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The purpose of the thesis was to undertake a preliminary product design to assess
the feasibility of using drone technology to aid reforestation for automated seed
planting. This product would be able to increase productivity and reduce labour
costs, especially when applied in difficult to reach terrains around New Zealand.
Ultimately, the final product would be a weaponised drone or a swarm of drones
that can fire plastic seed capsules into soil to a specific depth to prevent predation
and ensure optimal germination conditions. The proof of concept hinges on the
success

of

three

objectives:

Assessing

and

controlling

the

capsule’s

biodegradability in soil. A method of mass manufacturing projectile seed capsules
that can be delivered at high velocity and the ability of it to be fired into soil to a
specific depth to ensure safe germination.
Novatein was blended with poly(butylene adipate terephthalate) (PBAT) to aid
sheet extrusion and improve water resistance. Biodegradability was tested by
measuring the ability of bacteria and fungi to metabolise the polymer blends into
CO2 by enclosing samples in soil at 25 °C. PBAT showed very little biodegradation
under these conditions, where approximately 3 % of the theoretical carbon content
of the sample was converted to CO2. Novatein reached 20 %, and the blends were
intermediate, based on the amount of PBAT present. It was concluded that PBAT
can effectively control the rate and extent of biodegradation in blends with Novatein.
A method for mass manufacturing seed capsules was evaluated by compression
moulding spheres to test mouldability and manufacturing lap welded samples to
quantify weld strength. Blends of Novatein and PBAT were successfully moulded
and welded above the glass transition temperature of the material; optimal
parameters were 105 °C with a three minute hold time. Lap welds were tested by
varying the compression force and sheet thickness and thereby reducing the weld
times to approximately eight seconds. Welded samples were tested for tensile and
peel strength, where 0.68 mm thick sheets, welded at 750 N compression force,
yielded the highest tensile strength (88 % that of an un-welded samples). Thicker
sheets (1.52 mm) welded at 900 N compression force, resulted in the highest peel
force. Producing capsules capable of penetrating soil would benefit from thicker
sheets using sufficient pressure to prevent peeling at the seam.
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Finally, seed capsule delivery was assessed using empirical modelling in
combination with controlled soil conditions. Models created by Young and Lorenz
used a dynamic cone penetrometer (DCP) to measure the soil’s penetration
resistance to predict the penetration depth of a known projectile. These models were
developed for considerably heavier projectiles (> 2.2 kg) and penetration depths
much greater than considered here. Considering the DCP measures the soils
resistance to penetration at a depth of one meter, a comparison to a 10th scale model
was investigated. Contrary to expected, the standard DCP predicted the penetration
depth of high velocity projectiles to a reasonably accuracy (~20 %) using two
different types of homogenous sand, tested at three moisture contents. The scaled
model failed to account for soil types, which was shown to have significant
influence during high velocity testing. The work here highlighted the importance of
considering realistic forestry soil, despite the accuracy of the prediction in
homogenous sand.
Although an integrated product has not been developed, this project has shown that
a strategy exists for controlling the rate of biodegradation of Novatein/PBAT. A
plausible method for mass manufacturing seed capsules was demonstrated using
compression moulding of Novatein blends. Penetration depth was predicted
accurately for homogenous soil, this requires further research into applying the
model to realistic top soil conditions. The final stage of the larger project is to
integrate a firing mechanism with a drone for automated delivery of seed capsules
produced from vacuum forming.
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The purpose of this thesis is to develop a proof of concept for an automation
technique that could increase the productivity of industrial seed planting ten-fold,
while reducing costs equivalently. It will validate the potential use of a UAV or
drone in combination with biodegradable polymers to contribute to the reforestation goals set by the New Zealand government and around the world.
Exciting developments in the quality and price of drones and biodegradable
polymers has put this challenge in motion. Swarm technology could allow one pilot
to be able to remotely operate a number of drones synchronously to plant thousands
of trees in a day with minimal effort. This includes planting areas that are currently
too rugged for a planter to do manually. However, the seed delivery device needs
to be biodegradable to allow rapid degradation and seed germination.
It is well documented that deforestation has had a significant negative impact on
the environment [1]. New Zealand has had a significant reduction in surface area of
indigenous forest in the past 100 years from 82 % to 23 %. Forestry is a key
contributor to the GDP of New Zealand, equating to 3.55 billion NZD, with plans
for growth in this sector [2]. Government initiatives are driving this growth with
the goal of planting 10 billion trees over the next ten years. However, 92 % of the
forestry industry is privately owned and any increase in planting rates must be
commercially viable. Current methods of planting forests for logging or natives are
costly and labour intensive. For example, labourers in Canada were recorded to
expend more calories than that of a marathon runner during a day’s planting [3]. It
is no surprise it is difficult to find labour willing to do such gruelling work, with
relatively low pay in New Zealand.
Forestry is the third largest exporter in New Zealand and has over 1.7 million
hectares of plantation forests, 90 % is Pinus radiata [4]. Due to this, there have been
developments in forest planting leading to several techniques becoming more
prominent within the industry. Open-pollination, where wind, insects or birds
facilitate pollination, is the natural process. However, the vast majority of radiata
pines are planted as cuttings. This allows forests of clones to be created from an
older tree that is already showing good growing form [4].
Scion, located in in Rotorua, New Zealand, is home to one of the largest and longest
running Pinus radiata experiments that began in the 1950s [5]. Initial selection
1

techniques were very simple and involved favouritism to desirable growth form,
substantial grain size and high growth rate. In 1978 more rigorous trials were
implemented that involved controlled pollination, propagation and cloning. One
key problem with using propagated clones is that cuttings from trees older than 10
years have vastly lower growth rates. Scion is now able to use cryogenic
embryogenesis to store vast quantities of clones from trees at a young age. This
allows Scion to wait until favourable commercial characteristics have developed
later in life, without compromising on the growth rate of clones [4].
With the return on investment in forestry being upwards of 20 years, it is clear that
this is a major driving force for growing the best possible quality of trees. However,
it is important to understand the balance between quality and investment in time
with regards to return on investment. The price of planting trees was estimated in
1986 at 1 cent per thousand for open-pollination of P. radiate, whereas micropropagated plants were at least five times the cost [6]. On average, 1200 stems/ha
are planted and are thinned heavily, with final crop densities depending on several
factors and are still up for debate. It was found that planting 50 stems/ha, trees had
significantly increased stem diameter, however, the merchantable volume (m3/ha)
harvested was drastically higher for 400 stems/ha. Final crops of around
400+ stems/ha are common in New Zealand [7]. Considering these thinned trees go
straight to waste or are processed as pulp, it can be more cost effective to bulk plant
seeds cheaply as opposed to expensive stems being planted from the perfect cloned
species.
To achieve bulk planting at low cost, automation needs to be effectively utilised.
Automation leading to increased productivity and quality whilst decreasing labour
hours has been shown in a wide range of industries from producing electronics to
farming [8; 9]. In forestry, mechanisation has seen a shift from manual labour
towards working with machines that have resulted in decreased injuries. Among
others, Sweden shifted approximately 90 % of its farming to industrial harvesting
by the 1990s while reducing the risk of chainsaw accidents by 73 % [10; 11].
Technology is constantly improving to allow the production of new machines to
make our lives safer and easier.
With growing awareness of the need for reforestation, a variety of emerging
technologies are becoming available. Plant Tape Altea S.L has combined the
conventional tractor, trailer combination with state of the art automation and
2

material science [12]. Figure 1 depicts the use of biodegradable film to house a wide
variety of seedlings to be planted at specified intervals and depths. It uses multiple
machines to sow 100+ seeds a second into the tape, packed in plastic trays holding
900 seeds that can be stored for transportation. Once watered they will germinate
into seedlings, ready for transplanting [12]. In 2015 Tanimura and Antle [13]
claimed that this machine allowed them to plant ten hectares of lettuces in a day
using three people as opposed to using a more traditional trailer that planted four
hectares using 15 people.

Figure 1: Plant Tape sourced from [12].

There are a few references to the use of drones for agriculture. One example is
BioCarbon Engineering, a start-up company that is aiming to use drones to
revolutionise the forestry industry. They are currently using fixed-wing UAV's to
map planting environments to optimise available planting area. They intend to use
this information to calculate flight patterns for a drone to plant seedpods. They
claim they can plant 300 seedpods in 18 minutes whilst utilising a biodegradable
seedpod with a nutritious hydro-gel to absorb impact forces and encourage
germination [14]. Currently, they have filed patents in various countries with claims
of novel inventions in relation to the data mapping system, optimised planting
patterns, various seedpod bullet designs and seedpod delivery devices [15].

3

Figure 2: BioCarbon Engineering reforestation, sourced from [16].

DroneSeed is another start-up company that plans to tackle climate change by
drastically reducing the cost of re-forestation. It boasts being the first company to
become FAA approved to use swarm technology with drones to spray plantations.
This allows one pilot to control up to 15 drones that can identify and manage weeds.
It plans to expand its current operation, using its swarm technology to optimise
planting efficiencies and reduce labour hours at least tenfold. They claim to have
developed a biodegradable pod to encapsulate a seed that can be shot out of
"effectively a paintball gun" [17].
These three companies are all utilising plastic to aid in increased automation.
However, plastic is quickly becoming one the world’s major environmental
challenges. A major issue for the polymers industry is the common confusion
around inconsistent definitions associated in the plastics industry. Biobased
polymers, commonly thought to be degradable, while synthetic polymers are
thought to be non-degradable, neither are 100 % true. Even the definition of
biodegradability comes under contention. Therefore, it is uncertain if these
emerging technologies are going to aid or hinder the environment.
Polymers have become an integral facet of every aspect of the world, which
produced approximately 335 million tonnes of synthetic plastic in 2016. The
European plastics industry had a turnover of approximately 350 billion Euros in
2016 [18]. The agricultural industry is no exception, estimated to consume almost
695,000 tonnes of plastic in Europe. Typical uses include single use silage or mulch
wrap and sheets for greenhouses to name a few. Low density polyethylene (LDPE)
is the polymer of choice as it is cheap and durable, however, not biodegradable [19].
4

If a plastic is termed biodegradable it is generally referring to degradation as a result
of industrial composting at elevated temperatures of 50 to 60 ˚C, European standard,
EN 13432 states under these conditions it must reach 90 % biodegradation within
180 days. Since the vast majority of plastics end up in landfill, most will biodegrade
at similar rates to common plastics such as LDPE. A range of synthetic and
biobased polymers have been given this standard such as; poly(butylene adipate
terephthalate) (PBAT) and polycaprolactone (PCL) (synthetic polymers), or PLA
(Poly(lactic acid)) , PBS (Polybutylene succinate) and starch blends (biobased
polymers) [20]. However, in practice, the vast majority of biodegradable plastics
will never reach the desired temperatures for degradation. Especially for the
proposed product development that involves large quantities of plastic to be
discarded into the soil. One key challenge of this study will be to evaluate ability
for biodegradable polymers to biodegrade in a realistic environment.
For a seed to be accurately and safely fired into the ground, a method of
encapsulation must be developed. The seed capsule must satisfy the following
issues; a vessel that can be used as a projectile with the ability to penetrate the soil,
a means of shock absorption, biodegradable, not interfere with germination and be
affordable for mass manufacturing.
A case study of radiata pine seed growth found that 99 % of seeds germinated when
planted 6 mm deep, at 3 mm they were susceptible to drying and bird predation,
while germination reduced dramatically below 16 mm [21]. Generic methods of
mass manufacturing plastics typically involve temperatures of 150 °C and above,
therefore, if the seed is going to be encapsulated it may experience some heat. Calvo
et al. [22] studied the effect of temperatures on germination rates of three pine
species, when the seed was held at 200 °C for five minutes or at 300 °C for one
minute the germination rate dramatically decreased. There was no substantial
reduction when holding for 150 °C for five minutes or 200 °C for one minute. This
gives a crucial processing parameter during manufacturing.
To accurately penetrate a wide variety of soils to a highly specific depth, it is first
important to understand how different soil characteristics affect penetration.
Important physical properties of soil are porosity, bulk density, water retention
capacity, particle distribution and soil strength. Soil strength is characterised as the
resistance of particles shearing past each other which is highly dependent on
moisture content and directly relates to the ability for root growth and penetration
5

resistance [23]. Testing the soil’s resistance to penetration is standardised by using
cone penetrometers, which apply a force and measure the cohesive forces between
soil particles and the frictional resistance to sliding past each other. Two main types
of penetrometers are static and dynamic, one being pushed into the ground with
constant force, the latter with an anvil that is dropped from a specific height [24].
When using a static cone penetrometer conforming to ASAE 1983 standard S313.1,
some common values range from 0.5 to above 3.0 MPa for loose to extremely
dense soil [23].
Ideally, the results of the dynamic cone penetrator (DCP) can be used to correlate
the impact energy required to penetrate a desired depth. However, calculating the
soil resistance is not an exact science and has a variety of mitigating factors. C.W
Young developed a range of empirical formulae for predicting the penetration depth
of projectiles using a DCP to characterise different soil types [25]. To ensure that
this method of delivery is feasible, a study will need to be performed around the
ability to effectively test the soil at a test site and relate this to an empirical equation
for predicting the penetration depth, by varying the impact energy through velocity.
This study will endeavour to evaluate three key challenges around this prototype;
plastic biodegradability, mass manufacture and accurate penetration control. It will
be limited to segregated experiments delivering a proof of concept. The integration
of a physical prototype will not be attempted. The study only considered Novatein
and blends with PBAT, being preselected as part of a larger project. Novatein is a
protein-based thermoplastic derived from blood meal and is generally considered
biodegradable [26]. PBAT is also a biodegradable thermoplastic, but is petroleum
derived. It is blended with Novatein to increase the material’s water resistance. The
polymer materials engineering to evaluate these blends was not part of this study
[27].
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In the 21st century, the use of plastics is integrated into every facet of life and will
undoubtedly play a part in solving the pressing deforestation issue. However,
widespread use needs careful consideration not to create more problems. It is crucial
to understand how polymers are made, but more importantly how they degrade.
This section will discuss a variety of polymers; non-degradable, biodegradable,
biobased and fossil-based (Figure 1.1). By clearly defining these, we can determine
what makes one polymer more susceptible to degrading opposed to another. The
aim of this chapter is to put biodegradation of polymers in context of automated
planting and to describe the rate at which blends of Novatein and poly(butylene
adipate-co-terephthalate) (PBAT) biodegrades in soil. The purpose of blending
Novatein with PBAT is to give the product designer the ability to tailor the rate of
biodegradation of the device used to plant seeds. Novatein alone is known to be
unsuitable due to its high water sensitivity and low impact strength, which is an
additional advantage of blending it with PBAT.

Figure 1.1: Definition of bioplastics according the European bioplastics, Sourced
from [20].
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Fossil-based polymers are derived from petroleum and are commonly referred to as
synthetic plastics and cover approximately 99 % of the plastic market [28]. They
are essential in every part of our day from our clothing, food packaging and where
we sleep. Typically made from crude oil, it uses 62 to 108 MJ/kg to produce, higher
than common steel production but much more versatile [29]. High and low-density
polyethylene (HDPE & LDPE) are very common synthetic plastics used in a variety
of applications such as bottles, toys, wiring insulation, plastics bags and food
packaging. HDPE has become highly popular due to its ease of processing and
being able to be recycled, however, the US Environmental Protection Agency
estimates only 27.5 % is actually recycled [30]. Therefore, as the vast majority of
plastics end up in a landfill, it would be advantageous if they were biodegradable.
If plastic is termed biodegradable, it is generally referring to degradation as a result
of composting at elevated temperatures of 50 to 60 ˚C and EN 13432 states under
these conditions it must reach 90 % biodegradation within 180 days.

Most common plastics are designed to resist biological attack, as one of the main
uses is food packaging. They are designed to be durable to compete with other
materials such as metal or wood, which was done with much success, taking
centuries to decompose in landfills. Most common plastics like LDPE,
polypropylene (PP) and polyethylene terephthalate (PET) have high corrosion
resistance and longevity. They are even designed to be recycled. However, the
environmental impact comes from one-time use that doesn't make its way into the
recycling bin. Higher grade plastics that cannot be directly recycled can be ground
down and used as fillers.

It is not commonly known that there a range of synthetic polymers that have a high
level of processability whilst being biodegradable. As seen in Figure 1.1, PBAT
and polycaprolactone (PCL) are synthetic, but biodegradable [31]. PCL has good
chemical resistance to oil, chlorine and water, and it’s low viscosity and melting
point (58-60 °C) allows a high level of processability [32]. PBAT is an expensive
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co-polymer in comparison to LDPE, due to the industrial production requiring long
processing times, high and vacuum and temperatures. It is highly processable due
to low viscosity, giving an elongation at break of approximately 700 % [33]. Due
to the high cost of these two polymers, using them as blends with other
biodegradable polymers to improve processing is of interest. Luc and Christophe
[31], successfully blended thermoplastic starch (TPS) with PBAT, PCL and
polybutylene succinate adipate (PBSA). By using these blends, the dimensional
post-injection stability of TPS was increased while maintaining the mechanical
properties.

Some synthetic polymers can be synthesised by bacteria opposed to the standard
petrochemical way making them a more renewable source and can be considered
more environmentally friendly. Polyhydroxyalkanoates (PHAs) are polyesters
made from bacteria with good mechanical properties allowing them to be used as
stents for heart valves or as fishing line whilst still being biodegradable [34].
Confusion comes in with biosynthetic polymers such as bio-PET can be made using
biomass using bio-based ethylene glycol, which is not biodegradable. During a lifecycle analysis, it was found that there was a 20 to 50 % reduction in the greenhouse
gases in the production of bio-PET as opposed to petroleum-based PET [35]. These
new developments have allowed large corporations like Coca Cola switching to
using bio-PET bottles reducing its environmental impact considerably [36].

Biobased polymers are defined as polymers derived from biomass [37], sourced
from organic or renewable sources. The most commercialised biobased plastic is
thermoplastic starch, a polysaccharide [38]. It can be made from a number of
abundant natural sources such as cassava, corn and potato. It has become more
commercially favourable due to its cheap processability good mechanical properties.
Potato starch, for instance, can be film blown which is essential in for the food
packaging industry [39]. Alternatively, there have been numerous successful
plastics made from sustainable protein sources such as gluten, zein, whey, soy and
Novatein [40]. Currently, bioplastics make up less than 1 % of the total polymer
industry, however, due to the increased public awareness and the recognised quality
of bioplastics, this is projected to significantly grow [28].
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Ethical debate has been raised about using plant sources for producing plastics, as
it is potentially depleting food sources. The validity of this debate is yet to be
determined, however, the ideal alternative is using waste products to produce
plastics. Aduro Biopolymers Ltd developed a thermoplastic made from a waste
product from the slaughter industry. Novatein is made from bloodmeal, which is
90 wt.% protein that is not suitable for human consumption, making it a perfect
renewable material. Blood meal is also an effective fertiliser, containing
approximately 12 pph nitrogen and has a 1 to 4 week release time, depending on
soil activity, climate and moisture content [41]. It is capable of being injection
moulded, with similar mechanical properties as LDPE [42].
Novatein’s material properties have been improved by blending with a variety of
commercial polymers, such as, linear low density polyethylene (LLDPE), PBS and
PLA that increased mechanical properties, thermal stability and water resistance
[43]. Continued studies have widened the range of processing techniques such as
foaming and continuous sheet extrusion when blending with PBAT [27; 44].
Novatein is assumed to be biodegradable due to being a highly hydrophilic protein
polymer. A composting study, at approximately 69 °C, was performed by Verbeek
et al. [26] that investigated the effect of plasticizer content Tri(ethylene glycol) on
biodegradation by mass loss, thermogravimetric analysis (TGA) and Fourier
transform infrared spectroscopy (FTIR). Plasticized samples lost 47 ± 4 % dry mass
loss over 12 weeks whilst non-plasticized samples only lost 36 ± 4 %. Plasticized
samples started to disintegrate after six weeks, showing signs of surface cracking
and pitting, whereas, the non-plasticized samples were still able to be removed
intact. By week 12, both samples disintegrated (Figure 1.2).
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Figure 1.2: Composting trial with non-plasticized samples (top) and plasticized
samples (bottom), sourced from [26].

After the trial had finished, samples were found to have a reduction in combustion
temperature, via TGA analysis, indicating that stronger covalent bonds may have
been reduced, inferring biodegradation. This was also confirmed by FTIR analysis
[26]. This study was performed in typical common industrial composting facility,
however, for the current project, compositing is insufficient. It is necessary to
understand the variety of ways that polymer degradation occurs, such as, abiotic
(UV or thermal disintegration) or biotic (bacterial and fungal metabolisation). The
techniques by which these degradation methods are quantified will enable the
suitable experimental method to be investigated.

Abiotic degradation occurs via a variety of mechanisms such as ultraviolet (UV)
radiation, hydrolysis, disintegration, or thermal decay. The majority of polymers
will experience abiotic degradation while still in use [45; 46].

Thermal degradation refers to degradation as a result of heat, leading to bond
scission. It typically occurs during processing, and many polymers have to be
stabilised against thermal degradation. The activation energy required is
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proportional to the bond energy of the macromolecular structure; e.g.
polytetrafluoroethylene (PTFE) has higher thermal stability than PE, considering
PTFE has a C-F bond of 116 kcal/mol compared to a C-H bond of 97 kcal/mol [47].
Thermal degradation can be used beneficially during pyrolysis, which is burning
plastics in the absence of oxygen, and is a potential alternative for recycling plastics
where the heat energy is used for steam generation and the hydrocarbon gases can
be converted into fuel sources [48].

Varying levels of photo-degradation occurs in polymers due to UV, visible and
Infrared (IR) radiation [49]. Radiation breaks down chemical bonds which cause
polymers to become brittle, change colour and is detrimental to mechanical
properties. Natural impurities present during processing tend to absorb more
radiation than repeating units, increasing the photo-degradation. PE and PP have
high resistance to photo-degradation whereas poly(vinylchloride) (PVC) becomes
brittle if not protected correctly. Photo-degradation has also been applied as a
mechanism to induce degradation and has led to the widespread misuse of the term
degradable polymers. During photo-degradation, the polymer is simply fragmented
and is not converted into water and CO2. Additionally the products of photodegradation has led to the widespread concern over the effect of micro-plastics in
the environment [50].

Biodegradation is the result of microbiological activity such as bacteria or fungi,
using plastic as a source of energy where the polymer structure is broken down to
enter into the carbon cycle without the aid of external heating [46]. In aerobic
biodegradation, there are two main mechanisms; oxidation and hydrolysis.
Biological hydrolysis is catalysed by hydrolase enzymes reducing the polymer mass
[51]. This is typically a two-stage process, first larger chains are broken in smaller
ones via depolymerisation then complete mineralisation [52]. The degree of
biodegradability is dependent on a variety of factors such as specific functional
groups, morphology, solubility, molar mass and crystallinity [53]. Functional
groups, such as peptide, amide, and esters are subject to hydrolysis and/or oxidation,
and polymer containing these groups in its backbone are often more susceptible to
biodegradation [51].
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Due to synthetic polymers being relatively new, most organisms lack enzymes with
the ability to transform them into an intermediate state, which is readily metabolised.
Another key to being susceptible to microbial attack is the polymer’s chemical and
physical structure. Enzymes need a physical site to penetrate the polymer such as a
pore, which is difficult when it is water-insoluble; they also need chemical groups
that can be readily attacked. This is why simple polymers such as polyethylene with
repeating C-C backbone are so resistant to microbial attack [54]. Griffin found by
blending PVC with increasing amounts of starch there was a relative increase in
fungal growth without a significant reduction in tensile strength. This was due to
increased porosity and attack sites [55].
Biobased polymers generally have complex chemical structures that attribute to
their lack of processability, but is also a key factor in the biodegradation. The
following methods are used to evaluate the success of biodegradability.

Visual examination can accompany other test methods for added anecdotal
evidence. The growth of fungus or bacteria implies biodegradation may be
occurring in the plastic, however formation of cracks or crevices imply degradation
but do not prove biodegradation. This can be more accurately quantified by using a
scanning electron microscope (SEM) or transmission electron microscope (TEM)
imaging [46]. Lopezllorca et al. [56] buried PHA in soil and used SEM to prove the
presence of biodegradation via the colonisation of hyphae and surface cleavage by
following hyphae tracks as seen in Figure 1.3.

Figure 1.3: Hyphae colonisation and tracks on PHA films [56].

Weng et al. [57; 58] studied the biodegradation of PLA, PBAT and a blend of
40 : 60, PBAT to PLA in soil. The study left cast films 400 mm deep in soil that
remained at approximately 20 ± 3 °C. Visual disintegration was observed over four
months (Figure 1.4) while scanning electron microscope (SEM) images showed
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numerous cracks in the surface of PBAT (Figure 1.5) and corrosive holes on PLA
(Figure 1.5). PBAT and PLA independently degraded faster than the blended
sample.

Figure 1.4: Biodegradation of PBAT and PLA films left in soil for four months,
sourced from [58].

Figure 1.5: SEM images of the biodegradation of PBAT and PLA films in soil over
four months sourced from [58].
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As most plastics are designed with specific mechanical properties to be fit for
purpose, observing changes in mechanical properties from degradation is crucial
for longevity tests as well as inferred degradation. A reduction in tensile strength
cannot prove biodegradation but is an effective way to test if degradation is
occurring [46]. Luo et al. [59] studied the decrease in mechanical properties of
poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) during a composting trial.
Figure 1.6 shows the reduction in tensile strength from 30 MPa to 16 MPa after
30 days composting.

Figure 1.6: Stress-strain graph of PHBV before (a) and after (b) 30 days of
composting [59].

Sabo et al. [60] investigated the effect of environmental conditions (exposure to
60 days of high humidity and submerged in water) on blends of PCL with wood
flour and microcrystalline cellulose and found only minor reduction in mechanical
properties. The mechanical properties of Novatein were found to deteriorate due to
embrittlement after prolonged UVA exposure, the elongation at break reduced tenfold and toughness reduced to 4.3 % of its original value for non-plasticized
samples [61].

Mass loss studies have been commonly used for long-term soil biodegradation trials,
but problems arise with the repetitive nature of sample cleaning, soil consistency
and general disintegration of material leading to inaccurate results [46]. During a
composting trial over 12 weeks at an average temperature of 69 ˚C, it is was found
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that Novatein had a dry mass loss of 47 ± 4 % [26]. Huang et al. [62] investigated
the mass loss of PBS and PCL in a composting system and found that the blend
biodegraded faster than that of the individual polymers. The blend lost 32.7 % of
its mass within 60 days. Luo et al. [59] found that PHBV lost approximately 80 %
of its original mass during a 50 day composting trial.
Mass loss is also an integral part of the biodegradation/compositing standards.
ASTM 5988 states that a compostable plastic should lose 70 % of its mass with in
a six month period [63]. Although mass loss does not prove biodegradation, it is a
reliable indicator thereof.
To avoid experimental error when collecting samples from soil it has been found to
be more accurate to combine mass loss with measuring carbon dioxide evolution
from microbial activity (when using a polymer as a food source). One of the
definitions of being biodegradable is that the plastic returns to the carbon cycle,
hence it makes sense that benchmark testing for the rate of biodegradation is to
measure the amount of CO2 produced via microbial activity. However, technical
difficulties arise with synthetic polymers that have low biodegradation rates where
measuring the amount of activity can be unreliable [46]. However, this method
works very well when testing biobased plastics, like thermoplastic starch. Gang Et
al. [64] found that TPS had 60 % of its CO2 mineralised at room temperature within
14 weeks whereas LDPE had zero activity.
There are a number of standards that detail the experimental process involved,
ASTM D5988 – 18, ASTM D 5209 – 92 and OECD 301 B & D [65; 66]. The tests
typically consist of a closed gas system that controls the inlet and outlet with high
precision (Figure 1.7). The sample polymers are put in a solution of water or soil,
inside a closed vessel. The Sturm test uses an H2O solution with municipal waste
inoculum added whereas ASTM 5988 uses soil from three different fertile locations
with a variety of soil specifications around PH and moisture content, to name a few
[65; 66]. The results are obtained by calculating the amount of carbon evolved from
each sample as a percentage of the total carbon within the system. Success is
defined for ASTM 5988 as the sample and a cellulose control reach 70 % of the
theoretical CO2 content evolved during a 6 month period but is often reduced to
2 to 3 months [63; 67].
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Figure 1.7: Sturm test based on OECD 301B/C/ISO 9493 CO2 Evolution test,
sourced from [68].

Briassoulis et al. [69] followed the French Norm test, which measures the expelled
CO2 from polymers in soil samples kept at 25 °C. Figure 1.8 shows that MATERBI, a starch-based polymer, well known for biodegradability polymer only reached
38 % of its original carbon content over 6 months. The cellulose control reached
the required 70 % and polyethylene appeared to have no change at all.

Figure 1.8: Percentage biodegradation of polymers in soil [69].

Feuilloley et al. [67] tested the biodegradation of three polymers using 10
standardised techniques, materials tested were; MATER-BI, Ecoflex® (PBAT),
and PE modified with a peroxidant. The results (Figure 1.9) agree with those of
Briassoulis et al. and showed that MATER-BI biodegrades to approximately 40 %
on the same test, (Figure 1.9 experiment “headsp. 25 °C”) and readily biodegraded
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in all tests, apart from in the anaerobic environment. PBAT showed better
biodegradation results than modified PE for the most part asides from “headsp.
25 °C” and “anaerobic test” (Figure 1.9). Whereas when the Sturm test was
performed, PBAT showed significantly more biodegradation than headsp. 25 °C,
this is likely due to the presence of more aggressive bacteria collected from the
municipal waste. Possibly the most interesting finding is the agricultural soil test,
where small films pieces were left underground for over 11 months and showed that
modified PE was almost fully degraded whereas PBAT showed very little. This was
attributed to a pre-treatment performed on the PE films of 90 to 100 °C for a few
weeks, which would never naturally occur in the soil [67].

Figure 1.9: Biodegradation results for MATER-BI (checked), Ecoflex® (Black) and
modified PE (white) [67].

From the literature above, it is concluded that a modified Sturm test that
incorporates ASTM 5988 will be used to investigate the rate of biodegradation for
different blends of Novatein and PBAT in soil.
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The following section describes what materials and parameters were required to
develop an apparatus that can accurately measure the rate of biodegradability in soil
for a variety of samples.

This test evaluates the rate of biodegradation by measuring the percentage of the
carbon content of polymer blends converted to CO2 via microbial action over time.
The method chosen was a modified Sturm test incorporated with ASTM D5988 and
D2905 [63; 70; 71]. This method uses Schott bottles containing test material and
soil. An experimental flow chart can be seen in Figure 1.10 and physical
experimental set can be seen in Appendix A.
In short, the test involves supplying an equal amount of air to each test specimen
after it has been scrubbed for CO2. Microbial activity in the soil leads to
biodegradation releasing CO2, which is individually captured for each sample. The
rate of biodegradation is assessed based on the rate at which CO2 is formed.

19

20
\
Figure 1.10: Flow diagram showing the configuration of the biodegradation test.

Four formulations were tested (Table 1.1). Formulations one to four were tested in
triplicate while the control and positive control had only two repeats. The test mass
of each sample was calculated to ensure 1 g of carbon is present in each sample
(calculations can be found in Appendix A)
Table 1.1: Test formulations for biodegradability experiment.

Formulation
1
2
3
4
5
Positive
control
Negative
Control

Novatein
wt.%

PBAT wt.%

100
0
90
70
50

0
100
10
30
50

Cornstarch
wt.%
0
0
0
0
0

0

0

100

0

0

0

No. of
repeats

Test
mass (g)

3
3
3
3
3
2

2.18
0.98
2.06
1.82
1.58

2

0.00

1.50

A constant supply of CO2 free air is equally distributed through a 19-valve manifold
into each bottle where the air is bubbled through two CO2 scrubbers attached in
series. Each CO2 scrubber has 200 mL of 0.1 M NaOH. CO2 free air is abstained
by scrubbing the inlet air is a 1.5 L Schott bottle, containing the same NaOH
solution. Using a 1 M HCl titrant solution the phenolphthalein indicated endpoint
that will enable the CO2 content to be calculated. The efficiency of the scrubbers
are calculated dissolving a known quantity of CO2 into the system and then
comparing with the titrated results using Equation 1-1.

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑓) =

𝐶𝑂2 𝑆𝑐𝑟𝑢𝑏
𝐶𝑂2 𝑇𝑜𝑡𝑎𝑙

1-1

Proof of biodegradability is defined as converting 70 % of the carbon content of the
sample being converted into carbon dioxide over a reasonable timescale (90 days).
The mass of CO2 absorbed by the scrubbers was calculated using the following
equation.
(( (𝑉𝐶𝑇 − 𝑉𝑆𝑇 ) ∗ 𝐻𝐶𝐿𝑚𝑜𝑙𝑒𝑠 ) ∗ 𝑀𝑊𝐶𝑂2 )
𝐿

𝑓𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦
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= 𝑚𝐶𝑂2

1-2

Where 𝑉𝐶𝑇 is the control titrant volume, 𝑉𝑆𝑇 is the scrubber titrant volume. Using the corrected mass
of CO2 absorbed by the scrubber the mass of carbon can be calculated and converted into a total
percentage degradation of the one gram of carbon in each sample (Equation 1-3).

( 𝑀𝑊𝐶 )
(𝑚𝐶𝑂2 ∗
)
(𝑀𝑊𝐶𝑂2 )
(
) ∗ 100 = 𝑡𝑜𝑡𝑎𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑
𝑚𝑠𝑎𝑚𝑝𝑙𝑒 𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛

1-3

The soil was collected from three diverse locations in accordance with ASTM
D5988. Sample one was collected from a field in Cambridge, Waikato, where
horses graze. Sample two, from Maungatautari Sanctuary Mountain, a dense native
forest, which has become the largest pest-proof fenced restoration project in the
world [72]. Sample three, a privately owned industrial pine forest in Kinleith. Each
sample collected was a 300 * 300 * 300 mm (wide, long, deep). The locations and
soil type can be seen in Figure 1.11.

Figure 1.11: Soil map of New Zealand, sourced from [73].

The moisture content of each sample was measured upon collection. The moisture
contents of Cambridge, Maungatautari and Kinleith were 32.3, 59.4, and 39.6 %,
respectively. Each sample was stored in sealed buckets at 4 °C for no more than
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two weeks before starting the experiment. Each sample was sieved 2 mm particle
sized to remove any obvious plant material. Equal parts by mass of soil were mixed
together and Ph tested in accordance with D4972 method A, using Eutech
Instruments Ph 150, and the Ph of the mixed soil was on found to be 5.33.
ASTM 5988 states that the Ph is required to be within 6.0 and 8.0. The soil Ph was
not adjusted as the experiment favoured consistency with the environment opposed
to standardisation. The C:N of the soil was not calculated.

Injection moulding grade Novatein IR3020 was obtained from Aduro Biopolymers
LP (Hamilton, NZ). PBAT is produced by BASF under the tradename Ecoflex
C1200 and was acquired from Clariant (Auckland, NZ). Novatein was rehydrated
with H2O to its initial MC of 32 % for consistency. PBAT was grafted with Joncryl
and 2-methylimidazole (2MI), acting as a compatibiliser to improve blend
morphology with Novatein [27].
A Labtech twin-screw extruder was used to produce the required blends. The
temperature profile increased from 70 to 140 °C over 11 stages. It had an L/D ratio
of 44 to 1. The screw speed was at 250 rpm with a feed rate 115 rpm that resulted
in a mass flow of approximately 0.2 kg/min. Five blends were required for testing.
Formulations are stated in Table 1.1. Blends were granulated using a tri-blade
granulator with a 4 mm plate (Castin Machinery, NZ). The resulting specimens had
their natural carbon content theoretically calculated, calculations can be found in
Appendix A.

During testing the CO2 scrubbers efficiency, it was determined that accurately
controlling the air flow of the 19 samples was critical for the experiment. It was
established that having two air regulators in series was insufficient and a third more
precise rotameter was required. Once this was in place, it was possible to know
exactly what flow rate (L/min) of air was entering the system. Using this knowledge
the scrubber efficiency test was performed by measuring the amount of CO2
collected from two scrubber in series, when knowing the total CO2 entering the
system.
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The absorption efficiency of two scrubbers in series was calculated to be 45.5 %
using Equation 1-2, at a flow rate of 18 – 22 mL/min. The poor efficiency was to
be expected and was attributed to the poor mass transfer due to small surface area
to volume ratio of the CO2 bubbles. Diffusers were not investigated, as the use of
diffusers did not show significant increase in efficiency in a similar study [51].
Scrubber efficiency data and calculations can be found in Appendix A.
To calibrate the systems air flow through the manifold, each scrubber had to be
filled and connected. At this stage the 500 mL sample Schott bottles were empty.
By tweaking the individual ball valves on each sample line, the approximate
number of bubbles per minute exiting each scrubbers could be equalised for the 19
samples. In practice, it was impossible to give all 19 samples the same amount of
airflow. This was due to the ball valves being not finely tuned for the low flow rate
(10 mL/min). This in turn made even the slightest fluctuations in back pressure
cause one sample to stop bubbling completely, while others kept bubbling. This
was partially resolved by increasing the total flow-rate through the system to 400
mL/min, this resulted in an approximate air flow of 21 mL/min for each sample. At
this flow-rate it was possible to get all 19 samples to be continuously bubbling.
When each sample was being connected to its respective manifold port, repeat
samples were arranged in various sections of the manifold as to try reduce one
formulation getting a disproportionate amount of air.

Once the flow-rate was calibrated, the 19 samples were mixed into soil and placed
within their respective bottles that were labelled using a colour coding system.
During the initial set up of the experiment there was an experimental error that
resulted in a number of samples being destroyed (Table 1.2).
Table 1.2: List of destroyed samples.

Sample
Positive control x 2
Negative control x 1
Formulation 2 x 1
Formulation 3 x 1
Formulation 5 x 2
Due to this experiment requiring a full three months and limited amount of soil
remaining, it was decided to continue with the experiment with the remaining
24

samples. The only critical loss to the experiment was the loss of both positive
controls. All other samples had at least two, with only formulation 5 and the
negative control having no repeats. It was decided not to obtain more soil and create
new a positive control, as it would have been different soil from that of the rest of
the test.

20 L batches of 0.1 M NaOH were made in bulk to reduce experimental error
between samples. The mass of NaOH required was measured using an analytical
grade scale with an accuracy ± 0.001 g. Each new batch of NaOH was titrated by
the HCl to establish a base line concentration. The CO2 titrations were performed
by mixing the entire volume of the two scrubbers together and agitating. 25 mL was
pipetted using a laboratory grade, 5 mL Eppendorf pipette into a 100 mL conical
flask where it was titrated using 1 M HCl and three drops of pheophytin indicator.

It was expected that there would be a lag phase for the bacteria to start to digest the
samples so the scrubbers were checked on the first day, then 3rd, and then 6th. Once
variations of CO2 were recorded in the scrubbers they were tested every day for the
next week. After this stage the scrubbers were tested every second day, for two
weeks. For the next month and a half the testing was performed every three to four
days. Once observed that the majority of samples had appeared to plateau, testing
was left for a week, then a further two weeks after that to ensure that no activity
was present.

It became evident that some samples were growing weeds that had been dormant.
The sprouts were first detected on day six. The presence of these weeds were
determined to be an issue with respect to the unknown level of CO2 that they would
convert to O2 during the test. A concern was that by opening the tests samples the
CO2 in the headspace of the containers would be lost to atmosphere. However, it
was decided that this was a more controllable level of error that leaving the weeds
to grow throughout the experiment. The vessels were opened on day ten, and the
weeds were removed with sterilised tweezers.
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A modified Sturm test was used to determine the rate of biodegradation of Novatein,
PBAT and blends thereof in soil. Pure Novatein was expected to have a high rate
of biodegradation while under the conditions here, PBAT was not expected to
readily biodegrade although it is known to be compostable. If this material is to be
used as a casing for delivering seeds in the proposed automated device,
investigating the effect of biodegradation with increasing the PBAT content gives
the ability to create a blend that tailors the rate of degradation to coincide with seed
germination rates whilst confirming the materials effect on the environment.
Figure 1.12 shows the cumulative mass of CO2 collected from the scrubbers for
each sample, including the negative control. From initial inspection it is clear that
Novatein released the greatest mass of CO2 and that the cumulative mass of CO2
decreased with increasing PBAT content. Approximately 1.4 g of CO2 was
collected from the biodegradation of Novatein, while PBAT was barely above the
negative control (0.6 g). These initial results confirmed the expected trend and that
PBAT’s biodegradation under these conditions is almost zero.
The mass of CO2 collected in the negative control is assumed to be a mix of carbon
within the soil that was metabolised by bacteria present and a very small amount of
CO2 that enters the system via the air supply. The air used had a very low percentage
of CO2 content (0.2 %) and was scrubbed before entering the system, degradation
of residual carbon in the soil was unavoidable. Using CO2 free air was deemed
unnecessary, considering that any residual CO2 in the inlet air would be accounted
for in the negative control. The other anomaly accounted for using the negative
control was the rapid increase in CO2 collected at around day 35. This was assumed
to be as a result of a change in the inlet air velocity and (or) a decreased efficiency
of the inlet scrubber. However, correcting for the negative control should give an
accurate representation of the level of biodegradation.
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Figure 1.12: Mass of carbon dioxide collected from scrubbers during biodegradation
experiment.

The results displayed in Figure 1.13 is the percentage biodegradation corrected for
the negative control. It is measured by using the mass of CO2 captured and knowing
that the total degradable organic carbon in the sample is 1 g, from Equation 1-3 The
percentage biodegradation data has been fitted with a non-linear curve that matches
that of a standard growth cycle (Equation 1-4) the solid line, with data points
overlaid. As expected from the results of the collected mass of CO2, Novatein had
the highest total percentage of biodegradation and PBAT had the lowest, with the
blends intermediate of these.
(( (𝑉𝐶𝑇 − 𝑉𝑆𝑇 ) ∗ 𝐻𝐶𝐿𝑚𝑜𝑙𝑒𝑠 ) ∗ 𝑀𝑊𝐶𝑂2 )
𝐿

𝑓𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦

= 𝑚𝐶𝑂2

1-4

The experiment was run for approximately two months, the rate at which each
sample reached a plateau varied, however, it can be seen that by day 40, there
appeared to be no biological activity occurring. This experiment followed a classic
bacterial growth cycle; lag, exponential growth and a stationary phase. The lag
phase lasted approximately five days where after the bacterial growth increased
exponentially, evident from CO2 evolution. For Novatein, 90-10 and 70-30
(Novatein-PBAT) the bacterial growth appears to have stopped by day 25, indicated
by the levelling off of percentage biodegradation. By day 40, the testing interval
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rate was extended as it was assumed that the test had run its course. It is interesting
to note that the last data point for the Novatein sample showed a slight increase in
percentage degradation, suggesting that if this test was extended it may have
biodegraded further.
It was expected from previous research that Novatein on its own would biodegrade
substantially, however, with respect to ASTM 5988, defining biodegradation in this
experiment as reaching 70 % total biodegradation within six months, all samples
tested failed. Without the positive control, it is difficult to determine whether the
lack of percentage biodegradation is with respect to errors in calculations or if the
experimental set up had a fundamental flaw within it. However, the observed trend
is as expected and a number of interesting discussion points can be drawn from this
experiment.

Figure 1.13: Percentage biodegradation results of different samples during the
modified Sturm test.

Pure Novatein had the highest degree of biodegradation, reaching approximately
20 % (Figure 1.13) and biodegraded the fastest (steepest slope in the growth phase).
Pure PBAT showed no significant biodegradation, reaching approximately 3 %
with an almost non-existent bacterial growth curve. All the blended samples
biodegraded less than pure Novatein, and decreased with increasing PBAT content.
A relatively large drop in degree of biodegradation occurred with the addition of
10 wt.% PBAT, from 20 to 16 %. However, tripling the quantity of PBAT had only
a minor effect, reducing it to 12 %. At equal proportion, the degree of
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biodegradability reduced to 8 %. The decreased rate of biodegradation appeared to
be linear with the addition of PBAT, this is quantitatively shown with an R2 value
of 9.85 in Figure 1.14.

Figure 1.14: Linear relationship of the percentage degradation decreasing with
decreasing Novatein wt.%.

It was expected that Novatein would biodegrade much faster than PBAT as it is a
protein-based polymer. PBAT has a high molecular weight and a long chain
branched molecular structure, which reduces its ability to biodegrade. However,
literature has reported PBAT undergoing some biodegradation in similar soil
conditions such as these [58; 67]. The consequence of the results is that the rate of
biodegradation can easily be controlled by blending Novatein with PBAT. However,
based solely on the results here, the material will not be 100 % biodegradable.
There are a wide variety of conditions that may contribute to biodegradation in soil;
bacteria present, temperature, moisture, and the presence of oxygen [53]. It was
expected that Novatein would readily biodegrade during this period, however, it did
not even reach 30 %. However, this is not a crippling result, MATER-BI was tested
in a similar study where it only reached 40 % [67]. Considering MATER-BI is a
starch polymer and well known for its biodegradability, this test clearly holds the
standard high for effective biodegradation.
When the samples were opened on day ten to remove weeds, it was discovered that
there was considerable mould growth in some of the samples, of which pure
Novatein had the most abundant mould growth (Figure 1.15, mould circled in black,
and weeds in red). Small amounts of mould and weed growth was found in the
blended samples. Weed growth was found in the pure PBAT and negative control
samples; however, no mould growth was present. This mould growth was seen as a
key indicator that Novatein was readily biodegrading whereas PBAT was not. The
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results could not be corrected for CO2 released as a result of plant/mould growth,
other than what was observed in the negative control.

Figure 1.15: Mould and sprout growth, day 10, pure Novatein sample.

After the experiment had concluded, each sample was emptied and sifted to see if
any of the original sample was still distinguishable. The left image in Figure 1.16,
is soil from the Novatein sample, spread out for observation post experiment. The
mould growth from earlier had completely disappeared during the course of the
experiment, and no observable granules of Novatein were found. However, as
Novatein is relatively indistinguishable from soil, it was unlikely to find any
remnants.

Figure 1.16: Sample soil post experiment for Novatein (left) and post experiment
PBAT pellets circled in red (right).
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Whereas when the pure PBAT sample was emptied, and the PBAT pellets look to
have no biodegradation at all, right of Figure 1.16. No signs of PBAT or Novatein
were found in the remaining blends. This too may be due to the soil and polymer
blend being very similar in colour and texture.

The aim of this chapter was to gain a comprehensive understanding of different
plastics and how their differences can lead to an environmentally friendly solution,
to a modern problem. The use of plastics will undoubtedly play a part in every facet
of industry if it does not do already. This chapter explored common misconceptions
around polymers, giving more clear definitions to which polymers are better suited
for specific applications. Understanding that biobased polymers can themselves be
non-biodegradable and fossil based polymers can be biodegradable. The application
and problem in question is; can a plastic projectile be produced that readily
biodegrades in soil within a reasonable period in a controlled manner.
To solve this problem the mechanisms of biodegradability were investigated to
understand why the lack of functional groups, high hydrophobicity, few cleavage
sites and high molecular weight make LDPE highly resistant to microbial attack
opposed to protein plastics that typically have the opposite characteristics. A variety
of biodegradation techniques were evaluated, where mass loss by CO2 evolution
proved to be a benchmark in biodegradability testing as the test completes the
carbon cycle, the definition of end of life. Modifying a Sturm test by incorporating
ASTM 5988, which are both well-established test methods, the degree of
biodegradation could be investigated. These methods calculate the percentage of
biodegradation by measuring the mass of CO2 bacteria and fungi have metabolised
from a closed system against the known quantity of carbon. The bacteria used in
the experiment was from soil collected from three diverse locations across New
Zealand, a horse paddock, a native forest and a pine forest. The samples of interest
were pure Novatein a biobased protein polymer, pure PBAT, a fossil based
biodegradable copolymer, and blends of the varying quantities of both.
The results of this study showed that Novatein exhibited a high level of
biodegradability in comparison to PBAT, PBAT showed very low signs of
biodegradation during this experiment. The blended samples decreased in
biodegradation with increasing the wt.% of PBAT. This was confirmed by the
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presence of mould growing prolifically in the pure Novatein sample and its blends,
but none present in the pure PBAT or negative control sample.
Post experiment investigations showed PBAT still physically present in the soil
with no signs of deterioration. However, for Novatein and blends, there were no
remnants observed. For the purpose of making a biodegradable product, it is
believed that the Novatein sample biodegraded sufficiently and with as much as 30
wt.% PBAT the blend can still successfully biodegrade to a sufficient level.
However, further studies are needed to confirm the absolute level of biodegradation.
The results here assume that 1 g of carbon is fully converted to CO2, which may not
be the case within the time frame here. Also, carbon is converted to biomass, which
is not reflected in the percentage biodegradation. A full biological evaluation of
the bacteria and mould growth for each sample were not performed, but further
studies would benefit from performing this.
The work presented here did not prove that Novatein itself or blended with PBAT
met the acceptance criteria of ASTM 5988 (70 % biodegradation). This result needs
to be confirmed, or a more suitable test method needs to be investigated if Novatein
and PBAT are going to be used across the countryside. If biodegradation cannot be
confirmed, the polymer selected for this application may have to be revised.
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The current government’s goal of doubling the rate of planting trees does not come
without its challenges. Finding a feasible solution to automated planting will require
mass manufacturing of a suitable capsule. Assuming that a Novatein PBAT blend
can successfully biodegrade, the feasibility of manufacturing seed projectiles that
can be used to penetrate the ground and avoid predation is still to be investigated.
One of the main reasons that plastic has become so widely spread is the ease it can
be manufactured. Complex shapes can be produced in a one-step process with little
to no finishing required, unlike metal or wood. These processes can be cyclically
automated, or continuous, which is desired for mass manufacture. A variety of
processing techniques are available, but they generally have these steps in common;
heating, shaping and cooling. One of the most common is extrusion which uses a
screw inside a barrel to melt polymer granules into a viscous flow that exits at a die.
A single screw extruder can be seen in Figure 2.1 where the polymer is fed at the
hopper and conveyed down the barrel. The polymer is heated and melts as a result
of shearing forces, known as mechanical input, via the reduction in the depth of the
screw channel, and is aided by external heating bands [74].

Figure 2.1: Single screw extruder, sourced from [75].

The polymer melt exits at the die where the die’s shape can be easily changed to
produce different products. Complex shapes can be made using simple die’s to
produce products such as those shown in Figure 2.2. Comprehensive understanding
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of specific material properties, specifically thermal contraction during cooling is
essential in profile extrusion in order to calculate the correct size of the die [74].

Figure 2.2: Continuous 2D extrusion of plastic profiles, sourced from [76].

This method of processing can be tweaked by introducing more complicated mixing
sections, the addition of multiple barrels, secondary feeders, liquid dosing, nonNewtonian flow profiles and much more; however, during this study the intricacies
of polymer processing will not be the focus [74].
Injection moulding is another very common form of mass production, a simple
example can be in Figure 2.3. Using an extruder similar to Figure 2.1 molten
polymer is forced in a cavity with high pressure, held to solidify, and then the mould
opens. This processing method is desirable as complex parts can be made with rapid
cycle times, depending on size and material they can be as quick as five to ten
seconds. Areas of special attention are the gates, runners, and ejector pins. The gate
is a small orifice where the melt enters the mould, this solidifies first to avoid
backflow and is an easy place to break the part off from the runner when cold. The
runner is where the material flows to the gate/part, in moulds with many parts the
runners need to be designed effectively to reduce flow resistance but solidify at the
same rate as the part. The ejector pins quickly remove the part from the mould once
open to decrease cycle time [74].
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Figure 2.3: Injection moulding, sourced from [77].

A variety of other processing techniques are available, however, pure Novatein is
limited to simple extrusion and injection moulding, so other techniques will not be
evaluated [78]. From prior research it has been proven that when blending Novatein
and PBAT with the appropriate compatibilisers, quality sheets can be produced.
This provides two advantageous reasons for using PBAT, increased processability
and improved biodegradation control.
During scoping for this chapter it was evaluated that injection moulding would be
a complicated method for encapsulating seeds safely due to prolonged heat and
processing parameters. It would require multiple parts that would need a secondary
processing step and would likely not be cost effective. Due to the ability of Novatein
and PBAT blends to be continuously sheet extruded, it was decided that a
manufacturing method used to mass produce paintballs might work to encapsulate
seeds continuously, seen in Figure 2.4 [27]. A gelatine sheet is fed into a cylindrical
die roll where vacuum pulls the sheet into a semicircle shape [79]. The sheet with
the two halves of the circle are then welded together. This is a continuous process
designed to make large quantities paintballs easily.
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Figure 2.4: Paintball manufacturing technique, sourced from [79].

Figure 2.5 shows a close-up of paint being pumped into each side of the gelatine
spheres. Using this method it can be easily retrofitted to produce the required seed
projectiles. Gelatine sheets can be replaced with Novatein/PBAT sheets, where item
104 is the seeds and item 112 is a hydrogel for that could serve both as a nutrient
source and shock absorption [80]. The polymer film itself could contain chemicals
that encourage germination, such as the hormone kinetin [19].

Figure 2.5: Detail view of paintball manufacturing technique that inserts an object
within the paintball, sourced from [79].

The challenge of this chapter is to understand the mechanisms occurring during
plastic welding, the different types, and how to replicate the paintball
manufacturing technique. If the polymer blend can be successfully formed and
welded, then quantitative testing is required to evaluate the strength of the weld, its
repeatability and the process parameters required for a successful weld.
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Plastic welding is the process of forming a molecular bond between two parts,
involving heat and pressure. Benefits of welding polymers opposed to using
adhesives, or hinges with screws, is reduced manufacturing time and cost, reduced
mismatch of thermal expansion or damage caused by drilling [81]. Just like other
polymer manufacturing techniques, it involves heat, pressure and cooling. Heating
is crucial as it allows the polymer chains to flow and entangle, allowing
intermolecular diffusion, and the more heat, the more molecular diffusion, and
therefore, faster weld times. Semi-crystalline polymers must be heated above their
melting temperature where amorphous polymers only require being above their
glass transition temperature. Asides from increasing intermolecular diffusion,
pressure is often used during heating and cooling to hold the polymers in the correct
position. Controlling the cooling rate allows the solidification of the polymer bonds
and has a high influence on weld strength. Most techniques are relatively similar
apart from how they are heated; hot plate, laser, implant, spin and seam are common
examples that will be investigated [82].

During hot plate welding, two parts are heated by being pressed on a heated plate,
or heated via radiation before being pressed together, weld times typically range
from 10 to 20 seconds. Figure 2.6 shows a flow chart of the contact hot plate
welding process and is used for relatively simple geometries although it can be used
for larger objects but weld time increases dramatically [82].
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Figure 2.6: Hot plate welding flow chart, sourced from [83].

Liu et al. [84] investigated the influence of the contact angle for hot plate welding
using virgin polypropylene (PP), 20 %, and 30 % glass fibre-reinforced PP
composites (GF-PP). The 20 % GF-PP composite was found to have the highest
joint strength, having an increase from 10 MPa for virgin PP to above 30 MPa for
20 % GF-PP, when using a square welding geometry. The effect of welding
geometry was found to have a more drastic effect on the virgin PP, opposed to the
composites. Nonhof C. J. [85] found a reduction in tensile strength from 23 ± 4
MPa to 17.0 ± 0.8 MPa when hot plate welding 30 wt.% short-glass filled PP.
Hot plate welding has several key factors that contribute to weld strength; time,
pressure and temperature, however, Nonhof C. J. [85] determined that no single
optimal parameter setting can be obtained for hot plate welding due to the large
number of plastics, fillers and variation with joint requirements. One key insight for
successful welding was that most welds rupture at the interface between the heated
polymer and its solid parent material. This is due to a high shear rate at the interface
that aligns the molecules in the direction of flow, creating a weak spot; this can be
mitigated by lowering the welding force or having a slower application of force.
Ülker et al. [86] used a Taguchi method to optimise welding parameters when using
hot plate welding of polycarbonate (PC) and acrylonitrile-butadiene-styrene (ABS).
Statistical analysis of the tensile testing results showed that plate temperature had
the highest influence on joint strength while weld displacement (sample
compression distance) was second and the heating time had very little effect on joint
strength.
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Laser welding applies highly accurate and localised heat that results in precision
welds with short weld times of less than five seconds. By using one transparent
material, that infrared will pass through, and one that’s black, infrared welding has
the unique ability to heat only the black material to bond to the transparent part
(Figure 2.7) [82]. This can be useful for complex geometries, especially in the
electronics or medical industries. Advantages of laser welding are non-contact,
parts with different viscosities and stiffness’s can be welded and no mechanical
stress is put on the part [87]. Knapp et al. [88] evaluated the shear strength of a PP
matrix reinforced with 40 wt.% glass fibres with different bonding techniques. The
maximum shear strength of the base material was 44 MPa, reduced to 32 MPa for
laser welding, and a considerable reduction to 15 MPa when using a chemical bond.

Figure 2.7: Laser welding, sourced from [89].

Implant welding involves applying an external heat source via induction or
electrical resistance. Electrical resistance typically involves a wire located at the
weld joint to melt the surrounding parts. A key difference for this technique is that
in larger parts the implanted wire is generally left within the weld joint once
complete (Figure 2.8). Implant welding generally takes longer, up to a minute, but
has the distinct advantage of handling large parts. It has been used in the aerospace
industry for lightweight thermoplastic composites and the automobile industry for
car bumpers because it is not restricted to flat surfaces such as vibration hot plate
welding [90]. However, when Knapp et al. [88] compared implant to laser welding,
the maximum shear strength of the PP matrix reinforced with 40 wt.% glass fibres
was 22 MPa opposed to 32 MPa, implant to laser welding, respectively.
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Figure 2.8: resistance welding, sourced from, [91].

Spin welding works by creating heat and friction at the joint of two parts, causing
the surface to melt, by applying rotational movement to one part while holding the
other still (Figure 2.9). This is an established method of joining for metals and has
recently gained momentum for thermoplastic joining [92]. This method is unique
in that the welding step is split into an unsteady and steady state with respect to
temperature; melting and flow. Although it can be done on a lathe to get highquality welds, the rotational energy needs to be controlled carefully. Common
rotational linear speeds vary from 1 to 20 m/s with pressures ranging from
80 to 300 kPa. It is common practice for tubes or round bars as it is highly
reproducible with high quality welds [93].
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Figure 2.9: Rotational welding, image courtesy of Gatwick Technologies [94].

Seam welding is a form of continuous welding, specifically for plastic sheets and is
an industrially trusted technique. There are various ways to apply the heat and
pressure, it typically uses rollers, made from electrodes to continuously spot weld.
This allows a consistent feeding rate, pressure and weld time (Figure 2.10) [95].
This technique can be used on PVC coated fabrics, vinyl films, PP, PE, and
polyurethane. A variety of seam welds are achievable, overlap, hem, tubing and
much more [96].

41

Figure 2.10: Seam welding of plastic sheets.

From literature is it clear that fusion welding of common thermoplastics such as
polypropylene and composites is common, but further investigation is required for
proof of fusion welding for more novel polymers, such as biobased, biodegradable
or both.
Hattori et al. [97] developed a bioabsorbable thread made from poly(L-lactic acid)
(PLLA) and PCL for fixation of broken bones. This was achieved due to PCL
having a low melting temperature where as PLLA has a relatively high melting
temperature. Knots were tied from the thread, heat applied that melted the PCL
which becomes a matrix for PLLA to adhere to. This thread had a tying strength of
39.7 N which was comparable to that of the stainless steel. Solvent welding is
another valid form of bonding thermoplastics and recent developments in ionic
liquid (IL) solvent bonding is being developed for biobased fibres [98-100]. Ionic
liquids are a unique class of solvents for the dissolution of biopolymers. IL have
successfully fibre welded cotton, cellulose and chitin and chitosan on a cloth
substrate [99; 100].

Although no literature was found on welding protein polymers it is important to
understand the material properties of Novatein to estimate how it may be welded.
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Novatein’s material properties have been extensively investigated [42; 78; 101;
102]. Bier et al. [42] studied the effect of plasticizers on the thermal and mechanical
properties of Novatein, Figure 2.11 is a dynamic mechanical analysis (DMA) of
conditioned Novatein showing that with increasing plasticizer content,
(Tri(ethylene glycol) (TEG)) the glass transition temperature (Tg) was reduced from
72.4 to 59.8 °C. This was characterised by a peak in tan δ and a drop in the elastic
modulus by two orders of magnitude. The crystallinity was found to be reduced
from 35 to 22 %. Novatein is unique in that it is semi-crystalline, but the crystalline
frication does not melt before it degrades, however, it softens well enough above
the Tg, enabling it to be processed.

Figure 2.11: DMA of conditioned Novatein, V0 to V3 is increasing TEG content
from 0 to 30 pph bloodmeal, sourced from [42].

No literature was found on welding of PBAT specifically, but its material properties
are well known, which would allow for some prediction about welding conditions.
PBAT (Ecoflex® FBX7011) From BASF has a Tg of -29 °C, a melting point of
115 °C and a cold crystallization temperature of 80 °C [58]. Arruda et al. [103]
found that PBAT sourced from Ecoflex® (F BLEND C1200) was approximately
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19.1 % crystalline. Tavares et al. [104] investigated the effect on thermal properties
of adding kraft lignin to PBAT (C1200). The DMA in Figure 2.12 found that the Tg
was reduced from -29.8 to -25.6 °C and the storage modulus was increased from
466 MPa to 2113 MPa when increasing lignin content from 0 to 5 wt.%.

Figure 2.12: DMA of PBAT and kraft lignin blends, PBAT_0 to 10 is increasing
lignin content, sourced from [104].

There are a variety of methods for testing the bond strength of welds or adhesives
in polymers. Grouve et al. [105]used a compaction roller with a laser heat source
to laminate carbon-fibre onto polyphenylene-sulphide. The validity of using a
mandrel peel test to measure fracture toughness of composites was investigated and
was found to work for hybrid interfaces when a double cantilever beam failed
(Figure 2.13).

Figure 2.13: Mandrel peel test, sourced from [105].

Zhao et al. [106] used a double-lap shear test on laminates made from carbon fibrereinforced poly-ether-ether ketone (Figure 2.14). The laminates were made using
compression moulding at 385 °C at 1 MPa for 20 minutes, ultrasonically spot
welded together and had a max peel force of 8 kN. T-peel testing using ASTM
D1876-08 is a standardised test method that is commonly used for testing the
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adhesive bond strength of thermoplastics [107; 108]. This method uses an Instron
tensile tester to pull apart the samples.

Figure 2.14: Experimental set up for double-lap shear test, T-peel test, experimental
set up, sourced from [109].

After investigating the different types of welding it was determined that hot plate
welding is the most appropriate for replicating the paintball manufacturing method.
The following section describes the methods used to evaluate the feasibility of
welding Novatein/PBAT sheets. The experimental section is divided into two
sections. Firstly, a feasibility study was undertaken to establish if sheets can be
moulded and welded around a steel ball bearing in a simple aluminium mould. This
method of experimentation replicated welding and moulding of the paintball
manufacturing technique, in a batch format. Success of this experiment is defined
as the ability of the sheets to stretch around the ball bearing and weld to each other.
A second, more precise experiment, uses test samples punched from sheets to
evaluate the effect of welding parameters (time, pressure and sheet thickness). The
test samples were punched to be the correct size for tensile testing according to
ASTM D638. Preparing overlapped welds allowed for tensile and peel tests to be
performed, giving quantifiable weld strength data.

An Aluminium (grade 6061-T651) mould was designed using SolidWorks CAD,
and manufactured with a Fusion360 kitset CNC. The clamshell mould can be seen
in Figure 2.15 with SolidWorks drawings in Appendix B. Two identical moulds
were made, that can be pressed together, with guide pins to encapsulate a spherical
free volume with a diameter of 17.3 mm (the calibre of paintball bullets). The mould
was designed with three identical cavities appropriately spaced to minimise any
interference.
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Figure 2.15: Clamshell Aluminium mould with ball bearings (open).

A 70:30, Novatein-PBAT blend was made using the same process as described in
Chapter 1. After granulation, the blend was re-extruded with a sheet die attachment.
The temperature profile was 70 – 150 °C with the sheet die set at 140 °C. Sheets
were extruded using a 200 mm wide die, with inserts capable of producing
0.5 to 1.5 mm thick sheets. The sheets were rolled up as seen in Figure 2.16, this
kept constant tension on the sheets drastically improving sheet quality. An internal
image of the sheet die can be found in Appendix B.

Figure 2.16: Physical sheet extrusion process.

Samples of 250 by 100 mm were required for testing within the aluminium mould.
The sheet was cut long ways into 250 mm long sections, then cut in half. Samples
were left under a large square vessel with weights inside it to flatten.
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The specimens used for controlled welding had the same flattening process as above,
after which, the samples were pressed out using a Lloyds tensile tester, fitted with
a die that conforms to the dimensions stated in ASTM D638 type one (Figure 2.17)
[110].

Figure 2.17: Dog bone sample preparation process.

Due to melt flow properties during sheet extrusion there was more material in the
centre of the sheet, therefore the sheets were thicker in the middle than the outside
(exaggerated in Figure 2.18). Samples were cut long ways down the sheet so that
each sample had a relatively consistent thickness.

Figure 2.18: Dramatised sheet extrusion profile that resulted in the three different
thicknesses.

Due to the symmetrical way the dog-bones were cut, the vast majority of samples
fell into three thickness categories T1, T2 and T3 (Table 2.3.). Samples outside
these boundaries were discarded.
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Table 2.3.: Categorisation of sheet samples with tolerances.

Category
T1
T2
T3

Median thickness
(mm)
0.675
1.090
1.515

Tolerance (mm)
± 0.075
± 0.060
± 0.115

Dynamic mechanical analysis was performed in a TA instrument and was carried
out in the range of 1–150 °C at a rate of 4 °C.min-1 under multi-frequency strain
mode. Strip specimens were 16 (L) x 6.2 (W) c 1.02 (D) in dimensions. The exact
thickness was measured by an electronic thickness gauge. The static and dynamic
controls were set at 0.2 % strain and 0.1 % strain, respectively, and the sample was
tested at a frequency of 1 Hz. Liquid nitrogen was used to maintain an isothermal
environment outside the furnace.

A 50 tonne heated press was used for compression welding sheets in the aluminium
die. During initial scoping tests it was found that the pressure control was not
accurate enough to be able to vary the applied force without pressing out the sheets
entirely. Due to this, it was decided that pressure would not be varied, the press was
held at 1.5 MPa for each test. Test parameters was therefore limited to time,
temperature and internal bearing size.
Black electrical tape was placed on the aluminium mould and heated press for
increased accuracy of an infrared temperature sensor. The aluminium mould was
heated in an oven, then moved to the heated press for the experiment. A sheet was
placed on top of the mould, the bearings were manually softly pressed into their
correct position and held for three seconds. This stopped the bearings rolling out of
their cavity. Another sheet was placed on top while the mould was pressed into
place. Figure 2.19 shows an example of how the experiment was setup.
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Figure 2.19: Clamshell mould, with two sheets and ball bearings.

During scoping experiments, it was found that after the pressing, cooling the mould
before opening it improved the results. After each test, the mould was water cooled
under a tap, taking care to not wet the samples before opening. During scoping it
was found that the use of ‘CRC 808’ silicon spray aided in mould release and was
sprayed onto the top and bottom of the mould before each test.
The study included three diameter bearings, three different weld durations, at a
variety of temperatures were investigated (Table 2.1). The mould had three cavities,
yielding three test specimens, and each experiment was repeated twice.
Table 2.1: Feasibility study experimental design.

Bearing size (mm)
14.3

15.0

15.9

Temperature (°C)
16
75
90
95
100
105
110
115
120
125

Press time (min)
0.5

1

3

Compression tests were performed for the successfully bonded spheres. Due to the
ball bearing being inside, the samples were cut perpendicular to the weld to create
a semi-circle sample. This enabled the samples to be compression tested to
determine the force required to buckle (Figure 2.20).
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Figure 2.20: Compression testing successfully welded samples.

A Lloyds tensile tester was used in compression mode to give accurate control of
the welding force. However, this machine did not have a heating function, therefore
the temperature was not varied. Test samples were cut in half, overlapped and
placed under a semi-circle aluminium insert (Figure 2.21) for compression.

Figure 2.21: Experimental set up for welding dog bone samples.

During scoping experiments, it was found that increased heat resulted in improved
weld quality with shorter weld duration required. A heat gun, set at its max
temperature (240 °C) was used to heat samples in-situ. Both the aluminium block
and rounded weld insert were heated in an oven at 130 °C. The temperature of the
aluminium block was measured using an infrared sensor (on a black surface). This
was to ensure that the temperature was relatively consistent during the experiments.
When the temperature dropped 10 °C below the average (120 ± 10 °C), the
aluminium block and weld insert were returned to oven for an extended period of
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time. However with a heat gun set to 240 °C. Measuring the sample temperature
itself was found to be highly inaccurate but it is assumed that it was higher than
120 °C.
The compression welding method was, 60 seconds sample preheat, and a loading
speed of 16 mm per minute, which resulted in approximately ten second cycle times.
The extended preheat time was necessary due to the limited heating capabilities of
the system. A full factorial experimental design can be seen in Table 2.2.
Compression forces for high medium and low are 900, 750 and 500 N, respectively.
Each experiment was repeated three times. Tensile and peel tests were performed
on comparatively for quantitative analysis.
Table 2.2: Full factorial experimental for welding and testing 70-30 Novatein PBAT dog bone samples.

Test

Sheet thickness

Compression force (N)

Repetitions

High
Medium
Low
High
Medium
Low
High
Medium
Low
High
Medium
Low
High
Medium
Low
High
Medium
Low

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

T1

Tensile

T2

T3

T1

Peel

T2

T3

Tensile tests were performed at 10 mm per minute extension rate using vice grips
(Figure 2.22A) (using a 30 kN load cell). Moisture contents were measured before
tests were performed. And sample thickness was measured with digital callipers.
Peel tests were performed at 10 mm per minute extension rate using vice grips
(Figure 2.22B). Thickness was measured with digital callipers.
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Figure 2.22: Tensile test experimental set up (A), and peel test (B).

During the feasibility study a variety of observations were made regarding the
weldability of Novatein/PBAT sheets. Cold pressing was unsuccessful regardless
of time or sheet thickness. However, a partial bond was achieved at as low as 75 °C.
This result was consistent to what was expected in light of the material properties
of Novatein and PBAT. The lowest temperature where a fully successful weld was
formed was 105 °C. At the highest temperature of 125 °C a successful weld was
also formed. Future studies would require more precise heating control to quantify
the effect of heating.
The smallest bearing size did not show any success, regardless of time, temperature
or thickness and was therefore removed in subsequent experiments. Figure 2.23A
displays a thin sheet that ripped during moulding. It was assumed that when the
polymer was given too much room to stretch, as seen in Figure 2.23B, without
complete support it would tear. This was confirmed with the medium sized ball
bearing having some successful welds but all samples tore when being removed
from the bearing for compression testing.
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Figure 2.23: Failed feasibility welds with small ball bearing, thin sample (A), thick
sample (B).

The results presented below are from the largest bearing (15.9 mm diameter), with
an internal free thickness of 0.7 mm. Due to the cavity size being similar or slightly
less thickness of the sheet it was able to be formed effectively (Figure 2.24).
Successful weld adhesion was achieved for sheets as thin as 0.5 mm, but performed
poorly during compression testing. Sheet thicknesses of 0.85 to 1.15 mm resulted
in the best overall performance.

Figure 2.24: Visualisation of how the effect of bearing size on the weld quality.

The successful results are summarised in Table 2.3, grouped by temperature with
decreasing hold time (a full list of results can be seen in Appendix B). The test
highlighted with a red box was the most successful in two ways; it resulted in the
largest average compression force (44.9 N) and most consistent in that all six
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samples were able to be tested. Closer inspection of the compression results
indicated that longer press times resulted in higher compression resistance of the
hemispheres. Press times of 0.5, 1 and 3 minutes resulted in average compression
resistances of 23.5, 26.8 and 31.4 N, respectively. This was expected as more
samples were successful and able to be tested at a 3 minute hold time opposed to
0.5 minutes. No significant trend was noticeable with respect to the difference in
temperature within the range of 105 to 125 °C. However, the second best individual
result (39.2 N), indicated by the green box, was only held for one minute, but 10 °C
higher. They both had sheet thickness of 1 mm which may have been a contributing
factor. However as the experiment was not done in a full factorial design, and
statistical analysis was not able to be performed. It was apparent that below 105 °C,
the results were significantly reduced. This is of no surprise as plastic welding is
typically done above the glass transition or melting point. Cold pressing resulted in
no intermolecular diffusion which resulted in chain entanglement, therefore having
no effective bonding.
Table 2.3: Summarised feasibility results.

Figure 2.25 shows the results of successfully welded samples around the bearings.
Figure 2.25C shows how the ball bearing is cut perpendicular to the weld seam so
that it can be tested. Figure 2.25D shows how the weld seem failed during the
compression testing.
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Figure 2.25: Successfully welded samples.

The first successful scoping experiments used a three-minute process that involved
pre-heating, holding and cooling. In the interest of economic feasibility, extensive
scoping was performed to find the lower limit of processing time and force required.
Figure 2.26 shows the results of the boundary conditions during more accurate
scoping experiments.

Figure 2.26: Scoping results for finding boundary conditions for welding 70-30
Novatein - PBAT. Green dots designate successful welds while black crosses
designates failed welds.
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Figure 2.27 displays the results of a DMA of Novatein/PBAT over the temperature
range of -100 to 140 °C. The steep drop around -20 to -10 °C is characteristic of
softening as we would expect for a blend of these two polymers. The exponential
increase of Tan δ at 115 to 120 °C, is characteristic of the PBAT
phase melting. From these results, it was determined that welding should
be performed at 120 °C, but also explains the moderate successful welding observed
at 75 °C.

Figure 2.27: DMA of Novatein/PBAT sample.

Based on the scoping experiments, a more precise experiment was designed to test
the strength of welded sheets. This section details the results of these compression
welded samples in tensile and peel mode.
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Figure 2.28 shows the evolution of
the compression force as a function
of displacement for each sheet
thickness tested. During welding, the
maximum force is not applied
instantaneously. Rather it is let to
increase with displacement, at a rate
of 16 mm/min. It is clear that at the
lowest maximum allowable force,
sheet compression was the lowest,
irrespective of thickness (shown with
the blue dotted line). There was very
little

difference

in

compression

distance between 750 and 900 N. The
compression distance decreased with
decreasing

sheet

thickness

accordingly. T3 samples would be
approximately 3 mm thick when
overlapped

and

the

maximum

compression was at least 0.5 mm less
than this. On the other hand, T1
samples welded with 900 N had
approximately 1.2 mm compression,

Figure 2.28: Compression force vs

with a thickness of only 1.35 mm.

compression distance during welding.

From these results, it is no surprise that the only experimental combination that
failed completely was T1 with a high weld force, the thin sheet had its material
completely pinched during the welding process and therefore was not able to be
tested (Figure 2.29). This was anticipated during scoping, however, it could not be
avoided as the results from the high weld force gave a good weld quality using
thicker samples.
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Figure 2.29: T1 900 N failed weld.

The results from the peel and tensile tests can be seen in Figure 2.30A and B,
respectively. The standard deviation of the experiments was reasonably large, and
was attributed to poor temperature control and inconsistent material properties of
the sheets. However, some general trends can still be observed.
In Figure 2.30B, the solid black bar is the average tensile strength of five control
samples, i.e. samples cut from a single sheet and not welded. Not surprisingly, this
is larger than the average of any combination of welded samples. Interestingly, it
can be seen some of the thin samples (T1) with medium weld force (750 N) had
individual results higher than the average of the control. Figure 2.30A shows the
average peel force increasing with weld force. However, it was almost the complete
opposite for the tensile strength, high weld forces resulted in the two lowest average
results. The peel force also showed a trend of increased sheet thickness, resulting
in increased peel force. The average peel force of the thin sample with low weld
force increased 80 % when increasing the medium thickness level. It did show a
slight reduction in peel force for the large peel force but this was the only result that
did not align with this trend.
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Figure 2.30: Peel force testing of welded samples (left), tensile strength of welded
samples (right).

T3 samples showed the largest reduction in tensile strength and most inconsistent
results. The largest average peel force recorded was 11.65 N, this was from the
thickest sample with high weld force (Table 2.4). This is in total contrast to the
same sample that had the largest reduction in tensile strength of 40 % (Table 2.4).
The results for the tensile strength show a less obvious trend for improvement,
however, it can be seen that the medium force had the highest average value of 4.72
MPa. It is clear that the right balance of weld force needs to be acquired to obtain
the greatest tensile strength. Whereas increasing the thickness and weld force
should optimise the peel force.
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Table 2.4: Average results of the different experiments for the tensile and peel
experiments.

An analysis of variance (ANOVA) was performed to determine whether there is
any statistical difference between the means of the tensile and peel strength with
respect to the parameters of weld force and sheet thickness. The results of the
ANOVA can be seen in Table 2.5, the null hypothesis for this test is that the means
of the results are not significantly different. The response table for means, ranks
weld force to have the highest influence on tensile strength, however, the P value
for both weld force and thickness were above 0.05, thus we cannot reject the null
hypothesis and conclude that the uncontrolled error had more influence on tensile
strength of the weld than the weld force or sheet thickness.
Table 2.5: Tensile statistical data: Analysis of Variance for Means (left), Response
Table for Means (right).

The main effects plot for the means in Figure 2.31 shows the medium weld force
(750 N), resulted in the greatest tensile strengths, this agrees with the results in
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Figure 2.30. It shows that there is little difference in results between T2 and T3. It
also indicated that the thinnest sheet and the 900 N weld force gave the poorest
results. These results may be skewed as the high weld force for the thin sheet were
not present and therefore set to zero.

Figure 2.31: Tensile statistical results for main effects plot for means (left) and SN
ratios (right).

Table 2.6, shows the statistical results from the peel force tests, the response table
for means has thickness ranked the most influential on peel force, this contrasts with
the tensile strength results. However, again the P values seen in the analysis of
variance for means are both above 0.05, therefore the null hypothesis cannot be
rejected and no statistical difference with these two parameters. This implies that
the uncontrolled error had more influence on peel force of the weld than the weld
force or sheet thickness.
Table 2.6: Tensile test statistical data. Analysis of Variance for Means (left),
Response Table for Means (right).

The main effects plot seen in Figure 2.32 indicates that the medium force weld (750
N) resulted in a greater peel force. Again, it sees little difference between T2 and
T3, although the zero value for the T1 sample skewed the results, indicating that
the T1 thickness does not perform well overall. Interestingly the 900 N weld force
does not see such a reduction in peel force, as the overall trend would agree with.
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Figure 2.32: Peel test statistical results for main effects plot for means (left) and SN
ratios (right).

Although the results of this experiment are statistically insignificant, the observed
failure modes agree with relevant literature. The T3 samples when welded with
more force looked visibly stronger than others, however during tensile testing
performed the worst.
Images of the tensile tests can be seen in Figure 2.33, Figure 2.33A was the highest
average result and Figure 2.33B, the lowest. When looking at the weld quality, B1
appears to have a higher quality weld than A2. However, when looking at where
the fracture occurred, it can be seen that B1 is completely outside the weld zone,
whereas A1 is highly centralised. This indicates that during the 900 N welding, the
compression force was either too high or needed to be applied at a slower rate. This
high load causes a high shear rate in the interface where the temperature gradient is
highest, aligning molecules and creating a weak spot [85].

Figure 2.33: T1 750 N tensile test (left), T3 900 N Tensile test (right).

When graphing the compression force versus time (Figure 2.34), it is clear to see
that the rate of loading for the 900 N force is much steeper than the rate of loading
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for the 500 N force, shown by the solid yellow circle and the dotted blue circle,
respectfully.

Figure 2.34: Compression force vs time during welding the T3 samples.

However, when the weld quality is judged by the highest peel force, the thicker and
higher force the better. Figure 2.35, shows how during the peel test the sample on
the right shows comprehensive tearing at the weld, whereas the sample on the
middle and left, spit apart with barely any interaction at all.

Figure 2.35: T3 500 N Peel test (left), T1 500 N Peel test (middle), T3 900 N Peel test
(right).

The aim of this chapter was to evaluate a method of mass manufacturing a projectile
that can be utilised to dramatically decrease the labour cost of planting trees by
automating the system. The method chosen was to replicate manufacturing
paintballs, where seed injection can be incorporated into the process. The
challenges around this manufacturing technique are the ability to continuously
produce sheets, mould them and effectively be welded to itself. From prior research,
the ability to continuously sheet extrude compatibilised 70-30 Novatein-PBAT
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sheets has been successfully investigated [27]. This chapter investigated the
forming and welding of this polymer blend.
Sheets of 70-30 Novatein and PBAT were extruded with compatibilisers to improve
sheet morphology and quality. A scoping experiment was performed to evaluate if
the blended sheets could formed around a ball bearing and if welding was at all
possible. This experiment used a 50-tonne heated press to investigate the effect of
temperature, press time and the bearing size. Several key results were obtained;
initial welds were achieved when increasing the heating to the 75 °C which were
just above the Tg of the sheets, larger ball bearings reduced the free volume which
improved the forming ability and cold releasing the mould greatly improved weld
success. The samples that were successful were evaluated by testing the
compressive strength of semi-circles when cutting perpendicular to the weld. The
most successful and repeatable was a 1 mm sheet, pressed for 3 minutes, at 105 °C,
with an average compressive strength of 44.9 N. A key result was that the
compressive strength was found to increase by 34 % when the press times were
increased from 0.5 to 3 minutes. However, due to economic manufacturing, this
would be impossible to do on the scale required. There was clearly a number of
different variables that need to be controlled in a more accurate study; a smaller
heated press would be required to vary the weld force, the mechanics behind the
forming with respect to the sheet thickness needs to be investigated and a full
factorial design needs to be implemented to perform a statistical analysis.
Once a window was found for successful welding and forming, a more precise
method of quantifying the weld strength was tested. Due to one of the limiting
factors of the heated press was its pressure control and from literature knowing that
weld pressure plays a significant role, a test method using an Instron in compression
mode was developed. This used the sheets, cut into dog bone testing strips that
could be lap welded, investigating the effect of weld force and thickness on tensile
strength and peel force. Both methods are widely used to evaluate the strength of
welds on thermoplastics. During scoping the weld time was optimised to a 6 to 9
second compression cycle with a 60 seconds preheat. This preheating time would
be easily reduced or removed with the appropriate equipment and giving
dramatically decreased cycle times. Knowing this, it was decided not to vary the
preheating or weld durations as this would be ideal for a further experiment with
more controlled heating.
64

Initial results for tensile strengths found that compared to un-welded control
samples, the average tensile strength was reduced by 28 % when lap welded, the
best result was a reduction of 12 % and the worst by 40 %. The most successful
weld (12 % reduction) had an average tensile strength of 5.04 MPa, produced by a
thin sheet approximately 0.675 mm thick, with a weld force of 750 N. The only test
that consistently failed was using this same sheet thickness with a slightly higher
weld force of 900 N, indicating that this sample is on the upper limit of force that it
can withstand before breaking. From the results, it is not clear why the thin sheets
showed an increasing tensile strength with increasing weld force whilst the thick
sheets showed the opposite trend and the middle thickness (T2) sheets appeared to
have no trend. From the statistical evaluation, the error during the experiment had
a more significant effect of the average tensile strengths than the parameters
changed, therefore indicating more precise temperature control, force application
and homogeneous sheets are required. The peel test showed more significant trends
of improvement with increasing weld force and sheet thickness, the largest average
peel force was 11.65 N for the thickest sample welded with the largest force.
Compared with the lowest recorded of 4.08 N, from the complete opposite, thinnest
sample with lowest weld force. These parameters were not confirmed to be
statistically significant due to error, however, it is clear to see that increasing the
thickness and weld force increases the peel force.
From this study, we can conclude that a polymer blend of Novatein and PBAT can
be successfully welded together using a standard plastic welding method which is
relatively cheap and reliable. The ability for this polymer blend to be moulded
around a ball bearing was also found to be successful, from this it can be assumed
that vacuum forming could be used to produce the semi-circles would be achievable
and that this method of mass manufacturing is ideal for producing seed pods in the
form of projectiles.
This project would benefit greatly from the following future investigations;
accurate pressure control during heated press forming, temperature controlled
welding, vacuum forming sheets, and failure mode evaluations. If the results of
these further investigations are successful like the study performed during this
project, I believe that this method of production can be successful.
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To successfully automate reforestation, a seed planting method of penetrating the
soil accurately is required. It was found that if radiata pine seeds were planted too
deep (˂ 16 mm), or too shallow (˃ 3 mm), the chance of seeds germinating was
reduced significantly [21]. Therefore, if a projectile is to be used to deliver a seed
within a bullet capsule a method of calculating the penetration depth will need to
be developed.
This chapter will investigate, soil characteristics which affect penetration, projectile
flight, and empirical and theoretical formulae for predicting penetration depth. The
objective of this chapter is to develop a relationship between a method of testing
soil and predicting the depth of penetration of a known projectile into a known
granular medium.

A projectile is defined as an object that has been given an initial velocity by an
outside force where the only other force acting upon it during flight is gravity [111].
To achieve stable flight, projectile aerodynamics and ballistics must be considered.
When considering the aerodynamics, one must first understand simple projectile
motion where the flight pattern and trajectories can be modelled with simple
kinematics equations. However, this does not take into account the medium for
projectile flight. Because flight is not in a vacuum, a drag force acts on the projectile,
which is a function of its shape, density of the fluid and a drag coefficient, as seen
in Equation 3-1.

𝐷𝑟𝑎𝑔 𝑓𝑜𝑟𝑐𝑒 (𝐹𝐷 ) =

1 2
𝜌𝑉 𝐴𝐶𝐷
2

3-1

Where; ρ is the density of the fluid medium, V is the relative velocity of the projectile to medium,
A is the projected area, CD is the coefficient of friction, a function of the shape.
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When evaluating the forces around projectiles there are four external reaction forces
to be considered; [112] lift, drag, thrust and gravity (Figure 3.1). Lift and drag are
generated from the relative motion of a stationary fluid with a moving object or vice
versa. The resultant force will determine which direction the object will be
accelerating, dependent on the thrust. The left of Figure 3.1 shows how different
common geometric shapes result in different drag coefficients, which is used in
Equation 3-1 to calculate the drag force experienced by the object.

Figure 3.1: Drag coefficients of generic shapes (left), sourced from [113] and the four
forces acting on an object during flight (right), sourced from [114]

For this project, an appropriate method of thrust needs to be evaluated. The thrust
needs to be sufficient to achieve penetration into hard soil, light for transportation
and be able to deliver at least 100 projectiles per flight. Most importantly, the
method of thrust needs to be adjustable to ensure that the same penetration depth
can be achieved when planting in hard clay, or soft, wet soil.

Air rifles use a simplistic spring powered pneumatic device that fire pellets up to
500 m/s [115]. Air rifles typically use 0.177 calibre pellets, 4.5 mm diameter,
weighing approximately 0.5 g. An air rifle is mechanically very simple with few
moving parts which make them ideal. However, they require a cocking force, which
can be up to 120 Nm [115; 116]. Domingo Tavella, investigated the internal
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ballistics on spring action piston airguns, and found that with a 0.177 calibre pellet,
0.67 g, with a max barrel pressure of 5273 kPa, the muzzle velocity was
approximately 250 m/s with 20 J of linear kinetic energy [117]. Werner et al. [118]
investigated the penetration depth of differently shaped pellets into gelatin gel
(Balistic 2 type A) with varying kinetic energy. It was found that as low as 4 J
penetrated up to 50 mm, and 20 J penetrating up to 100 mm deep. Although this
method has the required simplicity and muzzle velocity, it is not easily adjusted and
would also require a mechanical system to recock the spring run off a battery.

Using combustion for a method of thrust involves a dense energy source usually
referred to a propellant, such as gunpowder. This creates a controlled explosion or
combustion, the same way a petrol engine works. Combustion allows for a much
higher power, for instance, a rifle will have an average muzzle velocity of a
1000 m/s, ten times that of a paintball gun [119]. Using combustion for thrust could
decrease the overall weight by using a high-density energy source, however for this
project the impact velocity could be significantly too high and difficult to adjust.
This would also cause issues around recoil if the UAV were not of sufficient mass.

Compressed CO2 is commonly known for firing paintballs at high velocity with a
loader that can carry 200 to 300 paintballs [120]. It was found that the muzzle
velocity of a paintball gun with 870 kPa pressure was approximately 85 m/s and the
impact velocity decreased with distance by a linear function of the natural log [121].
The US military investigated the depth of paintball penetration into clay for two
different calibres and a range of impact velocities. It was found that the penetration
depth did not significantly vary between 6 and 8 gram paintballs, but did decrease
linearly with decreasing velocity [122]. The lowest impact velocity tested was
approximately 38 m/s where the 6 g paintball that penetrated to a depth of 15 mm.
Compressed CO2 is the obvious choice for this project, it can shoot a relatively large
number of projectiles with a relatively small canister, easily adjustable, has the
required muzzle velocity for penetration and will have less recoil than that of
combustion.
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If we assume that the seed pod will be delivered by compressed air similar to a
paintball gun with a muzzle velocity of 100 m/s, and 4 g mass, we can assume it
will have an impact force of approximately 20 J. Past research has tested the limits
of impact forces for a range of nuts and seeds. It was found that locust bean seeds
took on average 174 N to crack [123], wheat seeds 93 N [124], and mustard seeds
as low as 17 N [125]. However no past research was found that evaluated the
breaking force of radiata pine seeds, it is approximated they will have a breaking
force similar to the locust bean due being a similar size. However, if this was found
to be a problem it could be investigated easily. A solution would be to fill the bullet
with shock absorbing liquid made from dense colloidal suspensions [126].

As discussed above different shape projectiles result in different drag coefficients,
however, it is the effect that shape has on penetration that is of interest here. The
effect on the ballistic limit of the projected area or nose shape has been
comprehensively studied with different materials [127; 128]. The ballistic limit is
the velocity a projectile needs to penetrate its target more than 50 % of the time.
These tests are typically conducted when firing a projectile into metal plates with
varying thickness. There is conflicting literature of the ballistic effect of different
nose geometries such as, flat, hemispherical and conical. The conclusions of this
field of research are not entirely compatible, but highly situation dependent.
Børvik et al. and Wingrove, A. L. found that the ballistic limit of the conical and
hemispherical shapes were similar whereas the blunt nose required much lower
velocity when testing on 12 mm thick steel and aluminium sheets [127; 129]. On
the other hand, Wilkins [130] found that sharp projectiles such as the conical shape
gave a lower ballistic limit to blunt projectiles when fired into metal plates. It was
confirmed that when the target thickness to projectile diameter ratio is less than one
then the blunt nose has a lower ballistic limit (requires less velocity to penetrate).
Simply, when penetrating thin metal plates a blunt nose works best, thick metal
plates require sharper nose shapes. This is due to the blunt projectiles causing
material failure by plugging, dominated by shear banding, a localised intense
shearing strain during severe deformation of ductile materials [127]. The top image
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of Figure 3.2 displays plugging where an almost circular plug was ejected, whereas
the conical pushed the material in front of it, to the side and creates petals.

Figure 3.2: Failure modes of blunt, hemispherical and conical (top to bottom)
projectiles penetrating through metal plates, sourced from [127].

Soil is classified as a granular media and the study of how projectiles behave when
impacting into granular media is referred to as phenomenology [131]. This field has
been of interest predominantly for military purposes, but also for deep sea anchors,
nuclear waste disposal and subsurface investigations of extra-terrestrial surfaces,
such as the moon [132-134]. Models to predict projectile behaviour are broadly
known as phenomenological models and are based on Newton’s second law of
motion. Newton’s equation is modified for penetration of granular media and can
be seen in Equation 3-2. Although the field has been studied extensively, it is still
difficult to use a single model to accurately predict penetration with respect to
different medium and projectile variables [131; 135].
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𝑚𝑝

𝑑𝑣
= 𝐹 = 𝑚𝑝 𝑔 − 𝛼𝑣 2 − 𝛽𝑣 − 𝛾
𝑑𝑡

3-2

Where, v is the impact velocity, m is the projectile mass, α represents the contribution of inertial
stresses (with units of mass over length), β controls the contribution of viscous resistance of soil
(with units of mass over time), γ is a parameter (with units of force) dominated by the bearing
strength of the soil.

To calculate the penetration depth of soil, the physical soil properties must be
understood. Important physical properties of soil are air porosity, bulk density,
water retention capacity, particle distribution and soil strength. Soil strength is the
resistance to the particles shearing past each other which is highly dependent on
moisture content and is directly related to root growth and penetration resistance.
Particle distribution is the relationship of relative amounts of gravel, sand and clay
within the soil. This relationship affects the surface area of the soil; clay, for
instance, has a surface area in the range of 5 - 750 m2/g whereas coarse sand is
approximately 0.01 m2/g [23].
Water retention capacity is expressed as the mass of water evaporated per
100 grams of oven dry soil as a percentage. The bulk density of soil is the oven dry
weight of soil per unit volume (g/cm3). Typical values of bulk density range from
1 - 1.8 g/cm3. The bulk density of standard agricultural soil from literature was
calculated to be 1.4 g/cm3 with an available pore space of 47 % [23].

Penetration tests are the most common methods of testing soil strength to predict
important characteristics such as cultivation performance, water retention, root
growth and for geotechnical engineering [136; 137]. Penetration tests can be
dynamic (drop tests) or static (constant applied force or under own weight).
Campbell et al. [138] investigated a static drop-cone method on different soils at
different moisture contents. A 30° cone of 80 g mass was placed at the top of the
medium and allowed to plunge for five seconds, measuring the penetration depth.
It was found that for a sandy loam (soil that is predominantly sand) the penetration
depth was decreased when increasing moisture content up to 25 wt.% (Figure 3.3).
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Figure 3.3: Penetration depth of a drop cone method in sand with increasing
moisture content, sourced from [138].

A standardised penetration test method is to use a cone penetrometer, the results of
which are typically converted into a value in the MPa range or a cone index (CI)
[137]. By applying a force on a cone shape the cohesive forces between soil
particles and the frictional resistance to sliding past each other can be calculated.
The can be static or dynamic, being pushed into the ground with constant force, or
the latter with an anvil that is dropped from a specific height [24]. When using a
static cone penetrometer conforming to ASAE 1983 standard S313.1, some
common values range from 0.5 to above 3.0 MPa for loose to extremely dense soil
[23]. Equation 3-3 calculates the soil resistance when using a dynamic cone
penetrometer (DCP) (Figure 3.4).

𝑅=

𝑚𝑔𝐻 𝑚
𝐴∆𝑧 𝑚 + 𝑚′

3-3

Where, R is the soil’s resistance to penetration (Pa), A the cross section area of the cone (m2), g is
the gravitation acceleration constant of 9.81 m/s2, m is the mass of the hammer (kg), m’ is the mass
of the shaft (kg) and Δz is the change in depth from the impact (m).
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Figure 3.4: Dynamic Cone Penetrometer.

Vanags et al. [24] used the DCP to study the penetration resistance of soil that was
used for cultivation and pasture (Figure 3.5). It can be seen that with both soil types,
the resistance increased with depth, with the pastured soil being higher. Of
particular interest was the sudden increase in penetration resistance at 10 to 12 cm,
indicating the variability of soil. It was assumed to be from either localised
compaction or the presence of calcium carbonate precipitation.
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Figure 3.5: Penetration resistance of soil under cultivation and pasture, sourced
from [24].

The soil resistance is highly dependent on moisture content, bulk density and
organic matter, due to this it makes it difficult to relate one test to another. Vanag
et al. [24] described the relationship between moisture content and penetration
resistance to be exponential due to the water molecules decreasing the cohesion
between the particles, acting a lubricant and therefore reducing the frictional forces.
Investigators commonly try to ensure that the moisture content kept constant
between different testing sites when possible. Busscher et al. [139] (1997) found
that a single equation to correct for moisture content did not always fit the data and
proposed multiple corrections may be required. Vaz et al. [140] continued his work
using a cone penetrometer that used time domain reflectometry to measure the real
time moisture content during the test. This was used to validate the theory proposed
by Upadhyaya et al. that suggested an exponential-power function can be used to
relate the measured penetration resistance to bulk density and moisture content. A
recent study into the effect of moisture content of soil strength was performed by
Weider et al. [141] who failed to validate the work of Sullivan et al. from 1997 on
the relationship with moisture content to soil strength due to factors previously
mentioned such as bulk density and organic matter. Ideally, the DCP could be used
to correlate the impact energy required to penetrate a desired depth, however, the
bulk density and moisture content will likely need to be known in order for the
correlation to work.
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Modelling of impact and penetration into granular media (soil) has been extensively
studied in the field of Phenomenology [131]. Equations are based off Newton’s
second law of motion. Soil resistance is characterised by three physically
interpretable components in Equation 3-2.
Four penetration models derived from Equation 3-2 are historically referenced,
Euler (3-4), Poncelet (3-5), Resal (3-6) and Petry in empirical units (3-8) [131].
𝑚𝑝 𝑣02
2𝛾

3-4

𝑃=

𝑚𝑝
𝛼𝑣02
𝑙𝑛 (1 +
)
2𝛼
𝛾

3-5

𝑃=

𝑚𝑝
𝛼𝑣0
𝑙𝑛 (1 +
)
𝛼
𝛽

3-6

𝑃=

𝑚𝑝
𝑣02
𝑃=
𝑙𝑜𝑔 (1 +
)
𝐴
2 ∗ 104

3-7

Where, P is the penetration depth (m), mp is mass of projectile (kg), v0 is the initial velocity (m/s),
γ is a parameter (measured in Newton’s) dominated by the bearing strength of the soil, α represents
the contribution of inertial stresses (with units of mass over length), β controls the contribution of
viscous resistance of soil (with units of mass over time).

From the objective of this project, it was determined that performing a theoretical
analysis of the penetration depth was not in the main interest. This was decided due
to the lack of modelling experience, and a more experimental approach to the
problem was required. Therefore, investigating empirical models that could be
experimentally studied was the focus.

Calculating soil resistance is not an exact science and is strongly dependent on bulk
density, moisture content, grain size and organic matter. To determine that the
prototype considered in this study is feasible, an ability to evaluate soil
characteristics at the desired planting site and predict penetration depth needs to be
examined. The study of Terminal ballistics is well known, however, it is still
sufficiently difficult to accurately calculate the penetration depth of a projectile with
respect to different shapes and mediums [131; 135].
75

In 1967 C. W. Young developed a range of empirical equations for calculating the
penetration depth into a variety of mediums, one being soil. In 1997 he updated
these equations and increased the accuracy to within 15 %, unless the conditions
were close to the specified boundary conditions. The boundary conditions were that
the projectile remains intact, has a stable trajectory, a maximum velocity of 1200
m/s, penetration depth be more than three projectile diameters deep, and the
projectile must be at least 2.2 kg. The final boundary condition is significantly
larger than the mass of projectiles for this project.
To predict penetration depth the projectiles, velocity, mass and shape had to be
known. However, different to theoretical models this used a dimensionless
coefficient (S) to test the soil’s resistance to penetration. The penetration resistance
of the soil was calculated using a DCP or selected from his literature values (Table
3.1).
Table 3.1: Penetrability of typical soils, sourced from [25].

Dense, dry, cemented sand has an S value of 2 to 4, whereas, moist silt, clay, loose
or very loose topsoil will range from 10 - 20 [25]. The DCP used for the calculation
has a 12.7 mm diameter steel rod, 30-degree cone nose and uses a 5 kg anvil. The
number of drops (ND) to reach 0.3 m is used in Equation 3-8 to calculate S.

𝑆~

60
− 2)

(𝑁𝐷0.55

3-8

For projectile velocities above 60 m/s, Equation 3-9 is used to predict penetration
depth, below 60 m/s, Equation 3-10 is used, both in SI units. Both equation use the
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hardness value (S), mass to area ratio, velocity and a shape factor the prediction
[25].
𝑊 0.7
𝐷 = 0.0000178 𝑆 𝑁 ( ) ∗ (𝑉 − 30.5)
𝐴

3-9

𝑊 0.7
𝐷 = 0.0008 𝑆 𝑁 ( ) ∗ 𝑙𝑛(1 + 2.15𝑉 2 ∗ 10−4 )
𝐴

3-10

Where, D is the penetration depth (m), S is the dimensionless soil hardness, N is a dimensionless
shape factor, W is the projectile mass (kg), A is cross sectional area (m2), V is the impact velocity
(m/s).

Equations 3-11 & 3-12 are corrections for shape factor, NT for a tangent nose and
NC for a conical tip, as seen in Figure 3.6.
𝑁𝑇 = 0.18(𝐶𝑅𝐻 − 0.25)0.5 + 0.56

𝑁𝐶 =

0.25𝐿𝑛
+ 0.56
𝐷𝑝

3-11

3-12

Where, Ln is the ballistic length (m) and Dp is the diameter (m). For blunt nose shapes use conical
with Ln = 0. CRH is the critical radius head = to the radius of curvature/DP as seen in Figure 3.6.

When the projectile mass is less than 27 kg, Equation 3-9 or 3-10 (dependent on
projectile velocity) is multiplied by a correction factor, Ks from Equation 3-13.
𝐾𝑠 = 0.27 (𝑊)0.4

Where, W is mass in kg.
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3-13

Figure 3.6: Typical impact shapes, sourced from [131].

Lorenz et al. [135] modified Young’s penetration Equations (3-9 or 3-10) using a
150 mm diameter airgun, to determine his own empirical formula that was found to
be more accurate (Equation 3-14). He used the same method for calculating soil
resistance. It was determined that the shape factor did not show a strong influence
on results and hence was removed for added simplicity.

𝐷 = 4.5 ∗ 10

−8

𝑆

0.5

𝑊 0.7
( ) ∗ 𝑉2
𝐴

3-14

It was omitted that none of these methods are dimensionally consistent and needs
further work in increasing accuracy. Due to subtle differences in the geometry and
mass of penetrometers the non-unity of the S term was not a surprise and further
work was required to obtain a more accurate method of testing [135].
Preliminary modelling of Lorenz and Young equations against each other with
respect to increasing velocity and soil hardness within the set boundary conditions
show obvious discrepancy (Figure 3.7).
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Figure 3.7: Modelled penetration depth of Young vs Lorenz, as a function of velocity
(A) and soil hardness (B).

The aim of this literature was to prove the feasibility of predicting the penetration
depth of a projectile into various soil mediums for planting seed capsules. This is
proven successful by demonstrating that a tried and tested model exists between a
practical method of testing the penetration resistance of soil, and relating it to a
simple model for predicting the penetration depth of a projectile. This method is
now required to be tested outside of its boundary conditions to evaluate its
credibility.

Figure 3.8 is a diagram of a dynamic cone penetrometer with dimensions
conforming to NZS 4402, it was used to measure the penetration resistance of soil
in locations across New Zealand. This method involves repeatedly dropping a
weight (9 kg) onto an anvil from 508 mm and measuring the distance the rod enters
the ground up to one meter. The full experimental method can be found Appendix
C. The penetration resistance is measured in MPa and is calculated using
Equation 3-3.
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Figure 3.8: DCP conforming to NZS4402, sourced from [142].

Table 3.2: Locations of field-testing

Cambridge (horse paddock)
Muangatautari (native forest)
Kinleith (pine forest)
Waikato river (sand)
Waikato river bank (grass)
University of Waikato field (grass)
The experiment was repeated in a controlled experiment that used a PVC drain pipe
with an internal diameter of 105 mm, clamped and levelled as seen in Figure 3.9A.
The granular medium (sand) was filled from the top, then the DCP was used three
times in the strike points indicated in Figure 3.9B, then the outside of the tube was
hit with a mallet. This compacted the sand, during this process more sand was added.
After the final addition of sand, a compaction pressure of 2 kPa was applied five
times. The measurements were recorded the same way as stated in field tests.

Figure 3.9: Laboratory DCP experimental setup.
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Each test was performed with two different types of sand at three different moisture
contents with 2 to 3 repetitions (Table 3.3).
Table 3.3: Variety of test mediums to be investigated.

Moisture content (wt.%)
Coarse
Fine
0
0
5
5
10
10
The coarse sand had a bulk density of 1485 kg/m3 and the fine sand, 1429 kg/m3.
The sand is characterised by ASTM D2487-11 as both being ‘medium’ sand.
However, they will be referred to as fine and coarse. The fine sand had more than
50 % of its grains pass through a 0.71 mm sieve and the coarse sand had 50 % of
its grains pass through a 1.18 mm sieve.

The DCP is designed for testing the penetration resistance of the top metre of soil,
this method was scaled to investigate the top 100 mm. The scaled DCP will have
the same nose and shaft dimension, 3D printed with a Flashforge® Creator Pro, out
of PLA at 40 % fill density. The experimental set up used a linear guide rail and
ball bearings to drop a 3D printed scaled penetrometer into a perspex box
(Figure 3.10). The mass of the PLA DCP with linear guide rail was a 10th of the
mass, a 10th of the anvil mass was dropped a 10th of the height as in specified in
NZ4402. The sand was compacted with a distributed load that results in
approximately 2.2 kPa, applied five times. The mini-penetrometer was slowly
lowered onto the top of the sand, an initial measurement was taken, and subsequent
measurements were taken after the 0.9 kg mass was dropped from 51 mm, until
100 mm was reached.
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Figure 3.10: Experimental set up of scaled penetrometer drop tests, top view (A),
post test (B), drop demonstration (C).

This test was performed with three different geometries, the mini-penetrometer,
parabolic and hemispherical (Figure 3.11).

Figure 3.11: 3D printed parts for drop tests, hemispherical, parabolic and minipenetrometer, left to right.

High velocity penetration testing was performed using a Tippmann 98 pneumatic
paintball gun with compressed CO2 at 6.9 MPa, with an approximate muzzle
velocity of 90 m/s [121; 143] (Figure 3.12).
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Figure 3.12: Tippmann 98 Custom paintball gun.

The projectiles were 3D printed PLA, 0.68” calibre (17.3 mm Ø). The effect of
density was also studied using a solid, 1 mm thick shell and a 3 mm thick shell
(Figure 3.14). The corresponding mass of each projectile was 2.0, 1.0 and 2.1 g for
solid, 1 mm and 3 mm, respectfully.

Figure 3.13: Cut view of the 3D printed spheres, 1 mm thick shell (A), 3.5 mm thick
shell (B), and solid infill (C).

The effect of different nose shapes was assessed using an ogive (A), spherical (B)
and parabolic (C) nose.

Figure 3.14: High velocity projectiles, ogive nose shape (A), hemispherical nose
shape (B), and parabolic nose shape (C).

The paintball gun was fired from at a vertical distance of 0.3 m, downwards and the
penetration depth was measured in the same set of sand samples as before,
compacted the same way as during the drop tests.
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The results are presented in two parts; firstly, a relationship was established
between the soil resistance of several locations around the Waikato Region and sand
with controlled properties using a dynamic cone penetrometer (1 m depth). These
results were compared to a 10th scale penetrometer, using the same sand. Secondly,
the accuracy of the two models presented earlier were estimated under the shallow
penetration conditions considered in this work.
Soil penetration in New Zealand for civil engineering purposes is determined as the
number of impacts it takes to drive the cone to a depth of 1 m, and the results for
the soil tested are presented in Figure 3.15 [144]. Considering the shaft has a weight
of 13 kg, when placed on the soil it penetrated to a certain depth, displayed in
Figure 3.15A as the zero depth. Figure 3.15B compares the penetration of the top
soil with the number of impacts to reach a meter. The penetration depth under its
own mass for sand was considerably higher than other locations tested, however, it
still took the third most number of impacts to reach a depth of one meter.
The general trend observed was that penetration depth logarithmically increased, in
other words, the most significant penetration occurred during the first few impacts.
The initial penetration (as a result of the shaft only) is displayed in Figure 3.15B
where it can be seen that the rugby field had the smallest penetration and the river
sand had the highest. Contrary to this, considering the number of impacts required
to reach 1 m, the same was not observed (Figure 3.15). Here the native forest was
the softest soil recorded, reaching 1 m after only 10 impacts, whereas the river bank
soil required 25. In between these the soil samples did not follow the same trend
considering initial penetration compared to penetration at 1 m. This would
immediately suggest that the soil properties measured using the dynamic
penetrometer may be dramatically different depending on the depth at which it is
measured and would have serious implications when predictions are required for
firing seed capsules into the soil.
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Figure 3.15: Penetration depth of a DCP in different locations around the Waikato
region (A), impacts to 1 m penetration compared with initial depth when under own
mass (13 kg) (B).

This experiment was repeated in a controlled environment using sand of known
particle size and moisture content, as described in the experimental section.
Figure 3.16 shows the penetration depth as a function of the number of impacts for
the six sand samples tested. The same trend was observed as for the field testing; a
logarithmic increase in penetration depth with an increasing number of impacts.
The number of impacts to reach one meter during the controlled experiment was
approximately the same as for the field tests, with lowest recorded being 12 and
highest 29 (the river sand tested earlier required 18 impacts). This would suggest
that the controlled experiment’s data is realistic and comparable to soil found
around the Waikato.
Some interesting observations were made during the controlled experiment. The
coarse sand was significantly harder to penetrate than the fine sand, of which 5 wt.%
moisture was the easiest. However, Figure 3.16B shows that for the fine sand
increasing the moisture content appeared to have a dramatic increase in penetration
depth for top soil, with little consequence on the number of impacts to one meter.
On the other hand, the hardest to penetrate was the coarse sand at 0 wt.% moisture.
It would appear that 5 wt.% moisture increased the ease of penetration, but
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increasing this further either made penetration more difficult or it made little
difference (depending on particle size). The coarse sand also experienced a
significant increase in penetration depth at the top layer with increasing moisture
content. This was potentially because of variability in compaction at each moisture
content. The effect of moisture appeared to have had more effect on the penetration
for the coarse sand, resulting in a dramatic reduction in the number of impacts. The
results highlighted the importance of consideration of soil properties; the same soil
on a dry day may behave very differently and should be considered when a product,
like the one proposed here, is implemented.

Figure 3.16: Penetration depth of fine and coarse sand using a standard DCP over
increasing moisture contents, 0, 5 and 10 wt.% (A) impacts to 1 m penetration
compared with initial depth when under own mass (13 kg) (B).

What is more, in the interest of this project, penetrating the top of layer is more
important as opposed to a meter deep. However, it is important to understand the
correlation between the two if Lorenz or Young’s predictions are to be adjusted.
Figure 3.17 shows the results of the scaled version of the test, recording the number
of impacts to reach 100 mm. The results broadly observed similar trends compared
to the field and controlled penetration experiments. A logarithmic increase in
penetration was observed. In contrast, most tests reached 70 to 80 % of the
penetrometer length with the first impact (with the exception for the 5 wt.%
moisture fine sand that took approximately twice the impacts to reach the same
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depth). Although most samples took four drops to get 100 mm, the 0 wt.% moisture
coarse and fine sand took the least. Comparing this to the controlled experiment
(Figure 3.16), 0 wt.% moisture coarse sand took the most impacts.

Figure 3.17: Penetration depth of controlled sand for the scaled DCP.

The results for the scaled test appear not to follow a similar trend for the difference
in penetration with respect to coarse or fine sand. Ideally, a correlation between the
regular DCP and the scaled version could have been made which allows a correction
factor to be implemented for the empirical formulae of Lorenz and Young’s models.
However, it would appear that it would be more appropriate to test soil resistance
within the top layer of soil, rather than the recommended full penetration depth, as
typically required.
The effect of nose shape was investigated using the scaled impact test. Impact tests
were performed with a hemispherical nose (Figure 3.18B) for comparison with the
spherical balls during high velocity testing and the parabolic nose shape
(Figure 3.18A) was used for comparison for the parabolic bullet. Both presented a
similar logarithmic trend, parabolic took approximately double the impacts to reach
100 mm as the scaled penetrometer, the hemisphere nose required more again.
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Figure 3.18: Effect of nose shape on penetration for the different mediums,
parabolic nose (A) and hemisphere nose (B).

Knowing the soil properties using both the regular and scaled penetrometer,
penetrations were assessed under high velocity conditions, using different
projectiles to investigate the effect of mass and nose shape (Figure 3.19). Five
different cone configurations were used; a solid sphere, two spheres with decreasing
wall thickness, parabolic and a pointed nose. Increasing moisture content increased
the penetration depth across all the projectiles. It appeared to have been more
dramatic for the solid sphere and the parabolic nose. The solid sphere had double
the penetration after increasing the moisture content from 0 to 10 %. The
penetration depth typically decreased with decreased shell thickness due to a
reduction in mass, as expected. Moisture content and sand type appeared to have
had less influence with decreasing mass (dotted cluster). The parabolic nose also
appeared to be less affected by the change of medium, whereas, the pointed nose
was. On average, the parabolic nose penetrated the deepest, which was to be
expected.
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Figure 3.19: High velocity penetration depth of different projectiles, solid, 3.5 mm
and 1 mm are spherical with different internal dimension, parabolic and pointed
refer to the projected area.

Using Equation 3-3, the penetration resistance was calculated for soil around the
Waikato region with the DCP (Figure 3.20). Due to the experimental error, only
two data points could be calculated as Equation 3-3, requires the change in depth
for the calculation, therefore when this testing was done, only the first few depths
were measured and the number of impacts to one meter. It is difficult to see the
trends with only two data points, however, as expected the penetration resistance
increased with penetration depth for all test locations. It was found that for the
UOW rugby field that the penetration resistance increased the most.

Figure 3.20: Penetration resistance of locations in the Waikato region.

Figure 3.21 is the penetration resistance with increasing depth for the DCP and the
scaled model, using controlled sand. The general trend for both is that with
increasing depth the penetration resistance increased, as expected. The penetration
resistance for the scaled model is approximately a 10th of the standard DCP. For
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Figure 3.21A the penetration resistance appears to be grouped by coarse and fine
sand whereas, Figure 3.21B showed less dependence on this and more on moisture
content with the 0 and 10 wt.% moisture for fine and coarse being very similar.

Figure 3.21: Penetration resistance with different mediums of the DCP (A) and
scaled model (B).

For the purpose of empirical modelling, the S value (soil resistance) for each
medium has been calculated for the solid spheres using Equations 3-9 and 3-14.
The mass used was 2 g, a projected area of 238 mm2 and a nose shape factor of 0.69
for Young’s model. Table 3.4 shows the S values for the solid sphere after high
velocity penetration into the different mediums. It can be seen that the two models
predicted significantly different S values although they were of the same order of
magnitude. More importantly, all the values were much higher than 60, which was
stated as one of the boundary conditions set by Young, after which the model
becomes inaccurate.
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Table 3.4: Theoretically calculated S values for Young and Lorenz empirical
formula from penetration depth of the solid sphere.

Medium
Penetration depth (mm)
0 wt.% fine
20
5 wt.% fine
38
10 wt.% fine
41
0 wt.% coarse
25
5 wt.% coarse
35
10 wt.% coarse
37

SYoung

SLorenz

239
458
493
299
415
439

102
375
436
160
308
345

Using the theoretical S values, Equation 3-8 can be rearranged to calculate the
theoretical number of impacts (ND). The method used to calculate the S number
using Equation 3-8, uses a DCP with a 5 kg weight to reach 0.3 m. During this
experiment, a 9 kg weight has been used. However, a linear correction factor of
5

0.55 ( ) was used to adjust the penetration depth for this calculation. Using the
9

corrected penetration depth, the number of impacts to reach 0.3 m was interpolated.
Figure 3.22 shows the corrected penetration depth for 0 wt.% moisture, the R2 value
is 0.99, indicating high accuracy of the linear trend line.

Figure 3.22: Number of drops to reach 0.3 m for 0 wt.% moisture content fine sand.

This was done for all six mediums to compare with the theoretical number of drops
(Table 3.5). The percentage error was on average 24.7 % with the lowest being the
5 wt.% fine sand with an error of 1.64 %.
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Table 3.5: Lorenz equation using a sphere: Comparison of theoretical ND by the
measured ND using the correction factor.

Medium

Theoretical ND

Corrected ND

Percentage error

0 wt.% fine
5 wt.% fine
10 wt.% fine
0 wt.% coarse
5 wt.% coarse
10 wt.% coarse

5.63
4.06
3.98
4.82
4.18
4.10

4.36
3.99
5.66
7.60
5.56
5.58

29.07
1.64
29.69
36.57
24.90
26.45

Although a correlation between the depth of penetration for the standard DCP and
the scaled model, this calculation shows a relatively consistent level or error,
excluding the 5 wt.%. The standard deviation of error when excluded was 4.5 %,
which is well within an acceptable level of error. This was repeated for both Young
and Lorenz for the three different shapes (Sphere, parabolic, pointed) with their
respective masses and nose shapes (Table 3.6).
Table 3.6: Variables effecting the theoretical S calculation for Young and Lorenz
depth penetration predictions.

Shape
Sphere
Parabolic
Pointed

Nose shape factor
0.69 (3-12)
0.85 (3-12)
1.55 (3-11)

Mass (g)
1.97
2.60
2.30

The theoretical S values calculated for the range of projectiles were all above 60
and varied between 92 and 493. The percentage error was relatively consistent and
in the same magnitude with an average of 22.3 %. The average percentage error for
Young’s model was 21.1 ± 13.0 %, Lorenz was 23.4 ± 11.0 %. The lowest
percentage error was for 5 wt.% moisture fine sand with 5.3 ± 5.19 %, the least
accurate was 0 wt.% coarse sand with 26.0 ± 5.2 %. The full list of results can be
found in Appendix C.

The aim of this chapter was to evaluate a method to accurately penetrate the soil to
allow for effective germination of seedlings. To evaluate the feasibility of this
product, a method for testing the penetration resistance of soil had to be investigated
and the ability to use this method to relate to a depth penetration prediction. This
was done by investigating the relationship around a dynamic cone penetrometer
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with a scaled model that penetrated the topsoil. Evaluating this with the effect of
different moisture contents, sand types and nose shapes. This was compared to high
velocity testing to determine the accuracy of the prediction. Lorenz and Young both
laid the groundwork for solving this problem to be achievable; the boundary
conditions were widely outside the scope of the project but was a credible starting
point.
Using a DCP to test the soil's resistance to penetration, it was found that the field
tests performed at a sandy river bank validated the results of the controlled
experiment. The initial testing showed that the coarse sand was considerably harder
to penetrate than the fine sand, even though when categorised using
ASTM D2487 - 11, they were not different enough in particle diameter to warrant
a different grading. It appeared that increasing the moisture content made it
considerably easier to penetrate the coarse sand, as expected, but had little effect on
the fine sand. When comparing to the scaled model, it was found that the
logarithmic results were consistent, however, no relative difference was observed
for the coarse and fine sand as in the previous experiment. If the results of the scaled
experiment were to be used when modelling the penetration depth, relatively no
difference would be expected. The results of the high velocity testing did not agree,
the penetration depth increased by 92 % for fine sand and 40 % for coarse sand with
the addition of 5 wt.% moisture. The addition of another 5 % only slightly increased
penetration depth. For high velocity testing, the moisture content had more effect
on the penetration depth for the fine sand opposed to the coarse, in contrast to the
results of the standard DCP, where the coarse sand was more influenced by moisture
content.
When the effect of nose shape was investigated for the scaled models it proved that
by moving away from a tangent nose (pointed) towards conical, the energy required
to penetrate the same depth was consequently increased, this was to be expected.
The penetration depth for the scaled experiment with the hemisphere and parabolic
nose showed very little effect on the change in sand type and moisture. Whereas, as
it has been discussed the high velocity spherical samples were heavily affected by
moisture content. The addition of 5 wt.% moisture greatly increased the penetration
depth of the pointed nose during high velocity but the addition of 10 wt.% decreased
the depth, for both coarse and fine sand. This was also observed for the standard
DCP in the coarse sand. Interestingly there is potentially more observation in
93

common with the standard DCP than with the scaled model due to the lack of
variation for the scaled model.
When using the empirical formulae proposed by Young and Lorenz, the number of
drops of a DCP to reach 0.3 m was an integral part of the prediction. In the interest
of this project, the aim was to evaluate if there was any relationship between
penetrating a large steel rod, deep into the soil, and a small projectile penetrating
the topsoil. This was done by using the results of the penetration depth from the
high velocity testing to theoretically calculate what the S value would have been
for a model with 100 % accuracy. When comparing to the measured number of
drops for both Young and Lorenz, model a surprising accuracy of 22.3 % was found
for both models, over the different soil types with the different nose shapes. A
considerably positive result for the feasibility of the project, especially considering
that Young’s equation originally had a 15 % error in accuracy. If the window for
successful germination is between 3 and 16 mm, adjusting the impact velocity to
aim for a penetration of 9.5 mm gives an acceptable level of error at even up to
50 %. Although this was proven successful for multiple different moisture contents,
at a varied particle size with different nose shapes, this was done with extremely
homogenous sand. The soil has stratification layers that could easily introduce
significant error. The layer above the soil would also be a highly situation dependent,
whether it be healthy grass or barren soil. However, if the DCP can successfully
predict the penetration of a homogenous medium then it gives confidence that by
using a scaled model on more diverse soil mediums, an appropriate correction factor
will ensure that the models used will yield the same results with more complex soils,
as they have already proved with larger projectiles.
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The purpose of this thesis was to develop a proof of concept for automated industrial
seed planting which will increase productivity significantly and reduce labour costs.
The concept was to use Novatein, a protein-based polymer, in conjunction with
drone technology to develop an aerial seed planting device. Three key challenges
were identified and evaluated further:


The biodegradability of the Novatein blended with PBAT was to be tested
in real-world conditions.



Establishment of a realistic method of mass manufacturing and assessing
the parameters influencing this process.



Determining if a seed capsule can be consistently delivered into soil.

The biodegradability of Novatein, PBAT and blends thereof was evaluated by
measuring the ability of bacteria and fungi to metabolise the polymers into CO2 in
soil at 25 °C. Pure Novatein had the greatest level of biodegradation and PBAT
had very little. Furthermore, the presence of fungi on the Novatein blends and not
pure PBAT, was a good indicator that the blends were potentially biodegradable.
Although none of the samples tested reached the ASTM standard for biodegradation,
it was concluded that PBAT could be used to control the rate at which
biodegradation occurs in blends with Novatein. More extensive testing would be
confirm the absolute degree of biodegradation of these materials, but was beyond
the scope of this project.
To investigate the feasibility of mass manufacturing, compression moulded and lap
welded joints of Novatein and Novatein/PBAT blends were tested. Welding and
moulding were successful, provided it occurred above the glass transition
temperature of the material. The weld quality improved with holding time and the
gap between the mould and material had a significant effect on the ability to be
moulded. However, long cycle times are not economically feasible, and the
dependence on having a mould insert (ball bearing) can be replaced by vacuum
forming the sheets during full scale manufacture. Using a more controlled
experiment, testing lap welded joints showed that the cycle time could be reduced
considerably. Tensile testing was used to establish a processing window for welding,
where optimal conditions only had a 12 % reduction in tensile strength compared
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to unwelded samples. Increasing sheet thickness and weld force increased the peel
force, however, high weld force reduced tensile strength. If capsules were to be
produced, increasing the sheet thickness and weld force would result in capsules
harder to peel apart, but not necessarily stronger. Although it was difficult to
identify which parameters were better for improving weld quality, further testing
with a better suited heated press or with a hot plate welding machine would allow
the temperature variable to be removed and will give a better understanding of how
to optimise the weld quality.
Finally, the accuracy of using a paintball gun to deliver seed capsules into soil was
evaluated against the accuracy of predictions using two empirical models. These
models used a dynamic cone penetrometer to measure soil resistance against
penetration to predict penetration depth of a known projectile. These models were
developed for considerably heavier projectiles (> 2.2 kg) and penetration depths
much greater than considered here. It was found that homogenous course and fine
sand displayed similar relationships relating penetration depth to soil resistance; i.e.
as penetration depth increased, soil resistance increased. To account for the shallow
penetration required in this study, a 10th scale DCP was used to evaluate the same
sand samples. The scaled DCP did not show any dependence on the sand type or
moisture content, whereas, the standard DCP showed clear a difference between
coarse and fine sand. Although a similar dependence of soil resistance with
penetration depth was observed. Although a clear relationship was not established
between the standard DCP and the scaled model, at high impact velocity the
standard DCP predicted the depth to sufficient accuracy of 22%.
It was concluded that PBAT may not be the best choice for blending with Novatein,
considering its slow rate of biodegradation in soil. If PBAT is to be used, more
testing would be required to confirm literature and manufacturers claims of its
biodegradability. It was proven that a Novatein and PBAT blend can be successfully
welded and formed, which validates the chosen method of manufacturing. Further
testing using vacuum forming would be required. Using a paintball gun as the
mechanism for thrust for the capsule to penetrate soil was proven to be sufficiently
accurate when using homogenous sand, however, one has to recognise that nonhomogenous soil types have significantly different properties and the mechanism
will need further validation.
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Further work is required for developing this concept but the results would indicate
that it should be achievable. The most important aspects not considered here are
testing capsule delivery in forestry soil and designing an integrated product, i.e.
combining the seed capsule, thrust mechanism with a suitable drone.
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19 x 500ml Schott bottles



38 x 250ml Schott bottles



57 x 250mm long stainless tube (5mm OD)



57 x 100mm long stainless tube (5mm OD)



20m Tygon S3 E-3603 flexible tubing (4mm ID)



1 x Stainless water bath of 500l x 500w x 200h (mm)



1 x Grant T100-ST18 Stirred Water Bath



3 x G sized BOC dry air, gas code 108



1 x MagMate C Oxygen Regular Type 17



1 x Norgren R07 Miniature ported pressure regulator



1 x DWYER Series VF Visi-Float® Acrylic Flowmeter. Range: 0.06-0.5L/min



1 x Eutech Instruments Ph150



Associated fittings



Manifold:
o

19 x Male Hose Tail, 1/8, 1/8 BSPT

o

19 x Ball Valve Mini Male/Female, 1/8 BSP

o

1 x Ball Valve Mini Male/Female, 1/4 BSP

o

1 x Male Hose Tail, 1/4, 1/4 BSPT

o

1 x 300mm how bar, 10 mm thick



320 x 200ml alkaline soln, 0.1N NaOH, 0.05N HCl



Titration equipment:
o

Alkaline Solution 0.1 M NaOH

o

5.6 kg of NaOH

o

Titrant Soln 1.0 M HCL

o

38 x 100 mL conical flasks

o

5 mL Eppendorf Research® plus, single-channel, variable
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Figure 4.1: Physical set-up of biodegradation experiment.

Figure 4.2: SolidWorks images of biodegradation experimental water bath.
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Figure 4.3: PDF of SolidWorks drawing for biodegradation water bath lid.

112

Figure 4.4: PDF of SolidWorks drawing for biodegradation water bath base.

The carbon content of PBAT and glucose were calculated by calculating the mass
fraction of organic carbon using Table 4.1.
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Table 4.1: Table for calculating the mass fraction of carbon in PBAT and Glucose.
g/mol

12

1

16

Periodic Element

C

H

O

component n

9

16

4

component m

12

12

4
SUM

PBAT

component n

108

16

64

188

component m

144

12

64

220

Mass fraction
component n

0.58

component m
Mass fraction of
carbon
Periodic Element

0.66

C

H

O

Repeating monomer

6

12

6

0.62

Mass fraction

Glucose
grams
Mass fraction of
carbon

72

12

SUM
96

180

0.4

The organic carbon content mass fraction of Novatein was found to be 27.51 % by
SEM. Using the mass fraction we can calculate the test mass of sample required
which is 1 g per 500 g of soil. Table 4.2 is the mass of carbon required for 500 g of
carbon, this was adjusted for 300 g of soil during the experiment, as seen in the
Biodegradation method.
Table 4.2: Mass of sample required per 500 g of soil.

Sample
NTP
PBAT
Glucose

Carbon Content
0.28
0.61
0.40

grams
3.64
1.63
2.50

The dry air purchased had 0.2 % CO2 in it. Therefore knowing this quantity we
can calculate the total CO2 entering the system from Table 4.2.
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Table 4.3: Calculating the total mass of CO2 entering the system.

Air Flow rate (L/min)
flow rate (m3/min)
duration (mins)
CO2 Conc (%)
Air density (kg/m3)
CO2 mass total (g)
CO2 mass per sample (g) (𝑪𝑶𝟐 𝒕𝒐𝒕𝒂𝒍 )

𝐶𝑂2 𝑆𝑐𝑟𝑢𝑏 (𝑔) =

3.70E-01
3.70E-04
2.69E+03
2.00E-01
1.23E+00
2.44E+00
1.28E-01

𝑀𝑜𝑙𝑒𝑠 𝐶𝑂2 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝑀𝑊𝐶𝑂2

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑓) =

𝐶𝑂2 𝑆𝑐𝑟𝑢𝑏
𝐶𝑂2 𝑇𝑜𝑡𝑎𝑙

4-1

4-2

From this, we get the scrubber efficiencies stated in Table 4.4. This was used as a
correction factor during the experiment.
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Table 4.4: Raw data for scrubber efficiency test.
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Scrubber
9a
9
10a
10
11a
11
12a
12
13a
13
14a
14
15a
15
16a
16
17a
17
18a
18
19a
19

Initial
10.30
5.10
21.20
15.70
32.20
26.80
43.20
37.70
5.70
0.20
16.60
11.20
27.60
22.00
38.60
33.00
0.10
44.10
6.10
11.60
17.00
22.80

Final
15.70
10.30
26.80
21.20
37.70
32.20
48.60
43.20
11.20
5.70
22.00
16.60
33.00
27.60
44.10
38.00
6.10
49.50
11.60
17.00
22.80
28.30

HCl added (mL)
5.40
5.20
5.60
5.50
5.50
5.40
5.40
5.50
5.50
5.50
5.40
5.40
5.40
5.60
5.50
5.00
6.00
5.40
5.50
5.40
5.80
5.50

NaOH reacted (M)
0.005
0.005
0.006
0.006
0.006
0.005
0.005
0.006
0.006
0.006
0.005
0.005
0.005
0.006
0.006
0.005
0.006
0.005
0.006
0.005
0.006
0.006

CO2 reacted (M)
Mass of CO2 (g)
0.001
0.062
0.002
0.070
0.001
0.053
0.001
0.057
0.001
0.057
0.001
0.062
0.001
0.062
0.001
0.057
0.001
0.057
0.001
0.057
0.001
0.062
0.001
0.062
0.001
0.062
0.001
0.053
0.001
0.057
0.002
0.079
0.001
0.035
0.001
0.062
0.001
0.057
0.001
0.062
0.001
0.044
0.001
0.057
Average Scrubber efficiency (%)
Standard deviation

Scrubber efficiency
47.977
54.831
41.123
44.550
44.550
47.977
47.977
44.550
44.550
44.550
47.977
47.977
47.977
41.123
44.550
61.684
27.415
47.977
44.550
47.977
34.269
44.550
45.48
6.53

Figure 4.5: Sheet extrusion.

Figure 4.6: Sheet extrusion.
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Figure 4.7: SolidWorks drawing with dimensions for the aluminium mould.
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Table 4.5: Feasibility weld data.
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Test No.

Bearing
Size (mm)

Approximate
Press Temp
(°C )

Approximate
Release
Temp (°C )

Press
Time
(min)

Average
Sheet
Thickness
(mm)

Weld
Adhesion
(%)

1

14.3

15

15

0.5

1.25

0

2

14.3

15

15

0.5

1.65

0

3

15.9

100

100

1

1.25

0

4

15.9

100

75

1

1.25

0

5

14.3

100

75

1

1.25

0

6

14.3

100

75

3

1.25

0

7

14.3

100

75

1

1.35

0

8

14.3

100

75

3

1.35

0

9

15

75

60

1

1.15

0

10

15

75

60

3

1.15

0

12

15.9

75

60

1

0.45

0

13

15.9

75

60

3

0.5

0-50

15

14.3

75

60

3

0.5

20

16

15.9

75

60

3

0.55

0-20

17

15.9

75

25

3

0.55

50-100

18

15.9

125

24

3

0.85

100

19

15.9

110

21

1

1

20

15.9

105

30

3

1

21

15

120

29

3

0.9

0

22

15

120

29

1

1

0

23

15

95

34

3

0.95

0

24

15

90

28

1

0.55

0

Compression
Force (N)

Compression
Force (N)

Compression
Force (N)

Compression
Force (N)

Compression
Force (N)

Compression
Force (N)

Average
(N)

Standard
Deviation

33.4**

33.4

DNS

DNS

DNS

DNS

33.4

N/A

100

23.5

36.3

35.3

DNS

DNS

DNS

31.7

7.11898869

100

20.6**

47

11.8**

49.1

40.2

48

44.88

4.00946796

120

25

15

90

24

3

0.5

100

26*

15

105

28

1

0.5

100

27*

15

105

31

3

0.5

0-70

28*

15

105

30

1

1

0

29*

15

105

25

3

1

0

30*

15

105

39

3

1

0

31*

15.9

105

27

3

0.9

100

32*

15.9

90

33

3

1.05

0

33*

15.9

115

28

3

1.1

34*

15.9

115

30

3

35*

15.9

16

20

0.5

36*

15.9

16

20

37*

15.9

16

38*

15.9

39*
40*

2

2

DNS

DNS

DNS

DNS

2

0

19.6

26.5

11.8**

4.9**

DNS

DNS

23.05

4.87903679

100

31.4

15.7**

33.4

DNS

DNS

DNS

32.4

1.41421356

1.15

100

15.7**

28.4**

33.4

33.4

DNS

DNS

33.4

0

1.05

0

1

1.05

0

20

3

1

0

90

28

0.5

1.05

0

15.9

90

25

1

1.1

0-10

15.9

105

31

0.5

0.95

0-70

25.5

DNS

DNS

DNS

DNS

DNS

25.5

N/A

41*

15.9

105

26

1

1.05

60-80

15.7

DNS

DNS

DNS

DNS

DNS

15.7

N/A

42*

15.9

115

33

0.5

1

80-100

26.5

16.7

DNS

DNS

DNS

DNS

21.6

6.92964646

43*

15.9

115

32

1

1

100

48.1

49

20.6

DNS

DNS

DNS

39.2

16.1432132

44*

15.9

115

27

1

1.05

100

13.7

6.9**

13.7

18.6

37.3

DNS

20.8

11.2235987

45*

15.9

105

30

3

1.1

50-90

22.6

18.6

8.8**

7.8**

23.5

DNS

21.6

2.60832002

*Denotes use of CRC 808 Silicone Spray, **Denotes torn or otherwise damaged test samples, DNS = Did Not Survive

Table 4.6: Tensile data for welded dog bones.
Sample
No.

Weld load (N)

Load at
maximum (N)

500

37.20

500

40.52

4.61

4.59

500

47.41

4.04

4.70

142

750

36.04

2.75

4.09

143

750

52.90

5.63

6.00

115

500

52.60

3.48

116

500

59.60

3.78

750

69.68

5.40

5.03

122

750

69.14

5.17

4.77

162

900

66.95

4.85

4.43

177

900

39.48

2.49

2.85

171

500

91.26

4.66

4.67

172

500

79.88

3.30

4.23

173

500

77.36

4.20

4.39

750

82.02

3.60

4.20

169

750

83.79

4.32

4.59

170

750

70.79

3.03

3.87

137

900

84.86

4.90

4.64

138

900

41.22

1.76

2.26

Sample reference

114
134
140

121

121

168

T1

T2

T3

Extension at maximum (mm)

Tensile strength (MPa)
2.95

2

1.44mm

N/A

95.64

8.94

5.27

3

0.57mm

N/A

32.67

2.79

4.55

6

1.33mm

N/A

99.60

11.22

5.94

8

1.0mm

N/A

77.95

7.38

6.19

9

1.2mm

N/A

103.42

15.64

6.84

Table 4.7: Peel data.
Sample reference

T1

T2

122
T3

Weld force (N)
500
500
750
750
750
500
500
750
750
750
750
900
900
500
500
500
750
750
750
900
900
900

Load at maximum (N)
6.89
2.64
4.88
8.60
8.60
9.35
8.37
11.61
9.34
9.79
7.36
10.76
11.14
10.21
8.07
5.34
9.97
8.16
9.93
8.45
11.98
14.51

Welding images

123
Figure 4.8: Unsuccessful weld samples.

124
Figure 4.9: Progression of improved of feasibility welds, left to right.

125
Figure 4.10: Successful scoping welds on left, unsuccessful scoping welds on right.

Figure 4.11: Dynamic cone penetrometer method.

126

Below is example calculations for the Results in Table 4.8. Equation 3-9 is
rearranged to make S the subject in Equation 4-3.
𝑆𝑌𝑜𝑢𝑛𝑔 =

𝐷
𝑊 (0.7)
((0.000178 ∗ 𝑁 ∗ ( )
∗ (𝑉 − 30.5))
𝐴

4-3

Equation 3-14 is rearranged to make S the subject in Equation 4-4
2

𝐷

𝑆𝐿𝑜𝑟𝑒𝑛𝑧 =
(

𝑊 (0.7)
((4.5 ∗ 10−8 ∗ ( )
∗ (𝑉)2 )
𝐴

4-4

)

Using Equation 4-3 with the 0 wt.% moisture fine sand with the sold sphere you get
Equation 4-5
0.02

𝑆𝑌𝑜𝑢𝑛𝑔 =

0.002 (0.7)
)
∗ (100 − 30.5))
0.00024

((0.000178 ∗ 0.685 ∗ (

4-5

Resulting in a SYoung value of 239. Using this in the rearranged Equation 3-8,
Equation 4-6 gives the theoretical N (number of drops to 0.3 m)
1

0.55
60
𝑁𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 ~ ( + 2)
𝑆

4-6

Resulting in a Ntheoretical of 4.37. Calculating the percentage error from the
Nexperimental of 4.36, gives an percentage error of 0.28 %.
For the same example for Lorenz, Equation 4-4 results in Equation 4-7.
2

0.02

𝑆𝐿𝑜𝑟𝑒𝑛𝑧 =
((4.5 ∗
(

10−8

0.002 (0.7)
∗(
)
∗ (100)2 )
0.00024

4-7

)

Resulting in a SLorenz value of 102. The Ntheoretical was calculated with Equation 4-6
and compared with the Nexperimental as seen for the Young example.
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Table 4.8: Theoretical S and ND values for the three different shapes investigated over the different mediums.
Circle
Sand
S
(Young)

Parabolic

theoretical
% error
ND

S
(Young)

Pointed

theoretical
% error
ND

S
(Young)

Circle

theoretical
% error
ND

S
(Lorenz)

Parabolic

theoretical
% error
ND

S
(Lorenz)

Pointed

theoretical
% error
ND

S
(Lorenz)

theoretical
% error
ND
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0 % fine

239

4.37

0.28

183

4.65

6.60

228

4.42

1.26

102

5.63

29.07

92

5.90

35.26

161

4.81

10.25

5 % fine

458

3.96

0.80

310

4.17

4.53

334

4.12

3.35

375

4.06

1.64

264

4.29

7.49

346

4.10

2.79

10 % fine

493

3.93

30.64

350

4.10

27.65

293

4.21

25.62

436

3.98

29.69

336

4.12

27.21

267

4.28

24.38

0 % coarse

299

4.20

44.78

199

4.55

40.09

244

4.35

42.72

160

4.82

36.57

108

5.50

27.66

185

4.63

39.05

5 % coarse

415

4.00

27.99

326

4.14

25.57

366

4.07

26.82

308

4.18

24.90

292

4.21

24.22

417

4.00

28.04

10 % coarse

439

3.98

28.72

350

4.10

26.61

269

4.27

23.39

345

4.10

26.45

336

4.12

26.17

224

4.43

20.60

