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Welcome to the first publication of 
the SITJAR Special Student/Staff 
Edition: Mechanical Engineering. The 
idea for this edition came from the 
other student/staff editions that have 
featured previously in SITJAR. This 
edition is based on the premise that it 
is important to disseminate research 
to the wider public. The five articles in 
this edition are based on the work of 
student projects from various areas in 
mechanical engineering. The student 
projects were turned into research 
articles that appear in this edition. 
This process has been assisted by the 
supervisor for each student project 
and has taken considerable time and 
effort by both the students and the 
supervisors. All the articles that were 
submitted have been peer reviewed. 

The five articles represent a 
collaborative effort from such 
institutions as the Manukau Institute of 

Technology, Otago Polytechnic and the 
Southern Institute of Technology. These 
efforts help to support the growing 
trend of published research from the 
Trades and Technology Faculty. These 
articles will be further discussed in the 
Editor Comments. 

Student research is complementary to 
the research that is also carried out by 
staff. For many students this may be the 
first chance to showcase their work to 
a wider audience. It is also a place for 
them to learn about the requirements 
for getting published. Most of these 
students would have graduated by the 
time these articles have been published.  
For the staff, it is a place to help these 
students expand on the work they 
have already done while also getting a 
research output. 

I trust that you will find these articles 
to be stimulating as they cover a wide 
variety of topics.  

Southern Institute of Technology Journal of Applied 
Research (SITJAR) Special Student/Staff Edition: 
Mechanical Engineering

Onno Mulder
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Introduction from Editors

This Special Edition: Mechanical 
Engineering is a culmination of student 
projects from Otago Polytechnic, 
Manukau Institute of Technology and 
the Southern Institute of Technology. 
Students, working with their project 
superviors, turned these projects into 
the published research articles which 
appear in this edition. All these articles 
have been peer reviewed. The articles 
represent a cross section of topics 
related to Mechanical Engineering. The 
five articles in this Special Edition are 
noted below:

1. Articulated Pneumatic Base for 
Injection Moulding Parts  
Carlo M. Gabriel and Thiago Ribeiro da 
Silva - Southern Institute of Technology

2. BIM Based Energy Analysis for Solar 
Powered Prefabricated House Buildings 
in New Zealand   
Rehan Masood, Naveed ur Rehman, 
Hafiz Saeed Ur Rehman and Krishanu 
Roy - Southern Institute of Technology

3. Effects of Tilt and Orientation of Solar 
Conversion Devices on Annual Solar 
Radiation Collection in Various Cities of 
New Zealand    
Tim De Mare and Naveed ur Rehman - 
Southern Institute of Technology

4. Energy from the Motion of Seaweed 
- An Investigation of Potential 
Charlotte Flaherty and Matthew King – 
Otago Polytechnic

5. Investigation of punching process 
using steel and Aluminum alloys   
Jasani Yogeshbhai, Muhammad Waseem 
Soomro and Neel Pandey - Manukau 
Institute of Technology

The editors would like to thank all the 
students and supervisors for their work 
in helping to make this Special Edition: 
Mechanical Engineering possible. We 
would also like to thank all those who 
helped in the reviewing process. The 
effort in putting together this edition 
was a collaborative effort between 

Dr Naveed ur Rehman Dr Jerry Hoffman

the students, their supervisors, the 
reviewers and the editors. We trust you 
will find these articles to be an eventful 
and stimulating read.

Dr Jerry Hoffman – Senior Editor SITJAR

Dr Naveed ur Rehman – Editor Special 
Edition: Mechanical Engineering

SITJAR
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ARTICULATED 
PNEUMATIC BASE FOR 
INJECTION MOULDING 
PARTS
Carlo M. Gabriel1,* and Thiago Ribeiro da Silva2

ABSTRACT
In the current highly competitive market of injected plastic parts, it is essential that 
companies invest in developments aiming at more expressive results in the higher quality 
and reduced costs of the final product. Therefore, automated options, such as articulated 
bases, stand out by increasing the process productivity and quality assurance of the 
final product. Hence, this proposed product has the objective of meeting the current 
manufacturing necessities while improving the process efficiency, cost and health and 
safety measurements. This was achieved through a multidisciplinary design approach, 
in which each component is developed considering its impact and interaction with the 
surrounding ones, the use of 3D modelling tools and Finite Element Analysis (FEA). 

Keywords: injected plastic parts; automated; multidisciplinary approach

1. INTRODUCTION
The plastic injection process is widely used worldwide (e.g., industry, commerce, 
households) due to its broad range of product possibilities (Bryce, 1996). As noted 
by Freinkel (2011) and Zhou (2013), the plastic has challenged most of the traditional 
materials and won, taking places once dominated by steel, wood, paper and glass 
in many consumer goods, such as vehicles, packaging and furniture.  In the current 
highly competitive market of injected plastic parts, it is essential that companies 
invest in developments aiming at more expressive results in the higher quality and 
reduced costs of the final product. Therefore, automated options, such as robots, 
stand out by increasing the process productivity and quality assurance in the final 
product. Another effective way to improve the productivity   is by the elimination of 
points that can delay, decrease or even paralyse the production. This last objective can 
be achieved with production planning and management of the company resources. 

In order to propose a feasible solution for the issue discussed previously, it is important 
to note the observations of previous scholars (i.e., Zhao et al., 2011; Zhou et al., 2007; 
Li et al., 2009) that manufacturing of qualified products by injection moulding still 
mainly relies on manual operation and trial-and-error methods (Zhao et al., 2020). 
The first step is understanding how the injection moulding process works (Zhou, 
2013).  It consists of six steps, the closing of the mould being the first one, which 
happens through the movement of the Injection Moulding Machine (IMM) Moveable 
Platen. After closing the mould, the material is dosed inside the mould cavities. The 
change of the raw material phase occurs due to the heat transmitted by the electrical 
heaters located in the Reciprocating Screws inside the IMM. As soon as the dosing 
step is completed, the filling of the mould cavities begins. This stage takes place 
quickly in order to avoid the solidification of material in the channels of the mould 
core. The fourth phase is the pressure process, which is responsible for adjusting 
the internal pressure inside the mould cavities in order to reduce the contraction of 
the raw material being injected, thereby ensuring a homogeneous filling. Then, the 
cooling phase, which is responsible for solidifying the plastic material in a way that 

1Southern Institute of Technology, 
133 Tay Street, Invercargill, New 
Zealand
2Fisher and Paykel Ltd., 211 George 
Street, Dunedin, New Zealand

*E-mail: carlo.gabriel@sit.ac.nz
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Figure 1. Cup weight measurement

it has the final shape of the product, without deformations or dimensional problems. 
Finally, the extraction of the product from inside the cavities of the plastic injection 
mould occurs, through extraction pins and can be collected by operators or by robots, 
usually called grippers.

After identifying these issues of high investment cost and the organisation of the 
production site, it is possible to notice that though most of the IMMs use robot 
grippers to collect parts in the mould, they are not designed to stack the inject parts 
in an organised way. Hence, the final packaging process of the product is impacted 
due to the disorder of these parts.

In the plastic cutlery injection process, the final production step requires many 
employees per shift just to separate, inspect and pack the final parts. This happens 
since after the injection, the parts are usually randomly stored in boxes or above 
the conveyor, making it difficult to organise them during the final packaging, which 
demands more direct labour in the process. In order to provide a solution that makes 
this stage of the manufacturing more productive, the study of articulated bases for 
the transport of plastic utensils was started. This is necessary, since only the use of 
robot grippers is not able to guarantee the organization of the parts until the end of 
the process. Gripper is a device that enables an easy manipulation of parts, due to 
its articulation and thin geometry, it is largely used for removing parts from inside 
the injection moulds. Usually, the gripper uses vacuum suction cups to hold and 
move the parts. Therefore, the two-base systems will receive the injected parts from 
the gripper, stack them on organised piles and rotate, maintaining the horizontal 
direction, to deliver them to the operator. 

 To solve this common problem in the manufacturing of injection parts, the use of 
current available technologies, pneumatic and automation systems, is necessary.  
Also, on the current job market, there are experts available on these fields, avoiding 
the necessity of developing new professionals, the only required training will be 
for operating this specific proposed machine. In addition, the major issue is the 
organization of the production site in the injection moulding industry. This leads 
to sub-problems during the manufacturing, such as health and safety risks to the 
operators sorting the injected parts, and the necessity of more workers to organize 
the working site due to the manual process of collecting them. Therefore, this 
articulated base is an excellent opportunity to solve this health and safety issue, 
improve the company productivity and implement automation technologies.

 

2. METHOD

2.1 Definition of Load Parameters for the Pneumatic Actuator

In order to input the loads magnitude and conditions, the first step is 
defining the sort of products and their features that the two bases will 
transport. This project concept allows a broad industrial application for 
the injection of small parts, but for this scenario, the chosen samples are 
plastic disposable cups with 300mL of volume capacity. The first load 
measurement is the weight of these cups on a scale, a stack with 25 units 
was defined as the standard sample (Figure 1). This set up was chosen 
due to the commercial selling of this product. 

 The metallic base that will hold the plastic cups has its dimensions 
based on the traditional IMM with glamping force of 200kN.  Table 1 
presents the clamping unit specification of the IMM Engel e-motion 30 
TL that defines a new standard for the production of the ENGEL e-motion 
machine concept with the proven ENGEL tie-bar-less system. failure-
free production: from short-pitch connectors to precise optical parts – 
all in ENGEL e-motion injection unit 50 high process stability short cycle 
times compact design reduced maintenance costs. It is from an IMM 
manufacturer that provides the technical specification of their clamping 
unit in the project desired range of 200kN. The mould mounting platen is 
the place where the injection mould is fixed on the IMM. This dimension 
information is fundamental to define the size of the base, as well as the 
number of cups that are going to be staked above it.
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Figure 2. Metallic Base Dimensions

Table 1. Clamping Unit Specification of the IMM Engel e-motion 30 TL 
(ENGEL, 2018, p. 6)

 

With the defined base dimensions in Figure 2, the amount of cup piles was estimated. Each one of them will 
occupy the space of a square with 80mm of side, thus it is expected to fit 35 stacks, and each will have 25 
units, that results in a total of 875 injected parts on the base. From the scale measurement of the Figure 2, 
each stack has 82g of mass. Consequentially, the total product weight is of roughly 28.155N. However, due to 
the broad range of disposable cups available in the market, a safety margin of 10% is adopted. Therefore, the 
final product weight is 30.970N. 

2.2 Definition of Loads on the Device Structure
This project has the objective of working with injected plastic parts, however, it 
can also be used in a broad range of industrial application, such as stamped and 
machined metallic components. Based on this assumption, the device structure is 
designed to support heavier products without the necessity of modifying its projected 
geometry to a more robust one. 

ENGEL e-motion 30 TL Clamping Unit Unit Value

Clamping force tonnes / kN 30 / 300

Opening stroke mm 230

Mould installation height mm 150 - 330

Mould mounting platen h x v mm 440 x 420

Delivery chute width mm 320

Ejector stroke mm 75

Ejector force kN 10

Max. mould weight moving platen kg 230

Dry cycle time sec/mm 0.9 / 200
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The operator of the Articulated Base will collect the stacked parts at the end of the 
device, an activity that is going to happen at the elbow height of the person, so the 
estimated maximum weight capacity is ergonomically appropriate for the legal 
requirements in New Zealand. On the other hand, the lower base will be on the same 
height of a bench, hence there is the risk of a person sitting on it. Even though it will 
have an acrylic isolation around it, the structure must be able to bear a human weight 
for safety reasons. Thus, the overall design is able to safely support a person of up 
to 1000N above it. 

2.2 Project Design and Sizing
The first step of the complete mechanical engineering design process is the 
identification of a need, the definition of the problem and the action of developing 
a solution to it (Budynas & Nisbett, 2011, p. 5). This process is usually outlined as 
in Figure 3, where the iteration takes a fundamental role in the entire project, once 
it connects all the required steps’ outcomes to successfully complete the tasks. 
Subsequently, the synthesis is the concept design, in which the project starts to take 
form as a system, this phase is responsible for the definition of the components, 
their sizing and the interaction or connections between them. Thus, it is possible 
to perform the first analyses to inspect if the system’s performance is suitable to 
solve the problem that it is supposed to. During the synthesis, the engineer analyses 
parameters such as geometry, material, connections, manufacturing process, stress, 
deformation, assembly, cost, maintenance, reliability, lifespan, vibration and other 
characteristics.

Analysis and optimization are the holistic step of studying alternative design concepts 
and processes with the objective of maximizing the current solution. During this step, 
some mathematical models are created to simulate the real-world behaviour of the 
proposed project, what directs to the overall evaluation of the mechanical system. 
This evaluation is the final validation of the successful design and the guarantee that 
it will meet the requirements of the proposed solution. Additionally, the project must 
meet the required standards, codes and legal specifications from the government 
and regulatory organizations, such as the International Standards Organization (ISO) 
9001 2015 Documentation for Engineering and Design.

Figure 3. The phases in design 
(Budynas & Nisbett, 2011, p. 5)
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2.3 Validity of the Project
The validation method applied in this project is the virtual simulation through Finite 
Element Analyses (FEA) with the engineering software ANSYS (ANSYS, Inc., 2021,). 
This computer program uses Finite Element Method (FEM) to solve a mathematical 
model based on the component’s geometry and boundary conditions, which are the 
loads, connections and supports.

 Figure 4 represents an example of the ANSYS (ANSYS, Inc., 2021) output in a tyre’s 
contact patch. It shows the mesh model, deformation, and pressure along the 
geometry.

 

Figure 4. Nonlinear analysis of tire’s contact patch (Hiyake, 2015, p. 43)

2.4 Numerical and Analytical Solutions
Even though ANSYS (ANSYS, Inc., 2021) results are extremely reliable, the engineer 
must consider that the numerical solution approximates the results, while the 
analytical one is the exact solution of the problem, which is based on equilibrium 
equations and experimental data. In the engineering simulation, the reliability of the 
process is proportional to the number of elements, or algebraic equations, that the 
software is considering inside the black box. A higher number of elements results 
on more precise values. However, there is a limitation, a simulation with too many 
equations to solve is unviable due to software and hardware capacity constraints. 
Also, even if the program is able to solve them, it will take an unnecessary time and 
effort to find the same values as a simpler geometry would present.

The engineer must consider a break-even point during their analysis, that is when 
the results uncertainty is negligible. In the ANSYS (ANSYS, Inc., 2021) simulation, 
the quality of the mesh is an indicator of the results’ reliability. Hence, a skewness 
mesh scale, which is “a statistical term used in the description of a distribution of a 
set of random data (Atkins & Escudier, 2013, p. 330)”, can be applied in the outcome 
validation during the post processing of the FEA.  Table 2 presents the skewness 
mesh scale, depending on the project application and criteria. 
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Table 2. Skewness mesh metrics spectrum

In the Articulated Pneumatic Base of Injection Moulding Parts, the application of FEA 
reduces the development time, optimizes the design process, eliminates the cost of 
a prototype and guarantees that the device will bear the mechanical stresses from 
the applied loads and movements, as well as prolonging its lifespan against fatigue 
failure.

2.5 Failure Theories
Since there is no universal theory that fits every design situation, the selection of the 
proper one must consider the characteristics of the material and the type of loads. 
The diagram in Figure 5 is a guide to select the theory that is most suitable for each 
load type and material scenarios.

  

Figure 5. Failure theory selection flowchart (Budynas & Nisbett, 2011, p. 239)
 



SITJAR 2021 | Special Edition – Mechanical Engineering

11

2.6 Distortion-energy and von Mises Stress Theory
Distortion-energy (DE) theory predicts that the material failure may occur when the 
distortion energy strain reaches or exceeds the material’s yield for simple tension or 
compression (Budynas & Nisbett, 2011). Figure 6 graphically portrays this concept in 
a plane stress, where inside the non-yield region the material failure may not occur. 

 

Figure 6. Distortion-energy theory yield 
envelope for plane stress 
(Budynas & Nisbett, 2011, p. 223) 

2.7 Safety Factor
Safety factors are the engineering solution during the design analysis of the project 
for how to cope with these unknowns. Engineers estimate possible variations of 
these uncertainties and consider them during the sizing and definition of geometries 
and materials. There are two principal parameters to analyse during the process, the 
first one is the loss-of-function, in which commonly considers the yield strength of the 
material, and the second one is the maximum allowable or design admissible load, 
stress or deflection (Budynas & Nisbett, 2011, p. 17). Accordingly, the safety factor 
(nf) is defined by:

This project is defined to have a minimum safety factor (nf) of 2. This value takes into 
consideration the use of well-defined the commonly used mechanical materials and 
the finite element analysis that properly simulates the boundary conditions of the 
components. Thus, the design admissible parameter is defined by:

 

 

Where:

σ Tension.

σyield Yield strength of the material. 

τ Shear stress.
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2.8 Materials Selection
 Selection process must consider their mechanical behaviour characteristics, cost, 
market availability, corrosion resistance, manufacturing technique, machinability and 
weldability. In addition, each of these material’s attribute must fit the component’s 
purposes, applied stresses, strain and geometry. However, not every part carries 
mechanical loads, such as stress and strain, some of them are simply for filling 
spaces and aesthetic purposes (Budynas & Nisbett, 2011, p. 32). Therefore, the 
designer must have the flexibility to define and test the broad range of available 
materials based on their main project demands.

2.9 Material Strength and Stiffness
This test is composed by the tension or compression of a defined specimen with a 
standard dimension, which follows the American Society for Testing and Materials 
(ASTM) standards E8. Figure 7 represents a specimen geometry, in which the stress 
is calculated by the following equation: 

 

Where A0 is the initial area of the specimen and P is the applied load.

 

Figure 7. Tension-test Specimen (Budynas & 
Nisbett, 2011, p. 32)

 

The result of the tensile test is a diagram with technical data of the stress and strain 
of the specific material during the experiment. Figure 8 is a comparison between 
two distinct kinds of the materials, a is a ductile one, while b is a brittle one. The 
example (b) has a shorter deformation before reaching the ultimate strength (u), that 
is followed by its fracture (f). The point (y) corresponds to the yield strength, this is 
the value used for most of the engineering sizing of components. 

 

Figure 8. Stress-strain Diagram (Budynas & Nisbett, 2011, p. 33)
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In addition, the proportional limit (pl) is the region that the deformation happens in a 
linear proportion to the applied stress. During this process, the strain is in the plastic 
zone, hence if the load is removed, the material will return to its initial geometry, 
without any permanent deformation. This proportional limit is defined by Hook’s law 
as

Where E is the constant of proportionality, also known as Young’s modulus, which is 
a measurement of the stiffness of the material.

2.10 Materials Definition
Figure 9 is a diagram that defines the range of materials that comply with some 
design requirements (strength and density). These two parameters are the main 
ones during the mechanical engineering sizing, once the stresses are defined, the 
weight of the components take an important role during the material selection. 

 

Figure 9. Strength-density (Budynas & Nisbett, 2011, p. 67)
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3. RESULTS AND DISCUSSION
3.1 Final Concept
During a deeper analysis of the moving system of the device, a simpler and more 
practical solution would allow to obtain the same result of the base rotation 
mechanism with fewer components and greater agility. The solution would be to 
replace the two linear actuators with a semi-rotary pneumatic actuator. Keeping the 
entire support structure of the set, the bases, their axes and articulation rod.

The installation place of the Articulated Pneumatic Base for Injection Moulding Parts 
would be right beside the IMM. As described in Figure 10, the required space for the 
device is predicted to be petite when compared to the IMM. The size of the articulated 
device is a critical feature that the design must consider: it must be large enough to 
accommodate all the parts coming from the injection cycle, while it must be narrow 
enough to avoid any large reallocations on the site layout.

 
Figure 10. Layout - Articulated 
Base & IMM

3.2 Base Assembly Design

3.2.1 Sliding Base
The final design mass represents a massive reduction of 52.25% of the first geometry 
concept, while maintaining its mechanical strength. Also, the removed metal can 
be reprocessed and reused, therefore no material is wasted. In addition, lighter 
components demand lower energy consumption during their operation due to their 
lower moment of inertia.  

The FEA of the sliding base assessed the geometry and guaranteed that the element 
will bear the project working loads. Due to the low stress, the design definition of this 
component is based on its deflection and not only on its equivalent von-Mises stress. 
Therefore, the proposed geometry will safely resist to the mechanical stresses 
applied on it. 

3.2.2 Fixed Base and Connector
The fixed or lower base is the component that will support the sliding base and allow 
its rotational movement and sliding to the operator. It will be manufactured in a laser, 
plasma or waster jet cutting process with a steel AISI 1020 sheet as raw material.  

3.3 Rod Design

3.3.1 Analytical Design Analysis of the Rod
The rods connect both bases to the main shaft and allow their rotation. They are 
going to be constructed by a metallic sheet and cut through water jet, laser or plasma 
cutting. The first step to its design process is defining the loads and geometry of the 
rod which is σ= 54.57 MPa.  
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3.3.2 Rod Topology Optimization
Topology optimization is a mathematical method applied in the geometry 
optimization of the components. In a process of defining the boundary conditions 
and design constrains, the simulation software identifies layer regions with low 
stress concentration and eliminates the material in a process that maximizes the 
performance of the system. Figure 11 is the result of the rod topology optimization 
performed in ANSYS (ANSYS, Inc., 2021). The region in red colour is the critical part, 
which means it has a high concentration of stresses and is essential to guarantee the 
component structural strength. In contrast, the region in blue represents the parts 
with low stress concentration, in which it is possible to decrease the material without 
compromising the element structural strength.

 

Figure 11. Rod Topology Optimization Result (ANSYS, Inc., 2021)

3.3.3 Final Rod Design and Finite Element Analysis
The final rod design (Figure 12) considers the topology optimization study and 
the fitting of the bearings that will connect it to the bases and moving shaft. The 
maximum equivalent von-Mises stress is 124.14 MPa and the selected material is 
AISI 1020 with yield strength of 350 MPa (MatWeb, 2020). Thus, the safety factor is 
2.8 indicating that the geometry guarantees that the component will safely bear and 
resist the loads and stresses acting on it, while being lighter than a non-optimised 
structure. 

Figure 12. Rod - Equivalent von-Mises Stress (deflection in scale) 
(ANSYS, Inc., 2021) 

The deflection of the rod is 0.67 mm, which meets the AS3990-1993 requirements 
for this component class.
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3.3.4 Fatigue FEA Simulation
A fatigue simulation with the expected working parameters of the rod was performed 
to check the virtual behaviour of the component. The selected parameters include 
the constant amplitude load (zero-based) and the Goodman mean stress correction 
theory.  Figure 13 shows that the structural member has a virtually infinite life, which 
means that under the expected designed parameters, it will resist more than 106 
cycles.  

  

Figure 13. Rod Fatigue Analysis – (a) Life Cycle (ANSYS, Inc., 2021)

3.4 Pneumatic System

3.4.1 Semi-rotary Pneumatic Actuator
The selected mechanism for activating the bases rotation is a semi-rotary pneumatic 
actuator. It will be directly connected to the main shaft and rotate it.

  The selected actuator is FESTO DSM-40-270-P1-A-B with part number 566211. This 
device has a nominal torque of 20 Nm at pressure of 6 bar and a rotation angle 
adjustment of 0 to 280 degrees (FESTO, 2020), these features are suitable for the 
project requirements.

 

3.4.2 Linear Pneumatic Actuator
The linear pneumatic actuator will horizontally slide the bases from the rotation 
mechanism to the operator in a safe operation. The selected linear actuator is a 
rodless one with a mechanical coupling and cushioning system to reduce shock and 
wear of the cylinder components. This model is compact, cost-efficient, reliable, and 
an excellent alternative for linear motion in a limited available space. 

3.5 Timing Belt and Pulley
The timing belt and pulley system will connect the main shaft to the bases and 
guarantee that each base will move in a rotational path while maintaining their 
horizontality. The bases must maintain a horizontal direction, once they must hold 
the plastic parts without dropping or disorganising them.

 

3.6 Shaft

3.6.1 Shaft Design
The loads points of the shaft were defined during the design. They are positioned 
on difference places in the following vertical and horizontal analyses because they 
consider the rotational movement of the mechanism, in which changes the critical 
points based on the angular inclination of the system.
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The selected failure criteria for shaft design is the distortion energy (DE) theory with 
the Goodman relation for alternating stresses and fatigue of the material.

The shaft of Figure 14 has a minimum diameter of 30mm in its most critical point. The 
selected construction material is SAE 1045.

 

Figure 14. Project Shaft and Main Components (Dessault Systèmes SolidWorks Corporation, 2019)

3.6.2 Shaft Manufacturing Tolerance
The Shaft has the ISO Tolerance for Holes (ISO 286-2) H7m6 for the bearing coupling, 
which is precise with medium interference fitting. On the other hand, the pulley 
connection has a H7k6 tolerance, which is precise with coarse interference fitting.

3.6.3 Stress Concentration Analysis
 In order to relief the stress concentrations of the project’s shaft geometry, a study 
was conducted to identify and assess those regions. The selected stress relief method 
is the use of shoulder fillets on the sharp edges of the component. The following 
calculation and the chart in Figure 15 consider a specific cross-section of the shaft 
as an example. The same steps were made for the other ones. As a result, the stress 
concentration factor Kts is considered acceptable for this application, which has a 
fillet radius of 2 millimetres (Figure 16).  
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Figure 16. Shaft Stress Relief

Figure 15. Chart of Theoretical Stress-
Concentration Factors Kts 
(Budynas & Nisbett, 2011, p. 1028)
 

 

 

 

Shoulder Fillet 

r = 2mm

3.7 Bearings
The selected bearings of Figure 17 are from the NSK manufacturer catalogue Ball 
Bearings Units E1154f (2013), they are based on the shaft diameter:

Green Bearing (25 mm): NSK UCP305D1

Blue Bearing (30mm): NSK UCFL206D1
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Figure 17. Bearings (Dessault Systèmes SolidWorks Corporation, 2019)

3.8 Metallic Structure
The metallic structure of Figure 18 is composed of welded AISI 1020 tubes with 
metallic sheets of the same material and acrylic covers to revert them. The proposed 
welding process is Metal Active Gas (MAG), but its specifications must be agreed with 
the constructor.  

FEA was performed to validate the structural strength of the assembly.  Result of this 
analysis shows that the maximum equivalent von-Mises stress is 42.08 MPa, which 
guarantees that this component will bear its working loads.

 

Figure 18. Project Structure
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3.9 Automation

3.9.1 Programmable Logic Controller – Ladder
The ladder in Figure 21  is the PLC programming language selected to automate 
the movement of the machine. It will work with the operator turning on the on/off 
switch that starts the system, the set of capacity sensors will read the parts coming 
from the IMM, after a determined number of pieces stacked on the top of the upper 
base, the PLC will send a signal to the pneumatic system, which will activate the 
rotary actuator (Figure 19). Another sensor will detect that the base has reached its 
final position and stop the rotation of the mechanism. Then, the horizontal pneumatic 
actuator will slide the base with the parts to the operator, while the base that initially 
was at the bottom, now it is at the upper position receiving new parts from the IMM. 
This system makes a continuous workflow of their collection and organisation.

Figure 19. Bases Rotational Movement

After collecting all the organised plastic parts from the base, the operator must press 
the return button, which will slide the sliding base back to the fixed base and it will 
wait for the next cycle (Figure 20).
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Figure 20. Sliding Base Linear Movement

Following the International Organization for Standardization (ISO) fundaments for 
Safety of Machinery – General Principles for Design – Risk Assessment and Risk 
Reduction (ISO 12100:2010), the PLC has an interlock that only allows the activation 
of the pneumatic system after the sensors confirms that the bases are in their correct 
position and the operator is not in a risky situation. Furthermore, there is a redundancy 
of the rotational movement, even though the semi-rotary pneumatic actuator is set 
to rotate 180 degrees, an additional sensor will allow the sliding movement of the 
base only if it guarantees that the component is at the right position. In addition, the 
system has a maintenance mode, in which the velocity of the moving components is 
reduced, and it is possible to manually activate each desired movement.
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3.9.2 Pneumatic Diagram
Pneumatic diagram of Figure 22 is a visual representation of the valves, actuators 
and additional components that compose the pneumatic system.  

 

Figure 22. Pneumatic Diagram

4. CONCLUSION

This engineering project attends to the necessities of the plastic industry manufacturing. 
It has proven to be profitable, meets international standards for product design, and 
health and safety measurements. The FEA results for the Articulated Pneumatic Base 
of IMM show that the designed geometry bears mechanical stresses and presents 
high accuracy when compared to the analytic calculation of the centre of the rod. 
Furthermore, the von-Mises stress theory selected to analyse this project is fitted to 
the constrains and machine specification requirements. 

The viability assessment with cost and benefit analysis will guarantee that this is 
a profitable project, with an expected discounted payback of roughly 16 months. 
In addition, the project management with the Health and Safety, Environmental 
and Quality Plans, Culture and Ethics, Legal Regulations, and Financial Plan, will 
demonstrate that the research and development of the product will work in synchrony 
with the management plan of the project to make a feasible and competitive product.
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ABSTRACT
Prefabrication and offsite construction help in attaining affordable and sustainable 
housing with less time compared to the traditional on-site construction approaches. 
This study provides a guide to develop a Building Information Model and perform a 
Life Cycle Assessment of Prefabricated House Buildings when the Building Integrated 
Photovoltaic system was employed. A prefabricated transportable house was taken as 
a case study for investigation, which was designed and manufactured in New Zealand. 
The building information modelling was developed in computer aided design software 
following the national guidelines of New Zealand. Furthermore, an energy analysis 
software was used for evaluating the annual energy requirements of the case study 
building. The building integrated photovoltaic system was proposed for meeting the 
electricity demands of the house and for the on-grid and off-grid configurations. This 
study has therefore indicated the need of building more energy efficient prefabricated 
buildings in New Zealand to achieve its net zero carbon target by 2050. 
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1. INTRODUCTION 
Prefabricated House Buildings (PHBs) are gaining popularity across the globe with 
affordable, high quality and sustainable solutions for housing and New Zealand is not 
an exception (Climo, 2018). PHBs are categorised by product as component (timber 
wall or truss framing), panels (e.g., insulated panels), volumes (e.g., modular), hybrid 
(e.g., pods) and complete buildings (e.g., transportable houses) (PrefabNZ, 2018a). 
According to a report published by the prefab industry in New Zealand (PrefabNZ, 
2018b), for the case of a complete building, when prefabricated panels and building 
components are used, it has a number of advantages such as efficiency in speed 
of construction and reduction in total cost of the construction, when compared 
with traditional methods (on-site build) of construction. Despite the popularity of 
prefabricated panels, the PHB companies who are producing transportable houses in 
New Zealand, are facing critical challenges to conduct research and developments to 
improve and add new innovative features to the products to increase their saleability 
(Masood et al., 2021). Perhaps, inclusion of renewable energy sources would bring 
the attraction to the consumers, but only if this brings the improvement in the 
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sustainability and energy efficiency of the houses. Deploying the Building Integrated 
Photovoltaic (BIPV) systems can help in achieving the high performance of the 
buildings by lessening the Greenhouse Gas (GHG) emissions (Rupp et al., 2021) and 
by reducing the power bills by saving energy (Paya-Marin et al., 2020), however, 
without changing the design or building envelop materials (Motuziene et al., 2016).

Life Cycle Assessment (LCA) is now commonly employed for analysing the impact 
of global warming potential during the life span of the building materials. In LCA, 
the impact of building’s construction, usage and end-of-life plan on the energy 
consumption and GHG emissions are quantified (Johnston et al., 2018). In order to 
carry out an LCA, simplification of the process is always desirable. This is because, 
determining the fundamental inputs such as, quantifying the range of construction 
materials employed and deriving the energy data associated with the location, 
exposure and weather conditions are generally time consuming are complicated 
tasks (Dixit, 2017). Potentially, Building Information Modelling (BIM) is one of the 
inevitable solutions. Nowadays, due to the wide range of its applications in various 
phases of the project life cycle, its integration is considered as the best industrial 
practice (Masood et al., 2014). Antón and Diaz (2014) recommended a BIM based 
LCA study during the early design phase. In a couple of simulation case studies 
performed by Kreiner et al. (2015) and Wong et al. (2015), this approach was found 
to be worthy in drastically upgrading the sustainable performance of buildings. 
Further, the ease of analysing the sustainability potential of the buildings while 
using BIM was appreciated by Dowell and Berg (2015) and Akhanova et al. (2021). 
According to their studies, this approach produces accurate results without the 
need of extra information and by very little additional modelling.

Kamali and Hewage (2016) identified that there is very limited information available 
in the literature on the life cycle performance of PHBs and there is a need of 
developing sustainability scoring matrix so that the various design methods could 
be compared. In addition to this, the results of adding the BIPV in transportable 
houses are not thoroughly investigated in any of the studies available in the 
literature. 

Therefore, this study provides a guide to develop a BIM and perform a LCA of PHB 
when the BIPV system was employed. A prefabricated transportable house was 
taken as a case study for investigation, which was designed and manufactured in 
New Zealand. The BIM was developed in the computer aided design (CAD) software 
following the national guidelines of New Zealand. Furthermore, an energy analysis 
software was used for evaluating the annual energy requirements of the case study 
building. The BIPV system was proposed for meeting the electricity demands of the 
house and for the on-grid and off-grid configurations.

2. METHOD
The method of investigation employed in this study has been divided into four main 
stages:

Stage 1- Selection of the prefabricated house building: The case of transportable 
house as a prefabricated house building was selected for this study. This house 
building was manufactured by SIT offsite and transported to various residential 
sites in Southland. This is a popular alternative to traditional residential 
construction which comparatively take longer time and more resources. This is 
single storey dwelling with total covered area of the house being 132sqm with 
three bedrooms including one ensuite. Salient features are open kitchen, dining and 
living areas. There is bathroom, toilet, laundry spaces and office nook. This house 
was designed for very high wind zone, earthquake zone ‘3’, exposure sone “B & C”, 
altitude Southland/Otago 800m and Canterbury 500m. The primary structure was 
comprised of timber floor, wall frames and trusses. There was one structural hot 
rolled steel beam “200 UB 25”, which was installed in the living area. Gib board 
was used as finishes of flooring, walls, and ceiling. Double glazed aluminium doors 
and windows were installed. Profiled color steel roof cladding as roof, hardies stria 
cladding on vented cavity to chimney and weatherboard cladding as walls were 
used. 
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Stage 2- Development of Building Information Model: New Zealand BIM guidelines 
(BIMNZ, 2019) were followed to develop and document the model using Autodesk 
Revit educational version. BIM objects were used and modified (if needed) from 
available Revit library. The level of model development was managed above LOD 
200 to ensure and integrate the interface of model elements. Further, the models’ 
elements were categorized as architectural, structural and MEP (mechanical, 
electrical, and plumbing). Main purpose of the 3D model developed was to conduct 
the energy analysis. Quality of the model was evaluated on the basis of design 
checklist criteria developed by (Choi et al., 2020) and all possible measures were 
taken into account to run the energy analysis.

Stage 3- Performing Energy Analysis: Autodesk Green Building Studio was used for 
performing the energy analysis which is widely used to evaluate the sustainable 
features in wider context (Azhar et al., 2011). To achieve the accuracy of the model, 
some of the strategies were followed, such as: element isolation, minimizing 
processing timings, identification of missing elements or large gaps, result oriented 
model creation and reduction of resolution incrementally. Figure 1 shows the location 
and energy settings used in the CAD software to perform the energy analysis. 

   

                a) Location                                             b) Energy

Figure 1: Settings of energy analysis in CAD software

Stage 4- Designing the Solar Photovoltaic System: For selected transportable 
houses, the building integrated solar photovoltaic (BIPV) system was chosen. This 
is because the installation of such BIPV systems don’t need any additional land. 
The PV panels were decided to be mounted on the rooftop. An additional mounting 
frame was required to tilt the panels at an angle equals to the latitude angle of the 
site. The frame was also aligned to the panels so that they are facing true north, 
considering that the site was on southern hemisphere. Such installation angles 
ensured maximum capture of solar energy during the year. Also, in this work, both 
the on-grid and off-grid systems were used for comparison of their performances. 
In the on-grid systems, all the energy generated by the BIPV is supplied back to the 
grid. In return, the utility provides monetary benefits, depending on the amount of 
energy fed into the system. These systems are relatively cheaper in upfront cost 
as they do not require any batteries. On the other hand, the off-grid systems don’t 
require any connection to the grid, whereas the energy is stored in the batteries for 
their use in night-times.

The simple pay back (Y, years) of such systems can be calculated by Eq. (1):

Y=C/S  (1)

where C ($) is the cost of the whole BIPV system and S ($/year) is the yearly saving 
compared to the conventional grid-powered system.

Considering the available roof-top area (Aroof, m
2) for the installation, the energy that 

can be produced by the BIPV system per day (Eprod, kWhr/day), can be calculated by 
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Eq. (2):

Eprod=Aroof  ηPV ηsys PSH G  (2)

where ηPV is the efficiency of PV panel,ηsys is the efficiency of PSH (hr/day) in the 
peak sun hours associated with the location of the site and G is the standard solar 
radiation at which the panels are tested (i.e., 1 kW/m2).

On the other hand, the peak wattages (Warray, watt) of the solar array can be evaluated 
by using Eq. (3):

Warray=Aroof ηPV G  (3)

The total cost of the on-grid system can be obtained by using Eq. (4):

Congrid=1.1∙ p ∙Warray  (4)

And for the off-grid system, Eq. (5) can be used to calculate the total cost. 

Coffgrid=2.0∙ p ∙Warray  (5)

where p ($/watt) is the average price per watt of panels and coefficients which 
account for the additional cost of the supporting system (frame, mountings etc.) and 
for the electric system (inverter, cables, connectors, batteries etc.).

Assuming that the grid-tied system would provide a buy-back revenue by feeding the 
energy back to the grid, the savings (S) can be evaluated by using Eq. (6):

Songrid=365∙Eprod∙esell  (6)

On the other hand, the saving through the off-grid system would be the amount 
of energy bill that could have been paid to the utility in absence of the BIPV. For 
calculating that, Eq. 6 can be used as given below:

Soffgrid=Ereq∙ebuy  (6)

where Ereq is the yearly electrical energy required by the house, ebuy ($/kWhr) is the 
energy purchase price and esell ($/kWhr) is the energy sell price (or buy-back price).

3. RESULTS AND DISCUSSION
Revit Model Development: Development of a 3D model is the highlight of BIM 
application in the construction industry. A Revit model was developed in Revit 
Autodesk 2021 software. All the objects used in the model had similar material 
properties to the real project (or the house as described in section 2 of this paper). The 
model was then imported to Autodesk Navisworks to check and rectify the conflicts 
among the different components of the model. Further, energy model was generated 
by using Revit Autodesk. All the guidelines provided by BIMNZ were followed to meet 
the standard guidelines/requirements. The developed models are shown in Figure 2.  
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3.2 Results from the Energy Analysis: 
The Green Building simulations were performed to evaluate the energy consumptions 
and CO2 emissions. According to the results shown in Figure 3, the annual electrical 
energy consumption is found to be 11,325 kW/hr with the peak demand of 3 kW. 
Whereas the fuel consumption is found to be 53,579 MJ. The Energy Use Intensity 
(EUI) of the building was therefore 761 MJ/m2/year (67 kBTU/ft2/yr). This value 
indicates that the house is below energy intense range but is consuming more than 
the high performing house (≤25 kBTU/ft2/yr). [ref: https://zeroenergy.com/energy-
glossary]. The annual CO2 emission from the house is found to be 2.7 Mg (tons) which 
is equivalent to removing 0.3 large SUVs from the road.

 

a) Revit 3D model b) Naviswork 3D model

c) Revit 3D Energy model

Figure 2: Building Information Modelling of Transportable house

Figure 3: Results from the Green Building Studio 
(Base Run)
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3.3 Designing Solar Photovoltaic System: 
It is assumed that 65% of the floor area, which is around 80m2, would be occupied 
on the roof top for installing the PV panels. For simulations, the efficiency of the 
PV panels was considered to be 19%, the system’s efficiency was 60% and the PSH 
for Invercargill was 3.38 hr/day. This BIPV system would be generating 31 kW/hr 
of electric energy, which is equivalent to the energy demand (i.e., 11,325 kWhr per 
year). The size of the PV array was 15 kW. 

Based on these calculations, the upfront cost, yearly savings, and the payback periods 
for both on-grid and off-grid systems were calculated, and the results are presented 
in Table 1. The upfront cost of the on-grid system is found to be nearly the half of the 
off-grid system however, the yearly savings are almost four times then the on-grid 
system. This also shows that the off-grid system has a very fast payback period of 
only 7.73 years as compared to 16.51 years for the on-grid system.

Table 1: On-grid and Off-grid BIPV Systems Comparison

On-grid BIPV System Off-grid BIPV System

Upfront Cost ($) 16,845 $ 30,628 $

Yearly savings ($/year) 1,020 $/year 3,964 $/year

Payback period (years) 16.51 years 7.73
 

4. CONCLUSION
This paper presents some useful information which can help the prefabricated 
housing industry in New Zealand to understand the importance of transportable 
housing while considering sustainability and low energy emissions with enhanced 
automation (Darlow et al., 2021). This study provides a guide to develop a BIM and 
performed a LCA of a PHB when the BIPV system was employed in the house. A 
prefabricated transportable house was taken as a case study for investigation, which 
was designed and manufactured in New Zealand. The BIM was developed in a CAD 
software following the national construction guidelines of New Zealand. Furthermore, 
an energy analysis software was utilized for evaluating the annual energy 
requirements of the case study building. The BIPV system was proposed for meeting 
the electricity demands of the house and both the on-grid and off-grid configurations 
were considered. This study has therefore indicated the need of building more energy 
efficient and sustainable prefabricated buildings in New Zealand to achieve its net 
zero carbon target by 2050.
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1.INTRODUCTION 
Prevalence of a relationship between CO2, along with other greenhouse gases, and 
the changes in global temperatures has been apparent throughout our planet’s 
history. Energy production from burning fossil fuels is currently responsible for 
three quarters of our global greenhouse gas emissions (Al‐Ghussain, 2019). The 
world needs to move to low-carbon sources of energy such as renewables to reduce 
CO2 output. Renewable energy is any form of energy generation which involves 
the extraction of energy from a resource either without depletion of that resource, 

ABSTRACT
This paper presents a numerical method for determining the effects of the tilt and 
orientation (or azimuth) angles of solar conversion devices (such as photovoltaic panels 
and flat-plate collectors). It requires the geographic location (latitude) and the monthly 
average daily global radiation data of the site as inputs. Then, these data are transformed 
into hourly global radiation data, which are then broken down into direct (beam), diffuse 
and ground-reflected radiation components. The Brute Force method is then used, 
which simulates within the range of tilt angles (between 0⁰ and 90⁰) and azimuth angles 
(between -90⁰ and +90⁰) to evaluate the annual average daily solar radiation collected 
by these devices. These values are plotted in a contour graph, which provides a visual 
understanding of the effects of these angles on the annual collection. This method is then 
used to develop contour diagrams for various cities in New Zealand, which are discussed 
in detail. The results show that the devices must be facing true north and the tilt angle 
must be in a specific range to achieve maximum collection. The results of this research 
will help commercial designers, researchers, and students during technical and financial 
feasibility studies and the practical execution of such projects.

Keywords:
TOF; Photovoltaic; Roof-top installations; Optimum tilt angle; Southern hemisphere;
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such as wind or solar, or resources that can be replenished, such as biomass fuels. 
Renewable energy sources have an important role to play in the decarbonisation of 
our atmosphere. 

The most abundant form of energy at earth’s disposal is solar. Although the amount 
of solar radiation that a place will receive throughout the year will vary, everywhere 
does receive light for at least some of the year. Variations in solar radiation are 
based on factors such as: Location (latitude), time of day, season, prevailing weather, 
and local landscape (Kallioğlu et al., 2020). The earth’s surface receives sun’s 
rays directly, known as direct beam solar radiation, however, this is not the total 
radiation as some of the sunlight is scattered as it passes through the atmosphere 
by things such as pollutants and water vapour. This energy is known as diffuse 
solar radiation. The sum of diffuse and direct is called global solar radiation (Duffie 
& Beckman, 2013). The amount of solar radiation being received varies drastically 
over a day and between seasons as the sun’s rays are made to move through more 
of the atmosphere and the radiation is scattered, absorbed, and reflected. Given the 
effect of the atmosphere on the incoming solar radiation, there are places where 
implementing solar panels is not a viable option. These areas are mostly areas of 
very high latitudes that receive little to no sun for half the year.  

Solar energy can be harnessed and used in two main ways: Solar Electricity and Solar 
Thermal (Ahmad et al., 2020). Solar electricity involves the use of solar panels, which 
are comprised of photovoltaic (PV) cells, to absorb the sun’s energy and convert it 
into electricity. This is done with the interaction of semiconductors and the radiation 
to produce a DC voltage output in the cells.  Solar panels can be installed on various 
scales which makes them a versatile option for energy production. Scales of solar 
production can range from some panels on a rooftop to produce the energy required 
for a home, to massive solar farms that cover hectares of space with panels to gather 
energy for thousands of homes. The ease with which solar panels can be integrated 
into our society, as well as the fact that it does not produce any emissions beyond the 
initial manufacture of the panels, make it an attractive option for future renewable 
energy production. Solar Thermal works by using the heat from the sun to warm a 
working fluid such as water or a thermal fluid. 

The panels will be able to collect and convert different amounts of solar radiation 
base on the way that the panel is oriented. The optimum tilt and orientation will be so 
that the most solar energy is received on the panel to ensure the greatest efficiency 
for the use of the panel (Danandeh, 2018). This optimum tilt will coincide with the 
panel facing such that it has the most exposure to the sun throughout the day and the 
peak solar radiation for the day will be falling perpendicular to the face of the panel to 
maximise the surface area that will be making use of the solar radiation. This tilt angle 
will usually be equal to the latitude of the location; however, this can change based 
on factors such as the shadows that may be created by the surrounding obstacles. 
Several studies focused on determining optimum tilt and orientation angles can be 
found in the literature for locations including Toronto (Hailu & Fung, 2019), Cyprus 
(Ibrahim, 1995), Abu Dhabi (Jafarkazemi & Saadabadi, 2013), Turkey (Kacira et al., 
2004), Egypt (Morcos, 1994), and several cities in China (Guo et al., 2017).

On the other hand, the tilt and orientation contour diagrams show how the amount 
of solar energy that can be received by the panel will change based on a change to 
the way the panel is set up. These diagrams are extremely useful as they can inform 
the user of the panels what the best way to place the panel will be and how much 
radiation will be received. There is also an envelope that the maximum efficiency of 
the panel will work inside. Knowing the range of orientations that will provide the 
maximum output for the panel will allow the panel to be set up to compensate for 
other factors such as the shadows. This will also give the amount of radiation that 
will be received given an existing orientation that will have to be adhered to as is the 
case when placing panels on the roof of a building. The diagram will efficiently inform 
the user of the viability of using the roof and façade of the house to collect the solar 
energy. Some examples where these contour diagrams were developed and/or used 
are given here. Yu et al. (2019) developed a contour diagram for Tokyo (Japan) for 
photovoltaic applications. Cronemberger et al. (2012) presented contour diagrams 
for several cities in Brazil, including Porto Alegre, Curitiba, Belo Horizonte, Brasília, 
Aracajú, Teresina and Belém. These diagrams can be used for both PV and thermal 
applications. Similarly, Khoo et al. (2013) developed a contour diagram for Singapore 
and used it for PV applications. Lee et al. (2013) proposed contour diagrams for two 
cities in South Korea: Seoul and Daejeon. Rehman et al. (2013) developed annual 
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and winter season contour diagrams for Karachi (Pakistan). Robinson (2020) used a 
contour diagram, plotted for Sheffield (UK), in a custom-made, open-source, climate 
analysis toolkit, called PyClim.

As yet, there are no available contour diagrams for areas across New Zealand. There 
is information regarding the annual solar radiation, however there is not currently 
a database of these diagrams available for anyone to access. These would all have 
to be generated on an individual basis by the user based on the radiation data. This 
requires a third-party program to be done and, as such, these graphs may not always 
be available to everyone. This paper will provide contour diagrams and an analysis of 
each for multiple locations across New Zealand so that users may be able to identify 
the optimum tilt and orientation efficiently and the impact of variations in these 
values on the yield of the panels.

2. METHOD
For this work, consider a receiving surface, located at a latitude angle of ф tilted and 
oriented at the angles β and γ, respectively. The β is measured as positive upward, 
with the reference β=0° on horizontal, up to β=90° which is vertical. Whereas γ has a 
reference γ=0°  towards true North (ф being in Southern hemisphere), γ<0° towards 
East and γ>0° towards West. These angles are graphically illustrated in Figure 1.

Since the information about the solar radiation is available in the form of monthly 
average daily global radiation, which is the sum of diffuse and beam radiation received 
on horizontal during an average day, say Hm (kWhr/m2) represents that information 

Figure 1: The angles associated with 
the solar radiation receiving surface

for a month, where the subscript m represents the month number (1≤m≤12). 

To obtain the fraction of this radiation received during a sun hour angle ω (degrees) 
of the day, represented by Im (kWhr/m2), the Collares-Pereira and Rabl correlation 
(Collares-Pereira & Rabl, 1979) shown in Eq. (1) can be used.

Im = π/24 (a+b cos ω )[(cos ω-cos ωs)/(sinωs-ωs  cosωs)]  Hm  (1)

where the constants a and b can be obtained from Eq. (2) and Eq. (3), respectively.

a = 0.409+0.5016 sin (ωs - π/3)  (2)

b=0.6609-0.4767 sin (ω_s-π/3)  (3)
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In these equations, ω_s represents the sunset hour angle, given by Eq. (4) (Siraki & 
Pillay, 2012).

ωs=cos (-tan δ  tan ф ) -1   (4)

Note that, ω is the hour angle at the midpoint of 1 hour period i.e. 7.5° more than the 
stating hour. Also, the sunrise and sunset events are at the equal angles, before and 
after the solar noon, respectively. 

The δ denotes the declination angle for the average day of that month (i.e. n) , given by 
Eq. (5) (Duffie & Beckman, 2013).

δ=23.45 sin (360×(284+n)/365)  (5)

The average day for every month is available in Table 1.

M o n t h 
(m)

J a n 
(1)

Fe b 
(2)

Mar 
(3)

A p r 
(4)

May 
(5)

J u n 
(6)

J u l 
(7)

Aug 
(8)

Sep 
(9)

O c t 
(10)

Nov 
(11)

D e c 
(12)

Average 
Day (n)

17 47 75 105 135 162 198 228 258 288 318 344

Table 1: The average day number for the months

The three components of Im are diffuse radiation, reflected radiation and the beam 
radiation, given by Im,d (kWhr/m2), Im,r (kWhr/m2) and Im,b(kWhr/m2), respectively. The 
diffuse radiation component can be obtained by the Erb’s correlation (Erbs et al. 1982), 
given by Eq. (6).

Id=Im {0.9511-0.1604k+4.388k2-16.638k3+12.336k4  0.22≤k≤0.8  (6)

where k is known as the Clearness Index, can be calculated by using Eq. (7).

k =Im⁄Io      (7)

in which Io (MJ/m2) represents the extraterrestrial hourly radiation, given by Eq. (8) .

Io=(12×3600)/π  Gon [cos ф  cosδ (sinω2-sinω1 )+(π(ω2-ω1)/180  sin ф  sinδ ]    (8)

where Gon (kWhr/m2) is the extraterrestrial radiation on the normal plane, given by Eq. 
(9).

Gon=1367(1+0.033 cos 360n /365)     (9)

The reflected radiation component can be obtained by using Eq. (10) (Ineichen et al., 
1990).

Ir=Im  ρg     (10)

where ρg represents the albedo (or reflectivity) of the ground, has a value between 0.0 
(non-reflecting) to 1.0 (specular surface). 

The beam radiation component can be obtained by using Eq. (11).

Ib  =Im-Im,d  (11)

1 - 0.09k for k≤0.22

0.165   k>0.8  
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To convert these components into the radiation received by the tilted and oriented 
surface, the different transformations are used. For the diffuse (IT,d, kWhr/m2) and 
reflected (IT,r, kWhr/m2) components, the Sky View Factor (SVF) and the Ground View 
Factor (GVF) are employed, respectively, such as given in Eq. (12) and Eq. (13) (Alsadi 
& Nassar, 2017).

IT,d  =Id  SVF=Id (1+cosβ/2)  (12)

IT,r  =Ir  GVF=Ir (1-cosβ/2)  (13)

It is to note that, since the isotropic sky assumption is considered, the diffuse and 
reflected components depend only upon the tilt angle of the receiving surface.

For the beam radiation component (IT,b, kWhr/m2), received on the tilted and oriented 
surface, the coefficient Rb is employed, given by Eq. (14) (Sproul, 2007).

Rb= sinδ  sinф  cosβ-sinδ  cosф  sinβ  cosγ+cosδ  cosф  cosβ  cosω + cosδ  sinф  sinβ  cosγ  cosω+cosδ  sinβ  sinγ  sinω  (14)

cosф  cosδ  cosω+sinф  sinδ

and so, the IT,b can be evaluated by using Eq. (15).

IT,r  =Ib Rb  (15)

The sum of the IT,d, IT,r and IT,b gives the total hourly radiation, IT (kWhr/m2) on tilted 
surface, given by Eq. (16).

IT=IT,d+IT,r+IT,b  (16)

To obtain the yearly average radiation on the surface at a specific tilt and orientation 
angles, the sum of the I_T for every day of the year is first calculated. Then, the 
average value is obtained by dividing it by the number of days in the year (i.e. 365). 

For plotting the contour plots of yearly average daily solar radiation, the brute Force 
method was employed where the values of tilt angle and orientation angles are 
varied over the range of 0°≤β≤90° and -90°≤γ≤90°, respectively. And for each set of 
angles, the yearly average radiation is evaluated. The results are finally plotted in the 
contour diagrams using Minitab package (Minitab, LLC).

3. RESULTS AND DISCUSSION
To begin the calculations, the values of monthly average daily solar radiation data 
was collected from an online database (Boxwell, 2019). The summary is available 
in Table 2. These locations of these cities are shown on the map in Figure 2 as well. 
Then, the method explained in Section 2 was employed for generating the solar 
radiation contours considering the range of tilt and orientation angles. 

 
Table 2: Monthly average daily solar radiation on horizontal for various cities of New Zealand (Boxwell, 2019)

City

Monthly average daily solar radiation on horizontal (kWhr/m2)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Auckland 6.41 5.65 4.59 3.31 2.35 1.96 2.18 2.83 3.96 4.82 5.86 6.26

Hamilton 5.90 5.19 4.26 3.11 2.21 1.81 2.02 2.58 3.54 4.45 5.31 5.73

Tauranga 6.65 5.88 4.82 3.57 2.50 2.01 2.22 2.91 4.03 5.03 5.93 6.58

Willington 6.30 5.51 4.38 3.01 2.13 1.67 1.86 2.55 3.69 4.91 5.86 6.29

Christchurch 5.75 5.01 3.92 2.67 1.82 1.36 1.60 2.28 3.39 4.50 5.49 5.82

Dunedin 5.48 4.77 3.62 2.39 1.55 1.15 1.36 2.00 3.14 4.31 5.23 5.61
 



SITJAR 2021 | Special Edition – Mechanical Engineering

37

For Auckland, as shown in Figure 3, the yearly average daily radiation at optimum tilt 
angle is found to be 5.5 kWhr/m2. This energy is available when the receiving surface 
is tilted between 28° to 78° from horizontal and the allowance for azimuth angle is 
between ±35° from north. This energy is dropped to around 72%, which is 4.0 kWhr/
m2 if the surface is laid horizontal. For the vertical surfaces, such as facades, the 
radiation would be only 3.0 kWhr/m2, when facing east or west. However, the north 
facing facades may receive up to 5.0 kWhr/m2.

Figure 2: The location of various cities 
of New Zealand mention in Table 2

Figure 3: Yearly average daily solar radiation 
contour plot for Auckland
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Figure 4 shows the contour diagram for Hamilton, from this it can be seen that the 
yearly maximum radiation can be up to 6.0 kWhr/m2 between 38° and 80° tilt angle 
and an azimuth orientation of between -22° and 22° from due north. East or west 
facing vertical panels will receive less than 3.0 kWhr/m2  on radiation whereas a 
north facing vertical panel can get up to 5.5 kWhr/m2. Horizontally laid panels may 
receive 3.5 kWhr/m2. 

Figure 4: Yearly average daily solar radiation 
contour plot for Hamilton

Figure 5: Yearly average daily solar radiation 
contour plot for Tauranga

Figure 5 below shows the contour plot for Tauranga. It shows a maximum value of 
6.0 kWhr/m2 for a tilt angle between 32° and 75° and ± 28° from north. Horizontal 
panels will receive 4.0 kWhr/m2  while panels which are mounted vertically will 
receive 5.0 kWhr/m2 while facing north, reduced to 3.0 kWhr/m2  when mounted 
facing either east or west. 
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Figure 7 shows Christchurch receiving its maximum radiation of 6.0 kWhr/m2 at the 
optimum tilt and orientation of between 45° and 75° tilt angle and within 20° either 
side of north. Horizontal panels will get 3.5 kWhr/m2 while a vertical panel can get 
up to 5.5 kWhr/m2 when placed facing north but reduced to 3.0 kWhr/m2 when a 
vertical panel is facing either east or west.

Wellington’s contour diagram is shown in Figure 6 below. There is an optimum tilt 
and orientation of 35° to 82° for ± 30° from north that will provide 6.0 kWhr/m2 of 
annual average daily solar radiation. Vertical panels can receive 5.5 kWhr/m2 when 
facing north going down to 3.0 kWhr/m2 as the orientation moves to east or west. 
Placing a panel horizontally will have it receive 4.0 kWhr/m2. 

 

Figure 6: Yearly average daily solar 
radiation contour plot for Wellington

Figure 7: Yearly average daily solar 
radiation contour plot for Christchurch
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The contour diagram for Dunedin is shown in Figure 8 below. The maximum radiation 
of 6.0 kWhr/m2 is received ±15° from 63° tilt angle and within ±18° of north. When 
placed horizontally the radiation received by the panel is reduced by 50% to 3.0 
kWhr/m2. A north facing vertical panel can still receive up to 5.5 kWhr/m2 but this 
amount is reduced all the way down to 2.5 kWhr/m2 when made to face either the 
east or the west. 

The summary of the optimum tilt angles of north facing surfaces the various cities 
are listed in Table 3.

Table 3: Summary of optimum tilt angles of north facing surfaces for various cities 
of New Zealand

City Optimum tilt angle

Auckland 28° to 78°

Hamilton 38° to 80°

Tauranga 32° to 75°

Willington 35° to 82°

Christchurch 45° to 75°

Dunedin 48° to 78°

4. CONCLUSION 
A numerical method for evaluating the effects of the tilt and orientation (or azimuth) 
angles on annual solar radiation, collected by solar conversion devices (such 
as photovoltaic panels and flat-plate collectors), was presented. It requires the 
latitude of the installation site and the monthly average daily global radiation as 
inputs. This information was obtained from an online free database. This radiation 
information was transformed into hourly global radiation using Collares-Pereira and 
Rabl’s correlation. Erb’s correlation was then used to obtain the diffuse radiation 
component on the horizontal, which was converted into the diffuse component on 
a tilted surface using SVF. For the beam radiation component on a tilted surface, 
the R_b coefficient was used. The ground-reflected radiation component was also 
included in the calculations of the total radiation on the tilted surface. The Brute 
Force method was used to evaluate the annual average daily solar radiation for 
each combination of tilt (between 0⁰ and 90⁰) and azimuth angles (between -90⁰ 
and +90⁰). Then, this method was used to develop contour diagrams for various 
cities in New Zealand. The results show that the devices must be facing true north. 

Figure 8: Yearly average daily solar 
radiation contour plot for Dunedin
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ENERGY FROM THE 
MOTION OF SEAWEED
- AN INVESTIGATION 
OF POTENTIAL
Charlotte Flaherty* and Matthew King 

ABSTRACT
New sources of sustainable energy are in demand as the impacts of fossil fuel use 
become apparent. Otago communities risk the loss of their electricity supply as weather 
events increase in severity and face a further risk from the Alpine Fault which is a well-
documented natural hazard. The motion of water provides a reliable and predictable 
source of energy should the electricity grid suffer a sustained loss.  Traditionally, energy 
extraction from water currents has been achieved through turbines using rotating blades. 
However, this requires high capital expenditure and, depending on the method of harvest, 
can have negative impacts on marine ecosystems and the coastal environment. This 
paper investigates the mechanical properties of seaweed and explores whether seaweed 
is a suitable medium to be used to collect energy when used as part of a micro energy 
harvesting device. It has been found that seaweed is a resilient material with properties 
similar to those of manmade plastics. Seaweed adapts to its local environment and can 
deal with large hydrodynamic forces; however the stipe of the plant is subject to break 
if damaged. 

KEYWORDS
Micro energy harvesting; seaweed; hydrodynamic forces; tidal flow

1. INTRODUCTION
The impacts of changes to our local climates are becoming more noticeable and 
consistent, and the global community is seeking to make a transition from an energy 
intensive society based on fossil fuels to energy efficiency with renewable sources 
(Ecole de Management, 2017). Communities in New Zealand are vulnerable to the 
effects of climate change, including increased intensity and frequency of storms, 
which expose them to a risk of power blackout if contact with the national grid is 
disconnected through storm damage. Any sustained disruption to the electricity grid 
“will have a major effect on the communities and their economic resilience” (Centre 
for Advanced Engineering, 2006).

In the South Island, there is also the risk of a catastrophic earthquake because the 
Alpine Fault has a high probability (75%) of rupturing in the next 50 years and, “we 
should probably be moving from just thinking about response ...to thinking about how 
we actually build resilient communities and infrastructure” (Alpine Fault earthquake 
likelihood increases, 2021). The rupture will produce one of the biggest earthquakes 
since European settlement of New Zealand, and connections in the South Island will 
be severed for between 30 and 180 days (Orchiston, 2018).  The national grid would 
cease to operate in some places. The event will have a major impact on the lives of 
everyone in the South Island. The search is therefore on for new, sustainable, forms 
of energy and the ocean is under consideration as a potential source (Borthwick, 
2016) with ocean tidal currents, water waves and thermal gradients identified as 
sources (Kahn et al., 2017).

Otago Polytechnic, Dunedin, New 
Zealand

*E-mail: charlotteflaherty@xtra.co.nz
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Energy extraction from tidal currents has traditionally been achieved using turbines 
with rotating blades. This design feature can lead to inborn structural weakness 
associated with centrifugal stress. Additionally, it requires high performance, 
light, and strong materials which increases costs (Peng & Zhu, 2009). The capital 
cost of the device construction is driven by a need to withstand the high power-
level (up to 2000kW/m) of extreme, yet infrequent, waves (Drew, 2016). Despite 
considerable research and development, the concepts for converting a slow, high 
force, reciprocating motion to one which is useful for generating electricity show “no 
signs of converging to a preferred solution” (Drew et al., 2016). 

Other methods of collecting energy from the motion of water include axial flow 
hydrokinetic turbines. In 2010, a review of how such turbines could generate power 
identified that they could produce up to 2kW of power but debris clogging the turbine 
disrupts power generation. The authors concluded that “this problem impedes the 
acceptance of hydrokinetic turbines” (Anyi & Kirke, 2010).

Methods of harvest are potentially having negative impacts on marine ecosystems 
and the coastal environment. For instance, there are known environmental impacts 
arising from tidal barrages as they are disruptive to the land within the tidal flow. 
The lowering of salinity inside a tidal lagoon changes the organisms that can live 
there, and fish are either blocked into or out of the tidal lagoon (Rutledge et al., 2011). 
The impacts of wave energy convertors on coastlines, longshore drift and marine 
migration patterns remain to be explored (Galparsoro et al., 2012).

Seaweed grows abundantly in the coastal waters around Otago and can be found 
close to the shoreline. It is subject to high turbulence and differences in flow speed 
and direction and yet retains mechanical integrity in challenging conditions. Although 
the mechanics of seaweed motion are being explored, one method that has not 
yet been investigated is whether seaweed itself could be used to capture energy 
from wave motion using, for instance, a micro generator. This paper examines that 
question.

The intent to harvest energy for small communities creates some design constraints. 
Any use of seaweed would have to be in an accessible site and located close to 
communities. The nearby shoreline would have to be suitable to safely house 
any energy-collecting devices for example, batteries, and they would have to be 
environmentally friendly and low-cost. Ngai Tahu would be consulted because of 
their role as Kaitiakitanga (guardian and advocate) for water, which is a taonga 
(highly prized resource).

2. METHODOLOGY
This study forms the first section of a three-year research project and, as such, the 
focus is on examining whether seaweed can be used as the key part of an energy 
collecting device. 

2.1 Literature review
A review of current literature was undertaken using Google Scholar and key words 
including seaweed, micro energy harvesters, and wave energy convertor, were typed 
into the search bar. A total of 35 journal articles were retrieved of which 26 were 
reviewed and key findings analysed.  

All sources were evaluated for credibility, bias, timeliness and validity. 

2.2. Online module
Information from an on-line course, New Energy Technologies, offered by Grenoble 
Ecole de Management through FutureLearn open-source learning, was also used to 
provide background. The course was undertaken in the autumn of 2017.

Information was also collected during a seminar, Tidal Energy – Present and Future, 
presented by Malcolm Smeaton and run by the Otago Energy Research Centre. The 
seminar was attended in September 2017.

2.3 Interview
In order to confirm key findings from the literature review, an interview with Chris 
Hepburn, an expert on the biomechanics of kelp, took place in September 2017. 
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Associate Professor Chris Hepburn is Director of the Aquaculture and Fisheries 
Programme at the Department of Marine Science at the University of Otago. Dr 
Hepburn has expertise in the hydrodynamics of kelp in different flow environments. 

The author also brought to bear their own expertise in sustainable behaviour change 
for transport which illuminated how change on a micro scale can add up to a macro 
event in terms of community resilience.

2.3 Design criteria
Several methods of collecting energy from hydrodynamic forces have been 
considered and the literature has been reviewed with these configurations in mind 
in the context of the current state of technology. A set of design criteria (Table 1) 
was developed against which seaweed could be assessed using a three-point scale 
(low to high). The criteria included the range of hydrodynamic forces in the selected 
site, the environmental safety, adherence to regulations and iwi values, and ease of 
access so the harvested energy is able to be collected easily by the community.

Table 1: Design criteria for energy harvest using seaweed

Component Design criteria Score 

(low – high) 
(1 -3)

Comment

Subject to regular 
and suitable 
h y d r o d y n a m i c 
forces

Location should be at a site 
subject to regular tidal or 
wave energy

3 Anticipated with all sites

E n v i r o n m e n t a l 
safety

No or few negative 
environmental impacts

2 Micro-harvester attachment 
is not yet known

R e g u l a t o r y 
adherence

Site location and type of use 
must comply to regulations 
and align with Ngai Tahu 
values.

2 Site not selected yet

Ease of access Accessible for attachment of 
device and for collection of 
harvested energy

1  Site not selected yet, but 
higher forces are found near 
rockier shorelines

3. RESULTS AND DISCUSSION
3.1 Community resilience
This report describes the first stage in the design of a device that incorporates 
seaweed to collect energy from flowing water. The device is intended to help build 
resilience for communities by providing them with an energy source in the event of 
a natural disaster or other catastrophe which impacts their normal energy supplies.  
Figure 1 identifies the interlinks between the likelihood of a natural catastrophe, the 
knowledge held within a community and the likely resources that might be locally 
available. It shows how sustainable energy harvest - through use of an energy-
collecting device - can act to help support communities that are at risk of being cut off 
from the national grid in the event of a natural catastrophe or climate change event.
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3.2 Morphology of seaweed
Energy extraction from seaweed has generally focused on the possibilities of biomass 
as biofuel (Milledge et al., 2014), however, there is interest in using the mechanics of 
seaweed motion in tidal or wave flow to harvest energy (Cui et al., 2017). Intertidal 
seaweeds have adapted their morphology and material properties to withstand 
hydrodynamic forces typical for their respective habitats, so they are very flexible 
and extensible compared to other biological materials (Harder  et al., 2006b). In the 
temperate waters of southern New Zealand, the zone from the mid intertidal to the 
upper subtidal is dominated by the seaweed genus Durvillaea (Harder et al., 2006b). 
Many Durvillaea species are referred to as bull kelp (Fraser et al., 2010).

The rocky intertidal zone (Figure 2) of exposed temperate coasts is mechanically 

Figure 1: Venn diagram showing 
how the harvest of sustainable 
energy sits in relation to 
community, resources and 
uncertainty.

Figure 2: Intertidal zones 
showing kelp forests growing 
below intertidal zone1
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a challenging habitat with high flow rates (greater than 25 m/s) and accelerations 
(greater than 500 m/s/s). Before waves break, they can have water velocities of 
2 m/s, while in the surf zone of wave swept rocky shores velocities can reach 25 
m/s (Denny & Gaylord, 2002).  The upper subtidal has less potential for flow-induced 
damage and mechanical failure because it encounters, on average, lower velocities 
and acceleration magnitudes than the intertidal (Gaylord & Denny, 1997). 

The environment requires special mechanical adaptations by intertidal organisms 
and is evident in seaweed, which changes its shape as it adapts to the environment 
(Harder et al., 2006a). Successfully adapted species of intertidal seaweeds, such as 
Durvillaea, can endure a range of forces for lengths of time approaching 9 years (Hay, 
1979). For waves of the order of 0.5 m high, maximum forces on the stipe of around 
300 N and blade accelerations that exceeded 30 m/s/s have been measured. When 
subject to large waves “inferred bending moments at the base of the stipe reached 
average values of around 140 Nm,” (Stevens et al., 2002).

Durvillaea seaweed grows abundantly near Dunedin. The stipe, or stem, of Durvillaea 
undergoes great stresses during tidal and wave flow. The stipe has three distinct 
regions as described in Figure 3: the thin, peripheral meristoderm, which consists of 
densely packed, thick-walled, and pigmented cells. Inside of this is the cortex with 
larger, more elongate, and unpigmented cells. The medulla, which forms the central 
section of the stipe, has elongated, hyphae-like, disordered, and colourless cells, 
embedded in a mucilaginous matrix (Harder et al., 2006b).

The stipe (stem) of a kelp plant is often elliptical and is subject to bending, tension 

and torsional stress under a wave load  (Gaylord B, 1997)). Wave-imposed loads will 
act on a stipe in bending as well as in pure tension. Additionally, the lamina is often 
moved in a circular or elliptical fashion by waves normal to the stipe axis, subjecting 
the stipe to a torsional load.

Drag is a major component of the mechanical load on seaweed (Harder et al., 2006b), 
while the morphology and shape of kelp blades (or leaves) affects the hydrodynamic 
drag created by water flow (de Bettignies et al., 2013).

The blades of giant kelp show a morphological adaptation to speed of current flow 
(Koehl et al., 2008). Specifically, bull kelp displays flat, strap-like blades in rapidly 
flowing water, but wide, ruffled undulate blades at protected sites in which water 
flow is slower. The undulate (ruffled) blades from sites with low flow spread out and 
flutter erratically in moving water (Koehl et al., 2008). This acts to increase drag. 
Conversely the “strap-like blades of kelp from habitats with rapid flow collapse into 

Figure 3: Schematic drawing of a seaweed 
stipe with central medulla, the cortex, and 
peripheral meristoderm2
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streamlined bundles and flutter at low amplitude in flowing water, thus reducing …
drag” (Koehl et al., 2008). Modelling of kelp frond motion identified that the relative 
velocity of seawater to the kelp frond is rarely zero and often is of “comparable 
magnitude to the local Eulerian velocity of the water relative to the seabed,” (Stevens 
et al., 2001). (Pilvin, 2019) 

The direction of successive wave forces varies considerably over short periods of 
time, and twisting, to streamline as quickly as possible, was found both to be an 
important way of reacting to wave action and to be facilitated by a low torsional 
rigidity (M Denny, B Cowen, 1997) (Harder et al., 2006b).

3.3 Mechanical properties
The mechanical properties of seaweed are comparable to those of manmade plastics, 

especially with regard to tensile strength. Tensile strength is a mechanical property 
of materials that indicates the force needed to pull the specimen apart, along with 
how much the material stretches before it breaks.  Figure 4 shows a typical stress-
strain curve for seaweed compared with stress-strain curves for some common 
plastics. Seaweed tissue can take a stress of 3 MPa with strain of 20%, which is in a 
similar range to that of low-density polyethylene (LDPE) which can take a stress of 8 
MPa. Table 2 shows how other manmade polymers compare with the seaweed stipe. 

Figure 4: A typical stress-strain curve for seaweed (left) compared with a stress strain graph for manmade polymers (right).

Table 2: Typical stress at 20% strain for the stipe of Durvillaea seaweed and for a range of common manmade polymers. 

(Harder et al; 2006b) (Mechanical Properties of Thermoplastics - An Introduction, 2020) 

Durvillaea 
stipe

LDPE

(low density 
polyethylene)

HDPE

(high density 
polyethylene)

PP

(polypropylene)

PAS

(nylon)

ABS

(thermaplastic)

PMMA

( a c r y l i c , 
perspex)

Stress (MPa) 
at 20% strain

3.5 8 18 35 48 55 Fails before 
20% strain is 
reached
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The values for the bending modulus of elasticity are notably larger than the tensional 
modulusof elasticity and “due to the low torsional rigidity, excessive bending stresses 
can partly be avoided by rapidly twisting the stipe so that the shorter diameter of the 
stipe is normal to the main force,” (Harder et al; 2006b). This meant the stipe can 
be bent quickly and align with the force, assisting in bearing the load in tension and 
“thus reducing maximum stresses and strains associated with bending”. 

However, whole stipes can commonly fail at lower strains, as surface nicks, makes 
them prone to crack propagation, causing them to snap (Koehl et al., 2008). When 
the stipe is grazed, the subsequent damage can weaken the structural integrity of 
the stipe and/or holdfast and increase an individual plant’s vulnerability to wave 
action (Springer et al., 2007), while research indicated that 90% of detached single 
individuals had broken at a flaw in the stipe (Koehl et al., 2008), and even small 
damages can dramatically increase the susceptibility to breakage (de Bettignies et 
al., 2012). 

This finding was confirmed by an expert in kelp mechanics the Associate Professor 
Chris Hepburn, Department of Marine Science, University of Otago, who further 
indicated that attaching any sort of mechanical device to the stipe of Durvillaea, or 
other seaweeds, would cause the stipe to break (Hepburn, 2017).

4. CONCLUSION
Durvillaea seaweed grows in abundance around the coast of New Zealand and has 
a morphology that adapts to the flow in its immediate environment. It can be found 
near to shore which means it would be accessible for any role it may play in micro-
energy devices.

It has been demonstrated that the stipe of Durvillaea has properties similar to 
those of some manmade plastics, including LDPE (low density polyethylene). Both 
materials are soft, flexible, lightweight, and noted for their toughness.  Seaweed also 
has good torsional and tensile capacities, allowing it to withstand reasonably large 
hydrodynamic forces. These hydrodynamic forces have the potential to be converted 
into energy. 

It has further been found that seaweed adapts to its environment, which often 
includes a considerable variation in the direction of successive wave forces over 
short periods of time, by twisting, to streamline as quickly as possible. This motion 
is facilitated by a low torsional rigidity.  Seaweed also avoids excessive bending 
stresses by rapid twisting of the stipe to ensure that the shorter diameter is normal 
to the main force, thus helping to bear the load in tension and ensuring longevity in 
the face of a challenging water environment adjacent to rocky shorelines.

Given these findings, it would appear to be a suitable candidate to co-opt as part of 
a micro-energy harvester. However, the stipe, an important part of the seaweed as 
it links the buoyant leaves and the holdfast, is subject to damage in storms and this 
damage can cause the whole stipe to fail at strains that are lower than normal. The 
use of seaweed is not practical given that the attachment of any mechanical device 
to the stipe of a kelp could weaken the structural integrity and lead to breakage. 
Therefore, although it would appear energy is available for harvesting, the limitation 
on attaching to the stipe impacts the ability to collect energy using seaweed and 
other areas of interest should therefore be explored. 

A further opportunity for research includes investigating other manmade materials 
that share mechanical properties with seaweed and are suitable for a coastal marine 
environment. The material will need to meet requirements that include immersion in 
water for extended periods of time with little degradation; the capacity to move with 
tidal currents or river flow, and the capacity to endure turbulence and high Reynolds 
numbers due to differences in flow speed and direction. The material therefore needs 
to be durable, pliable and flexible in order to retain integrity and strength over time. 
It will also need to satisfy environmental legislation and be made of materials that 
are acceptable to rural communities and iwi.
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INVESTIGATION OF 
PUNCHING PROCESS 
USING STEEL AND 
ALUMINIUM ALLOYS

ABSTRACT
This paper includes the finite element analysis of the deep drawing process with blank 
holder, die, and punch assembly. The main objective of this project is to determine the 
most important factors affecting this metal forming process, utilising the help of CAD 
software and FEA analysis software. In addition, the goal of this project is to generate 
the 3-D model for numerical simulation of the deep drawing process. Parameters are 
also set for the punch and die dimensions, punch velocity, friction, clamping force, and 
depth of drawing. A special deep drawing rig is designed to fulfill this particular project. 
The material of blank is affecting the process, which is expected. The cause of this will 
be investigated in this project. 3-D asymmetric finite elements with a selective reduced 
integration are used for the spatial discretization of the deformed body. The materials 
used in this project are general non-linear stainless steel and Aluminium alloy. 

Keywords:
Deep drawing; finite element analysis; sheet metal; velocity; friction; asymmetric

1. INTRODUCTION
The deep drawing process is one of the metal forming processes, which is widely 
used for manufacturing complex 3D parts from sheet metals. In many industries, 
this is one of the most important metal forming processes. Optimization is the most 
difficult task in the deep drawing process it can cost some time. This process is very 
cheap so it is good for developing country so they are now making more profit at a 
cheap cost. The deep drawing process consists of die and punch; there are several 
types of punches like mechanical punch and hydraulic punch (Pham et al., 2019) as 
shown in Figure 1. Every punch has different pros and cons like mechanical punches 
have good energy storing capacity and high efficiency but it has the disadvantage 
that its stroke length cannot be adjusted and. Although hydraulic punch can adjust 
the stroke length, it does not have good production efficiency. Currently, many servo 
types of punches are developed that have good productivity and stroke length can 
be adjusted. Bending, punching, extension, and forming are the main four sheet 
metal forming processes. In this research, the die and punch of the product are also 
designed. The main purpose of the design is to minimize waste without affecting the 
quality of the product. The deep drawing process is described in the below image as 
shown, the blank is placed between the die and punch, where the die stays fixed and 
punch applies the force on the sheet metal and it forms the shape of the die. FEA 
analysis also gives the statistical report and stress analysis of the process (Fictorie 
et al., 2010).  
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1.1. Mechanics of deep drawing
To analyse what is happening to sheet metal as it is being formed, it is classified into 
three sections as shown in Figure 2 (i.e. x, y, and z). Sheet metal in section x will form 
the base of the product which is in direct contact with the face of the punch. This 
material strains and slides over the punch’s surface; however, only minor thickness 
variations are expected. Section y represents the bottom radius, it has been bent 
first around the die radius, then unbent, and finally bent in the other manner around 
the punch radius. Finally, the cup’s sidewall and flange are formed from the material 
in section z. It has been bent around the die radius and then drawn to become the 
sidewall (Zhang et al., 2018).  

Figure 1. Deep drawing process layout 
(Pham et al., 2019)

2. LITERATURE SURVEY
Deep drawing can be affected by several factors. Some of them are as follows. 

2.1. Blank shape
The blank shape could be circular or rectangular. Knowledge of the process and 
material factors is essential to reduce process flaws and optimize the process. 
The blank shape is a significant parameter in the deep drawing process because 
it affects the quality of the deep-drawn product, thickness distribution, forming 
restrictions, and defect minimization. It also lowers the material cost of the product. 
When grain size is kept constant and work-piece dimensions are lowered, it has 
been hypothesized that the size effect plays a major role in deep drawing through 
mathematical modeling and experimental testing. 

Figure 2. Deep drawing die explanation 
(Fictorie et al., 2010)



SITJAR 2021 | Special Edition – Mechanical Engineering

54

2.2. Friction
Another major aspect that affects the deep drawing process is friction. The presence 
of a good lubricating film between contact surfaces affects the final product’s surface 
quality, tool life, and sheet draw ability. Friction affects the strain distribution at the 
tool blank interface and the draw ability of metal sheets in metal forming processes. 
Also, the draw ability of the metal sheet affects the wear of the tool (Sojodi et al., 
2021). 

2.3. Blank holder force (BHF)
Higher BHF is always preferred to eliminate wrinkling in deep-drawn cup-shaped 
products, but attempts to forecast a minimal BHF have always been made. There has 
been a lot of research done on the influence of BHF on product quality, material flow, 
strain path, stress distribution, sheet metal thinning and thickening, and product 
flaws. The force exerted by the blank holder has the greatest impact on the thinning 
strain, the coefficient of fiction, and the plastic strain ratio. The strain-hardening 
exponent is also influenced by BHF. To examine material flow, a tooling system has 
been designed that can adjust the distribution of blank holder pressure. This tooling 
system was an important part of the press and could run eight different pressure 
schemes. A controller to govern process parameters, an actuator system to control 
BHF, and a tool with embedded hydraulic chambers help cover the tooling system 
(Tong & Nguyen, 2018).  

2.4. Wrinkling
One of the most serious defects in deep-drawn products is wrinkles. Wrinkling is the 
creation of waves on the surface to reduce compression forces as shown in Figure 
3. Wrinkling can occur in two places: the flange and the cup wall. Wrinkling on the 
flange can be reduced by using the correct blank holder pressure, but wrinkling on 
the sidewalls cannot be avoided with a single parameter, hence many parameters 
must be used to reduce sidewall wrinkling. Manufacturers use bifurcation and energy 
methods to prevent side wrinkling. Total wrinkling energy at the center surface is 
calculated using the bifurcation technique as the sum of bending, twisting, strain, and 
work done by in-plane stresses. Although a higher BHF is usually preferred to avoid 
wrinkling in deep drawing of cup-shaped products, attempts have always been made 
to forecast a minimal BHF. An example of the wrinkling effect is shown in the below 
picture (Hong et al., 2021). 

2.5. Punch force and punch speed
Many types of research suggest that punch force and punch speed may cause the 
real difference in the deep drawing process (Zhao et al., 2007) has experimented 
on a hydro-mechanical reverse deep drawing of cylindrical cups with axial pushing 
effect. In which, A pushing ring applies an axial force to the blank’s brim, reducing 

Figure 3. Wrinkling effect
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radial tensile stress at the sidewall and lowering the chance of fracture. With friction 
and bending, the radial tension in the punch-die zone increases, reducing tangential 
stresses and consequently wrinkling.

2.6. Forming limits
One of the most essential elements in the deep drawing is forming limits, which 
are influenced by process factors. Many studies have been published to determine 
formation limits and curves. The forming limit of an HDD (Horizontal directional 
drilling) process is mostly determined by the shape of the components. An 
experimental analysis was presented by (Kandil et al., 2016) to determine the effect 
of hydro-forming deep drawing parameters on the draw ability of various metals. 
To make symmetric and non-symmetric cups, an experimental test rig was created. 
When compared to normal deep drawing, wrinkling is a very serious failure in 
hydroforming. Failures occurred during the cup formation process, and these failures 
were prevented by changing the initial pressure.

2.7. Thickness variation
The thickness of the sheet metal varies throughout the deep drawing process. 
Thickness variation depends on process parameters. Several research works have 
been reported to evaluate thickness variation. For example, (Arfa et al., 2013) used 
a computer simulation to determine the maximum punch force, in-plane principle 
deformation, and thickness distribution in steel sheets.

2.8. Some other defects
Some of the previous researchers have identified many probable defects like, in 
the instance of U stretch bending; (Nanu & Brabie, 2012) suggested a function that 
links spring back to process parameters and sheet metal stress distribution. In 
addition, the stress distribution in the sheet was expressed as a function of process 
parameters, tool geometry, and material properties in the suggested model, while 
the spring back parameters were expressed as a function of stress distribution in 
the sheet thickness. The prediction of spring back has been done in the deep drawing 
process using a mathematical model (Hora et al., 2013).  

3. METHODOLOGY
This experiment is conducted to analyze the deep drawing process of manufacturing 
of sink in which we determine the evaluation of punch and sheet metal in the die 
with the deep drawing conditions. This experiment will give an overview of modeling 
strategies for the deep drawing process using the finite element method and the 
ANSYS Workbench software. An examination of the manufacture of a sink using two 
distinct materials. In ANSYS Workbench, we will apply some boundary conditions 
to our model and we will use the meshing tools to create a simulation. This deep 
drawing model will be created in the Solidworks software, which will be used as 
geometry in the ANSYS software. A combination of both software will give us proper 
modeling and simulation analysis of the deep drawing process. FEA analysis and 
Solidworks modeling will give us information about how the material change of 
product can be affected by the material property.

3.1. Geometry 
In this geometry, the dimensions of die, punch, sheet, and blank holder are designed 
as per final product requirement in the modeling software Solidworks as shown in 
Figure 4. Later, that design was imported into the ANSYS Workbench to start the 
analysis of our desired process. The test rig is almost set in the order of punch, blank 
holder, sheet metal, and die from the top. The geometry tool in the ANSYS is utilised 
for importing the CAD model created in the CAD software and then use to repair the 
imported geometry. This tool can create, generate and have functions to create the 
model. In this project, the geometry tool has been used for only import and there 
were no designing errors, which was established later. 
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Figure 4. Geometry 

Figure 5. Punch

Figure 6. Die 

3.2. Punch
Punch is one of the parts of the deep drawing process, which first comes in contact 
with the sheet it applies pressure on the sheet metal to bend towards the die. In this 
model, a rectangular shape punch is designed as per our final product requirement 
as shown in Figure 5. Displacement of punch brings force on the sheet metal to bend 
in the die. The punch, which was used in this analysis, is shown below figure.

 

3.3. Die

Die is a forming gadget, which has a huge role in the metal forming process. Die has 
a specific shape for specific product manufacturers as shown in Figure 6. There are 
various types of die are available in the market but in this project, a specific type of 
die is designed to manufacture sink. When the displacement of the punch occurs, it 
applies force on sheet metal, and then bent sheet metal will take the shape of the die. 
Die, which was used in this project, is shown below figure. 

3.4. Dimensions of die and punch model
Punch Height: 105mm

Top of the punch: 152.49mm*152.49mm

DieHeight: 105mm

Top of the die: 285mm*285mm
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Dimensions of die and punch are shown in Figure 7. 

 

                                                               
Figure 7. Dimensions of die and punch

                                                               
Figure 8. . Sheet metal

3.5. Blank
Blank is the specific material, which will be placed on the top of the die as shown in 
Figure 8. The sheet material is considered to be elastic-plastic and to obey a rate-
insensitive Mises-type flow rule that takes finite deformation, work hardening, and 
normal anisotropy into consideration. At the contacting surfaces between the sheet 
and the punch, as well as between the sheet and the die, Coulomb friction is assumed. 
Shape formation of blank will give the desired product as an outcome. In this project, 
two different sheet metal is used with different material property: stainless steel and 
Aluminium alloy.



SITJAR 2021 | Special Edition – Mechanical Engineering

58

3.5.1. Dimensions of blank
Area: 285mm*285mm 

The thickness of sheet is 3mm as shown in Figure 9. 

 

                                                               
Figure 9. Dimensions of sheet

Figure 10. Blank holder

3.6. Blank holder
In the deep drawing process, sheet metal is placed between the die and the blank 
holder. The amount of metal drawn into the die cavity affects the quality of the 
produced part in deep drawing as shown in Figure 10. Metal flow that is too high will 
generate wrinkling in the part, whereas metal flow that is too low can result in tears 
or splits. By exerting a specified blank holder force (BHF) profile, the blank holder 
plays a critical function in regulating metal flow. The dimensions of sheet metal used 
in this experiment are described in the below picture.
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Figure 11. 
Dimensions of 
blank holder

Figure 12. Meshing 

3.6.1. Dimensions of blank holder
Length of each side: 285mm 

Thickness: of the blank is 15mm as shown in Figure 11. 

3.7. Meshing
This is one of the FEA analysis tools utilised in this project to determine the 
parameters and deformation of the model of sheet metal and die in the deep drawing 
process as shown in Figure 12. Meshing improves the efficiency of the modeling and 
simulation analysis. Good face meshing of the geometry can give accurate results, 
which is almost not possible with handwritten calculations.  In this experiment, 
rigid parts of the geometry have meshed as shown in the below picture. In this 
method, the meshing tool can have an impact on the simulation technique’s accuracy, 
convergence, and speed. The mesh is the component that allows the governing to 
solve the mathematical elements to provide accurate results in this die and punch, 
therefore the meshing approach is used to determine the accuracy of the die to be 
inspected in this approach.
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3.8. Boundary conditions
In this procedure, the die, punch, and blank holder boundary conditions are used 
to establish the parameter for the function used to evaluate the die and sheet 
metal analysis. The parameter and die analysis will be used to determine the 
parameter structure of the punch and die evaluation in this condition, as well as the 
displacement of the punch to be evaluated as shown in Figure 13. In this procedure, 
the punch displacement is 100mm in the -Y direction, and the mass and force must 
be determined in this condition for the evaluation of the deep drawing process of 
the analysis function. Boundary conditions applied to the geometry in the ANSYS 
Workbench are shown in the below picture.

3.9. Material

3.9.1. Stainless steel 
Stainless steel is a widely popular material for the manufacturing of the modern 
kitchen sink, providing a sleek, contemporary look, especially when paired with stone, 
wood countertops, or granite. This model also gives elegant look than a drop-in sink. 
In addition, one of the other reasons for selecting steel is that steel is available in a 
variety of types, sizes, and styles in the market. Sheet metal of steel is also easily 
available in the market. In this project during the FEA analysis, non-linear stainless 
steel is selected as a metal of blank.

Figure 13. Boundary condition

Properties of stainless steel metal

Density: 7750 kg m^-3

Young’s modulus: 1.93E+11 Pa

Poisson’s Ratio: 0.31

Bulk modulus: 1.693E+11 Pa

Shear modulus: 7.366E+10 Pa

3.9.2. Aluminium alloy
Generally, sinks are not made by utilising the Aluminium alloy sheet because of its 
higher conductivity. However, sometimes manufacturer makes the sink of Aluminium 
alloy and later they do coating of any metals, which have less conductivity. Deep 
drawing of Aluminium is a very easy and accurate process because of its materialistic 
property. It has less density that plays a major role in manufacturing. 

Properties of Aluminium alloy metal

Density: 2770 kg m^-3

Young’s modulus: 7.1E+10 Pa

Poisson’s Ratio: 0.33

Bulk modulus: 6.9608E+10 Pa

Shear modulus: 2.6692E+10 Pa
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Figure 14. Total deformation of 
stainless steel sheet metal

4. MATHEMATICAL CALCULATIONS
From the geometry,

Sink top breadth (b) = 285mm

Edge radius of the punch (rep) = 15mm

Thickness of the blank (t) = 3mm

Height (h) = 3mm

Punch side corner radius (rcp) = 15mm

Sink top length (l) = 285mm

Drawing co-efficient (n) = 0.9 

Ultimate tensile strength (UTS) = 245 MPa

Co-efficient of friction (µ) = 0.5 

By utilising this, we can get the height of the sink, width of the blank, length of the 
blank, blank radius, drawing force, and clearance as calculated below.

Clearance (cd) = t+ µ √10t = 5.7386, near to the 6

Height of the sink (bd) = (b/4) +0.1cd = (285/4) + 0.1*6 = 71.85mm, nearly 72mm

Blank radius (rc) = (rcp2+2rcph-4 rcprep) ̂ 0.5 = (15*2+2*15*72-4*15*15) ̂ 0.5 = 36mm

Width of blank (bb) = b-2(rep+t) +2rc = 285-2(15+3) +2*36 = 321mm

Length of blank (lb) = l-2(rep+t) +2rc = 285-2(15+3) +2*36 = 321mm

Length of die (ld) = 2+2cd = 2+2*5.7386 = 13.46mm, nearly 13mm

Drawing force (Fdmax) = n* (2(l+b*t))*UTS = 0.9* (2(1+285*3))*245 = 754110 N

5.RESULTS
After applying contacts, meshing, boundary conditions, and desired outcomes as 
shown in the above methodology to the geometry, which was created in Solidworks, 
we will get the solution of this particular process. This solution will evaluate this 
deep drawing process of sheet metal. The results of both material selections are 
discussed below.

5.1. Total Deformation of stainless steel sheet metal
In the function modeling and simulation process, the total deformation is used to 
detect the deformation of stainless steel sheet metal caused by the action of a punch 
at a displacement of 100mm in the -Y direction as shown in Figure 14. In the analysis, 
we can see that the maximum acting value of stress and strain is 70.166mm and the 
minimum acting value is 21.297mm in 2 seconds. 
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5.2. Equivalent Elastic strain analysis of stainless steel sheet metal
In the function modeling and simulation process, the Equivalent Elastic strain is used 
to detect the acting strain on stainless steel sheet metal caused by the action of a 
punch at a displacement of 100mm in the -Y direction as shown in Figure 15. In the 
analysis, we can see that the maximum acting value of Equivalent Elastic strain is 
0.007997 and the minimum acting value is 2.2063e-6m in 2 seconds.

 

Figure 15. Equivalent Elastic strain 
analysis of stainless steel sheet metal

Figure 16. Equivalent stress analysis 
of stainless steel sheet metal

Figure 17. Directional deformation of 
stainless steel sheet metal

5.3. Equivalent stress analysis of stainless steel sheet metal
In the function modeling and simulation process, an Equivalent stress total is used 
to detect the stress of stainless steel sheet metal caused by the action of a punch at 
a displacement of 100mm in the -Y direction as shown in Figure 16. In the analysis, 
we can see that the maximum acting value of Equivalent stress is 1536 MPa and the 
minimum acting value is 0.42526 MPa in 2 seconds.

5.4. Directional deformation of stainless steel sheet metal
 In the function modeling and simulation process, the Directional deformation is used 
to detect the deformation of stainless-steel sheet metal caused by the action of a 
punch at a displacement of 100mm in the -Y direction as shown in Figure 17. In the 
analysis, we can see that the maximum acting value of directional deformation is 
0.23908mm is and the minimum acting value is -100mm in 2 seconds.
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Figure 18. Total Deformation of 
Aluminium alloy sheet metal

Figure 19. Equivalent Elastic strain 
analysis of Aluminium alloy sheet 
metal

Figure 20. Equivalent stress analysis 
of Aluminium alloy sheet metal

5.5. Total Deformation of Aluminium alloy sheet metal
In the function modeling and simulation process, the total deformation is used to 
detect the deformation of Aluminium alloy sheet metal caused by the action of a 
punch at a displacement of 100mm in the -Y direction as shown in Figure 18. In the 
analysis, we can see that the maximum acting value of stress and strain is 70.023mm 
and the minimum acting value is 22.787mm in 2seconds. 

 

5.6. Equivalent Elastic strain analysis of Aluminium alloy sheet 
metal
In the function modeling and simulation process, the Equivalent Elastic strain is used 
to detect the acting strain on Aluminium alloy sheet metal caused by the action of a 
punch at a displacement of 100mm in the -Y direction as shown in Figure 19. In the 
analysis, we can see that the maximum acting value of Equivalent Elastic strain is 
0.0095572 and the minimum acting value is 7.4498e-6m in 2 seconds.

5.7. Equivalent stress analysis of Aluminium alloy sheet metal
In the function modeling and simulation process, an Equivalent stress total is used to 
detect the stress of Aluminium alloy sheet metal caused by the action of a punch at a 
displacement of 100mm in the -Y direction as shown in Figure 20. In the analysis, we 
can see that the maximum acting value of Equivalent stress is 676.32 MPa and the 
minimum acting value is 0.52153 MPa in 2 seconds.
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5.8. Directional deformation of Aluminium alloy sheet metal
 In the function modeling and simulation process, the Directional deformation is used 
to detect the deformation of Aluminium alloy sheet metal caused by the action of a 
punch at a displacement of 100mm in the -Y direction as shown in Figure 21. In the 
analysis, we can see that the maximum acting value of directional deformation is 
0.30245mm is and the minimum acting value is -100mm in 2 seconds.

 

Figure 21. Directional deformation of 
Aluminium alloy sheet metal

Figure 22. Deformation – Time graph

5.9. Comparisons

5.9.1. 7.9.1 Deformation – Time graph
Deformation – Time graph of the deep drawing process for both stainless steel and 
Aluminium alloy is shown in the below in Figure 22. Where we can see that the 
deformation of Aluminium alloy occurs earlier than stainless steel.

5.9.2. Stress – Time graph
Stress – Time graph of the deep drawing process for both stainless steel and 
Aluminium alloy is shown in the below in Figure 23. Where we can see that stress 
acting on the stainless steel sheet is higher than the aluminium alloy sheet.
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Figure 23. Stress – Time graph

Figure 24. Strain – Time graph

5.9.3. Strain – Time graph
Strain – Time graph of the deep drawing process for both stainless steel and 
aluminium alloy is shown in the below in Figure 24. In that graph, we can see that the 
strain acting on the aluminium alloy is higher than the stainless steel.
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6. CONCLUSIONS
 ↘ Stainless steel material sheet metal takes time for forming shape while aluminium 

alloy forms in less time.

 ↘ Stress acting on the stainless-steel sheet metal is higher than stress acting on the 
aluminium alloy sheet metal.

 ↘ Strain acting on the aluminium alloy sheet metal is higher than the strain acting 
on the stainless-steel sheet metal.

 ↘ The higher strength of the material, the higher the required BHF (Blank Holding 
Force) to avoid wrinkling.

 ↘ Due to the metal properties of stainless steel, it is proved that the kitchen should 
be made out of stainless-steel sheet metal because it will be more durable.

 ↘ Each approach of analysis has its own set of benefits and drawbacks. The 
Finite Element Analysis of deep drawing should be performed with the High-
Performance Computing license (HPC) because it could take more than 1hour to 
solve the simulation.References 
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