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Preface 

This report is written for the course 'Conceptual Product Design', CH3811, in the masters program of 
Chemical Engineering at the TU Delft. In a team of five students is worked for three months on the 
design of a device to harvest taxanes from yew trees. In this report the results of this three months 
during project are presented. The time was spent for coming up with a suitable product for the 
project, finding background information, making a basis of design and finally working out a 
conceptual design technically as weil as economically. Hard work was necessary, but the weeks 
passed by quickly since most of the time we enjoyed working together on the project. 

During the design process help was obtained from numerous people of whom we are very grateful. 
Help is received for many different aspects, which made the project better in some way. Therefore, 
we would like to thank the following people for their cooperation and support. 

Each other 
Peter Appel 
Pieter Swinkels 

Caner Yurteri 

Ger Koper 
Dhiradj Djairam 

Jan Marijnissen 

Erik van Rozendaal 

Bob Ursem 

Leendert Maat 

Rein Roos 

For good participation, good times and a nice working experience 
For guidance during the whole project, for being critical and helpful 
For helping us with using our creativity, improving the cooperation among 
each other and focussing on the parts that were hardest for us 
For showing us the principle of electrospray and helping us to solve the 
technical challenges that we encountered 
For explaining to us matters of colloids, electricity and other related theories 
For explaining us what influence insulators can have on the electric field 
created by an electrode and allowing and helping us modelling different 
electrode configurations 
For allowing us to work with his idea and to provide us with the basic 
information on the electrospraying of yew trees 
For providing us with numerous articles on the biologica I background of yew 
trees 
For showing the trees in the botanical garden and for sharing his knowledge 
on the subject 
For providing us with an article in which the ma in answers about the origin 
of he transport mechanism of taxa nes should have been given 
For providing us with background information about electric fields related 
to natural occurring phenomena like thunderstorms 

Further we would like to thank all the people who we re so kind to help us in other ways. 
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Summary 

Due to the increasing demand for the anti-cancer medicine Taxol and derivatives of this generic drug, 
there is agiobal shortage of taxanes, the ra~ material of this pharmaceutical product. The aim of 
th is project was to develop a product that could fill the gap between resources and demand. The 
product is a device that with the technique of electrospraying can harvest taxanes from yew trees. 
Our potential clients are yew tree plantation owners who can obtain extra amounts of taxanes by 
using our device on top of the taxanes that are obtained by clipping the trees. The design 
methodology for the project, based on chemical engineering, industrial design and sustainability 
design methods is devised. This is followed by thorough literature research, explanation of the design 
and economic e~ 

The taxane milking machine is a movable device that consists of a row of horizontal plates that can 
be inserted in a hedge of trees. The plates are copper electrodes covered with a polyamide-imide 
insulator. The top insulator layer is a few millimetres thick which prevents short-circuiting and at the 
same time allows the electric field to pass through. The needies try to reduce the potential difference 
between the needies and electrode by spraying sap out the needie which contains taxanes. The 
extract is gathered on the insulator plate and this is periodically rinsed with ethanol and collected. 

The conclusion of our design is that the product is not ready for the market. Potential users will make 
.09 prQfjt with the product due ong spraying times that are required. The speed of the milking 
has to be increased with a actor of 1 t , ma e it an economically feasible product. The negative 
outcome is partially due to the lack of ihformation about this subject, and therefore it is strongly 
recommended that more research wililSe performed regarding the trans ort mechanism of taxanes 
inside the needie before more steps t ' ards commercialization of this product are considered. 

) 
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1 Introduction 

It has been known for many ages that plant and tree sa ps contain chemical compounds, such as 
natural insecticides or medici nes that can be interesting for mankind. The pain relieving properties of 
the natural occurring precursor to aspirin in the bark of willow trees was already known by the 
ancient Greek culture [1] . In recent decades, many more naturally occurring compounds with 
medicinal properties have been found. One of the most important ones is the compound paclitaxel 
(brand name Taxol), which was discovered in 1967, and can be found in certain species of yew trees 
[2]. Paclitaxel is a member of the taxane family, which is a group of diterpenoids. This compound is 
poisonous, but it was found th at it could be used against breast and ovarian cancer because it stops 
the division of ce lis (mitosis), and thus inhibits the growth of cancer tumours. Because cancer is 
increasingly common under the human population (worldwide, about 1.05 million people are 
diagnosed with breast cancer and 192,000 people are diagnosed with ovarian cancer every year)[3], 
the demand for paclitaxel will most likely increase in the future. 

From 1967 up to 1990 paclitaxel was harvested by cutting down Pacific yew trees (Taxus Brevifolia), 
because the bark of the Pacific yew contains the largest amount of paclitaxel [2] . The Pacific yew is 
now almost extinct, and therefore it is not allowed anymore to cut the tree. Currently, other means 
to get paclitaxel are practised . One of these methods is extraction of precursors of the medicine, 
which are retrieved by removing needies from other yew tree species, like the European yew (Taxus 
Baccata), which have a high content of precursors in the needies (Figure 1). After extraction the 
desired paclitaxel, or docetaxel, which is a similar compound with an even higher activity than 
paclitaxel, can be synthesized from these precursors [4] . Although the tree will stay alive and will 
regenerate its needies (the shoots that were removed will grow back), the extraction process is 
laborious and not very efficient [5] . Another way of obtaining paclitaxel is using cell cultures of yew 
trees or fungi that produce paclitaxel. Finally, there is the total synthesis; the total chemical synthesis 
has many steps, because the paclitaxel or docetaxel is completely synthesized by chemical reactions 
[6] . 

Figure 1 Stem with needies of a yew tree 

Even though different techniques exist for the winning of paclitaxel, the yearly production of 
paclitaxel is still not high enough. Moreover, the production will need to ri se in the future, because of 
the prospect of the rising number of people with cancer every year [3] . It is questionable from where 
this extra amount of paclitaxel must come, since the current methods cannot guarantee to answer 
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this increase in demand. Therefore the goal of this project is to make a conceptual design of a new 
device for the winning of paclitaxel and its precursors in a sustainable way (i.e. environmentally as 
weil as economically), which can work beside the existing methods in order to increase the amount 
of medici ne that can be produced every year. 

The approach to this design problem was the following: First a design methodology for the project 
was devised, which is based on chemical engineering design methods, as weil as industrial design and 
sustainability methods. Then a literature research was performed on the biological background of 
taxanes and yew trees and on existing methods for winning taxanes. After that new methods were 
devised, and one of these methods was chosen for the new design. The following objectives and 
selection criteria for the taxane collection method were formulated : 

~ Achieving a constant production of taxa nes from an inexhaustible source 
~ Achieving a high purity of taxanes 
~ The price of the harvested taxanes is comparable or lower than with current methods 
~ The harvesting is safe for the people working with the method, as weil as for the 

environment 
~ The harvesting method should not harm the trees 

Af ter the method was chosen, the design methodology was followed to come up with a conceptual 
design. Of this design, the technical aspects, the market opportunities and the economical aspects 
are discussed. Finally the design process itself is evaluated . 
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2 Design methodology 

In this chapter the design methodology that is used for the product design will be devised. It is 
important to have a consistent design methodology because of two reasons. Firstly, it will be e1ear 
how the final product design was designed and in case of errors the design steps can be followed 
again to correct them. Furthermore, it will also be e1ear to people outside our group how the design 
was made. They can retrace the design steps that were taken and in such a way understand why 
certain choices were made and how all the elements of the final design were chosen. 
Consequently, the design methodology is an important part of the design process, because it gives 
direction to the design and structures it in an understandable way. 

In order to come to a good product design a design methodology consisting of four steps is devised. 
The formulated design methodology is a combination of several methods, tools, and design rules, 
namely: 

~ The four step chemical product design method of Cussler and Moggridge [7) 
~ The house of quality (quality function deployment) [8],(9) 
~ The design cyele, creativity tools, and selection tools used by industrial designers [8) 
~ The cradle to cradle design method, which includes rules and tools to design (chemica I) 

products in a sustainable way [10) 

The several parts of the different methods are integrated into one consistent and concise method 
that can be applied to our project (see Figure 3 at the end of the chapter). First the main 
characteristics of the different design methods, tools and rules used in our design method will be 
explained in Section 2.1. Then the design method for our CPD project will be pictured (Section 2.2). 

2.1 Main characteristics of the design methods 

2.1.1 Chemical product design methods and the house of quality 

The book of Cussler and Moggridge [7) was specially written for the design of chemical products. 
Therefore the main points of their book will be used in our design method. The most important 
aspects that are addressed in the book are the needs of the customer that buys the product, how 
chemical product ideas can be generated and selected in a constructive way, and how chemical 
products are manufactured. Finally, there is a chapter on basic economic concerns that have to be 
taken into account. 

Customer needs 
In the chapter on customer needs the method to identify customer needs is explained. The customer 
needs are really important because they trigger the direction in which a product has to be 
developed. The customer requirements together with technical product requirements define the 
properties and specifications of the final product. 
There are three steps that should be taken in identifying customer needs; interviewing customers, 
interpreting their expressed needs, and translating the needs into product specifications. Translating 
customer needs into product specifications means that general-wishes of the cus omer on how a 
product should perform are translated into design parameters like viscosity of the product, weight, 
size, etcetera. 
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Implementing the house of quality in Chemica I Product design method 
The house of quality (properly called Quality Function Deployment)[8],[9) is a specific tooi that can 
help with translating the needs of customers into product specifications and what the technical parts 
are that designers have to focus on during design. This method is not explained in the book of Cussler 
and Moggridge but it is consistent with their method of identifying customer needs and trans lating 
them in product specifications. The product requirements will probably contain some contradicting 
requirements th at need to be resolved in the final design of the product. If the new design resolves 
the contradicting requirements of the product, this will be a competitive advantage of the final 
product. 

Divergence and convergence: ideas generation and selection 
The most important chapters of the Cussler and Moggridge book are about ideas generation and 
selection. One of the most important messages of the chapters is that the chances of being 
successful in finding a good product idea are much higher if there are many ideas, which can be 
screened in a structured way. 
The design method in total should be consistent in the sense that a common format of approaching a 
design problem should be applied. In our design method an industrial design tooi is used, which is 
called the design cyele. For the divergent step of generating ideas and for the convergent step of 
ideas selection several creativity and industrial design tools will be used. The divergent tools that are 
used are mind mapping and morphological charts. These tools are all described in detail in Section 
2.1.2 below. 
In the convergence step it is important to organise ideas in categories and choosing the most 
important factors by which the product can be evaluated, e.g. scientific maturity, engineering ease, 
minimum risk, low cost, safety, low environmental impact. Subjective judgements on the evaluation 
factors can be made in a consistent way when a complete list of independent criteria is used, which 
are defined tightly. For this purpose general selection tools like a SWOT-analysis and Harris profiles 
are used, which will also be described below. General and subjective idea selection strategies will 
sometimes not help because detailed chemical and engineering information is needed. In that case 
engineering tools like thermodynamics, kinetics, and transport phenomena are used to assess the 
quality of an idea or design. 
The final result after the step of idea selection is a product description with preliminary product 
specifications. 

Product specifications and manufacturing 
After the selection of the best idea three important aspects of product manufacturing and product 
specification have to be addressed: the first consideration is whether to seek patent protection or 
not, because patents can bring about a competitive advant'!.8~ in the sense that they give an 
exelusive licence to market the product. This will result in less competition, higher selling prices and 
quicker recovery of development costs. The second aspect is to find missing information that is 
required to finalise the product specifications. Finally the manufacture method itself should be 
considered, which builds mainly on chemical engineering tools like thermodynamics, reaction 
kinetics, and transport phenomena. 

Steps in chemical product design methods 
Thus from the above it becomes elear that the chemical product design method consists of four 
steps: (1) identifying consumer requirements, (2) divergence: ideas generation, (3) convergence: idea 
selection, and (4) the manufacturing process. These are also the four ma in steps th at are considered 
in our design method (see Figure 3 below). The other design tools and design rules from industrial 
design and cradle to cradle were placed somewhere in this sequence of steps, as will be explained 
below. 
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2.1.2 Industrial product design methods: design cyc/e, divergence, and convergence tools 

There are many design methods and tools that are used during industrial product design. Chosen 
were those tools that could help in the four steps of the chemical engineering design process. The 
elegance of the industrial design tools chosen for our design method is the fact that they combine 
creativity methods with a consistent selection mechanism. Using these tools will bring about a large 
number of good ideas in the first place, and weil structured means of selecting the best ideas from 
the bulk of ideas. 

Function 

Preliminary 
Design 

Expected 
properties 

Declsion 

Acceptabie 
design 

Figure 2 The design cyele, based on [8] 

The design cyele 
Dne of the most important design methods that is 
generally used by industrial designers is the design cyele 
(see Figure 2) [8]. It is similar to the chemical product 
design steps, but more fit for the detailed decisions made 
during the design process. Therefore it is proposed to use 
the design cyele at every one of the four design steps, 
every time a function of the product is defined. The 
reason is th at in the design cyele, one applies logic from 
the goal or function of (a part of) the product to the 
means, i.e. the design. 

Thus, the starting point is always the purpose of a 
product. Not only the technical purpose is considered, but 
also the psychological, social, economie and cultural 
functions that a product needs to have. In the cradle to 
cradle design method there is even an additional function 
of the product defined: the product has to be a nutrient to 
either the biosphere or 'technosphere'. This will become 
elear in Section 2.1.3. 
The first step in the design cyele is to perform an analysis 
and getting an overview of the problems around the 
function of the product. Things that must become elear 
are wh at the problem in a certain situation is, what the 
origin of the problem is, and what possibilities there are of 
overcoming the problem. A elear list of required product 
properties (criteria) is also made. This has an overlap with 
identifying the contradicting requirements in the quality 
function deployment method. 
In the synthesis step a preliminary design is made from 
several product requirements to get a new holistic design. 
The next step is to simulate or model the properties of the 
product, starting from some basic assumptions: from this 
model conelusions on the real behaviour of the product 
under certain circumstances can be drawn. 
Then, the preliminary design is evaluated. The expected 
properties are compared with the desired properties 
(criteria), and it is decided whether the differences are 
acceptable. If not, one goes back to an earlier step in the 
design cyele and walks through the cyele again. 
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The design cycle is very helpful in the sense that it is a structured method, and will always deliver a 
useful result - either an acceptable design, or the information that the preliminary design is not vet 
acceptable. It does not teil designers, however, how a preliminary design should be synthesized. It 
just seems easy to pick a preliminary design and start simulating its behaviour, but it already became 
clear in Section 2.1.1 that one needs a large amount of ideas to select the best one out of the bulk of 
ideas. 

Divergence methods 
There are several divergence methods of which two methods were chosen. The first one is the 
associative creativity method called mind mapping. Mind mapping is mainly used to generate many 
ideas, for example about products or manufacturing methods. It is somewhat more structured than 
simply brainstorming, because a diagram is drawn with items linked to and arranged around a central 
theme [11] . Mind mapping is a very divergent method, so this method could be used best in the 
beginning of the design cycle when one is in need of many solutions to the problem. 
These ideas can subsequently be structured in a morphological chart [8] . The idea of a morphological 
chart is to find all theoretica I possible solutions to aproblem. One searches for elements that are 
substantial to all solutions (the main parameters or elements), after which the theoretical possible 
realisations are inventoried . The main issue is to find all the parameters that can be in the final 
product design, and make a matrix of pictures, which contains all solutions to every element. Every 
row of the matrix contains a partial function or parameter of the product, while every column 
contains all the different solutions of the partial functions . Mind mapping can help in finding all these 
solutions. 

Convergence methods 
Once many solutions are found, the best on es have to be chosen (convergence) . The Harris profile 
and SWOT-analysis can be used in this stage. 
The Harris profile or product profile [8] is a graphical representation of the properties of alternatives 
in which strong and weak points are clearly presented: a product profile has four scales of 
performance : -2 (bad score), -1 (moderate), +1 (good), and +2 (very good). Every property of an 
alternative is scored, and the columns are coloured in (for an example see Chapter 10). For every 
alternative a profile is made, and a quick overview of the strong and weak points of a design is 
gained. A plus doesn't compensate for a minus because the properties aren't the same. Instead, one 
thinks about means to improve a design : it can either be adapted or merged with other alternatives. 
Finally the best alternative is chosen. 
The SWOT-analysis is an extension of the Harris profile: it is a method to identify internal factors -
strengths and weaknesses - and external factors - opportunities and threats - that are 
(un)favourable to a product design [12]. A way to use SWOT is to answer the questions on how the 
strengths can be used, the weaknesses can be improved, how the opportunities can be exploited and 
how the threats can be mitigated. This approach is strongly related to marketing strategies of the 
product. 

2.1.3 The cradle to era dIe design method: sustainability tools and design rules 

One of the objectives that was stated in the introduction was to use the cradle to cradle design 
method [10] in our product design. Cradle to cradle is an approach to the design of systems in which 
materials are viewed as nutrients that can perfectly be recycled in either the natural cycles of the 
biosphere or the cycle of synthetic materials - 'technical nutrients' - in the technosphere. This is the 
larger picture of the phrase cradle to cradle, which was actually already coined in the 1970's [13]. In 
the last few years the term was reintroduced, and a design method for using cradle to cradle in 
(chemica I) product and building design was devised in the book of chemist Michael Braungart and 
the architect William McDonough [10]. 
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The advantages of using the cradle to cradle design method are multiple: there is an emphasis on 
creating healthy products with only positive instead of negative health effects. The products are 
designed in such a smart way that positive properties reinforce each other and bring about 
tremendous savings in costs (e.g. a roof with plants on it lowers degradation of the roof by UV-light 
and at the same time lowers the amount of water that needs to go to the sewage because it acts as a 
water buffer). 
In the book five steps of cradle to cradle design are explained, as weil as some general design 
principles, from which the best usa bie design rules are used in our design method. 

Applying cradle to cradle 
One of the cradle to cradle design rules that is applied in the first step of our design method is to 
carefully look at the purpose of a product, the function it should perform, and in later steps try to 
design a product that only performs th at purpose without having negative side-effects (see below). 
One of the most important design rules is to positively select the ingredients of which a product is 
made, and how they are combined. The purpose is to make a product healthy and safe. This rule can 
be implemented in the second step of the design method, where ideas are formulated on how the 
ingredients could be positively combined in the product. 
To be able to have positive ingredients to select from and to combine, the tooi of a "passive positive" 
list should be used, which is a detailed inventory of all the proposed chemicals and materials to be 
used. For every material the potentially problematic characteristics are identified. Once screened, 
substances are placed on different lists (problematic, problematic but no substitutes available, and 
positive/preferred), and substitutions are made where possible. Reinventing is a step further; in this 
case every part of the product is designed to become food for either biologica I or technical 
metabolisms. Several ideas on how to reinvent can be generated during step two of the design 
method. 
Another rule is to respect diversity. This means several things: first of all there is a diversity of needs 
and desires among potential customers (step one of the design method). Respecting diversity in 
design means considering not only how a product is made, but also how it is to be used, and by 
whom (step two) . A product should be developed that is fit for many cycles of use. Another aspect of 
diversity is the local tastes of customers: instead of promoting a "one-size-fits-all aesthetic" the 
product and packaging could be adapted to local tastes and traditions, without compromising the 
quality (10). This is known as 'form follows evolution' and can be used in step three and four of the 
design method. 
A last design rule that can also be used in step three and four is to follow informed personal 
preferences. This means to make choices on the best information available; if it is suspected that a 
part of the product will contain harmful materiais, use the best alternative you have, even if the 
information is not complete. Ugly and possibly very environmentally friendly is not the way to go. If it 
doesn't appeal to you, it will probably not appeal to other people as weil. 

2.2 Integration tor our design method 

All the different design methods, tools and rules were successfully integrated and the result can be 
seen from Figure 3. The middle part of the figure is the most important part; it shows the four steps 
in chemical product design on which our method hinges. The core of the figure also shows that the 
design cyele is to be applied in every design step. To the left the most important tools that will be 
used to conduct the design steps are shown. These are mostly the industrial design and creativity 
tools, but also some cradle to cradle tools and chemical engineering tools . The right side of the figure 
shows the most important design rules that should be followed to come to a sustainable design of 
the product. Of course also some chemical engineering rules should be used, as the final product 
must comply with the laws of physics and chemistry. 
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Design Methodology Overview 

Mmet research 
Define purpose of 

product 

House of Quallty 
Respect dlverslty In 

customer requirement 

Mind mapping 
Posltively select 

ingredients 

MorphologlcaJ chart 
Respect dlverslty In 

design 

Make a passiva Reinvent 
positive tist 

Follow informed 
SWOT-analysls personal preferences 

Form follows 
HarrIs profile evolution 

ChemIcaI engineering ChemlcaJ engineering 

tools rules 

Follow informed 
ChemIcaI engineering 

tools 
personal preferences 

Form follows 
evolution 

ChemlcaJ engineering 
rules 

Figure 3 Overview of the design methodology. In the middle the four main steps or phases of the design can 
be found. At the left side the tools that are to be used at every design step are depicted. At the right the 
design rules of every design step can be seen. 
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3 Biological background of the yew tree 

The yew tree is a natural source for taxanes, and its cells can also be used for plant cell fermentation, 
as will be explained in the next chapter. There also exists a total synthesis method for the production 
of taxanes however yew trees produce taxa nes in a more efficient way. Because of th is role of the 
tree, it is important to understand the biologica I basics of how the tree works. The main subjects that 
are discussed in this chapter are the yew tree species that exist, the leaf morphology and anatomy­
i.e. the external and internal structure of the needies - and finally the chemistry of the secondary 
metabolites (phytochemistry) and the biochemical functions (physiology). 
The information in th is chapter will be used in Chapters 4 and 5, where existing methods of getting 
taxanes will be explained and where new possible methods are made up, keeping in mind the plant 
physiology and biochemistry. Some biological information will also be useful when explaining the 
working mechanism ofthe chosen method, as will become clear in Chapters 5 and 6. 

3.1 Yew tree species 

The yew tree is part of the genus Taxus, which can be divided in eight different yew tree species. 
These species grow mostlyon the northern hemisphere. The species are divided in three main roots, 
but nowadays there are crossings as weil, of which an example is given in Figure 4 (modified from 
[14)) . 

T. WaJ/ich/ana Himalayan yew 

] rl T. Flor/dan a Florldayew 
T. Globosa Mexlcanyew I 
T. Canadens/s Canadayew 
T. Celeb/a Chineseyew 

JU I >--
T. Cuspidata Japanese yew - I 
T.XMedia 
T. Baccata European yew 
T. BrevJfolJa Paclflcyew Jm 

Figure 4 Family tree of Genus Taxus [14] 

One of the species is Taxus X Media, which is a crossing of the European and Japanese yew. All these 
species have different properties, in the sense that the ave rage needie length may differ, as will the 
concentration of certain compounds inside the tree, among others. For instance, the Taxus Brevifolia 
has the highest concentrations of paclitaxel in its bark. Some other species hardly produce paclitaxel, 
but produce compounds similar to it (precursors), like baccatin 111 or 10-deacetylbaccatin 111. The 
Taxus Baccata, for example, is one of these species. The highest concentrations of these products 
can be found in its needies, not in the bark. 

3.2 Plant morphology and anatomy 

In th is section on yew morphology and anatomy the focus lies on the needies, because one of the 
objectives stated in the introduction was that the method of obtaining the taxa nes should not kill the 
tree. Therefore, harvesting from the bark of the tree is impossible, while getting the taxanes from the 
needie will not necessarily harm the tree. In some yew species the concentration of taxanes is 
highest in the needies, as can be seen from Table 1 in Section 3.3. 
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A yew needie can grow to approximately 25 mm in length and 2 mm in width [15). A cross section of 
a yew needie can be seen from Figure 5; the width of the needie in this picture is approximately 
2 mmo In the middle of the needie the vascular bundie can be seen with the phloem and xylem parts. 
The yew tree is part of the family of vascular plants or higher plants; higher plants have a vascular 
tissue, which is used for the transport of water, nutrients and metabolites in the plant. The transport 
of water and soluble inorganic nutrients to the leaves of the tree takes place via the xylem. The 
organic material is transported via the phloem, although the xylem can also contain some organic 
compounds [16). The transport in the xylem is mainly forced by transpirational pull; inside the pores 
of a cell wall water forms a concave meniscus. This means that the water molecules are attracted 
more by the walls of the pores in the cell wall then byeach other. When water evaporates from the 
surface of the ce lis in the leaves, the surface of the water retreats into the pores of the cell walls. The 
surface tension of the water causes a force which is large for water to be transported up the tree 
[17). A detailed picture of the anatomy of the leaves can be found in Figure 5. The layer around the 
needie is called the cuticle . Just inside th is layer we find the epidermal cells and in between the 
spongy parenchyma can be found. On the lower face of the needie, there are small channels to the 
outside, called stomata. 

Upper 
Epidermis 

Palisade 
Parenchyma 

Spongy 
Parenchyma 

Phloe}vaSCUlar 
Xylem Bundie 

Stoma Guard cells 

Figure 5 Cross section of a yew needie, with below a schematic representation [15), [18) 

The stomata are arranged on the needie parallel to the midrib of the needie (see Figure 6) . They are 
all located on the underside of the needie. The yew tree has less stomata than other trees, namely 
about 59 stomata/mm2 [15) . Stomata are very smalI; from Figure 6 it can be seen th at the diameter 
of the stoma is approximately 10 microns. 
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2mm 

Figure 6 Underside of a yew needie, with a close up picture of stomata (0) and stoma with Florin's ring 
(E)[15]. S stands for stoma and M for midrib. Barsize 0 = 100 Ilm, E = 10 Ilm. 

3.3 Phytochemistry and physiology 

Af ter the explanation of the internal and external structure of the needies the biochemistry of the 
plant will now be explained, including the biochemical functions (physiology), the biologica I pathway, 
and structural formulas of a few taxa nes. 

3.3.1 Paclitaxel and its precursors 

Paclitaxel and the other taxanes produced by the yew tree family are terpenoid compounds, which 
are secondary metabolic products. That means that they are not necessary for the survival of the cell 
itself, however they can be useful for the plant as a whoie. Frequently, the secondary metabolic 
products are used for communication between cells (19). The plant can also communicate with the 
environment by means of secondary products, such as by pigments or aromas. The compounds are 
also sometimes used as reservoir for nutrients. aften secondary metabolic products of plants are 
highly toxie so they can be used as a defence mechanism against animals (e.g. insecticides), which is 
the case for the yew trees (19). 

The structures of the most important taxa nes are given in the following figures; from Figure 7, the 
molecular structures of paclitaxel and docetaxel (the actual medicinal compounds) can be seen. In 
Figure 8 the molecular structure of baccatin 111, a precursor of paclitaxel and docetaxel, is shown and 
in Figure 9 the molecular structure of 10-deacetylbaccatin 111 (10-DAB lil), another precursor of 
paclitaxel and docetaxel is given. 

16 



paclitaxel 

o 

docetaxel 

Figure 7 Molecular structures of paclitaxel and docetaxel 
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Figure 8 Molecular structure of baccatin 111 Figure 9 Molecular structure of lO-DAB 111 

It is evident that in all the structures a complex of rings is present, which is characteristic for 
diterpenoids. Terpenoids are organic structures that occur in nature, and they consist of five-carbon 
isoprene units. Diterpenoids con sist of four of these isoprene units; hence their basic structure 
consists of 20 C-atoms (20). The structure of baccatin 111 is practically the basic structure of the 
taxanes and has the structure of 20 C-atoms, with 3 acetyl side groups. Other taxa nes can be created 
by substituting different side groups to this ring complex, as is visible for pac1itaxel, docetaxel and 10-
DAB 111. Baccatin 111 itself is not active as a medici ne against cancer, but adding side chains to create 
pac1itaxel or docetaxel makes the structure active. Taxanes are very lipophillic structures, which 
results in the fact that they are hardly soluble in aqueous Iiquids (21). 

Taxanes find their origin in 2 precursors; famesyl diphosphate (combination of 3 isoprene units) and 
isopentenyl diphosphate (combination of 1 isoprene unit). Wh en geranylgeranyl diphosphate 
synthase is added, the precursors are put together. After a ring-c1osing step, the basic structure of 
the taxanes is already visible (see Figure 10) (22) . . 
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Figure 10 Biosynthetic pathway of Taxol; ggps: geranhylgeranyl diphosphate synthase, ts: taxadiene 
synthase, h-Sa: cytochrome P4S0 taxadiene Sa-hydroxylase, tat: taxa-4(20), 11(12)-dien-Sa-ol-Q­
acetyltransferase, h-l013: cytochrome P4S0 taxane 1013-hydroxylase, tbt: taxane 2a-Q-benzoyltransferase, 
dbat: 10-deacetylbaccatin lII-l0-)-acetyltransferase, Multiple arrows indicate several as vet undefined steps. 
[22] 

3.3.2 5torage and transport of taxa nes 

The taxanes are stored in the vacuoles of the cells and a small fraction is also present in the 
extracellular medium [23] . A picture of a plant cell is depicted in Figure 11 below, where a vacuole 
can be seen. The taxane molecules are very large and will not be able to diffuse through the cell 

membranes and vacuoles . For the transport of taxanes into the vacuole, a different mechanism is 
needed . The transport can be divided into two events; uptake of the alkaloid at the plasma 

membrane and transport from the cytosol into the vacuole. Several other kinds of compounds -
especiallya lot is known about alkaloids, which are nitrogen based secondary metabolites - appear to 
be transported across the cell membrane by ATP-binding cassette (ABC) transporters, which use ATP 
to transport the secondary metabolites across transport channels in the cell membrane. It is 
suspected that the transport mechanism is similar for diterpenoids [24] . In the second transport step 
into the vacuole it could be the case that an H+ antiporter is responsible for the transport from the 
cytoplasma to the vacuole. This means that the transport towards the inside of the vacuole is 
dependent on the proton gradient between the vacuole and cytoplasm. 
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Figure 11 Plant cell with vacuole [25] 

3.3.3 Content of taxanes in different parts of the tree 
It was already said that the taxanes are most likely stored in parts of the tree that need to be 
protected from damage of insects or other animais. This counts for all taxa nes that are toxie to these 
anima Is. There exist many types of taxanes, and the concentrations of these compounds differ per 
species and per part of the tree. In Table 1 and Table 2 below, the content of Taxol and other taxa nes 
in different parts of the tree is shown. The data is based on experiments [2),[26). These 
concentration measurements were done for different Taxus cultivars, and on different locations in 
the trees, so the different species and tissues can be compared. 

Table 1 Weight percentage of Taxol in various parts of Taxus species [2] 

Species Plant No. of Samplings Avg.%Taxol Range of% 
Material Samples Analyzed 

Taxus Baccata Stem 1 2 0.001 0 .0009-0.001 

Twig 2 4 0 .0006 0.0004-0.0009 

Leaf 1 2 0 .003 0.003 
Taxus X. Media Stem 1 2 0 .002 0.002 

Twig 2 4 0.009 0 .009 
Leaf 1 2 0.002 0 .002 

Taxus Cuspidata Twig 1 2 0.0006 0.0002-0.0009 

Table 1 shows that for Taxus Baccata the highest concentration of Taxol (paclitaxel) is found in the 
needies ofthe tree [2) . 
Rozendaal et al. [26) examined the concentrations of different taxa nes in the needies of different 
Taxus cultivars. In Table 2 the results are presented. The different taxanes are paclitaxel (I), 10-
deacetylpaclitaxel (2), cephalomannine (3), baccatin 111 (4), 10-deacetylbaccatin 111 (5) and brevifoliol 
(6) [26) . 

19 



Table 2 Average taxane concentration in different Taxaceae species [261 

Taxacea Species No. of Average taxane concentration (~g/g dried needies) 
Samples 

(1) (2) (3) (4) (S) (6) Total 

T. Baccata 49 41 198 22 14 762 3 1039 
T. Baccata cv. 473 63 179 42 10 468 6 768 
T. Brevifolia 1 130 0 0 296 41 9132 9599 
T. Canadensis 2 285 253 289 224 2665 77 3793 
T. Celebica 6 26 81 0 0 70 46 223 
T. Cuspidata 10 105 113 40 15 120 6 399 
T. Cuspidate cv. 60 136 198 93 18 116 1 562 
T. Floridana 1 516 515 0 0 1689 0 2720 
T. Globosa 1 433 229 480 168 1395 0 2705 
T. X. Hunnewelliana 9 41 100 0 0 63 0 204 
T. X. Media cv. 108 211 205 131 36 230 6 819 
T. Wallichiana 1 272 420 0 0 1092 0 1784 

From Table 2 it is clear that the species T. Brevifolia, T. Canadensis, T. Floridana, T. Globosa, T. 
Wallichiana and T. Baccata contain the most taxanes in their needies. However, not only the species 
influence the amount of taxanes in the needies. This also depends on the month, season, soil and 
climate with which the tree has got to do. It appears that yew trees hibernate in the winter: In the 
months November to March there is stagnation of the liquid streams. The stomata close and there is 
less circulation of the liquids (27). Plant life has an inside biologica I clock; yew trees are light sensitive 
and th us 'know' when it is dav or night, and being able to distinguish the difference between dav and 
night, they notice the length of the days. Depending on the length of the days, the tree goes in 
hibernation or blooms. When the tree is in hibernation, the production of secondary metabolites is 
slowed down drastically compared to when the tree is blooming (28). The composition and yield 
differ per tree and soil (hence location) . A tree in France can have totally different seasonal 
fluctuations compared to a genetically identical tree in Ireland (29). According to Drs. W.M.J. Ursem 
[30], the highest yields of the 70 years old Taxus Baccata in the Botanical garden of the TU Delft can 
be obtained at the end of June and at the end of September. 

3.3.4 Other compounds 

Not only taxanes and their precursors (Iike famesyl diphosphate and isopentenyl diphosphate) are 
present in the tree. The needies of the yew tree consist for about 65% of water (31). Water can be 
excreted as transpirational fluid. In a hot summer dav water evaporates out of the needies. An 
extract of Taxus Baccata needies was analysed by RP-HPLC by Theodoridis et al (32) . Besides familiar 
taxanes, like baccatin 111 and 10-DAB 111, more than 18 taxines and cinnamates were detected. It was 
found that the fluid in the needies is a mixture of about 21 alkaloids of which 10 were structurally 
analyzed. There were 11 unknown taxanes and 3 unknown substances in the mix. The results can be 
found in Appendix A (32). 
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4 Existing methods to get Taxol 

In 1967 paclitaxel is discovered as mitotic inhibitor and hence an effective active ingredient against 
cancer. Up to the 90's it was obtained from the bark of the Pacific yew tree [33], wh ich required 
killing of the tree. As aresuit, the trees are almost extinct and are nowadays protected against being 
cut. Therefore, several other methods are developed and applied to get paclitaxel, and its precursors 
from which paclitaxel can be synthesized easily. 

In order to meet the objectives, to design a device for the winning of taxanes in a sustainable way, it 
is essential to have a good understanding about the existing methods. This is important to compare 
the pros and cons of different methods, and finally with our newly proposed design . 

It should be noted here that "obtaining" or "winning" paclitaxel refers to either getting paclitaxel 
from biomass or conversion of starting material into paclitaxel. The different methods to obtain 
paclitaxel can be divided into three categories: namely extraction from bark or needies, cell cu ltures 
and synthesis routes. 

4.1 Extraction trom bark or needies 

Paclitaxel and its precursors are present naturally in bark, needie and other parts of yew trees. 
However the natural concentration of taxanes is very low, 0.01-0.05% of dry weight dependent on 
the yew species [33] . Bark and needies are freeze dried and grinded. The resultant powder is treated 
with various chemicals for extraction . Af ter extraction, semi synthesis of the mixture to paclitaxel can 
be performed. 

4.1.1 Extraction with chemical solvent 

An extraction and purification process is developed whereby paclitaxel can be retrieved with a purity 
of 99.5% [5],[34] .Together with paclitaxel, its precursors like baccatin 111 and 10-deacetyl baccatin 111 
(10-DAB) can be obtained in a similar way. The precursor will later be converted to paclitaxel or 
docetaxel through synthetic routes. The total extraction route from grinded needies to 99.5% pure 
paclitaxel consists of four ma in steps, namely extraction, adsorbent treatment, precipitation and 
HPLC (high performance liquid chromatography) . The overall yield in th is process is approximately 
53.9%, in which yield is defined as the amount of paclitaxel before, divided by the amount of 
paclitaxel after the process step(s). The purities and yields of the different steps can be found in 
Table 3. 

The extraction step makes sure that the taxanes which are present in the needies of the yew trees 
are separated from its biomass. The taxanes go from the solid phase into a liquid phase, after which 
purification steps can be applied. The process consists of two major steps, after which a dried extract 
is obtained with a yield of 98% and a purity of 6.3% [5] : 

1. Extraction with methanol for four times. This is to remove the taxa ne mixture from the 
powder. The optimal extraction time per step is about 10 minutes, since there is no 
significant yield increase by longer times (see Figure 12)[5],[34]. Af ter the four extraction 
steps the resulting taxa ne mixtures are collected together and concentrated before going to 
the next step. 
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Figure 12 Effect of extraction times on paclitaxel recovery from biomass: first extraction (t); second 
extraction (.); third extraction (Á); fourth extraction (X) [5] 

2. Liquid-liquid extraction with methylene chloride (also called dichloromethane, DCM) for 
three times. This step removes most of the polar impurities. The crude extract is dried at 
reduced pressure by evaporation of the solvent. 

The adsorbent treatment process is put after the first main step. Adsorbent treatment makes sure 
that impurities like tars and waxes, coloured compounds and compounds which are insoluble in DCM 
are removed . Synthetic adsorbents, like active day and activated carbon, are used to remove these 
impurities from the crude extract. The mixture is then filtered to separate the purer extract from the 
adsorbent with impurities. Purities between 7.1% and 9.6% and step yields of 94.9% up to 98.9% can 
be obtained, dependent on the adsorbent material and the filtration rate (5). 

The third step is precipitation of the taxanes. This removes phenolic compounds, like catechin, and 
non polar compounds. This step consists of two steps as weil. First there is a precipitation using 
hexane. After that the precipitate is dissolved again in methanol for the 2nd precipitation. This second 
precipitation uses the difference of solubility of the different compounds. The purity after 
precipitation is 61.2% and the step yields are 95.2% for the first step and 81.3% for the second step 
(5). 

After precipitation HPLC is used to remove other taxanes from the paditaxel, to yield purer 
paclitaxel. First the precipitate is led down a hydrophobic resin column, e.g. ODS (octadecylsillylated 
C18), in which the elution fluid consists of water and methanol. A purity of 95% can be achieved, but 
the impurities which are left remain in the solid. Therefore the product is led through a second 
column; a silica column. This column uses isocratic elution with methanol and DCM. Isocratic elution 
is the "u se of a constant-composition mobile phase in liquid chromatography" (35) . This can reach a 
purity of 99.5% (5) . Compounds similar to paclitaxel, like cephalomannine, are hard to remove, even 
by this technique. If the purity must be higher, a crystallisation step is needed. 
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Table 3 Purities and yields of extraction process [5] 

Paclitaxel (g) Purity (%) Step Yield (%) Overall Yield (%) 
Biomass 4.92 100 100 
First extraction 4.88 0.6 99.2 99.2 
Second extraction 4.83 6.3 99 98.2 
Adsorbent treatment 4.62 8.8 95.6 93.9 
First precipitation 4.40 27.1 95.2 89.4 
Second precipitation 3.58 61.2 81.3 72.8 
ODS-HPLC 3.06 95 85.5 62.2 
Silica-HPLC 2.65 99.5 86.6 53.9 

An advantage of the solvent extraction is that the technologies which are used are al ready mature 
and the step efficiencies are high. However, there are drawbacks as weil. Since there are so many 
steps in the process, the overall yield is only 53.9%, which means that only about half the amount of 
paclitaxel is recovered. Another major drawback is the use of chemica Is; for instance, methylene 
chloride is a suspected carcinogen. It seems counter effective that a medicine against cancer is 
retrieved using a substance that causes cancer. Other used chemicais, like methanol and hexane, 
have negative influence on the health as weil, and large amounts of these chemicals are used in the 
process. Another drawback is the dependence on nature; needies of yew trees are needed and if too 
much needies are cut from the tree, it may be harmed. If, however, too little needies are cut from 
the tree, there may not be enough raw material for the process demand [5],[35]. 

4.1.2 Extraction using Supercritical Fluids 

Alternative, supercritical fluid (SCF) can be used. Dried needies or bark are grinded to 700 j.lm [36] . 
The resulting powder is treated with n-hexane to remove waxy compounds and some other non­
polar compounds to prevent clogging of the collection tubing under treatment of CO2• Af ter this 
treatment, the extraction is performed with super critica I CO2• Co-solvents (mainly small alcohols 
mixed with water) are of ten added to enhance the selectivity and yield towards paclitaxel and its 
precursors (Tabie 4). This effect is due to the fact that a co-solvent can help to release the taxa nes 
from the matrix in the source material, since the taxa nes have a naturally higher solvability in these 
substances [36]. 

Table 4 Taxol yields extracted depending on various compositions of co-solvents in the needies of 

T. Cuspidate (80"C 350 bars) [36J I 

Extraction Method Yields of extracted 

Taxol [Ilg/g) 

Methanol Extraction 200 
Supercritical fluid extraction : Composition of 

cosolvent (%, v/v) 

CO2 Methanol Ethanol Water 

100 - - - 54 
90 10 - - 72 

80 20 - - 189 
90 - - 10 25 
80 - - 20 98 
90 - 10 - 119 
80 - 20 - 158 
90 5 - 5 208 
80 10 - 10 203 
90 - 5 5 242 
80 - 10 10 336 
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An immediate advantage of super critical extraction, compared to liquid extraction is that fewer 
chemicals are used. However, still, chlorinated and some potentially toxie compounds are used. 
Furthermore, high pressure of 100-300 bar and strict temperature control are required to maintain 
the critical state of the fluid, which are expensive and not altogether safe [36). This would inevitably 
increase the cost. Finally, the selectivity towards precursors of paclitaxel is not very high (0.2% for 
paclitaxel and 0.7% for baccatin 111) in comparison with of chemical extraction (2.4%) [36). 

4.2 Cell cultures 

Extraction of taxanes from bark or needies shows a dependenee on natural resources. Due to the low 
Taxol content in yew tree, cell cultures become an attractive sou ree for paclitaxel production. This 
can be done through either growth of plant cells or micro-organisms, whieh produce Taxol as a by­
product. 

4.2.1 Plant Cell Fermentation (PCF) 

Currently BMS (Bristol-Meyers Squibb) obtains their raw material through plant cell fermentation 
(PCF) technology, developed by a German biotech company, Phyton [37). PCF makes use of a 
particular Taxus cell line growing in aqueous medium. The winning of the taxa nes produced by the 
cells can be done by direct extraction (i.e. without a drying and grinding step), of whieh the method is 
similar to that described for chemical extraction from the bark or needies [38). The yield of the 
paclitaxel in cell cultures is about ten times higher than the yield in the bark of the yew tree. For 
example, a yield of 0.119% is obtained in a medium with a cell culture of T. Yunnanensis [39). 
Furthermore, the production of taxanes in the cells may be enhanced by the addition of methyl 
jasmonate or by the application of ultrasound [23). 

The apparent advantages of th is technique, compared to the extraction from bark or needies, are 
that PCF saves the steps of freeze drying and grinding, and that a reduced amount of energy is 
required. The high yield is rather promising as weil, but problems occur by sealing up the process. 
The ce lis get easily overgrown and will die; therefore no large scale industrial applications of th is 
technique are known [40). 

4.2.2 Fungus 

In 1993, an endophytic fungus, T. andeanae, was found to be Taxol-producing. It is isolated from the 
outer bark of T. Brevifolia. After that, several other fungi were identified to be able to produce Taxol 
as weil, among which the fungus Nodulisporium Sylviforme, which lives on the tree without causing 
apparent damage to it. The concentration of Taxol can be as high as 418 ~g/I in culture and 1487 ng/I 
in fungi secretion [40). 

Similarly to PCF, fewer chemicals will be used in obtaining Taxol from the fungi. However, this 
technique is still at research stage due to several problems. For insta nee, the yield in the culture 
medium is too low for the technique to be applied industrially. This yield should be in the mg/I scale, 
whereas it is now in the ~g/I scale. On top of that, the amount of biomass produced is too low. 
Thirdly, since synthetie pathways, hence the intermediate products, are still unknown it will be 
difficult to improve the process, i.e. finding optimum conditions for production, find limiting steps 
and change them [40). 
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4.3 Synthesis routes 

Paclitaxel is present only in minute amounts in biomass of yew trees. Together with increasing 
environmental concern of biodiversity, a synthetic route became a promising candidate for Taxol 
production (41). There are mainly three synthetic pathways depending on the starting material. 

4.3.1 Total synthesis 
Paclitaxel can be made from available organic chemicals using total synthesis. It was a very attractive 
alternative around 1990, as scarcity of resources was a big concern. More than 30 groups proposed 
many different pathways to generate paclitaxel, docetaxel and other Taxol-derivatives (42) . One of 
these processes consists of 37 steps and has a low yield (2%) (4). In 1994 the total synthesis of 
paclitaxel was achieved with fewer steps; however the yield was still very low. The starting material 
in the process is a petrochemically derived patchoulene oxide, which is easy to obtain. This is treated 
to obtain a4-ring structure, after which paclitaxel and its derivatives can be made. 

The biggest advantage of this method is that it eliminates the reliance on natural resources. It also 
opens the way to investigate other Taxol derivatives, which may be potential drugs like docetaxel 
(43) . However, one major drawback is that it consists of so many steps that the yield is low while the 
costs are high (44). Hence total synthesis is more a means to gain more knowledge rather than a 
technique worth of industrial application . 

4.3.2 Semi-synthesis from extracted precursors 
Although the amount of paclitaxel is extremely low in yew trees, it can be made from baccatin 111 
through a semi-synthetic pathway (45). Baccatin 111 in turn can be prepared using 10-DAB. 10-DAB is 
present naturally in the European yew (T. Baccata) in much higher amounts (up to 1 gJkg) than 
paclitaxel and baccatin 111 (46). The precursors are first extracted and purified to about 95% and then 
converted to paclitaxel (47). Before the acetylation of the (-10 hydroxyl group, the (-7 hydroxyl 
group of 10-DAB is regioselectively protected. This protection can be applied and removed under 
mild conditions. Af ter the acetylation of the (-10 hydroxyl group, a reaction takes place with a 
protected (2R,3S)-phenylisoserine side chain, which creates a protected paclitaxel molecule. The 
protective group is then removed, which results in paclitaxel. The overall yield of this process is 
approximately 26% (48) . 

An advantage of th is method is that the starting material comes from the needies of the trees. This 
means th at trees are a constant source for the raw chemicais, instead of only once. Since the semi­
synthesis is performed after paclitaxel is removed from the mixture, it yields extra paclitaxel from the 
same amount of taxanes. Furthermore, other Taxol derivatives, for example docetaxel, which is 
another effective anti-cancer drug, can be produced in a similar way (4). However reliance on natural 
resources still continues. The growth of trees in a plantation and subsequently the harvesting of the 
shootings are required (40). One of the simplest pathways requires four steps and has a yield of 26% 
(48). Besides that, the extraction and purification process are still required and further isolation of 
paclitaxel from the reaction mixtures is needed. 
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5 New proposals to get taxanes out of the tree 

Currently the most used method for obtaining taxanes is extraction from the needies instead of the 
bark, since the yew tree is protected against being cut. The precursors are won by removing, and 
thereafter drying, grinding, and extracting the needies. The content of taxanes in the needies is very 
low and due to the many processing steps, this process is rather complicated [33]. 
By chemica I extraction or cell culture, yew trees are no longer kil led. Nevertheless, plant cells contain 
numerous other compounds, and steps to re move these chemicals are complicated, energy-intensive 
and costly [49]. Also, harmful chemica Is are used in large quantity [34] . In a new design these 
disadvantages should be avoided. Therefore a brainstorm session was conducted, of which the 
detailed results can be found in Appendix B-1. Some of the ideas are partially based on existing 
methods, but new technologies, which have not vet been used on large scale, are looked into as weil. 

In order to make a concise decision for the new methods, the objectives stated in Chapter 1 are 
taken into account. This includes that the taxanes has to be obtained in reasonable amounts with a 
higher purity than with the existing methods in a sustainable way. It must be more profitable or bring 
an additional profit compared with the currently used methods. 
From the list of ideas, four options remained and will be discussed in more detail. The four options 
are solvent extraction, supercritical fluid extraction, vacuum suction and electrospray, with which the 
needies will remain on the tree for all the options. The harvesting principle will be described shortly, 
including the feasibility, advantages and disadvantages. 

S.l Solvent extraction 

Solvent extraction separates different compounds based on their relative solubility in organic and 
inorganic solvents. It is often combined with other extraction methods, such as expeller/press 
extraction, to reduce the solvent required for the extraction. With the postulated objectives, taxa nes 
need to be obtained from the needies, leaving the needies on the tree. The use of an expeller is 
therefore excluded . The use of a solvent mi t e possi e, a thoug it ay be necessary that the 
branches are immersed in the solvent solution to extract the Taxol and its precursors directly from 
the branch. 

Methanol and/or ethanol can dissolve taxa nes and they are therefore of interest as solvent. The 
solubility of taxa nes in methanol is higher than in water, about 10 mg/ml compared with 0.01 mg/ml 
in water, and gives a clear colourless solution [50]. Paclitaxel has a melting point of 213-216°C. It is 
sensitive to heat and the temperature should be held between 2-g0C to slow down its degradation 
[51]. Therefore the solvent cannot be removed by increasing the temperature, but it can be removed 
from the taxanes by vacuum evaporation, because when the pressure is lowered the boiling point is 
lowered as weil. For example, with vacuum evaporation at 0.04 bar a temperature of soC is high 
enough for the methanol to evaporate (see Appendix B-2) [52] . 

However, it is not clear if methanol can extract the taxanes out the needie, since it is questionable if 
the methanol gets in contact with the sap. Normally, the opening or closing of the stomata is 
controlled by turgor pressure, which depends on the amount of water present, however it is not 
known wh at the effect of methanol is on the stomata [53]. In addition, the used solvents might harm 
the needies and trees by suffocation, since the branches need to be immersed. The consequences of 
applying organic solvents to living systems based on aqueous environments, such as trees, are 
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harmful. The treatment of organic solvents causes a decrease of shoot length growth or even stops 
the growth ofthe tree [54]. 

Another important fact is that normally the needies are crushed before the extraction takes place. 
Crushing may facilitate the release of cell content and it creates smaller particles with a higher 
surface area to volume ratio. In this new concept, there is no opportunity to crush them . It is not 
known if the extraction can take place equally efficiently. With th is given, extraction directly from the 
branches is not suitable as new method to harvest Taxol from the yew tree. 

5.2 Supercritical fluid extraction 

A pure supercritical fluid (SCF) refers to a pure compound which possesses the properties of both 
liquid and gas when temperature and pressure are above its critical point (grey part in Figure 13). It 
dissolves other compounds like liquid but moves through a medium and transports other materials 
like gas. Hence SCF is able to extract compounds in a similar way as conventional chemical extraction. 
During SCF extraction, more volatile components will tend to move into the SCF phase . After that, 
the SCF, which contains the compounds of interest, is removed from the starting mixture. The SCF 
can be separated from the target by adjusting the temperature or pressure to ambient. The 
advantage of a SCF is that only a minute amount of SCF will be found in the extract because the 
evaporation of the solvent at lower pressure [55] . 
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Figure 13 Pressure vs. temperature phase diagram [55] 

SCF is popular in the pharmaceutical industry because of its low toxicity and good controllability over 
the dissolving power. However, a high pressure in the range of 100-300 bars is required . To create 
such a pressure in an open area where trees are growing will be a major challenge, leaving alone the 
issues concerning costs and SCF recovery. In addition, the high mobility inside the plantation is a 
required quality of the machine. Compression and regeneration units, together with the space 
needed to create high pressure will lead to a bulky unit. Furthermore, temperature control is also 
strict to keep the fluid in supercritical state. 
Supercritical fluid extraction is already used to obtain taxanes. However, the first step is grinding 
needies into powder to release the taxa nes. So diffusivity through intact needies is again achallenge 
here, same as that suggested for extraction . 
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5.3 Vacuum suction 

Vacuum suction is another option to harvest taxa nes from the needies of the tree without clipping 
them. Suction means creating lower pressure in a certain environment. Due to the pressure 
difference that is created by the suction device and the surrounding pressure, matter is pushed 
towards lower pressure region and out of the interior of the plant. One analogy is sucking lemonade 
through a straw; when suction is applied on the stomata of the needie, the liquids wil! flow out of 
them (see Figure 14). 

Seal 
Yew 
Branch 

Figure 14 Vacuum suction setup 
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Problems that can be foreseen with th is technique are for instance the amount of taxanes that can 
be released at a particular vacuum pressure; the sealing has to be closed air tight over the branch, 
otherwise the air sucked out wil! be replaced. It wil! be hard to put th is seal over the branch without 
damaging it. Moreover, when the harvesting is done, the chamber has to be removed again. This wil! 
cause the same problems regarding the survival of the needies. Another disadvantage is that the 
chambers should be smal!, because vacuum suction takes quite some energy, since the air inside the 
chamber needs to be removed . The amount of air that must be removed from the chamber before 
enough vacuum is created should be as smal! as possible. Using smal! chambers automatical!y means 
using a lot of these chambers, causing difficulties in application. For these reasons, th is option does 
not seem very attractive. 

5.4 Electrospray; applying an electric field 

Electrospraying is a technique where a liquid stream can be atomized by inducing an electric field. 
The electric field is applied by placing an electrode near the liquid stream (see Figure 15). This causes 
a potential difference between the electrode and the liquid stream. The charge carriers in the liquid 
stream (opposite of the charge of the electrode) are attracted to the electrode and move to the 
surface of the liquid stream. As a consequence, the charge density at the surface increases and due 
to the repulsion forces between the equal charged particIe the jet explodes in very smal! droplets 
[56]. 
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Figure 15 Basic setup of electrospray [57]. 

It was discovered that yew trees spray drop lets from their needies wh en placed in an electric field . 
This discovery was done during a thunderstorm. When a thunderstorm approaches, the electric field 
strength increases dramatically from 100 Vlm up to about 10,000 Vlm . In 1999, two scientists used 
th is finding and performed experiments where this thunderstorm situation was mimicked, in the 
hope to collect taxanes and find an alternative, sustainable way to obtain taxanes. An electrode with 
a high voltage was place nearby a needie from a yew tree and after some time they observed the 
spraying. Analysis of the collected product showed that indeed it contained fractions of valuable 
taxanes [58],(59]. 

Since the experiment showed the promlsmg result that the sprayed droplets contain taxanes, 
research was started at the TU Delft about th is subject and is currently still going on . The following 
information is obtained from the small scale experiments [30],[59],(60]: 

~ The time it takes to electrospray the needies is about 30 min . from which only the last 
20 min. spraying takes place. In the first 10 min., the tips of the needies move slowly toward 
the electrode. It is unknown why there is a delay of 10 min. 

~ There is one data set available where the composition of the product is analyzed. The results 
can be viewed in Appendix B-3 . In short, about 1% of the taxa nes that are present in the 
needies can be removed byelectrospraying. 

~ Up to today there is no agreement on the maximum frequency at which electrospraying can 
take place without damaging is permanently. Dr. Ir. Marijnissen, one of the scientists who 
performed the first experiments, believes that it is possible to spray 10 times a year, while 
Dr. Ursem, assistant director of the Botanic Garden in Delft, believes that it is possible to 
spray only twice a year. 

~ The voltage for the electrode used by the small scale experiments is 4000 V with a distance 
between the electrode and the needies of about 1.5 cm. 

Based on experiments that have been done, there seems to be no damage do ne to the tree. This 
technique does not harm the tree and the operating conditions are mild as weil. The amount of 
chemicals used is also minimal; however the question remains whether it is applicable at large scale. 
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S.S Choice between different techniques 

The four different alternatives are described, together with their pros and cons, and a choice has to 
be made for one of these options. To do this, all four options are subjected to the objectives stated in 
Chapter 1. The taxa nes have to be obtained in reasonable amounts with a higher purity on a 
sustainable way. The new method must be more profitable than the methods used today or it must 
bring an additional profit. People involved should not be negatively affected by the new method, not 
due to the use of toxic chemicals nor due to taking larger risks. The environment should suffer less by 
the new technique, which includes the new method should not harm the tree. 
Further it would be desirabie if isolation from chloroplast and waxy materials can be avoided in the 
design, because this will simplify the extraction, reduce the amount of chemicals used and save 
energy, hence money. Ideally, paclitaxel and its precursors may be obtained in higher concentration. 
The crude extract will have a higher market value and downstream processing costs can be lowered 
as weil. 

Besides subjecting the new proposal with the objectives, some principles most likely will not work if 
investigated more thoroughly, like the SFC extraction and the vacuum suction. Solvent extraction and 
supercritical fluid extraction are harmful for the trees and vacuum suction, besides the difficulty th at 
is expected in application, will most likely be damaging the tree as weil. Since from the small scale 
experiments it seems that electrospray is not harmful for the trees, and since electrospray actually 
seems to get the taxanes out, th is option will be chosen. Hence there is searched for more 
information about electrospray to investigate if a device can be designed, which will get taxanes out 
of the trees in a sustainable (economically as weil as environmentally) way using th is principle. 
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6 Electrospraying - general information 

Electrospraying is a method whereby small droplets can be produced from a liquid jet under 
influence of an electric field . The droplets can be in the range from nanometres up to tens of 
micrometers. The technique of electrospraying is also known under the name of 
Electrohydrodynamic atomization (EHDA). An advantage of this technique is that it can be used for a 
wide range of products. There is much flexibility with regard to the composition of the particIe. On 
top of that, it is a very gentie method. No extreme conditions are used such as high temperature or 
pressure, which is a pre for the processing costs and also for the stability of the products. Also, 
electrospraying is known for its very narrow size distribution. This is also the reason why th is method 
is used for powder and drug particIe production. Other applications are for mass spectrometry, the 
production of thin films, and in agriculture [56],[61] . 

In th is chapter first the electric field around a needie is discussed, then the mobility of the taxanes 
inside the needie, and in the following sub-chapter the mobility to the tip of the needie where the 
electrospraying takes pi ace will be explained. Lastly, the electrospraying model applicable for the 
taxane electrospraying, the cone-jet mode, will be specified and the model is described in detail. 

6.1 Electric field 

It is found that in nature yew trees release some of their saps with taxanes before thunderstorms, 
when the electric field strength around the tree is enlarged. To mimic th is situation, an electric field 
is induced around the needies by placing a positive electrode near the needies [59]. A map with the 
equipotential and field lines of th is situation around one needie is shown in Figure 16. 

Figure 16 Field lines and equipotentials between electrode and needie, adapted trom [62] 

The plot above is for the situation when the needie is placed perpendicular to the electrode. The 
solid lines are the field lines, the dotted lines correspond to the equipotentials where each of the 
lines corresponds to a certain potential. The equipotentials going from the electrode to the needie 
are in the range of the potentialof the electrode to zero (surface of needie). The distance between 
the equipotentials is the smallest at the tip of the needie, indicating that the field strength is the 
strongest in this area [63] . 
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6.2 Movement of taxanes inside the needie 

The mechanism behind the mobility of taxanes under influence of electric field is not weil 
understood. No literature information was found on th is subject. Different theories that were 
brought up by various people were investigated. The theories where the mechanism is derived from 
were found to be the most plausible. These are based on the thinking that the release of droplets 
from the needies by electrospraying can be compared with evaporation of water from the needie, 
with the only difference that by evaporation only water (in gas phase) leaves the needies, and that by 
electrospraying water is released in liquid phase with dissolved compounds in it. First, some research 
was done about the solubility of the different taxa nes, then a thoroughly explanation about the 
mobility of taxanes within the needie by applying an electric field and the movement of droplets via 
the surface to the tip of the needie is given . 

6.2.1 Solubility 

Before it can be understood why taxa nes are coming out needies wh en an electric field of a certain 
strength is induced around them, it is important to know where and in wh at phase the taxanes are 
present in the needies. In Chapter 3 it was discussed that a large part of the taxanes are present in 
the vacuoles of the cells and a small fraction in the extracellular medium. In th is section, the phase of 
the taxanes is studied. 

Taxanes are not weil soluble in pure water. In Table 5 the maxi~iJity. f aclitaxel and two 
main precur~er two are based on calculated values foun y SciFinaer, 
hence these numbers can be a factor off from the real value. The maximum concentration of taxanes 
present in the needies of different yew species was calculated based on the screening of needies of 
different yew species done by van Rozendaal et al. (26). The calculation for the conversion of the 
solubility in the needies from Ilg/g dried needies to mg/ml can be viewed in Appendix C-1. 

Table 5 Solubility of taxa nes and their maximum concentrations in needies of yew trees 

Compound Mass solubility in Molar Max. concentration Calculated max. 
water solubility found in yew needies concentration found in 

in Ilg/g dried needies needie 
(26) 

Paclitaxel 0.01 mg/ml (64) 1.2E-5 molll 516 0.28 mg/ml 

Baccatin III 0.0094 mg/ml (65) 1.6E-5 molll 296 0.16 mg/ml 

10-deacetyl 0.0045 mg/ml (65) 8.2E-6 molll 2665 1.4 mg/ml 
baccatin 111 

The calculated concentrations of the taxa nes found in the needies exceed the solubility limits. It is 
not very likely th at taxanes are in the cell in solid phase therefore there is most likely a mechanism 
that increases the solubility, since it cannot solely be present in the aqueous ph ase. 

A possible mechanism that could increase the solubility of taxanes is either by the formation of 
micelles or by the formation of colloids. Micelles are small aggregations of molecules th at are 
dispersed in a liquid mixture where one substance is dispersed homogeneously throughout another. 
However, the molecular structure of Taxol and its precursors do not have a noticeable hydrophobic 
and hydrophilic part, and th is is a requirement for the formation of micelles (66). 
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Figure 17 A colloid with taxanes inside, adapted from [67]. 

The option of the formation of colloid to increase the solubility of taxa nes is left over. When other 
molecules are present that can form micelles, such as surface-active agents (surfactants) they can 
transport the taxa nes through the sap. Since surfactants are amphiphilic, e.g. they have both a 
hydrophobic and a hydrophilic part, they can form spheres in a way such th at the hydrophobic 'tails' 
are completely surrounded by hydrophilic 'heads'. Taxanes are non-polar and therefore they can 
cluster in the centre of the sphere. This is then called a colloid (see Figure 17). This theory about the 
solubility of taxanes seems the most reasonable way to explain the increase in solubility and 
therefore it is assumed th at taxanes are present in the sap of the needies in the form of colloids [66]. 

6.2.2 Conductor in electric field 

In general, when a conducting object is placed in an electric field, charge carriers inside the 
conducting object respond to the external electric force. By metals and in water, respectively the 
electrons and ions rearrange in a way to cancel out the electric field. Negative charge carriers move 
toward the electric field, while positive charges move in the opposite direction (see Figure 18)[68]. 
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Figure 18 The rearrangement of the charge inside a conductor, where the arrows point in the direction of the 
electric field, adapted from [68]. 

By the rearrangement of the charge carriers a current is generated, however this current does not 
last long. When the relocation is finished, the electric field inside the conductor is zero. 

6.2.3 NeedIe in electric field 

When a needie is placed in an electric field, rearrangement of charge takes also place. A needie 
consists of 65% water [31], and due to the presence of free ions in the water, the needie can be seen 
as a conductor. The blocking of the electric field can be explained by the rearrangement of ions in the 
sap of the needie. In the next paragraphs the mobility of taxanes under influence of the movement 
of ions is discussed. 
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Free ions 
When no electric field is applied, the free ions inside the needies are homogeneously dispersed. 
Once a positive electrode is place nearby, the negatively charged ions are drawn toward the surface 
of the needie (see Figure 19) [69]. By the movement of the negatively charged ions to the outer sides 
of the needie, the positive ions are also moved somewhat in that direction since they are attracted to 
the negative ions. It is assumed that the repulsion between electrode and positive ions is much 
weaker than the attraction between the positive and negative ions, and that therefore the positive 
ions stay close to the negative ions. 

Figure 19 The distribution of free ions in the needie with (Ieft) and without (right) applying an electric field 

Using ionic mobilities and by making a force balance over the ion between the electric field and drag 
force gives an estimate of the velocity with which the ions moves inside the needie. The calculations 
in Appendix C-2 show that the velocity of ions in the sap of the needie is at least around 0.007 mis. 
From here it follows that the rearrangement is finished in less than 1 second, and that this is not the 
limiting factor in the spraying process. Once the rearrangement is done, the electric field inside the 
needie is zero. 
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by electric force by osmosisldiffusion sap pulled out the needIe 

Figure 20 The mechanism of sap being pulled out of a needie by an external electric field 

In Figure 20, the influence of the electric field on the movement of ions, and therefore on the 
mobility of water and dissolved material is explained graphically. Once the ions are moved under 
influence of the electric field, the concentration of ions close to the surface is much higher than 
inside the needie. Since there is locally a high concentration of ions, water moves towards the 
surface to disperse the solute uniformly in the solvent in order to maximize entropy. 
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In the water all kinds of compounds are dissolved, including taxa nes in colloidal form. While water 
moves to the surface of the needie, the concentration of dissolved material inside the needie 
becomes higher than at the surface. Thermodynamically the most favourable situation is wh en the 
solution is homogeneous, since the entropy is th en maximal (70). Therefore, dissolved materiais, 
together with taxanes that are present in the sap in colloidal form, are dragged with the water to the 
surface of the needie. This process can be seen as diffusion, since particles are moving from a high to 
a low concentration. 

Positive charge 
It is clear that the liquid leaving needie consists of more negative charge, since it is attracted to the 
positively charged electrode. The droplets will have a net negative charge, leaving the needie behind 
with a net positive charge. This raises the following questions about what happens with respect to 
the charge of the needie over time when the needie sprays droplets, since electric neutrality has to 
be maintained: 

Is there a mechanism that keeps the net charge zero while the needie is spraying, or does the 
needie stop spraying once a certain amount of negative charge is released? 
And if there is a mechanism to keep the total needie neutral, are negative charged particles 
replenished or do positively charged particIe move away from the needie? 

The needie will keep its neutrality during electrospraying. The needie is grounded, since it is part of a 
tree, and the tree is in contact with the earth. This means that whenever the nee die loses or has a 
surplus of some charge, the earth, a huge reservoir of charges, will replenish or take it up via the 
tree. The question if the needie stops spraying after a while, in order words, if the time to replenish 
or take charge up is the limiting factor after the needie has sprayed for some time period is 
questionable. 

From experiments it is found that after some time (± 30 min.) the tree indeed stops spraying. 
However, the research ers who performed these experiments believe that the limiting factor that 
stops the needie from spraying is the replenishing of water instead_of charge [59J:T60l 
Most likely, the loss of negative chargelsrelllled by the tree during the electrospraying, since if the 
negative ions are not replenished, the concentration negative ions in the needie would decrease over 
time. It is thought that the needie is favoured by keeping the ion concentration about the same over 
time, and that since more negative ions are lost these ions will be replenished. 

To get a better understanding about the mechanism more research related to th is subject needs to 
be done. This information is important to find ways to optimize the release of taxa nes by the 
electrospraying process in the future. --

6.3 Movement of taxanes from the stomata to the tip 

Wh en the electrostatic attraction between the positive cathode and negative ions are higher than 
the forces that prevent the sap to leave the needie (capillary), the sap leaves the needie through the 
stomata. There is no confirmed theory about whether the sap is only sprayed from the tip of the 
needie, or that the electric force is that high that the sap is sprayed out of several stomata. 
Observations from Caner Yurteri indicate that sap is only been sprayed from the tip of the needie, 
since only one spray is observed from each needie. Nothing could be said about the number of 
stomata that are opened to release the sap (60), however some hypothesis could be made by looking 
at the electric field distribution. 
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electrode tip of needIe 

Figure 21 The predicted distributien ef sap leaving the needie 

The stomata are equally distributed along the bottom part of the needie (see Chapter 3). Since the 
electric field is the strongest at the tip of the needie, it is expected that most of the sap leave the 
needie at the stomata of this part. The electric field strength decreases when moved further from the 
tip, and it is thought that the amount of sap decreases also in th is direction (see Figure 21). Droplets 
that leave the needie at other place than the tip are thought to move along the surface to the tip. 
The surface tension between the surface and the droplet keeps the droplet from falling (counteract 
the gravity) and the electric force pulls the droplet to the tip . The sap is collected at the tip of the 
needie from where it is been sprayed. 

6.4 Spraying of the sap 

Electrospraying of liquid can take place in different mode. A short overview on the different 
electrospray modes is given, continued by a more extended explanation of the mode which is used 
for the modelling of the electrospray of yew trees, the cone-jet and the forces on the drop lets during 
the spraying. 

6.4.1 Modes 

There are two electrospraying modes, the dripping modes and the jet modes. With the dripping 
mode, liquid fragments are released from the nozzle. Just af ter ejection of the nozzle the droplets 
can be large (dripping), fine (microdripping), lengthened ({multi) spindie mode) or irregular of shape 
[57] . 
The jet modes can be recognized at its very thin long jet from the nozzle. The jet leave the nozzle in 
different movements, for example rotating (precession mode), or oscillating (oscillation mode). The 
most observabie mode is when the jet is stabie. This is called a cone-jet. It is also possible to have 
several cone-jets, the multi-jet mode (see Figure 22) [57]. 
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Figure 22 Different modes of electrospraying [571 

For the electrospraying of taxanes out the yew tree it can be assumed that the sap is spraying in the 
cone jet mode based on observations from experiments [60]. 

6.4.2 Specifications of cone-jet mode 
The cone-jet mode is a stabie jet along the capillary axis. The maximum deflecting is about lD·. At the 
end, the jet breaks up and forms droplets. The jet can be split in two instabilities, the varicose and 
the kink instability. By varicose the jet continues along the capillary axis, at a certain point the 
constant jet becomes interrupted and starts to form droplets. By kink instability the jet start to spin 
along the axis of the capillary also causing the jet to break up into fine droplets (Figure 23) [71]. 

Figure 23 Types of jet instability with varicose (Ieft) and kink instability (right) [711 

The diameter of a cone-jet is dependent on the voltage. Typically the diameter is smaller than 
100 ~m; however when the voltage is increase the diameter can decrease up to a few micrometers, 
while its length shortens. The fine droplets, mean si ze 30 micrometers up to fractions of microns, are ..., 
spread out with a spray cone apex angle of about 60· to 90· [71], [72]. _.. _L~ I 
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In Appendix C-3, the forces on the cone-jet are shortly discussed. This model is not discussed in th is 
report in detail due to the fa ct that the exact forces and dimensions of the Taylor cone are not of 
interest for this project. More interesting is the model of the spraying of droplets, since the 
parameters during the spraying are significant for the design of the harvesting apparatus. 

6.4.3 Forces on the drop/ets 

The maximum size of the droplet bevond which droplets break into smaller droplets is determined by 
the balance between Coulomb interaction forces inside the charged droplets and the surface tension. 
The Coulomb interaction force is dependent on the charge on the surface of the droplet. Once the 
droplets have such a high surface charge that it overcomes the surface tension, the droplet will 
explode. This is called the Rayleigh explosion, and the maximum charge as a function of the droplet 
size and surface tension is given by the following equation: 

where qmax is the maximum charge of the droplet (Coulombs), Eo is the permittivity of free space 
(C2/Nm\ y is the liquid surface tension of water (N/m}, and d is the droplet size (m). The droplets 
produced by electrospraying in the cone-jet mode carry approximately 70% of th is charge [56]. 

The droplets in the ambient air experience four forces: 
~ electrostatic attraction forces due to the external electric field between the negatively 

charged droplets and the positively charged electrode 
~ Coulomb electrostatic repulsion forces between the charged droplets 
~ drag force due to the movement of the droplets 
~ gravitational force 

The forces do not all contribute in the same magnitude to the movement of the droplets. The 
electrostatic attraction force is for example much greater than the force due to the gravity. In the 
paragraph about modelling, the relative magnitude between the forces is discussed. 

6.S Rate limiting step 

For the design of the taxa nes harvesting device it is important to know what the ra te limiting step is 
in the electrospraying process. The optimization of the device should be focused on the rate limiting 
step, since the most can be gained by improving this aspect. 

The extraction of the sap can be divided in four steps: 
~ the transportation of the sap from the capillary vessels to the stomata 
~ the transportation of the sap through the stomata to the surface of the needie 
~ the movement of the sap from the stomata via the surface to the tip of the needie 
~ the electrospraying of the sap from the needie toward the collection bag/plate 

The rate limiting step is determined by elimination. Below, the reasoning behind the elimination is 
discussed. 

6.5.1 Movement of sap to the tip of the need/e 

It is thought that the movement of sap at the outside of the needie from the stomata to the tip of 
the needie is not the rate limiting step is because the bottom side of the needie is covered with a 
thick wax layer of cutin to prevent loss of large amounts of water by evaporation [27]. The sap th at 

38 



comes out the stomata consists mostly of water [60) . Cutin is a hydrophobic, and has therefore 
wetting properties. Research about the contact angle on needies also shows this. The contact angle 
between water and needie is on average around 100·, which indicates that there is less interaction 
between needie and liquid. Therefore there is a low resistance of flow and water drains easy [73). 
The mobility of water on the surface of yew needies was also tested with a small experiment. A 
branch was immersed in a cup of water. When it was taken out the water quickly (few seconds) Ç... LJL i 
moved to the tips ofthe needies from where it dripped oft. ~ ci.P.ol/? 

The information written above is based on movement of water in the absence of electric field . The 
presence of electric field will increase the speed due to the attraction forces between the sap 
(negatively charged) and the electrode (positively charged). Based on the information of the research 
about contact angles and by the experiment performed by ourselves it is thought that it is reasonable 
to say that the movement of the sap to the tip takes place at a sufticient high speed so that it will not cf-R-L~~ 4.0\. 

be the rate limiting step. -- IJ. 
tY f""V'-.V' I 

6.5.2 Electrospraying of the sap 'l....~ l.i: I 
The electrospraying of the sap from the needie toward the collector is eliminated as rate limiting step 
because the mode in which electrospraying from yew trees takes place. In Table 6 the results are 
given of a study where the electrospraying modes were studied with a hexane solution when the 
voltage was increased. 

Table 6 Electrospraying modes for hexane solution by different voltages [741 

Voltage (V) Description 

3500 A blunt co ne is formed, but no jet appears. 

3750 Discontinuous jet. Microdripping of small droplets. 

3875-4125 A continuous jet is formed. Cone-jet mode. 

4250 Unstable atomisation. I 
Electrospraying from the yew tree takes place in the cone-jet mode (see Section 6.4.1). If the 
electrospraying was the limited step, an electrospraying mode which requires a small electric field 
should have been observed, such as the formation of a blunt cone, a discontinuous jet or the 
appearance of microdripping. 

6.5.3 Transportation of the sap from the capillary vessels to and through the stomata 
Since the other two steps are dropped out, in the mechanism of the transportation of the sap from 
the capillary vessels to and through the stomata of the sap are left over. There is no evidence to 
determine which of the two mechanisms is the slowest, however for the design of our harvesting 
device the both outcomes will lead to the same design. In either way, the rate limiting steps lies 
inside the needie, and there should be searched for a method to increase the speed to get the sap 
out the needie. No further research is done to get a better understanding about the rate limiting 
step. There was not much information available about this subject and due to the limited time it was 
decided to stay away from making a model. Dur recommendation would be to investigate this in the 
future. 
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6.6 Modelling of electrospraying 

Once the mechanism about the mobility of taxanes inside the needie is clarified, the electrospray 

process can be modelled. In the following paragraph the assumptions that are used for the modelling 
of the electrospray process are listed . By estimating the droplet size, other important parameters 

such as the flow rate and velocity of the droplet are calculated. This information is needed by the 

designing of the taxa nes harvesting apparatus. 

6.6.1 Assumptions 

The reports from experiments done in the past regarding electrospraying to harvest Taxol and its 

precursors do not give information about basic information needed for modelling like the droplet 

si ze, flow rate, or composition of the droplets. Assumptions are made to start with modelling. These 

assumptions are based on thorough discussions, literature research, or calculations . The model that 

is made for electrospraying is a simplified version of the electrospraying model th at is proposed by 

K. Geerse (56) . 

The movement of the droplets is only viewed in the direction between the needie and the electrode. 

Belowa list is given with the assumptions that are made to model the electrospraying process. The 
explanation behind each assumption can be found in Appendix C-4. 

~ The droplet has the properties of water / -f.w, 7 

~ No evaporation of the drop let takes place -"" Ce' lA 1.0 I> C -'1~-
~ All droplets have the same size 

~ The charge on the droplet is constant, e.g. there is no discharge during the flight 

~ 20% of the sap in the needie can be removed in 20 min., by removing more liquid the 

needie will be damaged 

~ Electric field attraction force and drag force are the main forces; the gravitational force 

and the Coulomb interaction forces can be neglected 

~ The air velocity around the electrospray is zero 

6.6.2 Calculation 

Flow rate 
The maximum liquid flow from one needie was calculated from the amount of water present in a 

needie. Maximum 20% of the water can be removed to keep it still functioning in about 20 min. (30). 
From the wet weight of needies (determined by weighting of needie), dry weight was calculated (see 

Appendix C-5) . The flow rate was found to be 9 Ill/h . 

Droplet size 

The droplet size was calculated from the flow rate. The following equation shows th is relationship: 
1 

d = (16~;Q3 r (75) 

Where dis the droplet size in metres, PI is the density of water in kg/m 3
, Eo is the permittivity of free 

space in C2/Nm 2
, Q is the flow rate in m3/hr, y is the liquid surface tension of water in Nim, and K is 

the electric conductivity in Slm. The droplet si ze was calculated to be 0.5 Ilm. For the extended 

calculation see Appendix C-5. The droplet si ze agrees with the values published in literature. 

A. Jaworek and A. Krupa (71) published an article were the mean size of the droplet that are 

produced in a cone-jet mode are about 30 micrometer up to fractions of 1 micrometer. 
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Charge of drop let 
The maximum charge of the droplet is calculated according to the formula in Section 6.4.3, and was 
found to be 2.5.10.15 CIdropiet. The actual charge is 70% of Omax and was calculated to be 
1.8·10-15 C/droplet (See Appendix C-5). 

Electric field strength 
The field strengths that act on a droplet when it moves away from the needie were calculated by trial 
and error. Models published of the cone-jet spraying gave velocities differences between the droplet 
and the surrounding air between 12 and 17 mIs [56], and 10 to 15 mIs [61] . 
The velocity was used to balance the electrical attraction between the charge droplets and the 
electrode with the drag force of the droplets. The other forces were found to be negligible (see 
Section 6.6.1, assumptions). The electric force (Ieft side of equation) and the drag force (right side) 
were balance and solved for E, the electric field . 

qË = CD ; Paird; (Vair - Vi ) I Vair - Vil 

where q is the charge of the droplet in Coulomb, Co the drag coefficient, P air the density of air in 
kg/m 3

, Vai r the velocity air and V i the velocity of the droplet in mIs. It was found that the electric field 
strength has to be between 4.9.105 and 8.3.105 Vlm in order for the droplet to have a velocity 
between 10 and 17 mIs. The droplet is located in different field strengths wh en it moves toward the 
electrode, and that field strength is within the above mentioned values to get reasonable velocities. 
The extended calculations can be found in Appendix C-5. 

Summary most important values 
The values that were found by the model will be used by the design of the taxanes harvesting device. 
Below in Table 7, a list ofthe most important parameters is given. 

Table 7 Most important values found by modelling 

Parameter Value 

Droplet size 0.51lm 
Flow rate 0.01 ml/h 
Charge on droplet 1.8·1O-15 C 

Electric field strength Between 4.9.105 and 8.3·105 V/m 
Velocity of droplet Between 10 and 17 mIs 
Electric attraction force between droplet and electrode Between 8.6.10-10 and 1.5.10-9 N 

Drag force Between 8.6.10-10 and 1.5.10-9 N 

Gravitational force 6.4.10-16 N 

Electric repulsion force between droplets (distance 0.1 mm) 2.8.10-12 N 

In Appendix C-6 the complete excel sheet of the calculations can be viewed . 
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7 Market 

A successful product has to be weil received by the market and it must satisfy consumer demands 
and demonstrate advantages over the competitors product. For th is purpose, the existing supply 
chain from biomass to the finished drug is investigated to identify important product characteristics 
or opportunities by which the product can be made more appealing to our potential consumers. 

The market knowledge was obtained mainly through two channels; online articles and interviews 
with companies involved at various stages of the paclitaxel business. Questionnaires were made for 
different companies involved in the production of paclitaxel and from the results of these 
questionnaires the supply chain from biomass to drug was set up. Also, information was obtained 
about how the market for paclitaxel and its precursors works and wh at the marketing opportunities 
are for the product. 

7.1 Companies involved in the current supply chain 

Currently, the most used method to obtain taxanes is by extraction of the dried and grinded needies 
of the yew tree in form of dry powder. Cell culture is the other important source of biomass and it is 
adopted by one of largest paclitaxel producers, Bristol-Myer Squibb (BMS). In either case, the 
processing of biomass into drug is similar as explained in Chapter 4. The difference lies in starting 
biomass mass; either in form of dry powder or cell mass from fermentation [76]. 

There are mainly four parties along the supply chain 1 [77],[78] : 
~ Tree growing companiesj nursery garden companiesjcell culture fermentation 
~ Companies that produce bulk paclitaxel or precursors by performing the extraction(s) and 

Preliminary purification 
~ Pharmaceutical companies which produce paclitaxel from its precursors and purifying it into 

drug ready for medical use 
~ Hospitais, who deliver the drug to patients, the end users of the product 

On the next page, a picture of the supply chain can be viewed (Figure 24). The numbers in the picture 
correspond to the different steps in the supply chain th at all are performed by one of the companies 
described above. The role of each party will be explained in greater details in the paragraphs 
following the picture. 

1 This list is established mainly based on the information provided by various companies interviewed 
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7.1.1 Growth of biomass 

The production of paclitaxel by extraction takes several steps. It starts with the growth of biomass, 
either by fermentation of cell cultures or by the growth of yew trees. The Pacific yew, which is native 
to the USA, has been nearly extinct due to harvesting of bark in earlier days [79). To preserve the 
natural environment and bio-diversity, killing of wild yews is forbidden [79). Nowadays, once a year, 
mainly in late summer, the shoots of the yew trees are cut [80). In Canada, needies are collected 
from wild T. Canadensis, which is present in large amounts across the country [77). Europe has a rich 
source of T. Baccata from which cuttings are collected, there are for example plantations in the UK 
and in Poland [80],(81). Furthermore, biomass is supplied by other parts of the world, including large 
plantations in China and India [82). For the cell cultures, the biomass required by BMS is supplied by 
Phyton in Germany, a biotechnology company with expertise in plant cell cultures [76) . 

The obtained biomass contains taxanes, which can be extracted and purified. The taxane mixture 
consists of paclitaxel and its precursors, namely baccatin 111, 10-DAB 111. The extent of the different 
constituents in the taxa ne-mixture depends on the species used for the biomass and its location. 
After the extraction, the precursors are converted to paclitaxel bya synthetic process as described in 
Chapter4. 

7.1.2 Preparation for extraction 
After the cutting of the shoots, the needies are dried by freeze drying. Hereafter the needies are 
grinded into a fine powder and can be transported for the extraction. This part is often done by the 
harvesting companies of the plantations themselves [77). 

7.1.3 Production of bulk paclitaxel (extraction and preliminary purification) 
Conventionally, the extraction is carried out with chemicals like methanol and chloromethane. The 
crude extract is purified by adsorption, precipitation and high performance liquid chromatography 
(HPLC), whereby paclitaxel and its precursors are obtained (for a detailed description see Chapter 4). 

Bulk paclitaxel or purified precursors are obtained for two uses, namely [76],(83): 
1. small batches for research «lkg) 
2. large batches for pharmaceutical companies for drug production. (>lkg) 

Numerous companies in Europe, Canada and Asia are involved in the production of bulk paclitaxel 
and most of the pharmaceutical companies have a sta bie supply from two or more companies of 
these companies [76],[82). For example, Indena in Italy is purifying cell cultures for BMS. In Canada, 
part of the biomass is extracted and purified locally, while another part is done in China [77). For 
example, most companies in Europe and the USA, which were interviewed, revealed that their bulk 
paclitaxel is either directly imported from China or made by their factories/contractors in China 
[76],[83],(84). Therefore, nearly all the taxanes from T. Baccata of Europe are processed in China 
[82). Furthermore, interviewee from UK companies claimed that they have not heard of any 
extraction and purification process in UK and Indena is the only company which was found involved 
in this business in Europe [81],(85). The reasons given are mainly of economic purpose or availability 
of resources [85),[86) . 

7.1.4 Conversion to pac/itaxel and downstream purification 
Normally pharmaceutical companies purchase paclitaxel directly from suppliers or contractors and 
are mainly focussed on two steps of the supply chain. The first of those steps the conversion of the 
precursors to paclitaxel by a semi-synthetic route. As second step the purification of the naturally or 
synthesised obtained paclitaxel can be identified. The purification is done in various steps to reach 
the standards required by the Food and Drug Administration (FDA) for a deliverable drug. These two 
steps are often done by pharmaceutical companies like BMS and Bioxel [76). 
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Currently semi-synthetic paclitaxel is about 15-20% cheaper than naturally extracted paclitaxel (87) 
and the ratio of semi-synthetic paclitaxel to naturally extracted paclitaxel is 3:1 (77) . This is partly due 
to the availability of raw material; in general, baccatin lil, one of the precursors for paclitaxel, is 
present in much larger amounts than paclitaxel itself (even 100 times higher for certain species) in 
plant ce lis (88). The generic form of paclitaxel, produced by many companies all over the world, 
became available on the market in 2001 (89). The production of docetaxel is still under patent 
protection, Sanofi-Aventis will have the monopoly until 2010 (90). 

7.1.5 Hospital use and patients 

The finished drug from BMS is a clear liquid, every 1 mi of which contains 6 mg of paclitaxel, 527 mg 
of Cremophor EL and 49.7%(v/v) dehydrated alcohol (91). The hospitals deliver it to patients, the end 
users of the product. It must be diluted to 0.3-1.2 mg/ml with 0.9% sodium chloride or 5% dextrose 
before intravenous injection (91). 

In the Netherlands, it is allowed to use all the anti-cancer medicines that are registered in the 
European Union and approved by the EU and Dutch commissions on approval of medicines. The 
medication can only be obtained via the hospitais. Although the dose of paclitaxel is low it is a large 
expense [921, but for the patients all the costs are insured. 

7.2 Global market 

In 1991, BMS was selected as the only partner for paclitaxel research and was granted exclusive 
marketing rights for the next five years. Because of th is, BMS got a very large profit and the price of 
the drug was as high as 6.8 €/mg (6.8 million €/kg) . In 1992 the drug was first launched and until 
2001, when the patent has expired, Taxol brought BMS an ave rage annual sale of € 1.34 billion with a 
yearly production of about 200 kg (97). All the values in euro's which were given in dollars are 
converted whereby the currency changes are taken into account according to the different exchange 
rates of "De Nederlandsche Bank" (98). 

7.2.1 Demand 

With the expiration of the patent, companies all over the world started to produce the generic form 
of paclitaxel (93). Generic drugs are imitations of the original drug and are in the same form as the 
original medicine. More and more companies are getting involved in the production of the generic 
drug on the American and European market [761, and because of the competition and improvement 
in the purification technology; the prices are gradually brought down. In Figure 25, the market 
growth of paclitaxel can be seen, the coloured areas represent the counties which already have, or 
are expected to get, approval for the manufacturing of paclitaxel (99). The competition between 
companies is fierce and the technology is rather mature. Hence most companies use similar methods 
in extraction and purification. 
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• DMF* registered in 2005 
• DMF* registered in 2006 
• DMF* forecasted in the first-half of 2007 

Figure 25 The global paclitaxel market (2006) [99] 

*DMF: DruK Ma5t@rFIi. 
(submlsslen te the FDA) 

As aresuit, the world supply of 2003 increased to 350 kg, however the world demand is more than 
500 kg of which 300 kg contributes to the USA [100], which indicates there is a vast shortage of the 
drug. In 2006, the world demand was expected to be more than 800 kg of which the American 
demand would already have been raised to 500 kg [101). However, the amount produced in the USA 
is only 25-50 kg (100). This is far from fulfilling the needs and therefore most of the paclitaxel is 
imported. In Figure 26 the expectation, published in 2003, of the global world demand for 2002 until 
2008 can be seen (76) . This figure shows that the demand for derivatives like 10-DAB will rise very 
fa st, where the demand for paclitaxel itself will rise with decreasing rate. 
Furthermore, it is expected that the demand for paclitaxel will increase at a rate of 10-20% each year 
for the next 5-10 years after 2006 [102],(100). However, the world demand expectation of 2008 is 
that paclitaxel will reach 1040 kg in 2012 of which the USA shares 91% (103). This amount is lower 
than the previous forecasts. 
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Figure 26 World demand of paclitaxel and its derivative iQ-DAB (2003) [76] 

7.2.2 Price development 

Currently, the price of paclitaxel for Dutch hospita Is is about € 135 for a 30 mg/5 mi flask [94]. This is 
equivalent to a price of 4.4 €/mg. One complete treatment in the USA nowadays costs about € 6800, 
th is is about 3.4 €/mg [95],[104]. These prices indicate that it is still an expensive medicine [92], even 
though the price made a large drop compared with several years back [77] . This price drop will be 
even enlarged by the expiration of the patent for the production of generic docetaxel. This patent is 
owned by Sanofi-Aventis until 2010 and achieves more than € 0.8 billion of sales [95],[105],[98] . 

Since the patent has expired and more and more companies all over the world are involved in the 
production, it is unlikely that the high price is due to cartel formation . The main reason for the high 
price is due to the shortage, despite the growth of the amount of producers on the market. The 
demand is still larger than the supply; this could already be seen in Figure 26, with in mind the low 
annual production. 

Furthermore, the price of paclitaxel is related to the production process, which is still complicated 
even though the technology is mature. The production of the drug consists of several steps and 
companies must still make profit. The harvested biomass from the yew trees or cell cultures is the 
starting material of the entire chain. Af ter harvesting, the clippings are freeze dried, grinded and 
extracted, which can be done by various companies. Most of the smaller companies are only making 
small quantities whenever they receive an order, which mainly comes from the academie field for 
research purposes [78],[83],[87] . Further on in the chain the pharmaceutical companies can be found 
which get their bulk paclitaxel from multiple suppliers. It must however be noted that big 
pharmaceutical companies generally have an integrated supply chain starting from the biomass [76] . 

Besides the shortage and the complicated process, the price of the drug is related to its origin as weil. 
The lowest price might be found in China, where the drug paclitaxel costs about 1.13 €/mg [84] . The 
price is about a third of the western price, which is based on prices quoted by Chinese local hospitals 
[106] . In general, produets from Asian companies are cheaper than the European and American 
counterparts. However. to enter the European or American market certificates are needed to 
register the medicine. The requirements for these certificates are stringent and the certificate itself is 
expensive. For Asian companies it is hard to get such a certificate. Chinese manufacturers can seldom 
afford the costs to apply for approval of the drug and are therefore are not on the market for the 
drug, but only sell bulk paclitaxel [87]. Since there is nearly no domestic use of paclitaxel in China, 
practically all the produced bulk paclitaxel is exported to Europe, the USA and Japan. For 2004, the 
amount exported added up to 100 kg [100]. 
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Bulk versus drug paclitaxel 
There is a large price difference between the drug paclitaxel and bulk paclitaxel, even at a purity of 
more than 90% [96). In 1992, the wholesale price of the drug paclitaxel is about 20 times higher than 
the price of the bulk paclitaxel [76). It is investigated that most of the profit along the supply chain 
often goes to pharmaceutical companies [87) . 

For bulk paclitaxel, the starting material is provided either by cell cultures or by clippings of 
plantations located in Canada, Poland, UK and China. The most clippings are from wild T.Canadensis 

in Canada, and in Europe from the T. Baccata [79],(81) . 
For the bulk paclitaxel manufacturers a high taxane content in the needies is important and the 
clippings should be obtained in a sustainable way, since the importance of the certificate for 
sustainable harvest method [107). In Canada a company improved the taxane content of the 
T. Canadensis and the dried clippings contain approximately 300 ppm of paclitaxel. In the past, the 
dried clippings used to cost nearly 5.5 i/kg [77),[102). The Canadian prices for the clippings from 
2002 till 2005 can be found in Table 8 [102) . It is expected, due to competition, the price will drop 
and stagnate around 2.80 i/kg [82). 

Table 8 Prices for Canadian clippings [102] 

Year Price Wet (€/kg) Price Dry (€/kg) 

2002 1.93 5.50 

2003 1.69 4.83 
2004 1.39 3.97 

2005 1.19 3.40 

7.2.3 Future Forecast 

Even though the competition is fierce at the different levels of the supply chain, the market prospect 
is still promising, according to the interviewed companies. The price per unit weight of the drug, bulk 
paclitaxel and clippings are all expected to drop, but the de mand increases and expansion of the 
production scale will ultimately compensate the drop in price [77) . Various predictions have 
indicated an annual growth rate for the drug demand of 10-20% for the next coming years [102). 
Involvement of more competitors will stimulate companies to improve their process and product 
quality, hence to reduce the cost. 
Af ter the price reduction of the drug paclitaxel, the medication is still expensive and therefore a 
certain proportion of the patients are not able to afford the drug. This is especially true in China and 
India where social health care is not good enough [106). Many companies believe that once the drug 
becomes cheap enough, opening up the Asian market will bring another leap in sales volume 
[82],(84). Consequently, lowering of the cost will increase the demand of the drug, which will 
propagate down the supply chain. 

The forecast is also positive because docetaxel is becoming generic in 2010 and many pharmaceutical 
companies have already started working on the generic drug to get it ready for the market once 
Sanofi-Aventis' patent expires [84). It is expected that this will induce another leap in the supply of 
precursors like baccatin 111 and 10-DAB. This has already been observed in 2001 when generic 
paclitaxel was launched [89). Also, many pharmaceutical companies are currently improving their 
delivery methods, in the hope to reduce the side effects. If that is successful, dosage and duration of 
treatment can be increased. It is believed that paclitaxel and docetaxel will remain welcome anti­
cancer drugs for two reasons. Firstly, oncologists are reluctant to change a drug once it has been 
proved to be effective on the patients [76) . Secondly, some pharmaceutical companies have 
suspended research on new taxa ne derivative drugs, due to unsatisfactory results [82). Furthermore, 
compared with cell cultures, the use of yew trees as a raw material resource is believed to be 
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dominant [77]. When more of baccatin 111 and 10-DAB are needed, more trees will be needed and 
new plantations will be needed to satisfy this demand. 

7.2.4 Key to Business 

Most profits along the supply chain \ie with the pharmaceutical companies, as shown by a huge 
difference in price between bulk paclitaxel and the finished drug. Pharmaceutical companies 
compete with each other over price. This can be seen from numerous lawsuits between companies 
regarding patents, especially when it concerned BMS [93]. The amount of competitors increases at 
each level of the supply chain, therefore the key to profit for bulk pac\itaxel is to get involved into a 
globalized integrated supply chain [76], th is will ensure a rather constant demand. Furthermore, it 
wil! be of great help if the efficiency of the process can be improved. One idea given by one of the 
interviewees is to have a starting material with higher taxane contents, or a starting material which 
requires less processing steps. 

For the plantation owners, the best scenario is to grow yews with higher taxane content and higher 
growth rate [77],[82],[107]. The way to profit is to achieve larger quantities of taxa nes from the same 
amount of land with minimal increase in cost [77],[82]. On top of all the financial considerations, 
sustainabi\ity is another concern. In fact, pharmaceutical companies must prove that their active 
ingredient is obtained from a sustainable source, so they can get approval to launch the product on 
the market. 

The direct consumers of the milking device will be plantation owners and those companies who are 
doing harvesting. However, since each stage is closely related, it will be helpful if bulk paclitaxel 
manufacturers requirements are taken into account as weil. 
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7.3 House of quality 

The way for a product to enter the market is to beat the competition and to serve the costumer as 
good as possible. As was explained in the design methodology chapter, the house of quality is a tooi, 
which can help translate customer needs into product specifications. It can show what contradicting 
requirements must be solved in order to design a product that will beat the competitive products 
and has the properties costumers like to see in a product. The house of quality consists of a series of 
matrices which are linked with each other (9) . In Figure 27 below the filled in house of quality can be 
seen. First the meaning of all the different parts of the house of quality is explained and then how it 
was filled in for the taxane milking device. Finally the contradicting requirements that resulted are 
explained. 

First of all, the customer and product requirements have to be known . This can be seen in the left 
part of the HoQ. The product requirements are divided into technical details, performance measures 
and size of range. With these requirements, the new product can be compared to the existing 
products. Therefore the competitors with their products are considered in the right part of the house 
of quality. In our case the taxane milking machine is compared to the existing processes to get 
taxa nes. The comparison is done by filling in the planned matrix to obtain the most important 
improvement factors . This can be seen in the last two columns. 
When the right part has been filled in, the middle part (the bold square) can be filled in. In th is 
square the customer requirements are linked with the product requirements; strong, moderate and 
weak relations between the customer requirements and the technical requirements of the product 
are filled in with three types of circles, as can be seen from Figure 27. If there is no relation, the cell is 
empty. 
The 'roof' of the house of quality identifies the requirements that characterize the product. An 
improvement of one requirement can cause an improvement of another. In th is case the interaction 
of the improvement is positive or supporting. The opposite can also be true; in that case the 
interaction is negative . From these interactions the contradicting requirements can also be found. 
Finally, the lower part of the house of quality can be filled in to find the product requirements that 
need most attention, the technical requirements. The technical priorities are calculated by the sum 
of the relat ionship weighing factor multiplied by the overall weighing. 

7.3.1 Competitors 

We compare our method with two competitors, namely harvesting the needies and subsequently 
applying extraction, and cell cultures, because these two methods are the two most used processes. 
The taxanes obtained with our product also needs to be purified, however we will skip some 
purification steps compared with the competitors. The comparison with competitors is th us on the 
processes they use, compared to our milking machine that uses the process of electrospray for 
harvesting. 
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Figure 27 House of Quality for the taxane-milking device 

7.3.2 Customer requirements 

The customer of our product is someone who is producing precursors of Taxol, namely an owner of a 
tree plantation. Most of the customer requirements considered are direct customer requirements, 
but we also thought about the next customer in the product chain, because the demands of the 
customer of our customers are also relevant for us to consider. These are indirect customer 
requirements, related to the downstream purification difficulties and costs. 

From the market research it appeared that the following customer requirements are the most 
important: 

~ Purchase costs: th is refers to the purchase costs of the equipment needed for the harvesting 
of taxanes ("direct" purchase costs). In the case of electrospray this is the electrospray 
harvesting machine. We compare this with equipment necessary for cell cultures - i.e. a 
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vessel and extraction device - and equipment for cutting and extracting needies - cutting 
machines for the shootings and branches, equipment of grinding, freeze drying and 
extraction equipment 

~ Costs of use: this refers to all the energy and labour casts that are needed during the 
harvesting ofthe taxa nes 

~ High taxane purity (quality): this refers to the purity of the taxanes that come out of the tree 
after the harvesting step, compared to the purity coming from the extraction (i.e. before 
purification), or directly from the cell culture. Thus after electrospray, after clipping, and 
after production in cell cultures 

~ Taxanes easy to obtain: this refers to the fact that it is favourable if obtaining taxanes 
doesn't take that long during the harvesting step, and th at there are few, rather simple 
processing steps before purification to conduct 

~ Technique is safe to use: safety means th at during the harvesting there is no danger to 
human health originating from toxic chemicais, high voltage, explosion danger, etcetera 

~ High product yield: a large quantity of product should be obtained per harvest (production 
ratel 

~ Downstream purification costs low: the purification costs after electrospray should be low, 
because th is means that our customer can sell the paclitaxel precursors at a higher price 
because there are less impurities that pose a problem for downstream processing 

7.3.3 Planned matrix of customer requirements 
The three most important customer requirements are the taxane purity after harvesting, low 
downstream purification casts (because a low amount of impurities that are diffjcult to separate), 
and high product yield . How easy the taxanes are to obtain is also of importance to the customer, but 
slightly Ie ss than the purity and amount of product that are obtained. 

The competitive advantage of our product lies in getting out the taxanes at a high purity; it is thought 
that the mixture that cames out of the needies cantains much less substances than the dried 
clippings, of which mainly water (which will partially evaporate) and taxa nes. This is in contrast with 
the other methods; extraction is really troubling because the whole needie is used as a starting point, 
and the needies contain many more compounds than only the sap from the tree. In the cell cultures 
method the main problem is to separate the products from the watery environment and the cells 
themselves. This is slightly better than for extraction, but still the purity will be low. 
These competitive advantages also influence the "taxanes easy to obtain" in a positive way. The 
taxa nes are quite easy to obtain with our method; although the harvesting takes a long time to only 
get out a little, th is time span is not so long if you compare it with extraction. During the extraction 
method you first need to harvest the needies, grind them and freeze dry them before you can apply 
extraction. The process conditions [5] and the large amounts of solvents that are needed for 
extraction complicate obtaining the taxa nes. Cell cultures perform similarly to electrospray; taxa nes 
are easier to obtain than with extraction. 
The easiness to obtain the taxanes and the purity will also influence the downstream purification 
costs. The downstream purification costs for extraction are high, because it is diffjcult to separate the 
chloroplasts from the taxanes [5]. The purer the taxa nes, the less impurities are present. As said 
before the purity will be very high, for the electrospray harvesting of taxanes, and especially the 
chloroplasts are absent, which implies low downstream purification costs. ---The yield of taxanes of our method on the other hand is low; the amount you get out per needie is 
most likely far less than for extraction and cell cultures. The focus of our product will therefore be on 
the quality instead of the yie . 
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7.3.4 The product requirements for the electrospray device 
The performance measures, size of range, and technical details of the electrospray device are 
explained below. 

Performance measures: 
~ Adhesion of droplets to the collection area: the drop lets that are sprayed have to be 

collected in some sort of way. One of the problems that are currently faced with 
~ vJ 11, ~ctro-sprayiRg-tax es is the fact that the droplets that are spra ed on the electrode nave 
~{)~ /' very high adhesion an that a lot of solvent has to be used to get the taxanes from the 

su ace 30]. -As wi e explained below, an insulator will be put on the electrode, and this 
will be at the same time the collection area. The insulator has the same problem as the 
electrode: sprayed taxanes will adhere to the insulator, either as water droplets with taxanes 
dispersed or as solid . The collection area will perform better if adhesion of droplets and 
taxanes to the insulator is s al, because th en it) s easy ~o collect the taxa nes that are inside 
the droplets ~ .::r v")J< 

~ Chemical use: the device will perform better if only a small amount of solvent is used to rinse 
the taxanes from the collection area 

~ Energy use: the energy use of the electrospray device should be low. This has to do with the 
distance of the needies to the field, the field strength (voltage), how optimal the field 
distribution is, and how weil the insulator works. 

The direction of improvement of these three performances is down: adhesion, chemica I use, and 
energy use should all be minimised 

Size of range - several ranges that are important for the design : 
~ Distance of electrode to the needie: the distance should be as sm all as possible, without 

creating short-circuiting. This distance should be optimised 
~ Geometry: this means the form and size of the collection area. The form could be round, 

curved, straight, etcetera 
~ Voltage: the voltage can be varied, and the optimum depends on the other parameters. 

There is a minimum voltage necessary at a certain distance of the needies to the plate. There 
is probably also a maximum voltage; above a certain voltage the insulator will become 
conducting 

Technical Details 
~ Insulation material: a large percentage of the needies must be reached to enable milking; 

the electric field needs to be strong enough for these needies to spray. This means that the 
electrode should be close to the needies. However, short-circuiting must be prevented; when 
the needies are too close to the electrode, spark discharge will occur, burning the needies 
and leaving them unable to spray. Short-circuiting can be prevented by finding a good 
insulator that blocks current. The purpose of the insulator is to allow the needies to be close 
to the electrode, while not letting any electrodes pass for discharge. The structure and 
material of this jnsulator are als..2 important because the electric field must not e blocked ------ -. ~ Disl:ribution of the electric field: this should be optimised in the sense that all the needies 
sense a strong field, without using too much electrode material and energy 
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7.3.5 Correlation between product requirements and customer requirements 

From Figure 27 the correlation between the product requirements and customer requirements is 
shown. The dark blue circles indicate direct correlations, while the light blue and white circles 
indicate indirect correlations. In the text below these correlations will be explained. 

The purchase costs of the equipment are influenced by the geometry of the collection area; the more 
area and more complicated form of the collection area needed, the higher the price of the 
equipment. The distribution of the electric field also influences the purchase costs; for example if 
electrode wires are used that are immerged in the insulator it is more expensive to manufacture than 
a simple plate or foil. Other things that influence the purchase costs to alesser extent are the (costs 
of the) materials of the insulator and electrode. Finally the device needs electronics, software, and 

~ 

sensors to be able to perform the electrospraying automatically. The electronics and software for the 
robot also influence the purchase costs of the device. The technology is available and it is not really 
high-tech, so it will not influence the price that much [108]. 

The costs of use are costs other than the equipment itself. The two factors that influence these 
variabie costs most are the chemica I use and the energy use. The energy use correlates to the 
voltage and the distribution of the electric field as was explained above, and other factors that 
influence the energy use a bit too are distance of the electrode to the needie, geometry of the 
collection are, and the kind of material that is used for both the insulator and the electrode. 

The taxa ne purity is mostly influenced by the solvent use. The more chemicals are needed to get the 
taxanes from the collection area, the less the purity of the taxanes will beo The chemical use is mainly 
influence aa eSlon ro t fïëColiection area. The kind of insulation material influences the taxane 
purity via the adhesion of t e droplets. 

How easy the taxanes can be obtained is mainly dependent upon two parts of the collection process, 
namely the step where the taxanes come out of the needie and are collected at the electrode 
insulator combination and how easy the taxa nes can be obtained from the collection area. Whether 
the taxanes come out of the needie easily is mainly dependent upon the voltage and the distribution 
of the electric field, and indirectlyon the distance of the electrode to the needie. Whether the 
taxanes can be easily obtained from the collection area depends mainly on the adhesion of the 
droplets to the collection area and therefore indirectly on th~the collected droplet. ~ 

The safety of the electrospray milking device depends on two main factors; the amount of chemicals 
that is used and how high the voltage is. The geometry of the collection area and the distribution of 
the electric field also contribute to the safety for the people working in the neighbourhood of the 
device. It depends on the insulation material that is applied and how weil the insulation material is 
and whether the collection material can be touched. The energy use is indirectly correlated to the 
voltage, thus th is has a weak relationship with safety. 

How high the product yield is depends on the amount of taxanes that come out of the needies - th us 
there is arelation between the product yield and the voltage, distribution of the electric field and the 
distance between the needies and the electrode. The material of the electrode has an indirect 
influence via the voltage. 
The geometry of the collection area and the adhesion of the taxanes to this area however have a 
larger influence on the product yield than the above factors. The viscosity of the droplets has a minor 
influence via the adhesion to the collection area as was stated before. 
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The downstream purification costs are moderately influenced by the chemical use and the viscosity 
of the collected droplets. There are minor relationships with adhesion to the collection area and 
insulation material because they influence the amount of chemicals that are needed for purification. 

7.3.6 Correlation among product requirements 

In this section the correlations between several product requirements are described. The order of 
explanation is from the left diagonal row in the roof of house of quality to the lower right. Double 
correlations were skipped : thus if a correlation between A and Bis already explained, the correlation 
between Band A will not be mentioned again. The plus and minus signs behind the correlations 
indicate a positive or negative correlation, respectively. 

The adhesion to the collection area has a correlation with: 
~ The chemical use; less adhesion means that less solvent is needed to get the taxa nes from 

the collection area (+) 
~ The kind of insulation material that is used. The better the insulation material is designed, 

the less adhesion of the droplets to the insulation material will take place (+) 

The chemical use has a correlation with : 
~ The geometry of the collection area; the best collection area is the one that reaches most of 

the needies; this could mean a large or complicated surface area. This can increase the 
needed use of chemicals (Which means that they can contradict each other, -) 

~ The insulation material; the more affinity the material of the insulator has with the droplets, 
the more chemicals are needed. Designing a better insulator means less chemica I use (+) 

The energy use of the electrospray device has a correlation with: 
~ The distance of the electrode to the needie; an optimised distance means minimal energy 

losses (+) 
~ The geometry; If the geometry of the collection area is not optimally designed, the energy 

use of the device will be higher (-) 
~ The voltage; a higher voltage means more energy losses and higher energy use (+) 
~ The insulation material; the less weil designed the insulation material is, the higher the 

energy use (-) 
~ The material of the electrode; using a better suitable material (conductor) for the electrode 

means less energy use (+) 
~ The distribution of the electric field; an optimal distribution of the electric field means less 

energy use (+) 

The distance of the electrode to the needie has a correlation with : 
~ The geometry of the collection area; if the geometry of the collection area is optimised, the 

distance of the electrode to all needies is optimal (+) 
~ The voltage; a higher distance between the needies and the electrode means that a higher 

voltage is needed to have the same field strength (+) 
~ The insulation material; a thicker insulation material means a higher distance between the 

electrode and the needies. A well-designed insulation material is as thin as possible without 
creating short-circuiting. Thus a less weil designed insulation material increases the distance 
between the electrode and the needies (-) 

The geometry of the collection area has a correlation with: 
~ The distribution of the electric field; the geometry of the collection influences the 

distribution of the electric field . The more the geometry of the electric field is optimised, the 
more optimal the distribution of the electric field will be(+) 
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~ The material of the electrode; whether the material of the electrode can be made flexible 
also influences whether a flexible collection area is possible (+) 

The voltage has a correlation with: 
~ The insulation material; more insulation means that a higher voltage needed. This means 

that a less well-designed insulator increases the (minimum) voltage that is needed for 
electrospray to happen (-) 

~ The material of electrode; if the resistance inside the electrode is high, the voltage that is 
needed is higher (+) 

The technica I priorities: 
From the house of quality it follows that three areas of focus can be identified for the technical 
priorities: 

~ The geometry of the collection area (this has a priority of 16.8%) 
~ Related to the collection device; adhesion to collection device (16.8%), and chemical use 

(16.4%) 
~ Related to the electric field; voltage (16.8%), and distribution of the electric field (10.9%) 

The second two areas are the most technically challenging on es. The geometry of the collection area 
is something important to take into account in the sense that it should be simple but effective in and 
supportive to the milking of the paclitaxel precursors. 

Contradicting requirements 
The three contradicting requirements that can be distinguished from the previous are the following: 

Reaching a large percentage of the needies, while short-circuiting is prevented. A too high 
distance means that fewer needies are reached for electrospray or a higher voltage will be 
needed on the electrode to maintain the right field strength; hence the yield per tree will be 
too low. Making the distance too short will mean that short-circuit will occur, burning the 
needies. The solution to this problem that was suggested in th is section was putting an 
insulator on the electrode. In that case the needies can touch the electrospray device 
because they are not in direct contact with the electrode. The requirements, however, on 
the properties during operation of the insulator become much more important, because 
insulators will not be insulating under all conditions 

~ The second contradicting requirement is therefore that the insulator has good properties; it 
must let the electric field pass through, while on the other hand the taxa nes and the solvent 
are not allowed to pass through and touch the electrode 

~ The third contradicting requirement is using a low amount of solvent to collect the taxanes, 
while rinsing as much off the collection area as possible. The use of chemical solvent will be 
necessary for the removal of the taxa nes from the device, however, if too much is used the 
costs will rise significantly. Using too little will mean th at too little of the taxa nes are 
collected, which will decrease the amount of revenue from selling the taxanes 

When the detailed design is conducted in the Chapters 8, 9 and 10 more detailed contradicting 
requirements will pop up, because these are related with certain choices regarding the design, e.g. 
the wetting properties of the insulator. 
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8 Design specifications 

The main technical priorities to be focused on were explained in the previous chapter on the house 
of quality, whereby the technical priorities we re translated into contradicting requirements. The 
contradicting requirements have to be solved in order to arrive at a good working milking machine of 
taxanes. There were three main contradicting requirements identified . The first one is reaching a 
large percentage of the needies and having a short distance between the electrode and the needies, 
while short-circuiting is prevented. The proposed solution in the previous chapter was to use an 
insulator to prevent this. The insulator has to have the right properties in order to prevent short-
circuiting. In addition, there are two contradicting requirements for the insulator; letting the electric 
f ield pass through, while the taxanes and the solvents cannot pass through. The third contradicting 
requirement is using a low amount of solvent to collect taxanes, while rinsing the taxa nes of the 
collection device is easy. In the detailed design sometimes some more contradicting requirements 
pop up when for example a choice for a certain type of insulator is made. These requirements will be 
discussed whenever needed in either this chapter or the chapters where the design decisions are 
made (Chapter 9 and 10). 
In this chapter the main problems of contradicting requirements that have to be solved for each part 
of the milking device will be elaborated, by finding the parameters that influence the desired 
properties of the milking device. 
The milking device can be divided into several parts, although they are all correlated to each other. 
Of course the device can be divided into the electrode and insulator, but first other factors that 
influence the design of the electrode and insulator will be elaborated, e.g. the shape of the tree, the 
distance between the needies and the insulator, and the collection mechanism. 

8.1 Factors that influence the design of the electrode and insulator 

The main influence on the electrode design is the shape of the tree. The trees of the yew species can 
be cut in many shapes [80) . These shapes will influence the design of the electrode and the taxane­
harvesting machine in the following ways; either single branches are enveloped by the electrode­
insulator combination, or a large surface of the electrode reaches more branches in one go. To reach 
more needies, one can even think of pushing the collection device into the tree. When choosing the 
shape of the tree, one must keep in mind the design parameters of the electrode that are given in 
Table 9 below. If a certain shape of the tree will eliminate the best option for an electrode, this tree 
shape may not be desirabie. 

The design of the insulator is influenced by two factors th at are related to each other; the distance of 
the needies to the insulator, and the way in which the taxanes are collected . 
Regarding the distance of the needies to the insulator a choice has to be made between the needies 
letting touch the insulator or not. This will heavily influence the collection mechanism and the kind of 
insulating material that should be used, because a few basic assumptions are based on this. For 
example, a decision has to be mad if it is desired to facilitate spraying or not. If so, distance holders 
for branches are desired, although one would still want a minimum distance for spraying to take 
place. Then evaporation of the s ra ed droplets should be taken into account, because really small .....,. (~I 
droplets are sprayed, which will evaporate very quickly. ~ ...:> 

If the needies are allowed to touëh the insu a or or if this is even desired, a different mechanism (">.:... { ,.!~ < fy) 
instead of spraying should be taken as a basis. The mechanism is then the sliding of the droplet from 
the needie onto the insulator. In this case the wetting properties of the insulator become important, 
as will become clear in Chapter 10. If touching the insulator by the needies is desired, a mechanism 
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to push branches together might be needed. This might also be necessary if collection of the taxa nes 
is performed at one si de of the electrode-insulator combination, instead of two. So also a choice 
should be made whether collection of the taxanes will be conducted at both or one sides, related to 
the collection mechanism and the distance of the needies to the collector. 
When this choice has been made, which also implies the choice of collecting a solid or a liquid on the 
insulator, the collection mechanism that is used to collect the taxanes can be chosen. Next to that, a 
discharge mechanism for the collected taxanes might be needed, as will be explained in Section 8.3 
below. Finally the kind of solvent and the amount of solvent used has to be established, which will 
influence the easiness of downstream processing but also the materials that can be used as insulator 
due to chemical stability under solvent exposure conditions. Degradation of the taxa nes under UV­
light and heat will influence the frequency with which the taxanes have to be collected. The shape of 
the collection device comes forward from the choice of the collection mechanism and the amount of 
solvent used. 
Finally, all the different parts of the taxane milking device have to be combined. For example, the 
way in which the electrode and insulator are combined has to be decided, as weil as how the total 
machine wililook like. This final combination will be discussed in Chapter 11. 

8.2 Design parameters of the electrode 

Previously, the electrospray mechanism was explained and that a positively charged electrode is 
needed for the design. There are several properties of the electrode that have to be designed; in 
Table 9 below an overview is given of the most important properties of the electrode, and the 
parameters that influence these properties. These parameters will be explained below per desired 
property. The four most important desirabie properties of the electrode are a homogeneous field, 
appropriate field strength, low energy consumption, and low heating of the electrode. In general, 
these properties can be achieved by choosing the right electrode material. Furthermore, probably a 
system of a number of plates is needed to reach a large part of the needies for electrospray. With 
respect to this the geometry, spacing and positioning of the electrodes is important, which will 
influence the electric field strength and its distribution. 

Table 9 Desired electrode properties with the parameters th at influence these properties 
Electrode property Parameter of influence 
Electric field configuration and distribution Shape of electrode 

Roughness of surface and surface 
configuration 
Distance between electrodes 

Field strength Distance between electrodes 
Distance between needies and electrode 

Energy consumption Volume resistivity of the material used 
Current 

Heating Volume resistivity of the material used 
Current 

8.2.1 Electric field configuration and distribution, and field strength 

The shape of the field - its configuration and distribution - is influenced via the shape of the 
electrode, the distance between the different electrodes and the roughness of the surface (or the 
surface configuration). The direction of the field lines is mostly determined by the shape of the 
electrode and the distance between the electrodes. During electrospray, the droplets emerging from 
the tip of the cone jet will, after break up, follow the field lines to the region of lower potential. 
These field lines are directed perpendicular to the equipotentials [109]. Since all electrodes will be 
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charged positively, the field lines will not go from electrode to electrode. The 'neatness' of the field 
will be determined by the roughness of the surface. This is because the field lines start perpendicular 
to the surface of the electrode. If the surface is rough, the start of the field lines will be uneven as 
weil. The electric field strength becomes higher when the curvature of the electrode increases. The 
charge accumulates at the largest curved locations; hence the electric field strength is higher [110] . 
This can be seen from Figure 28 where an example is given for a sharp peak and a blunt point [111]. 
The field strength is also influenced by the distance between the needies and the electrode. When 
the distance is too large a higher voltage is needed to maintain the field strength reasonably high at 
the needie tip, since the field strength will be lower after crossing larger distances. 

+++ +++ uncharged 

Figure 28 Electric field lines for a sharp peak (Ieft) and a blunt point (right) [111] 

8.2.2 Energy consumption and heating 

Low energy consumption of the electrode is favourable, since it will affect the varia bie costs. The 
energy consumption of the electrode is influenced by the volume resistivity of the material that is 
used for the electrode, and the current that goes through. The current will finally be dissipated into 
heat th at will result in energy losses, because only high voltage without current is desirabie. As will 
be explained below, the so-called permittivity of the insulator will influence the percentage of the 
electric field that is let through. This will also influence energy consumption. The main energy losses 
of the electrode are thus due to current being transformed into heat, which is also related to the 
volume resistivity of the material of the electrode. When the resistance is very high, the material will 
heat up much more with increasing current, th us a low volume resistance is desirabie. 
Heating up of the electrode should also be low because of safety reasons. In order for the device to 
be safe in use the current should be very low, because this prevents heating. Therefore a high 
resistor is needed inside the unit that generates high voltage [112]. In fact, the current is already very 
low because the tree and the ground are included in the circuit and already have a high resistance. 
For the electrospray, the voltage on the electrode is required to be 4 kV. In order to close the circuit 
the needies spray charged droplets. When an insulator is put on top of the electrode to prevent 
short-circuiting, the field lines will still go through, but electrons are unable to pass. This means that 
there is no flow of electrical charge from the electrode to the needies, and hence there should not be 
an electrical current. In practice there will be a smailleakage current, but the current will be very low 
[113] . 
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8.3 Design parameters of the insulator 

The electrode needs an insulator on top to overcome short-circuiting due to contact from the 
needies with the charged electrode. A large quantity of materials can be used as insulator, with all 
different kinds of properties. The different material properties can be compared with each other in 
order to make a concise choice for the final design. There are three main types of properties that can 
be identified for the application in a taxane milking machine: electric properties, (chemical) stability, 
and wettability of the surface. The electric properties can be subdivided into electric field shielding, 
current blocking, and discharge. The insulator shields the electric field, but the field lines produced 
by the electrode must be able to pass through the insulator. Otherwise, the needies of the tree will 
not encounter the electric field and will not spray. On the other hand, the insulator must block 
movement of charge, either electrons or ions. Water absorption, among others, strongly influences 
the electric properties. 
Furthermore, in all circumstances the insulator must remain stabie, especially under the conditions 
of electrospraying. The insulator must be fit for many cycles of use without degradation. 
The wettability of the surface is important for the collection mechanism. The collection mechanism is 
also influenced by the mobility of the droplets or solvent, which is partly influenced by the 
wettability, but also by what kind of surface is used for the insulator. 
The parameters that influence these basic properties can be seen from Table 10. 

Table 10 Insulator properties with the parameters that in_f-:-Iu.,:-e-:nc::-'e_t'-h...:..es""e'-'p"-r...:..o"-pe""rt..:...i..:...es'--_______ -., 
Insulator property Parameter of influence 

----------------~ 
Electric field shielding Dielectric constant 

Water absorption 
Thickness of insulator 
Bulk configuration of insulator 

~------------~~'--~..:...= 
Blocking movement of charge Volume resistivity 

Thickness of insulator 
Dielectric strength 
Water absorption 
Bulk configuration of insulator 

~--~---------~---~ 
Energy dissipation Dissipation factor 

Dielectric constant 
Safe discharge 

---------------~ 
Relaxation time 

Wettability Contact angle (van der Waals forces) 

Mobility of droplets and solvent Contact angle 
Surface configuration insulator 

~-------------~-----
Chemical and physical stability UV resistance 

Resistance to chemicals 
Scratch resistance 

------------------------------~ 

8.3.1 Electric field shielding 

The electrode with the needies can be seen as a capacitor, whereby the electrode will be positively 
charged (the + "plate") and the needies get a negative charge (the - "plate"). The insulator that is put 
in between, also called dielectric, can have several purposes; the plates (the electrode and needies) 
can be placed close together without touching, which increases the capacitance. All insulators wililet 
the field pass through, to what extent depends among others on the dielectric permittivity of the 
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material and the thickness of the layer [114] . This results in a higher voltage that needs to be applied 
in order to let the charge pass through the dielectric layer [63]. The dielectric constant is the ratio of 
the permittivity of a substance divided by the permittivity of free space: 

t 
k= -

€o 

The capacitance can be related with the dielectric constant as follows: 

A A 
C=k ·C =k ·e -=ê-

o 0 d d 

Hereby, k [-] is the dielectric constant, Co [F] the capacitance if the space between the plates is 
vacuum, A [m2

] the surface, d [m] distance between the plates, E [C2/N·m2
] the permittivity and Eo 

[C2/N ·m2
] the permittivity of vacuum. The formula holds as long as the electrode is a flat plate. 

The structure or bulk configuration of the material that is used for the insulator - e.g. crystalline, 
amorphous, or with air channels or air bubbles in it - has influence on the dielectric constant, as weil 
as the fillers and additives that are used in the case that a polymer is used as insulator [115]. Air 
presence implies th at the dielectric constant is lower, which means lower shielding of the field. Fillers 
and additives can either increase or decrease the total dielectric constant of the insulator, depending 
on their own dielectric constant [115]. 
The electrospraying will imply that there is presence of water from the plant saps that are sprayed, 
and it can also be assumed that the insulator can get wet because of precip itation. Water absorption 
also has an influence on the dielectric constant and other electrical properties of an insulator [116] . If 
an insulator can take up a large amount of water, the water molecules can increase the blocking of 
the electric field, because they are dipoles, which will move under the influence of the field. Layers of 
dipoles will effectively shield the charge and th us the field of the electrode. The amount of the field 
that is let through is th us dependent on the dielectric constant, and how it is influenced during 
electrospraying, but is also Iinearly dependent on the thickness of the insulator. 
[117]. 

8.3.2 Blocking of charge movement 

There are two main parameters that influence the movement of charge, either electrons or ions, 
inside solid materiais. The first one is the volume resistivity (in O·m), which is a measure for the 
resistance a material provides against a flow of an electrical current. There are three types of 
materials in this respect; conductors like metals, semi-conductors, and electric insulators. Insulators 
do not allow electrons to flow because they have a large band gap; the valence band is full of 
electrons, and electrons can only move if they are excited in a higher energy level, called the 
conduction band. This costs energy, while in conductors the electrons can move freely in the same 
energy band, without need of exciting the electrons [118],[119]. 

The volume resistivity is related to the resistance in the following way [120]: 

Where; 
x = thickness [m] 
R = resistance [0] 
A = cross-sectional area [m2

] 

p = volume resistivity [O·m] 

R·A 
x= --

p 
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Therefore, there is also a linear relationship between the resistance and the thickness of the 
insulator: increasing the thickness is similar to putting a larger resistor in the electric circuit [120]. 

The second main parameter of influence on blocking an electrical current is the dielectric strength. At 
a certain point of voltage supply to an insulator, there is enough energy supplied to excite the 
electrons to the conduction band from the valence band. Then the insulator is not insulating 
anymore [63]. The voltage at which this phenomenon occurs is called the breakdown voltage, and it 
will be an important parameter in the design of our product, because the insulator must be able to 
withstand the field strength at which electrospray occurs [119]. For air the dielectric strength is 
3 kV/mm, but the insulator itself needs a much higher dielectric strength [121],[122]. 

Water absorption of an insulator can compromise the dielectric strength. Water is an electrolyte, and 
can thus create channels inside the material through which current can flow, which will lower the 
dielectric strength drastically. The bulk configuration of the insulator also influences the dielectric 
strength. Air bubbles or filler materials and additives inside an insulator can also create channels 
through which current can flow much more easily than in the rest of the insulator. Another example 
is impurities in insulating materials that can facilitate the flow of a current, e.g. in silicon solar cells 
that are doped with boron or phosphorous. The impurities disrupt the norm al balance of electrons, 
from which surplus electrons or holes arise, that can ju mp from atom to atom in the silicon lattice, 
thus creating a current [123] . 

8.3.3 Energy dissipation 

The amount of energy that is dissipated is dependent on the dissipation factor, which is the ratio of 
current dissipated into heat to the current transmitted. For applications like electrospray the energy 
dissipation is very low, because the current is also very low [115]. 

8.3.4 Safe discharge 

Charged droplets are sprayed onto the insulator. Because the surface is insulating, the charge cannot 
flow away immediately. Thus the surface will be charged after spraying, and it needs to be 
discharged in a safe way. Not all insulators are completely insulating, which means th at after a 
certain period of time, the charged droplets wililose their charge and become neutral. The relaxation 
time is the time it takes to discharge the droplets and can be calculated by the following formula 
[124]: 

E'EO k 'E~ 
tr= --=--

CT (T 

If the discharge time is too long, i.e. longer than the time the electrospraying takes place, a safe 
discharging mechanism has to be devised. 

8.3.5 Wettability and mobility 

As said before, the wettability of the surface becomes important when the needies touch the 
insulator; if this is the case the surface should be more wetting than the needies because the liquid, 
consisting mainly of water with taxanes in it, is then drawn to the surface. 
The wettability of a surface is defined by the contact angle a water droplet makes with the surface of 
a solid (see Figure 29 below). The underlying mechanisms of the contact angle are the van der Waals 
forces between the insulator and the water droplets containing the taxanes [125] . The van der Waals 
forces are short-range attraction forces between atoms and molecules. There are several types of 
short-range van der Waals forces between molecules and atoms: forces between permanent dipoles, 
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and instantaneous forces between fluctuating dipoles of non-polar atoms and molecules (also called 
London dispersion forces), or a mixture of these two types [125). 
The London dispersion forces arise from the distribution of the electrons around the nuclei. The 
electrons density will fluctuate because of the movement of the electrons, from which a fluctuating 
dipole arises. The electron clouds of other molecules in the neighbourhood respond to the 
fluctuating dipole, and the net result is an attracting force between molecules [126],[127). The 
London forces are mainly dependent on the polarisability of atoms or molecules; larger molecules 
can be polarised more easily, which results in higher attraction forces. A higher contact area will also 
increase the forces [128) . 
The contact angle can be calculated by Young's law; when a droplet of liquid is put on a solid surface 
there are three interfaces to be considered: the solid-liquid, solid-air, and liquid-air interface (see 
Figure 29 below). The interface between these three interfaces is being minimised because of the 
surface tension of the fluid . When we consider a water droplet we have to keep in mind that water is 
apolar fluid, and th at all the water molecules prefer to be inside the water droplet in order to avoid 
having a hydrogen bridge less as is the case at the surface interface between the droplet and the air. 
The same is true for the interface between a droplet and hydrophobic surface [126],[129) . 
Because every interface tends to minimise its surface area, there are opposing forces. Young's law is 
actually the balance of these forces as can be seen from Figure 29. 

VAPOR 

Figure 29 An iIIustration of Young's law (129) 

The result is a certain contact angle between the droplet and the surface of the solid . The contact 
angle, 0, can be between zero degrees (complete wetting) and 180 degrees (no wetting) [126). 
Young's law can be described with the following formula: 

rSv = rSL + 'Yt.v cos8 

Where 8 is the droplet contact angle, rsv' rSL and rLV are the surface free energies of the solid­

vapour, the solid-liquid and the liquid-vapour respectively. 

The wettability of the surface is also important for the mobility of the sprayed droplets or the solvent 
on the insulator. The flow of water droplets on a surface depends on the interfacial tension between 
the water and the surface, but also on gravitational forces, and the air resistance [130). Certain types 
of surfaces facilitate the rolling off of liquids because they are very hydrophobic, other on es are 
hydrophilic and will slow down droplets because of the van der Waals interactions with the surface. 
The mobility is, however, also influenced by the surface configuration of the insulator; an example is 
a lotus leaf that has very small - nano-range - pits on its surface, which will increase the apparent 
hydrophobicity and contact angle [131). Larger scale surface configurations can also hamper or help 
the flow of liquids: a wave like pattern on the surface will let all the water or solvent flow to the 
lower gullies, where it is collected in streams of liquid going down. Liquid flow is on the other hand 
hampered when there are centimetre range cavities on the surface of the insulator, where puddies 
of liquid can form . In Chapter 10, many surface configurations are shown, and one surface 
configuration will be chosen. 
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8.3.6 Chemical and physical stability 

The stability of the insulation layer is dependent on the material used and the way of use. To 
guarantee a long life, the material used should be chemically and physieally inert to the influences 
during operation. 
First of all, the insulator must be able to withstand UV irradiation, because the light of the sun 
consists of 2% of UV-light (132). This is only a small part of the total solar spectrum, but the energy of 
UV-light is so high that it can break the molecular bonds of a polymerie material, resulting in cracking 
of the material (133). 
Furthermore, the insulator should be able to withstand the solvent that is used to collect the 
taxa nes; it can be assumed th at a solvent is probably needed, because there will always be 
evaporation of the sprayed water droplets, leaving solid taxanes behind. 
Finally, the surface must be resistant to the mechanical conditions: It must not be affected when 
scratched by needies that touch it, or sand that is lifted by the wind and blown through the 
plantation. 
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9 Design of electrode 

In Chapter 8, the contradictive design parameters are considered and explained, which have to be 
solved in the design of the new milking device. In order to solve all the contradicting requirements, 
creativity sessions are held to devise alternatives, and morphological charts are made for each 
separate part of the design . In th is chapter the design of the electrode will be explained. In Chapter 
10 the design of the insulator will be discussed and in Chapter 11 the overall design of the milking 
device will be mentioned. 
The design of the electrode depends on several factors; one among them is the shape of the trees. 
The shape of the trees largely determines what shape and size the electrode can take. Therefore, 
first the shape of the trees is discussed, after which enough information is gathered for the design of 
the electrode. 

9.1 Shape of the tree 

Since the tree is of influence for the milking device, it is important to make a concise choice for the 
shape of the tree. In order to do this, a morphological chart is made with all kind of possibilities for 
the tree shapes (see Figure 30). 

'~~-:l~"e.~, ' lar,e/smal! 
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cut hed,e 

dllndrlcal cut 

Figure 30 Morphological chart; shapes of trees 

Although yew trees can be grown in many shapes, it is of importance to be realistic in the 
attainability of those shapes, compared with the easiness to harvest the taxanes. Ranking the 
drawings on easy access for electrospray, the separated branches and layers (drawing 1 and 5) will be 
most favourable. By these configurations the branches are clustered in horizontal planes. The si ze of 
the gaps can be optimized to the thickness and the electric field distribution of the electrode. 
However, the costs to maintain these complicated shapes are very high [80J, and the yield per tree 
will be low. Since harvesting taxanes for an uncut tree (drawing 3) is rather complicated, for a dense 
forest (drawing 4) it is almost unfeasible. This is due to the unstructured branches and their unclear 
sizes. The cubical and cylindrical shaped trees (drawings 6 and 8), and the cut hedge (drawing 7) can 
be pruned by machine, which is cheaper. The cylindrical and the cubical shaped trees have the 
largest surfaces, but need more space and clipping than a hedge. Furthermore, space is needed 
between the trees, the amount of which depends on the si ze of the milking device and the amount 

65 



sunlight. It is assumed that th is extra open space decreases the total surface area of the trees in such 
an amount that the hedge will eventually be the more effective one. Since a dense hedge is easy 
accomplishable and easy to clip, the cut hedge is chosen as shape of the trees. More information 
regarding the shape, species, and number of trees can be read in Chapter 12. 

9.2 Design electrode 

The design of the electrode depends on several parameters, among which the configuration of the 
apparatus, which is dependent on the shape of the trees. A small morphological chart shows the 
different configurations that can be applied (Figure 31). 

ifj-1== iI§-1== 
~J --electrode 

~ 
Figure 31 Different configurations for electrospraying of trees 

The left most picture shows a configuration in which all the branches of the trees are surrounded by 
separate electrode tubes. Since the shape of the tree is determined to be a hedge, th is will not be 
easily applicable. The two pictures at the right remain, in which horizontally orientated electrodes, 
supported by a ve rtica I unit, are put between the branches. The middle picture shows spikes as 
horizontal electrodes and the right most picture shows plates. Since plates have a larger surface and 
are easier to apply, the horizontal plates will be chosen as configuration. 

For the design of the electrode itself, a variety of shapes has been created and the outcome is visible 
in the morphological chart in Figure 32. 
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• Figure 32 Morphological chart of electrode 
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The upper left picture surrounds the branch, which is hard to accomplish in a hedge, the lower left 
one is more like a spike and hence has not enough surface. The other four pictures might be feasible 
for the hedge; therefore they will be looked at more detail and the two pictures on the left are 
discarded. 
For the electrode, a flat plate, a curved one or a V-shape with different angles is probable. Other 
possibilities are wires or crossed wires, namely a grid. All these shapes can be pushed in the hedge 
and if needed there is a possibility to surround the branches with electrode. 
The different properties must be investigated and compared before the best shape can be chosen. In 
order to choose the best shape of the electrode, the electric field of these different shapes is 
modelled using the program Lorentz E [134]. Before the modelling, however, the electrode material 
is established, yielding a more realistic model. Furthermore, mobility issues and manufactural 
considerations are used to choose the best shape of the electrode. 

9.3 Lorentz E - software 

Lorentz is a program which uses the boundary element method to assess the electric field in the 
modelled area. The voltage that is stated for a volume is translated to charges on the boundary 
elements. To determine the trajectory of charged particles, Coulomb's law is used: 

In which F is the force on a charge in N, ql [C] at position rll due to the presence of another charge, 
q2 [C] on position r2' In short form, the equation is the scalar form of Coulomb's law, in which ris the 
distance between the charges, and r12 the unit vector which gives direction to the force. The electric 
field can consequently be calculated by: 

E-
F 
q 

In which E is the electric field in Vlm in which the particIe is located, F [N] is the electric force on a 
particIe with charge q [C]. 
Lorentz E performs these calculations for all boundary elements in the model. When the calculations 
are done, the program can show equipotential areas, field strengths, particIe trajectories etc. in the 
model itself on a 2D plane. For needies to be able to spray, the electric field strength around the 
needies is most important, hence the electric field strengths of the different electrode shapes are 
compared with each other. 
In order for Lorentz to calculate the required data, the material properties are of importance as weil. 
The needies are modelled as water, since they exist of more than 60% of water [31]. The electrode 
material must be chosen as weil before starting to model. 
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9.4 Electrode material 

The energetic most favoured electrode materials lose as little energy as possible. Therefore the 
material needs a low resistivity, which means a high conductivity, since the resistivity is related to the 
conductivity as [63] : 

1 
p=­

o 
In whieh p is the resistivity of the material and cr the conductivity. The materials with the smallest 
resistivities are known to be silver and copper, with resistivities of respectively 1.47·10-8 O·m and 
1.5.10-8 O·m [135] . Resistivities of more materials can be found in Appendix 0-1. 
Although copper has a higher resistivity than silver, copper will be the choice of material. This choiee 
is mostly related to the price; copper is expensive, however silver is approximately 5 times more 
expensive (see Figure 33 [136]) and looking at price/quality ratio copper has the better one. 
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Figure 33 Prices of high grade copper and silver trom May - October 2008 [136) 

9.5 Model 

!iEP" 

Since the electrode material was chosen to be copper, the electrode is modelled as a copper plate 
(red plate in Figure 34). It is 60 mm X 60 mm wide, it is 2 mm thick and the top side has an altitude of 
15 mmo The shape of the electrode will be changed, 50 different shapes can be compared. However, 
the si ze will remain approximately the same. The needies, modelled as cones of water (blue cones in 
Figure 34), hang at an altitude of 30 mm and with a unit height of 5 mm, resulting in the fact that the 
top of the cones are at 20 mm from the top surface of the electrode. The spacing of the needies 
differs from 5 mm to 10 mm in x and y directions, depending on the configuration. A symmetric 
situation (Figure 34(1)) and an asymmetrie situation (Figure 34(r)) are modelled and compared. In the 
process of choosing an electrode shape, the insulator is neglected and only the interaction between 
plate and needies is investigated. All model input can be found in Appendix 0-2 . 

Figure 34 Model of plate electrode with symmetric (Ieft) and asymmetrie (right) needie arrangement 
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The electrode is charged with 4 kV in each model, and the needies are grounded. From the electrie 
field plots it is visible that the electric field around the tips of the needies is largest; it is, in fact a lot 
larger than anywhere else; the red regions in Figure 35 have an electric field strength of 
approximately 2.8.108 Vlm, whereas the light blue regions have an electric field strength of 
approximately 1.108 Vlm and the dark blue 0 Vlm . 

Figure 35 Electric field around grounded needies of water 

The field strength right at the tip of the needies will not be used for the comparison between 
different shapes, because it will not be accurate enough. Therefore, for the symmetric case, at 
different heights between the electrode and the needies, the electrie field strength will be 
investigated in order to make a fair comparison. The heights at which the electrie field strength will 
be investigated are 20 mm, 25 mm and 28 mmo With the tips of the needies being at 30 mm high, the 
gradient between the tips and the plate will be better visible (Figure 36). Here it can be seen th at the 
electrie field strength only 2 mm away from the tips is much lower than directly around the tips. For 
the asymmetrie case, only the electrie field at 28 mm is assessed. 

Figure 36 Field strength between plate electrode and needies at an altitude of 28 mm (Ieft) and 25 mm 
(right) 
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9.6 compariso0 ~ 
Different electrode configurations are mode lied, among which two V-shaped electrodes with 
different angles (126 and 143 deg.), a curved plate, a flat plate, wires and a grid (see Figure 32). The 
shape of the electric field at a height of 28 mm of all these configurations can be found in Appendix 
D-3, the largest electric field strengths at heights 20, 25 and 28 mm are plotted in Figure 37. This is 
for the symmetric case only. Of these configurations the best are chosen for the apparatus, the best 
one being the one to achieve the highest fields at all, or most of the needies, hence a high, 
homogeneous field is required. However, practical considerations regarding shape and application 
weigh as weil. 
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Figure 37 Electric field strengths at different heights for different electrode shapes 

Considering the electric field strength at 28 mm for the different electrodes in the symmetric needie 
arrangement, the V-shaped electrodes achieve the best results. Looking at the maximum electric 
field strength in the asymmetric case, the difference between the V-shaped electrodes and the other 
configurations is even higher. However, in the asymmetrical case it can be seen that the maximum 
electric field is only reached by one needie, not all, and that the resulting electric field around the 
other needies is similar to that of the plate electrode. Further, it follows from Table 11 that the wires 
and the grid configurations have the lowest electric fields in any case. 

Table 11 Electric field strength (.105 Vlm) of different electrode configurations 

Shape symmetrie asymmetrie 

Plate 2,843 2,582 

V-shape1 3,008 2,91 

V-shape2 2,994 2,735 

Curve 2,898 2,67 

Wires 2,801 2,546 

Grid 2,822 2,564 
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Since the wire and grid electrodes are eliminated, the choice remains between the V-shapes, the 
curved and flat plate electrode. Not only the electric field strength is important for the choice of 
shape, the application and the final shape of the apparatus counts as weil. Since the application of 
the device includes the movement of the electrodejinsulator configuration through the hedge (in the 
y direction of the model), the V-shapes and the curved plate electrodes will not achieve their goal. 
The goal of these shapes is to surround the branches with electrode, hence creating a better field . 
However, if the V-shape will be moved in the y direction, the branches that have the ideal height for 
th is configuration will be forced to move underneath the electrode, instead of over it (see Figure 38). 
A way to solve th is problem is creating an M shape instead of a V shape, so that the needies will be 
directed over the edge. However, this will increase the amount of material required per unit, hence 
the production costs, and it will induce other problems regarding the movement through the trees; 
the needies are supposed to be touching the insulator, which will be a layer on top of the electrode. 
It is rather questionable if the needies will touch the insulator in the middle as weil as on the sides. 
When using a flat plate, these inconveniences are overcome. 

Figure 38 Needies being forced underneath electrode 

Using a flat plate has more advantages over using other shapes than only the movement of the 
electrode through the hedge. A flat plate is easiest to make and easy to maintain, hence cheapest. 
Furthermore the electric field experienced by the needies has least variations for th is configuration 
and has the most homogeneous electric field which is favourable. 
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10 Design of insulator 

For the insulator design, several decisions have to be made regarding to the shape of the electrode, 
distance to the needies, the collection mechanism, the solvent used and the insulator material. In 
Chapter 9 the electrode design is already described, this chapter will therefore focus on the insulator 
design starting with the taxane collection mechanism. Hereafter the use of solvents will be described 
and the bulk and surface configuration of the insulation layer. Finally, the material for the insulator 
will be chosen, which will be based on the properties and parameters explained in Chapter 8. The 
results from this chapter will be combined with Chapter 9 in the total design in Chapter 11. 

10.1 Collection of taxanes 

The electrode design and its preferred shape is known, the kind of taxane collection mechanism can 
be chosen. Related to the collection mechanism, the shape of the collector as weil as the way to 
reach the branches will be discussed. Since the harvesting device will be put into the hedge, the 
opportunity of collection on both sides of the device and the discharge mechanism will be explained 
as weil in th is section. 

10.1.1 Collection on both sides versus one side 

The taxane collection will take place on top of the milking device, but the collection can be done at 
the bottom as weil. In the dense hedge are enough branches available between the different 
electrode/insulator plates. Therefore, a decision has to be made whether the collection is going to 
take place on one side or on both sides of the collection device. 
Based on calculations in ApP:filldi ll. C, the time taken for a water droplet of 30llm to be fully 
evaporated with a velocity of 17 mIs is 0.4 ms. Hence, it is expected that sprayed sap containing 
taxanes is collected on the insulator as asolid. This is in agreement with the experiment observation 
as shown in Figure 39, where the product is visible as a white stain on the aluminium foil. A white 
stain appeared on the aluminium foil several minutes after charging the cathode. It is assumed that 
same form will appear on the cathode/insulator of the milking device. 

Figure 39 Product in the form of white stain visible at the aluminium foil during an electrospray experiment 
[60] 
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The insulator on the bottom si de of the electrode can have the properties that the solid will stick 
onto the insulator; however the collection is going to be much harder, due to gravity. 
The solid has to be removed mechanically or rinsed with a solvent in order to collect the taxanes, vet 
the only way to do that will be to turn the electrode around. The spacing between two collecting 
devices is much smaller than the width of each electrode panel and makes the flipping complicated. 
Extra mechanical design features are required which may push up the cost of the machine. The 
flipping will also hamper the process from being continuous. 

Hence, it was decided to collect only on one side of the electrode. The bottom will be coated with a 
good insulator to prevent interaction with the field strength of the adjacent electrode. 

10.1.2 Collection mechanism 
In order to get creative ideas, a morphological chart is made for the taxane collection mechanism 
(see Figure 40). In the following paragraphs, the advantages and disadvantages of the ideas are 
explained and the collection mechanism for the design will be determined byelimination. 
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Figure 40 Various drawings of possibilities for collection mechanisms. The five feasible designs have a green 
frame. The finally chosen mechanism has a bigger green frame. 

Taking a closer look at all the proposed new ideas, seven ideas for the collection mechanism can be 
rejected, which will be explained first. Hereafter, the remaining mechanisms will be discussed to 
come up with a final decision. 

Refused alternatives 
The first picture displays soaking the complete collection device with a solvent, after it is removed 
from the taxa ne milking machine. By this method, the design of machine itself is simpier. Rinsing 
crude extract while the plates are still mounted onto the machine will challenge the safety (short­
circuiting) and mechanical design (in-built piping for solvent). However, operating in continuous 
mode is not feasible and the time required will be enormous as weil as the organic solvent use. 
Considering sustainability and costs, th is mechanism is refused. 
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The second picture of the sponge as collector is refused as weil. Sponges are good water absorbers in 
nature and have a higher affinity to liquid than the tip of the needie. However, the liquid absorbed in 

/_ / not supposed to touch the electrode to overcome short-circuiting. Furthermore, large amounts of 
t~k.("7. solvent are needed for repeated washing before most of the extract can be recovered. This results in 

a downstream process with huge volumes, expenses and environmental concerns. --- .-------.. 
Picture four depicts the usage of a permeable material to cover the insulator, which allows 
movement of extraction in one direction . The extract is trapped in between the permeable material 
and the insulator. For harvesting of the extract, the permeable layer needs to be removed and the 
extract will stick to the permeable layer and the insulator. Hence, th is system might be too 
complicated and is therefore rejected. 

In picture six a nylon mesh, placed on top of the electrode, is used as collector. The extract can be 
collected by washing the mesh in organic solvent. Removing, washing and placing back of the mesh is 
troublesome. Furthermore, spark discharge can take place, which is unwanted. The insulation layer 
should be a closed layer, which excludes the mesh [112] . 

Picture eight represents a conveyor belt with knife and collection bag, whereby solid crude extract at 
the end of the belt will be scraped off and collected. There is no need for chemical solvents, hence no 
energy-intensive removal steps and adverse health and environmental effects. However, for the 
purification the use of solvent might be necessary. Further, this method works weil with a thick solid 
cake layer, while the electrospray results in tiny droplets with low taxane content. The solid layer is 
expected to be very thin and it is likely that the knife is not touching the solid or either cuts and 
damages the insulation layer. 

In picture eleven a gellayer as collector shown. Gel is mainly composed of liquid, but has asolid like 
structure [137]. It can be easily made from many different materials like polymers and proteins. Gel 
has an inter-connected porous structure due to linkage between polymer chains. The liquid extract 
may seep through and get trapped inside the gel layer. Therefore the challenge lies in recovering of 
the taxanes, since the gel needs to be liquefied or solved. Heating degrade taxanes [51] and use of 
extra solvents cause environmental concerns and increase downstream purification costs. 

The last refused mechanism is shown in picture twelve, namely a solvent bath as collector. The 
branches hang above a tray with solvent and the solvent will be touched by the needies. Since the 
needies are covered with a waxy cuticle layer, the needie surface is not wetting and the extracted 
liquid moves into the solvent rather than staving on the needies [73]. The trays are integrated with 
the electrode and insulator and large amounts of solvents are needed. Movement of the device 
through the hedge expand the risk of spoiling solvent and damaging the tree, another difficulty is 
evaporation of the solvent. Furthermore, moving a tray through the hedge it is complicated, since 
the branched are unevenly arranged. ~~u-- ,J 

;- vU~ '-- ~{\.( J 
Feasible alternatives ! 
The five pictures not mentioned show some similarities and might be feasible as collection 
mechanism. All of them consist of a plate where the extract is removed by gravity and collected at a 
temporary storage unit. The differences between the designs are telscharge mechanism, shape of 
the collector device, and the need of solvents to collect the taxanes. In order to make a choice, the 
shape of the collector and its pros and cons will be considered. 

Shape of the collector 

In picture nine and ten, the collector surface is curved and the extract can be collected and 
immediately discharged respectively at a corner or in the middle of the plate. A curved surface is 
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more expensive to make. Other disadvantages are th at a curved plate might have influence on the 
electrode and its electric field and that it is relatively thick and therefore harder to insert into the 
hedge. 
Instead of using a curved surface, a flat plate can be tilted slightly as shown in picture th ree, five and 
seven. In picture three and seven, gully or gully lined with an absorbing material like nylon or a 
sponge are used respectively. This will keep the droplets from rolling off, however extra steps are 
needed to remove, rinse and replace the gully. 

The methods mentioned above are based on collecting taxanes when only gravity and in some 
degrees electric attraction forces are acting in the direction of the collector. However, the extract 
present on the plate will be in solid and liquid phase in very small quantities. Not all the taxa nes will 
be collected in th is way. This problem can be avoided with a solvent flow. Therefore, the most 
promising design is shown in picture five, the tilted plate with solvent flow. 

Chosen alternative: tilted plate with solvent flow 
The plated is tilted and flushed periodically with an organic solvent. The solvent dissolves the solid 
extract and washes away the liquid droplets. Periodic continuous operation will largely reduce the 
amount of solvent needed and it removes both solid and liquid extract from the device. On top of 
that, the continuous removal of the extract solves the problem with the degradation of taxanes and 
it also saves trouble of washing either the insulator or the absorber one by one. Therefore, it is 
chosen to use this collection mechanism in the design of the taxanes harvesting machine. 

10.1.3 Distance to the branches 

The branches can either touch the milking device or can be separated from it, which depends on the 
collection mechanism and the use of an insulator. A morphological chart is made to show how the 
branches can be separated from the milking device, which can be seen in Figure 41. 
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Figure 41 Distance holders to separate the branches from the device 

Since the collection mechanism will be a tilted plate with an insulator, there is no need to have a 
distance between the needies and the plate. However, physical contact between the needie and the 
well-insulated electrode may even facilitate the transfer of extract, depending on the wetting 
property of the insulator. More explanation about the desired properties of the insulator can be 
found in Section 10.4. 

Without the use of distance holder, a few needies will touch the insulator, while the majority of the 
needies will still be separated from the insulator. As discussed previously in Chapter 6, the field 
strength increases as the distance between the electrode and the needies decreases. Therefore, 
pushing the needies closer to cathode increases the field strength and hence a lower voltage can be 
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set on the electrode to get the same electric force required to pull cell sap out of the stomata. 
Therefore, the best design has no gap between the needies and the electrode. This can either be 
realised by pushing the branches to the electrode mechanically or by the collection device 
configuration. 

Pushing branches together 
Mechanically pushing the branches to the electrode will make the device unnecessary complicated. 
Therefore, pushing the branches to the electrode due to the device configuration has more 
preference, if it is sufficient enough. This can be elaborated with a morphological chart, which can be 
seen in Figure 42. Various configurations of the collection device are shown, which will decrease the 
distance between the needies and the electrode. 

J 

,-~ 

Figure 42 Collection device configurations 

The collection device consists of a thin insulator layer on top and the electrode right under it. At the 
bottom another layer is applied that will be used to push the branches down to the electrode bel ow. 
The part below electrode can be made from an insulating material, accordingly it will not only push 
down the branches below, but it also shields the electric field interference between two adjacent 
electrodes. The best geometry depends on the pushing effectiveness (shape of bottom part) and the 
way the collection is going to take place (shape of top part) . 
Since it is conceivable that a part of the extract will be in the solid phase and a solvent might be used, 
a flat top layer is not usabie, which excludes three pictures. The right upper picture shows a curved 
plate, which is already discarded because of its expenses during the manufacturing and influence on 
the electric field . The two remaining pictures, shown with a small green frame, can be combined in 
order to get the most favourable configuration . The exact choice will be made and explained during 
description of the integrated design. 

10.1.4 Discharge mechanism 

Since the extract is negatively charged, they repel each other. For a successful collection, a discharge 
mechanism -is requ ï"rëëf;Sii1ce working wlth charged material brings safety issues with it. Two 
discharge options are considered: discharge by grounding or by the air. 
When the collection place is grounded and the material of the collector is a conductor, the extract 
will be attracted toward th is place due to the potential difference. This gives an extra pull although it 
is expected to be very small. Once the extract touches the collector, its charge will directly be 
removed. In case of discharge by the air, the charge of the extract is lost through the air. When the 
extract is collected at an insulator and stays there for a while, a certain time (relaxation time) is 
required before it is discharged. This process is a lot slower than discharge by grounding. Therefore, 
discharge by grounding is preferred since the charge is removed very fast. 
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10.2 Solvent use 

From Section 10.1.2 it has become clear that the favourable collection mechanism of the taxanes 
includes the use of a solvent. There are several organic solvents in which taxanes can be dissolved, 
and which are also used during extraction of taxanes from dried and grinded needies [138],[139]. 
These solvents can be seen from Table 12 below. 

Table 12 List of solvents and their properties. Based on [140] 

Solvent NFPA NFPA Boiling point (0C) 
Blue (health) Red (flammability) 

Chloroform 2 0 61.2 
acetonitrile 2 3 82 
t-butyl methyl 1 3 55.2 
ether 
Methylene 2 0 40 
chloride 
Dimethyl sulfoxide 1 2 189 
Alcohols 
Methanol 3 3 64.7 
Ethanol 2 3 78.4 
Propanol 1 3 97.1 
Butanol 1 3 117.7 
Acetates 
Methyl acetate 1 3 56.9 
Ethylacetate 1 4 77.1 
Propyl acetate 2 3 102 

Three properties of organic solvents are important to consider when choosing the best solvent for 
the taxa nes. First of all the solvent should be effective; i.e. the solubility of taxanes in the solvent 
should be good. The only solubility data that could be found is the solubility of paclitaxel, which is 
about 10 mg/ml for methanol, 40 mg/ml for ethanol, and 200 mg/ml for dimethyl sulfoxide [51], 
[139]. The solubility of precursors to paclitaxel is probably similar [51]. Unfortunately, no solubility 
data of taxanes for the other solvents could be found. This makes selecting a suitable solvent more 
difficult. 
The solubility, however, is not the only important property of a solvent. Because of known adverse 
health and environmental effects of many organic solvents [142], the solvent should be as harmiess 
as possible for humans and the environment during use. Therefore some criteria we re set to evaluate 
the adverse health and environmental effects of organic solvents. 
According to the NFPA (National Fire Protection Agency) values listed in Table 12, a flammability 
number of 4 is considered as unacceptable, because a substance will th en vaporise easily, and will 
burn readily after ignition by a spark. Furthermore, a NFPA number of 3 or 4 on the health scale is 
considered as unacceptable, because a short exposure to the substance could cause residual injury or 
instant death. 
The NFPA scale, however, was only made as an indication for hazards occurring during emergencies, 
and therefore no chronic exposure data on humans and the environment is included in the NFPA 
scales. For that purpose the material safety datasheets (MSDS) were developed. From these sheets 
the maximum work level exposure levels in air and possible long-term health effe cts can be found. 
Compounds with adverse effects on humans or the growth of the Yew trees were considered as unfit 
for the use during electrospray. These effects are only considered for individual organic solvents after 
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a rough separation between fit and unfit solvents, by eliminating unacceptable NFPA numbers and 
unacceptable boiling points as will be explained below. 

Shortly, the use of a harmiess vegetable oil or something alike as a solvent was considered because 
of all the negative health effe cts of (volatile) organic solvents. But then the third important property 
of a solvent is compromised, which is related to easy downstream processing and separation of 
taxanes. This means that the boil-off of the solvent should be easy, as concentration of the solution is 
probably needed for downstream processing [34] . A solvent with a low boiling point is therefore 
preferabie. The upper limit for the boiling point that was chosen is 90·C, because of the heat 
resistance of taxanes, and the energy costs during concentration of the solvent; above 40·C there is 
accelerat ed degradation of taxanes [34] . This will result in many impurities in the solution, which will 
then have to be removed with high cost techniques like HPLC [143]. Therefore vacuum distillation is 
preferred, in order to lower the boiling point of the solvent to 40·C or less. If the solvent has a boiling 
point above 90·C, a too high vacuum is necessary to lower the operating temperature below 40·C, 
which will increase energy use of the downstream processing. 
Another criterion is to eliminate all solvents with a boiling point below 60 ·C in atmospheric pressure, 
because a low boiling point implies high volatility, which results in too much solvent loss during 
operation of the electrospray. Furthermore, ere will be increased health and environmental risks 
because of vapours of the organic solvents present. The MSDS sheets on the solvents all warn about 
conditions were vapours of the solvents arise [144] . If there is no wind on the plantation, local build­
up of vapours can occur. 

Combining the NFPA data and boiling points from Table 12 and eliminating the unacceptable ones, 
only th ree viabie options are left; chloroform, acetonitrile, and ethanol. 
The maximum workplace exposure levels of ethanol are much higher than those for acetonitrile and 
chloroform [144]; 1880 mg/m3 for ethanol as compared to 49 mg/m3 (10 ppm) and 67 mg/m3 

(40 ppm) for chloroform and acetonitrile, respectively. Furthermore, there are no signs of 
intoxication from ethanol vapours for concentrations below 1000 ppm. 
Furthermore, a major risk of acetonitrile is that it is also readily absorbed through the skin [144]. 
Chloroform is probably a carcinogen, and can also cause damage to plants, e.g. brittleness of roots 
and chromosomal damage [144]. Ethanol in low concentrations, on the other hand, is rapidly broken 
down without causing damage. At higher concentration it can cause microbial death because it works 
as a disinfectant [144] . 
Another advantage of ethanol is that the final formulation of paclitaxel for hospital use is dissolved in 
ethanol [93] . Thus traces of ethanol are not disastrous in the medicine. Attention should be paid, 
however, to the purity of the ethanol used for rinsing off the taxanes from the collection device; 
industrial ethanol (96%) with 4% of water and only traces of other impurities [145] is of course 
acceptable in this case. 
Therefore, considering health, environmental and practical impacts, ethanol was finally chosen as 
solvent. 

78 



10.3 Bulk configuration 

The bulk configuration of the insulator refers to the inside structure of the insulator. As stated 
before, the electric field must be able to penetrate through the bulk configuration, while the solvent 
and the sprayed droplets cannot seep through. 
Furthermore, the insulator should facilitate the collection of the taxa nes. From Figure 43 below four 
different options for the bulk configuration of the insulator are shown. In the previous sections a 
tilted plate was chosen as collection mechanism. The micro porous gel layer and mesh were already 
eliminated, but still it is interesting to look from the insulator point of view which of the four options 
below will be the best. 

Figure 43 Possibilities for the bulk configuration of the insulator 

The mesh design of the insulator was the initial idea (the most left picture), because it will allow 
maximal penetration of the electric field due to presence of many open spaces. However, the 
sprayed droplets are in the micrometer range. To stop these droplets from reaching the electrode, 
the spacing between the mesh should be of the same dimension. As was said before, the collection 
of taxanes must be done by taking the insulator off the machine and wash it in a solvent, which costs 
a lot of time. Secondly, a mesh will not be able to be an insulator, because electrons can still go 
through the open spaces of the mesh and reach the other side of the insulator. At the surface spark 
discharge will then take place [112) . 
For the same reason, the most right picture with the micro channels will not work: the structure is 
open th us electrons can get through and spark discharge will occur at the surface. The gel layer 
shown in the second picture can be made via polymerization[141) . The gel is firstly cast and then laid 
onto the electrode, and after spraying the gel is dissolved to get the taxa nes. Not only the collection 
is laborious as was explained before, but also the insulating properties of a gel are doubted, because 
the gel contains a large amount of water or otherwise conducting liquids. 
Therefore, it is believed that the third box shows the best option for the insulator design, namely a 
solid bulk configuration. It covers the electrode completely, which eliminates the concern that the 
collected extract may seep through and touch the electrode, and create short-circuiting in that way. 
Also the charge at the electrode will be confined to its surface, and cannot go through channels to 
the surface and create spark discharge. 
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10.4 Surface configuration 

Not only the bulk configuration of the insulator is important; the surface configuration can either 
help or hamper the efficient collection of the taxanes. The morphological chart, which can be seen in 
Figure 44, shows several possible surface configurations. 
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Figure 44 Drawings of different surface configurations of the insulator 

In the previous sections the choice was made to let the needies touch the insulator, to facilitate 
collection, and collect partly liquid droplets. Collection will only be facilitated if the surface of the 
insulator is more wetting than the surface of the needies, because a wetting surface will draw the 
liquid from the needies. Therefore the desired contact angle of the insulation surface was 
determined. For young needies of the pine tree - a needie tree comparable to the yew tree - of the 
age of 6 months or less, the contact angle is approximately 100 degrees (73). If there is pollution on 
the needies, however, the contact angle will decrease to 80-90 degrees (73). With th is information, 
the assumption is made that the desired contact angle was maximally 80 degrees. Furthermore, it 
should also be noted that if the wetting property of the surface is very good, it may become diffjcult 
to collect the extract; therefore a moderately wetting surface is preferred. 

A preferred wetting surface excludes the lower right picture of the lotus leaf surface. A lotus leaf-like 
surface will only increase the contact angle with the droplets that are on the needies (131). Thus the 
droplets will stick preferentially on the needies and will not come off when in contact with a lotus like 
surface. 
Furthermore, there is no apparent advantage of using a cracked or irregular surface or a surface with 
paraboloids. This is because the mobility of the droplets wil I not be increased by the surface 
configuration, and also the transfer of droplets from the needies to the surface will not be facilitated. 
$0 it is of no use to apply such a surface configuration. 
Finallya surface with square or sinus like gullies in the centimetre range could be used, to collect the 
droplets in gullies. The advantage will probably be minimal, because a solvent will still be used to 
collect all the taxanes. Dissolving and rinsing of the solid will be the easiest on a flat surface since the 
liquid will evenly be spread across the surfacei Therefore the flat surface of the insulator will be used 
in the final design. 
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10.5 Insulator material 

There are several possibilities for the material of the insulator. The insulator must have good 
electrieal properties, good weather and chemical resistance, low water absorption, and favourable 
weather conditions. The parameters that govern these properties were explained in Chapter 8. The 
electric properties are considered as most important, so they will be elaborated first. 

10.5.1 Electric properties 

A table of electric properties of several materials - i.e. thermoplast polymers, thermoset polymers, 
and glass materials - can be found in Appendix E-1. The electric properties that are listed in this 
appendix are the dielectrie constant, volume resistivity, dielectric strength, and dissipation factor. 
Mainly polymer materials are listed because it turned out that the dielectric constant of inorganie 
solids is of ten too high (146). The only inorganic materials that have areasonabie low dielectrie 
constant are glass materials like quartz and silica glass [147], which are also listed in Appendix E-1. 
The tables contain around 50 polymer and glass materiais, where polymers with a too high dielectric 
constant were also pre-excluded . The dielectric constant of air at 20·C is equal to 1.00059, while the 
dielectrie constant of vacuum is equal to 1 (148) . An insulator with a dielectric constant close to 1 is 
th us desired, and therefore it was assumed that a dielectric constant up to 5 is reasonable, while a 
constant higher than 5 is too high. 
A quick scanning of Appendix E-1 learns that the volume resistivity of the listed materials is often 
high enough (in the order of 1010 n·cm), while the volume resistivity of air is 1011 n'cm (115). Only a 
few glass types have a resistivity that is much lower than air (Iower than 109 n ·cm); in the appendix 
these numbers have been marked with red. 
Furthermore, the dielectric strength is only for a part of the materials high enough; the applied field 
is 4 kV/cm, or 0.4 kV/mmo All materials can withstand th is field strength, but the field around the 
needies is much bigger. From the simulations that we re done, it was found that the field strength 
very close to the needies could be as high as 15 kV /mm. Because a part of the needies will touch the 
insulator, all insulators with a dielectric strength lower than 19 kV /mm were marked with red. Thus 
an extra safety factor was taken into account to make sure that the performance of the material is 
good enough during electrospraying, while needies are touching the insulator. 
Finally, the dissipation factors of the materials are listed, which is a measure for the power losses, as 
was explained in Chapter 8. Because of the high voltage and low current, the dissipation factor is less 
important than the other electric properties. Furthermore, the maximum dissipation factor listed in 
the tables of Appendix E-1, is 0.04. This means a maximalloss of only 4%, whieh is acceptable. 

10.5.2 Chemical stability 

Besides favourable electric properties, the chemica I stability of the material is important. The 
insulator must withstand regular contact with ethanol, since ethanol is the chosen as solvent for the 
collection of the taxa nes, as explained in Section 10.2. 
Furthermore, the insulator must be able to withstand UV irradiation, because the light of the sun 
consists of 2% of UV-light (149) . This is only a small part of the total solar spectrum, but the energy of 
UV-light is so high th at it can break the molecular bonds of a polymerie material, resulting in cracking 
of the material [150). 
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As a result, in Appendix E-2 the ethanol and UV resistance of thermoplasts, thermosets, and glass 
types is given. Four different letters are used to indicate the performance of the materiais. 

For ethanol the letters in the table have the following meaning (151) : 
U = Unacceptable: effect of contact varies from catastrophic failure (dissolution) to severe 

degradation (cracking) 
M = Marginal: only short exposures at low temperatures is allowed and for applications where 

significant 1055 of mechanical properties is not critica I 
A = Acceptable: acceptable performance in ordinary exposure. For long term exposure at low 

temperatures there might be some minor 1055 of properties 
Ex = Excellent: the polymer is unaffected by the chemical reagent, with respect to time, 

temperature, and stress applied 

The polymers that perform marginal or unacceptable in contact with ethanol are marked with red, 
because such materials will deteriorate immediately or within the period of use of the milking 
machine. All glass types are highly chemically sta bie and will thus not deteriorate when in contact 
with ethanol. 

For UV-resistance the letters in the tables mean the following (151): 
U = Unacceptable performance: cannot withstand UV-light, polymer bonds will be broken as 

soon as the material is exposed to UV-light and the material will get brittie very soon 
M = Marginal performance: can only be exposed to small doses of UV-light, otherwise the 

material will get brittie after a few months. Additives like UV-stabilisers or UV-absorbers are 
necessary 

A = Acceptable performance: will not degrade under UV-light, only af ter a long period of 
constant exposure. Use of UV-stabilising additives recommended 

Ex = Excellent performance: high to very high stability under UV-light. No UV-stabilising additives 
are necessary 

All polymers that have an unacceptable performance under UV-irradiation are marked with red, 
because even UV stabilisers cannot slow down the breakdown of the material. There are many UV 
absorbing or stabilising additives, however, that can improve the performance of marginal 
performing plastics. It must be noted that additives are no complete cure to UV instability, and that a 
large amount of UV stabilisers is needed. Furthermore, additives can influence the electrical 
properties of polymers in a negative way (147). 

10.5.3 Water absorption 

Water absorption by polymers will lower the dielectric strength and affect the mechanica I properties 
in a negative way (152) and in Appendix E-3 the water absorption of polymers is listed. Two types of 
water absorption are given: the percentage of absorption af ter 24 hour immersion in water and the 
equilibrium water absorption, which is of ten reached after a very long time of immersion in water. 
From several sources it appears that a concentration of more that 0.30-0.50% of water could already 
have a large influence on electric properties like the dielectric constant and resistivity [153],(154) . 
Therefore a 24-hour water uptake of maximally 0.50% was chosen as a constraint, and for 
equilibrium absorption a maximum of 1.0%. It is assumed that the equilibrium absorption of water is 
never reached, because the spraying is only conducted when it is not raining. The 24-hour absorption 
of water is considered as more important; the plant saps that are sprayed onto the insulator consist 
mainly of water. Furthermore the air on the plantation could become humid during (a part) of the 
days that electrospraying is conducted. A number of polymers could again be marked red because of 
too high water uptake, especially nylon plastics are known for their high water uptake. 
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All the electric, chemical stability and water absorption figures that were chosen from 
Appendices E-1, E-2 and E-3 were combined, in order to eliminate all the materials that have 
insufficient properties for the application in the taxane milking machine. Only seven thermoplastic 
polymeric materiais, subdivided into several types, have the desired properties; acetal (POM, 
polyoxymethylene), PAl (polyamide-imide), PEEK (polyether etherketone), PPO (polyphenylene 
oxide), PTFE (polytetrafluoroethene), PFA (polyfluor alkoxy), and PS (polystyrene). 

From these seven polymers, PTFE and PFA (Teflon polymers) could also be eliminated : in the first 
place, the contact angle of Teflon and Teflon-PFA is very large; almost 1800 [125). Furthermore, the 
contact angle of Teflon like polymers cannot be modified by surface reactions, because it is a very 
inert polymer, having only tightly bound fluorine atoms at the surface of the polymer [115) . On the 
other hand, the surfaces of the other polymers can easily be modified to become more hydrophilic, 
even if the contact angle with water is too high [158],[162],[164],(165). For example the contact 
angles that could be found were 78 0 for polystyrene, while PAl has a contact angle of 8r, and both 
surfaces can be modified to lower the contact angle [155) . In Chapter 11 the ways in which surfaces 
can be modified will be elaborated. 

10.5.4 Horris profile - fin ol choice of insulotor moteriol 

The remaining five types of polymeric materials have favourable properties to be used as insulator of 
the electrospray machine. For these materiais, seven requirements concerning the usability and 
durability were formulated and below the performance of the five polymers regarding these 
requirements are elaborated. Finally the information on performance is combined into a Harris 
profile, to make the differences between the different polymers more clear. The chosen 
requirements are the following: 

POM 

» Low price 
» Easy to manufacture 
» Not scratch sensitive 
» Low use of additives 
» Short relaxation time 
» Smalilayer thickness 
» Durability (weather resistance) 

POM, polyoxymethylene or Acetal, is a by-product of the two step reaction between an alcohol and 
an aldehyde and forms an oxymethylene chain by the polymerization of anhydrous formaldehyde. 
POM is a cheap polymer, the price lies between the 0.14-0.18 i/kg [156],[157],(104) . The 
manufacturing is relatively easy [158),[159], but it shows scratch sensitivity, namely 10-20 kJ/m 2 

[158). Additives can be used to enlarge the durability, since the degradation by UV-light can be 
overcome by 1-5% of additives. Furthermore, additives can protect degradation by high temperature, 
moisture and bacteria. Without additives, the weather resistance will be marginal or acceptable 

[115). The relaxation time is calculated to be 2.9 .10-8 s [124],(160). 

PAl 
PAl, polyamide-imide or Torion, is a thermoplastic amorphous polymer with good mechanica I, 
chemical and thermal performances [147],[150],(161) However, it can easily be blended with other 
polymers to enhance its performance [148) . It can be manufactured under high temperatures and in 
a wide variety of forms, for example as a thin film or a coating [148],(149) . The production is very 
costly, but PAl has excellent characteristics relating to the scratch resistance [147),[149) and is highly 
wear and weather resistant [146],(161). Furthermore, the relaxation time is calculated to be 
7.18·1O-8 s [124],(160). 
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PEEK 
PEEK, polyether ether ketone, is a thermoplastic crystalline polymer and has an excellent 
performance at very high temperatures [152],(162). The disadvantage of PEEK is its extreme high 
cost; therefore the application is limited for uses where the extreme heat resistant properties are 
very important (162). Furthermore, PEEK shows some scratch sensitiveness, namely 7.5 kJjm2 (162) 
and additives can be used to improve its stiffness, strength andjor stability (151). However, without 
additives it has already an excellent chemical resistance, it is not sensitive for moisture adsorption 
and is not affected by water (151). Because of its resistance to water, the weather has slightly impact 
on its durability (163). Furthermore, the manufacturing of PEEK is not difficult; however a high 
temperature is required (162). The relaxation time calculated is 2.65·10,6 s (124),(160). 

PPO 
PPO, polyphenylene oxide, has a good heat resistance, high strength and low water absorption, but 
has a high price compared with ordinary plastics. Therefore only small amounts are manufactured. 
For the manufacturing, a machine with a slow feed and low speed is required, since the polymer is 
difficult to cut, but the circumstances are rather standard (164). The durability is excellent and there 
is no need for additives, since degradation is slightly affected by the weather and environmental 
factors as temperature and moisture (115). In fact, PPO can be coated on metals to protect them 
from corrosion (153). Furthermore, the scratch impact strength is 10-20 kJjm 2 (164)and the 

calculated relaxation time is 9.13 '10,8 s (124),(160). 

PS 
PS, polystyrene, is a brittie polymer that is easy and cheap to manufacture and is widely used for 
packaging, disposables and household goods. The outdoor performance is poor; it degrades rapidly 
under UV-light [165], although th is can be improved with additives (115). Furthermore, PS can be 
used as coating (73) but it is very sensitive for scratching. The scratch strength is < 3 kJjm2 (165). For 

the relaxation time 1.7·lO'12 s is calculated (124),(160) . 

Harris profile 
The requirements for the five different polymeric materials are compared and performance values 
are given, namely -2 (bad score), -1 (moderate), +1 (good), and +2 (very good) with corresponding 
colours. This can be seen in the Harris profile in Table 13. 

Table 13 Harris profile with five nnlvm,,,ric materials with desired nrn,nf'rtif'~ 

POM PAl PEEK PPO 

rements 

120) 
relaxation time 

layer thickness 

All the requirements have got their value for the five different alternatives and a quick overview of 
the strong and weak points can be seen in the Harris-profile. It must be noted that not all the 
requirements have the same importance. For example, PPO has the longest relaxation time, while a 
short relaxation time is favourable. However the relaxation time of PPO is short and good enough for 
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the insulator design. The relaxation time is therefore of minor importance for the final decision. The 
same is true for the layer thickness, since all the alternatives can be manufactured as a coating, and 
the dielectric strengths of all the materials allows a thin layer [124] . 

Important requirements are the low price and the durability. Three alternatives (PAl, PEEK, PPD) are 
expensive but have an excellent durability, while two alternatives (POM, PS) are cheap but degrade 
easily. Since the harvesting device should have a lifespan of at least several years, replacing the 
insulator within a short period of time is unfavourable. Therefore POM and PS are left and a choice 
must be made between PAl, PEEK and PPD with three remaining requirements, namely the 
manufacturing easiness, the scratch sensitivity and the use of additives. 
By comparing the values, PAl is of most advantage. PAl is it not scratch sensitive and is relatively easy 
to manufacture, although the use of additives might be necessary, because of UV-light sensitivity. 
However, additives like other polymers can be blended without any difficulty. In contrast PPD has no 
need for additives, but shows some scratch sensitivity and it is more difficult to manufacture. PEEK is 
highly scratch sensitive and shows moderate behaviour for the manufacturing process and the need 
for additives. All in all, the best alternative for the insulator, which solves the contradicting 
requirements the best, will be PAl, polyamide-imide. 
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11 Total design and manufacturing 

In this chapter, a complete picture of our product will be painted by summarizing the design process 
performed in the previous chapters. The material, configuration, dimension, and operating 
conditions of all the essential parts and the integration scheme of these parts will be presented. 
Clippings will stay as the main source of profit for plantations, therefore avoiding modification of the 
plantation itself has been taking into account by the total design of the product. 

11.1 Design 

To facilitate easy harvesting of both clippings and milked extract, the trees are grown in the simplest 
form: hedges, which also sets limitations on the configuration, shape and dimension of the electrode. 
The electrode is a flat plate, since analysis by Lorentz E showed that a copper electrode in shape of a 
smooth plate is able to provide sufficiently strong field strength. The voltage of the electrode is 4 kV, 
and the thickness of the electrode is 2 mm since this is a standard si ze that is deliverable by most 
electrode manufacturers. 

Around the electrode an insulator layer of polyamide-imide (PAl) is applied . At the top a flat layer of 
about 0.16-0.32 cm PAl is applied which is thick enough to prevent ionization by high voltage and is 
thin enough to maintain the field strength feit by needie tip [115]. At the lower side, the insulator 
thickness is much bigger and the surface is profiled like ahorn shape. The sharp edge helps the 
assembly to push its way through the layered hedge. On top of that, it shields the field strength of 
the electrode and prevents interference with the field from below. Also, it pushes the branches down 
towards the next electrode so that more taxa nes can be collected. The overall thickness of the 
assembly is such that the gap in between two assemblies is about 3-4 cm. 

11.1.1 Size of plates 

Yew hedges grow in a layered pattern with most needies locating within 20 cm from the exterior. To 
access as many needies as possible, plate has a width of 20 cm. The length of electrodes determines 
how much time is required by one machine to harvest a fixed area. The longer the plate, the less the 
time is required. However, longer plates will encounter problems like the ease of move ment 
between hedges and the balancing of the plates on the support. Hence, our proposal is to tailor the 
length (in range of 1 to 5 meters) based on the consumers requirements. More vertical supports will 
be required for longer plates. 

Multiple plates parallel to each other are mounted onto a vertical support. The spacing affects the 
easiness of the movement of the machine through the branches, and the amount of harvesting. This 
latter is due to the change in field strength and number of needies that spray. We will provide our 
consumers with a product range between 5 to 10 cm. Number of plates required will be in range of 
14 to 28 assuming the hedge is 1.4 m tall (see Appendix F-1). 
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11.1.2 Surface modi/ication 

For needie tips that are in physical contact with the insulator, the insulator surface has to be more 
wetting than the surface of the needies to enhance the transport of sap from the needies to 
insulator. Young needies have a contact angle around 100· at the solid-liquid (water) interface. 
Therefore the desired contact angle of the PAl was set at 80·, however the contact angle of an 
unmodified PAl surface with water is 8r (see Section 10.5). To decrease th is angle, the surface will 
be treated with UV light (see Appendix F-2) [168]. This treatment is known as a robust and 
environmentally friendly process. No VOC are used or produced; the by-products are only small 
molecules such as CO2 and water [168]. Consequently, the method is very useful to modify the 
surface of the insulator to fulfil the requirements that were set. 

11.1.3 Solvent flow 
Ethanol is used as solvent. It will be stored in a reservoir that is place by the vertical stand. It is 
transported to the collection plate by in-built piping system. The collection plates will be on movable 
arms (Figure 45(1))so th at it can be tilt during rinsing and collection. In that way the solvent moves 
down by gravity. The piping leads to the top of the plate from where it flows down the plate by 
gravity (Figure 45(r)). While it streams down, solid and liquid extract dissolve and are flushed away 
with the ethanol. The solution is collected at a gully from where it is transported to a second 
reservoir, a reservoir where the taxane solution is stored (Figure 45 (I)) . The storage reservoir is 
cooled (below 4·C) and dark to prevent degradation of active pharmaceutical ingredients. This is also 
the reason why the rinsing is done periodically, with a minimum frequency of once every 50 minutes. 
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Figure 45 Solvent flow towards collection gully 
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11.1.4 Energy souree 

/ 
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In Figure 46 the total milking system can be se . The electrodejinsulator assemblies are mounted 
onto a vertical support and moved along the ~edges by automatic controlled robotics. The energy 
required will not be supplied through electrical cables as our product demands high mobility along 
the hedges. A combustion engine is not good choice either, as heat is produced instead of 
electricity. Two possible solutions are diesel aggreg e or fuel cells. They both allow convers ion of 
chemical energy to electricity which is needed to charge the electrode and as energy sou ree for the 
robotic motions. Disadvantages are that fuel cells are rather expensive and a diesel aggregate tend.s 
to be bulky. In the short run, a diesel aggregate is the best choice. However in the long ru t{ fuel cells) 
will be dominant, as it is more sustainable, compact and energy-efficient. ---i t /? 

SOLv~Nt 
RESERVoiR 

Figure 46 Total taxa ne milking system 

11.2 Manufacturing process 

11.2.1 Insulator 

MOVABt.f ARM 
Vt~Ti(-AL 
SUf'PORT 

Polyamide-imide (PAl) is chosen as the material for the insulator due to its unique combination of 
advantages [169]. The manufacturing and moulding process of amide-imide copolymer is a rather 
mature technology. Patents about the fabrication of copolymers are described in articles that can be 
traeed back to 1974, if not earlier [170]. 

Injection moulding 
Injection moulding is the most commonly used manufacturing technique for making plastic objects 
[171] . A mould, in general, is still a comparably expensive equipment piece, but the co st normalized 
by increasing numbers of duplicates will be cheap [171] . It can be made from different materials like 
steel, aluminium and a berylliumjcopper alloy [172] . Steel is more resistant to wear and can be used 
to make large amount of castings over a longer duration, however, it is also expensive. Aluminium is 
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a much cheaper alternative, although the lifespan may be shorter. Aluminium, it is the better choice 
in our situation as one mould can still be used for up to hundreds of thousands duplicates with the 
help of computer-controlled machineries (172). 

Plastic PAl pellets or granules are heated to a melt, which is injected into a mould under pressure. 
After the melt is cooled, the parts can be removed by opening the mould (171). Figure 47 below 
shows the typical configuration of an injection-moulding-machine. 

----""''''''' ----+--"""-O- ---..J 
Figure 47 Injection-molding machine 

One of the most important properties of thermoplastics, including PAl, is ability to withstand 
repeated melting and freezing cycles. This qualifies them as a sustainable raw material. Hence our 
insulator can be removed and reshaped by heating and re-moulding (173). In case of worn insulators, 
our customers can bring the insulator back for sustainable replacement. 

UV stabilizers 
There are two types of UV-stabilisers th at are widely used nowadays; the most used type is UV­
absorber like benzophenones, benzotriazoles and hydroxyphenyl triazines. The other type is ca lied 
HALS, Hindered Amine Light Stabilisers. UV-absorbers absorb the UV-light and dissipate it into 
thermal energy, while HALS works by catching free radical intermediates that are produced because 
of bond breaking by the UV-light (174). 
HALS are extremely efficient stabilisers. A major advantage is th at there is no lower layer thickness or 
concentration limit to ensure good radical scavenging properties, in contrast to UV-absorbers (175). 
Furthermore, HALS have a very high longevity because they are regenerated in a cyclic process under 
UV radiation (175). Therefore we chose to use this type of UV-stabiliser in the insulator. Figure 48 
below shows the general chemical structure of HALS UV-blockers. 

The amounts of additives put into the plastic are based on the situation, and the form in which the 
stabilisers are supplied . If the UV stabiliser is supplied in the form of pellets or beads 1-3% needs to 
be added to the PAl blend, while only 0.25%-1% needs to be added for liquid UV-stabilisers (174). 
For HALS only extremely small percentages are needed (175) . As was said in Chapter 10, the additives 
can easily be blended with the PAl thermoplast. 
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Figure 48 General chemical structure of HALS UV-block 
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11.2.2 Electrode 

Based on the discussion in Chapter 9, our electrode will be made of a smooth, flat copper plate of 
2mm. Such copper electrode is now commercially available in the market. Many manufacturers and 
suppliers can be found online (176) . Considering the fact that our electrode is one of the simplest 
geometry, it will be rather easy to obtain an electrode. 

11.2.3 Integration of Insulator and Electrode 

Torion is the name for a PAl copolymer made by Amoco Performance Products Inc (177). It can easily 
be made into many different shapes by injection-moulding onto fibers, films and adhesives on screw­
injection molding machine [149],(178) . Furthermore, due to its low thermal expansion coefficient, it 
allows integration of metals. According to the molding-guide of Torlon by Solvay Advanced Polymer 
(169), steel, brass, aluminium and some other metals can be moulded into PAl to make it an 
integrated unit. By inserting the copper electrode into the PAl melt during moulding, the collection 
configuration described previously can be easily achieved : at the lower side of the electrode a thick, 
weil insulating layer will be applied which will push the branches down towards the next electrode, 
and at the top a thin layer will be made to prevent shortcutting. 

According to our design, the collection device will be flushed periodically to remove the collected 
extracts. The adaptations needed for the piping can be made through mould-design, and if necessary 
by conventional cutting and drilling of metal. The different pieces can be mounted together to 
completed the electrode/insulator/collection device (plate assembly). 

11.2.4 The Complete Product 

As described earlier in this chapter, 15 to 20 plate assem blies will be mounted onto a vertical 
support. Through the vertical support can electricity, solvent, and dissolved extract also be supplied 
and transported . The whole apparatus will be placed on a moving platform which will be operated 
and navigated automatically. These controlling systems are deliverable by many companies 
producing robotic applications all over the world, for example by Siemens (179) . 
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12 Economie evaluation 

In this chapter the market value of our taxanes harvesting product is estimated to see if our product 
is worthwhile. The predictions for the taxanes market are very positive, therefore it is expected th at 
there is room for new companies to develop. Together with the already existing yew tree plantations 
who make money from yew clippings, they are our potential clients. Since it was not possible to get 
information from the existing yew tree plantation companies about the profit they make, a 
plantation set-up that prospective yew tree plantation owners can use was designed. From here 
estimations about the profit were made. 

The economic evaluation is split in two parts. First, a taxa nes harvesting plantation is designed, and 
secondlya model is of the plantation. Lastly, an economical evaluation is based on th is model to find 
out wh at profit a customer would make when our device would be used, and from there for wh at 
price our device could be sold. 

12.1 Design of plantation 

In order to make an economical evaluation about our harvesting machine, a base case plantation was 
designed. Basic decisions about the species, location, geometry etc. of the plantation are made to be 
able to make an estimation about the profit th at a nursery company would make if our harvesting 
devise is used. From th is information an investigation can be made of what our device may cost 
maximally. Below, the choices made for the design of the plantation are explained. 

12.1.1 Species 

Different species have different yields on the various taxane contents. For the decision about the 
kind of species to use the plantation, the best option would be to make first a test field with the 
species of interest, and find out from which one the most taxanes can be harvested by 
electrospraying. However, the decision about the yew species had to be made to continue the 
calculations, and therefore one species was chosen based on a short analysis that was done among 
the different yew species. 

An article published by Rozendaal [14] shows the different taxanes concentrations per yew species. 
The taxa nes that are of most interest are paclitaxel, 10-deacetyl baccatin III and baccatin 111. 10-
deacetyl baccatin 111 is the starting material for the semi-syntheses, which can be converted by semi­
synthesis to baccatin 111 and in the second step to paclitaxel. These important taxanes are multiplied 
with their market price and summed up. The results can be viewed in Table 14. The market prices 
and an extended table can be viewed in Appendix G-l. 
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Table 14 Yield of different taxanes in different yew species where 1 is paclitaxel, 4 is baccatin 111, and 5 is 
lQ-DAB 

In Ilg/g dried needies 

1 4 5 total 

Taxus Baccata European yew 41 14 762 1,20 

Taxus Baccata cv. 63 10 468 0,78 

Taxus Brevifo/ia Pacific yew 130 296 41 0,44 

Taxus Canadensis Canadian yew 285 224 2665 4,49 

Taxus Ce/ebia Chinese yew 26 0 70 0,13 

Taxus Cuspidata Japanese yew 105 15 120 0,31 

Taxus cuspidata cv. 136 18 116 0,34 

Taxus F/oridana Florida yew 516 0 1689 3,10 

Taxus G/obosa Mexican yew 433 168 1395 2,70 

Taxus x hunnewelliana 41 0 63 0,14 

Taxus X Media cv. Baccata x Cuspidata 211 36 230 0,61 

Taxus Wallichiana Himalayan yew 272 0 1092 1,94 

The data in the column 'total' can be used to compare the value of the three main taxanes in the 
needies among the different species. It can be seen th at the needies of three yew species, the 
Canadian, the Florida, and the Mexican yew are the most valuable. Assuming that all species have 
the same growth rate, based on the outcome of the calculations, the Canadian yew is the most 
promising species. The Taxus Canadensis, also known under the name Ground Hemlock or Canada 

yew [180], was studied in more detail. 

Taxus Canadensis costs about USO 10 for a 2-4 feet tree for small purchases [181]. This is comparable 
with other yew species [182],[183],[184]. Although it is not proven that electrospraying can be 
applied to Taxus Canadensis, it is found to be justified that it th is application could also be applied for 

the Canadensis since in the botanical garden of the TU Delft it was found that electrospray harvesting 
works for all four yew species present. 

A difficulty about this species is that the Canadian yew is not worldwide available. From origin the 

yew is from Canada and the north of the USA and it is not allowed to export the tree to areas outside 
North-America [185], which restricts the location of the plantation. However, the other two yew 

species with high taxane concentrations, T. G/obosa and T. F/oridana, have even more severe 
problems with cultivating because for their presence on the list of endangered species [186],[187]. 

The Chatham Biotec Ltd. company is at this time breeding Taxus Canadensis species with high taxane 
concentrations and growth rates [188]. This information is very useful for the future plantation. 
Whether it is possible to take an elite Taxus Canadensis species from the firm above or not, it is 
unlikely that the amount of trees that is needed for our plantation is readily available. The order 
needs be placed long (about 3-4 years) before the trees should be delivered, which should be taken 
into account by the planning of the plantation. However, this is the same for all selected species and 
the concern about the delivery time of the Canadensis is thought to be a minor issue, since the 

planning of implementing electrospraying at large scale will anyway not be a technique that will be 
realized in less than 3-4 years. 
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12.1.2 Location 

Figure 49 Distribution of the Taxus Canadensis with the red arrow pointing to the Youngs Cove, adapted 
from (189) 

There are strict export regulations for the Taxus Canadensis [188], therefore it is not possible to 
locate the plantation at another region than North-America. 

Currently, the Chatham Biotec Ltd. is setting up a plantation in the west of Canada in the Youngs 
Cove to breed elite Taxus Canadensis species. This location was selected because of the presence of a 
microclimate due to the nearby lakes. Here, there is late frost and a sandy clay loam layer on top of 
bed rock which is favourable for the drainage [188],(190). The choice of this company, which is 
specialized in breeding Taxus Canadensis trees, to pick this particular location was the main reason 
for us to base the design on this location. The place of the plantation is indicated in Figure 49 by the 
red arrow. 

12.1.3 Shape of tree 

The trees will be planted in long rows 50 that after a few years hedges are formed . By planting 4 
yearling trees per meter [191) in 6 years a hedge can be formed [192). The shape of the hedge will be 
rectangular. The reason for th is shape is because this form is the easiest to handle by cutting (and 
most likely milking) the trees, and therefore the cheapest. When the trees can be cut straight, this 
job can be done automatically by robots or by a machine that is pulled bya tracker. Due to the high 
number of trees on the plantation, it is very costly to do the cutting by hand, therefore no other 
shapes are considered [192). 

12.1.4 Spatial distribution 

Determining the distance between the rows, the main parameter that has to be taken into account is 
the shadow of the adjacent row. When the rows are too close together, the bottom part of the tree 
might not get enough light. Also, the machinery has to be able to drive between the rows. Over the 
years, even when the trees are periodically cut, the hedge expands. In other words, the distance 
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between the rows becomes narrower. When the distance has become too smal/, the hedge can be 
cut in a way to slim it, however that year no harvesting is possible. 

To minimize the effect of the shadow on the growth of adjacent hedges, the hedges are aligned in 
the northjsouth direction (see Figure 50). 

NORTH 

SOUTH 

hedge 
It' 

Figure 50 Spatial distribution of the hedges; hedges pointing towards the south 

A model is made to find the maximum amount of effective surface area (area that can be sprayed) by 
varying the height of the hedges. This model will be discussed in Section 12.2. 

12.1.5 Cutting and milking 

To win taxa nes via the extraction process, or by milking the trees, it is important that the amount of 
needies per volume is high. A higher density of needies means more taxanes. To achieve a high 
density of needies in a hedge it has to be cut regularly. If the trees in the hedge are not cut, the trees 
will become similar shaped as Christmas trees (see Figure 51). By cutting the tree, more branches will 
be formed which causes the increase in density (192). 

Figure 51 Difference between needies density by cutting (r) and not cutting (I) [193] 
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Yew trees grow from spring to fal!. When a yew hedge is kept without the aim to harvest taxa nes, it is 
normally cut once a year, before the longest dav is reached (192) . By the extraction method, the 
trees are cut in the spring and sometimes in the fall as weil, since the concentrations at these periods 
are the highest. In the summer (June-August) the concentration of taxanes in the Taxus Canadensis 

drops dramatically (194), and also in the winter the concentration is very low since the tree is not 
active (30) . 

It is the best clip the trees at the same time as is done for the extraction method, because at th at 
time period the cuttings are worth the most. It is known that young shoots give higher yields than 
older needies (30). Also, the milking should be done in the period before the cutting, however 
enough time has to be between the milking and cutting, so the trees have time to replenish the 
taxanes. The following planning is proposed (see Figure 52) . 
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Figure 52 Time line with concentration taxa nes in the needies per year and the best time to cut and milk the 
yewtrees 

When the hedges are cut in mid-March, at the end of April the young shoots can be milked. If again 
the hedges are cut at the end of May, the young shoots growing during the summer can be milked in 
September. The tree grows about 20 cm per year, so for the calculation it can be assumed that every 
time about 10 cm of young shoots are present at the hedges, ready for milking. 

12.2 Modelling of plantation 

The goal of the following model was to design a plantation that can harvest as much taxa nes as 
possible. The main parameter in the design of this plantation was the height of the hedges. The 
challenge was to find an optimum between the height of the hedges and tee ectlve surface area of 
the hedges. 

12.2.1 Assumptions 

To model the plantation, several assumptions had to be made. Below, the assumptions are listed. 
Some assumptions are graphically represented in Figure 53, and in Table 15 complex terms that will 
be used in this report are defined. The explanation of each assumption can be found in 
Appendix G-2. 

~ Height of trees planted is 0.5 m 
~ Four trees are planted per meter in hedge lanes; the distance between the trees is 0.25 m 
~ The width of the hedge is 0.8 m 
~ Growth rate is 0.2 m/yr in all directions 
~ The minimum angle that sun makes with respect to the horizon is 44°( 
~ Milking takes place from first year that the trees are planted 
~ The effective surface area of the trees increases linearly with height 
~ The maximum cumulative profit period is set at 10 years 
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Figure 53 Graphical representation of terms used byassumptions 

Table 15 Definitions of complex terms 

Effective surface area the surface area of the hedges where electrospraying can be 
applied; i.e. the surface of sides of the hedges 

Maximum cumulative the period over which the maximum amount of profit is made. 
profit period i.e. if the maximum cumulative profit period is 10 year, in the 

period from 0 to 10 years the maximum amount of profit is 
made. 

Payback time the time in which the investment costs is earned back 

12.2.2 Model 

The following model, in which the above assumptions written above are included, was used to find 
the height at which the production of taxanes is the highest. The model is made for a plantation of 
one hectare; however this can easily be scale up. 

Total effective surface area 
A list of tree heights between 1 and 2 meters was made and the total effective surface area per 
hectare was calculated. This was done in the following way (for the results see Appendix G-3); The 
corresponding total distance between the hedges (from stem to stem) was calculated by taking the 
height of the tree and divide it by tan(angle_oCsun). 0.8 m was added to take the width of the 
hedges into account. 

. height of tree 
total dlstance between hedges = +O.8m 

tan(angle of sun) 

The area per tree is the surface area th at one tree occupies. This was calculated by multiplying the 
distance from stem to stem between the different hedge lanes by the distance between the hedges 
in one row (4 trees per 1 meter = 0.25 mI. 

area per tree = total distance between hedges * O.25m 
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From the area per tree, the number of trees per hectare was found. 

lOOOOm2 

number of trees per hectare = . 2 

area per tree In m 

The effective surface area per tree (the surface area of the hedges where electrospraying can be 
applied) was calculated by multiplying the height of the tree with the distance between the trees in 
one hedge la ne (0.25 m) and by 2. The factor 2 is included since the hedges can be sprayed on two 
sides. 

effective surface area per tree = height oftree * O.25m * 2 

The total effective surface area is the effective surface area per tree multiplied by the number of 
trees per hectare. 

tota! effect. surf. area per hectare = effect. surf. area per tree * nr. of trees per hectare 

Surface area before the tree is full grown 
The total effective surface per hectare calculated above gives the surface area per hectare for a 
hedge of a certain height. However, the plantation starts with trees of 0.5 m high. Therefore a table 
was made (see Appendix G-4) where the cumulative effective surface per tree up to a certain year 
(based on the desired height of the tree) was calculated without cutting the height of it. By th is 
calculation, the growth and therefore the increase of the surface area was taken into account. Below 
the steps that were taken for this calculation can be viewed. 

Per quarter of a year the height of the trees were calculated. The initial height was 0.5 mand the 
growth rate 0.2 m/yr. 

obtained height = O.2m * years of tree on plantation + O.5m 

The effective surface area at th at year per tree was calculated in the same way as was done before. 

effecti ve surface area at that year per tree = height of tree at that year* O.25m * 2 

Then, the cumulative effective surface area up to a certain year per tree was calculated. This was 
done by summing up the surface areas per quarter and multiplying is by X to take into account the 
time periods for which the effective surface area counted (quarters). 

cumulative eff. surf. area up to that year per tree = Leff. surf. area at a certain year (per quarter) * 1.. 
4 

Finding the optimum height 
To calculate the maximal surface area and therefore the maximal amount of taxanes that can be 
obtained from the trees, the height of the trees is the main parameter that has to be fixed. 

Assume that a plantation is started with full-grown trees of a certain height, where the trees are kept 
at a certain height with minimal spacing between the hedges (dependent on the height). When the 
height of the trees that are planted increases, the total surface area of the trees per hectare 
increases, although the number of trees per hectare decreases (see Figure 54). 

97 



Q)'" 
u E 
111 

.5 't 
:::J Q) 
1/1 ... 
Q) 111 -> u :; Q) 
u s:. 
Q) ... -- Q) 
Q) Q. 

iii 111 - Q) 
0 ... - 111 

Total effective surface area for different tree 
heights 

14500 

14000 

13500 

13000 

12500 

12000 

11500 

11000 

10500 

10000 

••• ....... 
• •• .. ~ 

......... 
•• 

1.0 1.1 1.2 1.3 1,4 1,5 1,6 1,7 1.8 1,9 2.0 

height of the trees in m 

Figure S4 Relationship between the heights of the trees versus the total effective surface area per hectare 

However, the higher the tree has to become, the longer it takes to reach that height. For shorter 
target heights, the increase in total effective area is higher in first few years before the target height 
is reached . This is because, the shorter the target, the smaller the spacing between the hedges, and 
therefore the more trees per unit area. The advantage of having tall trees manifests after short tree 
reaches their target height because the effective area then stops increasing as the trees are 
constantly cut. In other words, with smaller tree more profit can be made a short term, and at the 
long term more profit can be made with higher trees (see Figure 55) . 
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Figure ss Surface area per year per hectare by different maximum cumulative profit periods 

The two contradicting conditions described above can be defined as following : 
1. The higher the hedges the more taxa nes can be obtained later on. 
2. The higher the hedges, the longer it takes before the plantation is optimally used. 

To find the optimum between these two points, it was needed to set a time period in which the 
plantation has to obtain the highest amount of taxanes. This term was decided to be 10 years. So, the 
calculations are based on the assumption to obtain as much taxa nes as possible in one decade. The 
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reason why 10 year was chosen is that this was thought to be the minimum time that our plantation 
would exist. From the information about the market it is predicted that in 10 years there is still a high 
de mand for taxa nes and that there is therefore still a market. 

Cumulative surface area over ten year 
To calculate which height of the trees will give the highest amount of taxa nes over a time span of ten 
year, i.e. has the highest cumulative surface area, the calculation is split in two parts: 

~ the cumulative surface area up to the point that the tree reaches that certain height 
~ the surface area when the tree is full-grown 

For tree heights between 1 and 2 meters, first is had to be determined how long it would take to 
reach a certain height. 

b f b 
. hh' h height of tree - initial height of tree 

num er 0 years to 0 tam t e elg t = --=----------=----
growth rate 

Then, from zero up to the year that it takes to reach the desired height the cumulative surface area 
before it is full-grown is used (see Section 12.3.2). For the time period that the tree is full-grown the 
total effective surface area is used (see Section 12.3.1). 

cum. eff. surf. area over 10 year = cum. eff. surf. area up to that year per tree * nr. of trees 

+ (10 - years to reach that height) * total eff. surf. area per hectare for that height 

The results of the cumulative effective surface area over a time span of 10 year for the different 
heights can be seen in Figure 56. 

Cumulative effective surface area per hectare 
over 10 year for different tree heights 
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Figure 56 Cumulative effective surface area per hectare over a time span of 10 years for different heights 

The results show clearly that there is an optimum in the height of the tree. This optimum is at 1.4 m. 
This value is closely to the height that Mauritz estimated (1.5 m) when his nursery was visited [192). 
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12.3 Economical evaluation of plantation 

The aim of th is economical evaluation of the plantation is to see what the extra profit would be for a 
company that would use our harvesting machine and based on t his information what the price will 
be that can be asked for our device. Milking with our device will be an extra way to earn money for 
the yew tree plantation owners on top of the earnings from selling the clippings. Therefore, the 
earnings from milking are compared with the earnings from clipping. The costs of the milking device 
are discussed, and from there a conclusion about the price is made followed by some comments 
based on a proposed scenario. 

12.3.1 Assumptions 

To do an economical evaluation of the plantation, several assumptions had to be made. Below, the 
assumptions are listed . The explanation for each of them can be found in Appendix G-5. 

~ best case scenario; 10% of the total amount of taxanes in the needie can be harvested (milk 
frequency is 10 times a year) 

~ worst case scenario; 2% of the total amount of taxa nes in the needie can be harvested (milk 
frequency is 2 times a year) 

~ the percentage of needies are been sprayed is 60% 
~ the price of dried clippings is 0.00275. €/g 
~ the price of the dry extracted material obtained from electrospraying is 1 €/g 
~ 20 cm of the branches will be cut per year and sell as clippings 
~ the needies at the outer 20 cm of the hedge will be milked 

12.3.2 Revenue 

There are two sources of income for the plantation owner; selling the clippings and selling the 
product from electrospraying. Since all trials to get information from companies that sell yew 
clippings failed, varia bles such as the number of needie per volume, and we ight of needies had to be 
calculated in order to get an estimate of the earnings. These numbers were found by small 
experiments done by the authors of th is report. The results and calculations to obtain these basic 
numbers can be viewed in Appendix G-6. Below, the results of the earnings from milking and 
clippings are discussed and compared. The corresponding calculations can be found in Appendix G-7 
and Appendix G-8. 

Earnings trom milking 
For the income from milking the trees, for each of the two scenarios the earnings are calculated. By 
the worst case scenario 1.2% of the total amount of taxa nes in the needies can be obtained per year 
(2% yield . 60% efficiency), and for the best case scenario this percentage is 6% (10% yield . 60% 
efficiency). For the worst case scenario in the first year € 255 can be gained, and after 5 years € 572, 
wh ile for the best case scenario the earning will rise from € 1.277 to almost € 2.900 per hectare per 
year (see Figure 57). 
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Earnings trom milking compared with earnings trom clippings 
The earning from clippings is estimated to increase from almost € 17.000 per hectare at the first year 
to € 37.500 per hectare when the hedges are full-grown (see Figure 58). These numbers are much 
higher than for milking, and therefore selling the clipping is going to be the main income for the 
plantation holder. 
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When the two incomes are compared, it shows th at for the best case scenario this means that 8.0% 
extra profit can be made by inducing electrospraying, however for the worst case scenario th is 
percentage is 5 time less. 

12.3.3 Costs 

The extra costs that have to be incurred when our device is implemented in the plantation are 
compared with the extra income from the milking. Wh ether a yew tree plantation owner will buy our 
taxanes harvesting device depends on the investment costs that have to be done and the expected 
payback time. 
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Investment costs 
The advantage of our device is that no large adjustments have to be made in order to use our 
machine at a plantation, and that therefore the investment cost will only consists of the purchase of 
the machine. Besides the fixed, investment costs, there are the variabie costs, such as the energy 
costs, solvent costs, taxes, and storage of taxanes. It is believed that all those costs do not give 
weight against the purchase costs of the machine, and that there are for now negligible. Dur device 
us es high voltage (4 kV), however the current is very low (0.096 mA) (195) . The power used over 
30 min. is 004 W which indicated that not much energy is used. The current solvent price ranges from 
€ 811 to € 1027 per metric ton for 96% industrial grade ethanol (196). It is expected that less than 
one metric ton per hectare per year is used. That would mean that the costs for the solvent are more 
than a factor 10 smaller than the purchase costs of the taxanes harvesting device and that it 
therefore is justified to neglect it. 

Milking range of one machine 
To find the value of the machine, it has to be known how many hectares can be milked by one 
milking machine. This is dependent on how much taxa nes can be harvested in a certain time period 
per machine, which is in turn dependent on the size and the speed of the machine. For an extended 
version of the calculations done below, see Appendix G-9. 

From small scale electrospray experiments (see Section SA) it was found that the estimated time to 
get the maximum amount of taxanes out the needies without damaging it is about 30 min. The 
maximum size (length) of the electrode is set at 5 m (see Chapter 11), since when it is designed to be 
longer problems with the mobility will be encountered. With the number of trees per hectare, the 
distance that the taxanes harvesting machine has to complete is calculated. It was found that, using 
the information written above, it takes 37 full days to electrospray one hectare, and that the best 
case scenario (spraying 10 times a year) will be hard to execute. 

The profit that can be made with the device determines the price of the device. If the electrospraying 
of one hectare takes 74 days (37 full days), the worst case scenario, electrospraying twice a year, 
should be doable although the planning of milking will become very tight. The earning from milking in 
the worst case scenario will only be € 572 per year at the highest. With this income, the buyer of the 
machine will never be able to pay it back, since the estimated value of the machine is between 
€ 50.000 and € 100.000. Also, with such a low income, nothing will be left over if the energy and 
solvent costs would be taken into account. It seems that no realistic price could be given to our 
harvesting device since no profit would be made with it. 

Required speed of machine 
Without improving the device, the taxa nes harvesting device will never be introduced into the 
market, since no profit can be made out of it. In the following paragraph a scenario is given where it 
is assumed that the best case scenario works. The idea is to show how much the technique of milking 
trees has to improve to turn it into a valuable product. From a proposed selling price of the device, 
the speed necessary to make the machine market valuable is determined and compared with the 
current speed . 

The purchase costs of the machine plus the interest is estimated at € 50.000. Assuming that the 
customer wants a payback time of 10 years, the device needs to harvest per year an amount of 
taxanes worth € 5.000. In the best case scenario, per hectare € 2860 will be earned. This means that 
one device needs to be able to harvest the taxanes from 1.75 hectare every year. In Figure 59 the 
relation between the spraying time per tree and the number of days needed to spray 1.75 hectare 10 
times a year (best case scenario) is shown. The initially calculated number of days is multiplied by 
two, since it is assumed spraying can only take place at 12 of the 24 hours per dav due to weather 
conditions. 
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Figure 59 The number of days needed to spray 1.75 hectare according to best case scenario by different 
spraying speeds 

The graph shows that the upper limit of the spraying time per tree is around 8 min. (346 days) 
because by lower speeds it takes more than 365 days to spray all the trees per year. Also, the milking 
has to be performed at certain times of the year (see Figure 52). In the winter, for example, it is not 
favourable to spray and also during the other seasons there is most likely much fluctuation in the 
amount of taxa nes that can be harvested. 

To keep some flexibility, the spraying time per tree has to be lower than or equal to 2 min . (86 days). 
This is an immense difference with the 30 min . spraying time that it takes by the experiments. This 
gap cannot be overcome by spending more time on the design and making small adjustments. The 
only way to solve this problem is by improving the mechanism. The taxanes have to get out quicker. 
To increase the speed, it needs to know how the mechanism of mobility of taxanes exactly works. 
With this knowiedge, the key question of how to increase the flow rate of sap together with taxanes 
in getting out the needie might be found. Once the answer is found and the mechanism is optimized, 
another try could be given to scale the system up and put it onto the market. 

Once a quick-moving device is developed, the economie evaluation could be extended with writing a 
proposal for a lease contract, or renting the device to plantation owners. When one machine can be 
used for multiple customers, the renting price can go down drastically. However, for our situation it 
is not of interest to discuss options like these. 
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13 Conclusion and Recommendations 

13.1 Conclusion 

The global market demand for paclitaxel and its precursors is much higher than the worldwide 
production . Forecasts show that the demand will increase rapidly with an annually rate of 10 to 20% 
per year up to 2011-2016, and th at the market will be solid for at least the next 10 years. This 
prediction is promising for the success of bringing a new technique to obtain taxanes onto the 
market. Based on our objectives, from the many techniques that could potentially be used to 
harvesting taxanes one technique was chosen. Electro spraying was selected due to the hopeful 
information that was received from a research group at the TU Delft regarding th is subject. The 
principle behind the electrospraying was investigated and a proposed transport mechanism of the 
taxa nes during the electro spray process was set up. 

The results of the house of quality were used to determine the focus of our design, to identify the 
contradicting requirements, and to define our product. Dur product will be a device that can be sold 
to yew tree plantation owners who make money from selling the clippings, as a way to produce extra 
taxanes. The geometry of the collection area, issues related with the electric field (voltage and 
distribution), and the design of the collection device (adhesion and chemical use) were given priority. 
The contradicting requirements were used to specify the design specifications. From the design 
specification a list with desired properties for the electrode and insulator was composed. These 
properties were in turn used to come up with a design that satisfied all these characteristics. 

The result is a taxa nes milking machine with horizontal plates at a distance of 10 cm from each other. 
By putting a voltage of about 4 kV on the electrode, an electric field will be generated around the 
needies which will cause the movement of needie sap toward the electrode. The electrode is made 
of copper and is moulded in the thermoplastic, poly-imide-amide (PAl) which will act as an insulator. 
At the top a 0.16-0.32 mm thin insulating layer will be put to allow the electric field to bypass it 
without much loss in its strength but avoiding short-circuiting. 

The bottom of the electrode will be consisting of a much thicker PAl layer to prevent interaction of 
the electric field of the different electrode plates. At the same time it will help to push the branches 
closer to the surface of the collection plate beneath it. The advantage of this is that the electric field 
strength is higher closer to the electrode, and that therefore a lower voltage can be used to obtain 
the same electric force. 
The extract released by the needies of the yew will be collected in solid (when the needies do not 
tough the insulator) and liquid form (when the needies are in contact with the insulator). Another 
advantage of needies touching the insulator is that when they are in contact with the insulator, the 
release of needie sap can be enhanced by increasing the wetting properties of the insulator due to 
the affinity of the sap with the two surfaces. The surface of PAl is modified with UV treatment in 
order to make the contact angle of the sap with the needie greater than the contact angle of the sap 
with the insulator and increase the attraction toward the insulator. 

Since the extract is in solid and liquid phase on the insulator plate, a design was made where the 
extract is flushed away periodically with ethanol. By gravity, the solvent is collected from the slightly 
tilted plates to a place where the solution is stored under dark, cold conditions to slow down the 
degradation process. The entire device will be placed on a moving platform th at will be operated 
automatically. 
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From the economical evaluation, it was found by using the same conditions as by the small scale 
experiments that potential users will make no profit with our product. The amount of hectare th at 
can be covered by one machine is too small to get enough income from selling the taxa nes extract 
from it to balance out the costs. The time needed to get the maximum amount of taxanes out the 
needies by electro spray has to decrease from 30 min to less than 2 min. in order for our clients to 
make profit with our harvesting device. Without this huge improvement the future of our product is 
very sober. There will be reason to enter the market since success will most likely fail to occur. 
However, more research about the transport mechanism of taxa nes under influence of electric field 
might give a solution to speed the process up. Right now, no clear explanation is available. In the 
future, when th is subject might get deeper investigation, ways to increase the movement of taxanes 
might be found. Therefore, we strongly recommend more research regarding the transport 
mechanism of taxanes inside the needie before more steps toward commercialization of this product 
are considered, which is expanded in more detail in the following paragraph . 

13.2 Recommendations 

The design of a device to harvest taxanes with electro spraying was hindered by the limited amount 
of information available about the subject. Therefore, the following recommendations for future 
research regarding th is subject are done: 

More research about the basic mechanisms: 
~ The biologica I background of where taxanes are produced, how it is transported, and where 

and how it is stored 
~ The composition of the extracellular sap and the sap that comes under influence of electro 

spraying out of the needies 
~ More reliable data about the composition of the extract after it is sprayed, and the 

composition change over time (degradation of taxanes, water content/evaporation ratel 
~ The mobility of taxanes; in which form it is transported (dissolved, in colloids, or another 

form), and how the mobility of taxa nes is influence by an electric field 
~ The electricity loop through the earth, tree and electrode; how ions and electrodes are 

involved in the electricity loop 

With th is information it is hoped to answer the unanswered questions in our report and verify our 
proposed theories. The information is crucial to improve the efficiency of the machine. The only way 
to improve the design of the machine is to get a better understanding about the background 
information. Once the rate limiting step of the mobility of taxanes is found and the mechanism 
behind it, it is easier to tune th is step to increase the production. Besides that, correct information is 
therefore very important to have a sound basis for the design. In th is report a lot of values are based 
on assumptions, which decreases the accuracy of the results. 
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14 Evaluation of the project 

This report is the result of five master students' intensive work over a period of three months. While 
in the beginning the cooperation between the members of the team was far from optimal, af ter a 
few weeks the teamwork already had improved significantly. The group was quite diverse; the 
members have different backgrounds with respect to study and origin. Two have done their bachelor 
abroad, in Cincinnati (USA) and in Singapore respectively. The remaining three did their bachelor at 
the TU Delft, two did the bachelor Chemical Engineering and one the bachelor Sustainable Molecular 
Science & Technology. This diversity was very useful, since it enabled us to approach the problems 
from different point of views. The specific knowledge that was available was used if problems in that 
particular field came across. The latter aspect, the difference in the origin of the group members, 
caused some trouble in the beginning of the project, but further along the road the 
miscommunication reduced a lot. It was a very valuable experience to work in a bicultural group; it is 
an experience that will definitely be helpful in the future, whether it is for a next project at the 
university, at a company, or in daily life. 

It was rather disappointing to reach the conclusion that our product is not ready for the market. This 
could have been avoided by doing more market research and getting more data about the small scale 
experiments before the topic was chosen. Each of us had the impression during start-up of the 
project tnat the technique was much more mature and the yield woul!ibe much highe Afterwards, 
the electrospraying of yew trees seems to be a technology that is too early in its development to be 
made into an intended product. 

Nevertheless, we are still proud of our work and happy with the final result. We ventured ourselves 
into a very challenging topic and went through the entire product design process. We have done 
extensive research and have gained a lot of knowledge in many different fields. This combined with 
our chemical engineering knowledge was integrated in the complete design of our product. 
The design is a result of some very fruitful and interesting brain-storming sessions, which helped us 
to generate numerous creative ideas. Team-building events, such as the Belbin personality test (see 
Appendix H), the peer review, and even the dinners together have helped us to understand each 
other, improve the communication and work together better. Therefore, we believe that our product 
design is a good demonstration of our creativity and teamwork. 

Furthermore, the design methodology that we devised - a combination of design tools and rules 
from chemica I engineering, industrial design and cradle to cradle - worked pretty weil. Applying the 
design method gave the project structure and direction. The industrial design tools of the 
morphological chart and the Harris profile were a very handy addition to the chemical engineering 
tools we used. We have also become even more famil iar with the house of quality and we think that 
it is a useful tooi to identify technical areas of focus for product design. It is a pity, on the other hand, 
that we could not implement all tbe tools and rules of t e_cr adle- o::cradle desi n method. One 
reasonls the fact that we are still inexperienced in the area of product design; this is only the second 
course where we had to design a product. This means that we had our hands full with learning to 
work together and applying the chemica I engineering tools and rules. The second reason is that 
applying sustainability gives a lot more work: making lists of all the possible materials and finding all 
information on their environmental advantages and disadvantages takes a lot of time. A final reason 
could be th at we put thr s of design methodologies together, and that it is difficult to integrate 
them and apply them consistently. We ound that cradle-to-cradle is more an independent method 
that is different from the chemical engineering method for product design we used, while the 
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industrial design tools could be integrated easily in the four design steps. We even think that they 
made our life simpier by giving even more focus and direction to the design process. 

Despite encountering some difficulties in the project, we believe we succeeded in fulfilling the 
requirements for the course Conceptual Product Design, to design a technically challenging chemical 
product. 
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list of symbols 

A [m2
] Surface area 

Co [F] Capacitance in vacuum 
C [F] Capacitance of the material 
CD [-] Drag coefficient 
D [m] Distance between the plates 
d [m] Droplet size 
E [Vlm] Electric field strength 
F [N] Force on a charged particIe 
g [mN] Gravitational acceleration 
h [m] Column height due to capillary force 
k [-] Dielectric constant 
K [Slm] Electric conductivity 
q [C] Droplet charge 

qmax [C] Maximum droplet charge 
Q [m3/h] Flow rate 
R [0] Resistance 
r [m] Radius of a sphere 
t [sj Time 
tr [sj Dielectric relaxation time 
V [V] Voltage 

Vair [mis] Velocity of air 

VI [mis] Velocity of the droplet 
x [m] Thickness of insulator 

y [N/m] = [J/m2
] Liquid surface tension of water 

Vlv [N/m] = [J/m2
] Surface tension of the liquid-vapour interface 

Vsl [N/m] = [J/m2
] Surface tension of the solid-liquid interface 

V,v [Nim] = [J/m2
] Surface tension of the solid-vapour interface 

Eo [C2/N ·m2
] Permittivity of vacuum 

E [C2/N'm2
] Permittivity of the material 

8 [degrees] Droplet contact angle 

P [O 'm] Resistivity 

Pair [kg/m3
] Density of air 

PI [kg/m3
] Density of water 

0 [O'lm'l ] Conductivity 
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