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Abstract 

ABSTRACT 

New Product Development (NPD) is important for an organization's growth, 

profitability and competitiveness . The product being developed depends on an 

organization 's unique context and could either be market-driven or technology-driven. 

Technology-driven product development begins with a new proprietary technology, and 

the firm then identifies products where the technology can be appl ied. Models like 

Technology Stage-Gate™ have been suggested for developing new technology-driven 

products. But this process has the drawback of iso lating the technology development 

process from the product development process. 

The present project began with the observ ation that New Zea land had an 

enormous amount of Pine wood fibre resource at her disposal, and there was growing 

research and use of wood fibre reinforced polymer composites worldwide fo r 

applications like automotive interio r components, decking, furniture, and so on. 

Development of commercial products with this material was limited to thermoforming, 

extrus ion, and compress ion moulding process . Although there was limited research 

initiated into injection moulding of pine wood fib re reinfo rced polymer composites, 

there was no documentation of the effect of varying the melt tem perature on the 

mecha nical properties of the materi a l. T here was also no documentation , either of 

commerc ial injection moulded products that have been manufactured with this material, 

or of the process that could be employed to develop commercial products with the new 

materi a l. 

This led to the broad research aim of identify ing a commercia l product idea that 

could be manufactured by injection moulding the composite material that was 

developed using wood fibre a nd medium density polyethylene powder (rotational 

moulding grade) and to document the process adopted to achieve this . Some of the 

objectives were to document the properties of the compos ite material . that was 

developed without either pelletising, or modifying the properties of the wood f ibre by 

chemical means. The effect of change in fibre content, melt te mperature and fibre length 

were studied. The fibre content ranged from 10% to 40% (in steps of 10%), and the 

experiments were conducted at four melt temperatures (155° to 215°C, in steps of 20°C), 

and for two fibre lengths (up to 4mm, and between 4mm and 8mm). The resu lts of the 

experiments were statistically analysed us ing the • Analysis of Variance' method, for 

their significance. 
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II 

Abstract 
A new development model, "Technology Driven - Fuzzy Front End" (TD-FFE), 

was used to manage the "fuzzy" stage of developing the new material, identifying new 

product ideas, and analysing the product concepts. The model is discussed in detail. 

Brainstorming technique was adopted to identify new product ideas for the material. 

The effect of the increase in fibre content on the tens ile properties of the 

composite material was found to be more s ignificant, compared to the effect of melt 

temperature. The interaction between fibre content and melt temperature on the tensil e 

properties of the composite material was also found to be s ignificant. The results of 

testing the composite material indicated that addition of wood fibre to the polymer 

increased the viscosity of the polymer melt. T he density of the composite was found to 

increase with increase in fibre content (up to 40%). The tensile properties of the 

material increased stead il y with increase in fibre content up to 30%, after which it 

decreased. The maximum ultimate tensile strength was found to be about 20MPa (when 

moulded at l 75°C). 

The brainstorming technique was not found to be very su itab le for the current 

project as the number of new product ideas identified were very limited since there were 

cons traints on the material and manufacturing method to be used . Nevertheless, the 

method identified a building foundation insulation and boxing product. The 

performance of the product was simulated using COSMOS software and from the 

resu lts of the static stress analysis, it was concluded that the composite material had the 

required tensile strength to withstand the pressure exerted by wet concrete. A broad 

analysis to determine the financial viabi lity of the product was also conducted. It was 

found that it was cheaper to manufacture the new product than assemble the formwork 

boxing in the traditional method. It offered additional benefits like improving the 

insulation of the house, and the feel (or appearance) of the foundation, and also could 

reduce the construction time of the foundation. 

It is hence recommended that the product concept be investigated in greater 

detail by conducting consumer and market research to determine its commercial 

feasibility, and take it through to production and into the market. 
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1 

Introduction 

CHAPTER 1 

INTRODUCTION 

1.1 New Product Development 

New Product Development (NPD) is important for an organization's growth, 

profitability and competitiveness. Identifying and developing the right product that is 

either new to the market or far superior to a competitor's product is both challenging 

and formidable, and is the 'number one' factor of the product's success in the market 

(Cooper, 1994). It has been reported that as many as 3000 raw product ideas are 

required for one product to be commerciall y successful (Stevens and Burley, 1997). The 

product being developed depends on an organization's unique context, and could be a 

market - driven, technology - driven , platform, process-intensive, or a customised 

product. Firms adopting a technology-driven strategy begin with a proprietary 

knowledge (for instance, develop a new material, or an innovative processing method), 

and then look for appropriate products where the technology could be applied . Success 

rate of new products developed based on this strategy have been reported to be low, 

unless the technology offered a clear advantage in meeting customer's needs and 

suitable alternative technologies were unavailable, or very difficult for a competitor to 

utilize (Ulrich and Eppinger, 2000). 

The early stages of developing a new product are often considered to be chaotic, 

unstructured and unpredictable, and this phase has aptly been termed the 'Front End of 

Innovation' (FEI) (or Fuzzy Front End (FFE)) of the NPD process (Koen et al., 2002). 

This phase begins with experimental activity, with no forma l development structure or 

funding in place, and normally has uncertain revenue expectations. Koen et al. (2002) 

defined an 'opportunity' as, "A business or technology gap that a company or 

individual realises that exists between the current situation and an envisioned fature in 

order to capture competitive advantage, respond to a threat, solve a problem, or 

ameliorate a difficulty". An ' idea' was defined as, "The most embryonic form of a new 

product or service". 

The present study was initiated considering the enormous wood fibre (radiata 

pine) resource that New Zealand had at its disposal. There was a need to identify an 

opportunity and a viable product idea that could take advantage of the abundance of this 

resource. To achieve this aim, the study considered the research conducted worldwide 

with similar materials that employed processing methods for high volume production. 
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2 

Introduction 
Given the popularity of injection moulding as a manufacturing process and the 

abundance of wood fibre, the research developed a new wood fibre reinforced polymer 

composite material that was cheaper and eco-friendly. As a part of the investigation into 

the "Fuzzy Front End" of the product development process, the research studied some 

of the properties of the composite. Product ideas to apply the material were considered. 

In this context, the problems experienced by the NZ building industry in constructing 

foundations was researched, which led to the exploration of a product concept that was 

injection moulded and manufactured with the composite material. 

Various types of composite materials have been used for automotive, aerospace, 

and defence applications. Carbon fibre, glass fibre, aramid fibre, and Kevlar® have been 

used for reinforcing polymers. Although these materials are popular because of their 

low weight, high strength and stiffness, they are very expensive, and lately have been 

found to harm the environment, as they are not easi I y recyclable (Peterson et al., 2002). 

This has made it necessary to look for alternate eco-friendly and renewable resources 

for reinforcing polymers, wherever feasible. Natural fibres from crops like hemp, sisal, 

and flax have been found to have mechanical strength comparable to that of glass fibre 

(Hepworth et al., 2000; Zafeiropolous et al., 2002a). Moreover, they are cheap, 

renewable, biodegradable, and have a very low density. The use of natural fibres for 

manufacturing composite materials has been on the rise over the last decade and it is 

expected that this trend wil I increase in the years to come (Principia Partners, 2003). 

1.2 Birth and growth of Wood Fibre Reinforced Polymer (WFRP) composites 

Over the last few years , there has been a growing need to reduce the 

environmental impact of materials, which has led to the development of new materials. 

In light of growing petroleum shortages, rising prices of commodity polymers, and 

pressure to decrease the dependence on petroleum products, there is an increasing 

interest to maximise the use of renewable resources contributing to the development of 

new agro-based composites (Rowell et al., 1997). A perusal of the literature shows 

increasing research being conducted world-wide, in the area of wood fibre reinforced 

composites (WFRP) (Karmaker and Youngquist, 1996; Balasingam, 1997; Coutinho et 

al., 1997; Lee and MacDonald, 2000; Balasuriya et al., 2001; Marek and Widdecke, 

2001; Abdalla et al., 2002; Peterson et al., 2002; Jayaraman, 2003). The resulting 

material has superior properties when compared to the properties of the individual 

materials, and finds structural and non-structural applications (Peterson et al., 2002) 
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Introduction 
According to a market study undertaken by Principia Partners, a leading 

consulting firm serving the wood fibre-polymer composite industry, demand in North 

America and Western Europe for products made from this material was l.3billion 

pounds (approx. 590million kilograms) in 2002, a growth of 20% from 2001 levels . 

Principal markets in North America where this composite material was applied were 

building and construction (decking & railing systems, window & door profiles, and 

shingles), infrastructure (structures like boardwalks and docks), and transportation 

(automotive interior panels, spare tyre covers). In Western Europe, although the market 

for WFRP products is still in its infancy, automotive applications dominate its use, 

accounting for over 50% of the overall consumption. The study projects the market to 

grow at an annual rate of 14% in North America, and at 18% in Western Europe till 

2010. Specifically , it has been projected that the market demand for injection moulded 

WFRP products will increase to US$300 million by 2007, from the present US$15 

million (Principia Partners, 2003). 

Wood fibre reinforced polymer composites have been used in a variety of 

structural and non-structural applications, like automotive interior components, building 

products, furniture, toys and playground equipment, and interior & exterior parts for 

houses (Bledzki and Sperber, 1999) . 

As was ml.!ntioned earlier, European and American automotive interior 

component manufacturers have been the major consumers of WFRP composite 

materials. Peijs (2002) reported the research conducted by various automotive 

manufacturers in the area of WFRP composites, in the development of specific 

automotive components. Daimler-Chrysler has produced several automotive exterior 

parts like underbody panels, flax-reinforced polyester engine (for their A-Class cars), 

and transmission covers for its travel coach. Audi has developed automotive interior 

door trim panels from polyurethane reinforced with flax / sisal non-woven mats. Ford 

has made considerable in-roads in the development of an injection-mouldable flax­

polypropylene (PP) grade of polymer, for the development of radiator grills and engine 

shields. Kafus Environmental Industries (a company that grows kenaf in Texas, USA) 

and Visteon (Ford's component subsidiary) have collaborated to develop and produce 

compression-moulded parts, based on non-woven mats of kenaf, hemp and PP. While 

the application of wood fibre reinforced polymer composite materials has been limited 

to substituting existing materials, it is the endeavour of the present research to identify 
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an application for this material that would lead to the development of "new-to-the­

world" products. 

The popularity of WFRP composites is driven by its attractive properties like 

recyclability (Kenny, 2001) when compared to glass reinforced polymers, apart from 

other properties like abundance of the resource, low cost, low density, and non-abrasive 

nature. For instance, Europe, after implementing the End of Life Vehicles Directive, has 

set its automotive parts recycling target at 85% (by weight) by 2006, and 95% by 2015, 

(Kenny, 2001). 

Most of the research into wood fibre based polymer composites has been 

conducted in Europe and North America, and has been limited to sisal, hemp, flax , jute 

and kenaf fibres. Only recently, softwood fibres like radiata pine have been used to 

reinforce polymers and process the material by injection moulding (Karmaker and 

Youngquist, 1996; Coutinho et al., 1997; Lee and MacDonald, 2000; Marek and 

Widdecke, 2001). A bulk of this research has been conducted in Australia and New 

Zealand, because of the abundance of softwood fibres in these countries. 

New Zealand is known for its abundant forest resources, 89% of which is 

covered by radiata pine (Pinus Radiata D. Don) species (Kininmonth and Whitehouse, 

1991; New Zealand Forestry statistics, 2002). Primarily applied in the building & 

furniture industry, and for paper manufacture, these fibres are known for their 

versatility, and are used to manufacture plywood, particleboard, and medium density 

fibreboard. It is suitable for both interior and exterior use, in structural and non­

structural applications (Kininmonth and Whitehouse, 1991). 

Although WFRP composites have been injection moulded, the bulk of research 

into the use of wood fibre reinforced polymer composites has centred on extruding, 

compression moulding, thermoforming, and hot pressing. It has been acknowledged that 

the use of injection moulding has not been properly understood and needs to be 

explored seriously (Marek and Widdecke, 2001). Injection moulding offers advantages 

that other processing methods do not, like, product design flexibility, high volume 

production enabling part cost reduction, highly accurate parts with close dimensional 

tolerances, and improved mechanical properties . 

The use of WFRP composites is not without problems. Wood fibre is 

hydrophilic by nature, while the polymer matrix is hydrophobic. This makes the two 

materials incompatible, and affects the composite's fibre - polymer interfacial bonding. 

Various chemical treatments have been investigated to modify the structure of the wood 
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fibre to make it hydrophobic, so that the fibre - polymer interfacial bonding is improved 

(Lee and MacDonald, 2001; Eichhorn et al., 2001; Pickering et al., 2003). Wood fibre 

degrades at high temperatures. This restricts the temperature range at which the material 

can be processed, which in turn limits the types of polymers that can be used as a matrix 

material to develop the composite. 

1.3 Injection Moulded Radiata Pine Fibre Reinforced Polymer Composites: 

Properties and Applications 

The primary aim of the project was to identify a new product idea for the vast 

pine fibre resource available in New Zealand. In this context, the use of rotational 

moulding grade Medium Density Polyethylene (MDPE) as a polymer matrix for 

injection moulding the composite material was investigated. Rotational moulding grade 

of MDPE was used because it was readily available in powder form, and had a high 

melt flow index (low viscosity). Further, there was no documentation of the use of this 

grade for injection moulding WFRP composites. The properties that were measured 

were the tensile strength of the material, its thermal resistivity, and the percentage of 

moisture absorption. 

Researchers and material manufacturers are interested in determining the effect 

of injection moulding processing conditions, fibre content, and fibre orientation on the 

mechanical properties of composites, because such studies can help optimise the 

processing conditions for desired properties. The parameters that govern the injection 

moulding process are melt temperature, mould temperature, filling time, and packing 

pressure (Fung et al., 2003). There is no documentation in the literature on the effect of 

different melt temperatures on the properties of WFRP composite materials. Since 

temperature is crucial while working with wood fibre, the effect of different melt 

temperatures on the composite material was studied. Other variables studied were the 

effect of fibre length, and fibre content on the tensile strength of the composite material, 

which would help determine the optimum fibre content and melt temperature at which 

the sample could be moulded, so that the product had optimum strength. The results 

were statistically analysed to determine the significance of their effect on the tensile 

strength of the composite. 
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1.4 Research aim: 

To identify a viable 'new' product that could make use of the Radiata Pine fibre 

resource available in New Zealand, and be manufactured by injection moulding. 

1.5 Research objectives: 

la. To study the suitability of rotational moulding grade MDPE as a matrix 

material for injection moulded, radiata pine fibre reinforced polymer 

composites by determining its mechanical (tensile) properties. 

1 b. To study the effects of different melt temperatures, fibre content, and fibre 

length on the composite's properties. 

2. Use a systematic process to identify an application for the material. 

3. To develop an idea that stems from the opportunity and research a practical 

product that would utilise the composite material. 

The project began with the study of the literature on Radiata Pine fibre to 

understand its properties and the methods used to add value to it. Experiments with the 

wood fibre-polyethylene mixture then commenced to develop a composite material. The 

properties of the resulting composite material were tested. A systematic process was 

adopted to identify new products that could utilise the material. Once the possible 

product was identified, it was realised that the material had to be tested to understand 

some of its other properties. Its performance was simulated using computer-aided 

analysis software. The project concluded with defining a specification of the proposed 

product and suitability of the composite material for manufacturing the product with it. 

1.6 Research outcomes: 

1. List of properties of the material. 

2. Product specification of the proposed product, including material test 

results, basic design, and analysis of the concepts designed in CAD, with a 

broad financial model. 

3. Documentation of the model adopted to develop the 'technology-driven' 

product. 

4. Recommendations for further development of the proposed product, and 

future research in the area of injection moulded wood fibre reinforced 

polymers. 
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1. 7 Organization of the thesis 

The flowchart in Figure 1.1 shows the complete process adopted for developing 

the wood fibre composite material and identifying the product idea, which will make 

use of the new material. 

Phase 1: Material Development & Testing 

i------------------------------------t---------
1 

I 
I 
I 
I 
I 
I 
1 Problem solving 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Radiata Pine 

Drying of fibre 

>t 
Fibre separation 

1 _______________________ _ 

I 1----------------------, I 
1 Product Development1 1 
I { I I 
I I I 

Polyethylene powder 

t 
Dry mixing 

t 
Injection moulding 

t 
Testing of properties 

FracturJanalysis 

I . . I J 

1 Brainstorming < 1 1 Material attributes 
1:1 I I L ____________________ --: L ____________________ _ 

'------->- Possib le product ideas 
I I 
I J I 
J 'f I 
1 Product idea evaluation __ __, 1 
I I 
I J I 

I 'f : 
i Financial analysis < Product concept modelling in CAD 1 

I J I 
I 'f I 
I I 
1 Concept Definition ,t : 
~----------------------------------~-----------1 

Phase 2: Product Development & Analysis 

Figure 1.1 Flowchart of the WFRP composite development process employed 

The entire project can be divided into two phases. The development of the 

material and testing of its properties was conducted during Phase 1 of the project and 

the identification of product ideas, evaluation of the product idea (for instance, testing 

of some other properties of the material that might be required for the product idea at 

hand) and concluded with a financial analysis and concept definition. 

The next chapter reviews the developments , emerging technologies, and 

research that have been conducted in the area of wood fibre reinforced polymer 
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composites. This includes properties of the fibre, influence of polymer matrix on the 

properties of the composite material, processing methods adopted, with the mechanical 

properties of similar composites. Chapter 3 details the methods adopted for testing the 

composite material and the results of the tests. In Chapter 4, structured models used for 

idea generation, product development and analysis of the product concepts are 

discussed. A new model to manage technology driven product development is proposed 

and discussed in Chapter 5. The approach of the project is also critically analysed, and 

recommendations made for future research. The thesis concludes with Chapter 6, in 

which inferences are drawn. 
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CHAPTER2 

LITERATURE REVIEW 

Literature Review 

The project began with the author reviewing the literature on wood fibre 

reinforced polymer composites to understand the advances made in the area and also to 

identify gaps in the literature, which could provide a ground for new research. The first 

step of the project was to understand the structure and composition of the wood fibre , 

and how it affects the mechanical properties of the composite material. This chapter 

concisely reports the latest advancements made, and the areas that have not been dealt 

with in the literature, which would be studied in this project. 

2.1 Introduction to wood fibre reinforced polymer (WFRP) composites 

The growth of environmental awareness has led to the use of natural fibre 

reinforced polymer (NFRP) composite materials in automotive interior panels and as 

building materials , since the early 1980s (Olesen & Plackett, 1999; Jayaraman, 2003). 

In the early 1990s, composites made of wood fibre - polypropylene were successfully 

used in the manufacture of deck boards, landscape timbers, and industrial flooring . In 

the year 1996, some of the US companies specializing in wood and natural fibres began 

producing compounded pellets for processors who did not do their own compounding. 

In 2000, wood and natural fibres accounted for 7% of the 250 million kilogram market 

for fi llers and reinforcements in the United States, which depicted a 135% increase in 

the demand for these reinforcement materials, since 1990, with the bulk of growth 

taking place after 1995 (Clemons, 2000). 

In addition to being recyclable, WFRP composites are in general lighter than 

man-made composites, and have mechanical properties comparable to those of glass 

fibre composites (Hepworth · et al., 2000). Some of the properties of natural fibres, 

which make their application attractive, are (Stamboulis et al., 2001): 

1. Renewable and abundantly available 

2. Low cost 

3. Low density 

4. Good thermal and acoustic insulation 

5. Tensile and impact strength are comparable to that of glass fibres 

6. Non abrasive to tooling 

7. Biodegradable 
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Some of the disadvantages of natural fibres are: 

1. Moisture absorption 

2. Dimensional instability 

3. Anisotropy of the fibre and low transverse strength 

4. Incompatibility between the polar fibre and non-polar polymer matrix, results in 

poor interfacial bonding 

5. Low thermal resistance 

6. Discontinuity of the fibre 

7. Seasonal variations in quality 

8. Demand and supply cycles 

For the development of any commercial product, there must be a guaranteed 

long-term supply of agro-based resources (Rowell et al., 1997). The resource must 

preferably be locally available and abundant in supply. Although the properties of the 

product being manufactured drives the final choice of material , factors like seasonal 

growth of the crop from which the fibre is extracted, requirements for harvesting, 

separating, cleaning, storage, drying, handling, and transportation of the wood fibre also 

need to be considered. 

New Zealand has a plantation forest area of 1,799,000 hectares (April 2001 

figures). The species of trees grown in NZ plantation forests include Radiata Pine 

(Pinus radiata D. Don), fir, and various other types of softwoods and hardwoods. 

Radiata pine accounts for 89% (1,608,000 hectares, April 2001 figures) of the plantation 

forest area in NZ (New Zealand Forestry Industry Facts and Figures, 2003). Compared 

to the extensive research and use of natural fibres like sisa l, jute, hemp, kenaf, and flax, 

only limited documentation has been found on the use of radiata pine fibre as 

reinforcement for thermoplastic polymers. 

Radiata pine is a short length fibre, medium density softwood. Its fibre length 

varies from 4mm to 8mm. Although native to California, it actually grows faster in NZ 

because of the ideal climatic and soil conditions, and advanced forest management 

techniques (Forest Enterprises Ltd., 2003). The fibre cells have uniform density and 

strength, although the cells near the centre of the trunk are definitely shorter and 

weaker. 
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2.2 Structure of wood fibre 

An enhanced use of wood fibre for the manufacture of industrial commodities or 

niche products with minimal adverse environmental impact requires the knowledge of 

its basic structure, composition, and properties. The chemical composition and 

organization of wood fibre is first discussed in general, followed by the properties of 

wood fibre. The structure and properties of Radiata pine, and its use in this study is then 

elaborated upon. 

2.2.1 Chemical composition 

Wood fibre is composed of organic chemical substances, produced in the living 

cells of a tree near its cambium, and is classified as either (a) cell wall components or 

(b) extraneous substances called 'extractives'. 

The cell wall components form the structural member of the wood cell and 

determine the physical properties of wood. Cell wall components can be classified as 

carbohydrates or phenolics. Carbohydrates are linear polymers and account for 75% of 

the woody substance. Most of the phenolic material is lignin. Extractives can be 

important modifiers of the physical properties of wood. They can, for instance, affect 

the moisture content of wood. When extractive free wood is delignified under 

conditions that retain the carbohydrate fraction , the product formed is called 

holocellulose. Holocellulose can be separated into cellulose and hemicellulose. 

a. Cellulose: 

Cellulose is the primary component of the cell wall, and is composed of linear 

chain of glucose molecules. It consists of ~-D-glucopyranose, with each glucose residue 

containing three hydroxyl units, and hence has a marked affinity for water. The swelling 

due to absorption of water is limited to the amorphous region of the fibre. It is a 

remarkably strong polymer and imparts tensile strength to wood, due to its highly 

crystalline nature. It undergoes gradual thermal degradation on heating at temperatures 

of around 250°C, and rapid pyrolysis above 250°C. 

b. Lignin: 

Lignin is a three dimensional complex polymeric substance. It is a completely 

amorphous substance, which softens at 165 to 175°C. It is responsible for the 

compressive strength of wood. Although it contains hydroxyl groups, it is hydrophobic 

in nature, and thus provides a certain degree of dimensional stability to the fibre 
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(Balasingam, 1997) by preventing undue swelling of the cell walls. It is responsible for 

providing structural strength to the fibre (Stamboulis et al., 2001). 

c. Extractives: 

These are present in very small quantities, and are responsible for increasing the 

specific gravity and lowering the equilibrium moisture content. They govern the 

durability, colour, odour, and taste characteristics of wood, and also provide resistance 

against decay and insect attack. 

2.2.2 Organisation of the cell wall 

This section describes the importance of microfibrils and their orientation, on the 

mechanical properties of the composite material. 

Cellulose molecules occur as discrete bundles called elementary fibrils, with an 

elliptical or rectangular cross-section. Each elementary fibril is composed of 50 to 80 

cellulose molecules, aligned with the fibril axis. An aggregate of these elementary 

fibrils, held together by hydrogen bonds, form micro fibrils. 

Figure 2.1 shows the longitudinal section of an elementary fibril. It can be 

observed that the crystalline regions (represented by 'C' in the figure) are more densely 

packed than the amorphous regions ('A'). Water is present in all the regions except the 

crystalline region. The shrinking or swelling of wood is primarily a result of the 

addition of water to the amorphous regions of the cellulose microfibrils . Gaps between 

microfibrils also aid in the absorption of moisture. The microfibrils are organized into 

lamina, which are further organized into thicker units called cell wall layers. The 

organization of the cell wall of various types of fibres is similar to that described below, 

with the only variation occurring in the thickness of the different layers. 

Lignin, hemicellulose 
and e Cellulose 

0 

Figure 2.1 Longitudinal section of an elementary fibril (Bodig and Jayne, 1982) 
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Figure 2.2 shows the model of the cell wall layer. The compound middle lamella 

consists of the middle lamella (M), which acts as a bonding medium for interconnecting 

the cells, and the primary wall (P). The secondary wall is composed of three distinct 

layers, S1, S2, and S3. The layer S2 is the thickest of the three layers . The angle between 

the fibre axis and the microfibrils is called the microfibril angle. An important feature of 

these layers is the orientation of the microfibrils; especially layer S2, where it is oriented 

at 10° to 30° from the cell axis, because of which, this layer tends to influence the 

behaviour of the fibre as a whole (Donaldson and Burdon, 1995; Jayaraman, 2003). The 

smaller the angle of the microfibril , higher is the tensile strength, while larger 

microfibril angles result in higher elasticity (Donaldson and Burdon, 1995). 

Microfibril arnde 

p 

M 

Figure 2.2 Cell wall model of a softwood tracheid. (Bodig and Jayne, 1982) 

Thus , microfibrils and their orientation within the wood fibre play a significant 

role in determining the mechanical properties of the resulting composite material. But 

having said that properties like density, specific modulus, lignin content, and so on, 

should also be considered before the final decision is made on the choice of fibre used 

for developing the composite material. 

2.3 Properties of wood fibre 

Traditionally, various types of bast fibres Gute, hemp, and flax), leaf fibres 

(sisal) and seed fibres (cotton, kapok, coir) have been used for reinforcing polymers to 
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manufacture composites. Wood fibres are intrinsically anisotropic in nature, with widely 

varying properties (An anisotropic material possesses different properties in 

longitudinal and transverse directions). Its properties vary at various parts of the tree, 

between trees, and between various sites of plantation (Donaldson and Burdon, 1995). 

Comparative properties of some of the lignocellulosic fibres with glass fibres are given 

in Table 2.1, from which it is apparent that although natural fibres impart lower 

strength, their low density result in their specific strength and stiffness being 

comparable to that of glass (Brouwer, 2000; Biswas et al., 2001). 

Properties Glassa Flaxa Hempa Sisala Radiata 
Pineb 

Density (gm/cc) 2.55 1.4 1.48 1.33 0.46 

Lignin (%) - 3-5 3-5 4-5 27 

Cellulose (%) - 65-85 65-85 85-88 40 

Tensile strength (MPa) 2400 800 - 1500 550 - 900 600- 700 107 - 125 

Tensile modulus (E) (GPa) 73 60 -80 70 38 22 

Specific Modulus (E/density) 29 26 - 46 47 29 47.8 

Elongation at failure (%) 3 1.2 - 1.6 1.6 2-3 8 - 10 

Microfibril angle (Deg.) - NA NA 10-22 28 

Average fibre length (mm) - NA NA NA 2-8 

Moisture absorption (oven-
- 7 8 11 4.5 

dry) (%) 

Price/Kg (US$), raw 1.3 1.5 0.6 - 1.8 0.6- 0.7 0.6 - 0.75 

Table 2.1 Propenies of some selected natural fibres and glass fibre. (NA: Data not 

available) (aMwaikambo and Ansell, 1999; Brouwer, 2000; bKininmonth & 

Whitehouse, 1991 ; Eichhorn et al., 2001; Abdalla et al., 2002) 

It has been acknowledged that the mechanical properties of WFRP composites 

depend on the cellulose & lignin content, degree of polymerisation, microfibril angle, 

strength of the fibre & resin, fibre length, fibre diameter, fibre fraction volume, 

orientation of the fibre in the composite, the interfacial bonding between the fibre and 

polymer, the location from where the fibres have been extracted, and whether the fibres 

are in filament or bundle form (Joseph et al., 1995; Mwaikambo, 1999). Fibres with 

higher cellulose content, higher degree of polymerisation, and lower microfibril angle 
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exhibit higher tensile strength and modulus. The length of the fibre also plays a role in 

the strength on the fibre composite. The fibre must be above a critical length, which is 

dependent on the method adopted to process the composite mixture, and the fibre -

polymer interfacial bonding. As the bonding increases , the critical length decreases. The 

strength of the composite increases with increase in fibre length, but beyond the critical 

length, the strength decreases (Joseph et al., 1996). On the other hand, Karmaker and 

Youngquist (1996) noted that for the composite to be able to withstand the maximum 

stress, the fibre length had to be considerably more than the critical length , since at the 

critical length, the average stress transferred was only half of what was achieved by 

longer fibres . They also reported that processing methods like injection moulding 

caused significant attrition (wear and tear of the fibre), which could reduce the length of 

the fibre. 

Apart from these material-specific variables, processing conditions like 

temperature and curing time (or consolidation time) also affect the mechanical 

properties of the composite (Peterson et al., 2002; Fung et al., 2003). These will be 

discussed later in this chapter. 

2.4 Use of Radiata Pine fibre for this study 

As can be observed from Table 2.1, the primary advantage of Radiata Pine is its 

low density, and high lignin content. The high lignin content of Radiata Pine fibre 

indicates that it is predominately hydrophobic in nature (Lee and McDonald, 2001; 

Abdalla et al., 2002). If the absolute tensile strength or modulus of the various 

composite materials is compared, it is seen that the properties of Radiata Pine fibre are 

lower, which can be attributed to its high microfibril angle and low cellulose content. 

The specific modulus is a better measure of a composite material 's structural strength 

than the absolute tensile strength (The Japan Carbon Fiber Manufacturer's Association: 

Glossary). Radiata pine fibre composites can therefore be recognized as a light 

structural material with high mechanical strength . It should be noted that the mechanical 

properties of other WFRP composites are the result of chemical modification of their 

structure, use of processing methods like compression moulding and thermoforming 

where the fibres are not subjected to high temperatures, and use of thermosetting 

polymers. 

There is little information in the literature regarding the critical fibre length of 

the radiata pine. In the current research, an attempt has been made to determine the 
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effect of fibre length on the tensile strength of the composite material. The comparison 

has been limited to 10% fibre content. 

The following sections detail the advancements made in various areas of the 

subject: processing of wood fibre composites, the chemical treatment to improve the 

interfacial bonding between the fibre and the polymer. 

2.5 Feeding of fibre-polymer mixture 

One of the issues to be considered while working with WFRP composites is the 

consistency of the mixture. When dealing with huge volumes and different ratios of 

fibre and polymer, it is necessary that the ratios are consistently accurate. This is 

necessary, if the properties of all the products moulded are to be uniform. 

It has been an industry standard to compound and pelletize the mixture in a twin 

- screw extruder, because it served two purposes: 

1. It is easier to feed pellets into an injection moulding machine than to directly 

feed the mixture. 

2. The natural fibre and polymer (in granule form) are homogeneously blended 

such that the fibre is uniformly distributed in the polymer melt. This would 

improve the mechanical properties of the composite. 

The disadvantages of pre-processing the fibre-polymer mixture in this form are: 

1. The properties of the fibre would deteriorate considerably if the fibre - polymer 

mixture are initially compounded at 180°C (Coutinho et al., 1997) and then 

subsequently injection moulded at a comparable temperature. 

2. It would increase the cost of the manufacturing process, and hence of the final 

product. 

For these reasons, the use of an extruder to homogeneously mix the fibre and 

polymer prior to injection moulding has been avoided in this project. 

2.6 Influence of the polymer matrix 

The matrix in a fibre-reinforced polymer composite material binds the fibres 

together, transfers applied load to these fibres, and protects them from harmful 

environmental effects. The requirements for the use of natural fibres to reinforce 

thermoplastic polymers are: 

1. Melting temperature should be lower than the degradation temperature of natural 

fibres (that is, less than 200°C) 

2. Adequate fibre wettability 
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3. Fibre - matrix bonding aided by mutual compatibility. The fibre must have as 

low moisture as possible in order to bond effective ly with the polymer matrix. 

A wide range of polyolefins has been employed as matrix for wood fibre 

reinforced po lymers . Lee and McDonald (200 1) assessed the mechanical properties of 

blends of radiata pine with three commodity plastics Low Density Polyethylene 

(LDPE), Polypropylene (PP), and Polystyrene (PS). They observed the greatest 

improvement in propert ies in wood fibre - LDPE composites than fibre - PS or fibre -

PP composites. Since the fracture mechanism of fibre - LDPE and fibre - PS compos ites 

were due to fibre breakage, they concluded that LDPE and PS bonded well with the 

wood fibre, while the bonding was weak in the case of PP - wood fibre. 

McHenry and Stachurski (2002) experimented with eucalyptus fibre reinforced 

nylon composites. Nylon has polar groups in its s tructure and hence is hydrophilic in 

nature. The tensi le strength of the compos ites was fo und to be significantly higher w hen 

compared to the tensile strength of virgin Nylon bonds, w hich indicated that it was 

compatible with wood fibre. It has a melting point of 226°C. At this temperature, 

although the samples were subjected to degradation, it was kept as low as possible by 

minimis ing the consol idation time. 

Peterson et al. (2002) investigated the performance of reinforcing 

polyhydroxybutyrate - po lyhydroxyvalerate copolymer (Trade name: BiopoJTM) with 

wood fibre, and also the influence of f ibre volume fraction on the biodegradability of 

the composite. The level of moisture content in the biodegradable compos ite is not clear 

fro m the paper. In their research, Biopol™ was subjected to bacterial attack, w hich 

decomposed the composite into its constituents o f hydrogen, oxygen and harmless 

compounds . They concluded that the wood fibre act as conduits for the bacteri a and the 

presence of about 15% of wood fibre accelerated the degradation of the biocomposite. 

In thi s research, rotational moulding grade of medium density polyethylene 

(MDPE) (Trade name: COTENET"' 9048), supplied by KBL Rotational Moulders Ltd., 

Palmerston North was used as the polymer matrix. Some of its properties are given in 

Table 2.2. 

Property 
Density (gm/cc.) 0.946 
M elt Flow Index (gm/10 min) 5.5 to 6 

Melting temperature (°C) 115 

Table 2.2 Properties of COTENE™ 9048 
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TM 

COTENE 9048 is a medium density grade of polyethylene, and has a higher 

melt flow index than injection moulding grade of PE. Its density is even lower than 

injection moulding grade MDPE. Rotational moulding grade of PE was employed in 

this study for three reasons: 

1. It is readily available in the powder form. If the injection moulding grade of PE 

were to be used, it would require the granules to be ground in order to mix 

homogeneously with the wood fibre, or would require the use of a twin screw 

extruder for the purpose. Both these measures result in increasing the cost of the 

final product. 

2. It has a higher melt flow index, which is a measure of its viscosity. The viscosity 

of the molten polymer. increases on addition of wood fibre to the polymer, 

thereby making it difficult to process the material. In order to circumvent this 

problem, a polymer with a higher melt flow index needs to be used. 

3. The use of this polymer matrix would enable the author to study the critical 

length of the fibre. Berlin et al. (cited by Joseph et al., 1996) reported that as the 

flow rate of the matrix increased, the critical length of the fibre decreased. Two 

sets of fibre lengths have been experimented with in the present project - one set 

less than 4mm and the other greater than 4mm up to 8mm. In light of the 

observation cited by Joseph et al. (1996), it is expected that the critical length of 

the fibre would be less than 4mm. 

4. Until now, there is no documentation on the use of rotational moulding grade of 

PE for processing WFRP composites by injection moulding. The low melt 

temperature of this polymer is expected to aid in the manufacture of the 

composites by injection moulding, by minimising the degradation of the fibre. 

Its low viscosity (or high melt flow rate) is expected to aid the molten polymer 

in its flow between the individual fibres, thereby wetting the fibres better, which 

is partially responsible for improved interfacial bonding (Balasuriya et al., 2001; 

Jayaraman, 2003). 

2. 7 Processing WFRP composites 

WFRP composites are processed by various techniques, depending on the 

application of the product being manufactured. These methods include extrusion, hot 

pressing (McHenry and Stachurski, 2002; Jayaraman 2003), forming (Peterson et al. 

2002), thermoforming (Balasingam, 1997), compression moulding (Balasuriya et al. 
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2001, Abdalla et al. 2002) and injection moulding (Kramer and Youngquist, 1996; Lee 

and McDonald, 2001; Marek and Widdecke, 2001, Fung et al., 2003). 

Although injection moulding is "a flexible process offering Jar more 

opportunities than extrusion, especially for small parts, making it feasible to 

manufacture high-value products" (Beldzki and Sperber, 1999), it has not been 

investigated extensively primarily because researchers are of the opinion that "the 

process requires expensive machinery and the high processing temperatures associated 

with the process would degrade the fibres" (Jayaraman, 2003). 

Injection moulding caused a significant reduction of fibre length, due to constant 

stress and shearing action of the screw in the machine barrel, as reported by Karmaker 

and Youngquist (1996). This caused long fibres to break and reduced the average fibre 

length to less than the critical length. 

Balasuriya et al. (2001) studied the effects of processing methods (compounding 

vs. manual blending) and matrix melt flow rate (medium vs. low melt flow rate) on the 

mechanical properties (including overall flake wetting and flake distribution) of woor! 

flake - polyethylene composites. The length of the wood flake ranged from 1mm to 

4mm. The mixture was compression moulded after compounding or blending the 

mixture manually . They reported that flake wetting was dependent on the melt flow 

index of the polymer, than on the blending method. The tensile strength of the samples 

moulded after compounding was found to be higher than the manually blending the 

mixture. During compression moulding, the mixture is compressed under heat and 

pressure in the mould, and there is no relative movement between the fibre and polymer 

melt to orient the fibres, as in the case of compounding or injection moulding. 

Lee and McDonald (2001) studied a practical method for blending and injection 

moulding radiata pine fibre with various polyolefins. The blends were in the form of 

pellets compounded using a single and a twin screw extruder. The barrel temperatures 

of the extruder in the two cases were 140°, 170°, 200°C and 150°, 170°, 200°C for 

LDPE, PP and PS respectively. The barrel temperatures while injection moulding 

LDPE, PP, and PS were maintained at 170°, 185° and 210°C respectively. The wood 

fibre was not treated prior to compounding or injection moulding. They reported that 

there was a decrease in tensile strength with increasing fibre content for LDPE and PP 

composites. They observed fibre fracture in the fibre-LDPE composites, which 

suggested that there was good adhesion between the fibre and the polymer. 
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Marek and Widdecke (2001) investigated the feasibility of injection moulding 

sisal fibres impregnated with cellulose acetate polymer. They reported that the strength 

of the composites increased when compared to the strength of virgin plastic. Increase in 

fibre content (from 11 % to 30% by weight) increased the tensile, flexural and impact 

modulus of the composite. This was primarily because of the polar nature of the matrix, 

which aids in bonding with the sisal fibre . 

Abdalla et al. (2002) processed silane-treated radiata pine reinforced 

polyethylene composite sheets by compounding and extruding. The extruder 

temperature was 165°C, and the wood fibre was compounded twice for maximum 

homogeneity. They reported that the tensile strength of the composite sheets decreased 

as the fibre content increased beyond 5% . They attributed this decrease to the effects of 

increased fibre agglomeration at higher fibre content. As in the case of Lee and 

McDonald (2001), the fibre-polymer mixture was subjected to high temperature and 

pressure during compounding and extruding, which could have degraded the fibre. This 

resulted in reduction of the tensile strength of the composite with increase in fibre 

content. 

Peterson et al. (2002) experimented with processing a biodegradable composite 

sheet manufactured with wood fibre - Biopol™, by hot-pressing / thermoforming. 

Among the many aspects studied, they observed the interaction between platen 

temperature and conso lidation time. They noted that when the fibre volume fraction was 

kept constant at 18%, tensile properties of the composite material decreased at higher 

temperatures (from 210°C to 240°C) with longer consolidation times. This is a key 

observation, as a similar study (effect of melt temperature) is being attempted in this 

project. 

Melt temperature 1s an important processing parameter m injection moulding 

which has an effect on the product's quality and mechanical properties . The cylinder 

temperature and the nozzle temperature of the injection moulding machine is normally 

taken as the temperature of the melt. Some of the problems associated with low melt 

temperature are improper filling of the mould, flow lines appearing on the product; 

while high melt temperatures lead to flashing in the part, discolouration and burn marks , 

and sink marks appearing on the part (Rubin, 1973). There is no documentation in the 

literature regarding the effects of change in melt temperature on the mechanical 

properties of WFRP composite materials. 
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Jayaraman (2003) experimented with reinforcing PP with sisal fibres. Fibre mats 

were formed using a drop feed technique for the fibre, which eliminated any possible 

degradation of the fibre. Composite sandwiches were produced using vacuum forming 

and hot pressing techniques, and it was reported that the tensile strength initially 

decrease and then increased with fibre content up to 25%. It was suggested that at low 

fibre contents (9%) the fibre behaved like fillers and did not reinforce the composite, 

resulting in the reduction of its tensile strength. 

2.8 Chemical treatment 

Results published in the literature indicate that chemical treatment or the use of 

coupling agents for natural fibres like sisal, jute, flax, and hemp improved their ability 

to reinforce polymers, when compared to fibres that have not been subjected to such 

treatments (Karmaker and Youngquist, 1996; Coutinho et al., 1997; Abdalla et al., 

2002). As explained earlier, natural fibres are prone to moisture absorption, poor 

wettability, and thermal & dimensional instability due to their structure and 

composition. Cellulose is hydrophilic by nature, and any increase in its content in wood, 

would prove detrimental to the properties of the composite (Kininmonth and 

Whitehouse, 1991). These fibres are polar in nature do not adhere well with polymer 

matrices, some of which are non-polar. Fibre - fibre interaction results from 

intermolecular hydrogen bonding, which limits the dispersion of the fibre in the matrix. 

The fibres are hence chemically treated by various methods to improve their structure, 

properties, and to aid dispersion of the fibre in the matrix. The following paragraphs 

explain the popular chemical techniques employed to achieve this. 

Many researchers (Karmaker and Youngquist, 1996; Coutinho et al., 1997; 

M waikambo and Ansell, 1999; Zafeiropoulos et al., 2002a) have investigated and 

documented the effect of various chemical treatments on fibres. Reactive chemical 

treatment methods depend on reagents, which can chemically modify the structure of 

wood by reacting with the hydroxyl groups present. Primary changes in wood properties 

after the chemical treatment include, increased resistance to bio-degradation, and an 

improvement in dimensional stability towards variations in humidity . The disadvantages 

of such chemical treatments are increase in the weight of the fibre and cost of the pre­

treatment process. Amongst the modifying agents used, the most successful are acetic 

anhydride, stearic anhydride, and methyl isocyanate. 

Injection Moulded Radiata Pine Fibre Reinforced Polymer Composites: Properties and 
Applications 



22 
Literature Review 

Acetylation (reaction using acetic anhydride) has been found (Zafeiropoulos et 

al., 2000) to improve thermal stability of flax fibres. The process imparts heat resistance 

to the fibres, which allows their use at elevated temperatures, for instance, to reinforce 

nylon. They have also found evidence that the process helps in reducing the swelling of 

wood in water, and improves the surface roughness and structure of fibres like flax, 

hemp, sisal, jute, and kapok (Mwaikambo and Ansell, 1999), which aids in improved 

interfacial bonding with polymers. 

Alkalisation, treatment with varying amounts of sodium hydroxide, is found to 

bring about crystalline modification involving fibril swelling, which is essential for 

fibre-matrix adhesion (Mwaikambo and Ansell, 1999). But this method has not been 

found to be always successful, since it is dependent on the concentration of sodium 

hydroxide used for the treatment (Abdalla and Pickering, 2002; Jayaraman, 2003). 

It is also possible to chemically treat the polymer matrix. Fung et al. (2003) 

investigated the effect of maleation of polypropylene on the interfacial bonding between 

the matrix and sisal fibre. They concluded that maleation of PP helped in reducing its 

glass transition temperature (T8), which improved interfacial bonding between the fibre 

and the matrix. This al lowed effective load transfer to the reinforc ing fibres in the 

compos ite. 

A perusal of the literature indicates that s ilane coupling agents are well suited to 

be used for treating radiata pine fibres (Balasuriya et al., 2001; Abdalla and Pickering, 

2002; Abdalla et al., 2002). The prerequisite for us ing this coupling agent is that the 

fibre needs to have a specific amou nt of moisture (10% by weight) within itself to aid 

the hydrolys is of silane to s ilano l, which then reacts with hydroxyl groups of the fibre 

surface. This reaction is aided by the presence of cellulose in the fibre. It has been 

reported that s ilane treatment process enhances the bonding of the fibre with the 

polymer at low fibre concentration (about 5%). At higher fibre concentrations, fibre 

agglomeration takes place, and pre-treatment with sodium hydroxide to reduce this 

effect have been unsuccessful (Abdalla et al., 2002). 

From the aforementioned discussion, it is apparent that radiata pme fibres 

possess the properties for reinforcing polymers and enhance the mechanical properties 

of the composite material. Considerable inroads have been made in treating the fibres 

for improved bonding with the polymer matrix. Further, the technology to reduce the 

processing temperature of polymers that have a high melting point also exists (Jana and 

Prieto, 2002). This would aid in processing the composite by injection moulding. 
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Research in great depth has been conducted in the area of enhancing the 

properties of WFRP composites, but little documentation regarding the application of 

composites manufactured without such enhancement. The present project aims to 

identify an application for a composite material developed by manually mixing wood 

fibre and MDPE powder, and processed by injection moulding. 

Section A of the next chapter "Testing of Composite Material: Methods" 

explains the methods adopted to mould and test the composite material, and Section B 

details the results of the tests. This is followed by the methods adopted to identify an 

opportunity, and develop a product idea that would utilise the composite material, and at 

the same time the results obtained are discussed. 
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CHAPTER 3 - SECTION A 

TESTING OF THE COMPOSITE MATERIAL: METHODS 

3.1 Introduction 

Over the past few decades, the advent of new materials has paved the way for 

developing new stronger and lighter products. Some of these new materials are carbon 

fibre, glass fibre, Aramid fibre, Kevlar fibre, and more recently, wood fibre reinforced 

polymers. The advantages and limitations of WFRP composites have been detai led in 

the previous chapters. This chapter will begin with the process adopted for developing 

the composite material. The methods used to measure its properties are exp lained, and 

the results of the tests are reported. 

3.2 Composite material development process 

Figure 3.1 shows the flowchart of the material development process adopted for 

this project. The radiata pine fibre was initially stored in a chiller at 4°C to prevent its 

possible degradation due to the absorption of atmospheric moisture. 

Radiata Pine 

t 
Drying of fibre 

Problem solving > {t 
Fibre separation 

Polyethylene powder 

t 
Dry mixing 

t 
Injection moulding 

t 
Testing of properties .....:::: - - -, 

FracturJ analysis 

f 
Material attributes 

t 
Phase 2: 

Product Development & 
Analysis 

Figure 3.1 Flowchart of the WFRP composite material development process employed 
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3.3 Measurement of moisture content in the fibre 

The most common method of determining the moisture content is by "lost 

weight method" (Bodig and Jayne, 1982) . The moisture content was initially found to 

be 11 %, and after oven drying, was found to be approximately 4.5%. The dried fibres 

were kept sealed in airtight plastic bags and refrigerated to prevent them from 

reabsorbing moisture. It was found that by this method, the fibre was affected due to the 

dampness in the refrigerator. The subsequent sets of dried fibre were kept in sealed 

plastic covers in a warm room at 34°C. 

3.4 Mixing of wood fibre and polyethylene powder 

This project aimed to eliminate the need to compound and granulate the fibre -

polymer mixture . The wood fibre was dried in an oven at 105°C to 4.5% moisture 

content by weight. The fibres were then sieved manually with a 4mm and 8mm mesh 

sieve, in order to separate the longer length fibres from the shorter fibres. A kitchen 

mixer was used for mixing the fibre and polyethylene powder. Efforts were first made 

to separate the clumped pine fibres , using the mixer at a high speed. Although most of 

the fibres were separated, agglomeration of the fibres could not be eliminated 

altogether. This was clearly evident, when the fibres (20% by weight, and above) were 

mixed with Polyethylene powder. While most of the separated fibres mixed 

homogeneously with the PE powder, small clumps of fibre surfaced to the top of the 

container holding the mixture, which were removed manuall y. A small proportion of 

clumped fibres still remained in the mixture. The extent of homogeneity was not 

determined. For the current project, chemical treatments or the use of coupling agents 

have not been employed to improve the structure and properties of the fibre. 

3.5 Injection moulding of test specimens 

All samples were moulded on a COSMO TTI-330/110 (manufactured by 

Welltec Industrial Equipment Ltd.). Dumb-bell shaped tensile test samples were 

moulded with the virgin polyethylene powder (rotational moulding grade), polyethylene 

granules (injection moulding grade), and wood fibre - polyethylene powder (rotational 

moulding grade). Due to time and financial constraints, standard test samples with 

dimensions conforming to ISO 527 could not be moulded. The dimensions of the test 

sample are given in Appendix A. 
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Two types of nozzles were employed for moulding samples at various fibre 

percentages . For the samples with 10% and 20% fibre content, the standard machine 

nozz le was employed . This nozzle had an opening diameter of 3.175mm. For moulding 

samples at higher percentages (30% and 40%), a custom nozz le was made of mild steel , 

so that its nozzle diameter could be varied as required. These samples were moulded 

with the custom made nozzle, with an orifice di ameter of 4mm. 

The injection mould used fo r moulding the samples was a s tandard two-plate, 

single daylight, single cav ity mould. The cav ity was gated with an edge gate at one end 

(at the portion used for gripping the sample in the tens ile testing machine) . No cooling 

system was incorporated in the tool. All the samples were cooled for 10 seconds in the 

tool and then air-cooled. Only enough material for moulding twen ty samples was 

introduced in the machine (at each temperature), in order to e liminate the effects due to 

degradation of the fi bre-po lymer mixture due to lo ng res idence time in the machine 

barre l. A fter changing the temperature, the machi ne barren was purged to remove any 

material res iding in it fro m the prev ious run. 

T hree sets of specimens, as described below, were moul ded. 

1. High Density Polyethylene (HDPE) granules of injection moulding (IM) grade. 

2. Medium Density Polyethylene (MDPE) powder of rotational moulding (RM) 

grade. 

3 . Mixture of wood fi bre and MDPE. 

For Sets 1 and 2, it has been documented that as the melt temperature inc reases 

(keeping the rate of cooling constant), the tensil e strength of the materi al increases, as 

the crystallinity increases (Rubin , 1972). These samples were moulded at 175°C. As 

indicated in Chapter 2 (page 20-21), there is no documentation of the effects of melt 

temperature on the tensil e strength of the WFRP composite. In li ght of this, for set 3, 

specimens were moulded at various temperatures in order to study the effect of melt 

temperature on the mechanical properties of the composite. The barrel temperatures (or 

melt temperature) were 155°, 175°, 195°, and 215°C. T wenty samples were moulded at 

each temperature. Since the mixture was in powder form, the materi al could not easily 

enter the barrel of the injection moulding machine, and required constant manual 

prodding. 
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For each temperature, the fibre content was varied progressively from 10% to 

40%. Table 3.1 (page 27) gives the details of the temperatures, fibre content, and fibre 

length used for the experiments. 

Inj. Temp. Av. Fibre length 
Trial Fibre: PE 

(oc) (mm) 

10:90 155 <4 

10:90 175 <4 
A 

10:90 195 <4 

10:90 215 < 4 

10:90 155 4-8 

10:90 175 4-8 
B 

10:90 195 4-8 

10:90 215 4-8 

20:80 155 < 4 

20:80 175 < 4 
C 

20:80 195 < 4 

20:80 215 < 4 

30:70 155 < 4 

30:70 175 < 4 
D 

30:70 195 < 4 

30:70 215 < 4 

40:60 155 < 4 

40:60 175 <4 
E 

40:60 195 < 4 

40:60 215 <4 

Table 3.1 Details of variables for testing of WFRP samples 

3.6 Tensile testing 

A JJ Tensile Testing machine (manufactured by JJ Instruments Pty. Ltd., 

Australia) was used for the tensile testing of the samples. A load cell of 5KN was used. 

The gauge length was 50mm. The crosshead speed was set at 50mm/min for testing the 
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samples moulded with virgin polyethylene, while for testing the wood fibre reinforced 

polymer samples, the speed was set at approximately Smm/min, in accordance with ISO 

527 (Plastics - Determination of tensile properties). A ll samples were tested at room 

temperature (.:::22°C ± 1 °). 

During the pilot test of the samples, it was observed that the gauge length of the 

test sample had a 0.3mm taper in it. This discrepancy of the sample resulted in its 

fracture at the location of its lowest cross-section. The injection mould was rectified, 

and new sets of samples were moulded and tested. 

3. 7 Microscopy 

An Olympus BXS I confocal microscope was used to study the fracture area of 

the tensi le test samples to anal yse the mode of fa ilure. Images of the area of the fracture 

were captured at 20x, w ith MagnaFIRE camera and image capturing software. 

3.8 Statistical analysis 

'Analys is Of Variance' (ANO VA) was used to determine the sign ificance of the 

experimental variab les namely, melt temperature, fibre content, and fibre length, on the 

mechanical properties of the compos ite material. The statistical package SAS Ver.8 was 

used to analyse the data. T he interaction between the melt temperature & fib re content, 

and melt temperature & fibre length were also analysed. The effect of an experimental 

variable was termed s ign ificant, if the probab il ity of its occurrence was less than 5% (p 

< 0.05). Appendix B gives the detai led input data, and results of the analys is. 

3.9 Water absorption 

For each fib re percentage (from 10% to 40%) , five tensile test specimens were 

kept immersed in water at room temperature for 24 hours. T he specimens were we ighed 

before and after immers ing in water. T he percentage of water absorption of the material 

was calcu lated. 

3.10 Colourability 

While moulding the tensile test samples, 2% b lack master-batch was added to 

the fibre-po lymer mixture. This was done to determine if the master-batch was able to 

imbue the wood fibre. Other colours were not experimented with s ince it hampered the 

microscopy analysis of the sample. 
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SECTIONB 

TESTING OF THE COMPOSITE MATERIAL: RESULTS 

3.11 Effect of addition of wood fibre to virgin plastic 

The injection pressure for moulding the tensile test specimens at various fibre 

content and melt temperatures is given in Table 3.2. As expected, it was observed that 

for a given fibre content, the injection pressure decreased with increase in melt 

temperature. On the other hand, for a given melt temperature, the injection pressure 

increased with increase in the fibre content. This indicated that addition of wood fibre 

increased the viscosity of the melt. 

Fibre content(%) 

Melt Temperature 
10 20 30 40 (oc) 

Injection 155 72 88 100 110 
Pressure 

65 82 88 110 (MPa) 175 
195 60 80 86 100 

215 57 77 81 95 

Table 3.2 Processing parameters for injection moulding the tensile test samples 

Table 3.3 below gives the densities of the samples at various fibre contents. At a 

given melt temperature, with the increase in fibre content, the density increased. For a 

given fibre content, it was found that the density increased with increase in melt 

temperature, except for samples with 10% fibre content where the density decreased 

with increase in melt temperature. 

Thus , the add ition of wood fibre to the polymer melt, results in the increase of 

the composite material 's viscosity and density. The increase in density of the composite 

material can be attributed to the increase in crystallinity of the polymer (Rubin, 1972). 

Fibre content ( % ) 

Melt Temperature 
10 20 30 40 (oc) 

Densitl 155 974 973 992 1024 
(Kg/m) 175 947 988 995 1055 

195 936 988 1002 1058 
215 935 988 1014 1065 

Table 3.3 Densities of the WFRP test samples at various fibre contents and melt 

temperatures. 
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3.12 Tensile properties of virgin HDPE, MDPE, and WFRP composites 

Table 3.4 gives the comparative tensile strength, tensile modulus, and 

percentage elongation at break for virgin HDPE and rotational moulding grade MDPE, 

moulded at 175°C. The tensile strength of HDPE was found to be in close agreement 

with the data published in the literature (Balasuriya et al. 2001). MDPE was found to 

have lower tensile strength. This is because it has a lower molecular weight than HDPE, 

and the results are in close agreement with polymer theory and published data (Rubin, 

1972; Balasuriya et al., 2001; 

http: //www. matweb .com/search/spec ifi cmaterial print.as p?bassnum=PD W 4 7 3). 

HDPE MDPE 

Tensile Strength (MPa) 20.5 18.33 

Tensile Modulus (GPa) 1.2a 0.2 

% Elongation at break 900 600 

Table 3.4 Tensile properties of HDPE and MDPE (3 Michell, 1986; Balasuriya et al., 

2001) 

Tables 3.5a and 3.5b summarise the tensile test resu lts of the WFRP composites 

moulded at 155°, 175°, 195°, and 215°C. The tensile strength of the compos ite was 

found to increase with increase in fibre content. At a fibre content of 10% (less than 

4mm in length) and 20%, the tensile strength of the compos ite was found to be lower 

than that of virgin MDPE at all melt temperatures (Table 3.5a). In fact, at a fibre content 

of 10%, the tensile strength actually reduced with increase in melt temperature, as 

shown in Graph 3.1 (page 31) . 

Fibre content ( % ) 10 (< 4mm) 20 

Melt Temp. (°C) 155 175 195 215 155 175 195 215 

Tensile strength (MPa) - 13.1 11.9 11.8 16 15 15.5 17 

Table 3.5a Tensile properties of the WFRP composite at 10% and 20% fibre content 

Fibre content(%) 30 40 

Melt Temp. (°C) 155 175 195 215 155 175 195 215 

Tensile strength (Mpa) 19.0 20.3 17.4 17.6 17.3 18.2 19.1 -

Table 3.5b Tensile properties of the WFRP composite at 30% and 40% fibre content 
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Graph 3.1 Tensile strength of the WFRP composite with 10% fibre content 

For samples with 20% fibre content, it was found that the tensile strength first 

decreased, and then increased, with increase in melt temperature, as shown in Graph 

3.2. At temperatures like 195°C and 215°C, the polymer flows better between the 

fibres , thereby improving the interfacial bonding, which increases the tens ile strength 

of the composite. 

17 .0 17.0 

16.0 
16.0 

"' I).. 15.0 ~ 15.1 
..c: 
tc 
C: 14.0 " ~ 

..!: ·~ 
5 
E-

13.0 

12.0 

-+- 20% 

11.0 

155 175 195 21 5 

Melt temperature (Deg. C) 

Graph 3.2 Tensile strength of the WFRP composite with 20% fibre content 

Given the fact that the tensile strength of the compos ite material with 10% and 

20% fibre content was lesser than that of virgin MDPE, it can be concluded that at these 

low fibre contents, the wood fibre functioned like a filler and did not reinforce the 

polymer. This could be due to the low interfacial bonding between the wood fib re and 

the polymer, since sufficient fibre was not available to reinforce the polymer. 
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For higher fibre content, the tensile strength of the compos ite was found to be 

almost equal to or greater than of virgin MDPE sample. The compos ite material 

containing 30% wood fibre content, moulded at 175°C, was found to have the 

maximum tens ile strength of 20.3MPa (Graph 3.3). 
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Graph 3.3 Tensile strength of the WFRP compos ite with 30% fibre content 

As the fibre content was increased to 40%, the tens ile strength began to increase 

with increase in mel t temperature (Graph 3.4, page 33), but it dropped below the level 

of 30% . This could be because of the higher amount of fibre agglomeration at 40% 

fibre content. 
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Graph 3.4 Tens ile strength of the WFRP compos ite with 40% fibre content 

Graph 3.5 depicts the tensile strengths of all samples moulded at various fibre 

contents, for different melt temperatures. The tens ile strength was first found to 

decrease (at 175°C) and then increased with increase in fibre content (up to 30%) . It 

was then found to drop again. 
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Graph 3.5 Tensile strength at different fibre contents and melt temperatures. 

At 10% fibre content, the maximum tensile strength was 13.lMPa. This 

increased to 1 7MPa for 20% fibre content. Although the tensile strength of the 

composite was still less than the tensile strength of virgin MDPE, it was higher than the 

tensile strength of the composite with 10% fibre content. This indicated that at 20% 

fibre content, reinforcement of the polymer is better. The ultimate tensile strength 

(UIS) of the composite with 30% fibre content increased to 20.3MPa, which was higher 

than the UIS of virgin MDPE, indicating that the fibre positively reinforces the 

polymer. The increase in the UTS of the composite material with the increase in fibre 

content is an indication of an improvement in the reinforcing property of the wood fibre . 

At 40% fibre content the UTS dropped to l 9MPa, which could be attributed to the low 

fibre wetting due to increased agglomeration of the fibre in the composite. 

The increase in tensile strength can be attributed to increase in the crystallinity 

of the polymer. Anything that affects the mobility of the polymer melt must affect its 

crystallinity (Rubin, 1972). The presence of wood fibre is thus thought to aid the 

crystallization of the polymer. The increase in density of the composite, and increase in 

the stiffness of the composite are further indications of the increase in crystallinity. 

The conclusion that can be drawn from these observations is that a certain 

minimum amount of fibre content is required to reinforce the polymer. This is similar to 

the observation made by Jayaraman (2003) for sisal fibre reinforced polypropylene, but 

is contrary to the observations of Lee and McDonald (2001) and Abdalla et al. (2003), 

who observed a reduction in tensile strength with increase in fibre content beyond . The 
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possible explanation for the present composite material's behaviour is reduced fibre 

degradation and increased interfacial bonding between the pine fibre and the polymer. 

3.13 Stress strain curves of the WFRP composite 

The stress strain curves of the composite material at different fibre content were 

plotted from the load-displacement curves. At low fibre content (for instance, for 20% 

fibre content, shown in Graph 3.6) as the melt temperature increased, the material 

became more ductile, which is depicted by the increased strain to failure, and the 

decrease in its ultimate tensile strength. 

At higher fibre contents, the material became more brittle, with low strain to 

failure. It was found on visual inspection that the stiffness of the composite material 

increased with fibre content. 
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Graph 3.6 Stress - strain curve for 20% fibre content composite at 155° and l 95°C 

3.14 Composite morphology 

After the samples were subjected to a tensile test, their interfacial and fractured 

regions were analysed using a confocal microscope to understand the fibre orientation, 

effect of moulding the composites at various temperatures, and fracture mechanics. This 

would help determine the optimum temperature at which the samples could be moulded, 

so that the mechanical properties of the composite could be maximised. It would also 

help in understanding the cause of failure; whether the fracture was because of fibre 

fracture or fibre pullout. This would aid in deciding whether any form of chemical 
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treatment of the fibre or polymer was required to improve interfacial adhesion, thereby 

improving the properties of the composite. 

3.14.1 Fibre orientation and fracture mechanics 

3.14.1.l Fibre orientation: 

The general orientation of fibres in all samples moulded at various temperatures 

was found to be in the direction of melt flow (Figure 3.2). It was observed that most of 

the fibres were oriented uniformly, with a small proportion of the fibres (which were 

smaller in length) oriented randomly. Simi lar to the observation made by Balasuriya 

(2001), the fibres at various depths in the sample were difficult to differentiate, with no 

visible agglomeration, which indicate good dispersion in the polymer. 

Figure 3.2 Fibre orientation of the sample (20% fibre content, moulded at 175°C) 

The dispersion of the fibre in the sample (Figure 3.2 above) was lower when 

compared to the density of fibre dispersion in the samples with higher fibre content as 

seen in Figure 3.3. 
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Figure 3.3 Fibre orientation of the sample (30% fibre content, moulded at 175°C) 

A possible explanation for this could be that at lower melt temperatures, the 

polyethylene powder was too cold to flow around the fibres and wet them. With the 

increase in melt temperature, the flow of the melt between the fibres improved. This 
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was further justified by the fact that it was more difficult to differentiate between the 

fibre and the polymer matrix in samples moulded at higher temperatures, when 

compared to those moulded at lower temperatures, and with low fibre content. 

3.l4.1.2Fracture mechanics 

Close examination of the fractured region of the sample with a fibre content of 

20% moulded at 155°C, showed the fibres to be randomly oriented. Fibre pullout was 

observed (Figure 3.4). This indicated that the interfacial bonding between the fibre and 

the polymer was not very strong, which explained why the tensile strength of the 

composite was less than that of virgin MDPE. 

Figure 3.4 Fracture of the sample at l 55°C (20% fibre content) 

In samples with 10% and 20% fibre content, the fibres were loosely enveloped 

by the polymer, and when stretched, were easily displaced from their orientation. This 

explanation reinforced the previously made observation that at lower temperatures, the 

molten polymer was too cold to properly impregnate the fibre. The higher load bearing 

capability of the samples, accompanied by low elongation before fracture, also suggest 

that the interfacial bonding between the fibre and the polymer was weak. 

Figure 3.5 (page 37) shows the fracture of the sample moulded at 195°C with a 

fibre fracton of 20%. Tearing of the polyethylene polymer was observed, which 

indicated better interfacial adhesion between the fibre and the polymer. The material 

was found to yield prior to fracture, which was a further indication of improved fibre -

polymer adhesion. 
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Figure 3.5 Fracture of the sample at l 95°C (20% fibre content) 

3.14.1.3 Effect of Clumping: 

At higher fibre content, due to inter-fibre hydrogen bonding, fibre - fibre attraction 

could not be avoided. A sample with such an in-egularity is shown in Figure 3.6 and 

the fractured region is shown in Figure 3. 7 

Agglomeration of 
fibres can be observed 

Figure 3.6 Effect of clumping of fibres 

Sample fractures at the point 
of fibre concentration 

Figure 3. 7 Fractured region 

Such fibre clumping can prove to be detrimental to the strength of the composite 

material, because it results in non-uniform distribution of load, leading to simultaneous 

fracture at multiple locations in the sample, at loads well below its optimum load­

bearing capacity. 

3.14.1.4 Effects of melt temperature and fibre content: 

The statistical analysis performed using SAS (Appendix B) revealed that the 

effect of melt temperature by itself on the tensile strength of the composite was not 

highly significant (p = 0.03). On the other hand, the effect of fibre content by itself was 
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found to be highly significant (p < 0.001). Similarly, the interaction between melt 

temperature and fibre content was also found to be highly significant (p < 0.001). This 

indicates that the tensile properties of the material can be modified to a large extent by 

varying its fibre content alone, and to a lesser extent by changing the temperature at 

which the material is injected into the mould. The tensile strength is maximum when the 

fibre content - melt temperature combination is 30% & 175°C. 

3.14.1.5 Effect of fibre length 

Results of the statistical analysis revealed that at 10% fibre content, fibre length 

did not have a significant effect on the tensi le strength of the composite material with 

10% fibre content (p = 0.2395). Its interaction with melt temperature is also not 

significant (p = 0.1116). This shows that samples moulded at various melt temperatures 

will have nearly the same properties, irrespective of the fibre length. 

The effect of change in fibre length on the tensile strength of the composite was 

not significant, as depicted in Graph 3.7 . With the increase in fibre length, the tensile 

strength decreased with the increase in melt temperature. The result is in agreement 

w ith the fact that the critical length of the fibre is lower when a polymer matrix has a 

high melt flow rate. Based on the work by Joseph et al. (1996), it can be concluded that 

the critical length of radiata pine fibre is around 4mm. 
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Graph 3. 7 Effect of fibre length on tensile strength of the l 0% WFRP composites 

With increase in fibre length, it was observed that the fibre distribution was not 

uniform (Figure 3.8, page 39). Areas where fibres were concentrated more than other 

regions can be seen. The flow of polyethylene around the fibres is also clearly visible. 
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Fibre distribution 
seems dense 

Figure 3.8 Orientation of fibres (fibre length: > 4mm, 10% fibre content) 

It was observed that the longer fibres were subjected to pullout during the tensile 

test (Figure 3.9). The figure shows whole strands of fibres being pulled out. 

Fibre strand 

Figure 3.9 Fractured region of the sample (fibre length > 4mm, 10% fibre content) 

As reported by Pickering et al. (2003), the decrease in tensile strength for 

composites with longer length fibres could have been because of non-uniform fibre 

dispersion in the composite. 

3.15 Miscellaneous properties 

3.15.1 Colourability 

The black master-batch used was uniformly distributed throughout the 

length and thickness of the sample. Other colours were not attempted due to time 

constraint. 

3.15.2 Flammability 

The material was found to be flammable, but did not ignite instantaneously. It 

was observed that the flame was sooty. The composite did not melt or drip on ignition, 

which was observed with the virgin HDPE and MDPE samples. 

3.15.3 Water absorption 
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When immersed in water the composite material absorbs moisture and gains 

weight as given in Table 3.6. An increase of 0.15% in weight was observed on 

immersion of the samples in water. The water uptake in the composite should be as lmv 

as possible in order to prevent degradation by bacterial and microbial attack. 

vVt. of sample \Vt. of sample 36hrs Difference of water 
Sample 

before immersing(g) after immersing (g) uptake 

A 6.6707 6.6808 0.0101 

B 6.9239 6.9335 0.0096 

C 6.7613 6.7761 U.0148 

D 6.8467 6.8600 0.0133 

E 6.9432 6.9480 0.0048 

AYerage 6.8291 6.8396 0.0105 

Table 3.6 Change in the weight of the composite due to water absorption 

~----~----- ·--~ --------------·------·----
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CHAPTER4 

PRODUCT DEVELOPMENT - METHODS & RESULTS 

4.1 Introduction 

Th is is Phase 2 of the project. The results of ''Phase 1: Material Development 

and Testing" are fed into the opportunity identification step of Phase 2. 

Product Deve lopment 

t 
Brainstorming < 

Phase 1: 
Material Development 

& Testing 

Possible product ideas 

t 
Product idea eva luatio n 

t 

-411(----, 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Financial analysis -<-- Product concept modelling in CAD 

t 
Concept Definition 

Figure 4.1 Flowchart of the WFRP product deve lopment process employed 

4.2 Product Development Strategies 

There are two strategies for introducing new products into the market: market­

driven and technology-driven. Product Deve lopme nt and Management Assoc iation 

(POMA®) generically defin es market-driven strategy as 'allowing the marketplace to 

direct a firm's innovation process '. This could imply that the company solic its 

customer's needs or conducts consumer and market re earch to guid e their new product 

development. PDMA defined technology-driven products as 'a new product or new 

product strategy (that is) based on the strength of a technical capability ' . Innovative 

companies that develop true techno logy-driven products begin with a new techno logy 

that has often been discovered serendipitously. They then hunt for products that can 
TM 

make use of the technology. Ins tances of such products include 3M's Post-It Notepads 

and Scotchguarl" Fabric Protector fami ly of products. There is consensus in the 

research community that any product that is driven so le ly by the market or technology is 

often doomed to fai l, because they cannot be mutua ll y exclus ive (Vo lker, 1988; Cooper, 

1994; Himmelfarb, (n.d)). 
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In this context, Himmelfarb (n.d) noted that while market-driven companies ran 

the risk of los ing their market s hare to competitors who were more technology savvy, 

products developed purely on new technology had a greater risk of failure s ince the 

company lacked a market to which the product cou ld be sold. The company had the 

burden of creating a market for the technology where none apparent ly existed at that 

time. The company then had to so licit customer needs and adapt the technology to suit 

the needs of the customer for the product to succeed in the market, since the new 

technology by itself was not sufficient to generate a market. The author argued that 

unless a company had surp lus cash reserves and lots of time, it was better to avo id the 

development of technology-driven products. 

The present project was based o n the development of a technology-driven 

product. It in vo lved the development of a wood fibre re inforced compos ite mate ri a l, 

attempted to identi fy applications for the mate rial , and tested a product concept. 

The enti re prod uct deve lopment process can be divided into two stages: Fuzzy 

Front End (or Front End of Innovation) and New Product Development process (or 

Stage-Gat/" process). Miller (2002) notes , 'fuzzy front end begins at the point when a 

need ex ists that can be identified and technology exists that can meet the need ' . 

Rosenau (1996) and Koen et al. (2002) are of the op inion that this distinction was made 

in order to stress the hi ghl y experimenta l, chao tic, and unpred ictable natu re of the initial 

phase of deve lop ing a new product, a scenario that was prevalent whil e developing new 

products based o n technology-driven strategy. Those involved in developing the new 

techno logy had to first familiarize themse lves of the real benefit and va lue of the new 

techno logy, before they could embark o n actuall y developing a product based o n the 

new technology (Himme lfarb, (n.d)). 

In the curren t proj ect, a composite m ateri a l was developed, which in vo lved 

reinforcing virgin MDPE powder with pine wood f ibre. Some of its properties were 

stud ied as detailed ea rli er. This phase was purely experi mental and invo lved working 

w ith various ratios of wood f ibre and po lymer. At that point of time, the appli catio n of 

the mater ia l was not clear, which indicated the fuzzy or uncertain nature involved in the 

development of a true technology-driven product. 
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4.3 Process adopted for the Fuzzy Front End (FFE) of New Product 

Development 

T he process adopted for the development of market-driven products has been 

we ll documented. Most of the processes for such products reported in the literature 

begin w ith listen ing to the voice of the customer, and have a dedicated stage at the start 

of the product development process to ' identify and understand the market and the 

customer's needs' (Cooper, 1994; Ulrich and Eppinger, 2000; Carson and Steller, (n.d)). 

Similar studies for technology-driven products are scarce. Some researchers have tried 

inves tigating the FFE of ew Product Development in the hope of resolv ing some of its 

uncertainty, and establ ish some sort of structure to the stage (Rosenau , 1996; Koen et 

al., 2002). 

Rosenau (1996), in his research on the type o f development process that a 

company could adopt for developing new products, limited the FFE to the idea 

generation and sorting stage. According to his theory, the plausible idea that resu lted 

from the FFE process and entered the NPD process had to be analysed for unknowns 

relati ng to the market, technology used to develop the product. and production process. 

If these unknowns were substantial , the idea went through a Jeasibilicy study stage, 

which might result in some refinement to the idea . 

K oen et al. (2002) developed a five-s tage theoreti cal New Concept Development 

CD) model to explain the FFE stage prior to PD (Figure 4.2, page 44) . According to 

their model, FFE begins with identifying an opportunity that a company may want to 

pursue, fol lowed by analysis of the opportunicy. The opportunity could be a new 

manufacturing process or the development o f a new mater ial, aimed at capturing a 

competi t ive advantage, solving a problem, or reducing the cost, and should be driven by 

the company's goa l. The next stage is to identify an idea that would make use of the 

new technology developed, which is analysed in the fourth stage of the NCO model. 

The two stages are iterative, wherein ideas are proposed, analysed, modified, in 

conjunction w i th the other stages of the model. Further, th is stage may feed back into 

the opportunity identifica tion stage, which demonstrates that the various stages proceed 

in a non-linear fashion. The final element, concept definition, justifi es the investment 

that needs to be made by the company to take the idea from the concept level through to 

commercialization. 
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Figure 4.2 NCD mode l proposed by Koen et al. (2002) for the FFE stage 

Kelley (2000) suggested a "Concept-Centered Process" model that began with 

identifying customer's needs and understanding the market (indicating a market-driven 

approach), but resulted in breakthrough, 'new-to-the-world' products at a faster speed, 

than those processes that required management control. This was because the process 

gave litt le importance to management support, and emphasised on quick, focused 

benchmarking to identify the relevant technology. From the model, it is not clear how 

advanced the technology would be. The process was thought to be suitable for consumer 

produces, since the process laid importance on direct interaction with the customer. 

In the present project, a deve lopment process simi lar to the NCD model (page 

43) has been adopted. The availability of enormous amount of Radiata Pine fibre 

presented the issue of determining a use for it. This was transformed into an opportunity 

when a composite material was developed that possessed better tensile strength than 

virgin MDPE powder, and this phase was marked by significant amount of experimental 

act ivity and testing. T h is led to the idea generation stage, in which a structu red method 

was adopted to generate product ideas. Since the idea invo lved substantia l unknowns 

relating to the market, techn ical, and financial viabi lity, a feasibility study was 

undertaken, the methods of which are discussed in the sections below . 

4.4 Idea generation (Iteration 1) 

Techniques used for idea generation 

In recent years, many tools and techn iques have been deve loped to generate 

ideas. T hese include techniques like brainstorming and focus groups with customers 

and lead use rs. Software too ls that aid in idea generati on like Idea Fisher® and 
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MindMapper® have also been developed. Feig (n.d) and Robson (2001) were of the 

opinion that bus iness opportunities and new product ideas had to be customer-oriented 

from the FFE stage itse lf. Fa ilure to listen to the voice of the customer at this stage 

would lead to loss of many good opportun ities. 

For the present research project, brainsto rming technique was adopted to 

generate product ideas that would use the WFRP composite materia l. Customers and 

lead users were not approached dur ing thi s s tage, s ince the technical feas ibi lity of the 

compos ite material had to be ascertained before their needs could be gathered. The 

Masterate stude nt, along with three staff members, one each from the Product 

Deve lop ment department , M anufacturin g and Industria l Techno logy department , and 

Packaging T echno logy department, had a brainsto rming sess ion to come up with 

poss ible ideas fo r the new materi al. The bas ic criterion for generating ideas was that th e 

product had to be injection mou ldabl e, whi le the selection criterion was that the product 

had to be new to the market. More than 50 ideas were put fo rth , and have been 

catego ri sed in Table 4 .1. 

Idea / Category Sector Type: Substitution/New 

Fire logs, restaurant candl es, fire sta rters Cons umer Substitution 

Benches, tab les, chairs Furniture Substitution 

Toys, bu ll ets (a ir guns), props Entertainment Substitution 

Picture frames , handl es, can ho lders Cons umer Substitution 

Immob ili zat ion casts, he lmet , safety gear Medical I Safety Substitution 

Building fo und at io n: permanent boxing Building New 

Recyc ling bins En vironment Subs ti tuti on 

Refl ective cones Transpo rtation Substitution 

T o il et seats Cons umer Substitution 

Table 4.1 Results of the brain sto rming session 

As can be seen from T able 4.1 , all product ideas that the group came up with , 

excep t for one, were 'substitution ' products. T he bui ld ing foundation permanent box ing 

product was selected because of its new ness. The fol lowing paragraphs furth er e laborate 

on this product. 
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4.5 Building foundation insulation and boxing product 

NZS 4218 'Energy Efficiency - housing and small building envelop e' of the 

New Zea land Building Code (NZBC) specifies the minimum lega l requirement for 

efficient energy use in New Zea land bui ldings. Insulation improves the comfort of the 

house, saving the house owner money o n heating bills, and home maintenance (Anon., 

1997) . The stand ard lis ts diffe rent combinations of minimum R-v alues (thermal 

res istance value) of insulation that can be incorporated in a floor, roof, and wall of a 

building . New Zealand is divided into three zones - Zone 3 covers all of South Is land 

and central plateau of North Island. The ins ulation requirements for areas in this zone 

are diffe rent from those of zones 1 and 2, which covers the rema ining part of the 

country. 

Data col lected from th e local Pa lmerston o rth City Council indi cate that 99% 

of all res identi al buildings built in New Zea land have concrete fl oorin g. For the purpose 

of building regu lat ions, the thermal insul at ion va lue of concrete on-s lab flooring is 

considered to be eq ua l to that of foil insul ated timber floors , both of which have an R ­

va lue of 1.3. This is actua ll y the average re lat ive therm al performance over the entire 

concrete floor area, a ltho ugh in rea lity, the R-va lue is the maximum at the centre of the 

floor and reduces towards the floor edges, whe re the heat loss is much greate r. This 

incticates the need to insulate the fou ndat ion of the build ing, since it acts like a heat sink 

(H arper, 2003). 

Attempts ha ve been made to insulate the walls and foundation of res identi al 

buildings. The methods a re based on resea rc h into heat flow paths from co nc rete s labs, 

which indicate that the heat loss ca n be interrupted by inserting insul at io n barriers at any 

point under or outs ide the building (H arper, 2003). H arper (2003) repo rted the me th ods 

of insul ati ng the concrete foundation to prevent heat loss. The method emp loyed a o ne­

metre wide, 25mm thick Expanded Po lysty rene (EPS) foam or sheet pl aced a ll around 

the perimeter of the foundation, as s hown in Figure 4. 3 (page 47). An obvious 

disadvantage of thi s ystem is that additional covering over the EPS foam insulation is 

required to protect it from dampness, mi ldew , mo uld, and wear and tear. 
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Figure 4.3 A method to insulate the building foundation (Harper, 2003) 

Apart from the issue of insulating the house, building contractors and house 

owners face the followin g probl ems: 

1. The formwork box ing, in its ex isting form, needs to be assembled before 

pouring the concrete, dismantled and cleaned after the conc rete has set, so th at 

the timber can be reused in the construc ti on of the house. This is a tedious and 

time-consuming process. 

2. Once the concrete has set and the formwork removed, th e surface finish on the 

fou ndation exteri or is quite rough and not aes thetic in appeara nce. Presentl y, thi s 

requires an additiona l step of pla te ring with cement, which is expensive and 

ti me consuming. 

The proposed new product could be des igned, which would provide the 

following benefits: 

1. The product could improve the house insul ation, depending o n its R-va lue. 

2. The product could be designed so that the concrete cou ld be poured ins ide a 

block, which would then become a part of the fo undation . This would reduce the 

labour involved in constructing the foundation by e liminat ing the use of timber. 

There would be no need to d ismantle and clean the timber once th e concrete had 

set. 

3 . It wou ld be eas ie r and less time consuming to assemb le these blocks together 

than constructing the fo rmwork boxing . The product cou ld a lso incorporate c lips 

within it that cou ld support the reinforcement steel bars. 

4 . The product forms a part of the foundation and covers the foundation wall. B y 

e liminati ng the use of timber, there would be no marks on the foundation 
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exterior, and when covered with the product would give the foundation a more 

finished look. 

Having identified a need for a product that could be manufactured using the 

WFRP composite material , it was necessary to determine whether the material 

possessed the properties that met the demands of the product. Specifically, the 

material 's R-value had to be measured. Based on the measured properties of the 

material, product concepts would be modelled using SolidWorks and their performance 

analysed using COSMOS software, to determine the technical viability of the material. 

A broad financial model would also be deve loped to assess the financial benefits of such 

a product. The following paragraphs explain the methods adopted to measure the new 

set properties, the design of the product concepts. The results of the tests and analysis of 

the performance of the concepts are a lso repo rted. 

4.6 Opportunity Analysis (Iteration 2) 

4.6.1 Measurement of WFRP composite material's thermal resistivity 

The experi mental apparatus was built as detailed by Brown (1988), with some 

modifications and assumptions. The apparatus is as shown in Figure 4.4 (page 49). It 

consists of the composite sample sandwiched between two mild-steel plates. Plate 'A' is 

maintained at a constant temperature of 90°C by ci rcu lating hot water through it. Plate 

·B · is maintained at a lower temperature by circu lating cold water through it. In order to 

ens ure that the heat is uniformly applied on the sample, a thin a luminium pl ate (plate 

'C') was placed between plate 'A' and the sampl e. Heat loss from plate 'A' was 

minimised by insu lati ng the exposed surfaces by polyurethane (PU) foam. 

A K-type thermocouple with a temperature range of -200°C to + 1370°C was 

used to measure the temperatu re difference between the two surfaces . Two holes of 

diameter 0.8mm were drilled on the gauge length area of the test specimen, as close to 

the surfaces as possible, as shown in Figure 4.5. The probes of the thermocouple were 

inserted into the holes for a period of one hour, during which time the temperature of 

the hot plate stabilised . The difference in temperatures was noted directly from the 

thermocouple display . 
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Inset A : See Figure 3.3 

Hot plate-A 

Cooling lines 

Al. plate 'C' 

A l. pl ate 'D ' 

Figure 4.4 Apparatus to measure the R-v a lue of the WFRP compos ite mate ri al. 

A luminium Plate C 

Diameter 0.8mm ho les 

WFRP sample 

Aluminium Pl ate D 

Figure 4.5 Enlarged view of Inset A in Figure 4 .4 

A num ber of ass umptio ns were made whil e cal cul ating the thermal res ist iv ity of 

the mate ri a l. They are: 

1. P lates A , B, C , and D are pe rfect conductors , or that the major surfaces a re 

iso the rms. 

2. The tens il e tes t sampl e was u ed as the sample for dete rmini ng its thermal 

res is tivity. The surface area was dete rmined by accurately modelling the samp le 

usi ng the CAD package, So lidWo rks 2001 Plus. 

The the rmal conductivity of the material is given by using Fo urie r's Law of Heat 

Conduction, 

where, 

K= Qx 
A(8T ) 

... Eq. 4.1 
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K = Thermal conductivity of the materia l (W /mK) 

Q = Amount of heat flow (W) in the direction of the thickness of the speci men 

x = Thickness of the specimen (m) 

A = Surface area of the sample (m
2
) 

of= Difference in temperature between the hot and the cold s urfaces (K) 

The thermal conductiv ity (K) of the WFRP composite mater ia l was determined 

us ing the 'k' va lue of MDPE. From Eq. 4 .l a fo r a given sample, 

1 
K a-ar 

1 
ka-

8t 

... Eq. 4.2 

... Eq. 4.3 

For a given quantity of heat flow (Q) through the samples, Eq. 4.2 and 4 .3 will be 

proportional. Thus, 

Ka k(8t) 
ar 

The thermal res istance ' R ' (mK/W) of the WFRP sample is then given by, 

Kn own I imitations of the apparatus are: 

R = _!_ 
K 

... Eq. 4.4 

... Eq. 4.5 

1. Certain unknown amount of heat loss occurs from the uninsulated surface of the 

hot plate 'A' and also fro m the A lu min ium plate 'C'. This cou ld result in the 

incompl ete heat transfer from the hot plate to the spec imen , through the 

aluminium plate. 

2. The sample used was not a standa rd test spec imen, and s ince the thermal 

conductivity is dependent on the area of the sampl e, the use of a non-standard 

specimen results in approx imate va lues fo r 'R'. The results of this test are thus 

not completely accurate. 

4.6.2 Results of the test to determine the R-value of the composite material 

First, the amount of heat fl ow through a MDPE sample (k = 0.33) was 

calc ul ated . The temperatures on the hot and the co ld surface we re measured to be 

60 .1 °C and 57.2°C respective ly after a period of one hour. 

From Eq. 4.3, we know that, 
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1 
ka­

(at) 

where, k = 0.33 W /mK (of MDPE) 

ot = T 1 -T2 = 60.1 - 57.2 = 2.9°C (or 2.9 K) (of MDPE) 

T he thermal conductivity of the WFRP composite (10%, 20% and 30% fibre 

content) was ca lculated for the same amount of heat flow. The temperatures were 

measured to be as given in T ab le 4.2 . 

Fibre content / Temp. T1 (°C) T2 (°C) of (°C) = T1 -T2 

10% 68.6 41.6 27 

20% 65 .3 42.6 23.3 

30% 70.2 41.6 28.6 

Table 4.2 Temperature gradient meas ured fo r WFRP composites at various fibre 

concentrations. 

The va lues of 'R' of the WFRP compos ite at 10%, 20%, and 30% were 

determined to be as s how n in Table 4.3 below. Detailed derivations of the va lues are 

given in Appendix C 

Fib re content Thermal Resistivity (R - Value) (mK/W) 

10% 2.45 

20% 2.77 

30% 2.86 

Table 4.3 Calcul ated R-values of WFRP composites at various fibre concentrations. 

Walls that a re externa ll y insul ated requi re an insulation with the R-value of 0.7 

(Broeke, 2001; page 60). As shown above, the R-value of this product is more than 1.33 

(R - va lue of EPS), which indicates the suitability of this mater ial for use in a product 

developed for insulating building exteriors. 

4.7 Idea Analysis (Iteration 1) 

4.7.1 Product concept design: Methods 

Insul ation b lock concept designs were model led us ing SolidWorks 2001 Plus . 

The next sect ion detai ls the various iterations. A s tatic stress analysis was performed 

using COSMOS software, to analyse the behaviour of each concept. The mater ial 
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properties specified for the model is as given in Table 4.3, which was then modelled 

with a solid mesh of size 10mm. 

Boundary conditions: The two end faces of the insulation block are assumed to be 

immovable ( depicted by the green arrows in Figure 4.6), that is, they do not undergo 

translation under the application of load. The two parallel inside faces, perpendicular to 

the fixed surfaces are subjected to a uniform and variable pressure of 23544 Pa 

(Appendix D), which is the pressure exerted by the concrete on the foundation 

formwork. The red arrows in Figure 4.6 depict this condition. 

It needs to be mentioned here that the aspects of design to manufacture (DFM) 

have not been considered in great depth, as the purpose of this analysis was to test the 

feasibility of the product idea. 

Property Value 

Elastic Modulus 0.2 GPa 

Poisson' s ratio 0.28 

Tensile strength• 20.3MPa 

Table 4.3 Properties assigned to the material of the CAD model to assess its behaviour 

( *uTS of WFRP composite containing 30% fibre, moulded at 175°C) 

Figure 4.6 Boundary conditions for analysing the behaviour of the WFRP product. 
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4.7.2 Product concept design: Results 

Figures 4. 7 to 4.22 detail the iterations and results of the static analysis of the 

product concept to be used as a permanent formwork boxing and foundation insulator. 

4.7.2.1 Iteration 1 

The basic design is a hollow web structure, 10mm thick. It is 600mm in length, 

300mm in width and the overall thickness is 150mm (Figure 4. 7). 

Figure 4. 7 Concept 1 for foundation insulation product. 

The pressure exerted by wet concrete on the foundation fom1work would vary 

throughout the height of the foundation and depends on the composition of the concrete. 

The variable pressure exerted by wet concrete is given by Equation 4.6 (SolidWorks 

User' s Manual , 2001). 

p * (A + Bx + Cy + Dxy + Ex2 + F /J =P(x,y) . .. Eq. 4.6 

where, 

p = a value by which the equation would be scaled to give the pressure at any 

point x,y on the part= 23544 N/m2 

P(x, y) = co-ordinates at which the pressure P is exerted = varies from Oto 23544N/m2
, 

at co-ordinates (Orn, lm) and (Orn, Orn) respectively. 

A, .. . F = coefficients which will be scaled by 'p' to determine the pressure at that point. 

It was determined that the pressure varied from ON/m2 at the top to 23544 N/m2 

at the bottom. One of the solutions to Eq. 4.6 which has been used for this analysis was 

derived to be, 

Injection Moulded Radiata Pine Fibre Reinforced Polymer Composites: Properties and 
Applications 



54 

Product Development: Methods and Results 
P (x,y) =p (/-2y+l ) ... Eq.4.7 

The criteria for applying the variable load, the derivation of the equation and the 

coefficients A to F for the present product is given in Appendix D. 

The displacement plot for concept 1 is shown in Figure 4.8. It indicates a 

maximum displacement of 5.4mm (orange areas in the plot) . 
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Figu re 4.8 Displacement plot for Iteration 1 

The maximum stress is in the centre rib, and has a magnitude of 5.69 x 106 Pa 

(5.69MPa) (Figure 4.9). The maximum stress induced in the product is well below the 

ultimate tensile strength of the material of 20.3MPa. 
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Figure 4.9 Stress plot for Iteration 1 
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From the stress strain curves developed earlier in Chapter 3, it was observed that 

the composite material suffered from a low strain to failure. For this concept, the central 
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rib, which is predicted to be the weakest section of the product, is subjected to a strain 

of 0.02 (Figure 4.10). 

insulstionblock-copy2-correetm'llty~ St81w;:$t1M1 

Dercrmetl0f1Scale 11 0825 

Figure 4.10 Strain plot for Iteration 1 

4. 7.2.2 Iteration 2 

The design change for this iteration is the addition of a rib at three locations as 

shown in Figure 4.11 (page 56). From the first iteration, the area of maximum 

displacement and stress was observed. The addition of a rib of the same thickness as the 

part should help reduce the displacement on the product as well as the stress on the 

central connecting ribs. 

Figure 4.11 Changes in product for Iteration 2 
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As anticipated, it can be observed from Figure 4.12 that the maximum 

displacement has dropped to 3.99mm from 5.4mm in the earlier iteration, due to the 

changes effected in the design of the part. 
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Figure 4.12 Displacement plot for Iteration 2 

The maximum stress in the connecting also dropped to 4.73MPa from 5.69MPa 

as can be observed from Figure 4.13. 
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Figure 4.13 Stress plot for Iteration 2 
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The strain in the connecting ribs is also reduced from 0.02 to 0.01, as can be 

seen from the strain plot in Figure 4.14. 
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Figure 4.14 Strain plot for Iteration 2 

4. 7.2.3 Iteration 3 
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The basic design in this iteration is the same as that of Iteration 2, the only 

difference being in its length, which is now 300mm instead of 600mm. An additional 

vertical rib in the centre of the block has also been incorporated, as shown in Figure 

4.15 (page 58). This was to minimise the buckling of the part. 

Figure 4.15 Iteration 3 for the proposed product 

Injection Moulded Radiata Pine Fibre Reinforced Polymer Composites: Properties and 
Applications 



58 
Product Development: Methods and Results 

Under the variable pressure exerted by the wet concrete, it was found that the 

maximum displacement in the product was now 1.05mm at the base of the product 

(Figure 4.16). 

deHl\oon 6. va,,ltllble pressure.corred analysis State displacemef1 

Lhlls !T'r!I De1ormcc1011 Sc!lie 28 4967 

Figure 4.16 Displacement plot for Iteration 3 

The maximum stress induced in the connecting ribs was 2.29MPa (figure 4.17), 

with a strain of 0.008 (Figure 4.18, page 59). 
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Figure 4.17 Stress plot for Iteration 3 
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Figure 4.18 Strai n plot for Iteration 3 

4.7.2.4 Performance analysis as an assembly 
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Figure 4.19 shows the assembly of the product, as it would be used to construct 

the foundation. It has been included onl y to study the perfo1111ance of the concept in its 

assembled form. 

Figure 4.19 Complete assembly of the product 
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The maximum displacement in the assembly is found to be 1.28mm (Figure 
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Figure 4.20 Displacement plot of the assembly 

The maximum stress induced increases slightly to 2.65MPa (Figure 4.21). 
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Figure 4.21 Stress plot of the assembly 

The maximum strain is found to be 0.01 in the lowest connecting rib, as can be 

seen from Figure 4.22 (page 61 ). 
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Figure 4.22 Strain plot of the assembly 
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In all the iterations, the maximum stress induced in the product is still well 

below the ultimate tensile strength of 20.3MPa for the material. At this stage, the 

analysis shows that it is feasible to use this material to manufacture the product. 

4.8 Idea Analysis (Iteration 2) - Financial analysis 

A financial model was developed using Microsoft® Excel to determine the cost 

of manufacturing the WFRP insulation product to build the foundation formwork 

boxing for one residential unit. It was then compared with the cost of building the 

formwork by traditional methods, to detem1ine the financial viability of manufacturing 

the product. 

Based on the assumptions made, a comparison of the prices reveals that it is 

cheaper to purchase the WFRP foundation blocks for constructing the concrete 

foundation, than building the formwork boxing. Appendix E (Table E-2) gives the 

detailed calculations for the cost of building the formwork boxing for one residential 

unit by the traditional method, which is about NZ$1837.46 (excluding material costs, 

because the timber would be recycled). Table E-3 (Appendix E) gives the detailed 

figures for manufacturing foundation blocks with the WFRP composite material for one 

residential unit, which is about NZ$906.16 ( excluding the labour costs . See note in 

Table E-3). 

The financial analysis is based on the number of building permits issued by the 

authorities in New Zealand, which was 28,546 in 2003. The growth in the number of 

permits to be issued from 2004 to 2007 has been projected to be a modest 15%, based 
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on similar growth from 1999 to 2003. For 2004, the number of permits lo be issued has 

been projected to be 32,828. For the analysis, on ly single storied residential buildings 

have been considered, which account for 75% of the total dwelling units. For the year 

2004, Lhis figure is proj ected to be 24,621 units. A modest market share of 10% has 

been considered for the product when introduced into the market, which is assumed to 

fa ll (to say, 6%) in 2007, anticipaling competition from similar products. T his f igure 

(10%) corresponds to 2,462 units for the year 2004, with a total perimeter length of 

132,953 m. , for which 221,588 blocks are required. The total number of blocks required 

for building the foundation, including the foundation height of one metre then trans lates 

LO 738,628. 

The perimeter length of one res idenlial unit for building the foundat ion with the 

proposed product is 54m (See 'Note on Foundation plan ' and notes in T able E-3, 

Append ix E).The number of blocks required fo r constructing a foundation lm. high fo r 

one res idential unit is estimated to be 300, the cost of wh ich is estimated to be 

NZ$906.1 6 (exc luding labour cos ts) . V ari ous scenarios have been projected in 

A ppendi x E. Table E-4. The cost of manufacturing Lhe WFRP composite blocks is aboul 

one-hal f the cost of build ing Lh e foundalion with the form work boxi ng, with most of the 

cost being attri buted to the labour and overheads involved. 

-t.9 Discussion on the viability of the product 

T he proposed new producl caters to Lhe needs of two groups of customers . One 

group consists o f builders and civil engineers who would find the product appealing 

because it cl iminates the form work boxing altogether. It makes the construction of Lhe 

foundalion less labourious. It includes a system to hold the rein forcement rods in place, 

thereby elim inating the need for manual ly Ly ing them. Further it is rela ti vely cheaper to 

assemble Lhe foundation blocks rather than assemble Lhe form work box ing. 

The other group of customers include the building owners, who wou ld f ind the 

product 's insulating property attractive. Further, since it forms an integral parl of the 

foundation, it would cover the exterior wall of the foundation, and give the build ing a 

more pleasant appearance. This need has not been expressed by any house owner as yet, 

and has only been anticipated at Lhis stage. It would be clearer when the formal 

consumer research is conducted in future. 

The development process involved during this early slage is clearl y iterative, as 

observed by Koen et al. , (2002). As progress is made in Lhe development of the product, 
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more information is required to make good decisions, which force the product 

development team to loop back to a previous stage. In the present case, the mechanica l 

properties were measured in the first phase of opportunity analysis. After a product idea 

was identified in the idea generation phase, more information relating the material (R­

va lue) was required that was specific to the product under consideration. This new 

information was gathered by looping back to opportunity analysis stage for the second 

time. The analys is of the product concept design was itself an iterative process. 

The design of the product is not yet complete. The product needs to be designed 

for manufacture and assembly. The present design has been to only evaluate the 

product' s capabi lity and technical feasibility. T he results of the COSMOS analysis of 

the product performance under the pressure of wet concrete are within the limits of the 

ultimate tensi le st rength of the materia l. 

By building the f ormwork boxing at a cost of Z$36.16 a sq . m., there is no real 

advantage to the house owner. On the other hand, by incorporating the proposed product 

in the foundation, the overall insulation of the building will increase. It has been 

reported that as the level of insulation increases, although the individual cost of 

additional insulation will increase, the combined cost of insulation and heating energy 

declines (Page. 2001). Page (1998) reported that for a house in the South Island (say, 

l nvercargill or Christchurch), the payback period for the cost incurred in installing 

additional insu lation was about six years, while the payback peri od for locations in the 

North Island were much longer. 

A comparison can be made for the WFRP composite blocks with ·concrete 

B locks'. The cost per concrete block is NZ$1.81 (excl. GST). I f a block of size 400mm 

x 200mm x 150mm were to be used in place of a formwork boxing, 675 such blocks 

would be required to build a foundation for one residential building. This corresponds to 

Z$122 1.75, which is about the same as the cost of the WFRP composite product being 

proposed, since it includes the labour cost in manufacturing the concrete blocks. 

From the aforementioned discussion, it can be concluded that the wood fibre 

rein forced composite product concept possesses the tens ile properties required to 

substitute the standard formwork boxing presently used while constructing concrete 

foundations, prov ides a higher R-va lue, and thus has the potential to succeed. 
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4.10 Synopsis of the product concept - Concept Description 

4.10. 1 Advantages of the product concept: 

t. Based on product function: 

1. Provides thermal i nsulation - The material has R-value of more 

2. 

than 2.4, when compared to the R-value of 1.33 for 25mm thick 

EPS foam. By incorporating the WFRP block as an insulator, the 

overall building R-Value can be increased. 

Improved appearance of the foundation - Can cover the marks 

and the rough surface fini sh left behind by the formwork boxing, 

if it were to be used. 

3. Easy to assemble - The proposed interlocking mechanism of the 

blocks (stil l to be developed) can help do away with nails, pegs, 

and supporting timber studs. I t also eliminates the need lo 

dismantle and clean the timber blocks once the concrete is set. 

4. Can serve as a permanent boxing - A maximum tensile strength 

of 20.3 MPa is achieved with 30% wood-fibre in the composite, 

when moulded al 175°C. Tl is capable of withstanding the 

variable pressure of upto 5.69MPa (for a height of 300mm) 

exerted by wet concrete. 

5. L ow moisture absorption - The composite material absorbs 

0. 15% of moisture in 36 hours. This characteristic of the material 

poses a distinct advantage when compared to the insulation 

method proposed by Harper (2003), since it eliminates the need 

for a protective cover. 

ll. Based on financial viability: 

Approximately six blocks measuring 600mm by 300mm by 

154mm would be required to cover an area of one square meter of 

the foundation wall. For a product wi th these dimensions, it has 

been shown that it would be cheaper to manufacture the WFRP 

composite blocks than to build the formwork boxing by 

traditi onal methods. 
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4.10.2 Areas where more work are required in the development of the product: 

4.10.3 

1. Inte rlocking mechanism for assembling the blocks is vet to be designed -

This might increase the manufacturing cost marginally. 

2. Flammable material is used to manufacture of the product - a safety 

hazard. Fire retardants could be used w hil e manufacturing, which might 

increase the part cost marginally. But the flammability characte ristic of 

the product is not considered to be very crucia l, given the fact that most 

of the building is made with materials hav ing simi lar flammability 

characteristics. 

3. More consumer research needs to be done, including field trials of 

prototypes, in order to determine the exact R-value of the building, and 

consumer needs. 

Marketability of the product concept (projected for 2004): 

1. Market size 32,828 dwelling units 

2. Market growth rate 15% 

3. Market share for the product 10% 

4. Competition Presently none 

5. Perceived product cost NZ$3.00 per block 

6. Manufacturability Yet to be studied. 
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CHAPTERS 

DISCUSSION 

5.1 Critical analysis of the project 

Discussion 

The current project was for a technology-driven product. The author was 

review ing the literature on the latest research that was underway worldwide, when it 

was observed that there was a growing use of wood fibre to reinforce various types of 

polymers to yield composite materials. These materials were successfully being applied 

to manufacture automotive interior components. A visit to a leading wood panel 

manufacturing company in ew Zealand, Fletcher Wood Panels, revealed the enormous 

pine wood fibre resource that this country had at its disposal. Further review of the 

literature revealed that although research into using radiata pine f ibre to reinforce a 

range of thermoplastics and process it by inj ection moulding was underway, there was 

li ttle evidence of commercial products being manufactured by this method. Further, 

although this material was being processed by other manufacturing techn iques like 

thermoforming to manufacture products like interior componen ts for automobi les, there 

was no documentation of the development process employed for such technology­

driven products. In fac t. significant debate has been devoted to the FFE phase of PD in 

Product Development literature, with various models being suggested to improve the 

success rate of technology-driven products. 

5. 1. 1 FFE Model for market-driven and technology-driven products 

Miller (2002) quoted Reinertsen and Smith ·s observation tha t "the Fuz=y Front 

End of New Product Development begins at a point when a need exists that can be 

identified and a technology exists that could meet that need" . This statement can be 

represented as in Figure 5.1. 

Need Identification Technology 
(Exists or needs to be developed) 

Fuzzy Front End 

Figure 5.1 FFE model for market-dri ven product development 

The development strategy for market driven products begins with the need or a 

problem identified by the user or customer. As the statement indicates, the technology 

that is required to cater to the identified need is assumed to ex ist or is developed at a 

later stage. Even if new technology is developed at a later stage to meet the need 
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identified, this strategy is market-driven product development, since it is the user 's or 

customer 's needs which drive the development of the new technology. 

T he aim of the current project was to identify and investigate the feasibi l i ty of 

manufacturing an injection moulded "new-to-the-world" product, which made use o f 

radiata pine f ibre. The market - dri ven product development model would not work 

very wel l for this proj ect, the primary reason being, there was very l ittle information in 

the li terature about injection-moulding rad iata pine fi bre reinforced M OPE composites. 

Lee and McDonald (2001) had developed a method to formu late the composite materi al. 

Although this was relevant to the current project, there were a number of constra ints for 

the author o f th is thes is, which made it impract ica l to work wi th the technology that 

they propo ed. One of the main constraints was the non-availabi l ity o f an extruder to 

compound the f ibre - polymer mixture. T his made it necessary for the author to f i rst 

develop a method to formulate the composite material, wh ich resulted in the 

development of a composite material using a process of manual blend ing followed by 

inj ection moulding. 

True technology-driven products, ak in to the project under consideration, do no: 

start wi th identi fication o f a need, but w ith the development and understandi ng of the 

new technology. The development o f such products often involves significant risk and 

uncertainty. In order to manage such h igh risk new technology projects , Technology 

Stage-Gate n t (TSG) process has been proposed (Ajamian and K oen, 2002) . T he 

inherent drawback of the TSG process is that it isolates the development of the new 

technology from the product development process . 

A s was reported by Himmelfarb (n.d), the new technology developed would 

have to be adapted to suit the requirements of the user (Chapter 4, page 42) . Hence, it is 

necessary to integrate the technology development process wi th the product 

development process. I t is imperat ive that the sc ientists developing the new technology 

arc aware of consumer needs and the product developers understand the benefits and 

l im itations of the techno logy. A t this earl y stage of technology development, there is 

normally no rea l understanding of its end use or appl ication. 

A new model is proposed for managing technology-driven products, which w il l 

be simply ca lled "Technology Driven - Fuzzy Front End" (TD-FFE) (Figure 5.2, page 

69). T he in i ti al experimentation to understand the new technology forms Stage-1 of the 

T D-FFE model. T he development of the new technology wil l not be complete in th is 

stage itself . T o quote Ajamian and K oen (2002), "One cannot schedule technology 
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discovery, since the range of possible experiments and their outcomes is limitless, and it 

is often difficult to determine when the technology is ready to transition to product 

development". H ence, after some understanding has been gained regard ing the new 

technology. ideas can be generated for its use, which forms Stage-2 of the TD-FFE 

model. A wide range of too ls, methods and techniques including interaction with 

customer can be used to identify potential product ideas for incorporating the new 

technology. During this phase, the technology is further developed to determine i f it 

meets the requ irements posed by the opportuni ty. Further tests may have to be 

conducted to understand properties specific to the product idea identified. 

Development of New 
Technology 

,-----
./ .,_ - Stage- I I 

...... -, I ------

Opportunity ~urther development of 
ldent1Jicacion technology 

r------
_,.,. ... - Stage-2 I 

........ .r-1 
------...J 

r-----, 
Stage-3 L -' -,....-

L _____ I 
Need ~ Concept generation, selection, 

!de11t1fica1ion and product specification 

Fuzzy Front End 

Figure 5.2 Proposed TD-FFE model for technology-driven products 

Stage-3 can start wh i le Stage-2 is underway, by conducting formal consumer 

research. Identification of customer needs aids in concept generat ion, analysis and 

selection. Stages-2 and -3 are iterative, ak in to the CD model proposed by K oen ec al. 

(2002) (cited in Chapter 4, page 43). As consumer needs are identified and documented, 

new opportunities may be identified, which could be fed into Stage-2 of the TD-FFE 

model. The identification of consumer needs, leads to generati on, ana lysis and 

enrichment of concepts for the product idea. Concepts can be se lected based on the 

criteria publ ished in the literature (Ulrich and Eppinger, 2000). The TD-FFE phase 

concludes with the product specification (Ulrich and Eppinger, 2000) , the results of 

which are fed to a formal product development process to take the concept through to 

commerciali zation. 

In this project, formal consumer research has not been undertaken yet. The 

various concepts generated and analysed are to be viewed as tests to determine the 
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feasibility of applying the material for the purpose intended and analyse its behaviour 

under specific conditions. This may be viewed as the second iteration of technology 

development (Stage 2). 

5.1.2 Development of a new material leading to opportunity identification 

The project began by investigating with the wood fibre and rotational moulding 

grade MDPE powder. The wood fibre was first stored in a chiller at 4°C to prevent it 

from degradation due to the absorption of moisture and growth of mould. The only 

resource that was available at the Industrial Engineering Laboratory at the University 

was a COSMO T330 injection moulding machine. This set limits on the method that 

could be adopted to mix the wood fibre and polymer, prior to inj ection moulding. To 

follow the process detailed in the literature meant that the author had to approach 

commercial companies possessing an extruder for assistance. But due to the spa rse 

funds ava ilable for the project, this option was not followed upon. Further, one of the 

und ocumented objectives of the project was to eliminate the use of a ll techniques that 

would increase the cost of the manufacturing process, unl ess absolutely necessary. 

The e included gra nulating the wood fibre - polymer mixture using an extruder, 

chemically treati ng the wood fibre to improve its ability to bond with the polymer, and 

the use of coupling agents. 

Discussions with staff members at the Univer ity revealed that a number of 

mixers of re latively sma ll capacity were readi ly avai lab le. These included a planetary 

motion type of mixer and a couple of kitchen mixers. Trials were started with these 

mixers. Initi a ll y the planetary motion kind of mixe r was employed on the assumption 

that the rotary as well as revolutionary motion of the blade would aid in homogeneousl y 

mixing the fibre and the pol ymer. At low fibre ratios (10% and 20%) the mixture was 

homogeneous. But at higher fibre ratios (30% and 40%) it became exceedi ngly difficult 

to avoid clumping of the fibres, which was found to be aided by the fibre - fibre 

attraction and the low speed of the mixer blade. For mixing the polymer with high fibre 

content, the kitchen mixer was used. Although this method wa!', slow, it proved to be 

successful in homogeneously mixing the fibre - polymer mixture with little fibre 

clumping, because the high speed of rotation of the blades helped in separating the 

fibres, thereby breaking the hydrogen - hydrogen attraction between them. It was 

anticipated that because manual mixing was employed, the dispersion of wood fibre in 

the polymer would be compromised. This was not found to be the case at low fibre 
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content. At higher fibre contents, it was not possible to differentiate the polymer and 

wood fibre, given the resolution of the confocal microscope used. This cou ld be 

analysed better using a Scanning Electron Microscope (SEM). 

The wood fibre that was stored in a refrigerator was fou nd to degrade with time 

due to the moist environment. Fresh fibre was procured , which was then stored in a 

warm room at 34°C. The results of all the samples that were moulded and tested for 

their tensile strength w ith the old material, had to be discarded as the test results were 

not repeatable. New samples were moulded and tested again. Although, some time was 

lost in the process and resulted in considerable rework , it was a learnin g ex perience by 

itse lf. Such issues are very common during the initial stages of developing a new 

technology because the behavio ur of the materia l in certain environments are not always 

known at the beginning, which is why they form a part of the FFE stage of NPD . 

During the second iteration of mixing the fibre with the polymer, the f ibres were 

manually sieved prior to mixing, to separate the fibres as much as possible. This 

resulted in the fibres being separated into two groups based on their lengths: fibres that 

were less than approx imately 4mm in length and fibres with length of 4mm to 8mm. 

This enabled the author to stud y the effect of the fibre length on the tensile properties of 

the composite material. Further work is required in this direction at other fibre 

percentages to determine its effect on the tensile properties of the compos ite material. 

Inj ection mou lding of samp les with 10% and 20% fibre content was not 

difficult. The custom-made soft nozzle proved useful for moulding samples with fibre 

content of 30% and 40% . It was not possible to mould samples with 40% fibre content 

at 215°C, because the hi gh barrel temperature resu lted in the degradation and 

combustion of the cellulose in the wood fibre. There were issues with regards to the 

accuracy of the injection mould used to mould the sample. Although all effo rts were 

made to mould them as accurately as possible, samples co nforming to the dimensions 

specified in ISO 527 (Plastics - Dete rminati on of tensile properties) cou ld not be 

moulded. But this does not imply that the results of the present test are erro neous. 

For the current project on ly the tensil e strength of the material was meas ured , 

which is not suffic ient to map the properties of the material. Other mechanical 

properties like its flexural strength, impact strength, compressive strength, to name a 

few, also need to be measured and documented. These cou ld not be measured at this 

stage as tooling to mould the samples were not availab le, and it was not feasible to build 

the same in a short span of time. 
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The ability to injection mould the wood fibre reinforced polymer samples 

presented a new material that was made of a renewable resource. As the inclusion of 

wood fibre reduced the amount of virgin plastic used, products manufactured with this 

mate rial cou ld be cheaper compared to those manufactured with virgin pol ymer. 

5.1.3 Evaluation of brainstorming technique to generate new product ideas 

As part of the 'idea generation stage' of Stage-3 of the TD-FFE model, a brain 

storming session was conducted to generate product ideas for the new mate rial , because 

"a good, fluid brainstorming session could generate as many as one hundred ideas per 

hour" (Kelley, 2001). It was decided that only those ideas that led to the deve lopment 

of "new-to-the-world" products would be selected, and the product had to be injection 

mouldable. The intention was not to manufacture an exist ing product that could be 

substituted with the new material, but to develop a product that did not exist presently in 

the market. About fifty ideas were put forth during the session, of which only one was 

truly "new-to-the-world". This product idea, "Insulator block and permanent form work 

boxing for a building foundation", was then taken up for further investigation. 

Brainstorming technique is dependent on free uninhibited thinking to generate a 

large number of ideas. But the technique was not found to be highly successful in the 

present project due to the constraints that were set. This stifles the flow of ideas as 

suggested by Kelley (2001) and does not a id in generating a large number of 'wild' 

ideas, which are embryos for new products. Of course, there could be many o ther 

products that could be manufactured with this composite material by injection 

moulding, but their identification could be s low if limited on ly to this method. Given the 

time constraint for the project, it was decided to investigate the building foundation 

product further, and other techniques to generate product ideas were not explored. 

5.1.4 Idea analysis using software simulation 

The use of computer-aided-design (CAD) tools to reduce development time, 

development cost, and risk is not new (Eastman and Smith, 1996). They have become 

an indispensable too l to a product developer. They are not limited to just modelling of 

products for prototyping, but find application at every stage of the NPD process. The 

growing popularity of this tool in product development is an obvious indication that the 

results of computer-aided ana lysis have found acceptance with the management, 

engineers, and manufacturers to make good decisions about the product. For the current 
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project, the resu lts of the static stress ana lysis indicate that it is possible to utilise this 

composite material for manufacturing the foundation product. Once the product design 

is modified to suit the needs of the customer (house owner and builder), the analysis can 

be rerun to verify the results . 

5.1.5 Financial analysis 

The financial analysis that has been conducted is quite approximate and many 

assumptions have been made, some of wh ich are dependent on the organization 

manufacturing and selling the product. The high cost of the product is attributed to the 

high cost of MDPE powder. When purchasing large vo lumes of raw polymer discounted 

rates apply. This has not been considered in thi s analys is because it is subjective, and 

would affect the retail price of the product considerably. So the true reta il price of the 

product would be lower than the price quoted in this analysis. 

This project proves the New Concept Development model 's basis that in the 

FFE s tage of NPD, the phases are iterative and there is considerable looping back and 

forth in the effort to understand different a pects of the product during its development, 

which would enabl e the development team to make informed decisions. This is appa rent 

in the new "Technology Driven - Fuzzy Front End" model that has been proposed for 

developing technology-driven products. 
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CONCLUSION 

Conclusion 

6.1 Fuzzy Front End of New Product Development process for technology­

driven products 

The ' primary ri sk facto r' th at companies face today is competition (Vo lke r, 

1988) . With technology changing rapidly, competition intens ify ing day-by-day, and the 

changing nature of custo mer needs, the long term surv ival of a company has been linked 

to its ability to develop and introduce a s tead y s tream of new products into the market 

(Coope r, 1994; Spets idis and Schame l, 2002). Embarking on New Product 

Development in s uch an environment can be both cha ll enging and ri sky. It is no wo nd er 

then that fro m the tota l poo l of raw ideas, o nl y one-third of them are commercia ll y 

success ful (S pets id is and Schamel, 2002) . 

Gi ven the hi gh fa ilure ra te of ' new ' products, companies prefer to a ll ow 

customer needs to di ctate and guide th e deve lopment of techno logy. Most of the 

products introduced 1n the marke t a re line-extensions, brand- extensions and 

modificatio ns to pec ifi c attrib utes of a prod uc t and do not confo rm to the te rm ' new 

product ' , w h ich a re based o n tru ly new . o ri g ina l concepts. 

No s ing le P roduct Deve lopment P rocess wo rks fo r all compani es o r all prod ucts 

w ithin the same company, s ince each com pany and the prod uct that it deve lops i 

unique. Even the types of strategy that a company may adopt to develop and market 

new produc ts d iffer. This is gene ra ll y clea r fro m the orga nizat io n 's goa l or miss ion 

sta tement. Fo r instance, 3M is a company known fo r 'creat ing innovat ive products and 

services tha t respond to customer needs'. The company deve lops in novat ive 

techno log ies and so lutio ns for adhes ives, m ate ri als, chemicals, po lymers, electronics, 

optics, life sc iences and manufac turing processes (3M Corporate Webs ite, 

http://www.3 m.com/about3M/techno log ies/tech land in g. jhtml ). The miss ion s tatement 

of the company reads, 'Innovative and Practical solutions fro m a diverstfied 

technological company' 

The present project, which was based o n the development of a new compos ite 

materia l, illustrated the diffe rence between a marke t-driven and technology-dri ven 

product deve lopment processes . M arket-driven processes bega n with the identifi cation 

of user needs and then identified exi ting o r new techno logies to deve lop products that 

suited the user 's needs . The TSG process proposed by Ajami an and Koen (2002) fo r 
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dealing with the FFE stage of technology-driven products iso lated th e development of 

new technology from the product development process. The TD-FFE model proposed in 

this thesis began with the development of a new technology (in this project, a new 

material), and integrated this process with the product development process by taking 

the consumer needs into account at an early stage. This would aid in adapting the new 

technology to develop a product that would suit the needs of the consumer. 

When the composite development process (Figure 1.1, page 7) is compared with 

the proposed TD-FFE model (Figure 5.2, page 69), it can be observed that Stage 1 

(development of new technology) of the model corresponds to Phase 1 of the product 

development process. In order to develop usefu l products based on the new technology, 

it was necessa ry to first understand the materi a l and its properties, and exam ine how the 

constituents of the material affected its overall behaviour. If the technologists 

developing a product had no understanding of the mate rial properties, it would not be 

possible to cater to the needs of the users . Similarly, if the scientists developing the new 

technology had littl e understanding of the user's needs, they would not be ab le to adapt 

the technology to suit the user's needs. During Phase 2 of the development process, 

opportunities were ident ified and further testing of the properties of the material specific 

to the product under consideration was undertaken, which formed Stage 2 in the TD­

FFE model. 

6.2 WFRP composite material properties: 

Although the quality of wood fibre is prone to seasonal variations, "with today's 

know-how, the industrial demand for defined and reproducible raw materials can be 

satisfied. U ing controlled agricultural plant growth and intelligent processing 

technology, it is possible to iron out the natural inhomogeneties and produce 

standardized high-quality fibres." (Kohler and Kess ler, 1999). 

The experiments conducted with the rotational moulding grade MDPE powder 

found the polymer to be suitable as a matrix materia l, which could be reinforced with 

radiata pine and processed by injection moulding. Manual blending of the fibre -

polymer mixture followed by injection moulding prevented the degradation of the fibre. 

This indicated that multiple compounding of the fibre - polymer mixture (studies 

undertaken by Lee and McDonald (2001) and Abdalla et al. (2002)) degraded the wood 

fibre and had to be avoided if wood fibres were required to reinforce the polymer. It was 

also ascertained that a minimum amount of fibre content was required for the fibre to 
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act as a reinforcing agent. Below this threshold value, the fibre behaved like a filler 

(Jayaraman, 2003) 

Following are the key results of the study into radiata pine fibre reinforced 

polymer composite material properties: 

1. Addition of wood fibre to the polymer increased the density of the composite 

material from 947 kg/m3 at 10% fibre content to 1055 kg/m3 at 40% fibre 

content (moulded at l 75°C). The viscosity of the material also increased. 

2. Fibre content by itself had a significant effect on the tensile strength of the 

composite mate rial, while the melt temperature by itself did not have a very 

significant effect on the tensile strength of the composite. The interaction of 

fibre content with melt temperature was also significant. The maximum tensile 

strength of about 20MPa was achieved when the composite was moulded at 

l 75°C with a fibre content of 30%. 

3. In contrast to the research conducted by Lee and McDonald (2001) (Chapter 2, 

page 19) and Abdalla et al. (2002) (Chapter 2, page 20), the tensile strength of 

the WFRP composite (the current project) , increased with increase in fibre 

content (up to 30%). It is this author's inference that the decrease in the tensil e 

properties observed by the other researchers was due to thermal degradation of 

the wood fibre because the wood fibre was processed at high temperatures more 

than once. Thi s was avoided in th e present project by adopting manual bier.ding 

method to mix the wood fibre and MDPE powder, and by reducing the residence 

time of the material in the barrel of the inj ection-moulding machine. A sim il ar 

observation was made by McHenry and Stachurski (2002) (Chapter 2, page 17) 

and Peterson et al. (2002) (Chapter 2, page 20) 

4. Variation in the fibre length did not have a significant effect on the tensile 

properties of the composite materia l. Critical length of pine fibre is suggested to 

be around 4mm (Chapter 3, page 38). 

5. The thermal resistivity of the composite (2.65mm thick) ranged from R2.45 for 

10% fibre content to R2.86 for 30% fibre content. 

6. The moisture absorption was found to be 0.15% . The presence of moisture 1s 

very essential for bacteria to attack the WFRP composite. Lower the moisture 

level in the composite, lower will be the chance of bacteria attacking it. The 

possibility of incorporating a bactericide in the composite material during its 
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manufacture needs to be investigated . This wou ld enhance the value of the 

product proposed in this thesis. 

6.3 Benefits of the foundation product proposed to be manufactured with the 

material 

Given limiting fac tors like a new material and a specific process ing me thod , 

brainstorming may not be the idea l technique to gene rate a large number of new 

product ideas , as the method calls for 'w ild ' and free thinking, and such boundaries 

s tifle thi s. The method nevertheless was successfu l in identifying the foundation 

insul at ion and permanent formwork boxing product for buildings. 

The success of technology-driven products is dependent on the new techn o logy 

providing immediate benefits to users . Based on the research into the materi al properties 

and fina nc ial imp! ications, the product offers key benefits for home owners and builders, 

to whom this product is ai med to cater to. Some of the benefits are: 

1. Insulates the bui lding, g iven its hi g he r R- va lue, w hi ch means lower energy bills 

for the building owner 

2. Provides an aesthetically pleasing appea rance of the concrete found at ion exterior 

3 . Helps the builder to construct the fo undation fa ter, because assemb ly of the 

blocks is easier compared to bui lding the fo rm work. 

6.4 Scope for further development 

The development of the product 1s by no means comple te. More consumer 

research needs to be done, and f ie ld trials of prototypes conducted to confirm the 

practical feasibi lity of th is product. This wou ld a lso improve the accuracy of the 

financ ia l estimates for the product. Further work is required to study the design for 

manufacturab ility iss ues of the product. Since the cost of the po lymer materi al is hig h 

which increases the cost of the product, the use of cheaper a polymer matri x materia l 

could a lso be investigated. 

At the stage where the project stands, chem ica l treatment of the fibre to improve 

its bonding with the polymer or reduce the amount of mo isture absorption does not 

seem necessary. Further deve lopment of the product prototypes to test the practical 

viability of the product concept would enab le the product development team to make an 

informed decis io n on this question. Based on these res ults, the management wou ld be 

able to decide whether o r not to ta ke the concept through to production and 

commerc ially launch the product. 
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Appendix B - Results of statistical analysis 

The SAS System 
INPUT DATA 

Fibre - Fibre - Melt_ Tensile -
Obs length(mm) content(%) temp(°C) strength (Mpa) 

1 4 10 155 14.26 
2 4 10 155 16.55 

3 4 10 155 15.95 
4 4 10 155 15.33 
5 4 10 155 14.98 
6 4 10 175 12.75 
7 4 10 175 13.33 
8 4 10 175 13.50 
9 4 10 175 13.58 
10 4 10 175 12.79 
11 4 10 195 12.09 
12 4 10 195 11.88 
13 4 10 195 12.02 
14 4 10 195 11.71 
15 4 10 195 11.93 
16 4 10 215 11.52 
17 4 10 215 11.74 
18 4 10 215 11.51 
19 4 10 215 11.96 
20 4 10 215 12.23 
21 4 20 155 15.83 
22 4 20 155 16.37 
23 4 20 155 16.14 
24 4 20 155 15.09 
25 4 20 155 16.45 
26 4 20 175 15.36 
27 4 20 175 14.87 
28 4 20 175 14.85 
29 4 20 175 15.74 
30 4 20 175 14.84 
31 4 20 195 14.81 
32 4 20 195 15.79 
33 4 20 195 15.58 
34 4 20 195 15.00 
35 4 20 195 16.02 
36 4 20 215 18.57 
37 4 20 215 17.33 
38 4 20 215 17.25 
39 4 20 215 15.42 
40 4 20 215 16.89 
41 4 30 155 18.84 
42 4 30 155 18.01 
43 4 30 155 18.33 
44 4 30 155 18.90 
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Fibre - Fibre - Melt_ Tensile -
Obs length content temp strength 
45 4 30 155 19.46 
46 4 30 175 17.14 
47 4 30 175 19.00 
48 4 30 175 20.64 
49 4 30 175 22.07 
so 4 30 175 20.90 
51 4 30 195 16.58 
52 4 30 195 15.49 
53 4 30 195 18.50 
54 4 30 195 18.75 
55 4 30 195 18.04 
56 4 30 215 18.19 
57 4 30 215 17.91 
58 4 30 215 17.04 
59 4 30 215 17.42 
60 4 30 215 17.64 
61 4 40 155 13.01 
62 4 40 155 18.90 
63 4 40 155 18.60 
64 4 40 155 19.34 
65 4 40 155 17.82 
66 4 40 175 19.46 
67 4 40 175 19.34 
68 4 40 175 17.66 
69 4 40 175 16.33 
70 4 40 175 16.33 
71 4 40 195 19.90 
72 4 40 195 18.66 
73 4 40 195 19.10 
74 4 40 195 18.20 
75 4 40 195 18.51 
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Two-factor Analysis of Variance (ANOV A) 

Class 

Fibre_content 

Melt_temp 

The GLM Procedure 

Class Level Information 

Levels 

4 

4 

Values 

10 20 30 40 

155 175 195 215 

Number of observations 75 
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Two-factor Analysis of Variance (ANOV A) 

The GLM Procedure 

Dependent Variable: Tensile_strength Tensile_strength 

Sum of 
Source DF Squares Mean Square F Value Pr> F 

Model 14 427.4445147 30.5317510 24.53 <.0001 

Error 1.2447187 

Corrected Total 

60 74.6831200 

74 502.1276347 

R-Square Coeff Var Root MSE Tensile_strength Mean 

0.851267 6.859637 1.115670 16.26427 

Source DF Type III SS Mean Square F Value Pr> F 

Fibre_content 3 
Melt_temp 3 
Fibre_cont*Melt_temp 8 

340.5519900 
11.5899933 
66.4148500 

113.5173300 
3.8633311 
8.3018563 

91.20 <.0001 
3.10 0.0332 
6.67 <.0001 
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Appendix B - Results of statistical analysis 

Two-factor Analysis of Variance (ANOV A) 

The GLM Procedure 

Level of -------Tens i le_strength------
Fibre_content N Mean Std Dev 

10 
20 
30 
40 

20 
20 
20 
15 

13.0805000 
15.9100000 
18.4425000 
18.0773333 

1.56337514 
1.00467329 
1.52326821 
1.75223721 

Level of -------Tensile_strength------
Melt_temp N Mean Std Dev 

155 
175 
195 
215 

20 16.9080000 
20 16.5240000 
20 15.9280000 
15 15.5080000 

1.86438815 
2.88204313 
2.78351841 
2.81041736 

Level of Level of -------Tensi le_strength------
Fibre_content Melt_temp N Mean Std Dev 

10 155 5 15.4140000 0.88103916 
10 175 5 13.1900000 0.39414464 
10 195 5 11.9260000 0.14536162 
10 215 5 11.7920000 0.30670833 
20 155 5 15.9760000 0.55070863 
20 175 5 15.1320000 0.40468506 
20 195 5 15.4400000 0.51696228 
20 215 5 17.0920000 1.12943349 
30 155 5 18.7080000 0.55899016 
30 175 5 19.9500000 1.91517623 
30 195 5 17.4720000 1.39074440 
30 215 5 17.6400000 0.44266240 
40 155 5 17.5340000 2.58903071 
40 175 5 17.8240000 1.53832051 
40 195 5 18.8740000 0.65884748 
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Appendix C 

Derivation of R-values for WFRP composites at various fibre contents: 

Thennal conductivity and resistivity for WFRP at 10% fibre content 

Using Eq. 4.5, 

K _ K(MDPE)x(at) 
10 - (aT) 

Where, K(MDPE) = 0.33 W/mK 

Hence, 

ot = 33.lK (temperature difference for LOPE sample) 

oT = 26.8K (temperature difference for 10% WFRP sample) 

= 0.33x33.1 = 0.407 W/mK 
26.8 

1 
Rio = -- = 2.45 mK/W 

0.407 

Thermal conductivity and resistivity for WFRP at 20% fibre content 

K _ K(MDPE)x(at) = 0.33x33.l = 0_36 W/mK 
zo - (oT) 30.1 

Hence, 

1 
R20 = -- = 2.77 mK/W 

0.36 

Thermal conductivity and resistivity for WFRP at 30% fibre content 

K _ K(MDPE)x(ot) = 0.33x33.l = 0_34 W/mK 
30 

- (8T) 31.3 

Hence, 

1 
R 30 = -- = 2.86 mK/W 

0.34 
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Appendix D - Equation for variable pressure 

APPENDIXD 

Derivation of the equation for determining the variable pressure exerted by wet 

concrete on the foundation formwork boxing: 

From the theory of fluid mechanics , the pressure 'P' (in Ni mz) exerted by fresh 

concrete on the foundation formwork boxing could be determined by, 

where, 

P=pgh 

p = Density of the fluid (Kgl m3
) = 2400kglm3 for fresh concrete 

g = Acceleration due to gravity (mlsz) = 9.81mls2 

h = Height (or depth) of the fluid in the container= 1 m 

p = 2400 X 9.81 X 1 

= 23544 Ni mz 

z The pressure exerted would vary from ONl m at the top of the formwork to 

23544Nlmz at the base of the formwork as shown in Figure B.l 

(0, 1) ~---~ 0 Ni mz 

Formwork Boxing 
Height (h) 

(0 , 0) 23544 Ni mz 

Figure B.1 Pressure triangle of concrete on the foundation formwork boxing 

where, 

It should satisfy the Equation B.1 below (SolidWorks User's Manual, 2001). 

p * (A + Bx + Cy + Dxy + Ex2 + F y2) =P(x,y) 

p = a value by which the equation would be scaled to give the pressure at any 

point x,y on the part= 23544 Nimz 
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Appendix D - Equation for variable pressure 
P(x, y) = co-ordinates at which the pressure P is exerted = varies from O to 23544N/m2

, 

at co-ordinates (Orn, lm) and (Orn, Orn) respectively. 

A, ... F = coefficients which will be scaled by 'p' to determine the pressure at that point. 

To find the coefficients A to F: 

At P (0, 0), from Equation B.1 we have, 

P (0, 0)= p * (A) = 23544 

Let A= 1 

At P (0 , 1), 

~ p = 23544 

~ p * (A + C + F) = 0 

~ pA + p (C + F) = 0 

~ 23544 + 23544 (C + F) = 0 

~ 23544 (C + F) = -23544 

~C+F=-1 

~ C = -(F + 1) 

One of the values of C and F that would satisfy the Equation B.1 could be, 

F=l 

~C=-2 

One of the possible coefficients are: 

A= 1, B = 0, C = -2, D = 0, E = 0, F = 1 

And one of the equations that would satisfy the Equation B.1 is, 

P (x, y) = p (/- 2y +1) 

... Eq. B.2 
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Appendix E - Financial Analysis 

Table E-1 Building Consents Issued - May 

Total Dwelling Domestic Total 
Value Total Area (m2

) 
Value Alterations 

Outbuildings 
Residential 

$(million) Dwelling (OOO) & Additions Buildings 
Units No.(3) 

$(million) 
Value $(million) 

Year Ended May: 
1999 229.5 22061 3513 2931 511.3 182.6 3624.9 
2000 306.6 24736 4121 3414.9 542.8 182.6 4140.3 
2001 195.9 19303 3388 2841.8 555.3 163 3560.1 
2002 298.6 22309 4088 3578.6 635.6 159.4 4373.6 
2003 507.7 28546 5046 4661.3 686.8 187.3 5535.4 

Monthly 
2001 24.7 1856 324 270.6 50.2 17.3 338 

19.8 1640 280 238.6 39.8 12.2 290.6 
13.6 1690 297 264.5 49.8 14 328.3 
34.8 2020 366 301.4 58.9 13.5 373.9 
17.8 1678 317 267.6 51.6 11.6 330.8 
21.8 1931 340 299.8 53.3 14.5 367.6 
31.2 2148 360 298.4 55.9 15 369.3 
25.8 1497 318 306.2 45.6 10.5 362.3 

2002 7.5 1486 286 248.9 49.3 10.5 308.8 
32.6 1745 336 293.3 49.3 12.2 354.8 
30.8 1986 381 333.7 53.4 12.1 399.1 
30.5 2206 380 338.8 56.7 13.6 409.2 
32.2 2282 427 387.4 72 19.6 479 
16.5 1864 358 316 51 .1 13.8 380.9 
63.6 2738 475 417.3 58.6 15.8 491.7 
17.2 2105 398 351.8 54 14 419.9 
42.1 2420 417 386.2 57.4 15.4 459 
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119.7 3412 488 457.7 63.2 17 537.8 
55.4 2432 423 405.6 58.1 17.6 481.2 
34.2 2532 429 381.5 52.3 13.7 447.6 

2003 22.5 1995 365 340.3 50.5 12 402.8 
5 1797 359 330.4 53.4 14.3 398.2 

35.7 2537 464 435.7 63.5 18 517.2 
61.5 2232 398 400.3 57.6 16.7 474.6 
34.3 2482 472 438.4 67 19.1 524.4 
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Appen~i:x ~--- Financial Analysis 
(Table E-2) Costing to build the formwork by the traditional method 

Standard data 
Total area (floor) of data (2) (sq. m.)* 5046000 5802900 
Misc. overheads 0.1 
Cost of timber (100mm x 40mm, One metre long) (NZ$) (;:::;) 6.46 
Timber required to construct a foundation of height one metre (approx.) ## 1120 
Wastage involved 0.1 
Cost per peg (NZ$) *** (incl. of 12% GST) 3.09 
# of pegs used I metre 2 
Floor area (sq. m.) per unit 177 
Width of the the floor of the residential building (m.) ## 9.4 
Length of floor of the residential building (m.) ## 18.8 

Market details 
2003 2004 2005 2006 2007 

1 Market growth (%) # 0.15 0.15 0.15 0.15 
2 Residential building permits issued in 2003 * 28546 32827.9 37752.09 43414.9 49927.13 
3 Market (dwelling units per year) ** 21409.5 24620.93 28314.06 32561.17 37445.35 
4 Market share (%) 0.1 0.1 0.1 0.08 0.06 
5 Market share (units) 2140.95 2462.093 2831.406 2604.894 2246.721 
6 Total floor area of data (3) (sq. m.) * 3784500 4352175 5005001 5755751 6619114 
7 Floor area of data in (5) (sq.m.)**(a) 378450 416295 457924.5 494558.5 524232 
8 Perimeter length of foundation per unit residential biding (m.) ## 111.76 111. 76 111.76 111. 76 111. 76 
9 Total perimeter length of foundation of data in (5) (m.) 239272.6 275163 .5 316438 291122.9 251093 .5 

Costs 

10 Total cost of timber to build lmetre tal l foundation wall (NZ$) ( F) 7235.2 
11 Cost of Pegs (inclusive of recycling) 172.6692 
12 Number of hours worked per person per day 8 
13 Wage rate per hour (NZ$) 30 
14 Number of days worked on building the formwork by one person 3.5 

Injection Moulded Radiata Pine Fibre Reinforced Polymer Composites: Properties and Applications 

------



98 

Appendix E - Financial Analysis 

Cost · dential unit NZ$ 
15 Direct materials (timber + pegs, exc l. wastage) 7407.869 
16 Direct labour **** 840 
17 Variable overhead (misc. expenditure like nails, etc) 824.7869 
18 Cost of building the formwork boxing per residential unit (NZ$) 9072.656 

19 Actual cost of building the formwork boxing per residential unit (NZ$) (<>) 1837.456 

Notes and assumptions: 

* Data from Statistics New Zealand, www.stats.co.nz 

** Considering only single storeyed residential buildings (75%) of total dwelling units, data from Statistics New Zealand and PNCC 

*** Pegs considered here - 2 pegs/ metre, size of each peg 750mm, (assummed to be recycled about 4 times) 

(Peg cost data from Placemakers, Palmerston North) 

**** 3.5 days ( @ 8 hrs per day) for constructing a 177sq.m house, by one person, @ $30 per hour 

Includes time for building, taking off and cleaning the timber box ing 

## See note on Floor plan on page 98A. 

(:::::) Radiata Pine, H3 treated timber decking board, price from www.carters.co.nz. Quoted price is retail, inclusive of GST. 

( I=) The timber will completely be recycled after the formwork is disassembled and cleaned 

(8) This is data in (18) - Data in (10) (which includes an approx imate 10% wastage in timber used.) 

The following additional costs have not been considered, which could increase the cost of building one sq. m. of formwork boxing 

i. Cost of finishing the foundation by plastering. 

ii. Time required to assemble the steel reinforcement 

Injection Moulded Radiata Pine Fibre Reinforced Polymer Composites: Properties and Applications 
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Note on foundation plan: 

Consider the floor plan given in Figure E-1. The floor is rectangular in shape with 

the length of the floor assumed to be twice the floor width. The foundation thickness is 

130mm (as specified by New Zealand Building Code) . 

130mm 

l 
)I'. 

L-0.26 m . 

L 

1 ...... 2L-0.26 m. 
" ' 
,, 

'I( 

2L 
Figure E-1 Foundation plan of a residential unit 

The total floor area of a residential building is about 177sq. m. Thus, 

{in 
2L

2 = 177 => L = ~z => L = 9.4m 

Timber is required on either side to construct the foundation wall. Hence the total perimeter 

of one residential unit 

= 6L + 6L- 1.04 

= 12 (9.4) - 1.04 

= 111.76 m. ~ 112 m. 

(Note that this is only while constructing the foundation using the traditional method, and is 

not the case while using the proposed product.) 

Number of timber required for building the formwork boxing: 

Length of timber= lm. Width of timber= 100mm (10 timbers to build lm high foundation). 

Thus for a perimeter length of 112 m., and a height of lm, total number of timber required is 

approximately 1120. 

Injection Moulded Radiata Pine Fibre Reinforced Polymer Composites: Properties and 
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(Table E-3) Financial details for manufacturing the foundation block made of the WFRP composite material 

Standard details 
Total foundation area of data in ' 2' (sq. m.) (for 2003 and 2004 respectively)* 5046000 5800690 I 
Weight per block (kg) 1.2 
Number of blocks required to cover a foundation height of one metre 3.3 
Length of block (m.) 0.60 
Block Height (m.) 0.30 
Block width (m.) 0.15 
Manuf. Margin(%) 15 
Retailer's Margin (%) 20 
Wood fibre cost per kg. (NZ$) 0.4 
Manufacturer's cost of MDPE per kg. (NZ$) "' 2 
GST (%) 12 
Foundation area/ unit (sq. m.) 176.7 
Wood fibre content(%) 30 
MDPE Content (%) 70 

Market Details 
2003 2004 2005 2006 2007 

1 Market growth (%) # 15% 15% 15% 15% 
2 Residential building permits issued * 28546 32828 37752 43415 49927 
3 Market (dwelling units per year)** 21410 24621 28314 32561 37445 
4 Product market share (%) ~ 10% 10% 10% 8% 6% 
5 Product market share (units) 2141 2462 2831 2605 2247 
6 Total foundation area of data (3) (sq. m.) * 3783059 4350517 5003095 5753559 6616593 
7 Floor area of data in (5) (sq.m.) ** 378306 435052 500310 460285 396996 

7a Perimeter length of foundation per residential unit (m.) *** 54 54 54 54 54 
7b Number of blocks reqd. to cover the the found ation of one residential unit 300 300 300 300 300 

(including foundation height) 
8 Total perimeter length of data in (5) (m.) (excluding foundation height) 115611 132953 152896 140664 121323 

Injection Moulded Radiata Pine Fibre Reinforced Polymer Composites: Properties and Applications 
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9 Number of blocks reqd. to cover the perimeter length of the foundation 192686 221588 254827 234440 202205 

(excluding height of foundation) 
10 Total number of blocks reqd. to cover the foundation for data in (5) (including 642285 738628 849422 781468 674016 

foundation height) 

Material cost block 
11 Cost of Radiata pine per block (NZ$) t 0.14 
12 Cost of MDPE per block (NZ$) t 1.68 
13 Total cost of materials (NZ$) per block 1.82 
14 Total cost of material per residential unit (NZ$) 547.20 

Variable cost per block 
15 Direct labour: Not considered. See note below. 

Selline: P · block 
16 Manuf. selling price (NZ$) 1.82 
17 Mfg selling price (inclusive of manuf. 's margin) (NZ$) sss 2.09 
18 Retailer gross margin (NZ$) 0.41 
19 Retail price, GST-excl (NZ$) 2.51 
20 Retail price, GST-incl (NZ$) per block 3.02 
21 Cost of buildin~ formwork boxin2 with WFRP blocks for one residential unit (NZ$) 906.16 

Notes and assumptions: 
* Data for 2003 from Statistics New Zealand, www.stats.co.nz, foundation area projected for 2004 and beyond 

** Considering only single storeyed residential buildings (75%) of total dwelling units, data from Statistics New Zealand and PNCC 
*** The moulded blocks take the 2 sides of the foundation into consideration. Thus, the perimeter length of the foundation considered will only 

be 6L in this case. See 'Floor Plan ' (Appendix E, page 98) for details. 
# Based on the growth from 1999 to 2003 
€ Cost of PR per kg= NZ$0.5, cost of RM grade MDPE per kg= NZ$2.00, 

Please note that the cost of MDPE powder for such high volumes will include discounts, which has not been considered in this analysis. 
§ Assumed to drop, because of anticipated competition 

Injection Moulded Radiata Pine Fibre Reinforced Polymer Composites: Properties and Applications 
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§§§ Assuming that the manufacturer's margin is 20% 
Fixed costs (for eg., cost of the injection mould) have not been considered. 
::!J Resin pricing data from http://www.plasticsnews.com/subscriber/resin/pricel.html 

A Note on Labour cost: 
Labour cost has not been considered for this ana lysis. This is because in a real world situation , the chief labour cost involved (operating the injection 
moulding machine) is based on a fixed daily wage of the operator and overheads. Without knowing the actual daily production volumes of the blocks, 
including this cost would lead to erroneous costing. Further the labour cost must also include the cost for assembling the blocks prior to constructing 
the foundation, which is not known at the present time. 

Injection Moulded Radiata Pine Fibre Reinforced Polymer Composites: Properties and Applications 
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Scenario I 
Scenario I : Housing market share remains constant2 ~roduct market share 

increases 
Pdt. market share Housing market share Retail price per Price per sq. 

block m. 
% units % units (NZ$) (NZ$) 

10 2,462 15 24,612 7.92 50.78 
20 4,924 15 24,612 6.63 43.04 
30 7,386 15 24,612 6.06 39.62 
40 9,848 15 24,612 5.72 37.58 
50 12,310 15 24,612 5.49 36.20 
60 14,772 15 24,612 5.32 35.18 
70 17,234 15 24,612 5.18 34.34 
80 19,696 15 24,612 5.08 33.74 
90 22,158 15 24,612 4.99 33.20 

100 24,620 15 24,612 4.91 32.72 

Scenario II 
Scenario II : Housing market share increases 2 ~roduct market share remains 

constant 
Pdt. market Housing market Retail price per Price per sq. m. 

share share block 
% units % units NZ$ NZ$ 

10 2,462 15 24,612 7.92 50.78 
10 2,783 30 27,832 7.66 49.22 
10 3,1 04 45 31 ,044 7.44 47.90 
10 3,425 60 34,255 7.25 46.76 
10 3,747 75 37,467 7.09 45.80 
10 4,068 90 40,678 6.94 44.90 
10 4,282 100 42,819 6.86 44.42 

Scenario Ill 
Scenario Ill : Housinci market increases. oroduct market share increases 
Pdt. market Housing market Retail price per Price per sq. m. 

share share block 
% units % units NZ$ NZ$ 

10 2,462 15 24,612 7.92 50.78 
30 8,350 30 27,832 5.91 38.72 
45 13,970 45 31,044 5.37 35.48 
60 20,553 60 34,255 5.04 33.50 
75 28,100 75 37,467 4.82 32.18 
90 36,610 90 40,678 4.66 31.22 

100 42,819 100 42,819 4.58 30.74 
100 64,229 200 64,229 4.38 29.54 

Injection Moulded Radiata Pine Fibre Reinforced Polymer Composites: Properties and 
Applications 


	20001
	20002
	20003
	20004
	20005
	20006
	20007
	20008
	20009
	20010
	20011
	20012
	20013
	20014
	20015
	20016
	20017
	20018
	20019
	20020
	20021
	20022
	20023
	20024
	20025
	20026
	20027
	20028
	20029
	20030
	20031
	20032
	20033
	20034
	20035
	20036
	20037
	20038
	20039
	20040
	20041
	20042
	20043
	20044
	20045
	20046
	20047
	20048
	20049
	20050
	20051
	20052
	20053
	20054
	20055
	20056
	20057
	20058
	20059
	20060
	20061
	20062
	20063
	20064
	20065
	20066
	20067
	20068
	20069
	20070
	20071
	20072
	20073
	20074
	20075
	20076
	20077
	20078
	20079
	20080
	20081
	20082
	20083
	20084
	20085
	20086
	20087
	20088
	20089
	20090
	20091
	20092
	20093
	20094
	20095
	20096
	20097
	20098
	20099
	20100
	20101
	20102
	20103
	20104
	20105
	20106
	20107
	20108
	20109
	20110
	20111
	20112
	20113
	20114
	20115
	20116



