 2 A3
T 8min 2 A4
p 8min 2 B1
Ve S amin 2 B2
ﬂ\w 4min 6 B3
e 8min 6 B4
p 4min 6 C1
e < smin 6 c2
ﬂ\w 4min 2 Cc3
e 8min 2 C4

for reproducibility.

3.3.5 Evaluation Method

Each surface was evaluated by the following method. Each pin was categorised according to
its definition, if the outline of the head is clearly distinct then the pin is assigned full definition
(f) status. If the pin is visible but parts are missing or not sharp, it is assigned medium
definition (m) status. If the pin is barely visible or missing it is allocated as low definition (b).
All three status F, M, B were assigned numeric value of 2, 1 and 0 respectively. Each column
was then calculated to find its aggregated amount. Then it is compared with expected value
of the column if it was fully defined. Example can be seen in appendix A.

3.4 Experiment 2

The goal of the experiment second set of experiments were to determine the following:

« To test the prototype in the experimental setup.

» To determine the reproducibility of the experimental setup with surfaces that had differ-
ent inclines and number of pins.

+ To determine the best set of design parameters.
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3.4.1 Design Parameters

Design of experiments (DOE) is a statistical analysis tool that enables study of the relationship
between multiple input factors and key output variables. It allows multiple input factors to be
manipulated, determining their effect on a desired output. By evaluating the response of mul-
tiple inputs on an output variable at the same time, DOE can identify important interactions
that may be missed when experimenting with one factor at a time. All possible combinations
can be investigated (full factorial) or only a portion of the possible combinations (fractional
factorial).

This analysis was carried out by reproducing a partial factorial model. In each experiment
depending on the DOE and the configuration, the pin tools was assembled differently. The
variables were divided into four categories with two values each with a total of 16 experiments
to be conducted but with DOE fractional factorial of 8 experiments with one replication for
reproducibility.

The four design parameters that were used to configure the prototype are explained below
and can be seen in table 3.2.

Table 3.2: Design Parameters

Design Parameters Value 1 Value 2

Grid Triangle Square
Layer With Without
Pinhead Square  Hexagon
Setting Positive Negative

Grid The usage of grids for pin arrangement allowed for uniform pin packing. Grids are built
from repetition of simple regular polygons. Two different layouts were compared, square and
triangle. Square grids are the most common type of grid in 2D applications as they are
simpler and easier to map. In triangular grids, pin density is higher, increasing the resolution.
Pins in both grids were located at each vertex of the grid.

Layer Inpin based tooling an interpolation layer is usually used to provide a smooth surface
to form the plastic as well as to prevent waviness formed by the pins. As our purpose is to
maximise details interpolation layer is omitted from this experiment. Instead, the notion of
interlayer is introduced, which is a perforated layer that would be placed below the pinheads.
This would theoretically stop the draw of the thermoplastic while still allowing the reproduction
of details.

29



& f

[

[ .
)

!
1

b AP WM 4
N
SECTION A-A SECTION B-B
Hexagon Pinhead Square Pinhead

Figure 3.6: Sheet drawing of Pinheads

Setting Positive and Negative tooling is an important factor in thermoforming. In positive
tooling, also knows as male moulds the shape protrudes up and the formed plastic at the top
of the mould is thickest. Generally, it is employed when a less precise, more rounded shape
is required without sharp angles, or intricate surface details. In negative tooling, or female
moulds, the shape resides inside the cavity. As it pulls the plastic inside the tool more crisp
parts can be formed. When the plastic cools it shrinks away from the female mould which
allows easier demoulding. However, a male mould needs the use of draft angles to allow for
removal. In both cases, thickness distribution also varies greatly. Reconfigurable pin moulds
are typical male type tooling, as the sheet always forms onto the mold. But the same curve
can be reproduced in positive or negative image. The third parameter is finding which curve
setting would be better for detail reproduction. [103].

Pinhead Square and hexagon prismatic shape were modelled in SOLIDWORKS® as seen
in figure 3.6. 160 pieces of each were 3D printed using Flashforge - Creator 3, FDM Printer
in PLA material. These are form the details that were translated in the plastic pats. The pins
were 8 mm in height and 6 mm in width with rounded corners.

3.4.2 Tool and Configuration

The pins were formed with zinc plated threaded steel rods with 4 mm diameter that was cut
in 60 mm length each. These were then placed in two different beds made of 14 x 14 mm
plywood with 5 mm thickness. The pins were arranged in two formats, grid with triangular
layout and grid with square layout that had 169 and 164 pins respectively. The pins were
locked in their position with bolts and washer.

The second set of experiments were done to figure out the best design parameters in a
three dimensional surface for detail reproduction. The experiment was designed using the
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(a) Curve D in Square Grid (b) Curve E in Triangle Grid

Figure 3.7: Modelling in SOLIDWORKS®

program Minitab® Statistical Software Version 20.2 as seen in table 3.3

The configurations were repeated for this purpose in two surfaces, curve D & E. The
curve D is made of inclines ranging from 10-60% and curve is an arch of 140 mm radius. The
fractional factorial design experiment was repeated for both the curves. Thus, the experiment
was divided into two parts (a) & (b).

Table 3.3: Fractional Factorial DOE for Experiment 2

Configuration Grid Pinhead Layer Setting

SSNP Square Square No Positive
SSYN Square Square  Yes Negative
TSNN Triangle Square  No Negative
SHYP Square Hexagon Yes Positive
SHNN Square Hexagon No Negative
THYN Triangle Hexagon Yes Negative
TSYP Triangle Square  Yes Positive
THNP Triangle Hexagon No Positive

3.4.3 Process

From the configuration, both the curves were modelled in SOLIDWORKS® and the pin were
manually positioned according to the layout as seen in figures 3.7. These pins were then set
according to these measurements and locked into place with a bolt & washer on both side of
the bed. Subsequently, the layer and the pinheads were placed. The assembled tools can
be seen in figure 3.8.

The thermoforming process followed was same as described in the figure 3.5.
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(d) Isometric View (e) Top View (f) Side View

Figure 3.8: Prototype Example for Experiment 2, (a)(b)(c) Curve D with configuration TSNN & (d)(e)(f)
Curve E with configuration SHNN
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Figure 3.9: Depiction of pin arrangement in different sections of Curve D (Left) & E (Right)

3.4.4 Evaluation Method

The curve D is divided into six sections of two rows each. The first section had 102 slope with
the starting pin having 40 mm actuated height. Similarly for the other five sections with 20°
, 309, 402, 509, 60° slope respectively. This configuration was calibrated to define at which
angle the details start getting lost.

In curve E, the arch is divided into ten sections. Each made up of two rows as seen in
figure 3.9. Section 1 to 5 from column A to G and section 6 from column G to M. The first
two rows had all the pins forming the curve while the sections had pins removed at random
intervals. This was done to determine the number of pins required to reproduce a curve while
getting the highest definition.
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The surface evaluation was performed considering two factors, the first one as in the
previous exercise, quantifying the amount of pinhead edges registered on the thermoformed
sheets. Higher value was assigned to those pins with more edges visible on the surface of
the sheet. The second factor is the depth of the depressions formed due to space between
the pins of each of the curves was evaluated. The depressions were measured by quantifying
the distance between a static horizontal reference plane and the curve points in the x and
y coordinates. Section 0 was considered the reference for the depression values and the
values furthest from it were penalized to a greater extent. These two values were averaged
and a unique value was assigned to each of the curves. This value allowed to evaluate the
impact and co-relation of each of the four design variables by applying a DOE analysis.
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4 Results and Discussion

In this chapter, the results of the two experiments according to the evaluation method
are presented. The relationship between different process and design variables was defined
and their effect on the definition of details in the thermoformed surfaces was evaluated. Set
of geometric sections that produce superior features as well as minimum and maximum arc
length ratios between continuous pins were defined. In addition, set of four-factor config-
urations that showed better resolution of the formed surfaces were obtained. Results are
discussed according to the particular order they were done.

For the purpose of this work the surface quality is defined according to the number of

pinhead edges registered on the thermoformed sheet. Higher the definition, more detall
would be registered.

4.1 Results of Experiment 0

(a) Inclined surface, with (left) and (b) Parabolic Surface, with (left) (c) Shallow surface, with (right)
without vacuum holes(right) and without vacuum (right) and without interpolator layer (left)

Figure 4.1: Formed sheets from Experiment 0

Qualitative analysis from the experiment 0 led to these observations:

« After manufacturing the prototype, the resolution is set and this can become a limitation
if details required are smaller than the cross section of the pins. As can be seen in the
figure 4.1a where the peak is the same width as the head of the pin. However, bigger
cross sections can be obtained by combining pins with a common pinhead.

« Changing the shapes of the pin tips, increasing their cross-sectional area and variation
in their spacing or missing pins can lead to different patterns. These aspects of the pin
tips can create different tiling as seen in figure 4.1¢c
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» Without the interpolator layer, part removal from the mould is very difficult and can
even lead to damage. This is mainly due their being no draft angle on the pin shank
and undercuts on the pinhead as seen in figure 4.1c. Ejector pins that are connected
with a band that prevents undercut could help in demoulding.

» The two sides of the reconfigurable mould create negative and positive of the surface
to be formed which creates two different types of details embossed and engraved.

» Vent holes for the vacuum need to be distributed uniformly in the bed especially for
deeper draws and details as seen in 4.1b. This would benefit in forming different curves
that have changing geometric sections.

« Orientation and movement of even a single pin can register as error and can be hard
to control when working with high resolution moulds.

» Another limitation of the mold is the length of the pin. The part of the pin that is not
actuated remains below the bed and draw depth space in the setup.

From this experiment, it was concluded that curves with different geometric sections could

have different definition levels using the same parameters. Thus, the next experiment would
examine the formed surface definition for different cross sections wile varying process vari-
ables like vacuum holes and heating time.
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4.2 Results of Experiment 1
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M 4min, 6holes 85 84 92
m 8min, 2 holes 72 83 86
8min, 6holes 71 75 87

Process Parameters

Figure 4.2: Result of Experiment 1, Process Parameters (Heating Time and Vacuum Holes)

The experiment was conducted with the same tool used in experiment 0. The sheets samples
that exhibited, the best surface quality are pictured in figure 4.3 and 4.4. As seen in the figure
4.2, analysis of all the surfaces formed, showed that the best surface quality is exhibited by
curve C overall, whereas the least surface quality is exhibited by lowest sections of curve A
and B. This can be attributed to the flat horizontal sections of curve C where all the pinheads
are perpendicular to the plastic sheet at the time of forming resulting in an even contact with
the pins. Meanwhile in both curves A and B, the sheet touches tangentially with the pinhead
edges with less contact points as seen in figure 4.6. Curve A and B have similar number
of tangential contact points. Example of matrix weighted evaluation of curve A is shown in
Appendix A.

Curves that were formed at 4 minutes performed the best in their curve type. There was
a slight increase in definition in curves that that time when formed with 6 vacuum holes.
However, it should be noted that, the variance in heating time had more direct effect on the
performance compared to the quantity of vacuum holes. The reason for this could be that
once the sheet reaches the forming temperature it sags. This increases the distance between
the sheet and the heater and the sheets starts to cool down and is at a lower temperature
when formed.
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(a) Curve A - Incline sections with (b) Curve B - Convex and Con- (c) Curve C - Horizontal and Ver-
peak and valley (t= 4 min; 6 vac- cave sections (t= 4 min; 6 vacuum tical Sections (t= 4 min; 6 vacuum
uum holes) holes) holes)

Figure 4.3: Top View of Formed Sheet from Experiments 1

Figure 4.4: Side View of Formed Sheets From Experiment 1, Curve A, B and C

Column 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

(a) (b)

A 95% 84% 79% 87% 83% 84% 100% 100% 100% 100% 100% 95% 100% 100% 100% 92% 86%| 29% 32% 65% 78% 97%|103% 100%
(c) (d)
> < >
B 97% 78% 75% 76% 86% 84% 100% 97% 97% 97% 83% 91% 90% 85% 87%| 56% 56% 78% 93% 95% 95%| 56% 100% 95%
(e) (f)
+—> <+
c 100% 100% 95% 100% 100% 95% 100% 100% 100% 100% 100% 100% 20% 46% 100% 100% 100% 100% 100% 100% 100% 100% 100% 85%

Figure 4.5: Comparison of different sections of Curves A (Sharp), B (Smooth) & C (Step)

Comparisons of different section heights and shape in curve A, B and C showcased
that sheet-to-mould contact point is a also factor for better renderings. The next group of
observation have been made respect to the figure 4.5
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» Curve A at it peak column had the best definition at 100% while the valleys were the
worst defined with average value of 6.5%. As the peak is the first touch point for the
thermoplastic sheet.

» The section (a) and (c) were inclined sections leading to the peak. They exhibited less
amount of detail compared to their directly opposite counterpart. A possible explanation
could be the placement of all the vacuum holes on the opposite side of these sections
or could be attributed to wall thickness.

» The worst rendering in the entire curve is in the section (b) which was the sharp valley
with the lowest pin placed in column 18. As the pins go up to the mouth of the valley
the amount of details increases. It should be noted that these results are despite the
placement of vacuum holes in the column. One reason for this is the sharp tapering
of the valley into a pointed edge. Comparatively, same points in curve B are rendered
intensely due the curve being smoother and definition of 78%, compared to 29% of
curve A. Thus it is surmised that, valleys with larger radii will perform better.

+ In curve B, highest and lowest points were located in columns 6,7,8 and 17,18,19 re-
spectively with 93% and 72% performance. The section (d) starts from high definition
and fades into low definition. This is because this convex slope section becomes pro-
gressively steeper downhill leading to bad definition. The plastic stretches from the
sheet that is not contacting the mold surface, thus the plastic stretches into the bottom
section last.

* In Curve C, Section (e) has the worst definition in all the three curves as the entire
column 13 is missing because of the sharp 90° degree angle in the step. The column
next to it is also affected before the curve flattens horizontally. This phenomena is
investigated further in the next experiment. The section (f) is actuated close to the
surface of the pin bed placing them closer to the protruding dowels pins in the corner.
Thus, the placement impacted the quality of the pins in the corner.

« Lastly all the border edges have higher rendering at A 91%, B 94% and C1 92% as
seen in figure 4.4

4.2.1 Findings of Experiment 1

It is concluded that formed sheets with 8 min of heating time present less definition than their
similar with 4 min. One of the reasons for this result might be the drop of the sheet tem-
perature below its ideal forming temperature. Thus, the temperature where the sheet starts
to sag which is a manifestation of the lowering tensile strength will output better definition.
Equivalent details in the whole surface is desired, otherwise, sections with lower level of de-
tails can present as defects. For this, the pin configurable mould should have vacuum holes
distributed throughout the mold, especially surrounding each pin.

38



Perpendicular Force on Pinhead
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Contact Point

Figure 4.6: Contact Points

The pressure force applied by the forming press on the pin bed is evenly distributed to
all contact points. Starting from the highest points and descending to the base. The con-
tact points of each pin are a function of the relationship of height and horizontal distance
to those surrounding it. The contact points of the pin head and the details marked on the
thermoformed sheet are proportional.

Thus in the next experiment the prototype will have vacuum hole distributed throughout
the mold and will be used to test the effect of different inclines as well as of relationship
between two pins on the reproduction of details is inspected.

4.3 Result of Experiment 2

The effect of four process variables on the etching of details on thermoformed surfaces was
evaluated by means of a DOE analysis. A new set of tools with two different spatial configu-
rations was used for this experiment. The incidence of the process variables was evaluated
by quantifying the number of etched corners and the amount of waving present in the formed
part. A range of arc lengths between continuous pins has been defined, combining an ideal
mathematical model in conjunction with experimental results.

The section is divided into two part the first analyses is of the curve D (slope) as seen in
figure 4.7 & 4.8 and the second analyses is of curve E (arch) as seen in figure 4.9 & 4.10.
Example of matrix weighted evaluation of curve D and E are shown in Appendix C.
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(a) SSNP (b) SHYP (c) TSYP (d) THNP

Figure 4.7: Experiment 2(b) Results Curve D (Slope) - Positive Setting

(a) SSYN (b) TSNN (c) SHNN (d) THYN

Figure 4.8: Experiment 2(b) Results Curve D (Slope) - Negative Setting

(a) SSNP (b) SHYP (c) TSYP (d) THNP

Figure 4.9: Experiment 2(b) Results Curve E (Arch) - Positive Setting

(a) SSYN (b) TSNN (c) SHNN (d) THYN

Figure 4.10: Experiment 2(b) Results Curve E (Arch) - Negative Setting
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4.3.1 Results of Experiment 2(a)

4.3.2 Experiment 2 (b)

The curve slope in each configuration was divided in six sections, with increment of 10 de-
grees, going from 10% incline to 60% incline. As indicated in the figure 4.11 the highest
definition is obtained in 10% incline and the lowest definition in 60% incline in all configura-
tions. This result is because at a given pin resolution, with all pins actuated, slope with less
% incline has not only more pins forming the curve but also more contact points touching
directly on each pin as seen in figure 4.12.

® SSNP
SSYN
TSNN

SHYP

; ® SHNN

= ® THYN

o
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8 ® TSYP
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7] G ° e ©® THNP
® @ = Trendline
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Slope (Incline %)

Figure 4.11: Result of different inclines in each configuration

”hfaﬂw

Figure 4.12: Direct Contact points with the Pin

Out of the four factors, setting had the greatest impact on the thermoforming process of
plastic sheets as show figure 4.13. The configurations in which positive settings was used
had significantly more definition than curves in negative setting. In this setting, most pins are
in higher positions in Y axis, which causes an improvement in the quality of the engraved
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Figure 4.13: DOE Mean Plot of Curve D

details in the thermoformed sheet. In the specific case of this test, this can be explained by
the spatial location of the pins and the ventilation holes for air suction inside the part during
the thermoforming process. DOE mean plots of each incline can be referred to in Appendix
B.

The reasoning being, in the positive setting, the free space in the pins is adjacent to the
lower values of the pin height. The air gets suctioned from the highest to the lowest point,
creating a greater vacuum. This is the opposite of what happens in the negative setting
where the free space of pins is located at the back of the highest pin height values. In this
scenario the air generates a suction effect between the highest point and the back of the
mold, creating a loss of detail in the front pins of the curve.

The type of grid and the presence of layer presents are the next two important factors. The
grid with square configuration is the one that generates a greater detail in the thermoformed
sheet for inclinations above 10%, it is explained by the space between pins that avoids the
overlapping. The presence of the mesh interlayer used below pins had a positive effect as it
helped in stopping the draw of the sheet in sections where pins were not actuated.

The pinheads do not present a significant effect in the definition of thermoformed sheets,
however it is evidenced that for inclinations higher than 20% the number of edges that can
be replicated decreases, in this experiment there were 6 and 4 edges of hexagon and square
pinheads respectively. However, it should be noted that if the number of edges is increased
to the point of generating a circumference, this appreciation changes as it is considered as
a single point of contact.

For the Experiment 2(a) data, two cubes display all combinations of 4 thermoforming
factors settings evaluated and the fitted mean for each combination. The cube on the left
shows the response means when positive setting is used. The cube on the right shows the
response means when negative setting is used. Cube plot is used to predict the fitted means
at all the factorials in the design.

The second best combination is the one that was carried out in the laboratory with a
mean value equal to 2.10475, located in the higher left back corner of positive setting cube
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as showed in the figure 4.14. This is SHYP configuration - positive setting, in a square grid
with layer present and hexagon pinheads.
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Figure 4.14: DOE Cube Plot of Curve D

According to the cube plot surface slope figure 4.14, the combination that presents the
highest fitted mean is the one with the code SSYP a mean value equal to 2.12680, point in-
dicated by the red arrow. This was not carried out within the group tested due to the factorial
partitioning but was extrapolated by means of the DOE statistical analysis. The combina-
tions of factor - positive setting, in a square grid with layer present and square pinheads, is
considered to be the best among the all possible factorial combination. Both values agree
considering that the only difference is that of the pinhead.

The Arch slope was divided in 10 sections plus section 0 used as reference. The refer-
ence section had all pin positions filled, in the other sections, two or more pins were randomly
removed in order to evaluate the incidence of the spatial positioning of the pins along the pin
bed on the detail definition and the stability of the thermoformed sheet. Out of the 10 sections
analyzed in this experiment, section 1 as seen in table 4.1 with gaps at column D and F of
the grid, had best details in the thermoformed sheet, even above the curve used as a refer-
ence which contained pins at all positions. This is because, as the reference curve in section
0 approaches its highest point, the height differences between the pins become narrower,
resulting in a loss of detail caused by overlapping and draft in the curve also known as the
staircase effect. Removing the pins from the D and F position eliminates this problem.

Section 1 with an average equal to 2.0 is the one that presents the highest value in relation
to the other sections, considering all the configurations tested in the laboratory. For section
1 the best performing configuration was the one with the code SHYP. This configuration is
consistent with the highest coefficient within the cube plot of DOE arch.
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Table 4.1: Result of Experiment 2 (b)

Section

Configuration 1 2 3 4 5 6 7 8 9 10

SSNP 195 0.27 034 032 023 055 0.34 030 0.52 0.37
SSYN 236 023 029 064 0.26 0.38 048 033 0.68 0.88
TSNN 0.67 0.17 022 025 0.24 0.19 0.28 024 050 0.24
SHYP 350 191 146 120 1.27 179 231 148 239 1.75
SHNN 0.81 034 034 029 0.11 0.09 0.21 0.14 0.13 0.25
THYN 187 076 1.17 091 022 096 0.79 048 146 1.28
TSYP 236 023 029 064 0.26 0.38 0.48 033 0.68 0.88
THNP 249 053 0.78 074 029 243 163 138 1.68 3.38
Average 200 055 0.61 062 0.36 0.85 0.82 059 1.01 1.13

From the DOE mean plot of the four factors as seen in figure 4.15 it can be observed that
the factor that has the highest effect in the reproduction of details along the thermoformed
sheet is the grid and setting, at the response value of square layout and positive setting. This
is explained by the spatial location of the pins along the grid, in the square grid the pins have
crisper edges as there are no intermediate pins at the same time the missing sections have
limited span and are also in alignment.
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Figure 4.15: DOE Mean Plot of Curve E (Arch)

The positive mold allows more details of the arc-shaped curve to be captured as shown in
the DOE average graph. This can be explained by the trajectory that the sheet follows when
it is thermoformed. In which the highest points are those that first come into contact with the
sheet, giving the best definition at those places.

At lower points there is usually also a reduction in the thickness of the sheet as it stretches,
sometimes resulting in critical failure. The use of the mesh between pins serves as a support
material for the structure in cases where the distance between pins generates slopes close
to 90 degrees. It is mainly important in the configuration using positive setting molds, due to
the height gradients between missing pins.

Two cubes display all combinations of 4 thermoforming factors settings evaluated and the
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fitted mean for each combination into the experiment 2(b). The cube on the left shows the
response means when positive setting is used. The cube on the right shows the response
means when negative setting is used. Cube plot is used to predict the fitted means at all the
factorials in the design, and present the combination SHYP as the one with the highest fitted
mean. Point marked with a red arrow in the figure 4.16 and with a value equal to 1.69001.
The combinations of factor - positive setting, in a square grid with layer present and hexagon
pinheads, is considered to be the best among all the possible factorial combination.
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Figure 4.16: DOE Cube Plot of Curve E (Arch)

If it is analyzed that the incidence of the pin head is minimal with respect to the other
factors as shown in figure 4.15, a concordance and relationship with the results obtained in
test 2(a) is determined.

4.3.3 Calculation of Height and Distance Ratio

Based on the data obtained from experiment 2, it is proposed to define the minimum theoret-
ical distance between two adjacent pins that have different heights. This minimum distance
as shown in figure 4.17b is required for all the details of the pinhead to render in the formed
sheet. In addition the maximum distance is also obtained between the same pins in order
not to compromise the stability of the structure due to sagging in the formed sheet as seen
in figure 4.17c.

It can be ideally expressed that the curve to be drawn between two pins with different
heights, at a distance x as shown in figure 4.18is that of a rectangular hyperbole. The general
equation of a rectangular hyperbole is presented in the equation 4.1
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(a) Pins that are too close (b) Pins at a model dis- (c) Pin that are too far have defined
lead to overlapped details tance with defined edges edges but with formation of a sag

Figure 4.17: Distance between two adjacent pins

X X+1

Figure 4.18: Arc Length Diagram

(x—h)ly—k)=m (4.1)

Where m represents a constant and h and k are the coordinates of the center of the
hyperbole. The arc length of the curve is determined by considering the maximum height of
the designed pinheads which is 8 mm. This value is assigned as the constant m.

The curve of the figure 4.19 has as its origin coordinates the point (0,0). The vertex of
the curve is at the coordinates indicated in equation 4.2.

v = (h+ Vam), (k4 VEm) = (1), (/3) (4.2)

The arc length of a curve is defined according to the following equation 4.3:

ds = +/(dz)? + (dy?) (4.3)
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Figure 4.19: Hyperbole y = 28

5= / (dz)? + (dy)? (4.4)

o= e () (2 a 0

The integration will be given as a function of the ordinate variable. Replacing in 4.4 results

o= [JGChwe e = [ oD +1+ay @)

For the limits it has been considered to divide the integral in two parts, the first one from

the highest point of the curve that represents the final position of the pin number one to the
vertex of the hyperbolic curve. And the second segment is considered from the vertex to
the right until reaching the initial position of the new pin. For the calculation of the integral
the program Maxima Open Source Computer Alegra System 5.45.1 was used. Using the
commands shown in 4.7 and 4.8 the first portion of the curve of the depicted in figure 4.19 is
integrated.

quadgag(sqrt(1+ (16/25) * (1/y%)),y, sqrt(8/5),8,1); (4.7)

quadqag(sqri(l + (16/25) = (1/92)),y,0.1, sqrt(8/5),1); (4.8)
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Where the first value of the line (%1) represents the integral of the curve that in this case
is equal to 6.94 mm, which represents the length of the arc from the end point of the pinhead
at position x with height of 8 mm. The second part of the integral from the vertex of the
hyperbole to the starting point of the new pinhead was defined at 2.43 mm consider the
remaining distance to complete the curve.

B Maxima Open Source Computer Algebra System 5.45.1

Maxima 5.45.1 https://maxima.sourceforge.io

1sing Lisp SBCL 2.0.80

istributed under the GNU Public License. See the file COPYING.
Dedicated to the memory of William Schelter.

he function bug report() provides bug reporting information.

(%i1) quad_gag(sqrt(1+(16/25)*(1/y"2)),y,sqrt(8/5),8,1);
(%01) [6.94053457146499, 6.237015870261721e-11, 75, 0]
(%i2) quad_gag(sqrt(1+(16/25)*(1/y"~2)),y,0.1,sqrt(8/5),1);

4 [2.434450712061476, 1.343848517124963e-10, 105, 0]

Figure 4.20: Cube Plot of Curve E

The total length of the arc is then the sum of both integrals, value equal to 9.37 mm. This
value represents the minimum distance that the arc of the thermoformed sheet must have in
order to clearly replicate the details of the designed pinheads. Therefore the relationship to
be defined is as follows, where L is the total arc length and d is horizontal distance between
the two pins which was defined as 10 mm for this calculation.

L 9.37
Factor = 710 " 0.937 (4.9)

The value of 0.937, showed as result of equation 4.9, represents the factor by which the
arc depth should be multiplied to calculate the minimum distance between consecutive pins
in order not to lose details caused by drafts at the corners of the pinheads.

To verify if this theoretical value is valid, it is compared against the experimental 2(b) data
gained from Curve E and is compared against sections 0, 1 and 10 as shown in figure 4.21.

The maximum value of arc length between consecutive pins was defined through experi-
mental data. Values were taken from experiment 2(b). The table 4.2 presents the arc length
and the distance between pins belonging to the E curve in different sections.

Those values in which the factor has a maximum value of 1.05 are the ones that present
the best definition and the highest number of marked corners in the thermoformed plastic
sheets. Then, factor 1.05 is presented as the maximum value of the ratio between the arc
length and distance of consecutive pins, to attain the best surface quality in the current ex-
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Table 4.2: Arc Length & Distance Ratio

Pin Pin

Arc

Curve Section Pin Position Edges Distance Angle Length Factor
o Arc Length/
X X+1 X X+1 (mm) ) (mm) Pin Dstance
G E 6 6 13 493 13.10 1.01
1 E C 6 6 13 13.75 13.73 1.06
C B 6 4 3 19.63 3.83 1.28
B A 4 3 3 2451 4.28 1.43
G E 6 6 13 493 13.10 1.01
1 E C 6 6 13 13.75 13.73 1.06
C B 6 4 3 19.63 3.83 1.28
B A 4 3 3 24.05 4.28 1.43
G F 6 6 3 2.05 3.10 1.03
F E 6 5 3 6.98 3.10 1.03
0 E D 5 4 3 11.13 3.26 1.09
E D C 4 6 3 15.34 3.49 1.16
C B 6 3 3 19.63 3.83 1.28
B A 3 4 3 2451 4.33 1.44
G F 6 5 3 205 312 1.04
F E 5 4 3 6.98 3.50 1.17
0 E D 4 3 3 11.13 3.26 1.09
D C 3 3 3 15.34 3.49 1.16
C B 3 1 3 19.63 3.83 1.28
B A 1 3 3 24.51 4.33 1.44
6 G J 6 6 23 7.02 25.60
J M 6 6 23 19.75 27.88
10 G | 6 6 13 493 1444 111
I J 6 4 3 11.13 3.40 1.13
J M 4 6 23 19.78 2929 1.27
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Figure 4.21: Curve E with configuration SHYP

perimental conditions. Two phenomena occur where those values that are above this factor:

» the number of corners that are reproduced decreased in the pin located at position
x+1. This is explained by the proximity of this pin with its predecessor which limits the
number of contact points between the plastic sheet and the pin head. Replicating the
case showed in figure 4.17a.

« areas of structural support failure were identified in the thermoformed part. The phe-
nomenon was associated with the reduction in sheet thickness evidenced by marked
changes in the curve trajectory, replicating the case shown in figure 4.17c.

With this data, the values of height and distance between consecutive pins can be evalu-
ated to verify if the relationship is between 0.937-1.05 in order to increase the details repro-
duced in the thermoformed film.
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5 Conclusion

5.1 Conclusions

In this thesis the hypothesis that reconfigurable pin mould can create recognisable textures
is studied. It is determined that the resolution of a reconfigurable pin mould is a key factor in
producing details of a certain size and spacing. Therefore, applications in which details are
required need to be defined before the manufacturing of the prototype.

The results indicate that geometric features presented different levels of definition. Flat
sections delivered the most uniform definition, followed by concave sections and then convex
sections. The highest level of definition is achieved with 10% incline which slowly decreases
as incline degree is increased. The rendering of a geometric feature is directly proportional
to the height and quantity of the contact points with the sheet.

The bed should be designed with each pins surrounded by equivalent number of vacuum
holes and have ejector pins located at the edges of the mould to help with the demoulding.
According to the best results, the best configuration to get detailed definition, the pins should
be placed in a square grid and used with an interlayer.

The curve itself should be actuated on the reconfigurable pin mould in such a way, that
the side with maximum projections is facing upwards. The shape of the pinhead is not a
significant factor, however the distance between two pin heads must be within a specific
range of minimum and maximum distance that can be defined between the range of 0.937-
1.05 with respect to the height of the adjacent pin.

5.2 Future Works

The future research directions identified include:

» Testing the applications by casting silicon or plaster of paris into a vacuum-formed
plastic mold and analyse the details transferred in the casting process.

» Use Micro QR code to encode information and then actuate it in the bed to tests it
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readability by machines.

» Design organic pinheads for more aesthetic applications and test its translation with
the desktop vacuum former. Also study its impact on human perception.

» Design a pinhead that can pivot to remain normal to the plastic sheet. It is important
that the pivot can be scaled down while preserving its range of motion in both x and y
axis.

« Study the influence of a combination of regular polygonal pinheads on surface quality
by continuing the experimentation with different materials.

» Determining the optimal distance between the sheet and the pin tips for a controlled
conformance.

» Process simulation by varying the input variables and determining the quality of the
output surface. The simulations, if comparable with experimental results, can be used
for different pin sizes, different materials, different sheet sizes, and different scales. The
simulation will help reduce the number of experiments needed to arrive at the optimal
set of parameters.

» A method to manage the pin placement, orientation, and removal as well as analyses
of the life cycle and cost of the pins.

+ Calculate the draw depth and wall thickness at each pin at the ideal distance.

 Study the effect of increase in part surface area in the formed sheet on the mechanical
properties and optical properties.

5.3 Proposed Applications

According to the findings that have been proposed in this study, it is exhibited that reconfig-
urable pin moulds are able to produce, repeatable high definition details that can be rapidly
changed by variating pinheads and y-axis position of the pins. Hence, the following list of
sectors are suggested where the application of reconfigurable pin tooling technology might
be relevant:

+ Communication System - As previously mentioned, reconfigurable pin molds have been
used as haptic and visual interfaces. Another advancement has been the development
of soft tactile actuators and sensors that can be applied in virtual reality based envi-
ronment to enhance the experience. [104]. Combining this technology with shape and
size specific, reconfigurable pinheads in varied arrangement can create a 3D tactile and
visual communication system that can aid in creating an inclusive and universal com-
munication system for people with impaired vision. This system can also help mixed
reality applications in the future.
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« Artificial Landmark - The sheets formed with this method can be coded to record infor-
mation. These 3d code will be useful in creating artificial landmarks that are machine
readable and will aid in localization and navigation of mobile robots, autonomous vehi-
cles and drones in harsh environments where 2D barcodes are unable to perform well
due to being exposed to environment factors weather events such as rain, snow, fog,
etc which can not only reduce the visibility and clarity of the images but also erode the
information with time. These codes cannot be discarded, torn, obscured, wiped off, or
easily degraded like QR codes. [105] [106] [107]

» Design Applications - In architectural sector, the surface texturing in single and double
curves panels can be applied on a large scale in buildings. The ability to change pin-
heads with different shape and then arranging them into different tiling patterns, can
create interesting fagades for commercial installations.
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Appendix A

Bmin 2holes General Peak [Nl Borders
1 2 3 4 5 6 7 8 o9 10 m 12 13 14 15 16 vNMEN 19 20 21 22 23 2 Full Medium Bad 72% 100% 0%  80%
1 f f f f f f f b b m m f 8 2 2
2f b m f b m f b m f f f f f b b b b m m m m f f 80 10 4 75%
3f b m m f f f f f f f f f f m m b b m m b f f b
4f b b m m b f f f f f m f f f f b b m m b f f f
Sm b b m f f f f f f m f f f f f m b b m b f b f
6f b m m f f f f f m f f f f f f m b m m m f f f
7f m m m f f f f f f f f f f f f m b m b m b m f
8f f f f f m f f f f £ f f f f f f b b m m f f f
9f f f f f b f f f f f f f f f f f b b m m f f f
0f f f f f m f f f f f f f f £ f f b b m m f f f
1uf f f f f f f f f f f f f f f f f b b m f f f f
2f f f f f f f f f f f b f f f f f b m b b f f f
13f b b b f b f f f f f f f f f f f b b m f f f f
“f b b f f b f f f f f b f f f f f b b m f f f f
15f b b b f b f f f f f f f b b b f b b b f f f f
%6f b b b b f f f f f f f b f b b b b b b f f f f 13 0o 1
130 0 22 54%
Sum Total
Full 14 6 5 8 12 8 15 15 14 15 14 13 14 15 11 11 8 0 0 ) 5 13 13 15 244 2440
Medium 1 1 4 5 1 3 0 o 1 1 1 1 o 0 1 1 3 0 6 12 6 2 1 0 51 255
Bad ) 9 6 3 2 5 0 p ! 0 0 0 2 3 1 3 4 4 16 9 a4 4 1 1 1 77 154
Full 140 60 S0 80 120 80 150 150 140 150 140 130 140 150 110 110 80 0 0 0 50 130 130 150 2440
Medium 5 5 20 25 5| 15 0 o 5 5 5 5 0 0 5 5[ 15 0 30 60 30 10 5 0 255
Bad 0 18 12 6 4 10 0 2 0 [ [ 4 2 2| 6 8 8 32 18 8 8 2 2 2 154
145 83 82 111 129 105 150 152 145/455 145 139 142) 152 121 123 103[0082 48 68 88 142 137/152
97% 94%
Full 93%38% 33%50% 80% 50% 100% 94% 93% 94% 93% 81% 93% 94% 73% 69% 53% 0% 0% 0% 33% 81% 87% 94%
Medium 3% 3% 13%716% 3% 9% 0% 0% 3% 3% 3% 3% 0% 0% 3% 3% 10% 0% 20% 38% 20% 6% 3% 0%
Bad 0% 11% 8% 4% 3% 6% 0% 1% 0% 0% 0% 3% 1% 1% 4% 5% 5% 20% 12% 5% 5% 1% 1% 1%

197% 52% 55% 69% 86% 66% | 100% 95% 97% 97% 97% 87% 95% 95% 81% 77% 69%|20% 32% 43% 59% 89% 91% 95%

Figure 5.1: Analysis of curve A4
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Appendix C

CURVE D SLOPE 10% 20% 30% 40% 50% Slope 60% _ |Average

mean| 0.751 0.602 0.508 0.363 0.228 0.207 0.472
Configuration std 0.114 0.113 0.161 0.183 0.144 0.133 0.128
SSNP 1478 [ | 1107 [ | oseo [ | oots [ | 1457 [ | 1.270 1.102
SSYN 0836 [ | 0204 [ | 0308 [ | 0275 [ | o154 [ | 0.328 0.283
TSNN 1476 [ | -0698 [ | o211 [ | 0275 [ | 0154 [ | 0.328 0.369
SHYP 0842 [ | 2043 [ | 2200 [ | 2338 [ | 1891 [ | 2212 2.105)
SHNN 4232 [ | o012 [ | 1322 [ | 0919 [ | 1087 [ | -1.023 1329
THYN 0720 [ | o119 [ | -0803 [ | -0.869 [ | 0756 [ | -0.835 0.563
TSYP 0720 [ | 0016 [ | 0211 [ | 0293 [ | 1023 [ | 0.328 0.419
THNP 0720 [ | 1046 [ | 0125 [ | 0444 [ | 0425 [ | -0.301 ~0.081

Figure 5.8: Matrix values evaluation: Experiment 2 a)

CURVE E ARCH 1 2 g 4 _' 5 6 7_-| 8 9 10 Average

mean| 1.771 | 0.397] 0477 | 0545 0276 0.524 | 0.586| 0.429 | 0.747] 0.774 0573
Configuration Std | 0861 | 0543 0444 | 0310 0.349 0.786 | 0.708] 0495 | 0.711 0.983 0.789
SSNP 0.205 | -0.229] -0.306 | -0.719| -0.144 0.039 | -0.347| -0.265 | -0.31§ -0.408 [ -0.068|
SSYN 0.685 -0.315| -0.431 0.316] -0.033 -0.183 -0.145| -0.194 -0.089 0.103 0.102]
TSNN -1.274 -0.416| -0.590 -0.963| -0.107 -0.422 -0.432| -0.375 -0.349 -0.547 -0.347
SHYP 2007 | 2780 2217 | 2115 2.861 1612 | 2441 2116 2.312 0.993 [~ 1.690|
SHNN 1114 | -0.105| -0.318 | -0.808| -0.476 0554 | 0533 0574 | -0.861 -0.530 0,362
THYN 0118 | 0668 1550 | 1.167[ -0.157 0550 | 0290 0.411 | 1.007] 0512 0528
TSYP 0685 | -0.315] -0431 | 0.316[ -0.033 0.183 | -0.145] -0.194 | -0.089 0.103 0.102
THANP 0829 | 0240 0691 | 0628 0037 2428 | 1474] 1026 | 1318 2,649 1217

Figure 5.9: Matrix values evaluation: Experiment 2 b)
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