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RESUMO 
 

O fabrico de produtos 100% fabricados com fibra de bamboo têm sido estudado nos últimos anos, 
permitindo uma substituição verde para outros compósitos fabricados a partir de compostos de 
petróleo por as fibras de bamboo terem uma capacidade auto-adesiva. Neste estudo, um novo 
método de fabrico foi proposto e respectivos testes de validação do método foram realizados. O novo 
método consiste na criação de um provete de formato geométrico simples por ball end-milling 
controlada por uma fresadora de topo CNC tridimensional de modo a criar o produto final. A principal  
vantagem deste método é que vários produtos podem ser fabricados facilmente a partir de um 
produto de forma simples usando apenas um molde que é posteriormente maquinado quando 
comparado ao método convencional, onde cada produto requer o seu próprio molde para o seu 
fabrico. Nos testes de validação, a fabricação de um produto de geometria simples por hot press 
forming foi realizada com sucesso. A maquinagem da peça final por ball end-milling foi usada para o 
fabrico de um produto em forma de colher a partir de um produto de formato retangular. Ao analisar a 
qualidade da superfície, a precisão das dimensões e a rugosidade superficial das amostras de teste, 
foi estabelecida uma tendência das condições ótimas de corte. Como resultado, a fabricação do 
produto de fibra de bamboo em forma de colher foi alcançada com sucesso e os dois provetes 
maquinados pelos diferentes métodos de fabrico foram comparados consoante as sua qualidades de 
superfície. 

 

PALAVRAS-CHAVE:  

Bamboo, fibras de bamboo, compósitos de fibras de bamboo, compósitos sustentáveis, compósitos 
verdes 
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ABSTRACT 
 

The manufacture of 100% green products of bamboo fiber have been studied in recent years by 
allowing a green replacement to other composites made from petroleum compounds as the bamboo 
fibers have a self-adhesive capacity. In this study, a novel fabrication method was proposed and its 
validation examinations were carried out. The new method consists of creating a simple shaped 
sample by ball end-milling controlled by a Computer Numerical Controlled 3 dimensional end-
milling machine in order to create the finished product. The main advantage of this method is that 
various shaped products can be fabricated easily from a simple shaped product by using just only one 
mold, compared to the conventional method where each product requires its own mold for product 
manufacturing. In the validation tests, the fabrication of a simple shaped thick product was 
successfully performed. The machining by ball end-milling was used for fabrication of a spoon 
shaped product from a rectangular shaped product. When analyzing the surface quality, size accuracy 
and surface roughness of the testing samples, a tendency of the optimal cutting conditions was 
established. As a result, the spoon shaped bamboo fiber product fabrication was successfully 
achieved. 

 

KEYWORDS: Bamboo, bamboo fiber, bamboo fiber composite, bamboo fiber green composites, ball 
end-milling 
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1 
INTRODUCTION 

 

 

1.1. MOTIVATION AND BACKGROUND 

In today’s society, we are continuously looking for new ways to not only make sustainable products, 
but to also have sustainable ways of producing these products. 

Currently, when there is a need to fabricate a new product, there are many options to choose from in 
terms of material and manufacturing method. However, due to the fact that they are easier and 
cheaper to manufacture, plastic composites are a very common option as they can be produced with 
the target product's mechanical properties and dimensions but, at the same time, their large 
degradation time and large manufacturing resources consumption makes them a non-environmentally 
friendly material. 

Because of this domination of plastics, more sustainable material alternatives and ways of 
manufacturing those materials gained a lot of attention in the scientific community. 

One of the alternatives is bamboo and its fibers. Not only does bamboo have the fastest growth rate 
known to science as it also presents an early maturation, a high regeneration rate and extraordinary 
mechanical properties. 

Bamboo has, historically, been an important and efficient material used in the production of wares and 
furniture, particularly in Central and East Asia. However, by having a hollow interior, the lack of timber 
in the bamboo culm limited its use, and bamboo was eventually replaced by other composites that 
could achieve the specifications of custom products. 

The problem with using bamboo fibers has always been due to its extraction from the culm. Such a 
problem is due to the fact that most of the extraction methods could not extract fibers with controlled 
dimensions, and in some of the extracting methods, the bonding property of the fibers, called lignin, 
would even be removed or damaged. 

But with the introduction of a new method to extract the bamboo fibers by a machining center, high 
quality fibers that retain the lignin property could be extracted and it allowed the possibility to fabricate 
self-adhesive 100% bamboo fiber composites which require no resin to bond by a method called hot 
press forming. 

Those composites not only may be a sustainable solution for some plastic composites, as they take 
advantage of the unused bamboo forests located mainly in Central and East Asia, but they also help 
the CO2 impact on earth by generating large amounts of oxygen when the bamboo shoots are 
growing. 

As said before, not only is the search for natural and sustainable materials and composites in 
constant study, but new ways of manufacturing those materials are also required in order to find more 
sustainable ways to fabricate those natural materials. Subsequently, in this dissertation, a new 
manufacturing method of fabricating bamboo fiber products has been proposed and its validation 
tests have been carried out. 
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1.2. OBJECTIVES 

The objectives defined for this dissertation are the following: 

1. To study the relationship between density and mass for fabricated self-adhesive 100% 
bamboo fiber composites with a simple geometric shape; 

2. To know if it is possible to validate the proposed bamboo fiber composites manufacturing 
method for complex shaped products like a spoon; 

3. To study the surface quality parameters when comparing the two manufacturing method’s 
final products fabricated with bamboo fiber composites 

 

1.3. THESIS OUTLINE 

This dissertation is divided into 7 parts, including the present introduction. 

In chapter 2, a bibliographical review is made and the reader is introduced to the necessary theory 
about bamboo and its fibers as well as the existing bamboo fiber composites, which will be an 
informative foundation for the following chapters. 

In chapter 3, a new manufacturing method is proposed for composites made solely with bamboo fiber. 
This proposed manufacturing method is compared to the existing conventional manufacturing method 
for such bamboo fiber products. 

After presenting the work proposal of this dissertation, chapter 4 presents the experimental work 
methodology to be performed for each stage of this thesis project. 

Then in chapter 5, the experimental work methodology is applied and the proposed experimental work 
and respective results and analyses are performed and discussed. 

Finally, the conclusions of all of the work proposed are presented in chapter 6. 

In the end of this document (chapter 7), all the bibliographical references for other research papers 
related to the present thesis are presented. 
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2 
STATE OF ART 

 

 

2.1. BAMBOO 
2.1.1. WHY BAMBOO 

Bamboo is a very important plant both economically and culturally in many countries of central Asia, 
such as China, Japan and India (Figure 1), and millions of people depend on bamboo products and its 
derivatives on their daily life[1]. 

 
Figure 1 - World distribution where bamboo grows naturally [2] 

The reason why bamboo is so important in these regions is the fact that bamboo is a plant that not 
only has very rapid growth and an early maturation, but it also holds good mechanical properties such 
as high yield strength, high specific strength and stiffness [3] when compared to other materials [4] [5]. 

Table 1 - Mechanical properties of bamboo compared with other materials [4] [5] 

 

In the past, bamboo had other applications as a building material of many products in these Asian 
countries, such as furniture and ware of the popular products such as bamboo chopsticks, bowls, floor 
sweepers, cradles, beds, mats, baskets, handles, carrying poles, and many others such as bamboo 
handicrafts and musical instruments [6]. However, because of the lack of timber in the bamboo culm 
and the introduction of new materials such as plastic composites that were easier and cheaper to 

Materials E (GPa) (E/ρ) σu (MPa) (σu/ρ) ρ (Kg/m3) 
Mild Steel 200 (0.0256) 400-500 (0.051-0.064) 7800 
Carbon Steel 200 (0.0256) 450-700 (0.051-0.064) 7800 
CrMo Steel 200 (0.0256) 800-1200 (0.051-0.064) 7800 
Al alloys 73 (0.026) 140-550 (0.050-0.196) 2800 
Ceramics:    
    SiC 260 (0.081) 400 (0.125) 3200 
    XrO2 170 (0.146) 160 (0.043) 3700 
    Al2O2 390 (0.100) 500 (0.128) 3900 
Bamboo:    
    Bulk 15 (0.0127) 22(0.0186) 1180 
    Matrix 2 (0,00299) 50 (0.0746) 670 
    Pure Fiber 46 (0,03966) 610 (0.5258) 1160 
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manufacture than bamboo, bamboo, as a product-building material, was heavily replaced by the other 
timbers and plastic composites. 

With the historical drop in the usage of bamboo as a manufacturing material and since bamboo is a 
grass, and therefore has a high rate of reproduction, there was a growth in the forest area of bamboo 
in the Asian countries where the bamboo shoot grows, such as China, Japan and India [7]. This has 
resulted in the forests becoming unused. 

The exploration of unused forests to manufacture natural products, if sustainable, is beneficial to the 
environment [8]. However, these unused bamboo forests are not explored. Not only does bamboo 
produce oxygen while it grows, but because it is a natural product, its manufacturing could be used to 
replace other materials that are less sustainable, like plastic and non-degradable composites.  

The main motivation of the field of studies where this dissertation is inserted is to take advantage of 
the unused bamboo forests to manufacture sustainable products. This is being taken care by the 
University of Ryukoku and Doshisha University, in Japan. 

 

2.1.2. BAMBOO PLANT MORPHOLOGY 

In order to understand why bamboo differs so much from the other manufacturing materials, it has to 
be first understood that bamboo is considered a grass and not a tree [9]. 

As opposed to trees, the bamboo root has an early and very steady development as it is rare for the 
stems to grow in the first years of bamboo planting, but once the root is developed the stems grow 
rapidly as the root has built a very strong foundation. This also allows a much faster regeneration than 
regular wood if a stem is chopped. 

The reason of its growth is explained by the fact that, unlike trees, bamboos develop a single main 
stem without secondary thickening growth off that stem. This prevents geometric adaptations and 
increase the overall structural optimization in the material level [10]. 

The growth rate of bamboo is so high (up to 93 cm per day) that it is considered as the plant that has 
the highest natural growth in the world [11]. Figure 2(a) ilustrates the growth of a bamboo stem which 
was tracked in Kyoto, Japan [12]. 

 

Figure 2 - (a) Bamboo Growth in Kyoto [12]                     (b) Bamboo Plant Morphology [13] 

A bamboo can be considered mature at around 1 to 2 months, when its height is approximately 20 to 
30 meters depending on the species and the environment in which the stem grows [14]. 

Because of this, recent studies have pointed to the potential of new applications of bamboo in sectors 
where it was previously not used, such as in manufacturing products with complex shapes [15]. This 
is mainly due to a bamboo compound that has been receiving more and more attention throughout 
the years: bamboo fibers. 
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2.2. BAMBOO FIBERS 
2.2.1. BAMBOO FIBER PROPERTIES 

Bamboo fibers are part of the bamboo culm, in which the matrixes are found, and are characterized 
by mainly 3 parts: 

- vascular bundles - 40% of matrix volume 

- parenchyma cells - 50% of the matrix volume 

- lignin  - 10% of the matrix volume [9] 

 

Figure 3 - Cross section of a bamboo pipe and its structural components [16] 

 

Vascular bundles and parenchyma cells can be seen in Figure 3 which shows the cross section of a 
bamboo culm and its components. 

Bamboo fibers are highly concentrated inside the vascular bundles and it’s these fibers that give 
bamboo its high mechanical properties, such as high specific strength and stiffness [17]. These fibers 
are better than many of the other natural fibers, as shown in Table 2 [18]. 

Parenchyma cells make up the rest of the bamboo matrix, but its density is much lower than vascular 
bundles and thus provides them with lower mechanical properties than the vascular bundles. 

Because of the diference between vascular bundles and parenchyma cells, the mechanical properties 
of the matrix itself are lower than the properties of the pure fibers (vascular bundles). This is because 
they are not as dense as pure fibers, as seen below: 

Table 2 - Mechanical Properties of Bamboo Matrix and Fiber [5] and [18] 

# of sample ρ 
(Kg/m3) 

σu 
(MPa) 

E 
(GPa) (σu/ρ) (E/ρ) 

Bamboo (Matrix) 670 50 2.00 0,07463 0,00299 
Bamboo (Pure Fiber) 1160 610 46.00 0,52586 0,03966 

Vakka 810 549 15.85 0,67778 0,01957 
Palm 1030 377 2.75 0,36602 0,00267 

Coconut 1150 500 2.50 0,43478 0,00217 
Banana 1350 600 17.85 0,44444 0,01322 

 

As for the fibers themselves, they are very complex and are arranged in layers with differing 
orientations, which give the fibers very good structural properties such as high specific strength and 
stiffness. This can be seen in Figure 4(f) [19]. 
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Figure 4 - (a) Bamboo culm, (b) cross-section of bamboo culm, (c) vascular bundle, (d) fiber strand, (e) 
elementary fibers (f) model of polylamellae structure of bamboo [20] 

Although the fibers have much better mechanical properties than the matrix itself, it is very difficult to 
separate them and extract them from the parenchyma cells. 

 

2.2.2. BAMBOO FIBER CULM DENSITY 

One of the properties of bamboo fibers is that the fiber density along the culm varies with the culm’s 
diameter in a non-linear way.  

The outside fibers of the culm have a higher density than the inside fibers, which consequently 
provides it with better mechanical properties. 

Figure 5 shows a cross section of a bamboo culm. It can be observed that the area where there is a 
higher concentration of vascular bundles (seen as darker dots in the image) is on the outside rather 
than on the inside of the bamboo culm cross section. 

 

 

Figure 5 - Bamboo pipe cross section 
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2.2.3. BAMBOO FIBER EXTRACTION METHODS 

There are a number of conventional mechanical methods of extracting bamboo fibers, but all handle 
the fibers differently and have different fiber extraction efficiency. 

Some of the conventional methods of extracting bamboo fibers are described below. 

 

2.2.3.1. Crushing 

In this process of bamboo fiber extraction, fibers are extracted by first cutting the raw bamboo into 
small pieces by a roller crusher. Then the small pieces are extracted into coarse fiber by a pin-roller, 
to be boiled at around 90ºC for 10 hours. All the fibers are then put into a dehydrator. Finally, the 
fibers are dried in a rotary dryer [21]. 

 

2.2.3.2. Steam Explosion 

This process starts by placing the bamboo strips in a steam autoclave where the bamboo strips are 
then saturated with overheated steam. The temperature is kept high (around 175ºC) under a high 
steam pressure (approximately 0.8MPa). The pressure is then suddenly released in order to separate 
the hemicellulose and lignin from the cellulose. This process is repeated at least 10 times. The 
bundles are then thoroughly washed with water to remove the ashes, and are then dried in an oven 
for 5 hours [22].  

 

2.2.3.3. Shearing after swelling 

Another extraction method to obtain fibers is by shearing after swelling. In this process, uniformed 
bamboo chips, that have previously been soaked into water and dried to loosen their internal structure, 
are put into a hopper and are then carried to the end of a cilinder by a screw rotating motion. Then the 
rotating cutter, in synchrony with the screw, chops the pressurized bamboo chips into smaller bamboo 
chips that are pushed out through many holes in a poriferous slit, becoming bamboo fibers by 
shearing [23].  

 

2.2.3.4. Chemical methods of extracting fibers 

Chemical solutions also exist as bamboo fiber extraction methods. However, chemical methods tend 
to remove, or significantly reduce, the lignin existing on the elementary fibers. This lignin is important 
later in this research and as so, they were not studied in depth. Chemical methods of extracting 
bamboo fibers are usually done by heating the fibers in a container with a chemical solution, such as 
NaOH, for about 5 hours, where they will after be separated, washed and dried in an oven. 

 

2.2.3.5. Limitations of conventional bamboo fiber extraction methods 

None of the above-mentioned methods is able to accurately control the dimensions of the resulting 
bamboo fibers. This is a major problem when creating bamboo fiber products because not only the 
bamboo fibers can be damaged as the bonding properties of the fibers (lignin) may be damaged. 

This phenomenon can be seen in Figure 6 where images of the fibers obtained by the above-
mentioned methods are illustrated. Images in the upper row of Figure 6 show an overview of the 
fibers. Those in the lower row show these fibers as seen through an optical microscope. Figure 7 
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shows images captured by a Scanning Electron Microscope (SEM) using the same extraction 
methods [24].  

 

Figure 6 - Overview on the top. High magnification on the bottom: [24] 
(a) Crushing    (b) Steam explosion     (c) Shear after swelling 

 

Figure 7 - Scanning electron microscope (SEM) micrograph [24] 
(a) Crushing    (b) Steam explosion     (c) Shear after swelling 

As can be seen in Figure 6(a) and (c), as well as in Figure 7(a) and (c), the fibers do not present 
regular values for both of these two factors: 

• Fiber diameter; 

• Fiber length. 

When applied to a composite, such fibers cannot be named after high quality fibers because they do 
not create a homogeneous structure while keeping the fiber’s mechanical properties intact. 

The crushing method has a low efficiency because a screening process with sifting is needed after 
crushing the fibers to obtain a uniform diameter. 

The steam explosion (or heat explosion) method where the bamboo is heated in order for the fibers to 
separate has a major limitation because the fiber’s mechanical properties become damaged, which 
means that the bamboo’s natural strength is decreased [24]. This also occurs when using the 
microwave heating process where the properties of the fiber are weakened by suffering heat damage. 
Also, the steam explosion method does not keep the lignin properties intact on the fiber. 

The shearing after swelling method also has limitations, as the fiber sizes obtained by the extraction 
method vary widely. 
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To determine which method would be able to extract the highest quality fibers, a new method to 
identify fiber consistency and quality was introduced [24]. 

High quality fibers are therefore defined as having controlled dimensions with a very low mean 
deviation levels while keeping its natural mechanical properties by not suffering heat damage. 

 

2.2.4. NEW BAMBOO FIBER EXTRACTION METHOD BY MACHINING CENTER 

One study proposed a new extraction method called machining by end milling [24]. 

This extraction method addresses the problems of irregular fiber-form, heat damage, and inefficiency 
caused by such conventional extraction methods of crushing, steam heating, and even other 
extraction methods such as chemical treatment.  

The extraction by machining by end milling method is also aimed for a very high efficiency extraction 
and a low environmental impact. 

The new method consists of using a machining center to extract the fibers of the bamboo. This is 
illustrated in the Figure 8(a). 

 

 

Figure 8 -  (a) Spiral tool path     (b) Convex contour cutting [24] 

 

Figure 9 -  (a) Machine center extracting bamboo fibers   (b) Bamboo fiber theoretical geometry extracted by a 
machine center [25] 

 

2.2.4.1. Theoretical cutting configuration 

Figure 8(b) shows an illustration of the cutting configuration in the geometrical plane. 

h – Thickness (mm) 
L – Circular arc length (mm) 
fr – Feed rate of end-mill 
(mm/tooth) 
fen – Feed rate at edge of teeth 
(mm/tooth) 
r – End-mill radius (mm) 
Rv – Depth of cut per cycle (mm) 
Rb – Circular arc radius (mm) 
α – Angle between fr and fen  
(rad.) 
αen – Cutting engagement angle 
(rad.) 



 

10 

As can be seen in Figure 9(b), the resulting chip has an irregular shape. The value of L can be 
calculated by the axial depth of cut and the maximum thickness value of h are influenced by the feed 
speed and spindle speed of the end-mill, as well as the number of cutting flutes and both of their 
theoretical values can be calculated by the following equations (1) and (2) [24]. 

𝐿!"# !"#$%! = 𝑟 ∙ arcos
𝑟 − 𝑅!
𝑟

 (1) 

ℎ!"# =
𝐹
𝑆 ∙ 𝑍

𝑅!
𝑟

2 −
𝑅!
𝑟

 

 

(2) 

 

The average theoretical fiber diameter is determined by the following equation (3). 

𝐷! =
(𝐿!"# !"#$%! + ℎ!"#)

2
 

 

(3) 

 

High quality fibers were able to be extracted by this method by analyzing 100 randomly selected 
bamboo fibers and calculating their aspect ratio L/De while study their frequency. 

By controlling the depth of cut and length of the end-mill, this method is able to extract high quality 
fibers with controllable dimensions. By randomly selecting fibers from the different extraction methods, 
it is possible to notice the consistency in the aspect ratio between the end-milling machining center 
method of extraction and the other methods, as seen below in Figure 10(c): 

 

Figure 10 - Frequency analysis on bamboo fiber properties extracted by different methods [24] 
(a) fiber length (b) fiber diameter (c) fiber aspect ratio 

 

Also, shape parameters of bamboo fibers, such as length, diameter and aspect ratio, can be improved 
by adjusting the end-milling conditions in conformance to the characteristics of natural bamboo, as 
can be seen in the Figure 11. 
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Figure 11 – Fiber properties in relation with axial depth of cut [24]  
(a) Fiber Diameter   (b) Fiber Length 

 

2.2.4.2. Advantages of bamboo fiber extraction by machining center 

Besides being able to extract high quality fibers, this extraction by machining method still retains the 
lignin that binds the cells to vascular bundles, which are later expected to serve as a natural bond for 
the creation of composites made solely from bamboo fibers [24]. 

In order to make composites solely from the bamboo fiber, the need for high quality fibers is essential 
so that the composite has a homogeneous structure and density. 

 

2.2.4.3. Limitations of bamboo fiber extraction by machining center 

Despite the high quality bamboo fibers extracted by Machining Center, the bamboo culm does not 
have a complete circular shape, and when cutting the bamboo with a Computer Numerical Controlled 
(CNC) machining center, there are some occasions where the machine is not in contact with the 
bamboo. This not only changes the extraction time of the bamboo, but means that the fibers do not 
always have the desired diameter. However, the fibers still have a consistent aspect ratio and can be 
considered of high quality. 

 

Figure 12 - cutting tool path in end-milling [26] 
(a) elliptical path     (b) circular path 

 

This limitation can be solved if the CNC machine adapts to the shape of the bamboo with its cutting 
trajectory. This improvement in the cutting path has been illustrated in previous studies as resulting in 
a decrease of 19% of the cutting time [12]. 

 

2.3. BAMBOO FIBER COMPOSITES 
2.3.1. BAMBOO FIBER COMPOSITES 
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One of the motivations of this study is to be able to create a bamboo composite with 100% bamboo 
fibers that is possible by extracting the fibers without mechanical property loss and lignin retaining and 
by a method that will be introduced later in this study, known as hot press forming that consists in 
placing the natural bamboo fibers evenly in a die and then applying pressure and heating [27], 
creating a self-bonding 100% bamboo fiber composite. 

The expected contributions of this 100% bamboo fiber composite to green and sustainable 
manufacturing are expected as follows [8]: 

 - high growth-rate of bamboo; 

 - carbon dioxide (CO2) absorption while growing; 

 - low environmental impact during fiber extraction and hot press forming using small-sized machines; 

 - improvement of energy consumption by in situ measurement and achievement of high-efficient fiber 
extraction; and 

 - eco-friendly disposal of bamboo fiber products and high recyclable potential. 

 

2.3.2. ADVANTAGES AND LIMITATIONS 

2.3.2.1. Advantages of bamboo fiber composites 

The advantages of bamboo fiber composites are that they represent a natural solution for sustainable 
composites. They allow the manufacturing of complex geometrical products [15] that could not be 
made using regular bamboo, have better mechanical properties than other natural fibers [28], and, 
because they come from the bamboo plant itself, they have a very high regeneration factor. 

 

2.3.2.2. Limitations of bamboo fiber composites 

While there are benefits, there may also be a number of disadvantages of bamboo composites. For 
example, the surface of the composites may not be very regular due to some loose fibers. This may 
be a key problem because since fibers are very long and thin, they can leave structural flaws when 
compressed into a composite and cause the composite to not act as it normally should as a 
completely homogeneous material. That is, the structure may break before it is expected. Moreover, 
fungi, viruses and animals that feed on its structure can also have an influence on the degradation 
value of the composite. 

Finally, as with the degradation of any sustainable product, the degradation process can reduce the 
life cycle of the part. 

 

2.3.3. APPLICATIONS 

Some of the bamboo fiber composites already in production can be seen in companies that have 
invested in bamboo fiber composites as a building material. They can be seen in today’s life more 
often in products such as bamboo composite decking, bamboo composite fencing, bamboo composite 
deck tiles, bamboo composite railings, bamboo composite dustbins, bamboo composite outdoor 
furniture, bamboo decking accessories. These products are available in market and are made from 
70% recycled bamboo fibers and 30% recycled High Density Polyethylene (HDPE) [19]. 
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Figure 13 - Different existing products built with bamboo fibers [29] 

 

Recently, studies have been exploring the potential applications of bamboo fibers and bamboo fiber 
composites in a number of industries. For example, they have studied the application of bamboo fiber 
used in home and furniture, as well as the transport and packaging industry [19]. In the textile sector, 
bamboo fibers can be used to make a sturdy and soft fabric [30]. Additionally, studies have already 
been carried out to verify the hydrophilic nature of bamboo composites for applications in outdoor 
environments [19]. Bamboo fiber composites could also be used in the automotive and sports industry 
[19]. 

Another application of the bamboo composites could be in the field of water sports, such as for surfing, 
where there is a need for surfboards that are lightweight, resistant and have a water proof surface. 
These surfboards are multilayered bamboo boards with an epoxy matrix in order to create the 
conditions to the practice the sport requires [19]. 

Most of the above-mentioned bamboo fiber composites are manufactured by Resin Transfer Molding 
(RTM). Therefore, they all use a resin or a polymer as bonding material. 
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3 
PROPOSAL 

 

 

3.1. MANUFACTURING PROPOSAL 

In recent studies, the manufacturing of bamboo fiber products have been studied by a conventional 
way using hot press forming with a final shaped final product mold. 

In this research, a new proposal for the manufacturing method will be introduced, as well as its 
implications regarding advantages and limitations. 

 

3.1.1. FABRICATION OF SPOONS 

3.1.1.1. Why a spoon? 

The purpose of choosing a spoon as the main object of study is because a spoon is an example of an 
object whose manufacturing application with bamboo fibers is possible. That is, it is an object with a 
complex and well-defined shape, this shape is possible to be obtained by a mold, and it can be 
manufactured by machining. 

Because of these reasons, such an object is appropriate to assist in meeting the goals of this study as 
it allows the comparison between two manufacturing methods and, later, providing data that will be 
able to be used for comparison. 

 

3.1.1.2. CAD file 

Because this dissertation is the continuation of several studies on the subject of the manufacture of 
"green" composites, the CAD file used was that which was designed by a Doshisha University student 
in order to create a mold with such dimensions [31]. The CAD file contains the digital designed shape 
of a spoon. 

An image of the spoon shaped CAD file can be found in Figure 14. Two aspects should be taken into 
consideration: the shape drawn on the bottom of the spoon shell composed of 3 triangles, and the 
shape resembling a carrot on the bottom of the spoon handle. Such shapes were created in order to 
later calculate the accuracy of the final product manufactured, as well as add complexity to the 
fabricated part. 

 

Figure 14 - Spoon shaped CAD digital file 
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3.1.2. CONVENTIONAL BAMBOO FIBER PRODUCTION METHOD 

 

Figure 15 - Bamboo fiber product manufacturing conventional method 

 

3.1.2.1. Process description 

The conventional manufacturing method was introduced [32] and consists of extracting the high 
quality bamboo fibers from the bamboo using a machining center and then compressing them into a 
hot press mold to achieve the desired final shaped product. A schematic illustration of the 
conventional manufacturing method can be seen in Figure 15.  

 

3.1.2.2. Advantages of the conventional production method 

The major advantage of this manufacturing process is the fact that this method can be applied to 
mass production of a single object. 

Another great advantage is the fact that this method has a lower waste regarding the bamboo fibers, 
as most of the fibers are used in the final product due to the compression of the initial fibers in the 
mold. However, this can also be a limitation, as described below. 

 

3.1.2.3. Limitations of the conventional production method 

A limitation regarding the above factor is the fact that with complex shaped products, the fiber density 
might become inconsistent and the product can have a different structure than the designed one. 

Another major limitation is the fact that the final product needs its own mold to be created. This makes 
the final product very conditioned to small changes that may be required. 

Because of this two main limitations, a new method was introduced to determine whether it is possible 
and worthwhile to create the same product using a different method that fulfills the two specifications 
explained above. 

 

3.1.3. PROPOSED BAMBOO FIBER PRODUCTION METHOD 

In the present dissertation, a new manufacturing method as an alternative for the conventional 
manufacturing method is proposed. 

 

3.1.3.1. Process description 

The new method consists of creating a simple shaped bamboo product, such as a parallelepiped, by 
compressing the bamboo fibers and then machining the simple shaped bamboo sample using ball 
end-milling, controlled by a Computer Numerical Controlled (CNC) 3 dimensional end-milling machine 
in order to create the finished product, which, in this case, is the spoon. 
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A schematic illustration of the following proposed production process can be seen in Figure 16. 

 

Figure 16 - Proposed bamboo fiber product manufacturing method 

 

This proposed bamboo fiber product manufacturing method differs from the conventional method 
because instead of only one process from the bamboo fiber extraction to the final product, it has a 
second process whereby the simple shaped product is machined to become the final product. 

This second process has its advantages and limitations. 

 

3.1.3.2. Advantages of the proposed production method 

The main advantage of this method is that various shaped products can be fabricated easily from a 
simple shaped product by using just one mold, as apposed to each product requiring its own mold in 
the conventional method. 

The other main advantage this method has is the fact that, because the simple shaped product is 
created initially, the fibers can be easily displaced homogeneously throughout the simple shape, and 
the bamboo fiber composite can have a better density distribution. Such density may be important 
structurally for the final complex shaped product. 

Another advantage relies on the fact that the new product can be easily customized and then be used 
to create such products that require visible trademarks or even prototypes. An advantage like this 
relies mainly on low volume products as the machining time may be longer than the time taken to 
compress the mold into its final shape. 

 

3.1.3.3. Limitations of the proposed production method 

The main limitations of such a manufacturing method are that the process requires more than one 
manufacturing process to be completed and the machining of the simple shape product may damage 
some of the fiber properties by resizing the length of the original fibers. This second limitation may 
even be more disadvantageous because it may change the characteristics of the composite itself but 
also the excess machined fibers to be reused into creating new composites. 

Another limitation this process has is the fact that there will be wasted bamboo fiber material in the 
process of machining the simple shaped to create the complex shaped product. This means that more 
bamboo fibers are required to create the same product. 

  



 

17 

 

4 
EXPERIMENTAL METHOD 

 

 

The proposed method can be divided into 3 major processes and the conventional method requires 2 
processes to obtain the final product. Figure 17 and Figure 18 show the division of the 2 methods. 

 

Figure 17 - Manufacturing processes of the conventional bamboo fiber product manufacturing method 

 

Figure 18 - Manufacturing processes of the proposed bamboo fiber product manufacturing method 

 

Each of the different processes used in this dissertation will be presented in more detail in the next 
sub-chapters. 

This research was part of a partnership between Doshisha University and Ryukoku University. The 
University responsible for the fiber extraction and hot press forming of the bamboo fibers was the 
University of Doshisha. Ryukoku University’s laboratory of machining was given the simple shaped 
thick bamboo fiber products and hoped to determine whether the density of the block would remain 
constant and whether the machining of the created bamboo fiber product was possible in the 
proposed method. 

To be put into other words, processes 1 and 2 in Figure 17 and Figure 18 were manufactured but not 
studied in Doshisha University. The continuation of the study and the data required to publish this 
dissertation were carried in the Ryukoku University. Process 3 was all carried out in this dissertation’s 
work.  
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4.1. BAMBOO FIBER EXTRACTION 
4.1.1. BAMBOO SHOOT (PROPERTIES AND CUTTING) 

This experiment used naturally growing 4 years old Mousouchiku Bamboo (better known as Moso 
Bamboo), the most common bamboo species in Japan. The bamboo was cut with a metal saw into 
100mm pieces. The bamboo’s nodes were removed for not only having a variable diameter and 
different fiber concentration but also because their base is dirty and at the top the fibers are immature. 
Such circumstances do not allow obtaining fibers with high quality mechanical properties. Figure 19(a) 
shows what part of the bamboo plant was used for this experiment. 

 

Figure 19 – (a) Used part of bamboo shoot for fiber extraction by machining center (b) Machining center machine 
and process illustration  

 

4.1.2. BAMBOO FIBER EXTRACTION WITH A MACHINING CENTER 

The bamboo fibers were then extracted from the straight beam. The beam was placed in the 
machining center and the bamboo pipe was end-milled along the spiral wall, as can be seen in Figure 
19(b). 

 

4.1.2.1. Bamboo fiber cutting conditions and dimensions 

For this study, a machining center CNC machine named ROBODRILL (Type: alfa-T14iDs, FANUC Co, 
Ltd. as seen in Figure 19(b)) was used to extract the fibers from the bamboo culm in order to acquire 
the high quality fibers with controllable size [2].  

A square type end-mill with 2 straight flutes made of high-speed steel was used. The straight flutes 
were used because bamboo fibers are formed in one direction in natural bamboo. Table 3 shows the 
cutting conditions for the bamboo fiber extraction. These parameters were obtained after several tests 
aiming for bamboo fiber aspect ratio consistency [24]. 

Table 3 - Cutting condition for bamboo fiber extraction 

Spindle speed (min-1) 10000 
Feed speed (mm/min) 1000 

Radial depth of cut (mm) 0.5 
Axial depth of cut (mm) 10 

Tool diameter (mm) 6 
Number of flutes 2 

 

High quality bamboo fibers resulted from the chips of the cutting process. 
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4.2. FABRICATION OF BAMBOO FIBER PRODUCT 

Binder-free green composites using 100% bamboo fibers were fabricated in this part of the process 
by hot press forming. This 100% binder-free composite was possible because the fibers, when being 
extracted by the machining center, kept their lignin properties intact. Lignin is a polymer molecule 
present in the bamboo cells. As the extracting bamboo fibers keep their lignin, which acts as a 
bonding material, chemical resins are no longer required like in the case of typical manufacturing of 
fiber-reinforced plastics. 

4.2.1. HOT PRESS FORMING 

4.2.1.1. Description of the process 

The hot press forming (or hot pressing) is a manufacturing process that focuses on compressing the 
bamboo fibers in a high-pressure and low-strain-rate environment with the goal of achieving a 
bamboo green composite. It aims at compacting the bamboo fibers at a high enough temperature to 
allow the bonding material in the bamboo fibers, called lignin, to thermally bond the fibers into a 
composite. This is achieved by the simultaneous application of heat and pressure to the bamboo 
fibers. Figure 20 shows an illustration of the hot press forming manufacturing method. 

By extracting the bamboo fibers using a machining center, the lignin is preserved in the fibers and a 
self-adhesive 100% bamboo fiber composite is possible to fabricate. 

 

Figure 20 - Hot press forming of a 100% bamboo fiber product with a mold [33] 

 

4.2.1.1. Equipment used 

The machine used was the same for both of the conventional and proposed methods. However, the 
mold differed from the conventional to the proposed manufacturing method. 

The machine that was used was an AH-2003 manufactured by AS ONE Corporation, as seen in 
Figure 21. The machine allows a mold to be compressed in the vertical axis. The base is fixed and the 
top part’s height is variable. The machine also has heaters on the top and bottom where the mold is 
inserted. 

 

Figure 21 - Hot press forming machine         

Bamboo fiber inserted (g) Variable 
Pressure (Mpa) 20 

Heating time (min) 10 
Heating value (ºC) 190 
Cooling time (min) Variable 

 
 
 

Table 4 - Hot press forming fabrication properties 
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4.2.1.2. Hot press forming conditions 

The hot press forming conditions (Table 4) used in both experiments can be divided into the following 
parameters: 

• Amount of Fiber 

This value varies between the methods. This parameter represents the fibers inserted into the mold 
that will be under compression to create the bamboo product. 

• Pressure 

The pressure value was kept constant in both experiments. This value was chosen because of the 
fact that previous studies were carried-out* on the influence of forming pressure in the manufacture of 
bamboo fiber products. The results of these previous experiments show that bulk density of fiberboard 
increases with fiber length, but then the value keeps itself almost constant over the value of 20MPa, 
as seen in Figure 22. Because of these properties, the value of 20MPa was chosen for this 
experiment. 

 

Figure 22 - Bamboo fiber composite forming pressure in relation with composite density 

*data provided by experiments made by Keiji Ogawa but not yet published 

• Time Under Compression 

The time under compression of each of the test samples was used as a standard value of 10 mins. 
This value has not yet been studied in depth, but if improvements are found for lower times, this will 
be one of the key parameters of large-scale production for bamboo green composites. 

• Heating 

The heating value of 190°C was also kept constant as previous studies [16] had the best values for 
the best mechanical properties of the part without thermal damage to the part as shown in Figure 23. 

 

Figure 23 – (a) Appearance of self-adhesive bamboo fiberboard fabricated by hot press forming      (b) Effect of 
hot press forming temperature on Young’s modules and tensile strength of self-adhesive bamboo fiberboard [16] 
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• Cooling Time 

Cooling time was also variable with the different methods. 

 

4.2.2. CONVENTIONAL METHOD 

4.2.2.1. Mold used 

With the help of the Japanese company Mifuji Kikai Inc, a mold was created in the form of the final 
product based on the CAD file containing the spoon (Figure 24) in study. An illustration of this die can 
also be found in Figure 24. 

 

  

Figure 24 - Spoon shaped mold for bamboo fiber product fabrication by conventional manufacturing method [31] 

Enough fibers to fabricate the bamboo product were inserted in between the top and bottom parts of 
the mold and the machine compressed and heated the bamboo fibers until the conventional bamboo 
product was fabricated. The manufacturing conditions of the bamboo manufactured by hot press 
forming can be found in the following table (Table 5): 

Table 5 - Spoon bamboo fiber product manufacturing properties by hot press forming 

Bamboo fiber mass (g) 11 
Pressure (Mpa) 20 

Heating time (min) 10 
Heating value (ºC) 190 
Cooling time (min) 120 

The variable hot press forming parameters used in this process followed the following criteria: 

• Amount of Fiber 

The very low value of the fibers inserted is due to being enough fibers to fabricate the target thickness 
of the bamboo fiber spoon. 

• Cooling Time 

The very high value of the cooling time was chosen as a safety factor due to shape complexity of the 
bamboo fiber product. 

 

4.2.2.2. Quality evaluation of final bamboo product fabricated 

After the 100% bamboo fiber spoon was fabricated, a quality examination focusing on surface 
roughness, appearance and size accuracy was made, which was later compared to the proposed 
method’s bamboo fiber machined product. 
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4.2.3. PROPOSED METHOD 

In the proposed method of manufacturing of this dissertation, it is initially proposed to manufacture a 
simple shaped thick product from the bamboo fibers, which will subsequently be machined in order to 
obtain the final product. 

4.2.3.1. Mold used 

The mold that was used was a standard rectangular mold (Figure 25(a)), with dimensions of 125 x 
25mm in length and width, respectively. The height of the mold is adjustable, as shown in the 
illustration of Figure 25 (b). 

 

 

Figure 25 – (a) Simple shaped mold illustration    (b) mold used for bamboo fiber product fabrication by proposed 
manufacturing method 

The sample was then compressed using the AH-2003 hot pressing machine, which is the same 
machine used to make the bamboo spoon by the conventional method, but with a different mold. 

 

4.2.3.2. Simple shape product manufacturing parameters 

In order to analyze if the manufactured part contained a homogeneous structure and constant density, 
5 test pieces were created and studied whose parameters remained constant, except for the 
parameter of fiber quantity inserted. 

The parameters used for the manufacture of the simple shaped thick product can be seen in Table 6. 

Table 6 - Hot pressing forming conditions 

 

The variable thick simple shaped bamboo fiber hot press forming manufacturing parameters used can 
be characterized according to the following criteria: 

• Amount of Fiber 

In order to understand whether the manufacturing of the simple shaped thick product followed a 
distribution of constant density, 5 test pieces were created for the study with different amounts of fiber.  

• Width x Length 

Amount of Fiber (g) 10, 20, 40, 50, 60 
Width x length (mm) 25 x 125 

Pressure (MPa) 20 
Time under compression (min) 10 

Heating value (ºC) 190 
Cooling time (min) 30 
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The width and length values were kept constant as they represent the constraints of the molds 
dimensions. 

• Cooling Time 

A time of 30 mins was used as an estimation of an acceptable time for the workpiece to cool down. 

 

4.2.3.3. Density analysis 

After measuring the thickness of each of the test samples manufactured along its length and by 
knowing the mass of each one of the manufactured samples, the density values can be calculated 
and conclusions can be drawn in order to analyze whether the test samples contain a constant 
density ratio to the amount of fiber inserted in the mold. 

This relationship is relevant because the proposed methods density can be a constant along the 
whole final product, as opposed to the conventional method, where it is expected to contain in its 
structure regions of shifting density that may affect the mechanical properties of the final product,  

 

4.3. MACHINING OF SIMPLE SHAPE BAMBOO FIBER PRODUCT TO FINAL PRODUCT 

After the simple shaped thick bamboo fiber product is manufactured by hot press forming, a 
processing step is still necessary to achieve the final product in the proposed method. This is different 
to the conventional manufacturing method where the hot press forming process produces the final 
product (the spoon). 

For the proposed manufacturing method to be completed, the missing processing method is therefore 
done by machining the thick simple shaped bamboo fiber product into the final product. 

 

4.3.1. MACHINE AND MATERIALS USED 

In order to machine the simple test piece, a Computer Numerical Controlled (CNC) 4-axis machine 
was used. The machined used was a MDX-40A made by Roland Co. (Figure 26), assisted by the 
VPanel for MDX-40A and SRP Player. As the research for this dissertation was carried out in Japan, 
the softwares were all in Japanese, which required a longer learning and adaptation time for the 
student. 

  

Figure 26 - (a) Four-axis CNC modeling machine (MDX-40A made by Roland Co) (b) Machine’s 4-axis illustration 

The used machine works on 4 axis but its independent operation is limited because the machine uses 
a 3 axis (X, Y and Z axis represented in Figure 26(b)) cutting system and one rotation axis 
(represented as axis A in Figure 26(b)). The rotational axis is only needed after half the part is 
machined. This machine machines the top half of the piece and then human intervention is required to 
rotate the piece 180º according to the rotational axis at where the bottom half of the piece is machined. 
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In order to be able to use the rotation axis, a unit support named ZCL-40A rotary axis unit, was 
required. This was installed in the machine when the 4-axis study was carried-out. 

The software SRP Player (Figure 27(a)) manages the CAD file, cutting tool estimation and machine 
cutting conditions, while the VPanel for MDX-40A software (Figure 27(b)) is used for manual machine 
axis control and real-time position display of the machine’s cutting position. 

  

Figure 27 - Image of the softwares  
(a) SRP Player  (b) VPanel for MDX-40A 

Because the number of test samples available was limited to the testing samples used in the previous 
hot press forming bamboo fiber thick product experiment, and since only the 60g test piece was the 
only sample that had sufficient thickness to include the height of the spoon in its dimensions in a 1/1 
scale, only one bamboo fiber test sample was available for the experiment. 

Due to the lack of bamboo fiber test samples, chemical wood was used for pre-processing and 
machining quality examinations. 

Chemical wood was chosen for the machining test samples as it possesses cutting properties that 
allow a good surface visualization. It also allows a reasonable estimate of quality observation 
obtained by the different cutting parameters. 

 

4.3.2. OPTIMAL CUTTING CONDITIONS 

In order to make an acceptable comparison between the quality of the two final bamboo fiber spoons 
manufactured by the conventional and proposed methods, it was necessary to obtain the optimal 
cutting parameters for the proposed machining processing method in order to obtain best surface for 
the final workpiece. 

To achieve the best surface possible, machining tests with variable parameters in chemical wood 
were carried out to find the best cutting parameters for the final workpiece. The evaluated parameters 
were as follows: 

• Feed speed (mm/min) – Feed speed is the velocity on which the end-mill will cut the 
workpiece. In this machine, the base is fixed and the end-mill moves along the 3 axis. 

• Spindle speed (rpm) – Spindle speed is the rotating velocity of the end-mill. 

• Depth of cut (mm) – Depth of cut is the incremental value of distance that the machine cuts 
in each vertical pass. 
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The influence of the above cutting parameters in the quality of the final workpiece were studied in 
order to understand the cutting tendencies that produced the workpieces with the best surface quality. 

Other cutting parameters could also be studied, however, the major CNC controllable cutting 
parameters were the three described above. Other cutting parameters that were not varied in this 
experiment are the following: 

• Cutting Direction – Cutting direction means that either the cutting could be up cutting or 
down cutting. Up cutting is when the end-mill removes material in the same direction that the 
end-mill is heading. Down cutting happens when the end-mill removes the material in the 
opposite direction. As the machine defaulted the value of the cutting direction for up cutting, 
the value used for most of the experiments was used using up cutting. 

• End-mill properties – In this aspect, more than one variable is possible as the number of 
flutes and the diameter of the end-mill affect the cutting parameters. The end-mill used and its 
properties will be discussed later down in this document. 

All the other cutting conditions were kept constant. The reason to have chosen those 3 cutting 
conditions is that their influence has a high significance in the surface quality of the machined 
workpiece. 

 

4.3.3. DRAFTING AND FINISHING PROCESSES 

In order to obtain the machined samples, the machine has two machining processes to improve the 
process itself. The first machining process is the drafting process where the specimen is machined 
more quickly. However, this cutting process represents less accurate cutting conditions. 

After the drafting process is complete, the test specimen will be in conditions that are closer to the 
final cutting state. The finishing process is then carried out, in which the specimen is machined with 
the most precise cutting conditions in order to obtain the final specimen. 

4.3.4. CUTTING METHOD CHOSEN AND TOOLS USED 

The machining method chosen was ball end-milling. This was chosen for in the drafting process and 
in the finishing process by obtaining surfaces with better quality than flat end milling when used for 
curved surfaces as seen in Figure 29.  

End-milling is a very common machining process when using CNC machines. The process is used 
because in end-milling, the cutter generally rotates on a vertical axis in relation to the workpiece. The 
cutting teeth are located in the end and periphery of the cutting body, an end-mill, seen in Figure 28. 

 

Figure 28 –Illustration of the different type of end-mills and end-mills used 
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The chosen method for the spoon machining was ball end-mill instead of flat end-mill. The machine 
uses an incremental value of depth of cut when cutting. When using the flat end-mill in complex and 
curved shapes, the final machined surface will have a worse surface, resembling stairs. In contrast, 
when using ball end-milling, as the end shape of the end-mill is curved, so the surface will present a 
better surface quality. The following explanation can be better understood by observing Figure 29. 

 

Figure 29 – Flat-end mil vs ball-end mil when NC (Numerical Control) machining [34] 

The specifications of the end-mills used for the manufacturing of the specimens can be seen in Table 
7. 

Table 7 – Ball end-milling tool used in all of the experiments 

Radius (mm) 2 
Length (mm) 10 

Number of flutes 2 

The R2 ball end-mill manufactured by the MISUMI company (Figure 28) was used in most of the 
experiments as its dimensions permitted the spoon to be manufactured. The value was also kept fixed 
as it permitted an easier and more precise machine manipulation that could be lost due to the overuse 
of tool changing. 

 

4.3.5. QUALITY STUDY ON FINAL WORKPIECE RESULT 

After the testing samples were machined, the quality of each specimen was evaluated according to 
the following 3 quality parameters, in order of importance: 

• Appearance (Visible Quality) 

• Surface Roughness 

• Size Accuracy 

These parameters were selected to allow a quantitative analysis of the quality of the specimens. The 
machining quality played an important role to achieve the more precise surface quality in general in 
order to compare the 2 final specimens made of bamboo fiber. 

4.3.5.1. Appearance 

Appearance or visible quality was used as the most important quality parameter, even though its 
quantification is difficult. Its evaluation criteria was used by comparing different specimens. The 
specimen that presented the better visual appearance would be presented with the maximum value in 
a scale from 1 to 10. All of the other specimens would be judged in comparison with the specimen 
that presented the highest surface quality. 

4.3.5.2. Surface Roughness 
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Surface roughness intends to study the roughness of each surface, according to different points of 
each specimen. The values in target in this test are the Ra, which is the arithmethic average of the 
absolute values of the profile height deviations from the mean line, recorded within the evaluation 
length. The test was carried out with the help of a SURFTEST SJ-210 surface roughness machine 
made by the Mitutoyo Company seen in Figure 30. The used parameters for the surface roughness 
test were: ISO 4287:1997 and the average roughness of 5 samples of 0.8mm each. 

 

Figure 30 - SURFTEST SJ-210 surface roughness machine by Mitutoyo Company [35] 

 

4.3.5.3. Size accuracy 

The size accuracy quality test was carried out to understand if the dimensions of the fabricated 
samples would have the same dimensions as the CAD file seen in Figure 31. The theoretical values 
for the size accuracy can be seen in Figure 31 in millimeters. The studied values were measured with 
the help of a caliper and the measured 3 points chosen were the following: 2 of them at 20 mm from 
each edge of the spoon and the remaining other in half length of the specimen as Figure 31 shows. 

 

Figure 31 - Spoon CAD file theoretical dimensions 

 

4.3.6. EXPERIMENT USING THE MACHINES 3 MAIN AXIS 

In order to learn and get familiar with the machine and its corresponding softwares, a study was first 
carried out using only 3 of the 4 axis of the CNC machining machine (x, y and z). 

This study also aimed to understand if there are any visible or quantitative differences in the 
evaluation of the quality parameters when using the variable cutting parameters. 
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The test pieces used in this experiment are therefore machined only on one side (one half) as the 
rotational axis (the 4th axis on the machine) is not in use. For this reason, and because of the long 
time the machine takes to machine any of the test pieces, tests have been made to analyze the 
cutting parameters in all possible interactions as seen in Table 8 

Table 8 - Studied cutting conditions on the 3 axis experiment 

Feed Speed (mm/min) 300, 600, 900 
Spindle Speed (rpm) 4500, 6000, 9000 
Removal Rate (mm) 0,1; 0,2; 0,3 

 

4.3.6.1. Quality analysis according to the cutting parameters 

A quality analysis that would find the optimal cutting conditions for the best surface quality was 
performed for the 3 axis experiment and shown in the next chapther. 

 

4.3.7. EXPERIMENT USING ALL OF THE MACHINES 4 AXIS 

After studying the cutting parameters according to the 3 axis and taking the necessary conclusions, 
more experiments were done, this time using the 4 available axis of the machine. The difference 
between the study of the 3 axis and 4 axis corresponds to an already comfortable domain of the 
student with the manipulation of the machine and its controlling softwares. 

In order to allow the rotation on the 4th axis, the ZCL-40A rotary axis unit support as seen in Figure 
32 was used. This rotated the workpiece on the rotary axis along the A axis. This longitudinal axis 
rotation of the testing samples allows the bottom half of the workpiece to be machined by allowing a 
180º rotation of the workpiece. 

 

Figure 32 - ZCL-40A rotary axis unit support 

After assembling the ZCL-40A rotary axis unit support, it was necessary to manufacture new chemical 
wood test samples to allow the machine to make the spoon in a real scale of 1/1. The test pieces 
were prepared by the researcher by cutting a chemical wood board in order to obtain samples with a 
dimension of 20 x 3 x 3.5mm on length, width and height, respectively.  

As soon as the specimens were fabricated for this experiment, it was observed that the length of the 
end-mill (L=10mm) was not sufficient to thin the specimen directly in a single pass. A further pre-
processing step was then carried out, where the test pieces were machined with a ball-end 3mm 
radius end-mill. The result can be found in Figure 33. The chosen end-mill allows a faster roughing, 
which was carried out on all of the 4 axis 1/1 test pieces. 



 

29 

 

Figure 33 - Initial machining process necessary on all the workpieces 

 

Table 9 – Pre-processing ball end-mill properties 

End-mill radius (mm) 3 
Length (mm) 10 

Number of flutes 2 

 

The used end-mill after the test pieces were roughened was also used for the 3 axes tests (R3Ball, 
L=10mm, R=2mm, 2 flutes). 

After the specimens were pre-processed by the machining process, the chemical wood spoons were 
machined in order to analyze the differences in the post-machined quality of the pieces according to 
the cutting parameters being studied. 

For this purpose, the test pieces were machined according to the same cutting parameters as the 
experiments on the 3 axes. However, when the test pieces are manufactured using the 4 axes, the 
CNC machine uses the processes shows in Figure 34, where the specimen is first machined by a 
drafting and finishing cut in the top side and then the same cutting processes for the bottom half of the 
specimen. 

 

Figure 34 - Experiment using the 4 axis process of machining 
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Such happens because the machine stops its operation by requesting the human intervention to 
rotate the sample, which is then run by the student when using the software provided by the control 
machine. 

Due to the long time that the machine takes to machine any specimen, all specimens have been 
machined with this methodology in mind in order to reduce the human intervention and, consequently, 
the manufacturing time of each specimen. 

One of the phenomena that can be expected when machining the bottom half of the workpiece is that 
the first machined half might have a better surface quality than the second half. This is because under 
the first half there is a solid base that supports the force that the ball end-mill exerts on the specimen, 
whereas the workpiece on the second half has an empty space as a base and thus is subject to a 
higher bending deformation when the machine is end-milling. 

4.3.7.1. Quality analysis according to the cutting parameters 

A quality analysis with the same parameters as the analysis made on the 3 axis was performed. The 
goal was to find the optimal cutting conditions for the best possible surface quality. 

 

4.3.7.2. Final piece fabrication by machining 

After studying the tendency of the optimal cutting parameters for the best quality of the piece in 
chemical wood samples and gain enough experience when using the machine and its softwares, 
more workpieces were fabricated with the original dimensions of the simple shaped thick product of 
bamboo. 

The only specimen that had enough thickness to support the CAD spoon’s thickness was the resulting 
bamboo fiber thick product with a mass of 60g. When analyzing the thickness of this same specimen, 
Table 10 verifies that the bamboo fiber thick product has a thickness of 14.7mm. Further test samples 
were then fabricated in chemical wood with the following dimensions of the bamboo fiber thick product: 
125 x 25 x 15mm in length, width and height, respectively. 

When checking the length’s value, it is possible to verify that the total length of the spoon in the CAD 
file is 138.8mm, which represents a value greater than the length of the thick simple shaped product 
in bamboo fiber. Thus the largest possible length to fabricate in the 125mm length bamboo fiber 
product is around 90% of the CAD file’s length. However, the workpiece has to be tightened by the 
machine on one end so that it is possible to take advantage of the majority of the workpiece’s length. 
For this purpose, a metal support part has been created so that the length of the bamboo simple 
shaped product is maximized. The plan of the support part is shown in Figure 35. 

 

Figure 35 - Suport part image and manufacturing plant 
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After the creation of the support part, it was possible to shorten the final specimen by 7mm, so that 
about 85% of the final length of the specimen was used. The new samples were always fabricated 
using a real scale of 1/1 of the dimensions of the CAD spoon. 

Finally, the bamboo simple shaped product was machined with the adjustable and safe cutting 
conditions in order to come to a conclusion as to whether it would be possible to make bamboo fiber 
products. 

 

4.3.8. FINAL BAMBOO PRODUCTS COMPARISON OF RESULTS 

The final machined bamboo products were in the end compared. The evaluation criteria were the 
same as those of the quality inspection process, as well as other visible observations of both samples.  
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5 
RESULTS & DISCUSSION 

 

 

5.1. BAMBOO FIBER SPOON FABRICATION BY CONVENTIONAL METHOD 

After being manufactured by hot press forming, the final bamboo fiber spoon was supplied to Ryukoku 
University by Doshisha University for quality analysis. The final specimen created can be seen in 
Figure 36. 

 

Figure 36 - Bamboo fiber spoon by conventional manufacturing method result 

A quality analysis of the final product will be made later in this dissertation, so that it is possible to 
compare the different final products obtained in a more accessible way. 

It should be noted that the spoon presents darker areas and lighter areas. These zones were most 
affected by the thermal action of the mold during manufacture by hot forming 

5.2. THICK PRODUCT FABRICATION 

After being manufactured at Doshisha University, the 5 test pieces were supplied to Ryukoku 
University where the density and quality analysis of the testing samples could be made. One of the 
test samples can be found in Figure 37. 

 

Figure 37 - 60g Bamboo fiber thick sample shaped product 
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As previously stated, the composite specimens were fabricated by inserting the bamboo fibers into 
the mold. After this, the fibers were hot press formed with a rectangular dimension. Once the samples 
were in Ryukoku University, the values of the thickness of each specimen was calculated with the aid 
of a caliper. 

The thickness of each sample was calculated at several points in the composite. For each of the 
samples, 5 points were measured for the following percentages of length of the test pieces: 0%, 25%, 
50%, 75% and 100%. The results can be seen in Table 10. 

Table 10 - Thickness analysis of bamboo fiber simple shaped products 

Amount of 
Fiber (g) 

Percentage of Length Average Thickness 
(mm) 0% 25% 50% 75% 100% 

10 2.5 2.8 2.7 2.8 2.8 2.7 
20 5 5.2 5 5 4.8 5 
40 9.4 10.4 10.3 11.1 11 10.4 
50 12.2 13.5 13 12.4 11 12.4 
60 14.2 14.8 14.9 15 14.5 14.7 

 

As can be observed in Table 10, the thickness varies slightly depending on the length of the samples. 
This can also be seen in the graph of Figure 38 which illustrates the variation of thickness of each 
composite specimen fabricated 

 

Figure 38 - Thickness distribution of bamboo fiber thick simple shaped product 

The lack of constancy in thickness throughout the specimen could be because the fibers were not 
homogeneously inserted into the mold. This can result in a higher concentration of fibers in a given 
area of the composite. 

However, even with this phenomenon, the norm deviation is very low and the average value for 
density can be considered as acceptable. 

This can also be observed in Figure 38 as the greater thickness deviations are more significant for the 
values with higher fiber inserted into the mold. An explanation for this is that there is a higher 
percentage of the fibers being inconsistent in the process of pouring the fibers into the mold when 
there are more fibers. However, as explained in the previous chapter, the applied density when 
related to the pressure exerted on the bamboo fiber specimen is almost constant above 20 MPa and 
for this reason, the constant value of the pressure was chosen for the experiment. 

In order to support the previous explanation, it is possible to find structure failures in the thicker 
specimens as the one shown in Figure 39. 
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Figure 39 - Structure failure image of bamboo fiber thick simple shaped product 

The average thickness calculated for the different fabricated specimens can be found in Figure 40, 
which relates the thickness of each specimen with the amount of bamboo fiber inserted into the mold. 

 

Figure 40 - Thickness relation to amount of fiber inserted for bamboo fiber thick simple shaped product 

 

Figure 40 shows a linear relationship between the thickness of each composite sample and the 
amount of fiber inserted into the mold. 

The density of each bamboo fiber thick simple shaped product can be calculated according to the 
following equation: 

𝜌 =  
𝑚
𝑉
=  

𝑚
𝑤 ∙ 𝑙 ∙ 𝑡

 (4) 

The volume of a parallelepiped object is the product of its three exterior dimensions: length, width and 
height. 

Since there is no fiber loss in the rectangular mold, the entire amount of bamboo fiber that is inserted 
into the mold corresponds to the mass of the composite sample fabricated. The experiment refers to a 
mass linearity related to thickness. 

𝑚
𝑡
=  𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (5) 

Thus, it is possible to conclude that the density is constant with the fixed length and width of the mold: 

𝜌 =  𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ⟹  
𝑚
𝑡
= 𝜌 ∙ 𝑤 ∙ 𝑙 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡   (6) 

By calculating the density of each of the test pieces, it is possible to obtain the graph presented in 
Figure 41. 
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Figure 41 - Thickness and density relation to amount of fiber inserted for bamboo fiber thick simple shaped 
product 

 

The structure of each of the test pieces was also analyzed under an optical microscope. The different 
test pieces present very similar images of external structure as seen in Figure 42. 

   

(a) 10g   (b) 20g   (c) 40g 

  

(d) 50g   (e) 60g 

Figure 42 - Optical microscope images of the bamboo composites 

 

As all of the images in Figure 42 present a similar structure, it can be stated that the density is 
constant depending on the amount of fiber inserted in the mold. This statement is important as it not 
only presents a calculable value for the density for such manufacturing parameters but also enables 
the calculation of the amount of fiber that will be required to manufacture a specimen with a target 
thickness. 
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5.3. MACHINING OF BAMBOO FIBER PRODUCT 
5.3.1. ANALYSIS OF THE 3 AXIS EXPERIMENT 

As explained above, an experiment was carried out on the machine's 3 possible axis in order for the 
student to learn and get used to the machine. This was also done for the purpose of trying to find a 
trend in the cutting conditions so to help determine which cutting conditions present the best surface 
quality to the part. 

Table 11 shows the varied cutting parameters in the manufacturing of the spoon’s 3 axis analysis in 
the finishing cut process: 

Table 11 - Finishing process cutting conditions of 3 axis experiment 

Feed Speed (mm/min) 300, 600, 900 
Spindle Speed (rpm) 4500, 6000, 9000 
Removal Rate (mm) 0.1; 0.2; 0.3 

The values in Table 11 were chosen as they represent a range of significant magnitude and allow to 
observe and quantify the quality difference in the machined surfaces. 

Spindle speed was supposed to have a lower range speed of 3000rpm in order for the experiment to 
have an equal difference of 3000rpm between the low, medium and high values. However, the 
machine did not allow speeds below 4500rpm for the spindle speed. 

As for the rough cut (or draft cut) process, the used cutting conditions were always the same, which 
correspond to cutting conditions that would not affect the quality of the final part or compromise the 
machining done later by the finishing cut. Table 12 shows the cutting conditions for the rough cut 
operation, which represent the machine's standard cutting parameters for such a process. 

 

Table 12 - Draft process cutting conditions of 3 axis experiment 

Feed Speed (mm/min) 900 
Spindle Speed (rpm) 9000 
Removal Rate (mm) 0.74 

 

As the chemical wood blocks provided did not present enough length to include the length of the CAD 
file on a 100% real scale, and because of the long time it takes for the machine to manufacture any 
specimen, this experiment used a sample of the original specimen at 60% scale because it represents 
an approximation that would allow for the identification and production of a varied number of 
specimens in series. 

Table 13 shows the chemical wood manufactured test samples and their manufacturing times: 
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Table 13 - Chemical wood workpieces in relation with manufacturing time in the 3 axis experiment 

# of sample Feed Speed 
(mm/min) 

Spindle Speed 
(rpm) 

Depth of 
cut (mm) Time (h) 

1 900 9000 0.1 1.2 
2 900 9000 0.2 0.9 
3 900 9000 0.3 0.8 
4 900 6000 0.1 1.2 
5 900 6000 0.2 0.9 
6 900 6000 0.3 0.8 
7 900 4500 0.1 1.2 
8 900 4500 0.2 0.9 
9 900 4500 0.3 0.8 

10 600 9000 0.1 1.6 
11 600 9000 0.2 1.2 
12 600 9000 0.3 1.1 
13 600 6000 0.1 1.6 
14 600 6000 0.2 1.2 
15 600 6000 0.3 1.1 
16 600 4500 0.1 1.6 
17 600 4500 0.2 1.2 
18 600 4500 0.3 1.1 
19 300 9000 0.1 2.9 
20 300 9000 0.2 2.1 
21 300 9000 0.3 1.9 
22 300 6000 0.1 2.9 
23 300 6000 0.2 2.1 
24 300 6000 0.3 1.9 
25 300 4500 0.1 2.9 
26 300 4500 0.2 2.1 
27 300 4500 0.3 1.9 

Figure 43 shows the inside of the Roland MDX-40A CNC machine after manufacturing the first 4 test 
specimens and one learning test sample. Figure 43 shows, to the right, 18 of the 27 manufactured 
specimens. 

 

Figure 43 - Image representation of the 3 Axis resulting samples 
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After all the specimens were fabricated in the 3 axis experiment, an analysis of the testing specimens 
was made. The quality analysis performed and its variables under study were as follows: 

 

5.3.1.1. Appearance 

To study the appearance of the specimens, there were 3 points in each testing sample chosen. Each 
point was chosen where the largest visible differences in quality were observed. 

The points are described below: 

• Top 

• Middle 

• Bottom 

The difference between the chosen points was to help gain a perception of the difference between the 
quality of the samples and the effect of each cutting parameter. 

A total of 127 images were taken by the help of an optical microscope. Figure 44 displays the areas 
where an image was taken for each one of the 27 testing samples. 

 
Figure 44 - 3 axis experiment resulting sample and visually different regions 

 

As the number of images was so large, an example of the images can be seen in Figure 45. 

   

Figure 45 - Optical microscope images of the regions 
(a) Top     (b) Middle     (c) Bottom 

As visual quality is not quantifiable by measuring, a normalized score from 1 to 10 was given to each 
sample, where 1 represented the lowest quality appearance and 10 represented the highest quality 
appearance. The criteria was chosen by giving the score of 10 to the surface that presented the best 
visible quality. The remaining values were set in comparison with the highest value. 
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5.3.1.2. Surface Roughness 

For the surface roughness evaluation, two points were studied: Point A and point B. The points have 
the following characteristics: 

• Point A – Flat Surface 

• Point B - Rough Surface 

 

 
Figure 46 - 3 axis experiment resulting sample and surface roughness different regions 

 

Only 2 points were chosen because there are 2 types of surfaces in each sample. There is a rough 
surface on the edge of the spoon, and a flat surface in the middle and bottom of the spoon. As the 
middle section is difficult to calculate with the surface roughness machine, and does not present a 
very significant visual or touch difference with the bottom part, only the bottom point was considered. 

The measured results for the surface roughness test were done with the help of a SURFTEST SJ-210 
made by the Mitutoyo Company. As the shape of the spoons was difficult to measure by a proper 
support, the measured values for the surface roughness were calculated as Figure 47 displays. 

 

Figure 47 - Surface roughness test using the SURFTEST SJ-210 machine 

The results of the surface roughness tests can be seen in Table 14. 
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Table 14 – Surface roughness test results of the 3 axis experiment 

# of sample Feed Speed 
(mm/min) 

Spindle Speed 
(rpm) 

Depth of 
cut (mm) 

Ra Bottom 
(ρm) Ra Top (ρm) 

1 900 9000 0.1 3.532 4.304 
2 900 9000 0.2 3.257 5.987 
3 900 9000 0.3 3.994 7.381 
4 900 6000 0.1 3.949 4.118 
5 900 6000 0.2 3.450 4632 
6 900 6000 0.3 3.916 8.497 
7 900 4500 0.1 3.324 4.227 
8 900 4500 0.2 3.187 4.735 
9 900 4500 0.3 3.647 4.934 

10 600 9000 0.1 2.734 3.898 
11 600 9000 0.2 3.012 6.202 
12 600 9000 0.3 2.898 8.037 
13 600 6000 0.1 3.437 4.824 
14 600 6000 0.2 4.072 6.346 
15 600 6000 0.3 3.422 8.474 
16 600 4500 0.1 4.385 3.800 
17 600 4500 0.2 3.781 5.549 
18 600 4500 0.3 3.480 5.117 
19 300 9000 0.1 3.189 5.549 
20 300 9000 0.2 2.991 5.366 
21 300 9000 0.3 3.829 9.461 
22 300 6000 0.1 2.917 5.027 
23 300 6000 0.2 3.097 4.342 
24 300 6000 0.3 3.408 9.671 
25 300 4500 0.1 4.100 4.273 
26 300 4500 0.2 3.895 6.945 
27 300 4500 0.3 4.726 10.969 

Graphs were made to allow the visualization of the data displayed in Table 14. Because the largest 
difference in surface quality was seen with the values for the depth of cut, the graphs displayed in 
Figure 48 show the influence of the depth of cut according to the other variables. 

 

 

Figure 48 – Depth of cut influence in the flat and rough surface regarding surface roughness 
(a) Spindle Speed 9000         (b) Spindle Speed 6000           (c) Spindle Speed 4500 
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From the graphs in Figure 48, all of the other graphs relating the cutting parameters can be deduced. 
However, in order to have all of the graphs relating every cutting parameter with the other two, while 
keeping one of the cutting parameters variable, there would need to be 18 graphs for each of the 
studied points in the spoon, making it a total of 36 graphs. Because they can all be deduced and 
because the visual results did not present a significant difference, only the graph in Figure 48 was 
used in this study. 

 

5.3.1.1. Size accuracy 

In order to study the size accuracy of the testing samples, the studied value was compared between 
the dimensions of the CAD file in a 60% scale that represents the theoretical dimensions, with the 
dimensions measured in a manufactured specimen. 

In this case, since all the specimens nearly had the same dimensions visually and because the results 
were on a 60% scale, only one of the specimens was analyzed in order to compare with the value of 
the CAD file. 

The result can be found in Table 15. 

Table 15 - Size accuracy results between CAD file and machined samples 

Point CAD File (at 60%) Resulting Workpiece 
A (Width) 14.52 14.5 
B (Width) 4.5 4.5 
C (Width) 8.4 8.4 

Because only 1 sample was considered between 27, the size accuracy quality aspect was not 
evaluated with the different cutting conditions. It is also possible to notice that the values of the 
manufactured samples are very close to the theoretical values for the size accuracy test. 

 

5.3.1.2. Influence of spindle speed on workpiece quality 

• On Appearance 

When analysing the spindle speed influence on the workpiece quality, a specimen with average 
values for the removal rate and feed speed was chosen, while varying the spindle speed. The results 
for the highest and lowest values of spindle speed can be seen in Figure 49. 

 

 

 

 

 

 



 

42 

   

   

Figure 49 – Machined spoons with different spindle speeds. Top shows the highest spindle speed studied and 
bottom shows the lowest value 

By observing in Figure 49 the different spoon surfaces with the highest and lowest cutting conditions 
and by having very similar results between them, the value studied in between the highest or lowest 
for the spindle speed was assumed to have a similar surface quality. The conclusion that can be 
deduced is that, either: 

1. Different values for the spindle speed parameter do not affect the final shape or; 

2. The studied samples are not in scale so there are still no visible differences between the 
results for varying spindle speeds. 

 

• On Surface Roughness 

As the visual quality difference of the specimens when analyzed in varying spindle speed as a cutting 
parameter is almost null, a prevision on the surface roughness test results can be made where there 
will not be a very big difference between them as well. 

By analyzing Figure 48 and by focusing in the spindle speed value as a varying cutting parameter, it 
can be observed that in the flat surface all of the values for surface roughness have very similar 
surface roughness results. However, for values of very low spindle speeds, the rough surface 
presents a very big difference in surface quality. 

The prevision can be confirmed, where, by varying the spindle speed, the surface roughness does not 
appear to be affected. 

 

5.3.1.3. Influence of the feed speed on workpiece quality 

• On Appearance 

Feed speed does not present a visible difference between the highest and lowest values of the in 
study, as seen in Figure 50. 
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Figure 50 - Machined spoons with different feed speeds. Top shows the highest feed speed studied and bottom 
shows the lowest value 

As explained too for the spindle speed influence in surface quality, the same conclusion can be 
deduced, where different values for feed speed do not affect the surface quality of the piece. 

• On Surface Roughness 

As can be observed in the same graph of the spindle speed, and by focusing on varying feed speeds 
on Figure 48, the values observed are still very similar in Ra magnitude, which means that the 
difference in values on this parameter did not have a great influence in the resulted specimens 
surface roughness. 

 

5.3.1.4. Influence of depth of cut on workpiece quality 

• On Appearance 

The major difference in the results shows that there is a visible difference between the results with the 
0.3mm of depth of cut value and 0.1mm, as can be seen in Figure 51. 
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Figure 51 - Machined spoons with different depths of cut. Top shows the highest value for depth of cut studied 

and bottom shows the lowest value 

 

Because the highest value and the lowest value present a visible difference, the value of 0.2mm of 
depth of cut was studied in order to determine whether the quality gets closer to the highest value of 
depth of cut or the lowest. That can be seen in Figure 52. 

 

Figure 52 - Machined spoon of medium value for depth of cut studied 

When analyzing the surface quality of the 0.2mm depth of cut images by optical microscope, it can be 
observed that the surface quality is closer to the 0.1mm surface than the 0.3mm value, because of 
that, when quantifying appearance; a different result can be given to the different surfaces regarding 
the variable depths of cut. Table 16 shows the results given to each of the results of the depth of cut 
values. 

Table 16 – Appearance test results for different depths of cut 

Depth of cut (mm) Appearance 
0.1 10 
0.2 9 
0.3 7 

 

• On Surface Roughness 

When observing the results on Figure 48, a conclusion can be drawn from the rough surface analysis. 
It can be seen that lower depth of cut represents a better surface quality, while the results for the flat 
surface show that even though lower depths of cut also represent a better surface quality, the 
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difference between values is not so significant. It is possible to infer that the 0.1mm depth of cut value 
has a much better result in general than the other values, either in the flat and rough surfaces. 

 

5.3.1.5. Conclusions taken from the 3 axis experiment 

With the study of the 3-axis experiment, it was not possible to find a trend in the 3 cutting parameters 
for optimal cutting conditions. This is due to the fact that most of the specimens presented very similar 
results and, for most of the cases, it was not possible to find quality differences either in the size 
accuracy or surface roughness tests. 

The above conclusion can be demonstrated by having specimens with very different cutting 
conditions and very similar results, as can be observed by the figures presented in the appearance 
analyzes for different spindle speeds and feed speeds. 

Regarding appearance, the only difference that was visible in the samples was the one with removal 
rate value of 0.3mm, when compared with the other two values of depth of cut. Most of the samples 
had very similar quality, which in overall is very positive as it is possible to understand clearly the 
difference in surface quality by optical microscope. The differences are hardly noticeable to the naked 
eye. 

The only cutting parameter that remarks a significant change in surface quality of such an experiment 
is the removal rate (or depth of cut). A tendency is found where lower cuts of depths present better 
surface qualities; in surface roughness as well as appearance. 

In conclusion, it can be deduced that lower cuts of depths present better surface qualities, as evident 
in both surface roughness as well as appearance. 

 

5.3.2. ANALYSIS OF THE 4 AXIS EXPERIMENT 

After doing the tests in the machine using only its 3 main axis (x, y and z in Figure 26(b)), a study 
using all of the 4 axis was done with the same CNC machine. 

Although the experiment using only the 3 axis did not present favourable results by not being able to 
determine the optimal cutting parameters, other than the depth of cut to the best surface quality of the 
specimens in study, it was nevertheless important for the student’s learning and setting to the CNC 
machine used for both of the experiments. 

 

5.3.2.1. Cutting parameters studied 

Still in chemical wood, the same cutting parameters as in the 3-axis experiment were studied, but with 
different values and range of values. The values studied by the experiment using the 4 axis were then 
amplified in order to understand if a greater variation of the cutting parameter’s values could achieve 
a tendency to be used later in the bamboo fiber sample machining. The values studied for both of the 
cutting operations can be seen in Table 17 and Table 18. 

Table 17 – Finishing process cutting conditions 

Table 18 - Draft process cutting conditions 

 

Finishing Cut 
Feed Speed (mm/min) 500, 1000, 1500 
Spindle Speed (rpm) 5000, 10000, 15000 
Removal Rate (mm) 0,1; 0,3; 0,5 

 

Draft Cut 
Feed Speed (mm/min) 900 
Spindle Speed (rpm) 9000 
Removal Rate (mm) 0,74 
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Regarding the draft cut process, the data used was the same as the study values in the experiment 
using the 3 axis, corresponding to the standard cutting parameter’s values of the CNC machine. Table 
18 shows the cutting conditions for the draft cut operation. 

As said in the last chapter, all of the specimens of the 4 axis experiment needed a machining pre-
processing operation where the specimens would be thinned in order for the ball end-mill to not get 
damaged. Then, the top half of the specimen would be end-milled. When the first half of the sample 
was machined, the CNC machine required human interaction in order to rotate the specimen. When 
the specimen rotated, the bottom half of the specimen would then be end-milled to its final stage. 

Figure 53 shows a specimen in all of its machining process stages. Even though the draft version of 
the spoon sample is shown in the image, the machine always end-milled the specimens as shown in 
Figure 34. 

 

Figure 53 – Different stages of the end-mill specimens of the 4 axis experiment 

 

5.3.2.2. Chemical wood visible results 

 

Figure 54 – CNC machine when end-milling the chemical wood specimens 

Figure 54 shows the CNC machine when in use. The image on the left shows the CNC machine end-
milling the finishing operation of the bottom half of the chemical wood spoon specimen.  

In this experiment, only 10 samples were created instead of the 27 as was done in the experiment 
using the 3 axis of the CNC machine. The 3 variations of this specimen were still analyzed. However, 
when fabricating the samples for the 4 axis experiment, the middle value of each cutting parameter 
was fixed and the values were then compared to the base model. Table 19 shows the different 
samples’ fabrication and each specimen’s manufacturing time. The specimens that had the same 
cutting conditions of the base model were fabricated with other cutting conditions. This was in order to 
see if there were significant differences between the base model and the other cutting conditions. 
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Table 19 - Chemical wood workpieces in relation with manufacturing time in the 4 axis experiment 

# of sample Feed Speed 
(mm/min) 

Spindle Speed 
(rpm) 

Depth of 
cut (mm) Notes Time (h) 

1 1000 10000 0.1   6.3 
2 1000 10000 0.3 Base Model 2.5 
3 1000 10000 0.5   2.3 
4 1000 5000 0.3   2.5 

5 1000 10000 0.3 Other Side 
First 2.5 

6 1000 15000 0.3   2.6 
7 500 10000 0.3   3.7 
8 1000 10000 0.3 Ball 3R 2.5 
9 1500 10000 0.3   2.2 

10 1000 10000 0.3 Down Cutting 2.5 

The resulting specimens of the 4 axis experiment can be seen in Figure 55. 

 

Figure 55 – 4 axis experiments machined resulting specimens 

 

5.3.3. SURFACE QUALITY ANALYSIS 

After all the specimens were fabricated, the quality analysis was performed. The quality analysis was 
evaluated using the same criteria as used in the 3 axis experiment. This experiment also had the 
same goals as the 3 axis experiment, where a tendency to find the best surface quality possible would 
be carried out. 
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5.3.3.1. Appearance 

Regarding appearance, as the specimens were machined on both sides, three points were chosen 
where the most significant differences in the surfaces were found. From these chosen points, two 
observed points were on the bottom surface and the other point was on the top surface. Figure 56 
shows the location of the chosen points in the spoon. 

 

Figure 56 – 4 axis experiment appearance evaluated areas 

In the same way as the experience of the 3 axis, images were also taken under an optical microscope 
that allowed to observe the surfaces into more detail. However, the number of images is smaller than 
the experiment of the 3 axis because there are fewer test samples. 

In this experiment, a test sample with the draft cut was also kept in order to compare and understand 
the influence that the draft cut process has on the final surface. Figure 57 shows the images taken by 
the optical microscope for the draft process, compared to the base model finished specimen. 

      

 

Figure 57 – Machined spoons for the 4 axis experiment 
Top: Draft cutting; Bottom: Base model finished result 

The different surfaces were then analyzed in relation to the different cutting parameters. 

5.3.3.2. Surface Roughness 

When studying the surface roughness test in the 4 axis experiment, three major points were studied 
at the same points where the images of the optical microscope were analyzed, as can be seen in 
Figure 56. 
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The values that resulted from the surface roughness test can be seen in Table 20. 

Table 20 – Surface roughness test results of the 4 axis experiment 

# of 
sample 

Feed 
Speed 

(mm/min) 

Spindle 
Speed 
(rpm) 

Depth 
of cut 
(mm) 

Notes Ra Top 
Front (ρm) 

Ra Bottom 
Front (ρm) 

Ra Bottom 
Back (picom) 

1 1000 10000 0.1   4.399 6.019 4.525 
2 1000 10000 0.3 Base Model 6.507 5.941 4.426 
3 1000 10000 0.5   4.863 7.637 4.82 
4 1000 5000 0.3   7.058 6.111 5.615 
5 1000 10000 0.3 Other Side First 4.55 5.979 5.017 
6 1000 15000 0.3   5.232 5.225 5.72 
7 500 10000 0.3   5.941 5.051 3.749 
8 1000 10000 0.3 Ball 3R 5.268 9.682 7.927 
9 1500 10000 0.3   5.872 7.432 5.724 

10 1000 10000 0.3 Down Cutting 4.394 5.426 5.88 

The results for the different cutting conditions were then analyzed. 

5.3.3.3. Size accuracy 

The size accuracy test was now possible to calculate as the samples had larger values because of 
the 1/1 scale to the CAD file as they were machined in both sides. Table 21 shows the results of the 
size accuracy tests between all of the samples fabricated and the CAD file. 

Table 21 – Size accuracy test results of the 4 axis experiment 

# of 
sample 

Feed 
Speed 

(mm/min) 

Spindle 
Speed 
(rpm) 

Depth 
of cut 
(mm) 

Notes A 
(horiz) 

A 
(vertic 

B 
(horiz) 

B 
(vertical) 

C 
(horiz) 

C 
(vertical) 

1 1000 10000 0.1  24.4 10.2 7.8 6.7 14.2 6 
2 1000 10000 0.3 Base Model 24.4 10 7.8 6.7 14.2 6 
3 1000 10000 0.5  24.4 10 7.8 6.7 14.2 6 
4 1000 5000 0.3  24.4 10 7.8 7 14.2 6 

5 1000 10000 0.3 Other Side 
First 24.4 10 7.7 6.4 14.2 6 

6 1000 15000 0.3  24.4 9.9 7.8 6.6 14.3 6 
7 500 10000 0.3  24.4 10 7.9 6.6 14.3 6 
8 1000 10000 0.3 Ball 3R 25.3 10 8.8 6.7 15.5 6.2 
9 1500 10000 0.3  24.4 10 7.9 6.4 14.3 6 

10 1000 10000 0.3 Down 
Cutting 24.4 9.9 7.9 6.7 14.3 6 

CAD N/A N/A N/A CAD file 24.2 8.7 7.5 4.8 14 6.25 

One of the differences between the 3 axis study and the 4 axis study was that during the bottom half 
of the end-milling process, the bottom half often presented a deformation in the machined specimen 
caused by the force the end-mill exerted on the specimen. This effect had an influence on the visible 
quality of the surface in question. This can be observed by the height difference shown in Figure 58. 
This is also possible to be seen when analyzing the theoretical values of the vertical parts and the 
results obtained by ball end-milling. 

 

Figure 58 – Deformation observed when end-milling the bottom half of the specimens 
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It is possible to observe this effect on the size accuracy of the vertical conditions where the value that 
represents the middle of the specimen’s length in the vertical orientation has always the highest 
difference to the theoretical value of the CAD file. 

 

5.3.3.4. Influence of spindle speed on workpiece quality 

 

• On Appearance 

In Figure 59, it is possible to see the three test pieces whose spindle speed values were varied. It is 
possible by eye-sight to understand that the surface difference is not significant and that the test 
pieces are very similar to each other. 

 

Figure 59 – Chemical wood specimens end-milled with different spindle speeds 

When doing a more precise analysis with support from the optical microscope (Figure 60) to the 
highest and lowest possible value of spindle speed in study it is possible to understand that there is 
no difference in the quality of surface between the higher and lower values. Consequently, the middle 
value for the spindle speed also might not show significant differences. 
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Figure 60 - Machined spoons with different spindle speeds for the 4 axis experiment. Top shows the highest 
value for the spindle speed studied and bottom shows the lowest value 

It is then possible, based on the values of this experiment (4 axis) and the experience of the 3 axes, 
to conclude that the spindle speed value variation is not significant for a better surface quality. 

 

• On Surface Roughness 

On the 3 axis study, no conclusion of the spindle speed parameter value for best surface quality was 
possible to obtain. When analyzing the spindle speed values for the different surfaces in study, a 
graph with the values of the different spindle speeds in relation with the surface roughness was 
created. That graph can be seen in Figure 61. 

 

 

Figure 61 – Spindle speed influence on surface roughness in the 4 axis experiments 

By analyzing the graph of Figure 61, it is possible to see that the values of the surface roughness 
follow a constant distribution for the different spindle speeds tested. In all of the different surfaces this 
can be observed. Therefore a conclusion can be made that the value of the spindle speed does not 
affect the surface roughness value of the final specimen. 

• On Size Accuracy 

By analyzing Table 21, it is possible to understand that the spindle speed value on size accuracy is 
more significant in the vertical directions. Vertical point B and vertical point A have very different 
values than the theoretical one. Because of that, a graph could be built for data visualization, and the 
graphs for those two points can be seen in Figure 62. 
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Figure 62 – Size accuracy test results for different measured points with different spindle speeds 
(a) point B measured vertically             (b) point A measured vertically 

Even though there is a difference in the values of the vertical point B, they are not significant enough 
to establish a tendency on size accuracy regarding the spindle speed cutting parameter. 

 

5.3.3.5. Influence of the feed speed on workpiece quality 

• On Appearance 

Visually, it is possible to find differences in the quality of surface when the feed speed in the test 
pieces is varied. The 3 test pieces whose feed speed values were different can be seen in Figure 63. 

 

Figure 63 - Chemical wood specimens end-milled with different feed speeds 

With the aid of the optical microscope it was possible to deduce results that justified the visible quality 
of the specimen. This can be found by studying the central image taken by the microscope in Figure 
64, that shows the surface difference for the maximum value of feed speed and for the minimum 
value of feed speed. The central image shows that there is a better surface quality regarding the 
lower value for the feed speed. When comparing the images in Figure 64 with the images for the base 
model in Figure 57, it can be seen that there is an intermediate value for the surface appearance. 
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Figure 64 - Machined spoons with different feed speeds for the 4 axis experiment. Top shows the highest value 
for the feed speed studied and bottom shows the lowest value 

For the appearance value, the following Table 22 was created in order to quantify the surfaces. 

Table 22 - Appearance results of the samples with different feed speeds 

Feed Speed (mm/min) Appearance 
500 10 

1000 9 
10000 8 

A tendency for the better surface quality is then possible to establish where lower feed speeds attend 
for better surface qualities when regarding appearance. 

 

• On Surface Roughness 

By studying the surface roughness values for the test specimens whose feed speed was varied, a 
trend contrary to the tendency found in the appearance was found. Such a difference also counters 
the expected theoretical trend for the feed speed values. The test result values can be found in Figure 
65. 

•  

Figure 65 – Feed speed influence on surface roughness in the 4 axis experiments 

• On Size Accuracy 

As it happens with the values for the spindle speed, the same theoretical values when measured in 
the vertical direction have very different values than the CAD file. By analyzing the data on Table 21, 



 

54 

it is possible to see that only the point correspondent to the half-length differs from the others (Point B 
Vertical). The results can be seen in Figure 66. 

 

Figure 66 - Size accuracy test results for Point B when measured vertically with different feed speeds 

 

5.3.3.1. Influence of Depth of Cut on Workpiece Quality 

• On Appearance 

As it happened with the results of the 3 axis experiment, the values for the highest difference in 
surface appearance quality were the most significant. 

Figure 67 shows the visible specimens fabricated with the different values for the depth of cut. 

 

Figure 67 - Chemical wood specimens end-milled with different depths of cut 

As it is possible to see the images taken by the help of a optical microscope in Figure 68, the 
difference in surface quality and smoothness is much higher than when varying the other cutting 
parameters.  



 

55 

 

 

Figure 68 - Machined spoons with different depths of cut for the 4 axis experiment. Top shows the highest value 
for the depth of cut studied and bottom shows the lowest value 

Figure 68 shows the maximum and minimum values experimented for the depth of cut, however 
because of such a difference, the surfaces were compared with the base model shown in Figure 57 to 
understand if the surface quality for the middle value is more similar with the value of the 0.1 mm in 
depth of cut or 0.5 mm in depth of cut. 

After the analysis, Table 23 with the following results was possible to create. 

Table 23 – Appearance results of the samples with different depths of cut 

Depth of cut (mm) Appearance 
0.1 10 
0.2 8,5 
0.3 6 

 

• On Surface Roughness 

The surface roughness test carried out was not enough to understand if there would be a significant 
trend for the depth of cut cutting parameter. This can be seen by analyzing the values of Table 20. A 
much higher difference would be expected by analyzing the difference in the quality surface of the 
above images taken by the optical microscope. However, the values of the surface roughness test do 
not present a significant difference between them as seen in Figure 69. 

 

Figure 69 – Cut of depth influence on surface roughness in the 4 axis experiments 
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• On Size Accuracy 

Regarding size accuracy and by observing Table 21, it is possible to understand that only point A in 
the vertical direction of the specimen differs from all of the others. The following can be seen in the 
graph of Figure 70. 

 

Figure 70 - Size accuracy test results for Point A when measured vertically with different depths of cut 

 

5.3.3.2. Other cutting conditions influence 

In this study it was also possible to study other cutting conditions on the sample by changing only 
other values of surface. Even though the other cutting conditions were studied in comparison with the 
base model, in this dissertation the other conditions were used just to understand which implications a 
further study would have in the surface quality for those cutting parameters. Therefore, only the 
specimens that showed the most significant of each one of the quality parameters were discussed. 

• On appearance 

Because appearance was considered the most important quality parameter, the images taken from 
the optical microscope were analyzed. Those images can be seen in Figure 71. 
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Figure 71 - Other cutting conditions in study. Top: Other side first machined; Middle: Ball R3; Bottom: Down 
cutting 

As can be noted, the specimen that presented the best surface quality regarding appearance was the 
specimen where the bottom half was machined first, followed by the down cutting specimen. The 
appearance could then be evaluated and classified into Table 24. 

Table 24 - Appearance results of the samples with different cutting parameters 

Cutting parameter Appearance 
Base model 10 

Other side first 10 
Ball R3 6 

Down cutting 8 

• On Surface Roughness 

Regarding surface roughness, the following Figure 72 was possible to obtain comparing the results of 
Table 20. 

 

Figure 72 – Other cutting parameter’s influence on surface roughness in the 4 axis experiments 

It is possible to note that the specimen that presents the worst value for the surface roughness is the 
specimen where the Ball R3 end-mill was used. All the other specimens present similar values to the 
base model. 

 

• On size accuracy 

The specimen that presents the most significant values for the size accuracy in Table 21 is the 
horizontal points for the Ball R3 specimen. Such a difference can be understood as the end-mill 
machined the sides of the specimen and so the horizontal values were different from the theoretical 
ones on the CAD file.  

 

5.3.3.1. Conclusions taken from the 4 axis experiment 

With the study of the 4-axis experiment, a cutting tendency of the cutting parameters was established. 
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As seen in the previous 3-axis study, the depth of cut showed the most significant results in surface 
quality when its value varied. The 4-axis test confirmed the tendency also seen in the 3 axis. 
Therefore, the same conclusion as in the 3-axis is possible to conclude that for lower values of depth 
of cut, better results on surface quality are achieved. 

Regarding spindle speed, the conclusion taken from this experiment was that spindle speed different 
values present very similar surfaces, therefore a spindle speed variation of the cutting parameters 
does not present a different surface quality. 

The value of the feed speed is the most confusing as it presented better results for lower values in the 
appearance quality parameter, but presented worse results for lower surface roughness. By analyzing 
the theory behind the surface roughness test, it is possible to see that theoretically, lower results 
should present better values for the surface roughness test by looking into equation (7), aspect that 
contrary the obtained results in this dissertation. 

𝑅𝑎 =
𝐹!

8 ∙ 𝑅 ∙ 𝑍! ∙ 𝑁! 
(7) 

As can be seen by the equation, if the feed speed F value decreases, the theoretical surface 
roughness should also decrease. By this observation, the experimental value of the surface 
roughness was then invalidated and the theoretical tendency was applied. The tendency of the 
surface roughness matches the appearance tendency, however the tendency exists where for lower 
feed speeds better surface quality is achieved, the values are not as significant as the depth of cut. 

Regarding the other cutting parameters that were possible to study in this experiment, even though 
they were studied, significant differences between them and the base model were not observed 
regarding quality, except for the specimen where the Ball R3 end-mill was used. Therefore, none of 
the other cutting parameters were applied for the next stages of the research. 

 

5.4. BAMBOO FIBER PRODUCT MACHINING 

As previously stated, because only one bamboo fiber specimen was available for this dissertation, the 
entire preparation was done with the help of tests using chemical wood. All of the chemical wood 
experiments were taken so the student would be prepared and familiarized with the machine in order 
for mistakes to be avoided when machining the bamboo fiber product. 

 

Figure 73 – Bamboo fiber simple shaped thick product fabricated by hot press forming 
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5.4.1.1. Cutting parameters used in the bamboo fiber product end-milling 

The results of the previous tests show that there is the following tendency in the cutting parameters 
for the best surface quality: 

• Feed speed - The lower the feed speed value, the better the surface quality of the workpiece, 
however the value is not very significant; 

• Spindle speed - No major differences were recorded for the different spindle speed values; 

• Depth of cut - This was the most significant value for the difference in the quality of the test 
pieces, the lower the value of the depth of cut, the better the surface in question. 

According to the conclusions of the chemical wood tests on optimal cutting parameters for best 
surface quality, and because there is only one specimen to perform the experiment, the cutting 
conditions chosen for the draft cut and finishing cut processes were chosen with a safety margin not 
only to obtain the best cutting conditions according to quality but also to ensure that the experiment is 
successful. Table 25 shows the cutting conditions used for the bamboo fiber product. 

Table 25 – Final bamboo fiber product end-milling cutting conditions and machining time 

Machining 
Process 

Feed Speed 
(mm/min) 

Spindle Speed 
(rpm) 

Depth of cut 
(mm) 

Machining 
time (h) 

Draft 500 10.000 0.3 10.6 Finishing 250 10.000 0.1 

Also as a safety measure, the different cutting conditions studied in the previous experiment were not 
used to machine the bamboo fiber product. 

 

5.4.1.1. Bamboo fiber end-mill final product result 

Figure 74 shows the specimen before it is machined and Figure 74 shows the final result of the 
bamboo fiber specimen machining. Both were with the help of the support part fabricated just for this 
test. 

  

Figure 74 – Final bamboo fiber composite machining 
(a) before ball end-milling                          (b) after ball end-milling 

The resulting bamboo fiber product can be found in Figure 75. 



 

60 

 

Figure 75 – Final bamboo fiber composite resulting product 

Even though the resulting bamboo fiber product have just 85% of the CAD file’s length, a conclusion 
can be made that the proposed method is validated as it was possible to machine the simple shaped 
fiber thick bamboo fiber product successfully. 

A quality analysis will be done later in this study in order to compare the results of both bamboo fiber 
products. 

 

5.5. OBSERVATION OF THE FINAL PRODUCT IN THE 2 METHODS 
5.5.1. VISUAL RESULTS 

 

Figure 76 – Comparison of final bamboo fiber products by the different manufacturing methods 
(a) By the proposed method                 (b) By the conventional method 

The two test pieces can be found in Figure 76 and Figure 77. 
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Figure 77 - Comparison of final bamboo fiber products by the different manufacturing methods side to side in 3 
different directions 

Some differences between the specimens should be noted. The differences appear at first sight in the 
two test pieces. One of the things that can be noticed is the fact that the color of the two specimens is 
different. The specimen manufactured by the conventional method has a lighter color in some areas, 
but also a darker color in others, while the machined specimen contains a more or less homogeneous 
color. Such a homogeneous effect is due to the fact that the specimen has a consistent density along 
its length. 

Other possible observation to analyze is the fact that the two test pieces still present some structural 
flaws. Such failures can be observed in Figure 78, Figure 79 and Figure 80. 

Figure 78 and Figure 79 show structural failures of the machined specimen, while Figure 80 shows 
faults in the specimen manufactured by hot press forming. 

 

Figure 78 – Bamboo fiber product fabricated by the proposed method and its faulted structure point 
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Figure 79 - Bamboo fiber product fabricated by the proposed method and another faulted structured point 

 

Figure 80 - Bamboo fiber product fabricated by the conventional method and its faulted structured points 

 

One of the aspects to be noted regarding the structural failures presented in the machined specimen 
is the fact that the imperfections appear not to have been created by the machining itself but by the 
structure of the simple shape thick product. This can be observed because all faults are found to be 
chipped. This effect can be seen in Figure 81 where it shows the simple shaped thick product and the 
final machined spoon. The structural fault is the same in both images of Figure 81. 

 

 

Figure 81 – Comparison of the bamboo fiber simple shaped product structure and the final end milled bamboo 
fiber product structure 

As for the failures of the test specimen fabricated by the conventional manufacturing method, the 
greatest faults found are due to the discernment between the fiber densities found. This can be 
observed in Figure 82(a), where it can be seen that the fibers did not completely bond in the lighter 
area, in reverse of the darker zone found in Figure 82(b), corresponding to points 1 and 2 in Figure 80 
above. 
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Figure 82 – (a) Bamboo fiber product fabricated by the conventional method area where fibers didn’t bond totally 
(b) Bamboo fiber product fabricated by the conventional method where fibers suffered heat damage 

 

5.5.2. QUALITY ANALYSIS OF BOTH FINAL PRODUCTS 

A comparative quality analysis was then made to determine the results of the two final products. 

5.5.2.1. Appearance 

For the appearance analysis of the final specimens, eight points were chosen for each side of the 
specimen. For each point an image was taken by optical microscope. 

• Conventional Method Bamboo Specimen 

The photographed images for the molded specimen can be found in Figure 83 and Figure 84. 

 

 

Figure 83 - Bamboo fiber product fabricated by the conventional method and its areas seen by the optical 
microscope – top half 
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Figure 84 - Bamboo fiber product fabricated by the conventional method and its areas seen by the optical 
microscope – bottom half 

As stated above, density differences can be well understood by analyzing in detail some details, such 
as the triangles on the front of the spoon. The two front triangles are not black while the front triangle 
is. Looking at the difference between the front and back triangles, it is possible to see that the triangle 
in black has a smoother surface. 

• Proposed Method Bamboo Specimen 

The same analysis was done for the machined specimen. Figure 85 and Figure 86 show the results of 
the various points where the surface of the spoon was analyzed. 

 

Figure 85 - Bamboo fiber product fabricated by the proposed method and its areas seen by the optical 
microscope – top half 
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Figure 86 - Bamboo fiber product fabricated by the proposed method and its areas seen by the optical 
microscope – top half 

As can be seen when obtaining images by optical microscope, the structure presents a more 
homogeneous density distribution. On the other hand, it can be noticed that certain aspects in which 
the precision is important, as far as the initial part of the “carrot” it is possible to find a fault in the 
shape and the quality of the triangles is lower, when compared to the quality of the other fabricated 
bamboo fiber product. 

Finally, it is possible to conclude that the sample manufactured by hot press forming has better areas 
of surface quality when it comes to appearance, but also presents worse values than the machined 
specimen. This is due to the distribution of the fibers and of the points where the fibers have 
completely bonded and not. For this reason is was not possible to classify the specimen as one whole, 
but by the 3 areas seen. Table 26 displays the result of the appearance test. 

Table 26 – Appearance values of the different areas of the final samples 

Sample Areas Appearance Value 

Conventional 
Dark 10 

Medium 8.5 
Light 6 

Proposed All 8.5 

 

5.5.2.2. Surface Roughness 

In the surface roughness test carried out to compare the two specimens, 4 points of each face of the 
specimens were chosen. The location of the study points can be found in Figure 87 and the points 
were chosen by distance to the front edge of the spoon. 



 

66 

 

Figure 87 – Measured points of the bamboo fiber product when evaluated for surface roughness 

Table 27 and Table 28 show the result of the surface roughness tests for the two final test pieces. The 
test using the SURFTEST SJ210 machine was performed 3 times for each point in order to find a 
mean value to be calculated. 

Conventional Method Bamboo Specimen 

Table 27 - Surface roughness results of specimen fabricated by conventional method 

Orientation Distance from 
x=0 

Ra @ point 
1 Ra @ point 2 Ra @ point 3 Average Ra 

Bottom 20 2.901 2.007 2.900 2.603 
Bottom 44 7.485 8.046 7.698 7.743 
Bottom 69 10.169 9.564 9.243 9.659 
Bottom 100 4.049 4.224 4.331 4.201 

Top 20 3.508 3.467 3.413 3.463 
Top 44 3.508 3.467 3.413 3.463 
Top 69 3.963 4.479 3.834 4.092 
Top 100 5.028 5.007 5.044 5.026 

Proposed Method Bamboo Specimen 

Table 28 – Surface roughness results of specimen fabricated by proposed method 

Orientation Distance 
from x=0 

Ra @ point 
1 Ra @ point 2 Ra @ point 3 Average Ra 

Bottom 20 4.876 4.722 4.693 4.764 
Bottom 44 7.661 7.678 7.700 7.680 
Bottom 69 4.758 4.918 5.071 4.916 
Bottom 100 8.747 8.712 8.766 8.742 

Top 20 3.096 3.259 3.356 3.237 
Top 44 7.600 7.813 7.823 7.745 
Top 69 5.876 6.051 6.173 6.033 
Top 100 3.232 3.39 3.392 3.338 

As can be seen in Table 27, the values of the sample manufactured by the conventional method 
suffered from a large range discrepancy. Because of such an event, each of the defined different 
zones of the specimen was studied in more detail. Table 28 shows the resultant value of the test 
based on the points studied in Figure 88. 

 

Figure 88 – Bamboo fiber product fabricated by the conventional method and its areas where surface roughness 
tests were also studied 
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Table 29 - Surface roughness results of specimen fabricated by proposed method in its different observed areas 

Orientation # (of Figure 
88) Type of Surface Ra @ 

point 1 
Ra @ 

point 2 
Ra @ 

point 3 Average Ra 

Bottom 1 Dark area (good) 1.899 1.905 1.919 1.908 
Bottom 2 Medium 5.622 6.073 5.909 5.868 
Bottom 3 Rough (bad) 13.733 14.559 14.088 14.127 

Is is possible then to conclude that the value varies greatly depending on the surface in study, while 
the machined specimen presents more homogenous values for the surface roughness test. 

 

5.5.2.3. Size accuracy 

The size accuracy test was performed by calculating the values of the standard dimensions at certain 
points of the specimen and by comparing them with the theoretical value presented in the digital CAD 
file shown in Figure 31. The test results can be compared in Table 30. 

It should be noted that since only 85% of the final sample was manufactured, the dimension of point C 
was not measured. 

Table 30 – Size accuracy values for both of the final products fabricated by the proposed, conventional and CAD 
file 

Sample Point A 
(H) (mm) 

Point A 
(V) (mm) 

Point B 
(H) (mm) 

Point B 
(V) (mm) 

Point C 
(H) (mm) 

Point C 
(V) (mm) 

CAD Values 24.2 8.7 7.5 4.8 14.0 6.25 
Bamboo Product 24.2 9 7.5 5.0 14.0 6.3 

Machined Product 24.4 10.1 7.7 6.6 N/A N/A 

N/A = Not Available to determine because of the length of the sample 

When analyzing the data of Table 30, it is possible to conclude that the same effect of bending, that 
could be observed when machining the chemical wood samples, also happened with the bamboo final 
specimen. It may be possible that the flexible and bending properties of bamboo fibers have had an 
impact on the size accuracy value in the vertical dimension. 

As for the comparison between the two bamboo fiber products and the theoretical values of the CAD, 
it is possible to conclude that the dimensions of the specimen fabricated by mold were much more 
approximate than the dimensions of the specimen fabricated by the proposed method of manufacture, 
resulting in a better quality when evaluated by size accuracy. 
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6 
CONCLUSIONS 

 

 

Regarding the objectives proposed, the following is possible to conclude: 

1. When fabricating bamboo fiber simple shaped thick products by hot press forming, density is 
kept constant along the product’s length and a linear relation between fiber inserted and 
thickness is achieved; 

2. The proposed manufacturing method for 100% self-adhesive bamboo fiber composites where 
a simple shaped product is first fabricated by hot press forming and then machined into the 
final shaped product is validated; 

3. The quality difference of the bamboo fiber spoon fabricated by the conventional 
manufacturing method and the by the proposed method has the following quality aspects: 

a. Appearance: The specimen of the proposed manufacturing method was possible to 
classify as a whole because it presented a very homogeneous surface, where the 
surface of the conventional method presented 3 different surface qualities, one zone 
where the fibers completely bonded and the surface is very dark due to heat damage, 
one area where the fibers didn’t bond and the zones in between where the fibers 
bonded but didn’t present heat damage; 

b. Surface Roughness: The proposed manufacturing method specimen has a more 
homogeneous surface all around, but presents mean results; and the conventional 
method’s specimen presents much better results and much worse results, depending 
on the area in study. This is due to the fact that, in some areas of the spoon the fibers 
didn’t bond; 

c. Size Accuracy: The spoon fabricated by the conventional method presented much 
more accuracte results than the proposed method when compared with the 
theoretical values. This was due to the fact that when machining the proposed 
method’s specimen, a bending moment caused by the end-mill force was visible, 
which resulted in a thicker value for the vertical points measured in the center of the 
specimen when compared to the theoretical values of the CAD digital file. 

 

As future work, the following topics are presented that may allow the field of green composites 
fabricated from bamboo fiber and sustainable manufacture to flourish: 

- Study a manufacture sustainability assessment for the manufacture of composites fabricated 
by bamboo fiber versus composites fabricated from plastic; 

- Analyze if it is possible to validate the manufacturing method proposed in this dissertation for 
composites fabricated with bamboo powder; 

- Analyze the possibility to manufacture products made from bamboo fiber by an additive 
technology process. 
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