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Strategies of Affective Instructional
Design for Elderly

Anirban Chowdhury and Prachi Karkun

Abstract Aging poses limitations in motor skills and cognitive abilities, due to
which the elderly face problems while interacting with new technology. On the
contrary elderly are said to have better control of their emotion due to the self-
regulation process. The learning needs of the elderly differ from young due to
changes in the information processing system and the role played by affective system
during the learning process. There is selective cognitive processing due to which
the elderly focus only on emotionally relevant information. Therefore, the current
paper proposes a framework for instructional design solution in the light of the posi-
tive affect resulting from the perception of characteristics of the instructions. The
suggested framework can act as a guideline for planning and executing instructional
strategies targeting the elderly.

Keywords Affect · Cognition · Emotion · Ergonomics · Instructional design · UX

1 Introduction

Advanced technologies have become an inseparable part of our daily lives. Every
advancement comes with an inherent condition of learning and new ways of inter-
action. Ignorance or inability to learn newly introduced product or technology may
pose many challenges as one being dependent on others for completion of simple
tasks. In order to gain independence and efficiency in work, it becomes imperative,
for people of all ages to interact with technology. Specially in order to assist and
aid older adults, products specifically targeting elderly user group have been intro-
duced in the market. However, their adoption by elderly has not been very promising
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[1]. Therefore, there is a need to have an understanding that why older adults have
difficulty adapting to new technologies? Related studies have suggested that elderly
attitude toward a technology is based on the product’s features, convenience of its
usage and learning support provided along with it [2]. Age-related declines affect
this attitude toward new technology or product, as it is an established fact that aging
has effect on cognition learning needs of elderly different from younger counterparts
[2, 3]. Deficits on attention and memory, difficulties in recalling items encountered
recently, are some of the reasons affecting the ability to learn [3]. However, due to
aging better emotional regulation is observed which in turn is resultant of changes
in cognitive abilities. Therefore, there is need to understand human cognitive and
emotional processes in order to address learning needs of elderly. This paper aims
to develop a theoretical framework on existing theories of affect and cognition of
elderly people to develop effective instructional strategies which could be applied
for interface design of different products and software.

2 Methodology

Initially a secondary researchwas conducted and data collected fromonline resources
such as Google Scholar, Science Direct, etc. A systematic literature review has been
performed to filter out important resources and data as per objectives of this study.
Then the Schema Construction Method (SCM) has been applied on collected data
to derive a framework which allows designers to relate their design and to develop
affective instructional design strategies for elderly people.

3 Effect of Aging on Human Cognition

Cognition is the set ofmental processes that take place between sensation and percep-
tion and the response [4, 5]. A human cognitive system is primarily composed
of working memory and long-term memory [6, 7]. Working memory (sometimes
known as short-term memory) is considered to be limited while long-term memory
is comparatively unlimited [7]. Working memory is primarily used while performing
tasks. However, working memory is limited to seven new elements of information at
a time where only two or three items of information can be processed simultaneously
[8–10]. Due to this limited working memory there is a risk to have a cognitive over-
load if instructions are represented as unstructured, unplanned or complex [11]. Since
long time, it is established that cognitive abilities decline with age [3]. These declines
are observed in the storage capacity of working memory, cognitive control, atten-
tion and information processing speed [12–14]. Decline in working memory elevates
the difficulty level to perform tasks. Therefore, as compared to young elderly face
more issues in performing tasks. Although, long-term memory is unaffected due to
aging, recalling information existing from previous experience is not an issue for
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older adults. Therefore, ability to learn instructions may be dependent on the mental
models/schemata or how information is organized structured in long-term memory
[10]. It is difficult to recall new information, but if information due to previous
knowledge resting in long-term memory (LTM) can be accessed and utilized while
performing tasks, elderly may feel motivated to adopt new technologies.

4 Effect of Aging on Human Emotion

The affective system and cognitive system tend to work parallel to each other as
depicted in Fig. 1 [15]. As experience of learning a new interface can only be
explained in terms of human emotions. Studies suggest that affect is a quick, auto-
matic natural phenomenon, occurring even unconsciously on exposure to stimulus
[16]. This affect resulting due to interaction with a learning medium can be positive,
negative. For example, a complex interface causing difficulty to interpret may lead to
frustration disappointment, distress, anger, contempt, disgust, guilt, fear, nervousness
[17], etc., which are characteristics of negative emotion. On the contrary familiarity
due to similar past experience may lead to feeling of confidence, satisfaction and
enthusiasm which are characteristics of a positive emotion.

Aging leads to better emotional regulation, the self-regulation of emotion, is
caused due to selective cognitive processing [3]. In selective cognitive processing,
most of cognitive resources are allocated to emotionally relevant information only.

Belief

Attitude

Intention

Indivisual Needs 

Visceral (aesthetic), Behavioural (activity),  refle ctive (achievement)

Summative 

Evaluation

Perception Cognitive Evaluation

Affective Evaluation

AFFECTIVE SYSTEM

COGNITIVE SYSTEM

Fig. 1 Affective system and cognitive system as parallel processes (Adopted from [15])
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Although which information is relevant and which is not is typically individual-
istic in nature. These are resultant of a person’s belief, attitude, previous knowl-
edge, intention, etc. Studies suggest that attention bias exists toward certain specific
piece of information. Elderly tend to ignore information which is highly negative.
It was observed that affect plays an important role in driving the elderly attention,
motivation, and decision-making, e.g. a highly positive affect results in a state of
high energy, full concentration, leading to engagement [15]. Therefore, the paper
proposes that instructional design characteristics should reflect positivity in order to
have prolonged engagement by the elderly.

5 Design Needs for Elderly

To enable affectivematching of instructional designswith elderly, instructions should
appear to be minimalistic in nature, as complexity may desist elderly to interact with
it. Hence, the instruction environment should appear to be positive and supportive.
Proposed design guidelines for elderly are that figurative representations, simple or
cartoon-like characters grab the attention of elderly [18]. Visual impairment due to
aging makes it difficult to read texts with small font sizes. Therefore, it is recom-
mended that large fonts with typefaces such as ‘Futura’, ‘Helvetica’ and ‘Frutiger’
be utilized for improving readability under low vision conditions [19]. All Textual
representations should be well organized, preferably into blocks of paragraphs of
five lines or less [20] in order to enhance the readability. The differentiation between
relevant/important information, a strong contrast can be used. A smooth transition
between gray to white or different shades of color helps in comprehending image
and text [20]. The above guidelines suggest that the tone, presentation, composition
and typography are those characteristics of instructions that reflect positivity. The
attention toward such instruction will allow elderly to make the first move toward
interacting with the instructions.

6 Framework for Affective Instructional Design for Elderly

As already stated, that affective state on exposure to stimulus drives themotivation for
engagement with product or software; therefore, it becomes essential to consider how
instruction through the medium is represented? The characteristics of the instruc-
tions, i.e. its presentation style should match the needs of elderly. To enable affective
matching of instructional designs with elderly the following framework (please see
Fig. 2) can be considered. The framework suggests that affective matching of needs
of elderly is primarily dependent on the characteristics of the instructions and its suit-
ability which leads to the motivation to initiate interaction with the design. However,
the perception for the instruction is highly individualistic in nature. It is generally
depending on how it is interpreted based on previous knowledge. Therefore, while
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Affective matching needs 
of elderly

Characteristics of 
instructions

Contraints filters:-
Design Suitability

Affective matching of 
personal utility and 

benefit 

Trial with design

Decision:
 Accept

  Reject
  Give up

Fig. 2 Evaluation process of instructions for product/software/service use

interacting with instructions if elderly perceive it to be of use then the medium may
be accepted by the elderly for future use. On the contrary if the medium is perceived
to provide no benefits to the elderly then it may be rejected. The experience after
interacting with instructions determines the fate of the product that is why it becomes
imperative to design instructions considering the needs of elderly.

7 Practical Implications

Products like Automated Teller Machine (ATM) machines, Microwave ovens, tele-
vision, etc., are used on daily basis. Most of the elderly refrain themselves to perform
tasks on these products as they perceive it to be complex. Simplicity in appearance
may cause elderly to have a trial with the product. The present article presented ways
to get positive affect of elderly using few innovative instructional designs.

7.1 Touch-Based Interactive Interfaces

Considering the case of microwave as an example, presently all functionalities are
performed using its control panel (please see Fig. 3). The instructions to use the
product are explained in a separate instruction manual. The technical language and
mode of representation used in manuals causes elderly to often refrain from reading
them.

Therefore, it is recommended that the concept of control panel can be replaced by
an interactive touch screen microwave interface, with minimal functions (please see
Fig. 4). A step-by-step instruction to perform a task using functionality of microwave
can be given on the screen; and thus, the complexity on the screen can be avoided.
Support messages can be displayed on the screen to guide the navigation while
choosing the options of these support messages requiring immediate actions can be
interactive.
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Fig. 3 A regular microwave with control panel

Fig. 4 Proposed microwave designs with touch-based control panel

7.2 Instruction with Emoticons

As elderly tend to show attention bias toward positive emotions; the instructions
that are childlike (cartoonish) and appear to be funny can be used as instructions
for guiding users for products like ATM machines or services like online payment
through mobile devices/websites, etc. In this context, emoticons (please see Fig. 5)

Fig. 5 Proposed emoticon-based instructions
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Fig. 6 Video-based model for training elderly (Adopted from [21])

can be displayed upfront in such interfaces in order to motivate elderly to perform
tasks.

7.3 Video-Based Training for Elderly

A study reported [21] that video-based training that conveys step-by-step instructions
has proven to be very effective to train elderly (please see Fig. 6), as it led to a lower
cognitive load. Similarly, agent-based or avatar-based virtual systems may also be
employed to train elderly that explain instructions in a sequential manner.

8 Conclusion

The problem to remember and recall new information makes it difficult for elderly
to adapt to new technology. This paper highlighted that there is a need to keep these
limitations into consideration while designing instructional designs for elderly. The
role played by the affective and cognitive systems are crucial in determining instruc-
tional design strategies. Therefore, the paper suggested a framework that highlights
factors for affective matching in elderly. As the framework suggested that affective
matching is dependent on the characteristics of instructions, it is recommended that
the attention bias of elderly toward positively valanced emotional stimulus should
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be considered as an important element for designing the instructions. Taking exam-
ples of the product used on daily basis, this paper also presented ways that can be
utilized for designing instructions for elderly to use products/software fruitfully. The
framework may be useful for instructional designers and human factor experts for
designing strategies that motivate elderly to adopt new technologies. However, the
subjective analysis can be done in future to validate the effectiveness of the affective
instructions for elderly in different contexts of product and software design.
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Design of an Awareness Model to Develop
Proper Sanitary Habit Among the Rural
People of Jharkhand

Pallavi Rani and Amrita Bhattacharjee

Abstract Rural areas of India represent most of the population of this country. As
per the census report of India 2011, about 70% Indians live in rural areas. Jhark-
hand is a newly formed state (2000) in eastern India that belongs to EAG. It has
24 districts among which an ethnographic study has been done in three districts,
namely Saraikela-Kharsawan, Dhanbad and Godda. More precisely, the study has
been conducted to understand the sanitary system in these areas. The research data
has been gathered through observation and interviews with village people. It has
been noticed that people of these villages are using open areas such as field, river-
bank, forest and mountain areas for sanitary purpose. Though there are different
schemes from Government of India for clean and healthy sanitisation (e.g. Swachh
Bharat Abhiyan) however, the people of these villages are not changing their sani-
tary habit because they are traditionally used to it. Also, they have many cultural and
social notions behind it. According to their perspective sanitisation in open area is
water saving, time saving and as a whole money saving. So, they are not willing to
change their habit. Eventually it has been found that though there is toilet but they
are reluctant to use it for sanitisation. Therefore, a lack of awareness on hygiene
and health is prevailing in these areas in spite of government initiatives. According
to the Ministry of Rural Development of India, rural development implies both the
economic betterment of people as well as greater social transformation. So, it can be
said that there is a need to create awareness among rural people of India to socially
transform India. Motivation needs to be spread among the people of rural villages
to use proper sanitisation system, which is lacking in the present scenario. As the
existing awareness programme arranged by the government is not effective in these
villages a new model of awareness programme needs to be designed. The design
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model must be more communicative as well as interactive with the rural people of
India.

Keywords Sanitation · Rural development · Jharkhand

1 Introduction

Rural areas of India represent most of the population of this country. As per the
Census 2011 [1], 70% Indians live in rural areas and among them 69.3% households
do not have a latrine. In rural areas of Jharkhand open defecation prevails highest
among all other Indian states. UNICEF has highlighted that 92.4% of the people
in rural areas of Jharkhand do not have a latrine and they practise open defecation
in the field, near the riverbank and other open places. To combat with the open
defecation problem, in 1990, WHO and UNICEF [2] started the Joint Monitoring
Programme (JMP) 2 for Water Supply, Sanitation and Hygiene that is collectively
termed as ‘WASH’. The term ‘open defecation’ became widely used in the WASH
sector from 2008 onwards. For sanitation two categories were created, improved and
unimproved sanitation. Open defecation belongs to the unimproved sanitation. It has
been observed by UNICEF that, in between 2000 and 2015, the number of people
practising open defecation has been reduced globally from 1229 to 892 million, i.e.
an average decrease of 22 million people per year. In 2015, United Nations set 17
global goals named as Sustainable Development Goals (SDGs) which is driven by
WASH mission. According to SDGs Agenda, open defecation has to be shortened
within 2030.

The Indian government has started to promote rural sanitation since 1986. Under
the Central Rural Sanitation Programme (CRSP), subsidized hardware was given
to households for building latrines [3]. Later, CRSP (Department of drinking water
supply Ministry of rural development GOI) was reframed as the Total Sanitation
Campaign (TSC) with the target to end open defecation [4]. To inspire communi-
ties to reach full sanitation coverage, Clean Village Awards (Nirmal Gram Puraskar)
[3] were announced in 2003 which offers cash prizes to villages that attained open-
defecation free status. The Indian Government has been continuously providing a
massive budgetary allocation and priority to the issue. In 2012, theGoI startedNirmal
Bharat Abhiyan (NBA, ‘Clean India Campaign’) to succeed the TSC with an aim to
achieve 100% sanitation access to all rural households by 2022. This new campaign
aimed to quicken rural sanitation coverage by continuing the ‘community-led’ and
‘people-centred’ strategies of the TSC, with amplified importance on community
mobilization, collective and sustainable behaviour change, information, education
and communication (IEC) activities. Financial incentives continued for building
latrines and were offered to more households belonging from BPL as well as above
poverty line (IAPL) [5, 6]. In October 2014, GoI introduced NBA as Swachh Bharat
Mission (SBM) [7] that targets to eradicate open defecation by 2019. The SBM has
got unprecedented support fromGovernment, the private sector and civil society. The
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rural programme endorses pour-flush twin-pit toilets; those are intended to contain
wastes in situ until they are safe to handle. The programme targets behaviour change
and community approaches to sanitation are being adopted throughout the country.
However, after all these efforts also, through field study conducted in 2018–19 in
rural Jharkhand area it has been observed that there is lack of awareness regarding
open defecation problem and the practice is still going on. Therefore, there is need
for modifying existing strategies to eradicate the problem of open defecation. The
present study aims to develop a feedback-based awareness model that will help to
improve the existing scenario by digging up to the root of the problem. The novelty
of the study is not to come up with a new strategy, but to understand the cause
of the failure of the existing strategies by incorporating the behavioural activities
of people into the model. It is expected that the proposed awareness model will
augment the process of abolition of open defecation from rural India through the
continuous modification of the strategies by analysing the feedback received from
the local people.

2 Ethnography Study

An ethnography study has been conducted in three administrative divisions of Jhark-
hand named as Santhal Pargana (Godda district), North Chotanagpur (Dhanbad
district) and Kolhan (Saraikela-Kharsawan district). In these areas, the field study
has been done in rural villages like Raghunathpur and Mansa, of Godda district;
Baghmara, Lawadih and Bandhdih of Dhanbad district and Govindpur, Bagarasai
and Murumdih, of Saraikela-Kharsawan district. Unstructured interview (Fig. 1) has
been conducted among children, women, men and elderly of these rural villages.
From the interview, it has been found that there are many reasons, which is hindering
the government initiatives to eliminate open defecation. The findings of interviews
are as discussed below.

• LACK OF INFRASTRUCTURE: Most of the households in rural villages of
Jharkhand do not have the concept to construct a latrine in the house. The stan-
dard house infrastructure of these households consists of bedroom, kitchen and
courtyard. There is no concept of bathroom and toilet within the house premises.
Eventually there are lack of toilets in their houses, or in nearby localities where
they live. Toilets situated at far places from houses (e.g. schools or in the farms)
lead people to defecate in the open space. Absence of water supply inside or next
to toilets is also a reason to defecate in open area near riverbanks. It is tedious for
them to collect water from a distance place before using the toilet. So, the whole
architectural infrastructure needs to be revised to mitigate the problem.

• MONETARY ISSUE: Most of the people in these areas are afraid of cost-
effectiveness of latrine system. According to them, latrines are too expensive
to purchase and instal. So, this in turn forces them to defecate in open spaces.
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Fig. 1 Interview with village people

• HABITUAL PREFERENCE: In rural areas, early in the morning people go
outside to defecate in the fields or bushes. They prefer to defecate in nature than
in a closed space like toilet. There is habitual preference for defecating ‘in the
open air’. Even, in some villages, toilets are found to be used for other purposes,
such as storing household items, animals, farm products or used as kitchens.

• SOCIAL PREFERENCE: Some people especially women in rural villages
consider open defecation as a social activity. In the conservative societal norms,
this is the time when they can go out of their home and can take some time to
interact with the neighbour women. Also, they can take care of their animals and
farms on their way to the fields for open defecation.

• SOCIAL TABOOS: Open defecation is an ancient practice and a part of social
norms. In some cultures, there are social taboos for daughters-in-law to not to use
the same toilet with the other male in-laws.

• SOCIAL STIGMA: People are scared of cleaning their toilet pits as cleaning
garbage may stigmatized as impure or ‘untouchable’. In the society, where
casteism is still an alarming issue, people do not like to be stigmatized because
of pits cleaning. Therefore, they prefer to go out to delay the toilet pit filling up.

• CONSERVATIVE BELIEVES: According to some age-old scripture valued by
the societies, people should not defecate in their household area. It encourages
people to defecate away from their locality to maintain ritual purity. Due to lack
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of educational enlighten people still obey this age-old misconception and practice
accordingly.

• LACK OF AWARENESS: In some areas of Dhanbad and Godda it is observed
that people of some communities have no idea about the health benefits of using
toilets. They are not even aware of the government policies and initiatives in this
regard. The government campaigns to spread awareness are not reaching them
properly. Some villages still do not have electricity, so, they are not able to view
awareness advertisements broadcasted through televisions or any other e-media.
Due to lack of literacy rate, they are not able to read awareness posters. Therefore,
awareness through print media is also not effectively communicating with them.
In addition, they are not aware of the harmful effect of open defecation on health.
In 2015 WHO [8] has pointed open defecation as a leading cause of diarrheal
death. An average of 2000 children under the age of five die every day from
diarrhoea. So, a proper awareness model needs to be designed to develop proper
sanitary habit among the rural people of Jharkhand.

Therefore, through the ethnography study it is understood that there is a commu-
nication gap between the existing awareness programme arranged by the government
and the behaviour of people. In addition, lack of awareness among them is not forcing
to change their habitual practices. Therefore, amodel needs to be designed tomotivate
people of rural villages to use proper sanitisation system that is lacking in the present
scenario. The design model must be more communicative as well as interactive with
the rural people of India.

3 Literature Survey for Designing Awareness Model

To change the practice of open defecation it is needed to focus on three major
segments: effective communication, awareness creation and behavioural modifica-
tion. All these three segments are interlinked and intersecting with each other. So,
to design the proposed model it is necessary to understand the methodologies which
already exist in these segments.

• EFFECTIVE COMMUNICATION: A well-developed communications strategy
[9] must be comprised of a communications objective, the audience’s current
attitude towards the issue, and the best ways to reach the target audience. The
most effective communications approach will consist of face-to-face contacts of
strategic organizations with target audience. Food and Agriculture Organization
of theUnitedNations (FAO) [10] produced a document concerning the Communi-
cation for Development (ComDev). ComDev is a communication approach based
on the systematic use of participatory methods and tools. In this approach, stake-
holders are integrated with the system to make all the strategic decisions commu-
nicative and effective for the target people. This will engage and empower target
people and rural stakeholders by ensuring equitable access to information, knowl-
edge sharing and inclusive decision-making. The integration of local knowledge
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and communication systems with the media (e.g. rural radio, mobile phones) will
help to give rural stakeholders, more power to take initiative to change their lives
for betterment.

• AWARENESS CREATION: A study has been conducted by earlier researchers
[11], in village ofHaryana to find out themost effectivemethod for creating aware-
ness among the rural population regarding sanitation. The study has mentioned
that there is lack of electricity in most of the villages whereas most of the aware-
ness campaigns are done through electronic media. The study suggested that the
agencies associated with any sanitation programme should create awareness for
sanitation among the rural people through street play, folk shows, etc. which will
communicate with them in their own way.

• BEHAVIOURAL MODIFICATION: Behaviour change is a process of modifi-
cation of human behaviour. For changing behaviour, many processes have been
adopted. To make an ODF (Open Defecation Free) community a community-
mobilization model named as Community-Led Total Sanitation (CLTS) [12],
which works as community mapping tool. It encourages communities to come
up with their own solutions to their sanitation problems through a facilitated
discussion.

Water and Sanitation Program (WSP) [13] of the World Bank has done research
studies among households, which informed the development of behaviour change
communication (BCC) and other demand-creation strategies and tools. Conceptual
framework called SaniFOAM (Sanitation Focus, Opportunity, Ability, and Motiva-
tion) has been developed to design formative surveys to understand barriers and
drivers of improved sanitation and monitor progress of the effectiveness of its
behaviour change programme [14].

At the community level participatory approaches have found to be an effective
method in shifting sanitation behaviours by encouraging latrine adoption in many
areas of different countries. In 2000, Bangladesh developed Community-Led Total
Sanitation (CLTS) [15] to transform sanitation behaviours in communities explic-
itly to end open defecation. The success of this participatory approach led to its
implementation in other communities of Asia and Africa. It underlines that an under-
standing of behaviour alone provides insufficient clues on which to base effective
processes for changing behaviour. Therefore, for effective behaviour change proper
communication and awareness creation is needed at a time.

4 Proposed Design for Awareness Model

From the above discussion, it can be said that there is a lack of connection among
effective communication, awareness creation and behavioural modification. As per
knowledge, none of the awareness strategies has considered all these factors at a time.
Therefore, an awareness model (Fig. 2) has been designed to conglomerate all the
factors for developing a proper sanitary habit among the rural people of Jharkhand.
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Fig. 2 Awareness model

The awareness model is a self-feedback system where in each step the system
can verify the error of the system and can modify the plan accordingly. The system
has broadly three steps named as effective communication, awareness creation and
behaviour modification. The effective communication can be done by face-to-face
interaction with the target people. Also, local communication systems such as TV,
radio, mobile can help to be communicated with the local people. In rural village
areas panchayat-based meeting and discussion can be a useful communication tool
to propagate formulated plan. If all these communication methods are effective then
only the system will proceed to the next step, else, error needs to be found out
and the plan has to be reformulated accordingly. If the communication method is
effective then through its locality-based awareness campaign can be generated with
the help of cultural activities by engaging target people in the campaign process
and by influencing them through local leaders/dignified persons. If in these ways,
awareness can be generated properly then the process will move to the next step, else,
again by finding out the error of the plan it has to be modified accordingly. If the
awareness process is successful then it is mandatory to sustain the changed habit of
target people. Therefore, the process should be recursive to make behaviour change
of the whole community.

To make behavioural change there should be intervention of both external and
internal bodies in the system. External body consists of government officers/staffs
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who can motivate and monitor the expected outcome by economically supporting
the process. Whereas internal body consists of local people (who have already
adopted habit of proper sanitation through awareness creation) need to make strate-
gies towards behaviour modification by understanding their own communitymindset
and act accordingly. In India, each community has different cultural and ritual beliefs
and strategies for behaviour change must be built by understanding their notions.
Consequently, people belong to that particular community can only make proper
strategy for modifying any cultural and ritual beliefs. However, external and internal
body must be two-way interactive and will give continuous feedback to each other
while making any strategical movement. After monitoring for a long-term period if
it is found that behaviour of target people is not modified towards proper sanitary
habit, then error of the process needs to be found out and plan has to be formulated
accordingly, else, the process can be terminated. In the whole process, each step is
recursive based on feedback of the expected outcome. Therefore, to develop proper
sanitary habit among the rural people of Jharkhand it is necessary to have an aware-
ness model, which will continuously reformulate its planning based on positive or
negative feedback of the whole system.

5 Discussion

An awareness model has been designed to develop proper sanitary habit among the
rural people of Jharkhand. The designed model is an attempt to fill up the lacuna
of the existing awareness model found through literature survey. Different fruitful
awareness processes have been integrated in this design. For example, participatory
approaches like CLTS has been recommended in a more interactive way so that
people canmake strategies for themselves to end open defecation. As per knowledge,
none of the existing awareness process has tried to incorporate the feedback-based
modification system to generate awareness in a proper way. As an example, the
concepts of influence and leadership is shown inFig. 3. In this figure, social awareness
and influence process in the context of leadership interactions with a wide range of
other individuals has been explained. In the context of an influence attempt, the social
awareness process described below would occur during the interaction between the
influencer and the target of the influence which is lacking feedback system [16].

It is found in literature that an understanding of behaviour alone provides insuf-
ficient clues on which to base effective processes for changing behaviour. Thus, a
feedback-basedmodel has been designed to find out the error in each step andmodify
the whole process accordingly. Therefore, there is no provision for modification of
planning within the process. It is expected that this proposed model will fulfill the
existing lacuna and will help to develop a proper sanitary habit among the rural
people of Jharkhand.
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Fig. 3 A model of social awareness and influence

6 Conclusion

It has been found that lack of sanitation is statistically linked with extreme poverty.
Therefore, elimination of poverty will certainly help to eliminate open defecation.
Also, the lack of safe, private toilets makes women and girls vulnerable to violence
and is a hindrance to girls’ education. All these issues need to be considered while
making planning to develop healthy sanitation habit. According to the SBM Gramin
(2018–19) [17], among 35 states and union territory, 18 states had reported them-
selves to be open-defecation free. According to report, Jharkhand has achieved
62.51% ODF status. It is expected that the proposed design model will help to
formulate the planning in the right way so that a healthy sanitation habit can be
generated not only in rural Jharkhand but also for the rest of India. In addition, it can
be said that the proposed designmodelmight be applicable for other social awareness
programmes as well.
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Design and Evaluation of Speed Forms
for Design of an Amphibious Vehicle

Debashis Majumder and Anirban Chowdhury

Abstract Amphibious vehicles (AV) are vehicles that can operate on land as well
as on water. Historical evidences of different models of amphibious vehicles show
that it has been lacking aesthetic and styling aspects in its design. An effort has
been made in this paper to derive bio-inspired speed forms considering aesthetic
and dynamism characteristics to design the AV for amusement purpose. Aesthetics
based on visual characteristics or expressions that are created in 2D and 3D by taking
inspirations from biological organisms are called speed forms. Speed Forms for AV
are evaluated to know the user choices. User survey was conducted for understanding
aesthetic preferences, perception of dynamism and their selection criteria. A total of
22 users participated (age range: 18–35 years; 70%males, 30% females) in this study
and they like to explore AV for amusement purpose. The data was analyzed by using
SPSS software using descriptive and inferential statistics (Friedman ANOVA and
Wilcoxon signed test). It was observed that speed form 1 (inspired from frog) was
most preferable among three speed forms explored in this study. The speed form 1
was aesthetically better than other speed forms; however, all the selected speed forms
had dynamic characteristics. Hence, speed form 1 has the potential to be considered
for designing amphibious vehicles used for amusement purpose.

1 Introduction

Automotive design and styling play a crucial role in designing vehicle exteriors [1].
Designer uses intuitivemethods to come outwith interesting formswhich can be used
for vehicle design. There are numerous researches happening in this field to come
out with genuine and interesting forms for vehicle design which includes market
experience, user choices, sales, etc. [2].
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Automotive design extends to all areas of the vehicle readily visible to the
customer. This may be metal, glass, wheels, lamps, mirrors, grilles, badges, etc.
Some parts of interiors like soft trim, seats, door trims, instrument panel, controls,
steering wheel, switches, radio, console, etc. [3]. The aim of this paper is to design
and evaluate the speed form for design of amphibious vehicles. The objective is to
improve aesthetic and styling aspects of amphibious vehicles for amusement purpose.
To quantify the various ingredients of aesthetics and do user survey to measure user
feedback on their choices. Use statistical method to come out with best user choice.

2 Literature Review

Various literature on amphibious vehicle and vehicle form generation principles are
studied. The case studies are described below.

2.1 Vehicle Form Generation Strategies

Vehicle styling and design strategy is an important activity in the modern vehicle
industry. It acts well for future automotive designs and special areas of mobility
design. Appearance of the vehicle is very important for selling of the vehicle also.
It’s a powerful tool for communication. Vehicle Shape, Proportion, surfaces are to
be designed as per users’ choices and psychosocial considerations. This contributes
to user interface and user experience of the product. These aspects are covered and
known as emotional design [4]. Engineering Vehicle design do consider styling as
one of the specialized areas of vehicle development and without which it is incom-
plete [5]. The importance of styling was mentioned as important activity by many
authors. Styling is an intuitive process that mostly depends on designer’s individual
perception. It mostly consists of form development and graphic language [2]. The
usage of semantic aspects and pragmatic aspects are dealt with in developing form
and graphic language. This depends on facts and usage of products. This intern comes
out as character. The debate is on whether it is a planned process in contrast to struc-
tured problem-solving process or it is a reflective process within certain context. The
form development contributes to visual appearance of product, so various research is
happening in this field to establish vehicle designmethods [6]. In current design prac-
tice, it is hard to standardize an all-inclusive manner. However, there is a lot of appli-
cation of gestalt in developing character and interpretation of character [7]. Abstrac-
tions of 3 types. They are abstract, semi concrete and concrete [8]. The methodology
followed here is mostly with pencil and paper. Often physical clay, industrial clay,
foam are used to make physical models. This is a reflective process where designer
checks to and fro with situation, materials, cost and production methods. Cad and
morphing is proved to be a very useful tool in this [6].
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Fig. 1 Speed forms in nature adapted for aerodynamics

2.2 Speed Form and Aerodynamics

When we talk of vehicle design, aerodynamics comes into play as an integral part of
design process. In engineering language, it can be said that automotive aerodynamics
is the study of the aerodynamic properties of vehicle design reducing drag and wind
noise and prevent undesired lift forces causing instability at high speed.Aerodynamic
forms are generated by designers by mimicking high-speed animals, birds or objects
in nature. Lot of similarity can be found in design of an airplane with that of a
flying bird. Many a time aerodynamic forms and shapes of leopard are mimicked in
designing a vehicle or bike [1, 5].

Recent research shows that speed form generation based on certain high-
speed animals or creatures (Fig. 1) has much better aerodynamic properties than
conventional shapes. This also brings new aesthetics language and newness in design.

2.3 Speed Form and Vehicle Design

Speed forms are generated by designers in a way to generate one idea from another
idea. Transformation through sketches and understanding the design are followed.
Process of lateral and vertical transformation of sketches are followed [9]. Lateral
transformation converts one idea into a different idea, while vertical transformations
manipulate one idea into a version of the same idea [10]. Generally sketching is the
starting of generation of speed form to form an idea of attributes or properties [11].

The design and styling of automobiles are dominated by newness and innovation
in terms of form design. The newness in form can be brought by imbibing character
into the form. The character is studied by incorporating inspiration board. Inspiration
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board is a collage of similar character objects or entities. Initially the 2D sketches
are drawn by incorporating character lines from mood board. From 2D sketches 3D
entities are sketched. Often 3D model is created from the sketches. Vehicle exterior
and interior designs are heavily influenced by speed form process.

3 Methodology

Even though speed forms are developed to show character and innovation in form
but it is designer’s own interpretation. The accuracy and perfection come from expe-
rience in the similar exercise over many years. This requires understanding of user
psychology, market condition, sales condition and understanding of the product also.
There is no formula or quantitative method to do this. That is why it is a creative
process and designers are trained to use this process. This is used in product design
and vehicle design also. The effectiveness of this process can be done by having a
user survey.

3.1 Participants

In this case we used user survey method to rate the various attributes in the clay
models. We used 1–7 scale for rating. 1 being “minimum characteristic is found in
model” and 7 is “very high characteristics are found”. A group of 22 users were
interviewed which is a good sample size. The users were from 18–35 age which
included male (70%) and female (30%). They were shown the 3 Clay models one by
one andwere asked to rate different characters likeBionic,Dynamic, Fluid, attractive,
beautiful, visual delight and cute. The points were noted and analyzed by statistical
method [12, 13].

3.2 Speed Form Development for Amphibious Vehicle
and Clay Modeling

Amphibious vehicle is the type of vehicle which can run on roads and on water
also. The look of the AV should be different from that of the land vehicle and water
vehicle. In order to find a new form suitable keywords were selected to design 3
speed forms. After approval of sketches 3 forms were selected as final. The clay
models were made in 1:10 scale. Models are not related with one or other. They look
completely different from one and other. The first step in speed form generation is
to create mood board generation. Identify Bio object or inert material to signify the
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Fig. 2 Bio-inspired form transition for AV

character. Identify the significant visual character and draw sketches to arrive at an
acceptable form which is good for design of amphibious vehicle (Please refer Fig. 2)
[14].

The following attributes are considered for creating a speed form for design of
amphibious vehicle.

Speed Form 1: This experiment shows the visual characteristics of speed form in
combination of aesthetics and dynamism. This form resembles with elements like
“Frog”. It is also “Dynamic”. Certain aspect of movement is indicated. The other
aspects of speed form like attractive and Fluidic property are also indicated in a
varying scale.

Speed Form 2: Here this reveals the characteristics of Dolphin with speed form.
The attribute like “Fluidic” is present in a wave-like structure which resemble the
fin-like structure of dolphin. The other aspect of amphibious vehicle is fluidic which
is represented in the second model.

Speed Form 3: This speed form is inspired from “Eagle” like structure. Eagle
flies high, smooth and with high speed. Body structure is balanced with wing-like
structure. The amphibious vehicle character like high speed and smooth running
resembles Eagle. It can also be taken as dynamic.

3.3 Aesthetics and Perceptual Evaluation of Speed Form

The sources of inspiration for these 7 attributes cannot be one. There are various
objects in nature which are responsible for invoking a particular type of perceptual
language. Design of a speed form is a mix and match of all these attributes in a single
form. There are various options to come out with different forms which invoke
varying amount of these attributes in a single model. Design of speed form depends
on designer as how to combine different perceptual language in way that is most
efficient in communication. The effect of cross-culture, gender and age gives varying
result for the same perceptual form. Therefore, it is essential to go for survey of user
perceptual mapping on these speed forms [15–18]. Please refer Fig. 3 for speed
forms.
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Speed Form 1 Speed Form 2 Speed Form 3

Fig. 3 Clay models of speed form used for amphibious vehicle design

3.4 Expected Attributes of Speed Form

In this paper, concepts of aesthetic abstraction connected with specific features and
contexts are used [15, 16].

(a) Dynamic: This character is verymuch applicable for design of AV as it moves on
water and landwith equal performance. People like to have speed and dynamism
in the design of AV. Visual representation of dynamic properties can come from
various birds in nature or animalswhichhas great speed like “Cheetah”, “Deere”,
etc. They can be sources of inspiration.

(b) Fluid: This is appropriate in the design of AV as it runs on water and creates
ripples. The shapes which are having streamlined body have more performance
in water while moving. For example, the body structure of a fish which has great
performance in water. Fluid as a character is considered as an attribute in the
design of AV.

(c) Attractive: Since the AV is going to be an object of desire, being attractive is a
necessary attribute of the metaphor of speed form. This is an important point
for purchase also.

(d) Beautiful: This is a generic terminology generally used to include all kinds of
people with open choices. Since this is an inclusive design, being beautiful is a
necessary attribute in designing the metaphorical speed form for AV.

The speed forms are evaluated for the purpose of converting the form into an
Amphibious Vehicle. When the user evaluates the form, the aspect of technicalities
comes into hismind. They start relating Formwith Function [17, 18].User also judges
the aesthetics of form by comparing it with other AVs in market. They imagine it
in mind whether it will look superior to existing AV, etc. The acceptance criteria in
mind is a mix of all the parameters and dominance of one with other. It depends on
person to person depending on the background of person [19].

3.5 Questionnaire for User Survey

The questionnaire for the survey is based on the objective to access the physical
model and judge their acceptance criteria. A google survey form was created and
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Fig. 4 Tools for questionnaire survey

users were asked to rate the 3 speed forms. They were individually shown the speed
form physical models made by using automotive clay. At the end they were asked to
give selection of their best choice out of 3 speed forms (Please refer Fig. 4).

3.6 Statistical Analysis of Speed Form Data

The data was analyzed in software named SPSS (Statistical package for social
sciences). It was decided to go for nonparametric statistics as the sample data distribu-
tion is not following normal distribution pattern (bell curve). The Friedman ANOVA
and Wilcoxon test were conducted as within-subjects study was designed (where
same group of participants responded for various parameters to three different speed
forms).

4 Results and Discussion

4.1 Aesthetic Perception

There were 4 different attributes given in the Model survey. The words were Attrac-
tive, Beautiful, Dynamic and Fluidic. The average responses for keywords of “Attrac-
tive” and “Visual Delight” is considered as “Attractiveness Scale”. The average
responses for keywords “Dynamic” and “Fluidic” are considered as “Dynamic
Scale”. From the above analysis we can find that form 1 is having “Dynamic” char-
acteristics and “Aesthetic Characteristics” which is given by all (Please refer Fig. 5
for speed form evaluation). Results of other researches also supporting the current
result [6, 20, 21].
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Fig. 5 Variations of aesthetics (left) and dynamism (right) perception

Fig. 6 Speed form evaluation for performance

4.1.1 Statistical Interpretation for Aesthetic Variations

In Friedman test, p value is less than 0.05 hence there is significant variation in
aesthetic value of speed form [χ2(2) = 8.720; p = 0.01]. In multiple comparison
test, no significant difference was observed except in case of mean values of aesthetic
for different speed forms as P values are above 0.05, except when aesthetic values
were compared between speed form 1 and speed form 2 [Z(2)=−2.567; p= 0.01].

4.2 Dynamism Perception

All the forms are having dynamic characteristics. “Dynamic” character is more in
form 2 as compared to form 1 and form 3. Form 3 is second highest in all characters
except “Dynamism”. Please refer Fig. 6.

4.2.1 Statistical Interpretation for Variation of Dynamism Value

In Friedman test, p value is more than 0.05 hence there is no significant variation in
dynamism value of speed form [χ2(2) = 2.564; p = 0.28]. In multiple comparison
test, no significant difference was observed in case of mean values of dynamism
for different speed forms as p values are above 0.05, when compared the dynamism
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Fig. 7 Form selection rates

values in different combinations for three variations of speed forms. The above
analysis by SPSS software also shows that the user preferences on “Aesthetics” and
“Dynamic” characteristics of the speed form decided their choice of final preferred
model.

4.2.2 Speed Form Selection Based on Perception of Users

The individual variation of attributes between all three models are shown in Fig. 7.
The Chi Square Test value for the three models 0.035 which is less than 0.05, it
proves the null hypothesis. There is a significant difference between two characters.
While the dynamic character is not responsible for final selection of form by users,
the aesthetic character is responsible for final selection of final form by users. The
user survey data also shows that the majority of users select form 1 as their best
choice of form. The selection of model as per user choice is shown above. The form
1 is selected by majority as final choice. Please see Fig. 7.

5 Conclusion

This was an exercise where aesthetic languages of a speed form were analyzed.
The speed forms had varying attributes of “attractive”, “dynamic”, “beautiful” and
“fluidic” characteristics. The user survey shows that due to high aesthetic ratings,
users select the speed forms. Their preferences for aesthetics dominate their selec-
tion criteria. Form 1 was having highest preference by users over other two forms.
The statistical analysis shows that there was no significant difference in score of
“Dynamic”, “Beautiful” and “Fluid” form character. But there was significant differ-
ence found in “Aesthetic” character. This has resulted in final selection of form by
users.We can infer that people do select speed forms based on their rating on aesthetic
character.
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The form 1 can be taken forward for development of exterior shape of AV. Here
the detail mechanism and ergonomics are not considered as it is initial exploration.
In future detail design can be made considering Ergonomics and actual mechanics
for development of AV. This approach can be made useful for innovative form design
of AV. Currently in AV design, this aspect is missing. It is useful for creating form
based on its function which will be unique to its application.
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Design and Analysis with Optimization
of Car Radiators Using Nanofluids
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A. Sundaramahalingam, and S. Dhayaneethi

Abstract In the present automobile sector, a computational fluid dynamics analysis
helps in optimizing the radiator size. Cooling performances of nanofluid over the
tubes of a radiator are to be observed. The dominance of nanofluid over the base fluid,
water has to be evaluated.Governing the continuity, energy andmomentumequations
for laminar flow helps in a numerical simulation. In this phase, Maruti Suzuki 800
radiator is taken as amodel that has to be optimized. Based on the existing dimensions
the modeling is carried out. The test liquid will flow over the radiator which consists
of 57 tubeswith circular sectionwhile airmakes a constant cross flow inside the banks
of tubes. Nanofluids could enhance engine heat dissipating capacity. The main motto
of our project is to optimize the size of the radiator and the heat dissipating capacity
is to be increased. The modeling is created using SolidWorks. The optimization of
Nanofluids is to be analyzed using Computational Fluid Dynamics.
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1 Introduction

The internal combustion engine is where occurs the fuel combustion (like fossil fuel)
with an oxidizer in a combustion chamber, the essential part of the fluid flow circuit.
For a few parts of an engine direct force is provided through the amplification of the
temperature and pressurized gases fabricated by combustion process carried out in
the Internal Combustion Engine (ICE). Turbine blades, a nozzle or pistons, typically
gets the pressure applied. This transformation of chemical energy into mechanical
energy produces a force that helps in moving the component to a specific distance.
Etienne Lenoir was the creator of the first successful Internal Combustion Engine
commercially. The term internal combustion engines are usually found in components
such as two-stroke, four-stroke piston engines, along with alternatives, including the
Wankel rotary engine and six-stroke piston engine, which is referred to as an engine
in which combustion is spasmodic. Continuous combustion is used in a second class
of internal combustion engines, such as jet engines, most rocket engines and gas
turbines [1–6].

1.1 Cooling System

The parts of the engine need to be cooled, to prevent them from overheating. Ambient
air is the only fluid that can help absorb the heat. In an engine operation, it has to
be ignited soon, rising up to the required temperature and has to be maintained at
the same narrow level. Meanwhile the load of the engine can vary from a minimum
to maximum, and fluctuation is allowed in these load ranges. While the ambient
air temperature can vary, between −20 and +40 °C. Cooling system has to operate
appropriately, at that wide range of circumstances [7, 8].

1.1.1 Radiators

The transfer of heat energy from one medium to another for cooling and heating
purpose is carried out by the radiators. Radiators are especially mounted on the
Internal Combustion Engines for cooling, mainly found in automobiles but also in
locomotives of railway, piston engine, plants that generate stationary, motorcycles
and where these IC engines are used. A coolant is sent via the engine block, to
absorb thermal energy from the engine and to chill it down. The coolant that is hot
now passed through the inlet tank of the radiator, where it gets distributed around the
radiator core. On its way to the opposite tank, it gets cooled down. The cold coolant
then flows back to the engine and the cycle is repeated [9, 10].

Mostly, water-based coolants are used, which leads to freezing, erosion, cavita-
tion and corrosion. To prevent this, the coolant is mixed with glycols. Sometimes,
the coolant might also be oil-based. Thermo siphons were used in the coolant to
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Fig. 1 IC engine cooling system

circulate in the first engines; while now, almost all the smallest engines use pumps.
As circulating via tubes, the coolant transfers its heat to the fins laying between each
row of tubes. The ambient air gets heated up by the fins. Fins significantly increase
the contact surface of the tubes with the ambient air, thus escalating the exchange
capability. Fig. 1 shows the coolant flow inside the radiator, radiator hoses and coolant
jackets. Comparatively a large volume of air flow has to be given, to capture heat
from the coolant, since liquid coolants are denser and have higher heat capacity than
air. Hence radiators are provided with one or more fans to help adequate air flow.
Radiators are often mounted behind the grill framework that is placed in the front of
a vehicle, to save fan power consumption in vehicles [11, 12] (Fig. 2).

1.1.2 Nanofluids

Suspensions of nanoparticles, with dimensions smaller than 100 nm, in fluid
state, with that of significantly enhanced properties, are called as nanofluids.
Nanofluids havewide range of applications in every field, fromautomobile tomedical
fields. Nanofluids, containing nanoparticles which are usually composed of metals,
carbides, carbon nanotubes or oxides, with common base fluids as oil, water and
ethylene glycol [13].

1.1.3 CFD

Computational fluid dynamics (CFD), is a branch of fluid mechanics that resolve
and analyze problems that involve fluid flows using mathematics and algorithms.
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Fig. 2 Radiator—cooling system

Computers help in performing the calculations needed to vitalize the liquids and
gases interactions with surfaces that are determined by boundary conditions. Better
solutions can be achieved, with highly efficient computers. Researches are carried out
to yield a software that could improve the precision and complex simulation scenarios
speed, as of turbulent or transonic flows. Validation of such software experimentally
is performed with a wind tunnel, and finally with the full-scale testing, e.g. flight
tests [14].

2 Modeling Methodology

Parameters refer to restrictions that define the geometry or shape of the assembly
or model. Parameters can be either geometric or numeric. Numeric parameters are
correlated with each other, which aid them for design capture. Design is the respond
expected by the creator to the changes and updates made. For an instant, if you
would like to have a hole on the top of a beverage can, on its top surface, despite the
dimension of the can, SolidWorks will allow the consumer to mention the hole as a
feature on the top surface, and will carry out the design intent, letting them assign the
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desired can size. Features refer to the elementary units of the part, which regulates the
shapes and operations of the part. 2D or 3D sketch of shapes such as holes, bosses,
slots are usually the beginning of the shape-based features. This shape is then cut
to include or exclude material from the part. While the operation-based features are
not based on sketches, and include other features such as shells, chamfers, fillets,
applying outline to the sides of a part, etc.

2D sketch is the first and foremost step in building a solid work model. This
sketch that is usually composed of geometrical aspects such as points, arcs, lines
and conics, is added with dimensions to mark the location and size of geometry.
Attributes like tangency, parallelism, perpendicularity and concentricity are defined
by relations with respect to sketch geometry. Dimensions and relations are the key
features that drive the parametric nature of SolidWorks. The sketch dimensions can
be independent, or related to others. The analog to sketch relations are the assembly
mates. The assemblymates with respect to the individual parts or components, define
equivalent relations which in turn makes the construction of assemblies easier. Addi-
tional advanced mating features are included in SolidWorks such as cam follower
mates and gear. These let gear assemblies to repeat the rotational movement more
relatively. The optimumcoolant temperature forMaruti Suzuki 800 radiator is around
92 °C. The temperature at which the thermostat valve begins to open is 82 °C. The
temperature at which valve becomes completely open is 95 °C. Radiator modeling
is done using SolidWorks. The design parameters are taken from a Maruti Suzuki
800 radiator [15, 16].

3 Design and Analysis

3.1 CAD Model

Material of tubes: Aluminum.
Number of tubes: 57.
Inner diameter of tube: 3 mm.
Outer diameter of tube: 3.3 mm.
Material of fin: Aluminum.
Thickness of fin: 0.1 mm (Figs. 3, 4, 5 and 6).

3.2 Meshing

The meshing of one of the tubes from the radiator is fine meshed using ANSYS
workbench 14.0. One of the fin is also fine meshed. The statistics of the meshed
objects are obtained as following [17].

Statistics of tubes Nodes—415,902.
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Fig. 3 CAD model of the radiator done using SolidWorks

Elements—1,776.
Statistics of fins Nodes—26,161.
Elements—9956 (Fig. 7).

3.3 Heat Transfer Calculations

3.3.1 Parameters

Inner diameter of tubes, di = 0.0056 m.
Length of tubes, l = 0.275 m.
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Fig. 4 CAD model of the radiator tubes done using SolidWorks

Fig. 5 2D sketch of a fin of the radiator from SolidWorks

Inlet temperature, ti = 90 °C = 363 K.
Tube wall temperature, tw = 55 °C = 328.
Number of tubes, N = 57.
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Fig. 6 2D sketch of bank of tubes of the radiator from SolidWorks

3.3.2 Formulae Used

Total flow area, Af = N × (π/4) × di2 Af = ṁ/vρ.
Reynolds number, Re = vd/ν.
Nusselt number, Nu = hd/k.
Mass flow rate, ṁ = ρAv.
Heat transfer, Q = ṁ Cp(ti − to) Q = hA(tm − tw).

3.3.3 Boundary Conditions

Inlet condition. Inlet temperature as 80 °C (Fig. 8).

Material—Aluminum alloy

See Fig. 9.

Outlet

See Fig. 10.
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Fig. 7 Meshed fin of radiator from ANSYS

Fig. 8 Inlet temperature as 80 °C
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Fig. 9 Material—aluminum alloy

Fig. 10 Outlet temperature
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4 Results

Total flow area, Af = 1.4039 × 10−3 m Velocity of water, v = 71.229 m/h v =
0.0198 m/s.
From Heat transfer Data book, water at 90 °C Density, ρ = 967.5 kg/m3.
Prandtl number, Pr = 1.98 Kinematic viscosity, ν = 0.3285 m2/s.
Thermal Conductivity, k = 0.67455 W/mK Specific heat, Cp = 4205.5 J/kgK.
Reynolds number, Re = 337.53 < 2300. Therefore, it is a laminar flow.
For laminar flow, Nusselt number, Nu = 3.66.
Heat transfer coefficient, h = 440.866 W/mK.
Mass flow rate, ṁ = 0.029 kg/s.
Outlet temperature, to = 66.748 °C.

Temperature

See Fig. 11.

Pressure

See Fig. 12.

Fig. 11 Temperature result
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Fig. 12 Pressure result

Velocity

See Fig. 13.

Fluid Inlet temperature (°C) Outlet temperature (°C)

Water 80 29.49

Nanofluid 80 26.26

5 Conclusion

Thermal analysis of cooling system is carried out using analysis software. First CFD
thermal analysis is carried out simulation approach and theoretically according to
the operating condition. The presence of nanofluid can improve the heat transfer rate
of the automobile radiator. Fluid flow rates, core dimensions, temperatures, fins and
tubes details like thermal conductivities, thickness and number of tubes are given
as inputs. Accuracy of this analysis can be increased by embodying CFD. ANSYS
CFX is a CFD program that helps increase fluid flow in tubes of radiator. The amount
of the heat transfer improvement hangs on the quantity of nanofluid added. From
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Fig. 13 Velocity result

the result, we conclude that nanofluids provide improved convection i.e. provides
superior cooling to engine compared to water.
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Design and Cost Analysis of Mini
Tiller-Cum-Basin-Maker for Coconut
Trees

Abi Varghese and Jippu Jacob

Abstract Mini Tiller-cum-Basin-Maker is aminiaturemachine which helps in loos-
ening soil and trimming roots around the coconut tree. It helps the coconut tree in
storing water during monsoon, regulating infiltration and percolation, stimulating
root growth, manuring, applying of fertilizer, to aerating it, including controlling
or destroying of weeds, insects, pests and worms. The machine consists of a petrol
engine, chassis, belt and chain drive, tie-rod member, openable loop, scraper blade
and a rotavator shaft with 32 blades. The openable loop is connected at the end of
tie-rod member which is attached to the trunk of a tree. Motion is then imparted
to the mini tiller and the blades, which cause the machine to move around the tree
trunk. The engine is connected to the blades through belt and chain drive which helps
to plough the land. A scraper blade is fastened behind the rotavator shaft, which is
inclined to the axis of shaft help to gather the soil radially outward. It also helps to
deposit the soil behind the scraper attachment to form a circular bund. The scraping
and shifting of the soil cause to form a basin of some depth around the tree. The
extendable tie-rod member helps in varying the radial distance of the basin from
the tree trunk. Cost analysis of the machine is calculated and the operating cost of
machine for making per basin is Rs. 31.40 which is more promising when compared
to traditional manual basin making method which is Rs. 39.

Keywords Coconut · Coconut tree ·Mini tiller · Basin-maker
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1 Introduction

Coconuts are essential to the traditional lifestyle and also one of the major income
sources of the people of India, which is one of the largest producers of coconut [1, 2].
The major by-product from coconut trees are (i) Coconut which includes Coconut
water, Coconut meat, Copra, Coconut oil, Coconut Cake (ii) Coconut Toddy (iii)
Coconut shell-based product (iv) Coconut Coir-based product (v) Coconut leaves
(vi) Coconut wood-based product [3, 4]. Coconut trees are hard to grow in drought
climate and frequent irrigation is required to grow new leaves [5]. Therefore, before
monsoon season, circular deep groove is dug around the coconut tree. It provides
maximum rain water available during monsoon season and removes the old roots
and replaces it with the new ones. It helps to provide good humus fertile soil around
the tree and penetration of the new roots also becomes easy. It also helps in aerating
it, storing water, regulating infiltration and percolation, stimulating root growth,
manuring, applying fertilizer, including controlling or destroying of weeds, insects,
pests, and worms. Generally, soil manipulation of this sort is done manually using
spades, pickaxe, or soil tilling tools. Manual digging of a groove up to 2 m radius
and 220 mm in depth, it takes around 15–25 min, depends on soil condition, physical
strength of the worker, and size of the tree. Thereby making work muchmore tedious
and time-consuming. It affects productivity and increasing demand of labour and
labour cost.

Mini Tiller-cum-Basin-Maker [6] is a miniature machine which helps in loos-
ening soil and trimming roots, which leads to aerating it, storing water, regulating
infiltration and percolation, stimulating root growth, manuring, applying of fertil-
izer, including controlling or destroying of weeds, insects, pests, and worms. Other
than traditional methods, an attachment is developed to the tiller for making basins
around trees [7]. It consists of a horizontal ‘L-shaped’ member, one end which is
attached to the tree trunk and other end is connected to the tiller. Themovement of the
tiller in forward direction and the influence of the ‘L-Shaped’ member aids the tiller
to plough in a circular path. In 2015, Kerala Agriculture University has developed
coconut basin digger which is an attachment to power tiller [8]. While digging, the
attachment is connected around the coconut tree and helps to move around. But it is
very time-consuming, because of complex connecting mechanism and very hard to
till the soil near the tree, due to minimum turning radius. Power weeders developed
by many companies are also used for making coconut basin in many areas. Though
a mini tiller, garden tiller, power tiller, or tractor is used to till around the tree, its
limitations in steering close to the tree; may be due to drooping branches, short
turning radius, etc.; impose restrictions in making the operation easier or effective. It
is under these circumstances that the machine under invention becomes useful. The
machine is applied for Indian Patent with the application of 1025/CHE/2013 shows
the novelty of the product.
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2 Materials and Method

2.1 Design

Figure 1 provides the schematic drawing of Mini Tiller-cum-Basin-Maker [6]. The
mini tiller and its tilling unit consists of a petrol engine, transmission unit, scraper
blade, rotavator shaft, openable loop, and tie-rod member.

Engine
Petrol engine is the main power source of the machine, which is separably fixed to
the chassis. The power from the engine is transmitted to the rotavator shaft through
a belt drive and a chain drive.

Power Transmission Unit
The power from the engine is transmitted with a belt drive to a chain drive. Appro-
priate shields and covers protect the transmission systems. Driven pulley of the belt
drive and driver sprocket of the chain drive is fixed on the same intermediate shaft.
Driven sprocket of the chain drive is fixed on the rotavator shaft carrying a plurality
of blades.

Scraper Blade
Scraper blade separable attached to the mini tiller, but behind the rotavator shaft
shown in Fig. 2. It is set at an appropriate angle inclined to the longitudinal centre
line of the mini tiller so as to (i) gather the soil, weeds, trash, etc., (ii) displace them

Fig. 1 Schematic diagram of mini tiller-cum-basin-maker [6]
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Fig. 2 Schematic diagram of rotavator shaft and its associated parts

outwardly towards the periphery of the scraper blade, and (iii) deposit them there, but
outer to the scraper blade, forming a circular or near-circular ridge or bund around
the post or tree trunk.

Rotavator Shaft
Driven sprocket of the chain drive is fixed on the rotavator shaft carrying 32 blades
and depth of the tilling can be adjusted with a handle which is connected by a damper
shown in Fig. 2. Mud card is provided on the top of the rotavator shaft.

Tie-Rod Member
Tie-rod member shown in Fig. 3 is separable and extendable, fixed on the chassis
through an assembly of a rack and pinion to facilitate the varying of the length of
the extended portion of the said tie-rod member to one side of the mini tiller in
any incremental length. The assembly of rack and pinion helps in varying the radial
distance of operation of the mini tiller from the respective tree trunk.

Openable Circular Loop
Openable circular loop shown in Fig. 3 carried at the free end of the tie-rod member,
with a provision for loosely, but sufficiently, wrapping it around the respective tree
trunk. It helps to serve as a boss as in a hinge or pivot. The circular loop helps in
pivoting the mini tiller to a tree trunk through the nut and bolt assembly. Its inner
surface carries a plurality of roller, as in a roller bearing, to facilitate easy rotation
of the loop about the tree trunk and to prevent or reduce damage to bark of the tree.
It has a plurality of elastic bands so arranged as to vary its diameter to suit various
diameters of the tree trunk.
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Fig. 3 Schematic diagram of Tie-rod member and its associated parts

2.2 Operation

Themini tiller and its tilling unit consist ofmajor separable parts like an engine, trans-
mission unit, a chassis, and a blade attached rotavator shaft. It has facilities to vary the
tilling depth by adjusting the handle. Its soil gathering and guiding attachment shall
comprise of major separable parts like a scraper blade, and its fastening members. Its
restraining attachment comprises of major separable parts like an extendable tie-rod
member having an openable circular loop on its free end and the former being sepa-
rably attached to one side of the mini tiller, but extending from there. The circular
loop has facilities to loosely tie and hinge the tie-rod member together with the mini
tiller to the respective tree trunk to facilitate the mini tiller’s motion in a more or less
circular path around the trunk of a tree.

In operation, the mini tiller is connected to the tree trunk using the tie-rod member
with help of an openable loop. Motion is imparted to the mini tiller and the rotavator
shaft causes the mini tiller to move along the circular path. The extendable tie-rod
member helps in varying the radial distance of the basin from the tree trunk using
rack and pinion (adjuster). The movement of the blade helps the tiller to plough the
land.

The scraper blade fastened behind the rotavator shaft with some inclination to
its axis helps to gather the soil and guides it radially outwardly. It also helps to
deposit soil outer to the scraping attachment to form a circular bund. The scraping
and shifting of the soil cause to form a basin of some depth around the tree. Figure 4
shows the isometric view and Fig. 5 shows the exploded view of the Mini Tiller-
cum-Basin-Maker. The bill of materials is included in Table 1.
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Fig. 4 Isometric view of the mini tiller-cum-basin-maker

Fig. 5 Exploded view of the mini tiller-cum-basin-maker

2.3 Cost Economics and Its Comparison

The operation cost of the Mini Tiller-cum-Basin-Maker was calculated. The remu-
neration for manual basin making around coconut tree and the labour charges were
based on the data published by the government of Kerala [9]. The operation cost



Design and Cost Analysis of Mini … 53

Table 1 Bill of materials Part No. Description Quantity Materials

1 Petrol engine 1

2 Small pulley 1 Cast iron

3 V-Belt 1 Rubber

4 Large pulley 1 Plastic

5 Key 2 Cast iron

6 Chassis 1 Cast iron

7 Small sprocket 1 Cast iron

8 Chain 1 Alloy steel

9 Large sprocket 1 Cast iron

10 Chain cover 2 Mild steel

11 Bearings 2 Chrome steel

12 Blade plate 8 High carbon steel

13 Blade 32 High carbon steel

14 Blade shaft 1 Mild steel

15 Nut and bolt 32 Stainless steel

16 Damper 1

17 Handle 1 Mild steel

18 Tie-rod member 1 Cast iron

19 Roller 15 Mild steel

20 Elastic member 1 Rubber

21 Wheel 2 Nylon

22 Wheel holder 2 Mild steel

23 Scraper blade 1 Mild steel

with Mini Tiller-cum-Basin-Maker was compared with the manual method of basin
making around coconut tree.

i. Machine Fabrication cost (including the cost of material, C)
ii. Average life of the machine, L = 10 years
iii. Working hours (60 days per year), H = 360 h
iv. Salvage Cost (10% of cost of machine), S
v. Interest (Initial Capital), i = 12% per year
vi. Worker Required = 1
vii. Remuneration per day of 6 h = Rs. 660
viii. Maintenance cost = 5% (machine cost)
ix. Insurance = 1.5% (average cost of machine per year).
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3 Result and Discussion

3.1 Cost Analysis of Mini Tiller-cum-Basin-Maker

Machine Fabrication cost (including the cost of material, C)

• Honda GX200 Petrol Engine—Rs. 19,300/-
• Sprocket + Chain (Pair)—Rs. 810/-
• V-Belt + Pulley (Pair)—Rs. 750/-
• Bearing (4 Nos.)—Rs. 1600/-
• Materials Cost (including labour charge)—Rs. 10,500/-

Therefore, C = 19,300 + 810 + 750 + 1600 + 10,500 = Rs. 32,960/-

3.2 Cost Calculation

Fixed cost per year

(i) Depreciation cost, A = C − S

L

= 32960− 3296

10
= Rs. 2966.4

(ii) Interest on investment, B = C + S

2
× i

100

= 32960+ 3296

2
× 12

100
= Rs. 2175.36

(iii) Insurance, shelter etc.,C = 32960+ 3296

2
× 1.5

100
= Rs. 271.92

Total fixed cost per year = A + B + C

= 2966.4+ 2175.36+ 271.92

= Rs. 5413.68

Total fixed cost per hour = 5413.68÷ 800

= Rs. 7.76
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Variable cost per hour

(i) Labour cost, D = 660÷ 6

= Rs. 110 = Rs. 110

(ii) Repair and maintenance, E = 32960× 5

100
X

1

800
= Rs. 2.06

(iii) Fuel Cost(1.25 l/hr)@80Rs. = 80× 1.25 = Rs. 1000/−
Total variable cost per hour = D + E + F

= 110+ 2.06+ 100

= Rs. 212.06

Total operating cost of machine = Fixed cost+ Variable cost

= 7.76+ 212.06

= Rs. 219.82

Basin created per hour = 7

Cost per basin = 219.82÷ 7

= Rs. 31.40

3.3 Cost Analysis by Manual basin Making

Workers Required = 1

Working hours(per day) = 6

Remunerationper day = Rs. 700/−
Remuneration per hour = Rs.117/−
No. of basin per hour = 3

Cost of making per basin = Rs. 39

The operating cost of the Mini Tiller-cum-Basin-Maker is 226.82 Rs. per hour
and cost of making per basin is 31.40 Rs. The operating cost of the traditional manual
basin making method is 117 Rs. per hour and cost of making per basin is 39 Rs.

3.4 Comparative Study

A comparative study has been conducted between the Mini Tiller-cum-Basin-Maker
and the manual basin making method (Table 2).



56 A. Varghese and J. Jacob

Table 2 Comparative study

Manual basin making method Mini tiller-cum-basin-maker

Cost per basin (Rs.) 39 31.40

Time (basin per hour) 3 7

Physical work load High Low

4 Conclusion

Mini Tiller-cum-Basin-Maker is a machine that helps to dig grooves around the
coconut tree with uniform radius. It is designed and the cost analysis with the
manual method is completed. Time required for completing is 8–9 min per basin
withMini Tiller-cum-Basin-Maker, which is far better than themanualmethodwhich
required 15–25 min depending on the size of the tree. The operating cost of the Mini
Tiller-cum-Basin-Maker was found to be the most promising. Though the machine
improves the production, the basin making is a seasonal work. So, there is a scope of
implementing the same machine in different agricultural crops apart from coconut
cultivation.
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Computer-Aided Ergonomic Analysis
for Rubber Tapping Workers

Abi Varghese and Vinay V. Panicker

Abstract The work-related musculoskeletal disorders (MSDs) among the rubber
tapping workers are high due to awkward tapping postures and tapping at different
gutter heights. In this context, a study has been carried out to conduct a posture
analysis of rubber tappers using CATIA V5. For this work, three tapping heights or
gutter heights of 500, 1000, and 1500mmare considered, and the virtual environment
is developed. The digital humanmodels are created based on the Anthropometric and
strength data of Indian agricultural workers. The study shows that rubber workers
tapping at the gutter height of 500 and 1500 mm having the maximum impact on
the posture due to forward bending and stretching during tapping. The gutter height
of 1000 mm between waist level and shoulder level shows the minimum impact. It
is concluded that there is a correlation between the gutter height and the tapping
postures among the rubber tappers.

Keywords Posture analysis · Rubber tapping ·Musculoskeletal disorders · Rapid
upper limb assessment (RULA)

1 Introduction

Rubber cultivation is one of the major income sources of the people in Asia. Asia
produces 90% of the global natural rubber production [11]. Rubber tapping is the first
and foremost step in natural rubber processing. In tapping, worker scores the bark
in the downward spiral half of the trunk of the rubber tree as shown in Fig. 1, with
the aid of a rubber tapping knife. In general, tapping starts on rubber trees at 1 metre
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Fig. 1 Rubber tree and its tapping method

above the ground level, when the circumference of the tree trunk is about 50 cm in
length. The lactiferous vessel situated between the cambium and the wood is used for
collecting latex, incision of this vessel at an angle of 300 to the horizontal makes the
latex flow properly [3]. For tapping, two types of knives are generally used (i) Michie
Golledge (ii) Jebong Knife [2]. Every worker has to tap 300–1000 rubber trees per
day [1]. Due to the repetitive operation, postures like forward bending and lateral
twisting, and manual workload during rubber tapping may cause musculoskeletal
disorders among the rubber tappers.

The work-related musculoskeletal disorders (MSDs) among the farmworkers are
very high due to heavy workload, repetitive movement during various agricultural
operations, awkward posture, and the manual handling of load [4, 8]. A study
conducted among the Thai rubber tapping workers reports that half of the workers
(52%) have lower back pain followed by pain in legs (14.8%), upper arms (8.9%),
neck (3.0%), wrists (2.3%), and lower arms (2.1%) due to awkward tapping posture
and different tapping level [7]. Few researchers have found that the prevalence of
low back pain among Thai rubber farmers was 55.7%, and the major factors iden-
tified as body mass index, education level, and tapping level [13]. Another study
was conducted among the Srilankan rubber tappers revealed that 66% of the rubber
tappers experience MSDs and the prevalence are varying in the shoulder (96.7%),
back (94.4%), and neck (83.3%). The major factor associated with MSDs is a
gender difference, cultural difference, age, supplementary job, and alternative hands
during tapping [12]. An exploratory study was conducted among rubber tappers
from Colombia reveals that tapping height, squatting, bending, and sporadic trunk
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rotation during tapping are the major reason for MSDs [14]. A study conducted
using the Boston Carpal Tunnel Syndrome Questionnaire to evaluate Carpal Tunnel
Syndrome (CTS) among Thai rubber tappers identified 133 CTS cases. The major
reason was found to be the number of trees tapping per day, tapping height, hand
postures during tapping, and hand dominance [9]. In-line with the previous study,
ergonomically designed rubber tapping knife (Jebong Knife) has been designed to
improve the wrist posture of CTS tapping workers. The result shows that there is a
significant improvement in CTS symptoms and also compare the improvement with
traditional knife users [10].

The review of the literature shows that most of the rubber tappers experience
MSDs due to awkward tapping postures and tapping height. Therefore, it is essential
to correlate the tapping height and its impact on tapping postures among the rubber
tappers. In fact, this is the novelty of the present work. The objectives of this work
are as follows:

• Identify the various tapping heights which are commonly used
• Apply Computer-aided Ergonomic Analysis to correlate the tapping height and

its impact among the rubber tappers
• Explore the possible ergonomic intervention to improve the tapping posture.

2 Materials and Methods

2.1 Digital Human Modelling

The digital human models ‘Manikin’ are inserted from the library in CATIA. The
Anthropometric data and strength data of Indian agricultural workers are adopted
from [6] to design human models. As rubber tapping is predominantly seen in the
state of Kerala, the anthropometric data of workers from the Southern region is
applied. The various parameters considered in this work are gender, stature, weight,
hip height, hip breadth, chest breadth, and waist breadth, for 95th and 5th percentile
population. The dimensions applied for digital human models are given in Table 1.

2.2 Work Environment Model

The rubber tapping working environment is created using CATIA V5 based on the
following three types of tapping height or Gutter height, data collected during the
field study.

• Tapping height below waist level (Gutter height—500 mm)
• Tapping height between waist level and shoulder level (Gutter height—1000 mm)
• Tapping height above shoulder level (Gutter height—1500 mm)
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2.3 Body Posture Analysis

As an initial analysis, a posture analysis is conducted. Rapid upper limb analysis
(RULA) [5] is one of the major tools to evaluate body posture analysis. It assesses
the muscle strain that occurs during each operation and provides the score from 1
to 7. A score value of 1 and 2, means the posture is acceptable. The score value of
3 and 4 indicates an alteration in posture. The value of 5 and 6 is poor posture and
alterations are required at the earliest. Score 7 reveals a higher risk and an urgent
alteration is needed.

3 Result and Discussion

3.1 Digital Human Modelling

The digital human model has been created based on the anthropometric data of
the south Indian population using ‘Human Measurements Editor’ and the proposed
model is shown in Fig. 2a, b.

Fig. 2 a CATIA digital human model (male), b CATIA digital human model (female)
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Fig. 3 Rubber tree and its tapping method (CATIA virtual model)

3.2 Work Environment Model

The working environment of rubber tapping workers has been developed in CATIA
V5 using the sample dimension collected from the field and is shown in Fig. 3.

As a general practice, there are three sections in tappingwith three levels of tapping
height or gutter height. The initial tapping height is from 1 m from the ground level,
and the score moves down nearly to the ground level. When the initial tapping area
has been completed, the tapping height again starts from 1.5 m from the ground as
the second section. Similarly, in the third section also consider the same procedure
used as that of the second section. The three levels of gutter height are depicted in
Fig. 4.

3.3 Body Posture Analysis

The RULA analysis of the male and female rubber tappers using CATIA v5 has been
completed. Figure 5 shows the digital human models of rubber workers developed
using CATIA.

Table 2a–d formulates the scores that are obtained from the various body parts
associated with rubber tappers.
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(a) (b) (c)

500 m
m

1000 m
m

1500 m
m

Fig. 4 Tapping height (CATIA model) a below waist level, b between waist and shoulder level,
c above shoulder level

Fig. 5 RULA analysis for rubber tappers a gutter height 500mm (female), b gutter height 1000mm
(male), c gutter height 1500 mm (male)

3.4 Statistical Analysis of RULA Score

Kruskal–Wallis Test is a non-parametric test used to determine the significant differ-
ence between more than one dependent or independent variable. The summary of
the Independent sample Kruskal–Wallis tests is tabulated in Table 3.

The statistical analysis reveals that the various body parts like the upper arm,
forearm, neck, and trunk associatedwith rubber tapping operations, have a significant
difference in terms of various gutter height. However, it is to be noted that the score
for the wrist is found to be the same at various gutter heights.

Moreover, post-hoc analyses have been carried out and are tabulated in Table 4.
The post-hoc analyses conclude that the posture with a gutter height of 1000 mm is
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Table 2 a RULA score for Male rubber tappers at 95th percentile obtained from CATIA. b RULA
score for female rubber tappers at 95th percentile obtained from CATIA. c RULA score for Male
rubber tappers at 5th percentile obtained from CATIA. d RULA score for female rubber tappers at
5th percentile obtained from CATIA

Gutter height (500 mm) Gutter height
(1000 mm)

Gutter height
(1500 mm)

Left Right Left Right Left Right

(a) Male at 95th percentile

Upper arm 3 3 1 1 3 4

Fore arm 2 2 1 1 3 2

Wrist 4 3 3 4 3 4

Neck 1 1 2 2 1 1

Trunk 3 3 2 2 1 1

Leg 1 1 1 1 1 1

RULA score 6 5 3 3 4 4

(b) Female at 95th percentile

Upper arm 2 3 2 2 5 5

Fore arm 2 2 2 2 3 3

Wrist 3 3 4 3 4 3

Neck 1 1 2 2 1 1

Trunk 4 4 1 1 1 1

Leg 1 1 1 1 1 1

RULA score 6 7 4 3 5 5

(c) Male at 5th percentile

Upper arm 2 3 1 1 4 4

Fore arm 3 3 1 1 3 3

Wrist 3 3 3 3 3 4

Neck 1 1 2 2 1 2

Trunk 3 3 2 2 1 1

Leg 1 1 1 1 1 1

RULA score 5 5 3 3 4 5

(d) Female at 5th percentile

Upper arm 2 3 2 2 5 5

Fore arm 2 2 2 2 3 3

Wrist 3 3 3 3 5 4

Neck 1 1 2 2 1 1

Trunk 3 3 1 1 1 2

Leg 1 1 1 1 1 1

RULA score 6 6 3 3 5 6
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Table 3 Summary of independent value of Kruskal–Wallis Test

S. No. Null hypothesis Significance value Decision

1 The distribution of upper arm is
the same across the gutter height

0.000 Reject the null hypothesis

2 The distribution of forearm is
the same across the gutter height

0.080 Fail to reject the null hypothesis

3 The distribution of wrist is the
same across the gutter height

0.000 Reject the null hypothesis

4 The distribution of neck is the
same across the gutter height

0.000 Reject the null hypothesis

5 The distribution of Trunk is the
same across the gutter height

0.000 Reject the null hypothesis

6 The distribution of RULA Score
is the same across the gutter
height

0.000 Reject the null hypothesis

Table 4 Post-hoc analysis of
RULA score

Gutter height (mm) Adjacent significance

500–1000 0.00

1000–1500 0.026

1500–500 0.337

found to have a minimum impact on the muscles due to the minimum body bending
and trunk rotation.

Further, a frequency distribution of the RULA scores is done as depicted in Table
5. The results show that about 54.2% of the RULA score is in the range between 5
and 7, which indicates that the body posture is under risk, and appropriate alterations
are needed to avoid MSDs.

Table 5 Frequency
distribution of RULA score

RULA score Percent Cumulative percent

4.00 16.7 45.8

5.00 29.2 75.0

6.00 20.8 95.8

7.00 4.2 100.0

Total 100.0
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4 Conclusion

The work-related musculoskeletal disorders among the rubber tapping workers are
reported to be high due to the awkward tapping postures such as bending and twisting
of the body during tapping and at different tapping or gutter height. The present
study focuses on the computer-aided posture analysis of the rubber tapping workers
subjected to three tapping heights using RULA method. Digital human models are
created using the anthropometric data of Indian agricultural workers in CATIA V5.
Appropriate statistical analyses of the RULA scores have been carried out SPSS
software. It is observed that the tapping or gutter height of 1000 mm has a minimum
impact on postures. Thismaybe due to theminimumbodybending and trunk rotation.
The scores for other bodyparts like the upper arm, forearm, neck, and trunk associated
with rubber tapping operations have a significant difference in terms of various gutter
height. The score for thewrist is found to be the sameat various gutter heights. Though
RULA can be used to identify risk for musculoskeletal disorders, the limitation of
this method is that the duration of exposures has not been considered.
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Participatory Approach for Ergonomics
Intervention: A Review

Yogesh Mishra, M. L. Meena, and G. S. Dangayach

Abstract Recently, Participatory Ergonomics (PE) approach has been broadly
accepted as a system to minimize musculoskeletal disorders (MSDs) and associ-
ated injuries among the workers. This review emphasizes on specific topics such as
critical success factors of PE approach, conceptual framework for implementation of
PE programs, effectiveness and measure elements for successful implementation of
PEprograms. The literature is preferred from reputed ergonomics journals by refining
abstracts and titles utilizing selected words such as ‘intervention’, ‘ ergonomic’, and
‘participatory’, and by analyzing the abstracts and findings the 62 articles have been
preferred for this review. The review aims to analyze the usual elements and obstruc-
tions associated with PE intervention program, thereby giving the recommendations
for future research.

Keywords Participatory ergonomics (PE) · Intervention ·Musculoskeletal
disorders (MSDs)

1 Introduction

Participatory Ergonomics (PE) approach is emerging from various trends such as
Community involvement, coordination of production activities as per principles of
sociotechnical aspect, and ergonomics evolution from ‘micro-level’ to ‘macro-level’.
The meaning of the participatory approach includes intervention at a broad extent
(macro), e.g., organizational and system levels, and additionally small extent (micro),
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e.g., personal, where employees are accustomed with the freedom and strength to
apply their understanding to hold ergonomic issues associated with the work activ-
ities they perform [1]. PE could be interpreted as an approach that involves the use
of participative methods and different modes of workplace participation [2]. As per
Wilson [3], PE is the participation of employees’ in planning as well as in controlling
a considerable proportion of their individual tasks, accompanying adequate under-
standing and ability to control both activities and results to attain preferable targets.
Participatory techniques are gradually used in the improvement of ergonomics at
workplaces. The advantages of such techniques are broadly anticipated as methods
for advocating initiatives of individuals and achieving required workplace solutions
[4].

A PE program usually engages one or more teams to bring together intending
to improve the designing of the task, and the usual aspect is to make sure the
use of specialist’s ability such employees acquire of their tasks by associating
the employees, and others likely concerned with recommended changes [5]. PE
programs have been generally concentrated on musculoskeletal injuries though
such approaches have focused to build better human-oriented task [6]. Maciel [7]
mentioned that PE programs have been used to enhance organizational conditions
while Punnett et al. [8] suggested the use of such a framework for health promotion.
PE can be treated as an approach related to design a work system and so, basically, an
approach of macro-ergonomics [9–13]. The advantages of PE methods are generally
acknowledged by encouraging individual’s initiatives and attaining desired feasible
results [14–20]. Nowadays, PE methods have acquired global attention in devel-
oping ergonomics and avoiding workplace injuries. Additionally, such participatory
methodswere initiated usually tominimize risks related to an individual’s experience
at the workplace, accidents, and ailment like musculoskeletal disorders.

PE projects have been executed over a wide extent of organizations as well as in
industries too [1]. Though, the majority of implementation areas of PE projects have
beenmentioned by Burgess-Limerick [5]. It includes implementation in construction
[21–28], healthcare [29–34], office domains [14, 35–38], mining [39–42] and in
various manufacturing concerns [13, 43–53].

There have been plenty of publications (either peer-reviewed or grey literature)
that advocated numerous aspects of PE approach such as implementation areas,
critical success factors, conceptual framework, effectiveness, and implementation of
PE programs. So this review is an attempt to provide significant pieces of information
regarding the PE approach on a single platform.

2 Critical Success Factors for Participatory Approach

Critical Success Factors (CSF) is required for any organization to attain the desired
goals. These factors help the team members or workers to know the exact require-
ments or important aspects of ongoing work. As stated by Zink et al. [54], in the case
of a participatory approach, the earlier focus was on individual issues like reduction
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of cost, process refinementwhich results in slight success. There are various elements
for the failures of such projects that may be detected in the consideration of a few
critical factors which are liable for successful implementation of the project:

• Preference of long-term strategy for the deployment of resources along with the
availability of required resources;

• Participation of the workers and teams more concerned with the changes;
• The impact of organizational culture must be considered;
• Integrity among various initiatives and conduction of such initiatives with the

integral process;
• More priority on an individual’s behavior and structures and seeing the reliance

among them;
• Initiatives must not be limited to time-bounded program and it should be a

transformative process.

Critical Success Factors are firmly associated with the objectives of the ongoing
project/project. These facilitate to trace and compute the progress of the running
projects and provide a unique platform of references where an individual or team
can access the significant requirements of the project. As per Zink et al. [54], at a
brief look, the critical success factors can appear to be extremely distinctive, but
on a further conceptual level, it found more challenging to integrate every initiative
with subjective and objective dimensions which is shown in Fig. 1. In the logical
(or objective) dimension, a crucial adjustment of all actions has to be executed as
per the overall integrated concept. In most of the cases, production systems merely
targetingmanufacturing only and other organizational subsystems are not considered
in their long-term strategy. Hence, models based on international merit can provide
an additional appropriate framework that has to be implemented as per the specific
requirement of the organization.

The prerequisite of subjective dimension is to develop an understanding among
the workers about the association between the strategic goals of the organization and
projected change actions which leads to certain changes into the routine practice.
Further, the employees should be aware of the incorporation of individual actions
into an overall approach. So, the participatory approach can develop a better flow
of information and promote an advanced understanding of the system. Adequate
cooperation of the workers leads to the success of the expert-driven techniques. The
participation of the employees is required in expert-driven techniques because the
measure focus of such approaches is on logical dimensions only and it neglects the
issues of subjective incorporation against the worker’s perspective. In this manner,
there is a requirement of an administrative approach which aims particularly on
the responsibility of administrators to control innovative changes and on effective
participation employees at different organizational levels.
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Fig. 1 Dimensions of integration [54]

3 A Conceptual Framework for Execution of PE Programs

Aconceptual framework is required to recognize and evaluate thementioned changes
in the creative activities of organizations. Haines et al. [55] proposed a theoretical
framework for PE programs. The importance of workers’ involvement is highlighted
by the ranked dimensions. The top two dimensions imply theworkers’ involvement in
decision-making as well as at every level of an organization. The stability of the input
related to ergonomics is given as the low rank which indicates that such addition is
project-specific. Hignett et al. [1] also stated that this framework defines the range of
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variations while implementing a PE program. Further, Burgess-Limerick [5] defined
these dimensions as per their importance stated as:

1. Position of decision-making capability—either maintained at management level
and directed to specific employees or their teams;

2. A combination of participating candidates—the inclusion of staff from every
level of organization;

3. Remit—involvement of the participants in the PEprocess, problem identification,
interpretation, and suggestions for effective implementation;

4. Responsibility of ergonomics consultant—recognized as dynamic and devel-
oping over some time, extensive scope, i.e., as an organizer, instructor, specialist,
or consultant;

5. Type of task involvement—involvement of all concerned workers or selected
individual workers;

6. Focus—either intended to task design or issues related to the organization of
work;

7. Level of influence—change in the organizational level where the intervention
occurs, either department level, or across the entire organization;

8. Requirement—entirely depends upon the kind of participation, observing that it
may change as per the members of the group;

9. Permanence—scope for both temporary and permanent problem-solving
programs, entirely depends on the kind of task which is to be performed.

The capability of a PE intervention can vary due to the various combinations of the
above-stated dimensions. Nature and commitment level of the organizations plays a
significant role in the success of PE programs and it also impacts the results of such
programs. PE programs may vary in connection with the involvement of the designs
with which the tasks are fixed.

4 Effectiveness and Implementation of PE Approach

Rivilis et al. [56] stated such a decent implementation of PE programs results in the
improvement of specific health issues, also associated with depletion of symptoms
related to musculoskeletal disorders (MSDs), injuries, and claims related to compen-
sation of workers. Tompa et al. [18] identified further confirmation that PE programs
are productive and are related to the health and work-related outcomes along with
their economic effect. Successful implementation of PE programs follows the reduc-
tion in cases related to first aid and modified duty, reduction in the unusual absence
of workers, and increment in financial and economic benefits. Van Eerd et al. [57]
suggested nine elements for successful implementation of PE programs as:

1. Obtain assistance and support in-favor-of the program from every level of
organization
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2. Formation of a panel formentoring the process by including people fromdifferent
levels of the organization.

3. Make management liable for maintaining sufficient resources.
4. Build small groups of devoted people to conduct intervention by including

ergonomists, supervisors, and workers.
5. Aware team members about the organizational culture.
6. Provide ergonomics instructions and training to the team members for the

assessment of risks related to the workplace.
7. Set up definite roles and responsibilities for the workers.
8. Preference for group decisions instead of individual decisions.
9. Promote effective communication between all the team members during the

whole intervention period.

The recent study of Cuny-Guerrier et al. [58] has described the required procedure
and strategies which led to the commitment of senior managers during the imple-
mentation of PE intervention in the context of subcontractors. The focus was on
prevention of MSDs in the meat processing sector by using the reflexive practice
approach and obtained the results which emphasize the significance of stakeholder
during the commitment of strategies in PE. Mahdavi et al. [59] conducted a study in
a resin manufacturing company of Iran and stated the implementation steps of the PE
program to manage factors related to ergonomic risks of human work. The emphasis
was on to minimize the risks of human-work related injuries within the organization.
Similarly, Capodaglio [60] implemented a PE project in an Italian wool processing
company for the improvement of strategies related to the prevention ofMSDs inmain-
tenance workers and identified that PE program can be helpful in the management of
crucial maintenance activities by the worker’s empowerment and recognition of suit-
able solutions related to MSDs problems of maintenance environment. Narsia and
Raj [61] executed a PE program in Indian cashew nut factories to avoid occurrence
of Work-Related Musculoskeletal Disorders (WRMSD) in workers and determined
that PE programs can also be beneficial to lessen the amount of worker’s leaveswhich
leads to productivity improvement. Bernardes et al. [62] conducted a PE intervention
in a Brazilian garment company and stated the feasibility and effectiveness of PE
intervention approach to minimize the risk of WRMSDs in industries. Hence, for
the effective execution of PE programs, the analysis about risk and the control of
information must be easily accessible throughout all levels of the organization.

5 Result and Discussion

Most of the studies concerning effectiveness of PE approach emphasized only on
outcomes related to health of workers which comprised of assessment of symptoms
related to MSDs, severity of injury, or pain along with the spot of manifestation
through body part [8, 12–14, 19, 20, 24, 31, 32, 38, 40, 43, 48, 56, 60–62]. The
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effectiveness of PE programs is also assessed by economic evaluation of PE inter-
ventions that leads to quality and productivity improvement [17, 18, 50]. So, for the
assessment of the effectiveness of the PE program, this study emphasizes on further
characteristics such as PE intervention process, recognition, and implementation of
changes concerning ergonomic intervention along with the study of risk elements.

6 Conclusion

The review has provided significant information’s regarding critical success factors
of PE approach, the conceptual framework for the implementation of PE programs,
effectiveness, and measure elements for the effective execution of PE programs.
Attainment of these usual elements and obstructions can be helpful in the promotion
of a successful PE intervention program. The measure strength of the PE approach is
the flexibility to the situation and workplace requirements, project assignments, and
workers. The review has also identified the following research gaps that can also be
treated as directions for future research.

• Due to the variety of PE research methods; limited information is available in
the studies regarding the effectiveness of PE programs in the improvement of
various outcomes related to worker’s health. The primary logic behind that is the
availability of less number of systematically sound researches in the concerned
literature.

• In most of the PE intervention studies, the measure focus was on the physical
facet of the task, in spite of factors related to the psychosocial aspect.

• Still, there is a need for an effective framework for the conduction of the PE inter-
vention program which ensures adequate involvement of workers and nurturing
interest to assure sustainability.

• Due to the lack of time and unavailability of necessary resources, a more extended
review can be done in future by including grey literature related to PE intervention.
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Creating Products from Textile Waste
Generated During Fabric Cutting Stage
in the Garment Production Process
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Abstract Fashion and clothing function beyond physiological requirements and
satisfy many other human needs. The garment industry is one of the most widespread
and interconnected businesses in the world. However, it is also the second most
polluting in the world. Therefore, this industry is under lot of pressure to bring about
a radical change and reduce the negative impacts on the environment. There is a lot
of textile waste generation during the fabric cutting stage in the production process.
In smaller manufacturing units like tailor shops and boutique the waste produced
is all the more because each piece is custom made. All this waste is dumped into
landfills or water bodies and also burnt. The objectives of this research are (1) To
find out ways to utilize textile waste generated during the fabric cutting stage of the
production stage, (2) develop miscellaneous products, and (3) validation of products
based on heuristic analysis. The research was Practice based. A design process was
followed to create products of common use form this waste. These products were
validated for their quality by conducting Heuristic Analysis. Experts from the field
of design evaluated these products for various features and the results were recorded.
It was concluded that in the present scope of the study the results were satisfactory.
There is a possibility of utilizing the smallest scrap of the textile waste and converting
it into products, which are high on usability and pleasure index.
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1 Introduction

The clothing, being a basic human need to protect one from heat, cold, and rain
has evolved to functions beyond physiological needs. In today’s world, it serves
the purpose of adornment, identity creation, expression of individuality, a means to
communicate self -worth, economic status, and cultural expression. Over the years
commercialization and globalization has changed the entire dynamics of fashion
industry. The manufacturing, use, and disposal of fashion clothing creates huge envi-
ronmental and social impact of [1]. The consumerist society obsessed with acquiring
more and more has encouraged the ‘fast fashion’, which has led to a massive growth
of cheap mass-produced products. Therefore, the fashion industry needs to identify
the factors in the product life cycle that have a negative environmental and social
impact. Many people believe the current garment business model is not sustainable at
all and are looking for alternatives and solutions. A balance between three elements:
economy (focus on economic viability), environment (focus on ecological stability),
and social equity is the requirement of sustainability [2, 3]. The solution lies in
studying the entire lifecycle of a garment and apply sustainable approaches at every
stage.

According to a study in the UK, 2.35 million tons of textile waste are generated
over a year. A major part of this is sent to landfill (74%) while rest is shared equally
between material recovery and incineration (26%) [4]. Thus, statistic states that
an enormous amount of textile waste either goes into landfills or incinerated. The
purpose of this study was to find ways to utilize textile waste generated during the
fabric cutting stage of the production stage.

2 Review of Literature

2.1 Sustainability

Sustainable development is an open process that requires constant change of our
priorities and objectives. The World Commission on Environment and Development
(WCED) [5] defines sustainable development as a model of development where the
present generation can fulfil all its requirements, without compromising the environ-
ment or the needs of the future generation [6]. Although scattered and inoperative,
this is the most commonly used definition of sustainable development. Sustainability
is defined as having three elements: economy, environment, and social equity [1, 2].
However, other researchers [7] state that sustainability is a more complex topic and
has more aspects to it than just these three elements.
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2.2 Fashion and Sustainability

Fashion is the way in which our clothes exhibit and communicate our individual
thoughts to others, linking us to time and space [8]. Fashion is a means of expression,
which defines who we are and how we connect to people. Fashion trends are usually
very dynamic, superficial, and transient. This reflects negatively on the business of
fashion mainly due to the way it is manifested and used [9]. Inherently change can
neither be positive nor negative and nature of the change is the only thing thatmatters.
From a negative viewpoint, fashion is discarding clothes that are in perfect condition
for reasons that are only metaphorical [10]. It is a known fact that production of
fashion garments produces a huge amount of waste, which is a hurdle toward the goal
of sustainability. The right approach would be that there should be no contradiction
between fashion and sustainable principles. Fashion in fact has a greater role in
the promotion and achievement of sustainable ways and principles [9]. According
to another definition fashion is defined as a process which is worn and used as an
expression by people and has a direct link to environment as a material object [11].

2.3 The Supply Chain

The textile garment and fashion industry consists of various market segments, which
range from haute couture and custom-made tailoring to Ready-to-wear brands and
online platforms. There is a variation in the scale of production and the garment
characteristics with respect to the various levels of the market. However, there is a
common set of stages that exist within all market levels of the industry (Fig. 1 and
Fig. 2).

2.4 Sustainable Design Strategies

In order to be sustainable, one needs to think through all the stages in the life cycle
of a garment and consider environmental and social impacts at every stage.

Design led approach. Understand how the end user will engage with the clothing
that is developed. Designing a transformable, multifunctional, or highly durable
garment that may purposefully change with age, becoming different through use. It
is important for a designer to look for opportunities for materials and resources to
be used wisely and efficiently. Reducing textile waste.

Production Stage. The pattern-making and toiling phase of the production
process determines the final look of the garment, its appropriate constructionmethods
and its material and labor requirements. The designer should look for Zero waste
cutting methods and reducing textile waste in this stage. Ethical Fashion should be
practiced by looking into human and labor rights.
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Fig. 1 Activities of the supply chain

Distribution: suppliers andproducers. Reducing environmental impacts related
to the shipping of materials and resources between suppliers, makers, and producers.

The user stage. Washing, Drying, and ironing and storing of garments.
The end of the life cycle. Reuse, reinvent, upcycle, recycle.

2.5 Research Gap

There are many suggested solutions and many practices that are recommended for
sustainable fashion practices but lot of it lacks practical application. The research
seeks to develop a sustainable design strategy to reduce specific environmental impact
of textile waste generated during fabric cutting stage of the production phase.
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Fig. 2 Impacts of the textile and garment industry

2.6 Research Objectives

To find out ways to utilize textile waste generated during the fabric cutting stage of
the production stage.

To develop miscellaneous product and further validation of products based on
product quality.

3 Methods

A practice-based research approach was taken to create products from the textile
waste. The experts, thus following qualitative research method, further evaluated
these products for various features.
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Fig. 3 Double diamond design process [5]

3.1 Design Process

Double Diamond model of design process is applied during this research, which was
popularized by the British Design Council in 2005 [12]. According to this process
the two diamonds represent: Divergent thinking (a process of exploring a problem)
and Convergent thinking (taking a focused action) (Fig. 3).

3.2 The First Phase

A practicing designer, with an entrepreneurial experience of many years, the amount
of textile waste generated in my own space always alarmed me. This waste always
used to end up in landfill and sometimes burnt in my own backyard. An extensive
exploratory research and years of experience led to the identification of various
unethical and non-sustainable practices in the product supply chain.

The creation of unnecessary textile waste is one of the biggest problem associated
with the production phase. In the ‘cut, make and trim’ (CMT) process, up to 15% of
the fabric is wasted due to uncreative approaches to pattern making.

In the conventional pattern-making methods, paper pattern pieces produced are
difficult to lay efficiently within the full width and length of the fabric, which then
leads to the creation of textile waste during manufacture. Even with the computer
aided design (CAD) pattern-cutting software programs, which produce a marker
using the pattern pieces in an efficient and cost-effective way, waste is unavoidable.
For this study, the formal garment industry was not explored and the waste was
collected from local boutiques and tailor shops. All of these places dispose of the
textile waste in landfills and water bodies and many times, they burn it adding to the
air pollution
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Many designers are exploring zero-waste approaches to pattern making to mini-
mize or avoid textilewaste.Whenwe explore beyond the industry setup, in a boutique
or tailor shop the waste generated is even more because each piece is custom made.
In the current study, our focus was on these small manufacturing places.

3.3 The Second Phase (Production Process)

The various steps followed for the creation of the products were as follows:
Collection of material. The raw material in this case is the textile waste of the

production stage collected from few boutiques and tailoring shops.
Segregation of the textile waste. The textile waste or the ‘Katrans’, as they are

locally known are sorted into different lots in terms of size, quality, and color. The
size sorting will determine the kind of product that can be designed out of it. The
very tiny pieces of fabric, which are called ‘chindis’ in local language are difficult
to incorporate in most of the designs and are also difficult to sew. Alternate methods
of attaching these to create interesting products were used.

Finalizing the designs.
Making of patterns. Paper patterns were made according to the design and size

of the product finalized.
Cutting of fabric. The fabric is cut using the patterns and waste generated here

can again be added to the ‘chindi’ lot for further use.
Stitching the pieces together. These small cut pieces are then stitched together

like the joining of a jigsaw puzzle. This completes the patched piece.
Cutting thepatternpieces. These patched pieceswill be further cut using patterns

to form the different parts of the product.
Sewing the various pattern pieces together to create the final product.

3.4 Heuristic Analysis

It is well established that usability and pleasure are the important factors in the
acceptance of any product [13]. This was further corroborated throughmany research
papers that were reviewed to understand the hierarchy of needs [14–16]. Therefore,
an appropriate list of heuristics was established and expert evaluators from the field
of design were selected. After briefing, these experts evaluated the products for the
heuristics and the results were recorded. The products were evaluated by experts for
the following heuristics:

User control and freedom. The user should be free to use the product inwhichever
way he or she wants to and this should not alter the quality or property of the

Quality and standard. The product quality should be equivalent to similar
products availability in the market.
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Fig. 4 Mug rug

Fig. 5 Face mask

Flexibility and efficiency of usage. The product should be high on usability and
serve the purpose they are meant for.

Aesthetics and minimalistic design. It is related to visual pleasure, product
or interface styling and use of minimal elements to achieve the beauty of product
(Figs. 4, 5, 6, 7 and 8).

4 Results and Discussions

The aesthetics of a product plays a major role in influencing a target user [17, 18].
Further to this, usability of a product also predicts user acceptance [19]. Literature
review of product acceptance research suggests that aesthetics also impacts user
perception in terms of the quality of the product [20–22].

In this study, all the three design experts agreed that almost all the products created
matched the heuristic standards established for the analysis.

The analysis of the various products shared in detail:
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Fig. 6 The stole

4.1 Mug Rug

This product was rated high on aesthetics due to the good use of color combination
and a quality finish. In terms of usage also it shows flexibility and user control
(Table 1).



88 J. Joshi and A. Chowdhury

Fig. 7 Key ring

Fig. 8 Cushion cover
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Table 1 Heuristic analysis of designed products

Heuristics Mug Rug Cushion cover Keyring Stole Mask

User control
and freedom

Y Y M M Y

Quality and
standard

Y M N Y N

Flexibility
and
efficiency of
usage

Y Y M Y N

Aesthetics
and
minimalistic
design

Y M N Y Y

Star Ratings ***** **** ** ***** ***

Expert
Comments

Finishing and
quality is very
good. The
aesthetics are
also high

Better quality
of fabric can
be used which
is colorfast.
Prints on the
different
fabrics should
be well
matched

Quality needs
improvement

Very good
quality silk
fabric was
used and an
excellent
finish was
given.

Due to blended
fabric, user
might face
breathing
problems. The
issue can be
resolved with
additional filter
like N95 masks

*Quality Ratings, Y—Very good, M—Moderate, N—Not good

4.2 Cushion Cover

This product requires some improvement in the quality of fabric selected. It is an
everyday use product; therefore, fabric should be durable and color fast. Since cotton
prints were used for this sample, therefore the fabric pieces need to be tested for their
color fastness and the prints should be well matched (Table 1).

4.3 Key Ring

This product needs improvement in terms of both aesthetics and quality. The textile
waste material used here are the scraps (‘Chindis’) so the tassels created out of it
have to be finished in a better way. This will improve the overall aesthetics of the
product (Table 1).
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4.4 Stole

Good quality silk fabric pieces were utilized in the construction of this product and
a high quality of finish was achieved. In terms of aesthetics, finishing and quality of
this product is rated very high. There is one issue in terms of flexibility of use, as
this can be used only from one side (Table 1).

4.5 Mask

A good product in terms of aesthetics and user control. However, this sample was
made from blended fabric hence there could be breathing issues for the end user. The
issue can be resolved with additional filter (Table 1).

5 Conclusion

The outcome of the current study was very encouraging in terms of utilization of
fabric waste for development of quality products. Therefore, it can be concluded that
in the present scope of the study the results were satisfactory. There is a possibility
of utilizing the smallest scrap of the textile waste and converting it into products,
which are high on usability and pleasure index.

This study covered only a very small section of the manufacturing process of the
entire industry and this could be a limiting factor of the research. A further well-
planned and well-supported research initiative is something that one would look
for in the future. An alternate business model, which could support this kind of
manufacturing from textile waste, is an area for further research.
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Forced Draft and Superheated Steam
for Design and Development
of Community Smoke Less Chulha
to Help Women in Rural Areas

Ramesh Chandra Nayak, Manmatha K. Roul, Saroj Kumar Sarangi,
Abhisek Sarangi, and Asish Sarangi

Abstract Kitchen smoke is the leading cause of infections in the respiratory system
in developing countries. TheWorld Health Organization estimates that indoor pollu-
tion causes one million premature deaths every year in India. Despite the growth in
utilization of LPG, still 40% of Indian family continue to use traditional fuels for
food preparation. Although there are many solutions available for the poor people
in urban areas but people living in rural areas have no other option than to use tradi-
tional fuels like wood in chulhas. Thus, the problem of indoor air contamination is
a major public health hazard for the country, which accounted for more than 1.6
million premature deaths in the year 2019. In this work an attempt has been made
to overcome this problem by designing and developing a smokeless chulha, which
is operated by force draft and superheated steam as secondary fuel. This innova-
tive smokeless stove/Chula is very fuel efficient which needs less biomass for its
operation. It offers a harmless home environment to the occupants and decreases the
menace of respiratory diseases. The thermal efficiency of our modified Chulha is
about 16% more than that of the traditional Chulhas due to the creation of forced
draft and supply of superheated steam. The result from this work indicates that the
calorific value of biomass fuel is increased as a result of which less fuel is required
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for cooking and it produces very negligible smoke and hence it can be used as a cost
effective and environmental friendly replacement for the traditional chulha.

Keywords Smokeless chulha · Superheated steam · Secondary fuel · LPG · Air
pollution · Calorific value

Nomenclature

L Length of inner vertical tube (m)
Do Outer Diameter of tubes (m)
Di Inner Diameter of tubes (m)
t Thickness of tubes (m)
A Surface area of vertical tubes (m2)
T Temperature (K)
K Thermal conductivity
CV Calorific value

1 Introduction

Chulha (Cooking Furnace) is a conventional Indian cookingwood stove used for food
preparation. The process of cooking by conventional chulha is done by using cow
dung, wood, crop waste, dry leaves, etc. During operation of chulha it is required
to supply air manually by blowing air through mouth, which is a very dangerous
process. It is found that 90% of women using this traditional chulha are suffering
from throat problem, maximum of them also suffer from throat cancer. It is also the
main cause of indoor air pollution.

InOdisha, 85%of rural women are using this type of traditional chulha. Generally,
in village areas of Odisha, people are cooking 3 times a day as breakfast, lunch,
and dinner by using this traditional chulha. In India, PradhanMantriUjjwalaYojana
(PMUY) was started on May 1, 2016 by Prime Minister of India Sri Narendra Modi
to distribute LPG connections to women of BPL families. But the sad part of it is that
a number of families are there who don’t have any BPL cards, and also the family
having BPL card and availing the LPG connection, they don’t have sufficient money
for next time LPG filling, which is a major cause of concern. And also due to less
number of LPG distributors there is some problem of filling LPG in time.

The main objective of this work is to design and fabricate a community smokeless
chulha, which is operated by force draft and superheated steam as secondary fuel. It
consists of three cylinders (inner, middle, and outer), superheater, water tank, blower,
insulating material such as glass wool. The studies are also carried out on experi-
mental setup, design calculation, calorific value, thermal efficiency, andmeasurement
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of pollution index. Although extensive work has been done on the study of smokeless
chulha and its design but utilization of superheated steam is a unique initiative of
this work.

Mitchell et al. [1] studied on emissions from domestic stove by combustion of
biomass and solid fuels. They observed that NOx formationwas directly proportional
to the Nitrogen content of the fuel for all types of fuels. Winijkul and Bond [2]
studied on emissions by housing combustion and its diminution method and found
that diminution in definite area depends on the existing fuel blend and the inhabitants’
distribution alongwith land nature. Fachinger et al. [3] studied on emission aspect for
altered fuels and found that handling of surplus air or burning of wood that is totally
dehydrated or in veryminiature form, effect in powerfully prominent emission aspect.
Sharma and Batra [4] studied on smokeless kitchen in rural India and suggested that
innovations are required for reducing smoke and improving the health of people
living in rural areas.

Someswararao et al. [5] evaluated the performance of improved stoves and found
that enhancedUdairaj cook stoves are improved over the conventional stove as regard
to its specific fuel consumption, power rating, and thermal efficiency. Udairaj product
is very popular as it is very simple to build owing to its easy assemble for its instal-
lation. Singh et al. [6] studied on importance of smokeless chulha for farm women.
They observed that conventional chulha offer dangerous and harmful atmosphere to
the farm women. So it is required to provide more knowledge regarding smokeless
chulha to farmwomen.Das andPanda [7] studied the importance of smokeless chulha
for improving quality of life and found that the improvement technique, planning
to develop a smokeless chulha is very important, and also mentioned that financial
support from government is required to implement this technique. Sharma et al. [8]
investigated on eco efficiency and low emission of smokeless chulha and its applica-
tion in rural areas. They found that smokeless chulha provides better efficiency and
is suitable for healthier, cleaner, and faster cooking.

Takemitsu et al. [9] observed that the unwanted aroma of barley can be reduced
by food preparation with superheated steam. They initiated steam cooking system
functional to barley preparation for the first time using inclusive study and found
the suitability and deliciousness of this first-class food affluent in nutritional thread.
Johnson et al. [10] studied about the emission from in home cook stoves used in Asia
and Africa and found that the traditional chulha causes maximum pollution and in
order to overcome such problem it is required to develop technology and laboratory
facility for testing purpose.

Chantrabose et al. [11] investigated on improvement of energy competent wood
stove for rural purpose and found that proper initiative fromgovernment is required to
encourage for the design and development of smokeless chulha for betterment of the
rural people and also the environment. Kuptniratsaikul et al. [12] studied about the
benefit of chulha knot where they found that the tensile strength could be increased to
make it easier to tie. Roul and Nayak [13] studied natural convection heat transfer in
heated tubes, in which they explained about the heat transfer characteristics by taking
various parameters like varying length of tubes with provision of internal obstacles
to improve the natural convection heat transfer. Nayak et al. [14–16] studied on their
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another work to explain the heat transfer behavior experimentally and theoretically,
where they found that heat transfer behavior is affected by provision of internal obsta-
cles as rings. Sahoo et al. [17–19] applied computational fluid dynamics methods to
analyze heat transfer from pin finned vertical and horizontal plates.

The objective of this work is to setup a model stove for prevention of diseases or
to restore the good health by some means by creating awareness for the use of zero
emission cook stove. For this we conducted a randomized controlled study of 66
households in one villages at Cuttack districts in Odisha to analyze improved cook
stove adoption. Figure 1 shows the boundary layer on vertical tube, temperature, and
velocity distribution.

2 Experimental Setup and Procedure

Figure 2 demonstrates the investigational setup, which consists of the entire equip-
ment and the main mechanism. The experimental arrangement comprises of a test
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Fig. 2 Experimental set-up

section, which consists of three cylinders, a superheater connected with water tank,
blower and glass wool as insulated material.

The isometric view, sectional view, front view, and the topviewof the experimental
arrangement is presented in Fig. 3a–d. In this study, three cylindrical tubes are made
of mild steel sheet which is 1.29 mm in thickness. The inner cylinder is having
10 in. inner diameter, middle cylinder is 12 in. inner diameter, and outer cylinder is
having 14 in. inner diameter. All cylinders are of 24 in. vertical height. Super heater
is provided in the middle cylinder which is 2 in. in diameter and 3 in. in height.
Water is supplied from the external chamber to the super heater through the pipe
connected with the super heater at its bottom. The external chamber is made up of
galvanized iron tube having 4 in. diameter and 12 in. length. It is just like a container
in conventional stove to carry kerosene but here it contains water and the bottom part
of the cylinders is fixed with a base. For less heat loss from the system, insulated
material such as glass wool is provided in between middle and external cylinder. All
three cylinders are placed on the same base. The passage for supplying of wood to
internal cylinder is provided at a distance of 4 in. from top of test section. Another
passage is provided at a distance of 4 in. from the bottom of the section up to the
middle cylinder for provision of blower to supply air. There are some holes which
are provided on periphery of inner cylinder to supply air from blower to the inner
cylinder. This supply of air to inner cylinder is done to create forced draft.

Initially water is placed in the external chamber and the valves of that chamber
are initially kept in closed condition. Small pieces of wood are placed in the internal
chamber and they are fired. At the time of initial fire, the blower is kept at off
condition. After 2–3 min the blower is allowed to start to supply air to the internal
chamber. At this time continuous supply of small pieces of wood to internal chamber
is done. After 3–4 min it is found that the flame starts to increase. At this time
pumping of water from the external chamber is done in order to spray superheated
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Fig. 3 a Isometric view of test section b sectional view c front view d top view

steam inside the internal cylinder. After spraying of superheated steam it is found
that the flame temperature increases, and smoke quantity rapidly reduces. In this
work the superheated steam act as secondary fuel.

The sequence of operation of Smokeless Stove/Chulha in step wise is mentioned.

Step 1: Connection of blower to electric supply.

Step 2: Loading of biomass.

Step 3: Igniting by putting paper or small amount of kerosene.

Step 4: Starting of blower.

Step 5: Final burning.

Step 6: Pumping of water to supply super-heated steam.
In this work a blower is provided for producing forced draft but in place of blower

a fan just at the bottom of the cylinder can be placed which can also run by small
rechargeable battery to save electricity or to overcome the problem of unavailability
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of electricity supply. To avoid heat loss from the system a layer of glass wool is
provided in between external cylinder and middle cylinder.

3 Results and Discussion

There is major encumber of environmental impact linkedwith cooking using conven-
tional chulha and biomass fuels. In this work an attempt has been made to recognize
various factors to speed up development in the design and fabrication of chulha with
improvement in technology. The main objective of this work is to reduce emission
and improve thermal efficiency so that harmful effect on the environment and public
health can be reduced.

Table 1 shows the results of thermal efficiency, power output, calorific value, and
CO formation. It is evident from Table 1 that the average thermal efficiency of this
modified chulha is 26.41%whereas the thermal efficiency of the conventional chulha
is generally less than 10%. So the thermal efficiency of our modified chulha is about
16% more than that of the traditional chulhas due to the creation of forced draft and
supply of superheated steam. Thus the cooking time as well as the fuel consumption
decreases. The CO level decreases as compared with traditional chulha. It was also
observed that the ash as well as smoke formation decreases as compared to the
traditional chulha. The caloric value of fuel increases due to provision of superheated
steam and forced draft.

Table 2 shows the flow volume, power output, dilution ratio, flame temperature,
and body temperature in various positions. It can be seen from this table that when
flow volume increases power output increases. It is also observed that with increase
in flow volume, the flame temperature also increases due to complete combustion
of fuel. The power output is very high as compared with traditional chulhas. Flame
temperature also increases due to the increase in flow volume.When the flow volume
reaches to 1.12 m3 the flame temperature increases to 634 °C.

Figure 4 shows the modified innovative chulha during its operation. The exper-
imental arrangement comprises of a test section, which consists of three concen-
tric cylinders, a superheater connected with water tank, a blower. Glass wools are
provided as insulating material between exterior and middle cylinder in order to
reduce heat loss to the surrounding from the wall of the cooking furnace.

4 Conclusions

The improved smokeless chulha has been designed and developed experimentally,
where superheated steam is taken as secondary fuel and air from fan or blower is used
for producing forced draft. Glass wool is used as insulatingmaterial. The conclusions
drawn by the design, development, and experimentation of this smokeless chulha can
be enumerated as follows.
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Table 2 Experimental results of flow volume, body temperature, flame temperature

Stove Flow volume
(m3)

Power output
(kW)

Dilution
ratio

Body temp
(°C)

Flame temp
(°C)

Handle temp
(°C)

Expt -1 0.62 4.02 53.99 50.00 550 70

Expt -2 0.98 4.90 56.80 62.00 576 71

Expt -3 0.96 4.59 56.80 46.00 569 68

Expt -4 1.02 5.01 54.69 56.00 612 73

Expt -5 1.12 5.75 56.80 48.00 634 72

Expt -6 0.96 4.90 61.00 47.00 531 71

Average 0.94 4.65 56.68 51.50 537 70.83

Fig. 4 Modified chulha during operation

(1) It offers a harmless home environment to the occupants and decreases the
menace of respiratory diseases.

(2) This innovative smokeless stove/chulha is very fuel efficient which needs less
biomass for its operation.

(3) Superheated steam is taken as secondary fuel, which helps in reducing smoke
and increasing calorific value of biomass.
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Lightweight Materials for Engine
Cylinder Blocks/Liners—A Critical
Review

B. Pavani Srikavya, P. Srinivasa Rao, and Syed Kamaluddin

Abstract LightweightMaterials have becomea choice formany industries like auto-
mobile and aerospace due to its tunable mechanical properties like extremely high
strength to weight ratio. Aluminum is the best lightweight material. Al metal/alloy
matrix composites improve the mechanical properties but lack wear resistance. By
applying proper coatings will improve wear resistance. These Al MMCs are used to
make engine parts like piston, connecting rod, engine cylinders, drum brakes, disc
and cylinder liners. The present review is mainly about the properties of Aluminum
Alloys in combination with different reinforcements produced by stir castingmethod
and ultrasonic assisted stir castingmethod.And survey on the results of different rein-
forcements on the mechanical and tribological properties. In the present paper the
use of composite materials and hard coatings explored so far are reviewed.

Keywords Al alloy MMCs · Tribological coatings · Engine applications

1 Introduction

Lightweight materials can carry the goods at cheaper cost epically in aerospace
payloads. Carrying each 1 kg of additional payload will cost in millions of dollars.
Application of lightweightmaterials in automobile and aerospace industry has always
a challenging task as they need to satisfy high performance characteristics and pass
through several tests. Still people aremaking large efforts to bring them into their ever
since the application of Al-Cu alloys used by Wright Brothers in the manufacture of
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the first flights in 1903. Use of those alloys was limited to the structural components
of aircraft like wings and flooring.

But use of these alloys in the heavy engine parts is started recently and still under
study. The following basic properties are to be satisfied by engine materials.

1. Thermal properties: High thermal conductivity and low thermal expansion.
2. Mechanical Properties: High strength, wear resistance, and scuffing resistance.
3. Physical Property: Low density
4. Chemical Property: High corrosion resistance
5. Structural Properties: Good vibration dampening and high modulus of elasticity
6. Manufacturing properties: Good castability and machinability.

As monolithic materials cannot satisfy all above properties composite aluminum
alloy-based metal matrix composites have been extensively tried and experimented
bymany researchers in the recent past. TheseMMCsmay satisfymany of these prop-
erties. But they lack wear resistance. To enhance the wear resistance chrome/nickel
chromium electroplating or thermal spraying with hard coatings are applied on
the bore. Electroplating is restricted due to environmental restrictions imposed
on handling of toxic Cr+6 ions. In the present paper the use of composite mate-
rials and hard coatings explored so far are reviewed and scope of new base
alloys/reinforcements materials are discussed.

Composites are materials in which the popular properties of separate materials are
united by mechanically binding them together. They have advanced properties from
individual materials and their alloys as well. Expansion of metal matrix composite
materials consists of mixture of pleasing attributes of metals as matrix and any
appropriate reinforcement. The addition of high strength, high modulus refractory
particles to a ductile metal matrix create a material whose mechanical properties are
transitional between the matrix alloy and ceramic reinforcement.

Long ago, a range of studies have been carried out on metal matrix composites.
SiC, TiC, TiB2, WC, and B4C are the most frequently used particulates to reinforce
metal or alloy matrix of aluminum or iron. Effort on MMCs began in the 1950s
since then researchers made an effort on numerous combinations of matrices and
reinforcements which led to the expansion of product for aerospace, but resultant
profitable applications were limited. The introduction of ceramic whiskers as rein-
forcement and the progress of in situ eutectics in the 1960s aided high temperature
applications in aircraft engines. In the late 1970s the automobile industries ongoing
took MMCs seriously. In the last 20 years, MMCs evolved from laboratories to a
group of materials with numerous applications and commercial markets.

2 Previous Work

Raghavendra et al., investigated on the wear behavior Al7075 with reinforcement is
Al2O3. In this paper the particle size and volume fraction varied to analyze the wear
behavior. The hardness is decreased with increasing the size of particle from 100 to
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200 μm. The increment of the volume fraction 3–12% wt. reduced the coefficient of
friction and wear [1].

K. C. Mohan kumara et al., done research on Al 1100 5% Mg alloy with SiC is
prepared by stir casting technique. Al 1100 is one of the common aluminum alloys
and it is soft and low strength. The addition of Mg particles improved the strength. In
this paper they studied the variation of percentage of SiC. Increasing the percentage
of SiCgives the gradual improvement of Hardness and tensile strength and ductility.
The best results are noticed in 12% of SiC addition in composite material [2].

Amol Mali et al., studied about Al365. Al365 have incredibly good casting and
machining characteristics. The alumina improves the thermal and mechanical prop-
erties, i.e., high heat resistance, high thermal conductivity, and high strength, high
hardness. They chose combination of Al365 with Alumina and reinforcement is fly
ash. The combination of specimen is prepared in stir castingmethod.And the analyses
are done to find themechanical properties like compressive strength, tensile strength,
Hardness. The % of weight reinforcement and alumina shows different results. The
increasing weight of reinforcement increases the tensile strength, hardness, and
compressive strength [3].

Prashant Kumar Suragimath et al., had done an investigation on Aluminum alloy
(LM6) metal matrix composites. LM6 Aluminum Alloy having good resistance to
corrosion and outstanding castability. In this paper the aluminum is base metal and
SiC, fly ash are the reinforcingmaterials. TheAddition of reinforcingmaterials made
the results better by increasing mechanical properties, impact strength, and reducing
percentage of elongation [4].

Johny James et al., studied about machining and mechanical properties of hybrid
composite. In this paper analyses the best result of % SiC and% TiB2. The reinforce-
ment TiB2 gives the high strength and durability. The maximum limited percentage
of TiB2 is 2.5% for 10% SiC. The addition of TiB2 behind the limit is to cause
porosity which effected on themechanical property, i.e., hardness. The results proved
thatTiB2 % improves the wear resistance. The result 10% SiC and 2.5% TiB2 gives
less wear compared to 10% SiC and 0% TiB2 [5].

R. S. Ravendra et al., had prepared Nano ceramics to use synthesis method. In
this paper studied the phase formation, size of Nano ceramics and Characterization
of aluminum 6061. The morphological test (SEM) shows the constant allocation of
the ceramic particles in the matrix. Addition of α-Al2O3 Nano ceramics exhibits
the superior properties, i.e., increase the hardness compressive strength and tensile
strength [6].

S. M. Russel Kabir Roomey et al., done research on fly ash, base metal A356.2.
The fly ash is produced from industrial. The industrial waste is used as reinforcement
in manufacturing of composite material. Increasing % of fly ash it develops the
hardness, compressive strength, and ultimate strength. But increasing the fly ash
content reduces the elongation [7].

Amal E. Nassar et al., done research on PM technique is used to fabricate the
aluminum Nano titanium dioxide (TiO2) composites. The TiO2tiny particles mixed
with pure aluminum powder. The range of TiO2 vol.% is 0.5, 1.5, 2.5, 3.5, and 4.5.
The addition of TiO2 particles to enhance the ultimate tensile and yield strength and
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hardness of composites. The Nano composites are used to defend the surface so wear
resistance also is improved [8].

M. N. Ervina Efzan et al., had reported on Al Alloy LM6 composite with fly ash
is fabricated by compo-casting method. In this paper fly ash particles were integrated
into semi-solid state of LM6 melt. The semi-solid particles improved the wettability.
Addition of 6%wt. of fly ash enhances the 50% of hardness and 30% tensile strength
compared to unreinforced LM6 alloy [9].

Vipin K. Sharma et al., studied about mechanical properties and tribological prop-
erties of AMMC. Tribological properties investigated by using a Pin-on-disc setup.
The fly ash content in composite material is limited up to 4% beyond the limit the
maximum average coefficient of friction (COF) is increased. i.e. 4% of fly ash shows
COF is 0.12 and 6% of fly ash shows COF is 0.16 [10].

Blaza Stojanovic et al., evaluated new materials, coatings, and high-tech
machining processes that were formerly considered to be too costly due to which
they are used in complex applications and are now reasonably priced. Presently,
owing to the growth in processing of materials, development of new materials to
suit different applications has become feasible. Manufacturing of new materials for
diesel engine application with tremendously high thermal resistance is vital so the
heat losses are reduced and recovered to be partly altered into useful work. Ceramic
whiskers or particulates are frequently used as reinforcement in Al-based alloys
because of their high modulus, high hardness, low cost, easy availability, and limited
reactivitywithAl. The hybrid composites containing graphite (Gr) showsbetterwear-
resistance properties thanmono reinforcement [11].Multiple reinforcements (hybrid
MMCs) were adopted as they convey improved mechanical, thermal and tribological
properties, and they are finer substitutes for composites with single reinforcement.

Narender Panwar et al., reviewed on fabrication methods of aluminum metal
matrix methods. The fabrication methods are broadly classified into two types, i.e.,
solid state and liquid state processing. In this liquid state processing, stir casting
method is simple in operation and cost is less compared to other processes. The solid-
state process commonly used as powder metallurgy method. This method provides
the homogenous allocation of particles but expensive than liquid state processing
methods [12].

Mariusz Walczak et al., studied about tribological properties of aluminum
metal matrix composite. This paper presented the results of wear test of
AlSi12CuNiMg/5.7 wt% Gr aluminum composite material. The wear test had
executed on the Ball-On-Disc tribometer. The SEM results show that uniform distri-
bution of graphite particles in composite material. The graphite particles reduced
the coefficient of friction. Comparative analysis done to find the importance of
graphite particles on wear behavior and reduction % of coefficient friction. The
coefficient of friction of composite material AlSi12CuNiMg/5.7 wt% Gris 0.440
and AlSi12CuNiMg (without graphite) is 0.483 [13].

Vinoth et al., studied about Al–Si eutectic alloy based SiC and Cenosphere rein-
forced hybrid MMCs. The hybrid MMC’s are future materials for the aerospace and
automobile industries due to their preferable mechanical properties. Pure aluminium
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gives the properties like soft, corrosion resistant, ductile and high electrical conduc-
tivity. To improve thewear resistance to use the SiC, Cenosphere can be used as fillers
and it is exceptionally light weight. The combination of these three reinforcements
gives the superior properties used for the applications of piston, cylinder sleeve and
engine blocks [14].

A. K. Kuruvilla et al., studied towards the improvement of modulus of elas-
ticity, strength and thermal stability with respect to the precipitation behavior of
reinforcement particles into Al alloys [15].

H.O. Santos et al., investigated and evaluated themicrostructures of three-cylinder
liners alloys, i.e., grey cast iron and two aluminum silicon alloys. The gray cast iron
gave better hardness value than spray formed Al–Si alloys. The surface finish of the
spray formed alloys was lesser roughness than the gray cast iron cylinder liner [16].

S. Devaganesh.et al., studied and focused on the hybrid composites, Al 7075 with
reinforcement is SiC 5 wt% and different solid lubricants graphite, hexagonal boron
nitride, molybdenum disulfide with 5 wt% fabricated using stir casting method.
Analyzed results show that Al7075 alloy with SiC and graphite ceramic particles
influence the great mechanical and tribological properties [17].

Md. Bengir Ahmed Shuvho.et al., investigated on the hybrid composites, the
combination of composite is Al 6063 with SiC–Al2O3–TiO2 particles, the effect of
SiC shows the good results of wear rate and friction coefficient [18].

3 Fabricationmethods

Metal matrix composites can be fabricated by different methods. Processingmethods
are mainly four types.

1. Liquid state process
2. Solid state process
3. In Situ processes
4. Deposition techniques

The liquid state fabrication of metal matrix composites involves incorporation of
dispersed phase into a molten matrix metal. Stir casting is the simplest and the most
cost-effective method of liquid state process. Content of dispersed phase is limited
(usually not more than 30% volume). The main limitation of this process is distribu-
tion of dispersed phase throughout matrix is not perfectly homogenous. To overcome
the limitations Ultrasonic probe is used. The combination of stir casting with ultra-
sonic vibration improves the mechanical properties. It gives good distribution of the
reinforcement particles within the Aluminum matrix. To improve the microstructure
by avoiding agglomeration and results shows the uniform distribution of particles
(Fig. 1).
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Fig. 1 Ultrasonic stir casting

The Ultrasonic stir casting is relatively simple and decreases the porosity in
composites. This process improves themechanical properties and its vibration creates
the homogenous distribution of particles.

For the convenience some of the important reported works are also presented in
tabular form as given Tables 1, 2 and 3; Fig. 2.

TheMicrostructure is seen in SEM. Figure 3 shows themicrostructure of with and
without Ultrasonic treatment of Al5083+ 10 wt% Tic. The range of TiC particles are
1–5 μm. In the same location Clustering of particle was also observed. Ultrasonic
treatment of the alloy and composites melt led to refinement of grains size and
homogenous distribution of TiC particles.

4 Coatings

Themetalmatrix composites satisfied the thermal, physical, chemical andmechanical
properties. The wear resistance is very low. To improve the wear resistance and to
increase the performance of IC engine by coating the cylinder block with antifriction
and anti-wear Nano-coatings.

Some of the coatings are mostly used for improving wear resistance

1. StainlessSpray
2. Chromeboride
3. Tungstencarbide
4. Molybdenum
5. TitaniumOxide
6. Stellite
7. WC-Co-Cr
8. Cr2O3(Ceramic)
9. Al2O3-TiO2(Ceramic)
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Table 1 Comparison study of different aluminum composites and results

S. No. Composition Elongation % Compression
strength
(M Pa)

UTS (M Pa) Hardness
(BHN)

References

1 Al-7075 265 210 115 [19]

2 Al-7075 +
2%Al2O3

270 219 117

3 Al-7075 +
4% Al2O3

275 226 121

4 Al-7075 +
6% Al2O3

283 229 124

5 Al-7075 +
8% Al2O3

294 236 134

6 Al6061-1%
Graphite

7.31 847.9 173.8 44.58 [20]

7 Al6061-2%
Graphite

8.47 946.1 181.2 40.64

8 Al6061-3%
Graphite

8.6 1028.72 182.1 39.98

9 Al6061-4%
Graphite

9.4 1067.21 191.65 37.38

10 Al(LM25) +
0Al2O3 +
3%FA

7.1 136 57.2 [21]

11 Al(LM25) +
5Al2O3 +
3%FA

5.3 162 61

12 Al(LM25) +
10Al2O3 +
3%FA

4 187 61.8

13 Al(LM25) +
15Al2O3 +
3%FA

2.4 168 62

1. StainlessSpray:

These coatings are suitable for resistance to abrasive wear, corrosion and erosion.
Stainless steel 316 and stainless steel 316 L afford the high wear resistance and
corrosion resistance to form small pits on a surface. The stainless steel-II showed the
lower friction coefficients compared to uncoated material.

2. Chrome boride:

The chrome boride is also known as chromium mono boride. It is very hard, high
strength and conducts electricity and heat. These properties are creating the additional
strength to the material and overcome the wear to increase the life of the material.
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Fig. 2 Shows the compressive strength of specimen of different wt% of TiC for with and without
ultrasonic treatment in bar graph

Fig. 3 Microstructure of a Al5083-10 wt.% TiC composite with ultrasonic and b aluminum 5083-
10 wt.% TiC composite without ultrasonic treatment

CrB is used as candidate material for wear resistant coatings and high temperature
diffusion barriers.

3. Tungsten carbide:

The chemical compound of tungsten carbide holds equal parts of tungsten and carbon
atoms. The HVOF thermal spray process produces large amount of K. Einto the
coated powder particles. The results of these coatings improve the low residual stress,
high bond strength, high wear resistance, good corrosion resistance and low porosity.
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4. Molybdenum:

Molybdenum cannot be used on copper, >20% Cu alloys, chromed or nitrated parts.
However, Molybdenum can and is used on hardened base agents to obtain improved
sealing properties. Molybdenum Coatings are not suitable due to very low micro
hardness values.

5. TitaniumOxide:

Titania is another name of titanium oxide. The chemical formula is TiO2. The major
part of titanium oxide consumption (80%) used as some important applications. The
application areas are paints, varnishes and paper and plastics. The other applications
are such as printing inks, fibers, rubber, cosmetic products and food.

6. Stellite:

The stellite alloys mainly consist of carbon and small amount of tungsten or molyb-
denum. It is designed for wear resistance. And other properties of stellite alloys are
corrosion resistance and withstand high temperatures.

7. Tungsten Carbide cobalt(WC-Co-Cr):

The combination ofWC-Co-Cr coatings improved the corrosion resistance, adhesion
and wear performance. It is widely used in industry applications. The WC-Co Cr
coatings are also used as an alternative to hard chromium plating.

8. Chromium Oxide(Cr2O3):

The Chromium oxide coatings are used as industrial coatings. Another name is black
oxide coatings. These coatings have self-mating, anti-galling properties. Thematerial
is mostly recommended for wear resistance and corrosion resistance.

9. Al2O3-TiO2:

The Aluminum oxide and titanium dioxide coatings mostly used in industry. It
improves the mechanical, electrical properties and improves the wear resistance
[24].

V. Rajini kanth et al., investigated on WC coating to test sliding wear behavior.
Four different combinations of specimens are tested on pin on disc apparatus. In
addition to the spraying parameters, the degree of decomposition of WC and the
carbide size energetically affected the microstructure of the coating. Thus, HVOF
sprayed coatings give the low porosity. For dry sliding conditions, WC coating is
used for protection of wear resistance [25].

Ying Chun Zhu et al., The nanostructure WC coating was prepared with the
vacuum plasma spraying processes. The structure of the coating was determined
with SEM, TEM and XRD. The results show that particular WC grain size of 35 nm
is equal to grain size of the primary powders. In some locations the grain size of
WC reduced to about the 10 nm embedded in an incomplete matrix. This is formed
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by the melting of the WC-CO powders. In some areas the grain size increased to
100 nm. Whereas the second recrystallization developed, strip shaped and square
shaped structures are created. The minor phases of the coatings are α-W2C, β-WC1-
x, and W3Co3C. The hardness of Nano WC-CO coating is improved compared to
the conventional WC-CO coatings [26].

Aleksandar Vencl et al., done research on Atmospheric plasma spraying method
(APS). This method is used to find tribological properties. In this paper two types
of ferrous thermal spray coatings were investigated on pin on ring tribometer. The
coatings A and B consist of iron oxides with magnetite (Fe3O4) and wustite (FeO).
The hardness of coating A was greater than the coating B and it is also improved
the tribological properties. The test results showed that both coatings had acceptable
values of wear and friction. The APS process is used to solve the tribological effects
of aluminum material. So the lightweight aluminum is best permutation for gray
castiron [27].

Zhang Xiao-feng et al., studied microstructure and properties of HVOF sprayed
Ni- based submicron WS2/CaF2 self-lubricating composite coating. The submicron
powder is produced in a ball milling equipment. The self-lubricating composite
coatings have low hardness value and low adhesive strength due to the many holes
and micro cracks. The two types of coatings taken to test the friction coefficient. The
compositions of coatings are Ni45-5%CaF2-10%WS2 and Ni45-10%CaF2-5%WS2
(mass fraction). Minimum friction coefficient produces the Ni45-10%CaF2-5%WS2
composition, i.e., 0.32–0.38 [28].

K. Włodarczyk et al., done research on Nano composite coatings. To enhance
the low friction and wear resistant to use the Nano crystallite of chromium or tita-
nium. The tests are carried out for nc-CrC/a-C(:H) and nc-TiC/a-C(:H) coatings.
The coatings deposited by magnetron sputtering illustrate the superior tribological
properties. The Hardness of nc- TiC/a-C and nc-TiC/a-C:H coatings is 15–20 GPa.
The Hardness of nc-CrC/a-C and nc-CrC/a-C:H coatings is 15–17 GPa [29].

Ankit Tyagiet al., studied about that deposition of DLC/CNTs coatings on the
substrate materials improves wear, corrosion and mechanical properties of the
substrate. Selection of substrate material is very important role on the coatings [30].

5 Conclusion

From the study it is concluded that best results are noticed in 12% of SiC addition in
composite material [2] it improved the mechanical properties. The most economical
fabrication method of metal matrix composites are stir casting but it gives some
limitations .i.e., distribution of dispersed phase throughout matrix is not perfectly
homogenous. The combination of stir casting with ultrasonic vibration improves the
mechanical properties. It gives good dispersion of the reinforcement particles within
the Aluminum matrix [23].

The anti-friction and anti-wear Nano-coatings improved the wear resistance.
Based on the survey these coatings improved the tribological properties. The High
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Velocity Oxy-Fuel (HVOF) Tungsten Carbide cobalt (WC-Co) coatings give best
results and create the high dense, zero porosity and wear resistant surfaces [26].
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Selection of Suppliers by Weighted
Aggregated Sum Product Assessment
(WASPAS) Method

Shankha Shubhra Goswami and Dhiren Kumar Behera

Abstract Selection of an efficient supplier has always been a tough task in the
arena of logistics management. The performance of a supplier depends on several
factors that enables the researchers to consider this as a multi-criteria decision
making (MCDM) problem. The goal of this research paper is to propose the most
efficient supplier among 18 available alternatives on the basis of 5 performance
criteria namely, price, distance, quality, supply variety and delivery performance
by implementing analytic hierarchy process (AHP) to evaluate the criteria weights
and weighted aggregated sum product assessment (WASPAS) to rank the alterna-
tives. The results obtained shows that, supplier 10 and supplier 7 is the best and the
worst choice, respectively among these 18 suppliers. On comparingwith the previous
researchers existing results executed by COPRAS and TOPSIS, it is observed that
there are differences in the preference order of the alternatives, but the best and worst
choice of suppliers remains same in all methods.

Keywords MCDM · AHP · Supplier selection ·WAPAS

1 Introduction

Supplier selection problem now a days has become one of the core areas of interest
for the decision maker (DM) to execute with the help of MCDM tools, as it involves
several conflicting criteria for its efficient selection. Proper selection of a supplier
is very much crucial for an engineering firm, as it is equally important with respect
to other factors for the success of every industrial concern [1]. Lots of researchers
successfully implemented different MCDM tools for the supplier selection in the last
few years and some of the applications are stated as follows.
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Liu et al. [2] appliedDEA for the supplier selection in amanufacturing firm. Shyur
and Shih [3] developed a hybrid MCDM model of TOPSIS and ANP for deliberate
vendor selection. Onut et al. [4] developed a supplier estimation approach in theGSM
sector based on TOPSIS and ANP methods to help a Turkish telecommunication
company under the fuzzy environment. Singh [5] evaluated and selected the most
efficient supplier in fuzzy environment for television manufacturing organization
using TOPSISMCDMapproach. Kilic [6] proposed an integrated approach of fuzzy-
TOPSIS for choosing appropriate supplier inmulti-supplier environment.Madic et al.
[1] appliedCOPRASmethod for estimating the performances of the suppliers.Murali
et al. [7] analyzed a supplier selection problem by PROMETHEE and TOPSIS.

Nallusamy et al. [8] studied the applications of AHP, fuzzy logic and ANN
for efficient supplier selection in manufacturing industries. Adali et al. [9] applied
an alternative version of fuzzy-PROMETHEE for the selection of best supplier.
Yazdani et al. [10] delivered a combinedmodel for solving supplier selection problem
using WASPAS, SWARA and QFD. Guchhait [11] solved a supplier evaluation
problem byMOORA, SAW and TOPSIS method. Assellaou et al. [12] investigated a
supplier selection problemof anAfricanwell-known refining companyusing a hybrid
DEMATEL-ANP-TOPSIS methodology. Stojic et al. [13] implemented rough AHP
to determine the weight coefficients of the criteria and rough WASPAS to rank the
suppliers in a PVC producing company.

Bhakat and Raja [14] considered a case study of a Turkish textile company,
where grey-AHP model is used for weighting the set of conflicting criteria and
grey-WASPASmodel for ordering the suppliers. Jayant et al. [15] presented a hybrid
combination of WASPAS and MOORA MCDM procedures for vendor assessment
and SWARA to evaluate the criteria weights in a battery manufacturing industry.
Koganti et al. [16] proposed a MCDM model for supplier selection using GRA to
pick out the proper criterions from existing options, AHP to determine the criteria
weights and TOPSIS for the final selection process.

Apart from these,WASPAS technique is also applied in other areas like, Zavadskas
et al. [17] presented a case study to rank the facades for commercial and public build-
ings byWPM,WSM,WASPAS and later it was examined by comparing toMOORA.
Zavadskas et al. [18] applied WASPAS method for the assessment of alternative
building designs and the robustness of the method is validated by applying MOORA
andMULTIMOORA.Chakraborty andZavadskas [19] explored eightmanufacturing
problems using WASPAS technique.

Karande et al. [20] investigated the ranking efficiency of six MCDMmethods i.e.
WASPAS, MOORA, MULTIMOORA, WPM and WSM using two industrial robot
selection problems. Mathew and Sahu [21] solved two material handling equip-
ment selection problem using 4 MCDM techniques i.e. WASPAS, EDAS, MOORA
and CODAS. Badalpur and Nurbakhsh [22] considered an Iranian road construction
project, where WASPAS is utilized for the risk assessment. Vinchurkar and Samtani
[23] evaluated the performance of four different hydro-powerhouses by integrating
SWARA for determining the criteria weights andWASPAS, TOPSIS, PROMETHEE
to access the performance score of the alternatives.
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From the above-mentioned literatures, it is clear that WASPAS method is very
less utilized MCDM tool in the area of supplier selection and therefore needs to
be explored more in-depth. Hence, WASPAS is adopted and applied to an existing
supplier selection problemfirst presented byLiu et al. [2]. Later, it was further consid-
ered by Madic et al. [1] and evaluated using COPRAS method. In this paper, the
criteria weights [1] and the decision matrix [1, 2] are taken from [1] and WASPAS
is applied to fulfill the research gap. The output results are also compared with
the previous researcher’s outcomes which shows very minor differences among
the ranking orders. Overall, solving a supplier selection problem with the help of
WASPAS method for the first presents the novelty of this research work.

2 Materials and Methods

To start with the calculation procedure, firstly, it is required to determine the criteria
weights which is done by using AHP [24]. The weights of the 5 criteria are taken
from the article presented by Madic et al. [1] through AHP is as follows: wprice =
0.1361,wdistance = 0.0438,wquality = 0.4829,wsupply variety = 0.0782,wdelivery performance

= 0.2591. Now, starting with the WASPAS [25] method which is included under the
Sect 2.1.

2.1 Weighted Aggregated Sum Product Assessment
(WASPAS)

In WASPAS method, a joint generalized criterion shown by Eq. 7 was proposed by
Zavadskas et al. [25] which combines WSM [26–28] and WPM [28, 29] together.
According to Karande et al. (pp. 402–403) [20] ‘it is applied for increasing ranking
accuracy and it has the capability to reach the highest accuracy of estimation’. The
WASPAS method steps are as follows.

Step 1: Create a performance evaluation matrix (decision matrix) having ‘m’
alternatives and ‘n’ criteria according to Eq. 1. The decision matrix as originally
proposed by Liu et al. [2] is shown in Table 1.

D(mi × n j )

⎡
⎢⎢⎣

d11
d21
. . .

dm1

d12
d22
. . .

dm2

. . .

. . .

. . .

. . .

d1n
d2n
. . .

dmn

⎤
⎥⎥⎦ (1)

where, i = 1, 2…, m; j = 1, 2…, n.
Step 2: Normalize the decision matrix by using Eqs. 2 or 3 according to the nature

of the criteria.
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Table 1 Performance matrix

Types Min Min Max Max Max

Price ($) Distance (miles) Quality (%) Supply variety Delivery
performance (%)

S1 100 249 100 2 90

S2 100 643 99.79 13 80

S3 100 714 100 3 90

S4 100 1809 100 3 90

S5 100 238 99.83 24 90

S6 100 241 96.59 28 90

S7 100 1404 100 1 85

S8 100 984 100 24 97

S9 100 641 99.91 11 90

S10 100 588 97.54 53 100

S11 100 241 99.95 10 95

S12 100 567 99.85 7 98

S13 100 567 99.97 19 90

S14 100 967 91.89 12 90

S15 80 635 99.99 33 95

S16 100 795 100 2 95

S17 80 689 99.99 34 95

S18 100 913 99.36 9 85

Ideal value 80 238 100 53 100

Source Liu et al. [2]; Madic et al. [1]

Maximum criteria, Ni j = di j
dmax
i

(2)

Minimum criteria, Ni j = dmin
i

di j
(3)

where, i = 1, 2…, m; j = 1, 2…, n.
‘dmax

i ’ and ‘dmin
i ’ are the maximum and the minimum values of the ith criteria

respectively. Table 2 shows the normalized decision matrix.
Step 3: Now calculate the weighted sum (WSi) of each alternative using Eq. 4.

The weighted sum is determined for all the alternatives and shown in Table 3.

WSi =
n∑
j=1

Ni jw j (4)

where, i = 1, 2…, m; j = 1, 2…, n.
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Table 2 Normalized matrix

Price ($) Distance (miles) Quality (%) Supply variety Delivery
performance (%)

Weights 0.1361 0.0438 0.4829 0.0782 0.2591

S1 0.8 0.9558 1 0.0377 0.9

S2 0.8 0.3701 0.9979 0.2453 0.8

S3 0.8 0.3333 1 0.0566 0.9

S4 0.8 0.1316 1 0.0566 0.9

S5 0.8 1 0.9983 0.4528 0.9

S6 0.8 0.9876 0.9659 0.5283 0.9

S7 0.8 0.1695 1 0.0189 0.85

S8 0.8 0.2419 1 0.4528 0.97

S9 0.8 0.3713 0.9991 0.2075 0.9

S10 0.8 0.4048 0.9754 1 1

S11 0.8 0.9876 0.9995 0.1887 0.95

S12 0.8 0.4198 0.9985 0.1321 0.98

S13 0.8 0.4198 0.9997 0.3585 0.9

S14 0.8 0.2461 0.9189 0.2264 0.9

S15 1 0.3748 0.9999 0.6226 0.95

S16 0.8 0.2994 1 0.0377 0.95

S17 1 0.3454 0.9999 0.6415 0.95

S18 0.8 0.2607 0.9936 0.1698 0.85

Source Author himself

‘Nij’ is the normalized value of the ith alternative and jth criteria, ‘wj’ is theweight
of the jth criteria and ‘WSi’ is the weighted sum of the ith alternative.

Step 4: Now calculate the weighted product (WPi) of each alternative using Eq. 5.
The weighted product is determined for all the alternatives and shown in Table 4.

WPi =
n∏
j=1

N
wj

i j (5)

where, i = 1, 2…, m; j = 1, 2…, n.
‘Nij’ is the normalized value of the ith alternative and jth criteria, ‘wj’ is theweight

of the jth criteria and ‘WPi’ is the weighted product of the ith alternative.
Step 5: Now determine the joint generalized criterion (Qi) of each alternative by

using Eq. 6 [17, 18].
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Table 3 Weighted sum of the alternatives

Price ($) Distance
(miles)

Quality (%) Supply variety Delivery
performance
(%)

Weighted sum
(WSi)

S1 0.1089 0.0419 0.4829 0.0030 0.2332 0.8698

S2 0.1089 0.0162 0.4819 0.0192 0.2073 0.8334

S3 0.1089 0.0146 0.4829 0.0044 0.2332 0.8440

S4 0.1089 0.0058 0.4829 0.0044 0.2332 0.8352

S5 0.1089 0.0438 0.4821 0.0354 0.2332 0.9034

S6 0.1089 0.0433 0.4664 0.0413 0.2332 0.8931

S7 0.1089 0.0074 0.4829 0.0015 0.2202 0.8209

S8 0.1089 0.0106 0.4829 0.0354 0.2513 0.8891

S9 0.1089 0.0163 0.4825 0.0162 0.2332 0.8570

S10 0.1089 0.0177 0.4710 0.0782 0.2591 0.9349

S11 0.1089 0.0433 0.4827 0.0148 0.2461 0.8957

S12 0.1089 0.0184 0.4822 0.0103 0.2539 0.8737

S13 0.1089 0.0184 0.4828 0.0280 0.2332 0.8712

S14 0.1089 0.0108 0.4437 0.0177 0.2332 0.8143

S15 0.1361 0.0164 0.4829 0.0487 0.2461 0.9302

S16 0.1089 0.0131 0.4829 0.0030 0.2461 0.8540

S17 0.1361 0.0151 0.4829 0.0502 0.2461 0.9304

S18 0.1089 0.0114 0.4798 0.0133 0.2202 0.8336

Source Author himself

Qi = 0.5(WSi ) + 0.5(WPi )

= 0.5
n∑
j=1

Ni jw j + 0.5
n∏
j=1

N
wj

i j (6)

where, i= 1, 2…,m; j= 1, 2…, n and ‘Qi’ is the joint criterion of the ith alternatives.
Saparauskas et al. [30] and Zavadskas et al. [25] proposed a more generalized

formula to increase the effectiveness and the ranking accuracy of the method [19]
which is shown by Eq. 7.

Qi = λ(WSi ) + (1− λ)(WPi )

= λ

n∑
j=1

Ni jw j + (1− λ)

n∏
j=1

N
wj

i j (7)

where, i = 1, 2…, m; j = 1, 2…, n.
‘λ’ is a constant and its values ranges from 0 to 1. λ = 0, 0.1, 0.2, 0.3…., 1.
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Table 4 Weighted product of the alternatives

Price ($) Distance
(miles)

Quality (%) Supply variety Delivery
performance
(%)

Weighted
product (WPi)

S1 0.9701 0.9980 1 0.7739 0.9731 0.7291

S2 0.9701 0.9574 0.9990 0.8959 0.9438 0.7846

S3 0.9701 0.9530 1 0.7989 0.9731 0.7187

S4 0.9701 0.9150 1 0.7989 0.9731 0.6900

S5 0.9701 1 0.9992 0.9399 0.9731 0.8865

S6 0.9701 0.9995 0.9834 0.9513 0.9731 0.8826

S7 0.9701 0.9252 1 0.7331 0.9588 0.6308

S8 0.9701 0.9397 1 0.9399 0.9921 0.8501

S9 0.9701 0.9575 0.9996 0.8843 0.9731 0.7989

S10 0.9701 0.9612 0.9880 1 1 0.9213

S11 0.9701 0.9995 0.9998 0.8777 0.9868 0.8396

S12 0.9701 0.9627 0.9993 0.8536 0.9948 0.7924

S13 0.9701 0.9627 0.9999 0.9229 0.9731 0.8386

S14 0.9701 0.9404 0.9600 0.8903 0.9731 0.7588

S15 1 0.9579 1 0.9636 0.9868 0.9109

S16 0.9701 0.9485 1 0.7739 0.9868 0.7027

S17 1 0.9545 1 0.9659 0.9868 0.9097

S18 0.9701 0.9428 0.9969 0.8705 0.9588 0.7610

Source Author himself

From the Eqs. 6 and 7 it can be observed that, if the value of λ is 0 then the first
part gets eliminated and it is converted into WPM and if λ is 1 then it is converted
into WSM [19, 20].

The joint generalized criterion (Qi) of each alternative is calculated for every λ

values using Eq. 7 and shown in Table 5.

3 Results and Discussion

This section includes the outcome results and ranking of the supplier. Table 5 shows
the joint generalized criteria of the 18 alternatives for everyλ values.Now the supplier
with the highest Qi value is termed as the best one and the ranking is proposed
according to the decreasingQi values. However, 11 alternative rankings can be made
for the eleven individual cases which are depicted in Table 6.

From Table 6, the variations in the rankings can be observed for different λ values
and it can also be noted that the best choice supplier is same for all the λ values.
However, it is recommended to consider the ranking forλ= 0.5 as the final ranking by
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Table 5 Joint criterion of each alternative for different ‘λ’ values

λ = 0 λ =
0.1

λ =
0.2

λ =
0.3

λ =
0.4

λ =
0.5

λ =
0.6

λ =
0.7

λ =
0.8

λ =
0.9

λ = 1

S1 0.7291 0.7432 0.7573 0.7713 0.7854 0.7995 0.8135 0.8276 0.8417 0.8557 0.8698

S2 0.7846 0.7894 0.7943 0.7992 0.8041 0.8090 0.8139 0.8188 0.8237 0.8286 0.8334

S3 0.7187 0.7312 0.7437 0.7563 0.7688 0.7813 0.7939 0.8064 0.8189 0.8315 0.8440

S4 0.6900 0.7045 0.7190 0.7335 0.7481 0.7626 0.7771 0.7916 0.8061 0.8206 0.8352

S5 0.8865 0.8882 0.8899 0.8916 0.8933 0.8949 0.8966 0.8983 0.9000 0.9017 0.9034

S6 0.8826 0.8837 0.8847 0.8857 0.8868 0.8878 0.8889 0.8899 0.8910 0.8920 0.8931

S7 0.6308 0.6499 0.6689 0.6879 0.7069 0.7259 0.7449 0.7639 0.7829 0.8019 0.8209

S8 0.8501 0.8540 0.8579 0.8618 0.8657 0.8696 0.8735 0.8774 0.8813 0.8852 0.8891

S9 0.7989 0.8048 0.8106 0.8164 0.8222 0.8280 0.8338 0.8396 0.8454 0.8512 0.8570

S10 0.9213 0.9226 0.9240 0.9254 0.9267 0.9281 0.9295 0.9308 0.9322 0.9336 0.9349

S11 0.8396 0.8452 0.8508 0.8564 0.8620 0.8676 0.8732 0.8789 0.8845 0.8901 0.8957

S12 0.7924 0.8006 0.8087 0.8168 0.8249 0.8331 0.8412 0.8493 0.8574 0.8656 0.8737

S13 0.8386 0.8418 0.8451 0.8484 0.8516 0.8549 0.8582 0.8614 0.8647 0.8680 0.8712

S14 0.7588 0.7643 0.7699 0.7754 0.7810 0.7865 0.7921 0.7976 0.8032 0.8087 0.8143

S15 0.9109 0.9128 0.9147 0.9167 0.9186 0.9205 0.9225 0.9244 0.9263 0.9283 0.9302

S16 0.7027 0.7179 0.7330 0.7481 0.7632 0.7784 0.7935 0.8086 0.8237 0.8389 0.8540

S17 0.9097 0.9118 0.9139 0.9159 0.9180 0.9201 0.9221 0.9242 0.9263 0.9283 0.9304

S18 0.7610 0.7683 0.7755 0.7828 0.7900 0.7973 0.8046 0.8118 0.8191 0.8264 0.8336

Source Author himself

WASPAS [19] since, equal priority should be given to bothWSMandWPMmethods.
Table 7 shows the ranking comparisons of the suppliers by COPRAS, TOPSIS and
WASPAS method and Fig. 1 represents the ranking comparisons graphically. A final
ranking of the suppliers is also proposed following Copeland voting method which
is also provided in Table 7. Spearman rank correlation coefficient among the three
rankings obtained from three different methods are also given in Table 8. The final
ranking obtained from this analysis is as follows.

S10 > S17 > S15 > S6 > S5 > S8 > S13 > S11 > S12 > S9 > S2 > S1 > S18 > S16 >
S14 > S3 > S4 > S7

FromTable 8, it can be observed that the proposed rankings hold a good Spearman
rank correlation coefficient among each other and there are not many differences in
the ranking orders as depicted inTable 7. So, it is quite tough to judge and give opinion
about the best one among them. But, if we notice the rank coefficient between the
final ranking and the other methods, then it is clear that TOPSIS and WASPAS are
coming out with the highest coefficient, i.e., 0.98762, which is enough to consider
these two methods as the most robust and gives more accurate results compared to
COPRAS.
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Table 6 Ranking of the alternatives for different λ values

λ = 0 λ =
0.1

λ =
0.2

λ =
0.3

λ =
0.4

λ =
0.5

λ =
0.6

λ =
0.7

λ =
0.8

λ =
0.9

λ = 1

S1 14 14 14 14 13 12 12 11 11 10 10

S2 11 11 11 11 11 11 11 12 13 14 16

S3 15 15 15 15 15 15 14 15 15 13 13

S4 17 17 17 17 17 17 17 17 16 16 14

S5 4 4 4 4 4 4 4 4 4 4 4

S6 5 5 5 5 5 5 5 5 5 5 6

S7 18 18 18 18 18 18 18 18 18 18 17

S8 6 6 6 6 6 6 6 7 7 7 7

S9 9 9 9 10 10 10 10 10 10 11 11

S10 1 1 1 1 1 1 1 1 1 1 1

S11 7 7 7 7 7 7 7 6 6 6 5

S12 10 10 10 9 9 9 9 9 9 9 8

S13 8 8 8 8 8 8 8 8 8 8 9

S14 13 13 13 13 14 14 16 16 17 17 18

S15 2 2 2 2 2 2 2 2 2 3 3

S16 16 16 16 16 16 16 15 14 12 12 12

S17 3 3 3 3 3 3 3 3 3 2 2

S18 12 12 12 12 12 13 13 13 14 15 15

Source Author himself

4 Conclusion

It can be concluded from the above analysis that supplier 10 is the best option and
supplier 7 is the worst choice among these 18 available alternatives. WASPAS is
more effective method thanWPM andWSM alone, as it gives priority and combines
the advantages of both methods and provides more accurate results when λ = 0.5.
Although, the best and the worst supplier choices are exactly same for all the three
methods but there are some variations in the preference ranking order which are
justified by the rank coefficient. However, the three rankings show very minor differ-
ences in their order. Although, TOPSIS and WASPAS proved to be the most robust
techniques, but COPRAS also competed equally and lags behind by an inch.

The same analysis can also be carried out by employing other MCDM tools like
PROMETHEE, VIKOR, ELECTRE, etc., and the rankings can be compared to these.
For solving supplier selectionproblems, there are others factors like, past experiences,
service and warranty, transportation cost, behavior, etc., can also be considered along
with these to make the selection process more precise and accurate.
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Table 7 Ranking comparisons by TOPSIS, COPRAS and WASPAS

TOPSIS COPRAS WASPAS Final rank

S1 12 17 12 12

S2 11 11 11 11

S3 15 15 15 16

S4 17 16 17 17

S5 5 6 4 5

S6 4 5 5 4

S7 18 18 18 18

S8 6 4 6 6

S9 10 10 10 10

S10 1 1 1 1

S11 8 8 7 8

S12 9 9 9 9

S13 7 7 8 7

S14 14 14 14 15

S15 3 3 2 3

S16 13 13 16 14

S17 2 2 3 2

S18 16 12 13 13

Source Madic et al. [1]; Author himself

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18
TOPSIS 12 11 15 17 5 4 18 6 10 1 8 9 7 14 3 13 2 16
COPRAS 17 11 15 16 6 5 18 4 10 1 8 9 7 14 3 13 2 12
WASPAS 12 11 15 17 4 5 18 6 10 1 7 9 8 14 2 16 3 13
Final rank 12 11 16 17 5 4 18 6 10 1 8 9 7 15 3 14 2 13

0
2
4
6
8

10
12
14
16
18

R
an

ki
ng

Supplier
TOPSIS COPRAS WASPAS Final rank

Fig. 1 Graphical comparison of different proposed rankings. Source Madic et al. [1]; Author
himself; Created by Microsoft chart option
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Table 8 Spearman rank correlation co-efficient among different proposed rankings

WASPAS TOPSIS COPRAS Final rank

WASPAS – 0.97523 0.95046 0.98762

TOPSIS – 0.95046 0.98762

COPRAS – 0.96285

Final rank –

Source Author himself
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Design of an Impact Attenuator
for a Formula Type Race Car

Shivam Mahajan, Neeraj Dokania, Akshay Kumar,
and Sujeet Kumar Mishra

Abstract In the present paper, the design of a crashworthy impact attenuator has
been carried out. Vehicle safety is a major problem and having a good energy
absorbing impact attenuator improves the safety of the vehicle. It was decided to
design an impact attenuator for a formula type race car because of its reduced compli-
cations and set of rules which govern the car. After consideration of various mate-
rials and evaluating them based on various parameters, aluminium honeycomb was
selected for the impact attenuator. Drop test simulation in SolidWorks was carried
out to evaluate the performance of the impact attenuator. Calculations abiding the
rules of a formula type race car were done to calculate the energy and force, the
impact attenuator will be subjected against. These calculations were also the basis
for the drop height used in the drop test simulations. The sheet metal impact attenu-
ator was rejected as it failed the drop test, so dynamic simulations were carried out on
honeycomb impact attenuator in Ansys Explicit Dynamics. Several problems were
faced while running the dynamic simulation and rigorous theoretical study was done
to rectify the problems. Simulations were run on a limited number of cells rather
than the whole structure and interpolation method was used to find the results for
the whole structure. It was finally decided to go with the two layered honeycomb
structure.
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1 Introduction

An impact attenuator, additionally called a crash cushion, is a structure that is meant
to lower the harm to the vehicle structure throughout collision of the vehicle. It is
meant to soak up the vehicle kinetic energy by intensive crushing and crumbling of
the structure. It provides a load path for frontal impacts in the event of off-centered
and off-axis impact. The crashworthiness of impact attenuator is assessed for total
energy absorbed as well as specific absorbed energy. Its unique characteristic is that
rate of energy dissipation is targeted over a narrow area, whereas the rest of the
structure experiences a rigid body motion.

One of the leading causes of deaths is vehicular crashes. This calls for contin-
uous improvements and new developments in the field of vehicle safety. The impact
attenuator is usually attached to the front of the car and absorbs a major part of the
impact energy. Often it is included in the side road barriers to cushion the crashing
vehicle in case of an accident.

The objective is to design and fabricate a crashworthy impact attenuator for a
formula type race car, that is capable of taking up most of the impact energy during
an event of a crash and reduce the amount of energy being transferred to the driver. It
was decided to work on an impact attenuator of a formula type race car. This decision
was made keeping in mind the simplicity of the car when compared to road cars.
The set of rules that govern these cars also make the designing and development
of different types of impact attenuators a standard process. The impact attenuator is
supposed to absorb at least 7350 J of energy (considering a vehicle with mass 300 kg
and impacting a solid, non-yielding impact barrier with a velocity 7 m/s).

A novel procedure is used for the researchwith regard to the simulation performed.
An interpolation method is used to simulate the structure. Because of the number
of cells, it was not possible to simulate the entire structure in one go owing to the
computational constraints. However, there might be some factors which would have
been unaccounted for due to the adopted method, so to incorporate those factors, a
suitable factor of safety was selected.

2 Relevant Past Work

Numerous investigations have been done to determine the crashworthiness of an
Impact attenuator. Raguraman and David [1] performed experimental and numerical
simulations of hollow and those stuffed with honeycomb tubes. The axial quasi-static
and dynamic crushing of the aluminium (6063 T6 alloy) tubes filled with Nomex
RHRH-10 honeycomb was done. It was found out that honeycomb filled tubes were
around 10% more efficient in terms of energy absorption. The experimental failure
modes were very compatible with the predicted ones under both quasi-static and
dynamic axial loading.
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Abrahamson et al. [2] performed drop weight test experiment on two specimens
of varying dimensions built of Plascore aluminium honeycomb. The impact mass
weighing 661 lb was dropped from height of 8.3 ft with an impact velocity of above
23 ft/s.

Kumar et al. [3] performed experimental test on impact attenuator built up of
Al-6063-T6 material. LS-DYNA software was used for simulation while the method
of physically impacting the attenuator was used for practical tests. Both the average
acceleration and deceleration were under 20 g which also complied with the SAE
rule.

SharavanLalith et al. [4] performedFinite element analysis, drop and compression
test for impact attenuators made up of three different materials: Al foils of 6083T6,
wood, long fiber reinforced thermoplastic composite. The paper proposed the use of
aluminium as it showed the maximum amount of energy absorption.

Williams et al. [5] studied the crash characteristics of the front of Caterham 7.
Multiple simulations using finite element vehicle model to replicate a rigid barrier
test in FEA code Oasys LS-DYNA3D were performed. Overall impact events and
the individual component’s contribution was also understood by this. Relationship
between simulation and practical results was also found.

Obradović et al. [6] demonstrated the effective performance of carbon fiber. They
studied the crash behavior of the brittle composite material using FEA model on
LS-DYNA. The crash tests were performed using a drop test machine, measuring
the deceleration-time diagram and after integration processes load-shortening trend
and energy absorbed by the structure.

The crash behavior of the nose cone of F1 racing car impact structure was inves-
tigated by Heimbs et al. [7] by striking it against a rigid wall and validating against
experimental crash test data. Different designs were analyzed in this study to evaluate
the robustness of the models.

Jain andKalia [8] used cuboidal shaped impact attenuators for passenger vehicles.
The models used galvanized iron sheets and aluminium 2024 sheet with thickness
1 mm as materials. The maximummagnitude of decelerations and velocity of impact
were well under acceptable limits.

Sengupta et al. [9] conducted compressive testing on truncated trapezoidal shaped
impact attenuator which was fabricated using aluminium sheets of thickness 2 mm.
The results clearly ruled out the use of sheet metals owing to the considerable
deformations.

Hiroshi et al. [10] did FEA analysis on a spaceframe structure with steel pipes, an
Al monocoque and a plastic monocoque. It was concluded that out of these three, the
one made from composite material was absorbing higher energy and was the best in
the three tested models.

Supakit et al. [11] performed analysis on various models of varying thickness.
Their research showed the relationship between energy absorption capacity of simple
section and multi cells sections with different wall thickness.
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3 Methodology

To meet our objective of designing a crashworthy impact attenuator, the work was
systematically split into the following stages:

1. Theoretical study.
2. Material selection.
3. CAD modeling and geometry optimization.
4. Simulation and analysis.

A decision matrix approach is followed rather than conventional approach for
selecting the material to fulfill the objectives. Through this method a material can be
easily eliminated and the one that suits the needs can be finalized.

To get the results for the simulation, interpolation method is used since it was not
known if the behavior of cells (number of cells) was a linear relation with the energy
absorbed. This method also helps in saving time and the required simulations could
be performed with limited computer resources.

3.1 Theoretical Study

To design an impact attenuator that is capable of decelerating a 300 kg car moving
at 7 m/s at 20 g, the first step was to calculate the energy and force that the impact
attenuator will be subjected to. It is assumed that the car is stationary after the impact.

Impact velocity, Vi = 7 m/s
Final velocity, Vf = 0 m/s
Acceleration due to gravity, g = 9.81 m/s2

Mass,M = 300 kg
Acceleration, a = 20 g = 196 m/s2

Kinetic Energy:

Ke = 1

2
MV 2

i = 7350 J

By conservation of energy,

Pe(Potential energy) = Ke = 7350 J

Pe = Mgh

where h is the drop height
Therefore,

h = 2.5 m
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Time of impact (t):

t = V i

A
t = 0.036 s

Impulse and force:
Impulse:

I = M
(
Vi − V f

)

I = 2.1× 103kgm/s

Force:

F = I

t
F = 58,335 N

3.2 Material Selection

The selection of material was done keeping in mind the various material properties
like density, yield strength, shear modulus, cost and feasibility (Tables 1, 2).

Out of various available materials, few of them were chosen which best suited
our requirements:

1. Aluminium sheet
2. Aluminium honeycomb
3. Rohacell 110IG Foam
4. Mild steel sheet
5. Carbon fiber reinforced polymer.

Table 1 Material properties

Property Aluminium sheet Aluminium
honeycomb

Rohacell 110IG
foam

Mild steel sheet

Density
(gm/cm3)

2.78 0.054 0.11 7.85

Yield strength
(MPa)

280 270 3.5 318

Shear modulus
(Gpa)

28 26 0.055 83
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Table 2 Material decision matrix

Parameter Weightage Aluminium sheet Aluminium
honeycomb

Mild steel sheet

Density 3 0 3 −3

Cost 2 2 0 2

Availability 3 3 3 3

Yield strength 1 1 1 1

Manufacturing
feasibility

1 1 1 1

Total score 7 8 4

Carbon fiber reinforced plastic was rejected because of fabrication problems,
while Rohacell 110IG foam was taken out of consideration due to high price and
unavailability.

So, to finalize the material among the remaining options, a decision matrix was
made.

The weightage of each comparing parameter was primarily based on experience
and the kind of impact they can have on the work. For example, the structure should
be as light as possible and should be readily available. Therefore, density and avail-
ability could be concluded as the most important parameters, hence given maximum
weightage. The other parameters were also treated in a similar fashion.

Hence, aluminium honeycomb was finalized for the impact attenuator.

3.3 CAD Modeling and Geometry Optimization

Various designs were taken into account to determine the best suited geometry, which
were:

The first geometry decided upon was a single layered aluminium honeycomb
as shown in Fig. 1a with 200 mm × 200 mm × 200 mm, with the cell thickness
of 0.08 mm with the cell width being 10 mm. This was the very basic and initial
geometry constructed.

The second geometry considered was the two layered honeycomb pyramid as
shown in Fig. 1b. The base size was the same as the first geometry and the cell
thickness and cell width also being the same. The second layer was rested on the first
layer with an aluminium plate between the two.

The third geometry constructed was a three layered honeycomb pyramid as shown
in Fig. 1c. The base dimensions and cell parameters remained the same.
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Fig. 1 a Single layer honeycomb impact attenuator, b two layered honeycomb impact attenuator,
c three layered honeycomb impact attenuator
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3.4 Simulation and Analysis

Drop test simulation was performed for a relatively simple geometry on SolidWorks
software. In this simulation the impact attenuator was dropped from a certain height
while in actual practice a heavy mass is dropped on the stationary impact attenuator.

For simulation purposes, the drop height was calculated using the mass of impact
attenuator (1.1 kg), taken from CAD model.

Drop in potential energy(Pe) = Energy to be absorbed = 7350 J

So, the drop height comes out to be 681.1 m.
The calculated height, direction of gravity and direction of impact was mentioned

in the analysis, with the small face of the impact attenuator being crashed into the
rigid wall. Total deformation, deformation in the direction of impact and crushing
behavior were observed.

4 Drop Test Simulation

SolidWorks drop test was used to obtain a rough estimation of the real crash test.
Although the deformations obtained from the drop test were significant, they still
don’t represent the real case scenario of a crash. A highly dynamic testing simulator
would create better results. SolidWorks does not provide the necessary tools for an
accurate test in this situation.

The results obtained from the SolidWorks drop test simulation shows a maximum
deflection of 60.85 mm as shown in Fig. 2a. This value of maximum deflection is
observed on the rear of the impact attenuator, with it being dropped small side down.
The obtained value is not very close to the realistic deformation that would have been
observed, but it gives us a clear and good understanding of the stresses and crushing
behavior of the impact attenuator.

The maximum value of von Mises stress was observed to be 6.207 × 109 N/m2

shown in Fig. 2b, which is greater than the yield strength of used aluminium. This
stress was observed in a relatively small area along the edge of the impact attenuator.
This value is to be expected as the impact attenuator is supposed to crash into itself.

5 Dynamic Simulation

The next step was to simulate the real-life crash test of the honeycomb structure.
To execute the finite element calculations Ansys Workbench was used as there were
dynamic effects which needed to be taken into account. Of all the available packages,
Explicit Dynamics package was used to take care of the nonlinear calculations. This
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Fig. 2 a Resultant deformation of the impact attenuator, b stress generated in the impact attenuator

simulation was required because drop test simulations did not account for the real
case. Moreover, the drop test was done on the sheet metal aluminium structure and
failed the test. Hence honeycomb structure was the next choice.
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Fig. 3 Constraints applied on four cell honeycomb

5.1 Constraints

In this simulation, a rigid wall was made to strike the impact attenuator and its
panel with a certain velocity. The simulation was carried on for some time until the
deformation in the structure did not vary significantly with time. However, in real
cases,

the structure is made to strike the rigid wall. Following are the constraints that
were applied as shown in Fig. 3:

• The striking velocity of the wall was used based on the rules prescribed in the FS
rulebook which was numerically equivalent to 7 m/s.

• The honeycomb cells were fixed to the panel by using bonded contact between
them.

• The panel was fixed by providing fixed support, thereby restricting its motion.
• The striking wall was also restricted to move in one direction only.
• Bonded body interaction was used between the honeycomb cell and wall.

5.2 Problems Faced

• One of the major issues was the complexity of the problem. It was not possible to
simulate the entire 3D structure with hundreds of cells because that would require
very fine mesh size, resulting in excess CPU time and storage. So, to make it
feasible, the 3D structure was converted to 2D by using only the mid-surfaces of
the cells. But the model still couldn’t be simulated because of the high number
of cells. So, to simplify the problem, an interpolation method was used. The
simulations were performed only for 1 cell, 2 cells and 4 cells structures and then
the results were interpolated for the entire structure.

• Since the simulation involves crashing of structures, proper body interactions
between honeycomb cell, panel and wall had to be incorporated. Bonded body
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Fig. 4 a Body interaction between panel and cell, b body interaction between wall and cell

interaction was used between the honeycomb cells and striking wall to make sure
that they always remain in contact shown in Fig. 4a, b.

• Suitable boundary conditions (supports, displacement and velocity) to simulate
the crash test had to be studied and researched extensively.

• There were some issues in interpreting the energy plots as Ansys Workbench
provides a lot of output data.

6 Results

The simulations were performed as per the mentioned constraints and boundary
conditions. The results obtained were further analyzed to calculate the number of
cells required and hence design the impact attenuator.
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6.1 Single Cell Honeycomb

The simulation was first performed on a single celled honeycomb structure. The
energy absorbed by the cell, which is equal to the change in internal energy, was
found out to be 15 J as shown in Fig. 6. The maximum deformation of the cell was
37.19mm shown in Fig. 5, (the deformation shown in the figure includes the distance
traveled by the wall).

The kinetic energy of the strikingwall decreases during the crashwhich eventually
gets absorbed by the structure. The energy vs time graph shows that the energy
absorbed by the structure leads to the proportional increase in the internal energy
which is 15 J for single cell honeycomb structure. This energy is absorbed by crushing
of the structure which can be seen in Figs. 5 and 6.

Fig. 5 Deformation of single cell

Fig. 6 Energy absorbed by single cell
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Fig. 7 Deformation of two cells

Fig. 8 Energy absorbed by two cells

6.2 Double Cell Honeycomb

The simulation was then performed on a double celled honeycomb structure. The
energy absorbed by the cell was found to be 27.5 J. Themaximum deformation of the
cell was 30.26 mm. shown in Fig. 7, (the deformation shown in the figure includes
the distance traveled by the wall).

The energy vs time graph shows that the increase in the internal energy is 27.5 J for
two cell honeycomb structure. This energy is absorbed by crushing of the structure
which can be seen in Figs. 7 and 8.

6.3 Four Cell Honeycomb

The simulationwas then performed on a four celled honeycomb structure. The energy
absorbed by the cell was found to be 55 J. The maximum deformation of the cell
was 35.36 mm. shown in Fig. 9, (the deformation shown in the figure includes the
distance travelled by the wall).
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Fig. 9 Deformation of four cells

Fig. 10 Energy absorbed by four cells

The energy vs time graph shows that the increase in the internal energy is 55 J for
four cell honeycomb structure. This energy is absorbed by crushing of the structure
which can be seen in Figs. 9 and 10.

7 Conclusion

Two major structures were considered for the impact attenuator initially viz sheet
metal steel, aluminium structures and aluminium honeycomb.

• After thoroughly studying the materials and constructing a decision matrix, it was
decided that simulations would be performed on aluminium structures.

• Drop test of sheet metal aluminium structure showed that it was not suitable for
our intended workload, and hence it was discarded.

• Next, dynamic simulations were performed on the aluminium honeycomb
structure.
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• After performing dynamic simulations for three cases, it was found out that the
energy absorbed increases linearly with the number of cells.

Then the number of cells required was calculated by using the interpolation
method.

Energy absorbed per cell is 15 J
So, the number of cells required to absorb 7350 J is 490.
Accounting for the errors in simulation and other unknown factors, a Factor of

Safety 1.5 was decided.
So, the final number of cells is 735.

• Since the number of cells is 735, to optimize the dimension of the impact attenuator
and front of the frame of the car, it was decided to proceed with the two layered
honeycomb structure.

• The first layer of the IA is 270 mm× 270 mm and contains 625 cells in a 25× 25
configuration. The second layer is 130 mm × 120 mm and contains 110 cells in
a 11 × 10 configuration, with the core size of 10 mm and core height of 50 mm.

The proposed design fulfills the design requirements in terms of energy absorption
as well as dimension.
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Design Optimization and Static Force
Analysis of L-Type Rotary Tiller Blade

Deepanshu Pandey, Dheeraj Rangera, Divyansh Bhatia, Ghanvir Singh,
and Rajiv Chaudhary

Abstract Rotary tillers are sort of soil-working tools which are used to mix soil and
operate by spinning the rotary blades. Due to its simple structure and high efficiency,
the potential for their use nowadays is increasing day by day. The life of these blades
depends upon the soil in which they are used and is around 80 h. Excessive loads and
stresses cause wear of the blade tip or the cutting edges. Although the material used
in the blade has sufficient wear resistance properties, the wear takes place because of
geometry/profile of the blade. In this study, a mathematical model for optimization
of design parameters of a rotary tiller blade in terms of specific energy consumption
is used. A rotary tiller blade design was created in SolidWorks 2018 and static force
and fatigue analysis for the designed blade was done in Ansys 2019.

Keywords Tiller blade · Design optimization · CAD-CAM · FEA

1 Introduction

Indian Agriculture has been the foundation of the country’s economy for thousands
of years and it still continues to be. Agriculture plays a pivotal role in the Indian
economy. It is the way of livelihood for 43.21% of the working class in India and
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has acquired 15.4% of India’s GDP. Agriculture thus leads to the overall economic
growth of the country and hence, it is the economy’s most inclusive growth sector [1,
2]. In recent decades, the application of machinery in Indian agriculture has gained
prominence in increasing agricultural productivity and optimizing production of
inputs through efficient and proper use. The requirement of power for operations
like seedbed preparation and harvesting has also grown at an exponential rate and
its requirement has become so large that the existing human and animal power is
inadequate [3].

The rotary power tiller holds promise for overcoming these problems. A rotary
power tiller is a mechanical tool which consists of a number of blades that are used to
plough the land and tomix and swirl up the soil. Rotary tiller helps in soil preparation,
sowing, planting, fertilizer adding and spraying herbicides and watering. Hence, it is
an energy consuming activity in agriculture cycle [4, 5]. The design characteristics
of rotary blades are the biggest determinants of power consumption [6].

The problems that limits the persistence of rotary power tiller are high stresses
and the wear of the blades. On the blade tip or blade critical edges, high stresses are
developed due to the continuous fluctuating impact of soil crust/clods/stone. These
blades have usage life of 40–200 h depending upon the type of the soil and they need
to be replaced after that. Suitable design of the blades and optimization through total
specific energy requirement can lead to lower energy consumption in rotary tillage
[6].

The blade wear has its own characteristics, since they interact with various types
of soil textures, moistures and other unpredictable conditions in the field. The rotary
tiller blades are vulnerable to fatigue and abrasive damage under loads. This leads
to shortening of service life by wear of machine parts working in soil [4]. A suitable
geometric shape of the tiller blade will ensure easy cutting of soil by reducing the
maximum loads and stresses. Reducing the load and stress induced, will result in
low wear and thus longer life [7].

There are different types of rotary power tiller blades available, ‘L’ shape, ‘J’
shape, ‘H’ shape and ‘C’ shape, to suit and perform in different operating condi-
tions. A comparison between these blades shows that deformations and stresses are
minimum for the ‘L’ shape blade. The ‘L’ shape blades are most commonly used in
India. Also, a right hand blade has lower deformation than a left hand blade [3, 8].

Mandal et al. [3] worked on the optimization of the design constraints of a rotary
tiller blade using total specific energy requirements. Tafesse et al. [4] focused their
study on fuel consumption optimization of different types of rotary blades under
sandy clay loam environment. Mandal et al. [6] designed a rotary tiller blade using
specific work method. Caslli et al. [7] research was performed by comparing H-
shaped blades from two different manufacturers of blades that are used in rotary
tillers.Mandal andMukherjee [8] designed and compared ‘C’, ‘J’ and ‘L’ type blades
using SolidWorks andAnsys and concluded that under the same operating conditions
and material of the blade, ‘L’-type blade produces less stress and deformation. Selvi
and Kabas [9] focused on the design of a rotary tiller and its blades as a part of a
larger project on agricultural machines. Tafesse et al. [10] developed a mathematical
model to figure out the optimum design values in terms of the overall specific energy
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requirements of rotary blades in the form of a ‘Pick’, a ‘C’, a ‘I’, a ‘L’ and a ‘J’.
Vegad and Yadav [11] focused their study on the structural optimization of tiller
blades by means of CAD and they compared C, L and hatched type blades and
optimization was done in Ansys Design Xplorer. Asl and Singh [12] created three
types of rotary blades (i.e. C-type, L-type and RC-type). The validity of their model
for estimation of power requirements was checked through experiments in indoor
soil bin by calculating the electrical power needed to rotate the blades. Matani and
Bhishnurkar [13] experimented with 37 and 45 HP power tractor and calculated soil-
tool interface forces. Then the resulting effect of Von-Mises stress, maximum main
stress, tensile stress and shear stress distribution plots on rotary tiller’s blade was
obtained.

The researchworkmentioned in literature reviewdid not consider the optimization
of all the geometric parameters of the blade. The purpose of this research was, there-
fore, to design an effective rotary power tiller blade by changing the blade parameters
according to the mean values corresponding to longer life conditions as opposed to
lower cost conditions and to tackle the problem of an optimal design for low stress,
low power requirements and long life of the blade. A dataset was created for the
different possible values of different parameters and optimal design parameters were
selected on the basis of total energy requirement. This optimization method will
reduce induced stresses, therefore increasing its strength and consequently reducing
wear. Hence an increase in the working life of the tiller blade.

2 Materials and Methods

It has been observed from literature study that the blade starts to worn out after
25–60 h of in field operation depending upon the soil type and the total life of the
rotary tiller blade is around 80–200 h depending upon the soil type and they need
to be replaced after that [3, 6]. The reason for this is unnecessary loading or surface
stress on the blade when it was used in the field. Interaction of these blades with soil
is different from conventional ploughs and they are subjected to high friction and
impact which ultimately creates non-uniform forces on these blades which results in
wearing of the blades.

Many times wear is the reason behind the low self-life of the blade because there
are many stones, gravel and sand present in the soil which are harder than the steel
of the blades and therefore, a blade that experiences a severe wear often ends with
breaking, fracture or failure. The continuous impact of stones/gravel/sand crust on
the blades develops high stress areas on the blade. The geometric parameters of
the blade not only determine the quality of tillage but it also determines whether it
will provide easy soil cutting or not which can reduce the maximum loads and high
stresses, which consequently reduces the blade wear. Therefore, it is necessary to
optimize the blade geometric parameters so that blade experiences less stress and
wear [7, 8].
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2.1 Selection of Material

Reduction in stress and wear can be achieved by a suitable design and choosing a
suitable material for the blade. Many of the researches have used structural steel, cast
iron, stainless steel, mild steel, etc. as material for rotary tiller blade [14, 15]. Mild
steel is the most common material for commercially available rotary tiller blades. It
was observed byKang et al. [16] that hard-facing of normal tiller blades reduced their
wear, and hard-facing alloys showed clear superiority in abrasive wear resistance in
contrast to un-hardfaced steel.

Therefore, to counter the problem of wear, a blade of higher hardness is required.
It is known that the presence of boron, B, increases the hardening of low alloy steels
and it provides wear resistant properties [7].

Hence, Boron steel (SAE-AISI 51B60) is used for blade material in this research
because of its excellent hardness and its properties are illustrated in Table 1.

2.2 Optimization of Design Parameters

This research focuses on ‘L’ shaped blade because it is the most commonly used
type of blade in India and for same material of the blade and loading conditions the
stress developed and deformation in a L-type blade is minimum as compared to other
blades [8].

Tafesse et al. [10] optimization of design parameters subjected to constraints was
done by putting them in an optimization function in Lingo software which gave
only one value for each parameter but practically is not feasible to design. Taking
into consideration the feasibility to manufacture these blades, in this study all the
parameters are varied by fixed steps so that each value of an attribute is possible
to attain in manufacturing or operating the tiller. A Cartesian product of all these
attributes was done to generate all possible combinations of the parameters where
each row or tuple would represent a possible blade design.

This dataset is used to calculate the different power requirements, volume of
soiled tilled and specific energy of each possible blade. Since, different farms have
different types of soils, therefore, based on the type of the soil of the agriculture land

Table 1 Mechanical
properties of Boron Steel
(SAE-AISI 51B60)

Young’s modulus, Pa 190 ×109

Poisson’s ratio 0.29

Brinell hardness 200

Density, Kg m−3 7800

Tensile strength: Yield, Pa 400 × 106

Ultimate tensile strength, Pa 660 × 106
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Table 2 Instance of the dataset generated by Cartesian product; total rows = 622,080

S. No. α (°) ϕ (°) B w (mm) R (mm) Ld (mm) Vf (m/s) N (rpm)

1 37 10 50 235 120 0.8 150

2 37 10 50 235 120 0.8 180

3 37 10 50 235 120 0.8 210

622,078 42 15 85 260 210 2.8 240

622,079 42 15 85 260 210 2.8 270

622,080 42 15 85 260 210 2.8 300

taken under consideration for tilling by the user, the values for soil bulk density and
specific soil resistance can be added accordingly.

The next section will explain all this in detail. These attributes resulted in the
creation of a dataset with 622,080 different rows for optimization. The beginning
and ending of the dataset is shown in Table 2 which is an instance of the dataset
created (by Cartesian product) in excel, first and last 10 rows of the dataset are
presented in the below table.

3 Calculation of Specific Energy

The energy requirement is of major importance in current agricultural operations.
Energy requirements can be reduced by optimizing the design parameters. Energy
requirements affects the cutting forces experienced by the blades which in turn
decides the stresses produced in the blade. The wear of the blade is decided by
the stresses and hence its life. Therefore, optimization of design is absolutely crucial
because it is responsible for both energy requirements and the life of the blade. The
design features of a rotavator are the main energy consumption variables. The total
power required is the sum of the pushing power, the cutting and loosening of the
soil slice, the overcoming of soil-metal friction between the soil and the knife of the
rotary blades, and the centrifugal action of the rotary blade throwing the cut soil slice
given in Eq. (1). Energy requirement can be represented in terms of the total specific
energy required per unit volume of soil tilled by dividing the total power with volume
of soil tilled per second. An optimization technique has been put forward for the total
specific energy requirement of various blades [3, 10].

This theory was put in numerical form by Dalin and Pavlov [17]:

PTotal = PCut + PThrow + PLoss + Pmf + PPush

ETSP = PPush + PCut + Pmf + PThrow
VST
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3.1 Calculation of Powers and Mathematical Modelling

Ppush = 7161.96 V f PeηcηZ

RNcos(ϕ)
× [sin(α) cos(ϕ) + cos(α) sin(ϕ)]

PCut = KSP × BW × Ld × V f Pmf = Ld × RV f × Bw × SPW × μK

μK = 1.09√
0.105 × R × N

, PThrow = 0.219RNLdV f BW SPW(3R − Ld)

GZ
,

VST = BW × Ld × V f

where:

PTotal total power requirement, kW
ϕ the angle of periphery
Pe engine power, hp (12 hp)
PLoss Power loss in the power train, kW
Ld depth of soil cut, m
PPush pushing power requirement, kW
Vf Machine forward velocity, m/s
PThrow throwing the cut soil slice torque
ηc prime mover’s efficiency (0.9)
ηZ coefficient (0.75) [3]
R rotor radius, m
ETSP Total specific power/energy, KJ/m3

N rotational speed, rpm
α the angle of direction
PCut Cutting power requirement, kW
KSP specific soil resistance (7000 Kgm−2) [18]
BW width of oil cut, m
Pmf overcoming soil-metal friction power
SPW Dry soil bulk density (1700 Kgm−3) [3]
μK kinetic coefficient of soil–metal friction
Z number of blades on the drum (3 blades)
G acceleration due to gravity
VST volume of soil tilled per second

Values for bulk densities (SPW) and specific soil resistance (KSP) are different for
different types of soil textures. Based on the field soil, a suitable value for both SPW
and KSP can be taken from [3, 18] and put into the model in excel. For reference, soil
texture of loam soil and Pe (engine power) as 12 HP is taken in this research, any
other value could also be used in the model based on user’s choice or requirement.

On substituting Eqs. (3–8), Eq. (2) i.e. ETSP becomes:
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ETSP =
{(

4834.323
(
V f Pe

)
sin(α + ϕ)

RNcos(ϕ)

)

+ BW Ld SPWV f

(
KSP

SPW
+ 1.09R√

0.0105RN
+ 0.219RN(3R − Ld)

G

)}
/VST

(9)

Thus, a smaller effective specific energy requirement will mean a highly efficient
blade, generating large amounts of backfill with low energy expenditure, hence, to
optimize blade design parameters, ETSP needs to be minimized.

3.2 Mathematical Optimization

Minimum ETSP =
{(

4834.323
(
V f Pe

)
sin(α + ϕ)

RNcos(ϕ)

)

+BW Ld SPWV f

(
KSP

SPW
+ 1.09 R√

0.0105RN

0.219RN(3R − Ld)

G

)}
/VST

with subject to inequality constraints:

150 ≤ N ≤ 300 in steps of 30; 37 ≤ α ≤ 42 in steps of 1;
10 ≤ ϕ ≤ 15 in steps of 1; 50 ≤ Bw ≤ 85 in steps of 5;
235 ≤ R ≤ 260 in steps of 5; 120 ≤ Ld ≤ 210 in steps of 10;
0.8 ≤ Vf ≤ 2.8 in steps of 0.4.

As mentioned previously, a dataset of 622,080 rows was created by Cartesian
product of the design parameters which are mentioned above in their respective
ranges and steps. Each row combination (entire row) represented a unique set of
values i.e. each row had design parameter combination different from any other row
in the entire dataset.

Therefore, the dataset had 622,080 possible different blade geometries (parame-
ters), ETSP was calculated for every blade (Eq. 9) and the blades for which the value
of ETSP was minimumwere filtered out. The function was optimized at values shown
in Table 3. For effective vertical length (Ld) of 210 mm, radius of rotation i.e. the
distance from axis of rotation of blade to blade tip (R) of 260 mm, blade cutting
width or effective horizontal length (Bw) of 85 mm, rotational speed (N) of 300 rpm,
ETSP was minimum and its value was 38.640 kJ/m3.

These values were taken to design the L-type blade which is discussed in next
section. The dataset contains all the power requirements (Ppush, PCut, PThrow and Pmf)
volume of soil tilled and total specific energy/power for each blade design. Therefore,
this dataset can also be used to find the suitable blade design parameters based on
the power available at a field or based on how much volume of soil is required to be
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tilled per second. This will help in efficient blade designs and effective tilling of the
land could be achieved.

Figures 1 and 2 show the variation of ETSP with Ld and Bw in the dataset at two
different rpms i.e. at 300 and 150 rpm; and with α = 37º, ϕ = 10°, R = 260 mm and
Vf = 2 m/s kept constant for both the speeds.

As it can be seen from the plot in Figs. 3 and 4 that with increasing Ld and Bw,
ETSP decreases and from Table 3 it is noted that ETSP is independent of Vf .

Fig. 1 Variation of Etsp with Ld and Bw for N = 300 rpm

Fig. 2 Variation of Etsp with Ld and Bw for N = 150 rpm
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Fig. 3 Design of L-blade
(front view, isometric view,
right view, left view)

4 Design and Analysis

The design of the blade was made in SolidWorks (Fig. 3) according to the optimized
geometric parameters (Table 4). Other parameters were taken similar to previous
studies so that an easy comparison of the optimized parameters could be done, these
were:

Blade width: w = 40 mm, Blade angle: θ = 108°, Clearance angle: β = 20°,
Blade thickness: t = 8 mm, Curvature between Ld and Bw: r = 40 mm.

4.1 Static Force Analysis

The static analysis of this blade was then done on ANSYS 19 to check total defor-
mation, Von-Mises stress and equivalent elastic strain at three different values of N
i.e. 150, 240 and 300 rpm. The total number of nodes in the default mesh generated
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Fig. 4 Equivalent stress, total deformation and equivalent strain Ansys results for 150, 240 and
300 RPM (respectively)

Table 4 Geometrical
parameters of L-blade

Parameters Notations

w Blade span, mm

Ld Effective vertical length, mm

Bw Blade cutting width, mm

r Curvature between Ld and Bw, mm

θ Blade angle, degree

β Clearance angle, degree

t Blade thickness, mm

εi Bending angle, degree
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for designed blade (Fig. 4) in Ansys were 4506 and total number of elements were
2360.

Steps followed in ANSYS for analysis were: import of the design, selection
of fixed points, meshing, putting the parameters (rotation velocity and force) and
generation of the final solution (Fig. 4).

Three rotational velocities are taken, 150, 240 and 300 rpm. For calculation of
force, there are two major forces which act on rotating blade used for tilling or
digging operations. Tangential force, PO, acts at the tip of the blade through tangent
of blade cutting edge [19]. Soil force, RT , acts perpendicular to cutting edge of the
blade. For analysis, soil force for is considered as uniformly distributed load acting
along the cutting edge.

Po = Cs
75Nηzηc

Umin
RT = PoCp

i ZeNe

where,

Po Maximum tangential force (kg)
Nc Prime mover tractor power (HP)
ηc Traction efficiency (0.9)
ηz Coefficient of reservation of tractor power (0.75)
Cs Reliability factor that is equal to 1.5 for non-rocky soils and 2 for rocky soils
Umin Peripheral Velocity (m/s) (2πNR/60)
RT soil force acting perpendicularly on the cutting edges of each of the blades
Cp coefficient of tangential force (1.5)
i number of flanges
Ze number of blades on each side of the flanges
Ne number of blades which action jointly on the soil.

Therefore, for calculation of RT i.e. soil force, Nc = 12 HP, Cs = 1.5 (non-rocky
soil), Umin was calculated for 150, 240 and 300 rpm. Number of flanges, i = 6, Ze

=3 and Ne =6. Soil force on blade were found out to be 488, 305 and 244 N for
150, 240 and 300 rpm, respectively. These three force values were used to perform
the static force analysis of the rotary tiller blade in Ansys and results are shown in
Fig. 4.

4.2 Fatigue Analysis

To calculate the fatigue life or number of cycles for the designed blade, maximum
load needs to be applied on the cutting edge of the blade. Maximum stress of 24MPa
was obtained for rotational speed of 150 RPM (Fig. 4), but this was for engine power
of 12HP. Considering different tractor powers available and used in farms, for fatigue
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Fig. 5 Fatigue analysis result for blade life and factor of safety

analysis engine power of 40 HP is taken and force on blade for this engine power is
calculated to be 1626.67 N from Eq. 10 and 11.

It was observed from various field data and surveys that the life of L-type blade
in red soil is about 40–50 h [8]. Red soil is found suitable for important crops
like rice, wheat, cotton, sugarcane, etc. and it is present in India in large tracts in
western Karnataka, Telangana, Tamil Nadu, Andhra Pradesh, southern Maharashtra,
Chhattisgarh, Jharkhand and Odisha and in scattered patches in West Bengal, Uttar
Pradesh, Rajasthan [20]. Red soil texture is mainly loamy with traces of clay and
sand [21]; and the optimization of blade design in this study was done for loamy soil.

On performing the fatigue analysis for the life of the blade in Ansys (Fig. 5), blade
life of 106 cycles was obtained. For a speed of 150 rpm, life of 106 cycles in terms
of hours is approximately 110 h and the Factor of Safety (minimum) of 2.65 was
obtained.

5 Results and Discussion

The optimal design parameters corresponding to minimum ETSP (38.64 kJ/m3) were
used to design the blade in SolidWorks 2018 andBoron Steel (SAE-AISI 51B60) was
selected as material for the L-type rotary tiller blade. Stress analysis was performed
in Ansys 2019 for three different rpm, 150, 240 and 300 to observe the stresses
developed in blade under load (Fig. 4), Fig. 6 and Table 5 show the results of this
analysis in terms of a plot of stress versus strain for all three different rotational
speeds (top 135 node stresses from the blade were taken in each case). Also, the
fatigue life of the blade was improved to 110 h.

Mandal [8], Vegad [11], Patil [14] and Shinde [18] also designed a L-type blade
and performed its static force analysis. Mandal [8], used engine power of 40 HP and
a force of 3800 N was applied on a L-blade and material chosen was structural steel;
on applying the same force and rotational speed on blade developed in this study in
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Fig. 6 Stress versus strain plot for result obtained from Ansys static force analysis

Table 5 Maximum values of
stress, deformation and strain

N (rpm) Max. von-mises
stress (MPa)

Max.
deformation
(mm)

Max strain
(m/m)

150 24 0.1593 12.8 E-5

240 12.9 0.0734 6.88 E-5

300 8.2 0.0337 4.39 E-5

Ansys, a reduction of 19.6% in maximum stress from 156.54 MPa in Mandal [8]
to 125.72 MPa was obtained (Fig. 7). Aniruddha Patil et al. [14] conducted static
force analysis for L-blade using various materials (structural steel, cast iron, stainless
steel, etc.) On comparing results in Table 6, it can be seen that there is a significant
reduction in maximum stress and maximum deformation for a force of 488 N.

Fig. 7 Stress results on
applying 3800 N force on
blade
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Table 6 Comparison of
maximum stresses with
Mandal [8] and Patil [14]

Load N Material Maximum stress (MPa)

3800 Structural dteel [8] 156.54

Boron Steel (SAE-AISI
51B60)

125.72

363.3 Stainless steel [14] 62.84

488 Boron Steel (SAE-AISI
51B60)

24

The dataset created in this study can also be used to find blade design parame-
ters based on the cost that needs to be spent on the blades. The optimal design was
developed for minimum specific energy, whereas higher the specific energy require-
ment the lower volume of soil tilled and the most effective and optimum soil tillage
operational cost is achieved [3, 10].

Therefore, based on the choice of the user a decision has to be made for the cost
trade-off where whether the blade life and power requirements should be optimized
or operational cost should be optimized. Hence, this dataset can be used to assess any
case or to get an intermediate solution considering a balance of both costs. Further,
any soil type or engine (tractor) power can be taken to perform studies.

6 Conclusion

A rotary tiller L-type blade was designed by optimizing its geometrical parameters
and cutting angles on the basis of total specific energy requirement. A dataset was
created by Cartesian product of 7 design parameters and a total of 622,080 results
were obtained where each row is a possible blade design. Optimal design param-
eters was chosen from this dataset corresponding to minimum ETSP (total specific
power/energy requirement). Fatigue life analysis of the blade for red type (loam) soil
(Fig. 5) predicted a life of 110 h and a minimum factor of safety of 2.65, which was
more than the current life of 50 h.

Therefore, we can conclude that the optimization of rotary tiller blade by mini-
mizing the total specific energy requirement and using Boron Steel (SAE-AISI
51B60) as blade material reduced the maximum stress and deformation produced in
the blade significantly, and since high stresses (and wear) is the main reason for the
low life of rotary tiller blades, the life of the blade with less stresses will increase
notably which was verified by the fatigue analysis which predicted a life of 110 h
for the optimized blade. The results of this study should be verified by practical tests
on rotary tillers according to the results offered in this paper.
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Abstract The present work focuses on performance of nano cutting fluids on
vegetable oil in turning of AISI 1020 grade alloy steel and AA 2024 grade aluminum
alloy using high speed steel tool inserts. Nano cutting fluids are particularized by
dispersing Al2O3 nano particles in coconut oil and distilled water separately. After
particularization the nano cutting fluids were tested on behalf of elementary prop-
erties to estimate its machining activity at different input parameters. Experiments
were designed using L9 orthogonal array. At the time of machining metal removal
rate and temperatures at cutting was assessed. The ruggedness of the machined
part surface was calculated by using Mitutoyo surf machining. The performance
of components was compared by considering dry condition, pure coconut oil, and
coconut oil with Al2O3 nano particle dispersion. The application of coconut oil based
Al2O3 resulted in minimum cutting temperatures and surface roughness observed
from the experimentation.
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1 Introduction

In industrial sectors, during the machining process, cutting fluids can perform major
role because it can act as both coolant and lubricant. Nowadays, green cutting fluids
are used in manufacturing industries to reduce the occurrence of major problems
with conventional cutting fluids. Green cutting fluids were found to be environmental
friendly.

A complete work was carried out to optimize the cutting parameters when turning
of mild steel. Neeraj Saraswat [1] stated the depth of cut, feed rate, and spindle speed
for optimization in turning operations ofmild steel. D. Philip Selvaraj [2] investigated
the turning of AISI 304 austenitic steel using Tics and Ticn coated tungsten carbide
cutting tool and the input parameters such as cutting speed, feed rate, and depth of cut
through cutting speed are the optimal parameters for optimizing surface roughness.
Krishna Pal Singh Chauhan [3] has studied the usage of Taguchi’s method to maxi-
mize the rate of material removal in machining Al6061 alloy by using CNC lathe
machine. The experimental results revealed that theN3=104, f 3=0.1,d3=1.2 gives
the maximum material removal rate. For optimization of machining parameters in
CNCTurning of Al6063-T6 using Taguchi-grey analysis was adopted by Sateesh [4].
Puneet Saini [5] investigated the effect on surface roughness ofmachining parameters
in high speedCNCTurning of EN-24 alloy steel using response surfacemethodology.
The optimal surface roughness attained while the feed rate and depth of cut were
fixed as low as possible at high cutting speed the low surface finish was achieved.
Sodavadia [6] investigated on the performance of coconut oil based nano fluid as
lubricants during turning of AISI 304. The experimental results revealed that the
cutting temperatures, tool flank wear and surface roughness were decreased signif-
icantly with nano lubricants as compared to base oil, due to the better lubricating
properties. Investigational surveys were performed out by using Al2O3, TiO2 and
SiO2 as nano particles dispersed in distilled water separately were used as cutting
fluids in end milling of mild steel. Finally it is observed that Al2O3 distilled water
based nano coolant gets least mean temperature compared to other two forms of
fluids [7] Okok Pujie. Poorna Chandra [8], the parameters machining can affect the
cutting force and surface roughness of EN 24, HcHcr grade steel alloy jobs were the
cutting speed, feed, and the machining parameters. The test results showed that the
Ra was low at 350 m/min cutting speed, and 0.15 mm/rev feed. The HcHcr grade
steel alloy has high hardness compared to EN24 grade alloy steel. Vamsi Krishna [9]
conducted wet turning experiments to identify the 0.5% nano boric acid suspensions
in SAE-40 and coconut oil to get best results. Agrawal [10] carried out experiments
on M2 steel with conventional cutting fluid and aloe vera oil. From the observations
it was concluded that mild steel has 6.7% lower surface roughness by using aloe vera
oil compared with conventional cutting fluids. And also mild steel gets 0.14% lower
tool wear by using aloe vera oil when compared with conventional cutting fluids.

From a sample of above literature, it is evident that no experimental work was
conducted on conventional lathe machine by using HSS tool as a cutting tool AISI
1020, AA 2024 material. This experimental work aims to increase the performance
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Table 1 Chemical composition of AISI 1020 steel alloy

Element C Fe Mn P S

% of Content 0.17–0.23 99.08–99.53 0.30–0.60 0.04 0.05

Table 2 Chemical composition of AA 2024 aluminum alloy

Element Al Si Fe Cu Mn Mg Cr Zn Ti Others

% of Content Balance 0.5 0.5 3.80–4.9 0.30–0.9 1.20–1.8 0.1 0.25 0.15 0.05

of conventional lathe machine on response parameters by applying a different type of
process parameters and cutting fluids. To get the desired value, Taguchi L9 orthogonal
array was used to find the experimental values and the grey relational analysis.

2 Details of Experimental Work

2.1 Materials

The materials used for this experimental were AISI 1020, AA 2024, specimens
HSS Cutting Tool, Distilled water, Pure coconut oil, Al2O3 nano particles, By
using conventional lathe machine the machining work was carried out. Tachometer,
Infrared thermometer, Vernier caliper, Steel rule, beakers, Electronic weighing scale,
ultrasonic machine, Magnetic stir bar, were used in this experimental work (Tables 1
and 2).

2.2 Input Parameters and Their Levels

The spindle speed, feed, and depth were considered as input variables in the existing
work. The Input variables with their coded levels were listed in Table 3:

Table 3 Levels of the input variables spindle speed, feed, and depth of cut

S. No Input variables Level 1 Level 2 Level 3

1 Spindle speed (rpm) 380 480 880

2 Feed (mm/rev) 1 1 1

3 Depth of cut (mm) 0.5 0.75 1



166 T. Ramya et al.

Fig. 1 Lathe machine

2.3 Preparation Technique for Nano Cutting Fluid

For this experiment a two-step nano cutting fluids preparation technique was
employed. The Al2O3 (as nano particles) was weighed carefully by using electrical
precision balance and then dispersed with pure coconut oil in a measured amount of
based fluid. A corresponding mixture was achieved by using ultrasonic probe (for 15
mixtures). A single mass concentration of 0.5 gms/100 ml of coconut oil and same
technique was used for distilled water nano cutting fluid. The properties of cutting
fluids were checked in lab.

2.4 Set up for Experimentation Work

See Fig. 1.

2.5 Experimentation Process

The machined turning experiments were initially performed on all modern lathe
machines under constant cutting conditions and in all conditions with nano particle
inclusion. The performance of nano cutting fluids was compared with that of dry
machine condition, coconut oil condition, and coconut oil with Al2O3 nano particles
condition. During machining the spindle speed was measured by using Tachometer.
With the help of Infrared thermometer the cutting temperatures were measured.
In machined component surface ruggedness was assessed by using Mitutoyo SJ-210
surf tester. The L9 orthogonal array was used to design the experiments in the current
work.



Influence of Vegetable Oil Based Lubricants with Nano Particles … 167

Fig. 2 Hardness test on
AISI 1020 and AA 2024

Table 4 Hardness values of the work materials

S. No Material Type of indicator Scale Load Hardness in RHS

1 AISI 1020 1/16 Ball B (Red) 100kgf 74.66

2 AA 2024 1/16 Ball B (Red) 100kgf 70.166

2.6 The Hardness Test on AISI 1020 and AA 2024
Work-Material

The Rock well hardness tests were carried out in accord with the rock well hardness
scale standard on RAB 250 model SAROJ hardness tester. The hardness of the AISI
1020 and AA 2024 was measured using 1.58 mm steel ball indenter diameter at
normal load of 100 Kgf. The hardness measurement on the work pieces was as
shown in Fig. 2 and respective hardness readings were given in Table 4.

3 Results and Discussion

Experimental results are illustrted in Tables 5–10 at various levels of oil condition.

3.1 Material Removal Rate

Graphs of metal removal rate for AISI 1020 and AA 2024 measured under various
machining and lubrication conditions with spindle speed and depth of cut are plotted
as shown inFig. 3.MRR is gradually increasedwith increaseddepth of cut and spindle
speed because the higher the spindle speed, work piece can rotate fast between 380
and 580 rpm. MRR is increased moderately and beyond 580–880 rpm the MRR
increased very sharply. So, higher the spindle speed higher the metal removal rate.
Means of MRR with depth of cut graph is plotted in Fig. 4 and MRR was observed
to increase with increased depth of cut.
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Table 5 Experimentation for AISI 1020 in dry condition

Experiment
No.

Spindle
speed (N)
(rpm)

Feed (f)
mm/rev

Depth of cut
(d) (Mm)

MRR
(mm3/min)

Cutting
temperature
(°C)

Ra (µ)

1 380 1 0.5 14928.571 33.8 2.218

2 380 1 0.75 22392.857 32.1 3.946

3 380 1 1 29857.142 35.5 4.537

4 580 1 0.5 34178.571 33.6 4.694

5 580 1 0.75 45571.428 33.4 4.851

6 580 1 1 22785.714 35.2 5.149

7 880 1 0.5 69142.857 35.3 5.496

8 880 1 0.75 34571.42 36.2 6.504

9 880 1 1 51857.142 38.0 6.801

Table 6 Experimentation for AISI 1020 in coconut oil condition

Experiment
No.

Spindle
speed (N)
(rpm)

Feed (f)
mm/rev

Depth of cut
(d) (Mm)

MRR
(mm3/min)

Cutting
temperature
(°C)

Ra (µ)

1 380 1 0.5 14928.571 30.6 2.006

2 380 1 0.75 22392.857 32.2 3.158

3 380 1 1 29857.142 33.4 4.100

4 580 1 0.5 34178.571 31.2 3.164

5 580 1 0.75 45571.428 33.1 4.047

6 580 1 1 22785.714 34.1 4.156

7 880 1 0.5 69142.857 34.9 4.095

8 880 1 0.75 34571.42 35.1 4.205

9 880 1 1 51857.142 37.6 4.567

Table 7 Experimentation for AISI 1020 in coconut oil +Al2O3

Experiment
No.

Spindle
speed (N)
(rpm)

Feed (f)
mm/rev

Depth of cut
(d) (Mm)

MRR
(mm3/min)

Cutting
temperature
(°C)

Ra (µ)

1 380 1 0.5 14928.571 30 2.106

2 380 1 0.75 22392.857 30.6 2.222

3 380 1 1 29857.142 32 2.371

4 580 1 0.5 34178.571 30.3 2.531

5 580 1 0.75 45571.428 31.7 3.005

6 580 1 1 22785.714 32.5 3.131

7 880 1 0.5 69142.857 33.7 3.115

8 880 1 0.75 34571.42 33.3 3.512

9 880 1 1 51857.142 36.1 3.885



Influence of Vegetable Oil Based Lubricants with Nano Particles … 169

Table 8 Experimentation for AISI 1020 in distilled water +Al2O3

Experiment
No.

Spindle
speed (N)
(rpm)

Feed (f)
mm/rev

Depth of cut
(d) (Mm)

MRR
(mm3/min)

Cutting
temperature
(°C)

Ra (µ)

1 380 1 0.5 14928.571 29.8 2.146

2 380 1 0.75 22392.857 30 3.058

3 380 1 1 29857.142 31.6 4.351

4 580 1 0.5 34178.571 30.2 3.041

5 580 1 0.75 45571.428 31 4.112

6 580 1 1 22785.714 31.8 4.016

7 880 1 0.5 69142.857 33 4.005

8 880 1 0.75 34571.42 32.8 4.116

9 880 1 1 51857.142 35.6 4.725

Table 9 Experimentation for AA 2024 in coconut condition

Experiment
No.

Spindle
speed (N)
(rpm)

Feed (f)
mm/rev

Depth of cut
(d) (Mm)

MRR
(mm3/min)

Cutting
temperature
(°C)

Ra (µ)

1 380 1 0.5 14928.571 34 2.727

2 380 1 0.75 22392.857 35.3 2.408

3 380 1 1 29857.142 36.3 3.435

4 580 1 0.5 34178.571 34.7 2.427

5 580 1 0.75 45571.428 36.2 1.868

6 580 1 1 22785.714 37.4 4.288

7 880 1 0.5 69142.857 36.8 1.605

8 880 1 0.75 34571.42 38.3 1.530

9 880 1 1 51857.142 40.2 1.743

Table 10 Experimentation for AA 2024 in coconut +Al2O3

Experiment
No.

Spindle
speed (N)
(rpm)

Feed (f)
mm/rev

Depth of cut
(d) (Mm)

MRR
(mm3/min)

Cutting
temperature
(°C)

Ra (µ)

1 380 1 0.5 14928.571 32.0 1.998

2 380 1 0.75 22392.857 32.2 2.346

3 380 1 1 29857.142 32.9 3.052

4 580 1 0.5 34178.571 33.2 1.580

5 580 1 0.75 45571.428 34.4 1.529

6 580 1 1 22785.714 33 1.619

7 880 1 0.5 69142.857 34.6 1.565

8 880 1 0.75 34571.42 35.8 1.510

9 880 1 1 51857.142 34.5 1.635
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3.2 Cutting Tool Temperature

From the measurement of cutting tool temperature for AISI 1020 and AA 2024
materials, the cooling action of lubricants with nano solid lubricants suspensions
was clearly evident. Means of cutting temperature with spindle speed was plotted in
graph as shown in Fig. 5. Cutting temperatures increased with spindle speed at all
the machining conditions. And also cutting temperature increased with increase in
depth of cut (Fig. 6). The lowest cutting tool temperature obtained at the combination
of coconut oil with Al2O3 nano particles was due to the best lubricating properties
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of coconut oil, and further, the nano particles increase the heat transfer capacity of
cutting fluids.

3.3 Surface Roughness

For AISI 1020 grade steel alloy and AA 2024 grade aluminum initially have the
minimum surface roughness which increased with increase in spindle speed at all
the machining conditions. It can be clearly observed from the graph in Fig. 7. The
means of surface roughness versus depth of cut were plotted in the Fig. 8. As a
consequence of selected cutting fluid conditions, surface roughness increased with
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increased cutting depth. The minimum surface roughness was obtained by using
0.5% of Al2O3 Nano particles dispersed in coconut oil, since it has good lubricating
properties which reduced the frictional forces between the tool andwork piece; hence
lower temperatures developed and eventually preventing tool wear, consequently
extended tool life, which can be attributed to the surface quality enhancement.

4 Conclusion

The Nano cutting fluids were prepared by using nano particles of Al2O3 in coconut
oil. The pH value, density, and viscosity values decreasedwith 0.5%w/wAl2O3 nano
particles. Cutting temperature and surface roughness were reduced significantly with
nano cutting fluids as compared to coconut oil alone. Coconut oil with 0.5% w/w
Al2O3 nano particles showed good performance compared to other cutting fluids in
terms of material removal rate, cutting temperature, and surface roughness.



Influence of Vegetable Oil Based Lubricants with Nano Particles … 173

References

1. Saraswat, N., Yadav, A., Kumar, A., Srivastava, B.P.: Optimization of cutting parameters in
turning operation of mild steel. Int. Rev. Appl. Eng. Res. 4(3), 251–256 (2014)

2. Selvaraj, D.P., Chandramohan, P.: Optimization of surface roughness of AISI 304 austenitic
stainless steel in dry turning operation using Taguchi design method. J. Eng. Sci. Technol. 5(3),
293–301 (2010)

3. Chauhan, K.P.S.: Experimental investigation to optimize machining parameters of Al 6061
alloy. Int. J. Eng. Res. Technol. 6, 419–424 (2017)

4. Sateesh, N., Satyanarayana, K., Karthikeyan, R.: Optimization of machining parameters in
turning of Al6063A-T6 using Taguchi-Grey analysis. Mater. Today Proc. 5(9), 19374–19379
(2018)

5. Saini, P., Parkash, S., Choudhary, D.: Experimental investigation of machining parameters for
surface roughness in high speed CNC turning of EN-24 alloy steel using response surface
methodology. Int. J. Eng. Res. Appl. 4(5), 153–160 (2014)

6. Sodavadia, K.P., Makwana, A.H.: Experimental investigation on the performance of coconut
oil based nano fluid as lubricants during turning of AISI 304 austenitic stainless steel. Int. J.
Adv. Mech. Eng. 4(1), 55–60 (2014)

7. Okokpujie, I.P., Ohunakin, O.S., Adelekan, D.S., Bolu, C.A., Gill, J., Atiba, O.E., Aghedo,
O.A.: Experimental investigation of nano-lubricants effects on temperature distribution of mild
steel machining. Proc. Manuf. 35, 1061–1066 (2019)

8. Chandra, P., Prakash Rao, C.R., Kiran, R.: Influence of machining parameter on cutting force
and surface roughness while turning alloy steel. Mater. Today Proc. 5(5), 11794–11801 (2018)

9. Krishna, P., Vamsi, R., Srikanth, R.R., Rao, N.: Experimental investigation on the performance
of nanoboric acid suspensions in SAE-40 and coconut oil during turning of AISI 1040 Steel.
Int. J. Mach. Tools Manuf. 50(10), 911–916 (2010)

10. Agarwal, S.M., Patil, N.G.: Experimental study of non edible vegetable oil as a cutting fluid in
machining of M2 Stell using MQL. Proc. Manuf. 20, 2017–212 (2018)



Experimental Investigation, Parametric
Optimization, and Cost Analysis in EDM
of Aluminium-Silicon Carbide Metal
Matrix Composite

Subhashree Naik, Soumyashree Sabat, Sudhansu Ranjan Das,
Debabrata Dhupal, and Bijoy Kumar Nanda

Abstract The objectives of this investigation were to find out the optimal cutting
parameters and to predict the tool wear rate using a brass electrode in electrical
discharge machining process for aluminium-silicon carbide metal matrix composite.
The cutting parameters investigated in this research included discharge current, gap
voltage, pulse-on time, pulse-off time and flushing pressure with vegetable oil-based
dielectric fluid. Additionally, the response surface methodology (RSM) and anal-
ysis of variance (ANOVA) are employed, respectively, for experimental analysis,
predictive modeling, and process optimization based on the Box-Behnken design
of Experiments (BBDoEs). Then, the most appropriate optimal solution is used for
cost-effective analysis. Subsequently, the performance of suggested RSM optimiza-
tion method is estimated from the confirmation test. Finally, the economic analysis
has been performed using a novel approach to evaluate the total machining cost for
each part of rupees Rs. 151.69 during machining of aluminium-silicon carbide metal
matrix composite under optimalmachining conditions. Resultswere further analyzed
using SEM study to investigate the cause of discharge current on topographical
features of the machined surface.

Keywords EDM · Al-SiC MMC · TWR · Optimization · Cost analysis

1 Introduction

Owing to the advancement in the material science and technology, newer material
with striking material characteristics are produced in today’s world. From day to day,
metal matrix composites (MMC) have extensively used in production industries like
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aerospace, electronics, nuclear, defense, automobile, and manufacturing sectors due
to their favorable characteristics like lightweight, excellent wear and high tempera-
ture resistance and high strength compared to conventional materials [1]. However,
there are some problems in machining of such aforesaid advanced materials, namely
Al-SiC metal matrix composite by the conventional machining processes. Its high
hardness, strength, and lessweight creates a serious issue of surface integrity and elec-
trode wear. Therefore, an effective, sustainable, and reasonable technology, namely
electrical discharge machining (called, EDM) helps overcoming these problems due
to the excessive temperature produced by electric spark which mostly creates negli-
gible cutting force with lowest amount of stress on the workpiece surface for removal
of material with flexibility of production. However, because of the complicated and
dynamic performance of EDM technique and its secure connection with a variety of
parameters, large production canbe obtained from the economic point of views.Many
parameters affect the cutting performance in EDM like flushing pressure of dielectric
[2], dielectric fluids [3], spark variables (pulse time, current, voltage, frequency) [4],
electrode materials [5], etc. As well, for successful application of EDM technique
as the replacement of traditional machining of several hard to cut materials can be
advanced in terms of machining cost, quality, efficiency, and productivity with the
most suitable and optimum input factors, which mostly waste valuable time and
attempt. Under such conditions, to satisfy many typical and conflicting objectives,
there is efficient use of optimization technique,modeling, and experimentationwhich
can make EDM technique to be the most significant choice for cutting of advanced
MMCs by using a recent solution. Many approaches like computational, statistical
such as RSM [6], ANN [7] have been applied for predictive modeling, PSO [8],
ANFIS [9], GA [10], PCA [11], and TOPSIS [12] have been used for parametric
along with input parameter optimization in EDM technique. Extensive investiga-
tion has been performed with several design of experiments, modeling methods, and
optimization techniques to study the machinability [13], to determine the several
process outputs, and to control the process parameters during machining of various
work materials (MDN 300, AISI D6, D3, D2, stainless steel, AISI 316L, grey cast
iron, A2 tool steel, Inconel 601, 825, 718, Ni alloy, Al-6063, Al-6061, Al-7075 alloy,
Al/SiCMMC,WC,Al-Mg2Si, Si3N4/TiNMMC, poly-crystalline diamond). Though
many trials have been made by researchers, the process characteristics have been
found out with their related input parameters to manage the necessities of electrical
discharge machining process. To enhance the material effectiveness, further analysis
is required to study the effects of different machining parameters. Depending on the
literature study, it is found that no likely investigations were achieved on machining
hard to cut material, as aluminium-silicon carbide metal matrix composite, using
EDM technique. Moreover, it was observed that maximum literature investigated on
MRR, over cut, and surface quality of the machined part but the main intension is to
estimate the machining performance i.e., tool wear rate and surface cracking which
were not emphasized broadly. Comparatively, until now almost no researcher has
performed any economic study to enable a cost-effective production with EDM. So
far, to the best knowledge of the researchers, the research has not explored the safer
and cleaner environment, which becomes an ideal worthy research in the current
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study. Consider the recent study where the main aim is to investigate the machining
efficiency in EDM of aluminium-silicon carbide metal matrix composite regarding
tool wear rate, also dealing with the process factors such as gap voltage, discharge
current, flushing pressure, pulse-off time, and pulse-on time. Experimentations based
on Box-Behnken’s design (BBDoEs), response surface methodology (RSM) with
analysis of variance (ANOVA) are consecutively applied for experimental study,
predictive modeling with process optimization. The best optimal result is adopted
for cost-effective analysis to justify the effectiveness ofEDMtechnique for hard to cut
materials. Results were analyzed to a greater extent using SEM micrograph to study
the cause of discharge current on topographical features of the machined surface in
terms of crack width and morphology of the surface formed after machining.

2 Materials and Methods

To carry out a series of experimental runs, a highly accurate CNC EDM machine
tool (MAKE: ECOWIN,MODEL:MIC 432CS) has been used with highest effective
current of 60 amp produced in Taiwan. At the time of machining of Al-SiC MMCs,
tool wear rate (TWR) is measured by applying the equation (TB − TA)/T that is, the
weight variation of the tool material is calculated between previous to and after the
EDMing with time period of ‘T’ obtained with digital weighing machine. Scanning
electron microscope is used for the morphological study of the EDMed surface
to improve the machinability as well as for the better understanding of EDMing
technique. The experimental setup is presented in Fig. 1.

The various levels of EDMing parameters are selected from literature overview
[14] and the workpiece has been gone through a throughout hole of satisfactory
quality after examining. Table 1 reports the detailed EDMing parameters with their
consequent levels used for the experimentation in actual along with coded values.

Fig. 1 Experimental unit
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Table 1 Machining process factors with their corresponding levels

Process parameters Levels

−1 0 1

discharge current (DC) in amp 5 10 15

gap voltage (GV) in V 1 1.5 2

pulse-on time (TON) in µs 100 200 300

pulse-off time (TOFF) in µs 10 20 30

flushing pressure (FP) in kgf/cm2 0.2 0.4 0.6

The suggested design of experimentation associates with the five process factors
(GV, DC, TON, TOFF, FP) at three different levels. The forty-six numbers of exper-
imental runs are performed which is completely based on Box-Behnken design of
experimentations (BBDoEs). Table 2 reports the experimental design layout with
machining results after trials.

3 Results and Discussion

3.1 Response Surface Methodology Based Predictive Model

The outcomes based on the response characteristics achieved in accordance with
experimentations using Box-Behnken’s design (BBDoEs) were studied inMinitab17
by response surface methodology and the empirical model was developed for the
technological response characteristics i.e., tool wear rate during machining by the
stated EDMing parameters such as GV, DC, TON, TOFF, FP). The developed model
used for the responsewhich is found out using regression analysis is presented below:

TWR = 0.00104 − 0.000139DC + 0.000217GV + 0.000003TON

− 0.000032 TOFF + 0.00073 FP + 0.000011DC × DC

+ 0.000253GV × GV − 0.000000 TON × TON + 0.000001TOFF × TOFF

− 0.00262 FP × FP − 0.000045DC × GV + 0.000000DC × TON

− 0.000001DC × TOFF + 0.000231DC × FP − 0.000001GV × TON

− 0.000009GV × TOFF − 0.000140GV × FP + 0.000000 TON × TOFF

− 0.000003TON × FP − 0.000005TOFF × FP

R2 = 93.94%, R2(adj.) = 89.09% (1)

The results of tool wear rate achieved through experimentation, used to obtain a
comprehensive statistical test using analysis of variance (ANOVA)which represents a
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Table 2 Layout of the experimental design with results

Coded values Actual settings

Run order DC GV TON TOFF FP DC GV TON TOFF FP TWR (gm/s)

1 −1 −1 0 0 0 5 1.0 200 20 0.4 0.0008390

2 1 −1 0 0 0 15 1.0 200 20 0.4 0.0025681

3 −1 1 0 0 0 5 2.0 200 20 0.4 0.0013163

4 1 1 0 0 0 15 2.0 200 20 0.4 0.0026000

5 0 0 −1 −1 0 10 1.5 100 10 0.4 0.0017020

6 0 0 1 −1 0 10 1.5 300 10 0.4 0.0013380

7 0 0 −1 1 0 10 1.5 100 30 0.4 0.0013870

8 0 0 1 1 0 10 1.5 300 30 0.4 0.0013370

9 0 −1 0 0 −1 10 1.0 200 20 0.2 0.0014540

10 0 1 0 0 −1 10 2.0 200 20 0.2 0.0014910

11 0 −1 0 0 1 10 1.0 200 20 0.6 0.0013770

12 0 1 0 0 1 10 2.0 200 20 0.6 0.0013580

13 −1 0 −1 0 0 5 1.5 100 20 0.4 0.0009310

14 1 0 −1 0 0 15 1.5 100 20 0.4 0.0019910

15 −1 0 1 0 0 5 1.5 300 20 0.4 0.0007910

16 1 0 1 0 0 15 1.5 300 20 0.4 0.0025318

17 0 0 0 −1 −1 10 1.5 200 10 0.2 0.0015930

18 0 0 0 1 −1 10 1.5 200 30 0.2 0.0014260

19 0 0 0 −1 1 10 1.5 200 10 0.6 0.0015790

20 0 0 0 1 1 10 1.5 200 30 0.6 0.0013750

21 0 −1 −1 0 0 10 1.0 100 20 0.4 0.0012510

22 0 1 −1 0 0 10 2.0 100 20 0.4 0.0014860

23 0 −1 1 0 0 10 1.0 300 20 0.4 0.0012350

24 0 1 1 0 0 10 2.0 300 20 0.4 0.0013070

25 −1 0 0 −1 0 5 1.5 200 10 0.4 0.0009070

26 1 0 0 −1 0 15 1.5 200 10 0.4 0.0027030

27 −1 0 0 1 0 5 1.5 200 30 0.4 0.0008070

28 1 0 0 1 0 15 1.5 200 30 0.4 0.0023900

29 0 0 −1 0 −1 10 1.5 100 20 0.2 0.0009270

30 0 0 1 0 −1 10 1.5 300 20 0.2 0.0012380

31 0 0 −1 0 1 10 1.5 100 20 0.6 0.0009820

32 0 0 1 0 1 10 1.5 300 20 0.6 0.0010200

33 −1 0 0 0 −1 5 1.5 200 20 0.2 0.0008670

34 1 0 0 0 −1 15 1.5 200 20 0.2 0.0019250

(continued)
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Table 2 (continued)

Coded values Actual settings

Run order DC GV TON TOFF FP DC GV TON TOFF FP TWR (gm/s)

35 −1 0 0 0 1 5 1.5 200 20 0.6 0.0005520

36 1 0 0 0 1 15 1.5 200 20 0.6 0.0025360

37 0 −1 0 −1 0 10 1.0 200 10 0.4 0.0013300

38 0 1 0 −1 0 10 2.0 200 10 0.4 0.0015090

39 0 −1 0 1 0 10 1.0 200 30 0.4 0.0013030

40 0 1 0 1 0 10 2.0 200 30 0.4 0.0012950

41 0 0 0 0 0 10 1.5 200 20 0.4 0.0014440

42 0 0 0 0 0 10 1.5 200 20 0.4 0.0011810

43 0 0 0 0 0 10 1.5 200 20 0.4 0.0012270

44 0 0 0 0 0 10 1.5 200 20 0.4 0.0014880

45 0 0 0 0 0 10 1.5 200 20 0.4 0.0014690

46 0 0 0 0 0 10 1.5 200 20 0.4 0.0015120

table having degrees of freedom, mean and sum of squares (MSwith SS), probability
and Fisher’s values (P with F). The validity and the significance of the developed
regression model for the EDMing output characteristic (TWR) have been checked as
well as determined using ANOVA table, also used to determine the interaction with
individual effects of different EDMing parameters on the stated output. Usually, the
statistical significance is taken at 95% confidence level where P value is below 0.05,
with F value is higher than the standardized Fisher’s value. Table 3 shows that the
model developed for tool wear rate in electrical discharge machining is significant.
After carrying out the investigation, it was found that among the various input factors
that have been taken during machining of Al-SiCMMC, the significant terms at 95%
confidence level are DC, DC * DC, TON * TON with DC * FP. As well it is seen that
DC is the main affecting factor with 75.00% contribution following the square terms
TON * TON, DC *DCwith interaction effect DC * FPwith 7.04%, 0.91%, and 1.18%,
respectively. Also the abovementioned parameters are significant because its F and P
values validate the statistical significance criterion. On the other hand, the factors that
is to say, gap voltage, pulse-off and pulse-on time, flushing pressure and interactions
such as DC * GV, DC * TOFF, DC * TON, GV * TOFF, GV * TON, GV * FP, TON * FP,
TON * TOFF, TOFF * FP found insignificant effect on TWR, due to their contributions
which are very negligible.

Anumber of diagnostic tests like effectiveness, adequacy, and goodness-of fitwere
executed for the obtained regression model (TWR) to avoid the misleading result for
the suggested model. The goodness-of-fit for the model is statistically significant as
the determined coefficient of determination, R2 value (0.939 for TWR) approaches
to one.
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Table 3 ANOVA outcomes for process response predictive models

Model for tool wear rate (TWR)

Source DF SS Contr. % MS F value P value

Model 20 0.000011 91.67 0.000001 19.37 <0.000010

Linear 05 0.000010 80.46 0.000002 65.43 <0.000010

DC 01 0.000009 75.00 0.000009 321.02 <0.000010

GV 01 0.00000 1.78 0.00000 2.17 0.153

TON 01 0.00000 1.84 0.00000 0.04 0.838

TOFF 01 0.00000 0.92 0.00000 3.86 0.061

FP 01 0.00000 0.91 0.00000 0.04 0.837

Square 05 0.000001 8.33 0.00000 8.94 <0.000010

DC * DC 01 0.000001 7.04 0.000001 22.58 <0.000010

GV * GV 01 0.00000 0.03 0.00000 1.20 0.284

TON * TON 01 0.00000 0.91 0.00000 4.71 0.040

TOFF * TOFF 01 0.00000 0.18 0.00000 2.17 0.153

FP * FP 01 0.00000 0.16 0.00000 3.30 0.081

2-way interaction 10 0.00000 02.49 0.00000 1.55 0.181

DC * GV 01 0.00000 0.09 0.00000 1.70 0.204

DC * TON 01 0.00000 0.00 0.00000 3.98 0.057

DC * TOFF 01 0.00000 0.32 0.00000 0.39 0.538

DC * FP 01 0.00000 1.18 0.00000 7.36 0.012

GV * TON 01 0.00000 0.00 0.00000 0.23 0.637

GV * TOFF 01 0.00000 0.31 0.00000 0.30 0.589

GV * FP 01 0.00000 0.00 0.00000 0.03 0.871

TON * TOFF 01 0.00000 0.50 0.00000 0.85 0.367

TON * FP 01 0.00000 0.08 0.00000 0.64 0.431

TOFF * FP 01 0.00000 0.00 0.00000 0.01 0.915

Error 25 0.000001 8.71 0.00000

Lack-of-fit 20 0.000001 8.18 0.00000 1.50 0.346

Pure error 05 0.00000 0.53 0.00000

Total 45 0.000012 100

3.2 Parametric Effect on Process Response

The effect of input factors (gap voltage, discharge current, pulse-off time, pulse-
on time, and flushing pressure) on performance characteristic (TWR) is graphically
studied by 3D surface plot. Figure 2a gives an idea about the tool wear rate which
increases with rise in discharge current. The actual reason is the production of high
discharge energy, which generates maximum heat at the machining surface where
melting and vaporization of MMCmaterial caused by energy transfer and enormous
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Fig. 2 Surface plots to illustrate the EDMing parameters effect on tool wear rate

amount of heat produced due to the spark resulting in an increased TWR. It is
clearly observed from Fig. 2b that rise in pulse-on time increases the TWR to some
extent, after that TWR falls with rise of TON beyond 200 µs. From the 3D plot
between the discharge current and flushing pressure Fig. 2c shows that increase in
flushing pressure raises the tool wear rate. This is due to the reason that increasing
flushing pressure restricts the accumulation of erosion products in between the cut
of MMC workpiece and brass electrode surface, because the short circuit pulses
are becoming rarer, and there is increase in working efficiency and tool wear rate.
Figure 3presents theSEMmicrographofEDMed surface containing crater (produced
due to various types of interaction between the circulations of dielectric, debris, and
electrical spark), debris in the form of globular modules (because of cohesion effect
in the machined surface due to cold welding effects, molten material, and deficiency
of flushing by dielectric fluid in between the cut), micro crack (due to overreach
of the stress that induced over the tensile strength of MMC material produced by
fast heating and cooling issue), micro voids (because of formation of gas during
discharge process), and micro pores (because of low thermal shock resistance and
fracture toughness of Al/SiC MMC).

3.3 Response Surface Methodology Based Optimization

The current research contains desirability based single-objective optimization
approach of RSM to remain the tool wear rate to the minimum during EDMing. The
most effective way to improve the process efficiency and product quality is design
of parameter. The single-objective optimization problems can be solved by applying
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Fig. 3 SEM image of machined component having poor surface quality at GV = 1.5 V, DC = 15
amp, TON = 200 µs, TOFF = 20 µs, and FP = 0.6 kgf/cm2

the statistical based desirability function approach. The optimization outcome is
calculated depending on the overall desirability i.e., weighted-geometric mean of
corresponding desirability for the stated output measure considered within the range
of 0–1. If the desirability value approaches to 0, then the response will be totally
rejected or undesirable and if the value is near or equal to 1, then the response will
be highly desirable or accepted.

The parameter design problems can be solved by using desirability function
approach where the objective function F(x) is stated as [15, 16]:

F(x) = −DF (2)

The composite desirability function is as follows:

DF =
(

n∏
i=1

dwi
i

)1/
∑n

j−1 wi

(3)

The DF evaluates the optimal setting by minimizing F(x) (maximization of DF
is more preferable), di represents the desirability for the ith targeted performance
measure, and wi represents the weighting of di. The main aim is, minimization of
technological parameters, so individual desirability can be defined as:

di = 1 if Yi ≤ Li .
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Fig. 4 Optimization plot for minimum tool wear rate using desirability function approach

di =
[
Hi − Yi
Hi − Li

]
if Li ≤ Yi ≤ Hi (4)

di = 0 if Yi ≥ Hi

Here Hi and Li are the most and least suitable value of Y for the ith technological
characteristic, respectively. Figure 4 represents the optimization plot showing the
optimal manufacturing conditions with desirability function approach for the process
response of EDMing of Al/SiC MMC with discharge current (DC) of 5 amp, gap
voltage (GV) of 1 V, pulse-on time (TON) of 300 µs, pulse-off time (TOFF) of 15 µs,
and flushing pressure (FP) of 0.6 kgf/cm2. Finally, the optimal value that is being
estimated for the pre-cited technological response is 0.0001 gm/s for TWR.

3.4 Confirmation Test

To avoid the confusing result obtained from the RSM optimization technique, the
conclusion was validated by conducting a confirmation test. The experimental and
optimal values of technological characteristic (TWR) were compared under the
machining condition obtained by RSM technique as shown in Table 4. The error
percentage obtained from RSM is 5.66%.
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Table 4 Overview of confirmation test with corresponding error

Method Optimum EDM parametric setting Tool wear rate, MRR (gm/s) Error (%)

DC GV TON TOFF FP Predicted Experimental

RSM 5 1 300 15.05 0.6 0.0001 0.000106 5.66

Table 5 Cost evaluations in EDMed drilled hole of Al/SiC MMC

Variables In min. Cost In indian Rs.

Tool positioning and zeroing time,
Tp

1 machining cost per min.,
Cmach/min

Rs. 8.33

Work-piece clamping with
positioning time, Tclamp

5 operator cost per min., Cop/min Rs. 5.83

Hole drilling time at optimized
cutting conditions, Td

4.37 single tool cost, Celcd Rs. 15

Tool drawing out time, Tedr 1 total cutting cost per part, Ctot =
{(Celcd) + (Ttot*Cmach/min) +
[(Tclamp + Tedr)*1.2*Cop/min]}

Rs. 151.69

Total cutting time per part, Ttot =
(Tclamp + Tp + Tedr + Td)

11.37

3.5 Cost Analysis

Cost awareness becomes the basic venture during EDMing in competent production
system.So as to determine the production cost, essential criteria are chosendepending
on product shape, accuracy, and tooling method. These days the pressure is more on
cost and profit management, so the total machining cost becomes standardized by
the company to establish consistency and cost benchmarks for subsequent time. The
machining operations are analyzed to obtain the optimum economic conditions to
avoid involvement of large expenditure. The production cost and production rate are
definitely influenced by the selection of technological parameters. The total EDMing
cost per part has been obtained by performing cost analysis, by considering the best
optimum machining conditions proposed by RSM [17], presented in Table 5. It is
observed that the total EDM cutting cost per part at optimum parameter setting is
considerably lesser around Rs. 151.69. Here the cost estimation ensures that there
is sudden gain in productivity. The most cost-effective solution to machine Al-SiC
MMC is obtained by using brass as tool material.

4 Conclusions

In the presented case of machining of Al-SiC MMC using electrical discharge
machining, several conclusions are obtained as follows:
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• ANOVA analysis with 3D surface plot described that, pulse-on time and discharge
current are the most influencing parameters which affect the tool wear rate (TWR)
to the maximum.

• From the result it was found that discharge current has maximum contribution of
75.00% in dimensional deviation of tool wear rate.

• Surface morphology of machined surface of Al/SiC MMC is very unsatisfying
(due to globules of debris, craters, micro-cracks, and voids).

• Carbide layer deposition takes place at the bottom of electrode due to dielectric
cracking. And this carbide layer becomes the reason of electrode wear and affects
the retention capability of electrode shape as well as machining accuracy.

• The total estimatedmachining cost is nomore than Rs. 151.69, which is beneficial
from economical point of view.

In future work, the investigation can be continued to study the effect of surface
quality with different type of dielectric fluids to reduce the TWR. Moreover, future
research requires for sustainability performance of electrical discharge machining
process.
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Optimum Design and Analysis of Bell
Crank Lever for an Automobile

Ch. Sowjanya, V. Nagabhushana Rao, and B. Pavani Sri Kavya

Abstract Bell crank lever plays a vital role in the automotivemanufacturing process
plant in which they are installed. An attempt has beenmade to design and analyze the
bell crank lever using CATIA andANSYS Simulation software. The analysis is made
under static loading condition for different angles such as 60, 90, 135°. The bell crank
lever with different materials such as Cast iron, Low carbon steel, Magnesium alloy,
and Aluminum silicon carbide have been selected for similar operating conditions. It
has been analyzed by varying lever angles for the different materials and comparison
is made on the basis of Von mises stresses, strains, and deformations. The shape
optimization process is applied to bell crank lever. Shape optimization process helps
to remove unwanted material to ensure light weight of the component. In the shape
optimization process different slots such as Tapered slot, Rectangle slot, and curved
slots are considered by removing the unnecessary material from component. This
technique of shape optimization reduces the mass and can make the component
lighter so that it can withstand higher loading conditions.

Keywords Bell crank lever · ANSYS simulation · Stress analysis · Shape
optimization
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1 Introduction

A bell crank resembles a capital letter L, has two arms with a pivot position at the 90°
angle. This thesis contains designing and Analysis of bell crank lever using CATIA
and ANSYS simulation software. It has been analyzed by varying lever angles for
the different materials and comparison is made. Materials such as Cast iron, Low
carbon steel, Magnesium alloy and a composite material aluminum silicon carbide
is used. In modern days light weight of the components plays an important role in
automobile industry. The best material and angle is considered and undergoes shape
optimization process to obtain light weight material.

The objectives of this study is to analyze the bell crank lever using finite element
method.

1. Analyzing the bell crank lever using finite element method.
2. Determine stresses on bell crank lever.
3. Determine Shape optimization process
4. Determine different slots by shape optimization process

Bell crank lever has great worth in automotive manufacturing process. In auto-
mobile industry weight plays significant role in cars and hence attempts are being
made by engineers to bring down the weight of the car without compromising at the
material strength and engine performance. This can be achieved by selecting the best
suitable material and choosing the optimal shape of bell crank lever. In this thesis
an attempt is made to design and analyze different materials and different angles to
obtain optimummaterial and angle. Shape optimization technique is also considered
to reduce the mass in order to obtain light weight of the component. The novelty of
this thesis work is that the shape optimization has been utilized which can reduce
the weight of the component by removing unwanted material and thus make the
component lighter without compromising the performance.

2 Previous Work

Mr M M Dange, Prof S R Zaveri [1] Author says the stress pattern in Bell Crank
Lever is studied in analytical, numerical, and photo elasticitymethods. For numerical
analysis bell crank lever is prepared using ANSYS where stress analysis is done by
using FEM. Finite element analysis is performed on various models of varying fillet
radius, optimization for volume and reduction of materials from bell crank lever and
by using photo elasticity. Comparison between numerical, FEM, and experimentally
are observed and that results obtained are in close agreement with each other with
minimum percentage of error.

Lucas V. Fornace, San Diego [2] Author analyzed and optimized bell crank lever
used in 2005 formula one car race. In this study static structural analysis of bell crank
lever is done using the boundary conditions observed in the working conditions of
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suspension system of a formula race car. In ANSYS stress and deformation plot
has been produced for the given working conditions. After preparing an optimized
design of bell crank lever, stress and deformation plot has been prepared for the
same operating conditions. A considerable reduction in mass and peak load has been
observed. This work better explains the way of optimization of a component.

Aman Sharma [3] Use of bell crank lever in commercial vehicles as well as racing
vehicles makes it a good selection for research work. In this research work, study
comprises of three parts. Initially it comprises a static analysis of bell crank lever
which has been taken as a referencemodel from an international research paper. After
that, it involves developing some improved models after observing the static analysis
of reference model. Finally, comparison of the reference and improved models has
been done based on ANSYS stress and deformation plots. At last the best optimized
model has an appreciable amount of reduction in stress as well as weight. Some
of the previous studies analyzed the bell crank lever in various directions i.e. fillet
radius optimization [5], stress analysis [6–8], Finite element models [9], topology
optimization [10] and fatigue analysis [11] etc.

3 Analytical Estimation of Stresses

In this thesis, analysis of bell crank lever with varying angles and materials is consid-
ered and optimization of mass of bell crank lever undergoes static loading condition
of 1000 N. Properties of materials used for bell crank lever are given in Table 1.

Considering 2D design of bell crank lever with 90° angle and cast iron material
is considered and are as follows (Fig. 1):

Length of load arm L1 = 155 mm
Length of effort arm L2 = 135 mm
Inner Diameter of fulcrum, ri = 35 mm
Outer Diameter of Fulcrum ro = 50 mm
Calculation for bell crank lever for angle θ = 90°

Take moments about a point O

F × 155 = P × 135

P = 1148.148N

Table 1 Properties of different materials

Materials Young’s
modulus (GPa)

Yield strength
(MPa)

Tensile strength
(MPa)

Poisson ratio Density
(kg/m3)

CI 168 276 700 0.29 7250

LCS 207 233 365 0.27 7800

MA 45 193 230 0.29 1800

ALSIC 100 324 365 0.29 2790
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Fig. 1 Bell crank lever 2D design

Resultant force acting at the fulcrum
Substituting values of F and P in R

R =
√
F2 + P2

= 1522.57N (i)

Design of fulcrum pin:
Bending Moment at the fulcrum

M = F × 155

= 155,000Nmm

Section Modulus, t = Thickness of the lever, b = Width of the lever

Z = 1

6
tb2

= 2730.67mm3 (ii)

Bending Stress, substituting values of M and Z from Eq. (ii)
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σ f = M

Z
= 56.76N/mm2 (iii)

Design for pin at B

Bending moment at x–x

M = 1000(155− 25) = 130,000Nmm

Bending Stress,

σx = M

Z
= 47.60N/mm2 (iv)

Design for pin at A

Taking distance from the centre of the fulcrum to y–y axis as 25 mm,
Bending moment at y–y

M = 1000(135− 25)

= 110,000Nmm

Bending Stress,

σy = M

Z
= 40.28N/mm2 (v)

Von-Mises Stress:
Substituting values of σ x and σ y from Eqs. (iv) and (v)

σ =
√

σ 2
x + σ 2

y − σxσy + 4τ 2
xy

= 4.7× 107Pa (vi)

Von-Mises Strain:

ε = 1

1+ ν

√
1

2
(ε1 − ε2)2 + (ε2 − ε3)2 + (ε3 − ε1)2

ε1 = 1

E

[
σx − ν(σy + σz)

]

= 0.211
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ε2 = 1

E
[σy − ν(σz + σx)]

= 0.155

ε3 = 1

E
[σz − ν(σx + σy)]

= −0.149

ε = 1

1+ ν

√
1

2
(ε1 − ε2)2 + (ε2 − ε3)2 + (ε3 − ε1)2

ε = 0.000294 (vii)

Maximum Principal Stress

σ = σx + σy

2
+ 1

2

√
(σx − σy)2 + 4(τxy)2

= 4.7× 107Pa (viii)

Minimum Principal Stress

Substituting values of σ x and σ y from Eqs. (iv) and (v)

σ = σx + σy

2
− 1

2

√
(σx − σy)2 + 4(τxy)2

= 4.01× 107Pa (ix)

Moment of inertia for rectangular section

I = bd3

12

= 16× 323

12
= 43,690.66mm4

Deformation

δ = PL3

3E I
= 0.000167m (x)

Factor of safety
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(FOS)C I = yield strength

working stress

= 4.86 (ix)

4 Preparation of Model of Bell Crank Lever for 90°

A sketch of bell crank lever for different angles is created in 2D and converted to 3D
solid model by using CATIA software. Bell crank lever is designed in 2D as shown
in Fig. 2 and then modeled in 3D as shown in Fig. 3, the angle between the arms of
the bell crank lever is 90°. By using these solid models, analysis is done for cast iron
at an angle 90° with ANSYS software, and the results are shown below.

4.1 Analysis for 90° Angle Model

Cast iron

Comparing results of analytical and simulated values of bell crank lever for 90°
(Table 2).

Fig. 2 2D model of bell crank lever
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Fig. 3 3D model of bell crank lever

Fig. 4 Total deformation
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Fig. 5 Von-mises strain

• Cast ironwith 90°model is considered and analytical valueswith simulated values
of bell crank lever are compared, as they are almost equal further for different
angles and different materials are considered and simulated by using ANSYS
simulation software.

• Bell crank is a variety of crank that permits changes inmovement at angles such as
90, 180, and 360°. The wider the angle extended by the crank, the more non linear
the direction of motion which increases high stresses at angles over a period of
time. In this thesis an attempt is made only for angles 60, 90, 135 because at 155°
angle simulated stress values observed are high therefore we have considered only
three angles.

• Comparing different materials and angles out of which 135° angle with aluminum
silicon carbide material contains less stress values as shown below.

4.2 Aluminum Silicon Carbide

Bell crank lever 135° angle with aluminum silicon carbide contains less von mises
stress as shown in Fig. 10, Factor of safety in Fig. 11, less von mises strain from
Fig. 12, less max principal stress from Fig. 13, Minimum deformation in Fig. 14 and
min. principal stress as shown in Fig. 15.
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Fig. 6 Von mises stress

5 Shape Optimization

Shape optimization is part of field of best control theory and used to find the optimal
while fulfilling the given constraints. Shape optimization is a process which is used
to reduce the mass where the minimum stresses acted on a required object, at the
same time it can bear the same loading conditions. Using finite element models, the
shape is defined by the grid point locations. Applying the shape optimization for 135°
angle bell crank lever since the above results obtained in the previous chapter shows
that the best results are obtained for 135° angle. Hence applying the shape finder to
the 3D object of the bell crank lever, the following results are found (Fig. 16).

Red colour on the object indicates the extra material in the object and it can be
removed. Therefore different slots such as tapered slot, curved, slot and rectangular
slots are considered and material is removed from the object. After considering the
slots, the object undergoes simulation process with same loading conditions, to check
whether it can withstand or not.
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Fig. 7 Min principal stress

5.1 3D Objects Created in CATIA for Different Slots

The following figure shows the stress distribution of the bell crank lever for 1350
angle after undergone shape optimization (Figs. 17, 18, 19, 20, 21, 22, 23, 24 and
25).

Analyzing various design parameters induced in lever before and after Shape
optimization of the bell crank lever by using ANSYS (Table 3).

• From the simulated results obtained from FEM, material and angle with less
stress is considered. Bell crank lever for 1350 with aluminum silicon carbide is
considered a light weight material weighs 403.5 g before optimization with a
static load of 1KN. For the same component three different slots i.e., tapered slot,
rectangle slot, and curved slot is considered and optimized at the place where
stress is not acting.

• This can be known by using shape finder. After optimization weight of tapered
slot is 350.0 g, rectangle slot is grams, curved slot is 357.6 g.

• From the comparison of results stresses acting for different slots are as follows;
for tapered slot 9.3938e7, for rectangle slot 8.3806e7, for curved slot 9.48e7. Even



200 Ch. Sowjanya et al.

Fig. 8 Max principal stress

Fig. 9 Factor of safety
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Table 2 Results for 90° bell
crank lever

Parameters Analytical
values

FEA values Corresponding
fig

Total
deformation

0.000167 0.000192 Figure 4

Von mises
strain

0.000294 0.000273 Figure 5

Von mises
stress

4.7E+07 4.66E+07 Figure 6

Min principal
stress

4.01E+07 1.54E+06 Figure 7

Max principal
stress

4.7E+07 4.68E+07 Figure 8

Factor of safety 4.86 5.161 Figure 9

Fig. 10 Von-mises stress

Fig. 11 Factor of safety
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Fig. 12 Von-mises strain

Fig. 13 Max. principal stress

Fig. 14 Total deformation
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Fig. 15 Min. principal stress

Fig. 16 Shape finder image of bell crank lever for 135°

Fig. 17 Rectangular slot
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Fig. 18 Taper slot

Fig. 19 Curved slot

Fig. 20 Total deformation by ANSYS
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Fig. 21 Safety factor analysis by ANSYS

Fig. 22 Equivalent stress analysis by ANSYS

though there is less mass for tapered slot, less stress is observed for rectangle slot.
Therefore bell crank lever for aluminum silicon carbide with 135° rectangle slot
is considered to be optimum.
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Fig. 23 Max principal stress analysis by ANSYS

Fig. 24 Von mises strain analysis by ANSYS

6 Conclusion

In this thesis, an attempt has been made to design and analyze the bell crank lever
using CATIA and ANSYS Simulation software. The analysis is carried out under
static loading condition at varying different angles such as 60, 90, 135°. The bell crank
lever with different materials such as cast iron, Low carbon steel, magnesium alloy,
and Aluminum silicon carbide have been selected and tested under similar operating
conditions. An attempt has also been made to use shape optimization technique to
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Fig. 25 Min principal stress analysis by ANSYS

Table 3 135° bell crank lever result data for various slots

Properties Before
optimization

After
optimization
(Curved slot)

After
Optimization
(Rectangular
slot)

After
Optimization
(Tapered slot)

Mass (kg) 0.40335 0.35768 0.35871 0.35009

Volume (m3) 1.446E−04 1.2820E−04 1.2857E−04 1.2548E−04

Total deformation
(m)

0.000613 0.00074076 7.55E−04 7.51E−04

Von stress (Pa) 1.017E+08 9.485E+07 8.381E+07 9.394E+07

Von strain 1.017E−03 9.544E−04 8.385E−04 9.58E−04

F.O.S 1.829 1.961 2.2194 1.98

get the better performance by making the component lighter. The analysis revealed
the following results:

1. It is observed that results obtained are in close to eachother and the bell crank lever
made of Aluminum silicon carbide with 1350 angle has less Von mises stress
(1.02e8 Pa), less Von mises strain (0.00102 Pa), and less Minimum Principal
stress (6.95e6 Pa) when compared to the other materials and angles of the bell
crank lever.

2. From the results of shape optimization technique, it is observed that around11.3%
weight is reduced for the bell crank lever with rectangular slot when compared
before and after optimization.

3. The von-mises stress acting on the bell crank lever is very less when compared
to before and after optimization for rectangular slot.
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4. Thus, the results revealed that the bell crank lever with rectangular slot got better
results and can also be used further in automotive parts for withstanding the
stresses and also reduction in material cost in any industry.

Finally, from the results of analysis it can be concluded that the Aluminum silicon
carbide material is the best material for bell crank lever and bell crank lever with
the lever angle 135° was yielding the better performance. The shape optimization
technique can be utilized to make the bell crank lever component lighter to achieve
the better performance.

7 Scope for Future Work

1. Static and fatigue analysis can also be performed for different models of the Bell
Crank Lever which are generated in this thesis.

2. Dynamic analysis can also be done using the software like CREO, ANSYS,
Hyper mesh, etc.

3. Topology Optimization technology can be done, as the ANSYS gives the tools
need to design durable, light weight component for any application.

4. Photo elasticity method can be done for the same design.
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Evaluation of Compressive Strength
of Thermoplastic Materials Prepared
Using 3D Printer with Different in-Fill
Structures
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and V. V. Rama Reddy

Abstract The additive manufacturing has been proven as an auspicious technology
over last one decade, material cost allied with the fabricated part is still present as
a barrier for the widespread application of this technology. In this regard, cellular
edifices have received substantial attention due to their high strength to weight ratio
properties. In this current investigation, the specimen with square cross-section filled
with different in-fill or cellular structures like fast honeycomb, wiggle, triangle, and
rectilinear structures is designed using CATIA software. The specimen is prepared
by using 3D printer. It is named as desktop fabrication. 3D design of a prototype was
developed in CAD, this 3D model was stored in as a STL (stereolithography) format
and this design was forwarded to a 3D printer. Composites, ABS, and PLAmaterials
are generally used for 3D printing. Specimens are prepared by 3D printer use STL
file developed in CAD design layer by layer. In this present work, PLA is used for
preparation of the specimens. After the preparation of the specimen, compressive
strength of the prepared specimen is determined, by doing a compression test using
a UTM (universal testing machine). In the present work, it is observed that the
compressive strength of fast honeycomb structure is superior compared to wiggle,
triangle, and rectilinear cellular structures for the same quantity of material and in-fill
density.
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1 Introduction

In early 1980s 3D printing technology was developed for the study of photography,
landscape design, and sculpting in America. Since mid-1980s 3D printing tech-
nology not much developed, in this period 3D printing is named as “RAPIDPROTO-
TYPING.” This technology was improved rapidly since the end of 80s and 1990s,
Selective Laser Sintering (SLS) and UV light were used for developing the 3D
printing. Till twentieth-century 3D printing is expensive also limited to few products
only, in this period printers were utilized for research only. However, progressions
in the area of 3D printing have acceptable for the design of products to no longer be
limited by complex shapes or colors [1–3].

3D printing is named as additive manufacturing, which produces the 3D object
layer by layer by using of the design developed in CAD. Any type of geometry
and shapes were produced by additive manufacturing. Incorporation of CAD model
into manufacturing leads to reduction in the parts count and build time. By using of
3D printing matting and fitting problem could be avoided. Additive manufacturing
has many advantages over subtractive manufacturing, reduction in building time,
wastage of material should be minimized and dimensional accuracy is maintained
[1, 4–6]. However, there have some disadvantages with the additive manufacturing.
Object produced by the additive manufacturing exhibit anisotropic behavior. 3D
printing mainly influences the automobile and medical industries. ABS, PLA, and
composites are used as the materials in the additive manufacturing. 3D object is
designed in CAD packages like Catia, Pro-E, etc., after completion of designing
CAD file is stored in .stl file. A computer program is used for slice the STL file into
several layers from 0.1 to 0.7 mm to minimize the build time and cost of the 3D
printable object. A FDM (Fused deposition modeling) was used in this research for
producing the 3D object. Sliced STL file is transfer to printer to build the 3D object
as per CAD model [7, 8]. The basic steps involved in the additive manufacturing are
shown in the Fig. 1.

Russell A. Giordano et al. [9] have manufactured low molecular and high molec-
ular weight Polylactic acid (PLA) components to investigate tensile strength. They
observed that low molecular weight PLA component obtains higher tensile strength
than the high molecular weight PLA component. Past studies observed that incor-
poration of carbon and glass fiber into 3D printed polymer components enhances
the mechanical properties [10, 11], but the incorporation of synthetic fibers into the
polymer composites results in decreases it’s biodegradable quality [12]. Kalsoom
et al. [13] manufactured heat sink by 3D printing with a material of 30 vol.%
of micro-diamond particles/701 vol.% acrylate resins material. They reported that
powder-filled composites are resisted the higher temperature than the pure polymer
composites.

Past literature are analyses of different materials and their properties of 3D printed
objects. The present study explains about different in-fill structures of objects. We
compare the compressive strength of different in-fill structures (Fast Honeycomb,
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Fig. 1 Steps involved in the additive manufacturing

Triangular, Rectilinear, Wiggle) components. Among the all honeycomb infilled
structured components obtained the superior compressive strength.

2 Experimental Procedure

Present investigation PLA (Polylactic acid) was used as the material for the 3D print-
able object. Kentstrapper zero 3D printer was used for preparing the 3D object. This
printer working is based on FFF (Fused Filament Fabrication) technique. Specifica-
tions of the 3D printer were shown in the Table 1. Four different cellular structures
like fast honeycomb, wiggle, triangle, and rectilinear structures were prepared for
testing of the compressive strength.

CATIA V5 software was used for the design of the 3D printable objects and
design was exported to into STL file. STL file is feed into the Kentstrapper zero 3D
printer. Four cellular structures were shown in the Fig. 2. FDM (Fused deposition
modeling) was used for developing the 3D object. In FDM process semi-molten
plastic materials were used, plastic material and supporting materials were deposited
in the building surface with two different nozzles. After completion of the printing
supporting material was removed. Universal testing machine was used for the testing
of compressive strength of the specimens. Specimens are prepared according to the
ASTM standards. Specimens are in square and circular shapes with dimension of
50 mm × 50 mm × 50 mm in X, Y, and Z directions. The outer shell thickness of
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Table 1 Specifications of the 3D printer

S. No.

1 Printing are 250 × 250 × 260

2 Layer thickness 0.040–0.320 mm

3 Temperature of extruder 180–260 °C

4 Supported materials 1.75 mm, ABS, PLA, Lay wood, Lay bricks,
Nylon, PET, XT, XT-carbon, and other
thermoplastic materials compatible

5 Temperature of print bed 50–100 °C

6 Nozzle diameter (mm) 0.406 mm

7 Max print and movement speed 10–300 mm/s

8 Power supply 12 V, 5 A–230 V AC

9 Dimensions 560 × 430 × 420 mm

10 X, Y and Z resolution 1.2–5 µ

11 H boot X Y Z movement

12 Extruder with interchangeable Nozzles 0.4–0.8 mm

Fig. 2 Design of the cellular structures of fast honeycomb, Rectilinear, triangular, and wiggle in-fill
structures

the object is 2 mm of each object. Care should be taken that the loaded ends of the
specimen are parallel to each other and perpendicular to the sides.
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3 Results and Discussion

Among the four specimen’s rectilinear in-fill structure has the low building time of
4 h 26min, triangular in-fill structure has the high build time of 4 h 36min.Wiggle in-
fill structure utilizes low amount of PLA material, triangular in-fill material utilizes
high amount of PLA material among the other materials. Build time of the all the
specimens are nearer to each other, just 10 min difference for rectilinear to triangular.
Material utilization also very nearer to the all the objects. Build time and material
utilization are tabulated in Table 2.

Among four specimens fast honeycomb in-fill structure obtained the high
compressive strength of 55.72 MPa, wiggle in-fill structure obtained the lowest
compressive strength of 39.62 MPa. Variation in the compressive strength of speci-
mens is shown in the Fig. 3. Results are tabulated in the Table 3. Interlayer porosity
and residual stress caused by volumetric shrinkage are the main factors for the lowest
compressive strength. Wiggle in-fill structure has the highest interlayer porosity
which effects the compressive strength. Interlayer porosity results in weak bonding
between the layers.Weakbondingbetween the layers causes the residual stress caused
by volume shrinkage. Lower molecular diffusion and low cross-linking between the
layers of polymers are happen, these factors are influencing the material behavior.

Table 2 Material utilization and build time of the specimens

S. No. Material In-fill structures Build time (h min) Material required
(mm)

Mass (g)

1 PLA Fast Honeycomb 4 h 31 min 14851.9 44.65

2 PLA Triangular 4 h 36 min 15190.5 45.67

3 PLA Rectilinear 4 h 26 min 14807.1 44.52

4 PLA Wiggle 4 h 28 min 14502.9 43.78

55.72 53.25 
49.53 

39.62 
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Compressive strength (MPa)

Compressive strength

Fig. 3 Variation in compressive strength of the specimens
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Table 3 Material utilization and build time of the specimens

S. No. Material In-fill structures Cross-sectional
area of specimen
(mm2)

Load at failure
occurs (N)

Compressive
strength (MPa)

1 PLA Fast Honeycomb 807.5 45,000 55.72

2 PLA Triangular 807.5 43,000 53.25

3 PLA Rectilinear 807.5 40,000 49.53

4 PLA Wiggle 807.5 32,000 39.62

Sophie C. Cox et al. [14] have manufactured 3D printed hydroxyapatite scaffolds
which obtain the maximum compressive strength of 0.88 MPa. As compared to this
literature we got better results. Ming Xia et al. [15] fabricated fly ash/geopolymers
composites. They reported that 10% vol of fly ash/90% geopolymer composite
obtained the maximum compressive strength of 29.6 MPa. Hongshi Ma et al. [16]
manufactured the different composition of Fe-CaSiO3 3D printed scaffolds. They
stated that the compressive strength of the CaSiO3 scaffolds obtained 14.9 MPa and
30 vol.% of CaSiO3/70 vol.% Fe scaffold obtained 126 MPa. C.S. Lee et al. [17,
18] studied the anisotropic composites. They compare the different manufacturing
methods, among the all fused depositionmethod (FDM)method obtain themaximum
tensile strength of 41.26MPa.As compared to the previous studies, we attained better
compressive strength.

4 Conclusion

The actual capabilities of additive manufacturing processes have influenced most
people to maximize the performance of the designs, while minimizing their weight.
In this regard, a CAD-based cellular structure building making approach is presented
in this paper.ManyDFAMexamples alongwith their basic design guidelines can also
be explained. Results from the honeycomb filled specimen show that our proposed
design approach can save expensive build material without having to sacrifice the
functional application. However, the design is not the optimal one, rather it is just an
application. Therefore, in near future, this design can be optimized with the help of
structural analysis tools for better performance of the conformal honeycomb in-fill
or cellular structures.
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Fabrication of Low Temperature Stage
for Atomic Force Microscope
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Abstract The AFM is been used in imaging materials. Operating at low tempera-
tures with some advantages of low thermal noise and drift, used for high resolution
measurements. The study of physical phenomenon which occurs at low temperature
is possible, for example superconductivity, phase transition, etc., can be studied. Due
to all these benefits developing Low temperature AFM appears to be an interesting
subject of study. In this thesis, development of a compact design for low temperature
stage is done which includes cooling system and temperature controlling system.
The main component of cooling system is a low temperature sample stage capable
of archiving up to 86 °K. Four different sample stages are designed and fabricated.
Experiment was performed on these four different sample stages, which gave the
temperature variation with respect to time. By observing these temperature variation
optimum sample stage is chosen. These cooling was done in vacuum of order 10−3

mbar vacuum. To achieve this order of vacuum roots pump and sorption was used in
series. Roots pump used to create vacuum of 10−1 mbar of vacuum both in Atomic
force microscope (AFM) and then AFM is evacuated with sorption pump to achieve
vacuum of order 10−3 mbar. AFM scan at low temperatures has been performed.

Keywords AFM (Atomicforcemicroscope) · Thermaldrift · Thermalnoise ·
Temperature · Superconductivity · Roots pump

P. H. J. Venkatesh (B) ·M. S. R. Viswanath · A. K. Meher
Department of Mechanical Engineering, Vignan’s Institute of Information Technology (A),
Visakhapatnam, Andhra Pradesh, India
e-mail: Venky61788@gmail.com

M. S. R. Viswanath
e-mail: viswanath.msr@gmail.com

A. K. Meher
e-mail: asitmeher2@gmail.com

R. Shilwant
Department of Cryogenic Engineering, Indian Institute of Technology Kharagpur, Kharagpur,
India
e-mail: shilwantrb1313@gmail.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
B. Deepak et al. (eds.), AdvancedManufacturing Systems and Innovative Product Design,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-15-9853-1_18

217

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-9853-1_18&domain=pdf
mailto:Venky61788@gmail.com
mailto:viswanath.msr@gmail.com
mailto:asitmeher2@gmail.com
mailto:shilwantrb1313@gmail.com
https://doi.org/10.1007/978-981-15-9853-1_18


218 P. H. J. Venkatesh et al.

1 Introduction

The operating atomic force microscopy (AFM) at low temperature is primary related
to greater stability in tip, cantilever, and sample characteristics. Low temperature
AFM with an advantage of low thermal drift, improved signal to noise ratio (low
thermal noise), and eliminates mechanical drift which are used in high resolution
measurement. Low temperature AFM also gives the opportunity to see properties
at low temperature and in some cases change in crystal structure. Low temperature
AFMalso plays an important role in biological microscopy by supressing the thermal
motion of sample and keeping the sample rigid enough to withstand force of AFM
stylus. AFM using in ultra-high vacuum at 4.2 K opens with a new field of research
on insulator on individual molecules absorbed on substrate. Both lateral diffusion
across substrate and desorption of molecule are strongly reduced at low temperature
[6, 8].

Working of an AFM

The AFM works by the principle of scanning the AFM probe with a surface. The
probe consists of a sharp tip end with a flexible cantilever. The tip is 4 to 5 µ in
height with a apex diameter of 10-20 nm, and it is situated at the end of a cantilever
100-200 µm long (Figs. 1 and 2).

Contact mode

See Figs. 3, 4, 5 and 6.

Fig. 1 Atomic force microscope



Fabrication of Low Temperature Stage for Atomic Force Microscope 219

Fig. 2 Force curve diagram

Fig. 3 Cantilever tapping
mode

Magnetic Force Microscopy

Magnetic forcemicroscopy (MFM) is special mode of operation of the AFM (Fig. 7).

Low temperature AFM

The low-temperatureAFM required amethod to detect the deflection of cantilever for
high sensitivity. With the help of this instrument, the study of physical phenomenon
that occurs at low temperature is possible (Fig. 8) [8, 9].
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Fig. 4 Tip SEM image

Fig. 5 Tapping mode
cantilever

The development of a compact design for low temperature stage is done which
includes cooling system and temperature controlling system. Four different sample
stages are designed and fabricated. The experiment was performed on these four
different sample stages, which gave the temperature variation with respect to time.
By observing these temperature variation optimum sample stage is chosen. These
cooling was done in vacuum of order 10−3 mbar vacuum. To achieve this order of
vacuum roots pump and sorption was used in series. Roots pump used to create
vacuum of 10−1 mbar of vacuum both in Atomic force microscope (AFM) and then
AFM is evacuated with sorption pump to achieve vacuum of order 10−3 mbar. AFM
scan at low temperatures has been performed. The fabrication when it is compared
to any other experiment is highly expensive compared to other fabrication methods.
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Fig. 6 Tip SEM image in downward direction

Fig. 7 Schematic principles of magnetic force microscopy

2 Literature Review

To the present day low temperature in AFM is achieved by several ways. The method
followed is been disused. Both 4.2 K-based and 78 K-based cooling system are
available.

Helium-based

Wintjes et al. [1] developed compact design with the tuning fork AFM is operated at
variable temperatures in between room temperature and 7 K. Here cryostat is used to
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Fig. 8 Sample measurement of magnetic force microscopy

achieve low temperature, which used either nitrogen or helium as its working fluid.
The results for an Ag (111) single crystal surface is determined (Fig. 9).

Fig. 9 Tuning fork AFM
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Pan et al. [2] designed a 3He refrigerator-based low temperature STM, can operate
at temperatures down to 250mK. This refrigerator housed in a vacuum and the liquid
helium inside the super-insulated Dewar (Fig. 10).

Liquid nitrogen-based

Nakamoto et al. [3] are interested in imaging biological samples in AFM because of
its extremely high resolution. Author was able to develop a less temperature, high
vacuum AFM that can freeze The sample cooled with a Cu foil heat conductor, is
connected to a liquid nitrogenDewar,which also helped to eliminate the vibration due

Fig. 10 Experimental diagram of He refrigerator
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Fig. 11 Cross-section of setup

to LN2 boiling. The Freeze fracture is a two step process in which 1st is the rapid
cooling of the sample and 2nd is fracture which means cracked on plane through
tissue. The fracture was done by two methods 1st is with hook which is attached to
sample exchanges rod and another with cooled knife (Fig. 11).

Dai et al. [4] constructed a varying temperature ultra-high vacuum AFM. The
sample is fixed at particular position by using spring clamps, AFM cantilever and
deflection sensor scan the sample. Here author used the cold finger technique, one
end is given connection to sample holder and other end connected to the liquid
nitrogen reservoir. This allows the temperature achieve to 100 K and operate to room
temperature (Fig. 12).

This whole experiment is done in the ultra-high vacuum. Following diagram
represents the vacuum system for setup (Fig. 13).

The temperature vs time plot for different material is as shown in Fig. 14.
From this curve, we can conclude that copper is suitable for low temperature

purpose.
Allers et al. [5] the application of AFM and AFM-IR in polymer science and the

principle of AFM-IR and the recent improvements to enhance its resolution and also
latest progress in the use of AFM-IR as a super-resolution correlated scanned-probe
infrared spectroscopy for the chemical characterization of polymer materials dealing
with polymer composites, polymer blends, multi layers, and bio polymers. Finally,
this novel technique can be used to determine phase separation, spherulitic structure,
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Fig. 12 Cooling system

and crystallizationmechanisms at nanoscales, which has never been achieved before.
The review also discusses future trends in the use of AFM-IR in polymer materials,
especially in polymer thin film investigation (Fig. 15).

From these literatures conclusion is made that design of AFM head mainly
depends on various parameters of the head. As per literature components of AFM
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Fig. 13 Vacuum system for setup

Fig. 14 Temperature versus time for different material
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Fig. 15 AFM scanner with AFM-IR Process

where exposed to liquid helium or nitrogen which is not desirable in this case. Deci-
sion is made to adopt a design to only the sample and not the surrounding environ-
ment. As per the designs mentioned above long cooling path to connect cold finger
of cooling system and the sample, that will increase the time required to cool down
the sample. Taking this into account we consider including cooling stage as a part of
the sample stage. There is a possibility of vibration from cryostat and this shall be
eliminated in design of the stage [11–13].

Development and fabrication of cooling system for sample stage of AFM

See Figs. 16, 17, 18, 19 and 20.

Liquid nitrogen transfer device

See Fig. 21.

3 Experimental Details

The main aim of the experiment is to design and fabricate a non-magnetic stage
for magnetic force microscopy (MFM) by eliminating stray fields and to design of
vacuum hood adapter to maintain a vacuum of 10-4 mbar and to develop a cooling
system for the sample stage of atomic force microscopy vacuum by using liquid
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Fig. 16 Cooling system process

Fig. 17 Experimental setup for creating vacuum

nitrogen. The design of new MFM base is discussed in order to eliminate stay fields
which appears in previous stage. In the old base, the sample holder houses a magnet.
This magnetic base delivers constant magnetic field to tip and that causes the error
due to stray fields while performing magnetic force microscopy scan. For accurate
MFM scan, magnetic field other than the tip should be as minimum as possible or
possibly zero. Design of new base is done to avoidmagnetic fields with consideration
of the complexity of AFM. It has a constraint of weight. Old assembly has a weight of
74.36 gm and new assembly is about 76.65 gm. This research is to provide cooling
system to AFM. This is done by using the liquid nitrogen. If pressure in AFM
is atmospheric pressure means sample stage is surrounded by air which contains
moisture. As liquid nitrogen flow through sample stage, ice formation takes place.
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Fig. 18 New cylindrical hood with electric connection and liquid inlet and outlet

Fig. 19 Results of ramping operation performed on heater

To avoid this ice formation, vacuum system introduced in this system. So this system
divides into two systems. First vacuum system and other is cooling system. One
litre of liquid nitrogen converts into 162 L of gaseous of nitrogen. In this case,
volume of system is almost constant. If something went wrong like at somewhere
flow blocked, that will exert tremendous amount of pressure. That may cause busting
the liquid nitrogen pipes inside AFM. It causes serious problem to AFM like spilling
liquid nitrogen in AFM or it may damage the AFM head. Because of this reasons, a
different arrangement is made with perplex to observe the issues while performing
the experiment and to resolve them. Different thing was observed while performing
experiment in perplex like possibility of frosting at different pressure level (Figs. 22,
23 and 24) [15–17].
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Fig. 20 Fabricated cylindrical hood

Fig. 21 Transfer device connected to perflex setup

Vacuum system

Vacuum system is consisting of roots pump and sorption pump. Roots pump is to
create pressure of order 10−1 mbar this backing pressure for sorption pump and it also
evacuate AFM chamber to approximate same pressure as sorption pump. Sorption
is designed to develop pressure of order 10−3 mbar. Schematic diagram for vacuum
system is shown in Figs. 25 and 26 [12, 13].

Cooling system

Cooling system consists of Dewar, transfer device, KF16 connector, and base. Liquid
nitrogen stored in Dewar and it closed with transfer device. In self-pressurising, time
take to achieve pressure transfer is huge. Least gauge pressure required to transfer
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Fig. 22 Working on lathe with perplex

Fig. 23 Base 1 in perplex

LN2 is 0.2 kg/cm2. KF16 connector is used to connect evacuated space to atmosphere
through copper pipes which are joined to connector. Base is where liquid nitrogen
stays in hollow cylindrical portion of base. Take heat from copper base. Main aim in
this is to cool down upper part. This heat transfer takes place in mainly in conduction
mode. There is heat in leak through radiation into base. This decreases the efficiency.
So insulation is provided to reduce heat in leak. Insulation consists of double layer
of miller sheet then glass wool and then again miler sheet which held together by
using Teflon tape (Figs. 27 and 28).
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Fig. 24 Experiment with base 1 with manual LN2 filling

Fig. 25 Vacuum system connected to cylindrical hood through KF25

4 Results

MFM Base

MFM scan is done with new base and old base to observe improvement in MFM
scan. As old base has magnet to hold sample. This was the issue with old base. In
new base, there is no any magnetic material to exert external force other than sample
(Figs. 29 and 30) [11, 12].



Fabrication of Low Temperature Stage for Atomic Force Microscope 233

Fig. 26 Vacuum system connected to main AFM

Fig. 27 Base 3 connected to KF16 connector in perplex setup

With above figures, observation is made that new MFM base gives good result as
compared to old base as domains of ferromagnetic material are more clearly visible
with new base as compared to old base.

Cooling system

In cooling system, main concern is the variation of temperature with time. In this
section, temperature variation with time is observed with different bases.
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Fig. 28 Cooling system connected to peplex setup

Fig. 29 MFM images with
old base

Base 1

Base 1 is one with having contact with upper part to bottom part through the threads.
These threads are providing major thermal resistance to heat transfer. Because of
this reason minimum temperature achieved with base 1 is 170 K in 1 h 30 min.
Temperature vs time variation is shown in following graph (Fig. 31).

Base 2

Main objective of base 2 is to avoid tread contact to improve heat transfer. This
base made with short diameter. Heat transfer is through the wall of hollow cylinder.
Minimum temperature achieved with base 2 is 126 K in 12 min (Fig. 32).
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Fig. 30 MFM images with new base

Fig. 31 Temperature versus time

Base 3

In base 3, cold finer technique is used to transfer the heat. As upper part directly
coming in contact with liquid nitrogen, heat transfer is improved in very high amount.
Minimum temperature achieved with base 3 is 86.8 K in 1 h 20 min. The temperature
variation with time is shown in Fig. 33.
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Fig. 32 Temperature versus time

Fig. 33 Temperature versus time

Author [4] Dai et al. achieved 90 K of temperature in 2 h by using cold finger
technique and here in this project 86.8 K temperature achieved within 1 h 2 min.

AFM images with base 3

AFM images of HOPG sample in different environment are shown in figures. Those
shows that up to certain temperature image quality is increasing as temperature is
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Fig. 34 AFM image room
temperature and atmospheric
pressure of HOPG sample

falling, after that suspicious noise is comingwhich causes the lowering image quality
(Figs. 34, 35, 36 and 37).

Fig. 35 AFM image room
temperature and in vacuum
of HOPG sample

Fig. 36 AFM image at
280 K and in vacuum of
HOPG sample
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Fig. 37 AFM image at
230 K and in vacuum of
HOPG sample

5 Conclusion

The development of LN2 cooling stage we have developed three design of base. It
is observed that with base 1 minimum temperature achieved is 170 K. The main
constrain hear is the inadequate thermal conduction at contact with threads and large
thermal mass. Hence we adopted base 2. With this base the minimum tempera-
ture achieved was 126 K. In this design brazing different copper sections imposes
thermal resistance to heat transfer and since heat transfer is mainly through wall of
cylinder that appears as the problem. Finally, we introduced cold finger inside the
LN2 containing cylinder which showed a drastic improvement in lowering of temper-
ature up to 86.8 K. For further AFM scans base 3 was used to achieve low tempera-
ture. Also heater was tested to maintain desired temperature. Once low temperature
was achieved, AFM scans were performing at ambient conditions, vacuum and low
temperatures. Low temperature drifts the instrumental parameters drastically. By
modifying the instrumental parameter, surface features started to appear at 280 K
as shown in Fig. 36. Upon decrease in temperature to 230 K (Fig. 37). Suspicious
noise does appear while scan and it is difficult to eliminate them at current situa-
tion. But we have captured few images which do need to be improved upon better
understanding to eliminate instrumental errors which occur at low temperature. Upon
further cooling at current situation it is not possible to obtain desired quality of image
and eliminating the stray magnetic field has been successful and verified.
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Abstract The thick metallic plates are used in manufacturing industries like
construction, Boiler manufacturing, Crane manufacturing, Wagons manufacturing,
Heat exchangers etc. It is the one of the difficult task to handle these thick and large
plates as they are heavy in weight and need to be lifted from one end manually before
attaching to the crane slings. These plates are to be transported to various places in
the factory for processing them to make into the final product, lifting and tying of
the plates with the crane slings has to be performed many times during all kind of
manufacturing process, which leads to the wastage of time, power consuming and
risky process. In this paper a load carrying capacity of mild steel plate handling
truck with magnetic lifting arrangement was designed using a SOLIDWORKS and
fabricated the prototype model and tested.
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1 Introduction

Material handling care is a significant undertaking in structure of the creation frame-
work. The progression of the rawmaterial to taking care of is done. The various kinds
of dealing with hardware can be grouped into four significant classes like vehicle,
lifting and situating, stacking and unit arrangement and capacity equipment. Various
sorts of material taking care of frameworks have advanced yet the most well-known
is for transport, lifting and situating, stacking of materials along the crude material
stage to completed items and furthermore for conveying the wrapped items in adver-
tise up to shopper points. Material taking care of gear is accessible from easy to
complex frameworks for material taking care of relying upon type, size, weight and
volume in a unit or one part of material. Transport gear like truck, to trucks with
lifting and stacking handles are used to move materials [1, 2].

Industrial trucks and trolleys

These are utilized to move materials over factor ways and when there are inade-
quate or irregular stream volumes. They furnish greater adaptability in development
and they might be worked with vertical lifting development or stage. Hand trucks
including trucks and carts are the least complex sort of mechanical truck, are non-
fueled. It might be given manual or controlled lifting handles to lift and stack beds.
Various kinds of modern trucks with Fork lifting and offset are accessible for taking
care of bed unit loads gave thought process and lifting power (Fig. 1).

Cranes and hoists

Electromagnets utilize power to charge the magnet and hold the material to the
magnet face. Electromagnets utilize an invigorated electrical loop folded over a steel
centre to situate particles inside ferrous materials a typical way, therefore making an
attractive field (Fig. 2).

Fig. 1 Industrial trucks and trolley
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Fig. 2 Cranes and hoists

The heavy in weight plates are need to be lifted from one end manually before
attaching to the crane slings. These plates are to be transported to various places in
the factory for processing them to make into the final product, lifting and tying of
the plates with the crane slings has to be performed many times during all kind of
manufacturing process, which leads to the wastage of time, power consuming and
risky process. In this paper a load carrying capacity of mild steel plate handling truck
with magnetic lifting arrangement was designed and fabricated. Compared to any
other design or fabrication the investment and maintenance is more.

2 Methodology

The requirement for drilling and tapping gaps in parts so eye bolts can be connected to
move them as a rule, these gaps should be filled and the surface should be revamped,
adding cost to the item. Lifting the load may required two or more people in present
work. Gripping and grasping action is less in the material handling equipments.
More time consumption while loading/unloading especially blocking and slinging.
If labours are unfocused during their working hours this may cause damage to mate-
rial or injuries to operator, to avoid the above disadvantages the Magnetic truck
is designed and prototype is developed and material handling efficiency can be
improved [1, 3, 4].

2.1 Design and Fabrication

Solidworks
See Figs. 3, 4 and 5.
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Fig. 3 Wire frame model of magnetic plate handling truck parts and assembly

Fig. 4 3D modelling of magnetic plate handling truck parts and assembly

Fabrication

The parts and quantity required for the manufacturing of magnetic plate handling
truck are mentioned in the Table 1.

The truck is fabricated by means of various operations like cutting, machining,
welding, drilling, boring and milling.

Fabrication of chasis

A plate of 2.5 mm thickness is taken, and marking is performed for 150 × 70 mm.
Cutting is performed as per the marking and then, grinding is performed to achieve
good surface finish (Fig. 6).
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Fig. 5 3D modelling of magnetic plate handling truck

Table 1 Parts required for
magnetic plate handling truck

Part Material Quantity

Chassis MS plate 1

Holding arms MS Plate 2

Obstacle plates MS Plate 2

Magnetic lever MS Plate 1

Supporting plates MS Plate 4

Fig. 6 Fabrication of chasis
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Fabrication of holding arms

AMSplate of 2.5mm thickness is taken, andmarking is performed for 70× 150mm.
Cutting is performed as permarkings and then, grinding is performed to achieve good
surface finish. A notch is done using cuttingmachine at 50mmdistance from one end
and bending is performed for 45°. A pipe of 12 mm outer diameter and 6 mm inner
diameter is taken, marking is done for length 100 mm. Cutting is done for the pipe
and grinding is performed to achieve good surface finish. Drilling of 3 mm diameter
is performed on the pipe for fixing with motor and pipe and arm are welded using
arc welding machine (Fig. 7).

Fabrication of obstacle plates

AMS plate of 2.5 mm thickness is taken, and marking is performed for 65× 65 mm
and then cutting is done by cutting machine. Grinding is performed to achieve good
surface finish. Two plates are required. Then these plates are welded on the chassis
(Fig. 8).

Fabrication of magnetic lever

AMS plate of 2.5 mm thickness is taken, andmarking is performed for 70× 150mm
and Cutting is performed as per markings and then, grinding is performed to achieve
good surface finish. A notch is done using cutting machine at 50 mm distance from
one end and bending is performed for 45°. Then two plates of dimensions 50 × 50
having hole of diameter 6 mm welded on bended portion at equal distance and then
a hinge is welded on the other end of the plate which is having 100 mm length. A
plate of 2.5 mm thickness is taken, and marking is performed for 70 × 50 mm and
Grinding is performed to achieve good surface finish. Also, two plates of dimensions
50× 50 having hole of diameter 6 mm at equal distance to fix with the lifting plate is
welded on the base plate leaving equal distance from both sides (ends). The magnets
are stick on the base plate with araldite. This set up is then bolted with the lifting
plate.

Fig. 7 Fabrication of holding arms
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Fig. 8 Fabrication of obstacle plates

Fabrication of rear wheel and front wheel

A plate of 2.5 mm thickness is taken and cutting is performed for dimension of 70
× 40 mm. Then grinding is performed to achieve good surface finish. A hole of
diameter 12 mm is made on the plate at a distance of 15 mm from one side to fix with
the motor shaft. The rear wheels are having diameter 108mm are used and amotor of
capacity 10 rpm used for this wheel. A plate of 2.5 mm thickness is taken and cutting
is done for 60 × 40 mm and grinding is performed to achieve good surface finish.
A plate of 2.5 mm thickness and 120 mm length is taken and bent 90° at 40 mm
from the two sides. Two quantities are made for two front wheels. A plate of 2.5 mm
thickness and cutting is done for 215 × 20 mm and three holes of 6 mm diameter
are made. And all the supporting parts are welded and the front wheel arrangement
(Fig. 9).

Fig. 9 Magnetic plate Handling truck model
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3 Results

Holding arm calculation for Prototype model
Mass of holding arm = 300 g
Mass of material to be handled = 0.5 kg
Mass of holding arms including
Mass material handle = 0.3 + 0.5 = 0.8 kg
Radius of holding arm r = 0.095 M
Force = 9.81 × 0.8 F = 7.848 N

Torque (T = r × F) T = 0.095× 7.848 = 0.7455N − M (1)

Speed of motor M = 10 rpm.
Power = 2 × 3.14 × 10 × 0.74556/60 = 0.78 W
Mass of the plate to be lifted = 1 kg
Type of the magnet considered = Ferrite
Outer radius of Magnet = 25 mm = 0.025 m
Inner radius of Magnet = 15 mm = 0.015 m
Area of Magnet Am= 3.14× (0.025× 0.025− 0.015× 0.015) = 0.001256 m2

Magnetic Flux Dm = 0.2 T

Force F = D2
m × Am/8× π × 10−7

= 0.2× 0.2× 0.001256/
(
8× 3.14× 10−7

)

= 20N’s

= 20/9.81 kgs

= 2 kgs (2)

As actual mass of the plate to be lifted is 1 kg and magnet selected is suitable to
lift 2 kgs it is acceptable.

Magnetic lifting power calculations
Mass to be lifted = 1 kg
Mass of magnetic arrangement = 0.5 kg
Radius of pulley/Shaft = 0.003 m
Force F = mg = 1.5 × 9.81 = 14.71 N
Torque T = 14.71 × 0.003 = 0.044 N-M
Speed N = 3.5 rpm.

Power = 2× 3.14× 0.044× 3.5/60 = 0.016W (3)

The mass of material handled found to be 0.8 kg and force required is 7.484 N.
The magnetic flux required is 0.2 T. Power required to lift the plate is 0.016 W

Results and calculations for actual machine
Holding arm calculation
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Mass of holding arm = 3000 kg
Mass of material to be handled = 5000 kg
Mass of holding arms including
Mass material handle = 3000 + 5000 = 8000 kg
Radius of holding arm = 0.9 M
Force = 9.81 × 8000 F = 78,480 N
Torque (T = r × F) T = 0.9 × 78,480 = 70,632 N-M
Speed of motor M = 3000 rpm.
Power = 2 × 3.14 × 3000 × 70,632/60 = 22.17 MW
Magnetic strength calculation
Maximum size of the plate to be handled 8 m × 4 m and 20 mm thick
Mass of the plate to be lifted = 8 × 4 × 0.02 × 7630 = 4883 kg
Approximately 5000 kg = 5 T
Type of the magnet considered—Lifting Magnet Rectangle
Length = 600 mm = 0.6 m
Width = 430 mm = 0.43 m
Area of Magnet Am = 0.6 × 0.43 = 0.258 m2

Magnetic Flux Dm = 0.8 T (Neodymium max 1.4 T) (Tables 2 and 3).

Force F = D2
m × Am/8× π × 10−7 = 0.8× 0.8× 0.258/

(
8× 3.14× 10−7

)

= 65, 732N’s

= 65, 732/9.81 kgs = 6700 kgs (4)

As actual mass of the plate to be lifted is 5000 kg and magnet selected is suitable
to lift 6700 kg it is acceptable.

Magnetic lifting power calculations
Mass to be lifted = 5000 kg
Mass of magnetic arrangement = 2500 kg
Radius of pulley/Shaft = 0.15 m
Force F = mg = 7500 × 9.81 = 73,575 N

Table 2 Calculations for
prototype model

S. No. Holding arm parameters Holding arm calculated
values

1 Torque 0.7455 N-m

2 Area of magnet 0.001256 m2

3 Force 2 kg

Table 3 Calculations for
actual machine

S. No. Parameters Calculated values

1 Torque 70,632 N-m

2 Area of magnet 0.258 m2

3 Force 6700 kg
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Torque T = 73,575 × 0.15 = 11,036 N-M
Speed N = 3000 rpm.
Power = 2 × 3.14 × 3000 × 11,036/60 = 11,551 W = 1.15 MW
The actual machine which can handle 5 ton load. The power required to lift the

plate is 22.1 MW and the magnetic lifting power required is 1 MW.

4 Conclusion

Themagnetic Plate handling truck is designed and fabricated and themagnetic lifting
avoids wear and tear of parts to be handled. The holding arms which provide addi-
tional safety for the parts to be handled. No slinging operations taking place. The
testing is done and from that, Magnetization and demagnetization mechanisms are
functioning as per requirement. The prototype machine can able to lift and handle
1 kg metal plate. Holding arms are functioning as per requirement. Drive and turning
mechanisms are functioning as per requirement and these kind of trucks can be
manufactured with Automation techniques can be used introducing sensors in future
to the current model.
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Design of Pico Hydro Power Plant Using
an Impulse Turbine

P. H. J. Venkatesh, Vivek Viswanadha, K. Sravan Kumar,
and Koyyana Ramesh

Abstract The practical design of Pelton wheel and analysis is made to measure the
flow rate of rainwater entering into a small Pond by using a V-Notch weir. It was
performed in a rural area with 65 houses. Every year during rainy season the amount
of water used to go waste into the ponds without any utility for the people living in
the rural areas with less population, the water during the rainy season flowing into
the pond from the small drains into a large single connected single drain. In this
paper a practical attempt is made to utilize the rain water by measuring the total flow
rate of the rain water and after measuring based on the discharge obtained a small
Pico hydropower plant is constructed using Pelton wheel and the amount of power
is estimated.

Keywords V-notch · Flow rate · Discharge · Pico hydro plant · Pelton wheel

1 Introduction

The V-notch is a triangular-shaped open channel section measurement [1, 2] and
they are used for measurement of small flow discharge value. The upper part of the
section is above the water level, and the channel is always triangular shaped, the
cross-sectional area can be determined easily. V-notches is used for low discharge
values (Fig. 1).

The Hydropower plant generate the electrical energy from the water. A coupling
of the turbine and a generator with a shaft used for converting the mechanical energy
into the electrical energy.
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Fig. 1 Triangle shaped
Notch weir [1]

Pico hydro plants with 5 kW are suitable in remote areas for power supplies and
rural isolated communities, as an economic option for extending the electricity grid.
The hydropower plants are cheapest and not harmful to the environment.

1.1 Types of Hydraulic Turbines

The turbine is a rotational mechanical machine which converts fluid energy into work
[3–5]. The amount of work produced by a turbine is used to generate electricity when
coupled with the shaft to the generator. Turbines are divided by their principle of
operation and can be divided into two types they are impulse and reactions turbine.
The impulse turbine with the flow of the water to rotate the runner and discharged.
Reaction turbines are pressure type turbines that depend on the pressure difference
between either sides of the turbine blades. Formicro-hydro, mini applications, Pelton
turbines can be used effectively at head down to about 10–20 m [6, 7].

Turbine selection
The type of turbine depends on environmental condition and depends on the total

head of the water “H” and the Discharge “Q” [5, 8].
Figure 2 indicates the selection of turbine is suitable for any particular combination

of Discharge and head. Pelton wheel is suitable for high head and low flow rate [5,
8].

1.2 Turbine Working Principle

The Pelton wheel is a reaction turbine which is used for a large amount of power
generation is required. Amicro pelton turbine is model for actual Pelton wheel which
is used for the small-scale power generation. The kinetic energy formed by the water
to fall on the pelton runner blades. This impact provides a necessary required torque
for the rotation the runner blades by neglecting its inertia forces. The rotation of
runnerwith blades generates amechanical energywhich is coupledwith the alternator
to convert into electrical energy. The water during the rainy season is a large single
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Fig. 2 Specific speed versus
design head [9, 10]

connected single drain. The practical attempt is made to utilize the rainwater by
measuring the total flow rate of the rainwater and after measuring based on the
discharge obtained a small Pico hydropower plant is constructed using Pelton wheel
and the amount of power is estimated. Compare to the other power plants hydropower
plant requires water resources which are available in nature plenty and investment
on this plant when compared to the thermal power and nuclear power plants are less
and the rainfall is the major resources for the hydropower plant (Fig. 3).

2 Methodology

2.1 Discharge Calculation Using V-Notch

The Discharge value is obtained for a simple flow of V-notch by applying Bernoulli
equation or Conservation of Energy [1, 2]

Q = Cd ×
(

8

15

)
× √

2 × g ×
(
Tan

θ

2

)
× H 5/2 (1)
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Fig. 3 Working of pelton wheel [3, 4, 6, 9, 10]

Cd : Discharge Coefficient, θ: Notch Angle, H: Height above the base V-Notches
are used in seepage measurement of irrigation dams and toe drains. Discharge in
V-Notches can measure from 0.006 to 0.12 m3/s.

The discharge is calculated from the following relation

Q = Cd ×
(

8

15

)
× √

2 × g ×
(
Tan

θ

2

)
× H 5/2

θ = 600, consider Cd = 0.62

Q = 0.467 × 8

15
× √

2 × 9.81×Tan
60

2
× 0.0355/2

Q = 0.000193 m3/s.

Similar way the other calculations are done and tabulated in Table 1.
From the above calculations the highest value of discharge is 0.03154 m3/s is

chosen as a discharge through the notch.

Table 1 Discharge values for
V-notch

S. No. Time Head in m Discharge Q in m3/s

1 12:15 0.035 0.000193

2 12:45 0.075 0.000985

3 01:15 0.300 0.03154

4 01:45 0.250 0.02000

5 02:15 0.172 0.00785
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2.2 Pelton Turbine Design

The effective head available of this Pelton wheel is considered at 10 m and the
discharge is [1, 11], Q = 0.0041 m3/s, ρ = 1000 kg/m3, g = 9.81 m/s2, ηo = 80%
(Assumed).

1. Calculation for power developed by Pelton Turbine

P = ηo × ρ × g × Q × H (2)

For, Q = 0.03154 m3/s and 10 m of Head, ηo = 80%.
P = 0.8 × 1000 × 9.81 × 0.03154 × 10 = 2.475 kw, nearly taken as a value of

2.5 kW.
P = 2.5 kW.

2. Calculation for Speed of the Pelton Turbine

N = 147.7 × √
H = 470 rpm (3)

3. Calculation of Pelton Turbine Specific Speed

Ns = N ×
( √

P

H 5/4

)

= 470 ×
√
2.5

105/4
= 42 (4)

4. Calculation for the absolute velocity of water at inlet of the pelton turbine

Take CV = 0.99,

V1 = CV × √
2 × g × H = 3.6m/s (5)

Therefore, u = u1 = u2. To achieve maximum efficiency, u = 0.5V 1

u = 6.8 m/s.

5. Calculation for the Mean Diameter of the Pelton turbine

From u = π × D × N/60 (6)

D = 0.276 m.

6. Calculation for the Diameter of Jet for the pelton wheel
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Diameter of Jet, d0 = 0.595 ×
√

Q

Z0 × √
H

= 0.034m (7)

For single jet Z0 = 1

7. Jet Ratio

m = D

d0
= 8 (8)

8. No. of Buckets will be

Z = 15 + 0.5(8) = 19 (9)

9. Inlet and outlet velocity triangles for the pelton wheel

The water Relative velocity at inlet Vr1 = V 1 − u1 = 13.68 − 6.8 = 6.8 m, The
water Whirl velocity at inlet and outlet (Fig. 4).

Vw1 = V1,

Vw2 = Vr2 cosΦ − u2,

Vr2 = Vr1

Vr1 = Vw1 − u1 = 6.78 m/s

Vw2 = 0.3m/s, Vr2 < u2 (10)

10. Jet Force on the runner

Fig. 4 Velocity Triangle of outlet and inlet of pelton wheel [6, 10]
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F = ρaV1(Vw1 + Vw2), F = 56.908N (11)

11. Jet force on the bucket

= ρQ(V1 − u)2

V1
× (1 − cosα) = 0.473N (12)

12. Bucket Design

The dimensions of the Pelton wheel bucket are
Bucket length, L = 3.3 d0 = 0.1122 m
Bucket width, B = 4 d0 = 0.136 m
Notch depth, S = 0.625 d0 = 0.02125 m
Notch width, M = 1.6 d0 = 0.0544 m
Bucket depth, E = 1.2 d0 = 0.0408 m
Bucket height, A = 2.5 d0 = 0.085 m.

13. Shaft diameter
See Figs. 5, 6 and 7.

ds = 3

√
1.77 × 106 × P

N
= 0.21m (13)

Based on these dimensions the Pelton wheel is designed and the Pico hydropower
plant is developed and as per the calculations the obtained power is 2.5 kW, but after

Fig. 5 Pelton wheel bucket
dimensions [6]
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Fig. 6 Pelton wheel with
runner [10]

Fig. 7 CFL bulbs [10]

performing the experiment the power obtained to a value of 2 kW there are many
reasons for the loss of output power such as but For power 2.5 kW total of 85 CFL
bulbs required and one single CFL consumes 0.0025 kW/h.

1. The width of the bucket is small compared to the diameter of the jet, the fluid is
may not deflect on the buckets and this may lead to energy dissipated lead to the
efficiency drop.

2. The placement of the Pelton wheel and the Head also important for the power
output.

3 Results

The parameters calculated for the Pelton wheel indicates that the dimensional values
of the Pelton wheel are based on the Discharge. The speed of the turbine depends
on the Head developed. The obtained power may vary when there is variation in the
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Table 2 Calculated Values of
important parameters for
Pelton wheel

Q, discharge 0.03154 m3/s

N, Speed 470 rpm

P, Power 2.5 kW

No. of buckets (Z) 22

Jet ratio, m 8

Shaft diameter 0.21 m

Absolute velocity 3.6 m/s

Specific speed 42

Mean diameter (D) 0.276 m

Wheel velocity (u) 6.8 m/s

Table 3 Pelton wheel bucket
dimensions

Bucket length 0.1122 m

Bucket width 0.1360 m

Notch depth 0.0212 m

Notch width 0.0544 m

Bucket depth 0.0408 m

Bucket height 0.0850 m

discharge that depends on rainwater in order to achieve better efficiency the width
of the bucket should more compared to the diameter of the jet. The Discharge is
not same for every rainfall and the flow through drains are also not constant as the
drains not only carry water but also solid waste due to this the flow of water is varied,
the same amount of discharge cannot be maintained constant as the rainfall is not
constant it changes time to time and the amount of water depends on millimeter of
rainfall (Tables 2 and 3).

4 Conclusion

The Discharge value and the power value shows that the output which is obtained
is depend on the amount of rainfall and the flow of water into the drain and for the
power of 2.5 kW total no of 85 CFL bulbs can be used and each bulb consumes
0.025 kW/h as per calculation, but as per experiment for 2 kW, so total no of 80
CFL bulbs can be used when one CFL consumes 0.0025 kW/h as this is a practical
attempt is made to develop the power plant and if the same Pelton wheel is designed
for the 4 times of the existing dimensions 10 kW power can be achieved, which are
used after the energy and other losses the better output power can be obtained and
the designed dimensions can be used for simulation analysis and the flow variation
with the different losses can be estimated properly. By establishment of these kind
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of Pico hydropower plant in rural areas more amount of power can be generated
and moreover the plant is not harmful to the environment and for power generation
natural resources are used. The application of V-notch and pelton turbine is used to
design the hydro plant.
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Experimental Analysis of Performance
and Emission Characteristics of Four
Stroke Single Cylinder VCR Diesel
Engine Using Palm Biodiesel and Diesel
Along with Comparison

Savadana Venkataramana and N. Ramanaiah

Abstract The immense importance of high energy demand with conventional fuels
and the detrimental effects of pollution from fossil fuels, the focus is shifted toward
the usage of alternative fuels. An initiative is considered to examine performance
characteristics and magnitude of pollutants 4 strokes single cylinder VCR engine
filled with diesel and palm biodiesel at a compression ratio of 18:1. Experimentation
is carried out with diesel and palm biodiesel one at a time on a chosen engine
at various loads. Performance evaluation contains the evaluation of brake power
[BP], Brake Specific Fuel Consumption [BSFC], Brake thermal efficiency[ BTE],
etc. Emission analysis, the contents of CO%, NOx (ppm), CO2%, are measured by
exhaust gas analyser. The Results reveal that the brake thermal efficiency of palm
biodiesel fuelled engine is 29.01% at peak load which is more than the diesel by
20% moreover BFFC is 0.293 kg/KWH and is also less than the diesel by 30%. In
the case of emission, NOx with palm biodiesel is 415 ppm which sows 50% less than
the diesel. While CO% and CO2% are found to be 0.024 and 2.6, respectively, at
maximum BP for palm biodiesel. It was observed from the carried out work, BTE
was increased on par with the increase in load. It is inferred from the pragmatic
condition that is considered to be a much promising substitute.

Keywords Palm biofuel · Diesel · VCR diesel engine · Exhaust gas analyser ·
Smoke meter
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1 Introduction

Modern civilization worldwide promotes the automobile revolution for better living
comforts and standards, which increases the importance of the transport sector. The
transport sector became the highest consumer of conventional fuels. To cope up with
great demand in the future and scarcity, it inevitable to go for alternative fuels [1].
Hence it is necessary to pave the way for partial replacement of diesel by biodiesels.
This experimentation examines the comparison between palm biodiesel and diesel
working on the VCR engine with opted specifications by choosing the choice of
palm biodiesel as it l is produced on an average of 4–5 tons per year, which is
considerably larger than that of soybean oil [2, 3]. Pragmatism supports the choice
of coconut biodiesel with many dependable results in terms of engine performance
and exhaust emissions characteristics besides abundance in availability as per the
highest production with 2260 kg of oil/ha [4] but it is limited in application due to
edibility. In the series of considerations palm oil also became popular and is widely
produced in most of the regions as supported by all tropical conditions at the rate
of production around 10–35 tons per hectare. Palm trees generate palm oil from its
seed and also from pulp besides edible oil [5]. Biodiesel is an alternative tool to
fill the gap of scarcity in the highest demand for fuel needs in the transport sector
particularly in the internal combustion engine [6]. In composition, it consists of
fatty acid methyl ester and is done by the method of the transesterification from
vegetables or fats [7]. At present biodiesels are used mostly with blends representing
a combination of diesel and biodiesel in different proportions. The designation of the
blend is represented with a volumetric percentage, where B0 represents 0% biodiesel
and B100 representing 1000% biodiesel [8]. Another report reported reductions in
BSFC, emissions of CO, HC, smoke, and exhaust gas temperature against raise in
compression ratio [CR]. It was depicted the reduction in duration of ignition while
the maximum limit of pressure at maximum compression ratio results in higher NOx

emission [9]. Raheman et al. reveal that brake thermal efficiency is maximum at a
maximum which was evident of the prominent influence of compression ratio at rich
blends [10].

The objective of the present work is to analyze the performance and emission
characteristics of both diesel and biodiesel for their comparison. It also asserted
to consider palm biodiesel as much promising substitute. The experiment has been
conducted on engine test rig after eight years from its installation. As the pollution
and performance trend changes for the running vehicle for authorized fifteen years
abide by the motor vehicle act. Therefore it also necessary to review performance
at regular intervals of service life where the real problem of pollution and mileage
exists besides a slight variation of treated palm biodiesel. Hence the contribution of
paper reveals the characteristics of reused test rig with palm biodiesel with methanol
and catalyst.
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Flow Chart 1 Transesterification process

1.1 Methodology

As shown in Flow Chart 1, transesterification took place in stages for the complete
transformation of basic raw form into ready to use biodiesel transformation under-
gone steam sterilization, stripping for separation of stalk and fruit. In the part of the
secondary operation, it further has undergone digesters and then to pressers for oil
extraction while discard used as fertilizer. In the part of the post-processing purifica-
tion of extracted oil is done by vacuum dryer and centrifugal dryer before sending it
to the boiler and finally stored in storage tanks. By-products are further produced by
refining in the refinery and took shape as cooking oil. Palm oil is converted into crude
oil by extraction or pressing. Crude oil might be consisting of impurities in its unre-
fined form which may yield troublesome problems in the engine namely poor cold
flow property, increasing viscosity, coking, etc. Hence oil treatment with methanol
and catalyst. Table 1 shows the properties of palm biodiesel and diesel.

1.2 Experimental Set up

The establishment of an experimental arrangement has the combination of a VCR
engine and an electrical dynamometer as a loading system. The water-cooled CI
engine is erected for 5.2 KW which runs at 1500 rpm. The erected set up has one
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Table 1 Properties of palm
biofuel and diesel

Parameters Units Palm bio-diesel Diesel

Ash content % 0.0018 0.01

Carbon residue % 0.52 0.1

Pour point °C +4 −1

Flash point °C 188 68

Kinematic viscosity at
40 °C

CST 8.40 2.75

Sediment % 0.08 0.05

Density at 15 °C gm/cc 0.854 0.830

Sulphur content % 0.69 0.10

Water content % 0.014 0.05

Gross calorific value kcal/kg 10,100 10,000

Table 2 Specifications of
VCR Engine

Engine mode Kirloskar

Type 4-stroke, naturally aspirated and
water cooled

Bore 87.5 mm

Stroke 111 mm

Cylinder volume 661 cc

Range of compression ratio 12:1 to 18:1

Injection timing 25° BTDC

Injection pressure 200 bar

Maximum power 5.2 kW at 1500 rpm

Injection nozzle 3 hole

engine panel box which consists of components like air-box, dual fuel tanks, fuel
measuring arrangement, U-tube manometer, the knob for dynamometer control, etc.
U-tubemanometer for the observation of air supply and the amount of fuel consumed
is measured with fuel measuring unit. The computerized data acquisition system for
airflow rate, injection pressure, crank angle, pollutants in exhaust equipped to test
rig (Table 2).

1.3 Emission Measurement System

The testing system is to meter the pollutants of the exhaust. This system consists of
a Gas Analyser that reveals the number of pollutants in the exhaust gas such as CO2,
CO, NOx, HC, O2, and SOx (Fig. 2; Table 3).
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Fig. 2 Gas analyser

Table 3 Specifications of exhaust gas analyser

Pollutants Carbon Monoxide(CO), Hydro Carbon(HC), Carbon Dioxide(CO),
and NOx

Mechanism Infrared sensors for CO, CO2, HC, and Electrochemical sensors for
NOx .

Data resolution Table 1: properties of biodiesel

Time for initiation <2 min.

Time interval for air intake 24 min time interval

Discharge of gas 500–1000 ml/min

Handling system Particulate fine filter, S.S. Probe, PU Tubing, water separator cum
filter.

Operating conditions Temperature: 5°–45°

Pressure: 813–1060 Mbar

Humidity: 0–90%

2 Results

2.1 Engine Performance

Brake specific fuel consumption [BSFC] is defined as the quantity of fuel consumed
to provide unit brake power. Figure 3 shows the variation of BSFC for biodiesel
fuelled engine and diesel-fuelled engine against brake power. For diesel, BSFC is
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Fig. 3 BP versus BSFC

higher than palm biodiesel at all loads because of the variation of calorific value. At
full load, BSFC of PBD is 23.69% less compared to plain diesel operation [8].

Brake thermal efficiency [BTE] basically defined as the ratio of bake power at
crank shaft and expected energy from the complete combustion of fuel supplied to
the engine. Figure 4 represents a comparison of brake thermal efficiency of palm
biodiesel fuelled engine with a diesel-fuelled engine. Brake thermal efficiency for
palm biodiesel is found higher than the diesel at all level of engine loads. At the
maximum load, thermal efficiency for palm biodiesel is 24.8% more than the diesel
[9].

Fig. 4 BP versus BTE
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2.2 Engine Emission Characteristics

Figure 5 shows the variation of CO emissions from diesel and palm biodiesel fuelled
engines. Palm biodiesel emits less CO pollutants compared to diesel-fuelled engines.
At the higher load palm bio, the diesel-fuelled engine emits 0.4% less than the diesel-
fuelled engine. In the case of diesel, due to incomplete combustion heterogeneous
mixture results in higher hydrocarbons, and carbon monoxide emissions [9].

Figure 6 BP versu NOx the oxygen content of biodiesel is an important factor in
the high NOx formation levels because the oxygen content of biodiesel provides high
local peak temperatures and a corresponding excess of air [8]. Therefore, the higher
NOx emissions can be attributed to the more complete combustion of biodiesel with
the presence of more oxygen in the combustion chamber [10]. Figure 6 shows the
variation of NOx emissions from diesel and palm biodiesel fuelled engines. Palm
biodiesel emits fewer NOx pollutants compared to diesel-fuelled engines. At the

Fig. 5 BP versus CO%

Fig. 6 BP versus NOx
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Fig. 7 BP versus CO2%

higher load palm, biodiesel fuelled engine emits 30% less than the diesel-fuelled
engine.

Figure 7 shows the variation of CO2 emissions from diesel and palm biodiesel
fuelled engines. Palmbiodiesel emits lessCO2 pollutants compared to adiesel-fuelled
engine. At the higher load palm, biodiesel fuelled engine emits 50% less than the
diesel-fuelled engine. In case of diesel, due to incomplete combustion heterogeneous
mixture results in higher hydrocarbons, and carbon monoxide emissions [9].

3 Conclusions

Based on the experimental test results from the engine testing, it can be concluded as
follows Palm biodiesel fuelled engine performs less BSFC and higher BTE compared
to the diesel-fuelled engine Palm biodiesel fuelled engine emits fewer pollutants of
CO, CO2, and NOx compared to the diesel-fuelled engine. Palm biodiesel fuel is
preferable as alternate to biodiesel.
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Scoping Review on Composition of Non
Asbestos Organic Friction Materials
for Automotive Brake Pad

S. S. Shirsath and R. N. Yerrawar

Abstract Braking system is an important system of automobiles responsible for
providing better performance and safety. The basic purpose of Braking system is to
reduce the speed of moving body by providing adequate resistance, which ultimately
converted into heat energy. Brake pad material plays important role in controlling
the vehicle with considering input parameters like stopping distance, vehicle speed,
braking force and performance parameters like coefficient of friction, noise level,
fade and recovery. As speed control cannot be achieved by single-phase material so
it constitutes several ingredients. Nowadays various classes of friction materials are
available based on their constituents like metal, semi-metals, non-metals, ceramic
and organic materials. Base composition consists of reinforcement, filler, binder,
elastomer, friction modifier and abrasive. Initially asbestos material was used as
filler material but worn out particle released after continuous friction pollutes the
environment. Also harmful effects on human being like cancer were pointed out by
many researchers. Hence, several attempts made by researchers to find an alternative
friction materials. In this paper, various possible constituents of composite friction
material are reviewed and evaluated their results to study their effects.
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1 Introduction

On daily basis, thousands of automobiles are manufactured and used as per different
requirement. In every automobile, braking system plays a crucial role in controlling
the vehicles. Nowadays, various materials are used to manufacture a brake pad like
metallic, semi-metallic, ceramic-based composites and non asbestos-based organic
materials. Every application of a brake friction releases wear particles in gaseous
form or particulate matter. The operating condition and base constituent of friction
material decide PM size. Some particles are fall on road surface and some remains
as airborne matter. This airborne particulate matter enters in human body and causes
harmful effect [1, 2].

The Friction materials should possess frictional coefficient with minimum
possible wear rate. Since past few decades, asbestos was a filler in friction materials
but its airborne particle shown harmful effect on human body [1–3]. Some researcher
alsomoved toward copper based on the automotive brake frictionmaterial but copper-
based particulate matter shown harmful effects on aquatic animals. So it becomes
essential to replace Cu from Friction materials but its replacement was difficult due
to unique and multifunctional properties in FMs [4, 5]. By considering all require-
ments, continuous developments removed the asbestos-based friction materials and
the asbestos free natural fiber-based friction materials are used as a safer alternative.
The actual composition of friction material is selected based on experimental trial
and error method rather than fundamental understanding. Today’s brake pads are
consisting of more than 6–8 constituents such as reinforcement, binder, elastomer,
friction modifier, abrasive and filler. Every constituent has its unique properties [6]
(Fig. 1).

Fig. 1 Brake pad assembly
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A friction process produces friction products like brake wear particles, friction
debris and gaseous emissions. These wear debris adheres to the frictional surface and
forms a friction layer. This friction layer decides the performance of brake pad [7,
8]. The surface making contact with the friction material decides tribological char-
acteristics [9]. During operation, continuous rubbing action between the drum and
frictionmaterial generates high temperature up to 350 °C [10].Wear of friction brakes
affected by many performance parameters such as braking force, pressure applied,
sliding velocity, temperature, working environment, etc. There is no any relationship
between performance parameters that describes the friction and wear dependence
when the brakes were applied. The Rise in operating temperature reduces friction
performance and leads to thermal fade. Also as temperature reduces, FM gains fric-
tional coefficient called as recovery. The temperature on the friction surface is higher
than values indicated by thermocouples because the actual friction takes place on
asperities. The actual contact area while braking is less than the apparent surface
area. Due to this, the performance investigation of commercial friction materials at
elevated temperature is becoming key area of interest [11, 12]. During operating
condition, friction materials are subjected to dry or wet conditions. The wet condi-
tion may be due to rainwater and moisture in the environment, which reduces the
performance of friction material [13].

Various challenges are available in front of manufacturing of eco-friendly friction
materials. Ideally, friction material should have less density, heat and water resistant,
high strength, moderate hardness, low wear rate and stable frictional coefficient.
Apart from this, thermal conductivity plays a crucial role in performance as lower
thermal conductivity accumulates frictional heat on the working surface and leads
excessive fade, similarly higher thermal conductivity results in excessive heat flow
toward back-plate leads to spongy brakes [14]. It becomes essential to develop fric-
tion material which exhibits all desirable properties and manufactured from easily
available materials. This method considers possible base constituents used in friction
materials with tribological properties [15]. This method emphasizes on various types
of wear need to consider during development of FM.

2 Material Used for Brake Pad

A homogeneous mixture of multiple ingredients considered as the reinforcing mate-
rial, filler, solid lubricant, friction modifier and suitable binder, used as friction mate-
rial for brake pad [16, 17]. These base constituents decide the physical, mechanical
and tribological characteristics of material (Fig. 2).
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Fig. 2 Friction material composition

2.1 Fillers

The Fillers is major ingredient of friction material which improves the manufactura-
bility. Ideally, it must be inexpensive. It fills voids. The terms form FM like metallic,
semi-metallic and non-metallic material indicates filler as base material. The Fillers
should be compatible with the other ingredients in terms of size and mostly nanosize
is preferable. The particles of filler material should not undergo internal fracture
as it is subjected to the compressive loading. The filler material selection is based
on its severity with the environment. The Biodegradable fillers are preferred over
nonbiodegradable, due to the less environmental impact. Some natural fillers like
kenaf fibers, periwinkle shell powder, palm kernel shell powder, banana peels, etc.,
are available but properties induced will not be compromised [18–21].

Any materials which satisfy all these criteria are desirable. The Literature shows
that the filler with crystalline structure like zinc carbonate, barite, zircon gives
more strength, resistance to rupture, etc., today, the single material having desirable
properties is preferred over combined materials [22, 23].

Mullite increases the density, compressive strength and decreases flexural strength
of frictionmaterial. The powdered filler gives better results as compared to the fibrous
material. The particle size of filler affects the properties of frictional material. Finer
Periwinkle Shell increases Compressive Strength, hardness and density where as
larger particle size of periwinkle shell powder imparts porosity [13, 24]. As Bagasse
is eco-friendly and easily available, used as one of the ingredient in friction material
[25]. The metals like waste cast iron, Cu in the powder or fiber form, increases
physical and mechanical properties of the FM. Also it increases frictional coefficient
up to 0.3–0.4 [26–29]. Hardness and frictional performance of the FM improved
using barrite and steel wool [30]. The zircon is compatible with a friction modifier
and polymer binder leads to stable frictional coefficient. The Zircon based material
shoes highest frictional coefficient [31, 32]. The Palm kernel shell, banana fibers and
kenaf fibers in finer powder form can replace Hazardous asbestos fillers [18–21]. As
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fly ash is thermally stable, used in the friction composite material along with graphite
to stabilize their friction performance [33].

2.2 Reinforcements

The reinforcement material may be in fibrous form, powder form or combination
of both. The reinforcement materials are used to improve physical and mechan-
ical properties of frictional materials. The fiber orientation decides the results of
mechanical properties and improve wear resistance [34, 35]. One more require-
ment of reinforcing material is compatibility with other ingredients. The chemically
treated fiber enhances the tribological properties of material [36, 37]. In all fibers
available as reinforcement, organic fibers are most desirable, because of their less
social environmental impact [38].

Jute fibers are easily available fiber used as reinforcement in the FMwith average
frictional coefficient of 0.50. These fibers having low strength but can be used along
with the other fillers like walnut shell powder to improve properties [39, 40]. The
Aramid fibers are strong synthetic fibers reduces wear rate and increases frictional
coefficient of friction materials up to 0.3 [41]. The Aramid fiber also improves tribo-
logical and mechanical properties of friction material. Its combination with acrylic
fibers gives highest performance [42]. Pine needle fibers can be used as reinforce-
ment material due to its stable frictional coefficient at different operating condi-
tion and variable wear rate with temperature [43]. Kevlar is also naturally available
fiber exhibits same independent properties like glass fiber with frictional coeffi-
cient of 0.39. Hence it can be considered as reinforcement material [35]. Hemp
is one of the stiffest and strongest natural fiber with good mechanical properties.
This having short cropping cycle and can be easily available. The experimenta-
tion shown that sample with 5 wt% hemp fiber is effective to enhance Coefficient
of friction, frictional stability, fade performance, wear resistance [20]. The Brown
Coconut fibers are strong and high abrasive endurance. The Friction material rein-
forced using coconut fiber shown comparable properties with commercial brake
pads. The Bamboo fiber reinforced composites with varying percentage of natural
fiber shown higher coefficient of friction and lower wear rate compared with other
composites [44] (Fig. 3).

Many researches shown that Carbon fiberwith someChemical treatment is used to
improve the performance characteristics of friction material. It increases the overall
strength of friction material with average coefficient of friction 0.4. Glass fibers are
also heat resistant, strong mechanical, thermal and tribological properties [45]. The
metallic fibers like Steel wool, Copper chips are used as reinforcement which shown
considerable rise in frictional coefficient and wear resistance. But main disadvantage
is that it increases density of material [9, 28, 30].
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Fig. 3 frictional coefficient of reinforcement materials

2.3 Binders

Binder ensures physical integrity of the frictionmaterial. It may be in solid of viscous
form. The Thermosetting resins are most suitable and economical binder used as a
matrix material. The capabilities of binder to integrate the other constituents decide
overall strength of FM[46].Also it has beenobserved that addition of binder enhances
the frictional properties [46]. During operating condition, it undergoes plastic defor-
mation and creates required frictional effect. It decides thematrix of FMand improves
physical and chemical properties after modification. In NAO, mostly used binders
are Phenolic resin and Epoxy resin. Apart from these, some other binders are cashew
nut shell liquid, modified resin (CR), melamine resin (MR), alkyl-modified phenolic
resin, siliconmodified phenolic resin, acrylic 30%-modified phenolic resin, aromatic
ring-modified phenolic resin and straight phenolic resin [47] (Fig. 4).

2.4 Solid Lubricants

In friction material, different ingredients are combined together, which undergo the
internal surface friction. To manipulate this, the solid lubricants are added to base
material to lubricate other constituents internally at the particle level [9, 47]. The
review also states that material manufactured without lubricant, but performance
gets degraded. The Graphite is common solid lubricant added up to 10% for best
performance in all the aspects [48]. The addition of more lubricant deteriorates the
internal bonding of constituents results in highwear rate. TheGraphite and hexagonal
boron nitride also give a best frictional performance with considerable wear rate.
The addition of Antimony tri-sulfide and Zirconium silicate increases the frictional
stability because of reduced internal friction [49, 50].
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Fig. 4 frictional coefficient of binder materials

2.5 Friction Modifier

Additive stabilizes the temperature and reduces wear rate. Friction modifiers are in
the form of small particles made of extremely hard material to provide the essential
frictional effect. The strength of friction material increases with addition of modifier.
These materials are used in low proportion due to poor compatibility with binding
material. Also it helps in modifying frictional coefficient and maintaining structural
integrity. The Graphite and Zirconium oxide are the most common additives used to
maintain the operating coefficient of friction within feasible range [51].

3 Manufacturing of Frictional Material

As friction material is made up of different ingredients so bonding between them
decides properties of composite. The proper bonding between all particles is ensured
by usingmost suitable manufacturing process. Themetal matrix-based frictionmate-
rial is manufactured casting and powder metallurgy route. During this proper mixing
of the constituents must be ensured [52, 53]. In all manufacturing processes, the said
ingredients are mixed together and blended. During mixing and blending, particle
size of the fillers must be same and carefully controlled. It further decides properties
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of final product. The Compression molding process is carried out at higher temper-
ature to shape the friction material and pressure gradually increased to avoid pores
[34, 42]. The naturally available materials cannot be directly applied to final applica-
tion but it needs mechanical and chemical treatment to inculcate required properties
[18–21]. Heat treatment can also be employed as per the requirement to refine the
structure and to improve properties.

4 Types of Wear Observed

i. Outboard Pad Wear

The outboard pad side showsmore wear rate as compared to inboard side. It is caused
due to outer pad continuous movement of outboard pad on the rotor after the caliper
release. This problem is found mainly due to Seizing guide pins, bushings and slides.
Replacement of this component will remove this problem.

ii. Inboard Pad Wear

Inboard side has more wear rate compared to outboard side. It is because caliper
piston does not returning to the rest position due to a worn seal, damage or corrosion.
The problem of master cylinder is also responsible for this. To removes this wear,
ensure working of the entire component from outboard wear problem along with the
hydraulic brake system (Fig. 5).

Fig. 5 Brake pad wear
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iii. Even Wear

In this type of wear, equal amounts of friction material provided on both sides of pad
and spread uniformly over the surface of brake pad. It is indication of proper brake
function.

iv. Tapered Pad Wear

It is caused due to improper pad installation and guide pin wear. Here material
removal takes place in wedge pattern. This wear can be eliminated by checking the
functioning of comments like Seizing guide pins, bushings and slides.

v. Cracking, Glazing or Lifted Edges on the Pads

In this wear direct physical damage and thermal distresses to pads are observed. It
is caused by over use, improper brake operation, improper functioning of hydraulic
system, defective pads. Sometimes it is caused due to improper retraction of parking
brake.

5 Conclusion

This review paper focused on various possible materials that can be used as friction
material ingredient. TheAsbestos brake pads can be replaced by best possible combi-
nation from the naturally available materials. The amount of filler and reinforcement
material are a major contributor to properties of frictionmaterial. The naturally avail-
able material shows comparable properties without any harmful effects on human
life and environment. From agriculture waste products also low cost easily avail-
able friction materials can be manufactured. Finer particle size increases strength
of all types of friction materials. At last improper installation of brake pad and its
components results in worn out brake pads. There is scope for finding out the direct
relationship between mechanical and tribological properties as well as correlation
between controlling parameters and wear rate is essential.
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Investigation of Solid Particle Erosion
Wear Behavior of Activated Carbon
Polymer Composites

M. Sivaji Ganesh, G. Raghavendra, S. Ojha, and M. Om Prakash

Abstract The aim of these present research is to study surface topography and
tribological properties of activated carbon epoxy composite for that SEM analysis
was carried out for derived activated carbon and Bael shell powder then Erosion
wear behavior of activated carbon epoxy composite have been investigated for that
composite has been fabricated with derived activated carbon from Bael shell with
hand layup technique with three different filler contents of 2, 4 and 6 wt%. To study
the effect of filler content and erosion behavior of the prepared composites they are
tested at different impingement angles of 30°, 45°, 60° and 90° and at three different
velocities of erodent particles (v = 86, 101 and 119 m/s). Composites showed semi
ductile nature with maximum wear resistance at 4 wt% filler.

Keywords Natural composites · Activated carbon · Erosion · Bael shell

1 Introduction

In the globalized world everyone is thinking for better material which is less or not
harmful to the environment and high sustainability of material in many applications
like aerospace research [1], military, automobile industries and power-producing
equipment’s like turbine blades [2, 3] it makes look for newmaterial, this is achieved
by the composites which are made by natural and biodegradable materials. From
the past decade use of biodegradable [4] and eco-friendly material growing day by
day so many natural materials like jute, coconut coir, arhar fiber, etc., are using for
making natural fiber polymer composite So the natural fibers provide one way of
reduced use of non-renewable energy resource in the place fibers like glass and also
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reduces CO2 emission. Hence glass fiber which causes health issues widely used
in automobiles aerospace can be replaced by natural fibers these natural fibers are
biodegradable and recyclable. The utilization of natural fiber as filler of plastics
is quickly expanding; as it altogether not only improves mechanical properties but
also brings down the price of composites fundamentally. Utilization of natural fiber
does not have negative impact on environment and also Material cost is low and
also with better properties. Composites made by appropriate selection of reinforcing
material andmatrix canhavebetter or comparable strength and stiffness than available
conventional metallic materials. In the current scenario natural composites have
the potential not exclusively to decrease CO2 discharge yet in addition saves non-
renewable resources the particular favorable properties of common fiber are low
weight, low value, and better absorption [5] and good wear resistance properties.
The composite materials which are made by using polymer matrix are appropriate
for non-lubricated condition so this is one of the main reason for consideration of
polymer composites in applications of tribology [6].

Activated carbon can be derived generally from coal and petroleum-based prod-
ucts [7] which are non-renewable resources. So most of the researchers have shifted
their focus to derive activated carbon fromnaturalwastes like arhar stalks [8], coconut
shells [9], rice husk [10], and so on.

Abdul Khalil [11] derived activated carbon from naturally available materials
like oil, palm fruit, and bamboo stem at a carbonization temperature of 700 °C and
utilized in epoxy composites as filler element. The exploratory outcome indicated
that activated carbon filled epoxy composite exhibited good flexural properties over
the neat epoxy.

Imoisil et al. [12] found that with increasing filler content which is activated
carbon, mechanical properties of the activated carbon composite like abrasion resis-
tance, tensile, and flexure strength increases with increasing filler content of activated
carbon.

Raju [5] investigated ground nutshell particulate-based composite by distributing
ground nut particles randomly in epoxy resin. The particles are modified chemi-
cally and are variable sizes and found that that moisture absorption and mechanical
properties are better for composite made with ground shell particles than neat epoxy
composite.

Activated carbon derived from Bael shell are mainly utilized for the treatment
of waste water[13] but there is very little research work was carried out by using
activated carbon derived from Bael shell in fabricating composites. So in the present
investigation tribological properties of composites preparedbyusing activated carbon
from Bael shell is studied.
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2 Materials and Methods

2.1 Raw Materials

For current investigation raw materials used are

1. Activate carbon
2. Epoxy LY556
3. Hardener HY951
4. Bael shell powder.

2.2 Composite Preparation

Initially activated carbon derived from the Bael shell by two-step pyrolysis method
[14]. For that washed and completely dried Bael shells are taken and grinded into
powder in ball mill after that the powder was heated in crucible at a rate of 5 °Cmin−1

from room temperature 28 to 800 °C and kept one hour at 800 °C in argon inert gas
atmosphere. Three different samples of 2, 4, and 6 wt% filler content composites are
prepared from Derived activated carbon composites are prepared by taking activated
carbon as matrix material and epoxy as resin. The technique used for fabricating
composite is hand layup process. Epoxy and hardener are mixed by taking 10:1
ratio. Epoxy mixture and filler are mixed homogenously, then the mixture is poured
in 180 × 120 × 6 mm3 mould by placing a polythene release sheet kept at floor of
the mould for easy removal. After that the prepared composites are cured for 48 h in
room temperature after curing the samples are cut according to specific dimensions
as per ASTM standards.

2.3 Scanning Electron Microscope

Oneof themost important physical characteristics ofmaterials is surfacemorphology.
Which can be studied by scanning electron microscope. In SEM image of a sample
is produced by using high energetic beam of light. The sample was loaded into a
circular disc and on the disc this sample is attached with the help of a particular tape.
Before placing the sample in the electron chamber of microscope a platinum coating
was applied on sample and also sintered. An electron beam was bombarded on the
sample surface which collected surface topography in the form of backscattered
electrons from which two-dimensional surface image at different magnifications can
be viewed.
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2.4 Erosion Test

Erosion is a type of wear which results material loss due to small solid particles
repeated impact. For the current investigation the erosion test apparatus used is
based on the standard of ASTMG76. Test rig of erosion schematic diagram is shown
in Fig. 1 [15]. Specimens which are used for testing are cut into dimension 25 ×
25 × 6 mm3 from the prepared composite slabs the test rig consists of a feeder for
particle feeding, an air compressor, an air and particle mixture unit, and a chamber
for accelerating these mixtures. The dry air which was compressed is mixed with
particles which are used as erodent are fed at a uniform rate by using belt-type of
conveyor and feeding into the mixing chamber and after that mixture is accelerated
by sending into converging nozzlewhich ismade up of tungsten carbide of dia around
6 mm. Then the accelerated particles impact specimen which can be held at different
positions with respect to particles which are impinging with the help of adjustable
sample holder. For measuring velocity of the erodent particles a rotating double
disc is attached with test apparatus by this set up velocity of impacting particles are
measure by standard double-disc method [16].

The samples used for testing are properly cleaned in acetone, dried, and weighed
after each and every test to an accuracy of 0.001 g with the help of electronic balance.
Erosion test conducted under experimental conditions as shown in Table 1.

The rate of erosion (Er) is then calculated by

Fig. 1 Erosion test rig schematic diagram



Investigation of Solid Particle Erosion Wear Behavior … 287

Table 1 Conditions for the
erosion test at which
experimentation carried

Erodent Silica sand

Size of erodent (µm) 200 ± 50

Shape of erodent Angular

Feed rate of erodent (gm/min) 1.467 ± 0.02

Testing temperature Room temperature

Distance between nozzle and sample (mm) 10

Impact velocity (m/s) 86,101,119

Angle of impingement (α◦) 30°, 45°, 60°, 90°

Silica sand hardness (HV) 1400 ± 70

Er = �w

we
(14)

�w = Test sample weight loss(grams)
we = mass of the erodent particles (i.e., testing time × feed rate of erodent).

3 Result and Discussion

The surface topography of Bael shell powder and activated carbon was investigated
by using scanning electronic microscope analysis. Figure 2 shows Bael shell powder

Fig. 2 SEM image of Bael shell powder
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Fig. 3 SEM image of activated carbon

surface structure at 5 µm scale. From that it can be clearly found that on the surface
there was no porous structure formation. SEM image of activated carbon at 5 µm
was shown in Fig. 3. Activated carbon was derived from Bael shell at 800 °C by
two-step pyrolysis method from both the figures it can be observed that activated
carbon surface have high porosity and void content. This is due to the Bael shell
powder undergone process of pyrolysis. In the pyrolysis process powder surface was
broken and volatile material gets exhausted because of activating agent penetrates
into material and dehydrates [17] which leads to high porous surface. Regmi [18]
also noticed similar kind of changes while preparing activated carbon.

Erosionwear behavior of prepared composite with different filler content like 2, 4,
and 6 wt% at different impact velocities and also at different impingement angles are
studied. Figure 4 shows the Erosion wear behavior of prepared composite at 86 m/s
impact velocity with different filler contents. From Fig. 4 it was observed that erosion
rate decreases with increasing filler content up to 4wt% and further increase in filler
content from 4 wt% leads to increase in erosion rate due to material of carbon filler
wasn’t hold properly by matrix phase and cause agglomeration. So bonding between
epoxy and activated carbon becomes weak. So by exposing the composite to erodent
particles which are impacting at high velocity causes detachment of carbon fillers
which are bonded weekly. So 4 wt% is the optimum filler content used to fabricate
composites to get better wear resistances.

Among the three composites of 2, 4, and 6 wt% filler contents the composite with
4 wt% filler content shows minimum erosion wear. Figures 5 and 6 show the erosion
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Fig. 4 Erosion wear behavior of activated carbon epoxy composite at an impact velocity 86 m/s
with different filler contents

Fig. 5 Erosion wear behavior of activated carbon epoxy composite at an impact velocity 101 m/s
with different filler contents
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Fig. 6 Erosion wear behavior of activated carbon epoxy composite at an impact velocity 119 m/s
with different filler contents

wear behavior of activated carbon epoxy composites with different filler percentages
at 101 m/s impact velocity and 119 m/s impact velocity respectively which shows
the similar erosion behavior as erosion behavior at impact velocity 86 m/s and also
observed that erosion ratewas increasedwith the increases of impact velocity because
of increase in impact velocity erodent particle kinetic energy increases so these
erodent particles strike the surface of composite with high energy leads to high loss
of material. The erosion rate further increases with the increase of impact velocity
to 119 m/s which can be observed from Fig. 6.

Angle of impingement has a major influence on the rate of Erosion and it is
nothing but angle between the erodent particle trajectory and composite surface.
When erosion rate is maximum in between 15 and 30° the composite exhibits ductile
nature[19], if in between 40° and 50° exhibits semi ductile nature [20] and if at
90° [21] it exhibits brittle nature. From Figs. 4, 5 and 6 Erosion rate is maximum in
between 40° and 50° angle of impingement irrespective of filler content so composite
behaves as a semi ductile material. So independent of filler content all fabricated
composites behave as a semi ductile material.

4 Conclusions

1. Activated carbon derived From Bael shell has high surface porosity and void
content compared to Bael shell powder.
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2. Activated carbon epoxy composite hasmaximum erosion rate in between 40° and
50° impingement angle independent of filler content under different experimental
conditions which indicates the composites behaves as semi ductile material.

3. Activated carbon epoxy composite exhibits better erosion resistance better tribo-
logical properties at 4 wt% filler content among all activate carbon epoxy
composites so 4 wt% filler content will be the optimum amount filler to be
added.

4. In this investigation composites are prepared by hand layup technique by using
other sophisticated techniques composites can be prepared so it may have better
properties compared to currently fabricated composites.

References

1. Takashi, I., et al.: Aircraft wing, aircraft wing composite material, and method of manufacture.
Int. J. Innov. Eng. Technol. 5(1), 147–182 (2006)

2. Brøndsted, P., et al.: Composite materials for wind power turbine blades. Annu. Rev. Mater.
Res. 35, 505–538 (2005)

3. Vipin, V.: Analysis of turbine blade made of composite materials used in steam turbines. Int.
J. Innov. Eng. Technol. 5(4), 167–179 (2015)

4. Reddy, N., Yang, Y.: Bio fibres from agricultural by products for industrial applications. Trends
Biotechnol. 23(11), 22–27 (2005)

5. Raju, G.U., Kumarappa, S.: Experimental study on mechanical properties of groundnut shell
particle-reinforced epoxy composites. J. Reinf. Plast. Compos. 30(12), 1029–1037 (2011)

6. Hutchings, I.M.: Tribology: Friction and Wear of Engineering Materials (1992)
7. Tan, X.F., Liu, S.B., Liu, Y.G., Gu, Y.L., Zeng, G.M., Hu, X.J., Wang, X., Liu, S.H., Jiang,

L.H., Bioresour. Technol. 227, 359–372 (2017)
8. Om Prakash, M., Raghavendra, G., Ojha, S., Panchal, M.: Characterization of porous activated

carbon prepared from arhar stalks by single step chemical activation method. Mater. Today
Proc. (2020)

9. Shaheed, R., Azhari, C.H., Ahsan, A., Mohtar, W.H.M.W.: Production and characterisation of
low-tech activated carbon from coconut shell. J. Hydrol. Environ. Res. 3(1), 6–14 (2015)

10. Alvarez, J., Lopez,G.,Amutio,M.,Bilbao, J.,Olazar,M.:Upgrading the rice husk char obtained
by flash pyrolysis for the production of amorphous silica and high quality activated carbon.
Bioresour. Technol. 170, 132–137 (2014)

11. Khalil, H.A., Firoozian, P., Bakare, I.O., Akil, H.M., Noor, A.M.: Exploring biomass based
carbon black as filler in epoxy composites: flexural and thermal properties. Mater. Des. 31(7),
3419–3425 (2010)

12. Imoisili, P.E., Ukoba, K.O., Adejugbe, I.T., Adgidzi, D., Olusunle, S.O.O.: Mechanical proper-
ties of rice husk/carbon black hybrid natural rubber composite. Chem. Mater. Res. 3(8), 12–16
(2013)

13. Anusha, G.: The removal of iron from wastewater using wood apple shell as adsorbent. In:
Second international conference on environmental science and technology IPCBEE (Vol. 6)
(2011)

14. Bouchelta, C., Medjram, M.S., Bertrand, O., Bellat, J.P.: Preparation and characterization of
activated carbon from date stones by physical activation with team. J. Anal. Appl. Pyrol. 82(1),
70–77 (2008)

15. Latha, P.S. et al.: Evaluation of mechanical and tribological properties of bamboo– glass hybrid
fiber reinforced polymer composite. J. Ind. Text: 1528083715569376 (2015)



292 M. Sivaji Ganesh et al.

16. Ruff, A.W., Ives, L.K.: Measurement of solid particle velocity in erosive wear. Wear 35(1),
195–199 (1975)

17. Hesas, R.H., Daud, W.M.A.W., Sahu, J.N., Arami-Niya, A.: J. Anal. Appl. Pyrol. 100, 1–11
(2013)

18. Regmi, P., Moscoso, J.L.G., Kumar, S., Cao, X., Mao, J., Schafran, G.: J. Environ. Manage.
109, 61–69 (2012)

19. Bagci, M., Imrek, H.: Solid particle erosion behaviour of glass fibre reinforced boricacid filled
epoxy resin composites. Tribol. Int. 44(2011), 1704–1710 (2011)

20. Pei, Xianqiang, Friedrich, Klaus: Erosive wear properties of unidirectional carbon fiber
reinforced PEEK composites. Tribol. Int. 55, 135–140 (2012)

21. Rattan, R., Bijwe, J.: Influence of impingement angle on solid particle erosion of carbon fabric
reinforced polyetherimide composite. Wear 262, 568–574 (2006)



Computer-Aided Ergonomic Analysis
for Rubber Tapping Workers

Abi Varghese and Vinay V. Panicker

Abstract The work-related musculoskeletal disorders (MSDs) among the rubber
tapping workers are high due to awkward tapping postures and tapping at different
gutter heights. In this context, a study has been carried out to conduct a posture
analysis of rubber tappers using CATIA V5. For this work, three tapping heights or
gutter heights of 500, 1000, and 1500mmare considered, and the virtual environment
is developed. The digital human models are created based on the anthropometric and
strength data of Indian agricultural workers. The study shows that rubber workers
tapping at the gutter height of 500 and 1500 mm having the maximum impact on
the posture due to forward bending and stretching during tapping. The gutter height
of 1000 mm between waist level and shoulder level shows the minimum impact. It
is concluded that there is a correlation between the gutter height and the tapping
postures among the rubber tappers.

Keywords Posture analysis · Rubber tapping ·Musculoskeletal disorders · Rapid
upper limb assessment (RULA)

1 Introduction

Rubber cultivation is one of the major income sources of the people in Asia. Asia
produces 90% of the global natural rubber production [11]. Rubber tapping is the first
and foremost step in natural rubber processing. In tapping, worker scores the bark in
the downward spiral half of the trunk of the rubber tree as shown in Fig. 1, with the
aid of a rubber tapping knife. In general, tapping starts on rubber trees at one meter
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Fig. 1 Rubber tree and its tapping method

above the ground level, when the circumference of the tree trunk is about 50 cm in
length. The lactiferous vessel situated between the cambium and the wood is used for
collecting latex, incision of this vessel at an angle of 300 to the horizontal make the
latex flow properly [3]. For tapping, two types of knife are generally used (i) Michie
Golledge (ii) Jebong Knife [2]. Every worker has to tap 300–1000 rubber trees per
day [1]. Due to the repetitive operation, postures like forward bending and lateral
twisting, and manual workload during rubber tapping may cause musculoskeletal
disorders among the rubber tappers.

The work-related musculoskeletal disorders (MSDs) among the farmworkers are
very high due to heavy workload, repetitive movement during various agricultural
operations, awkward posture, and the manual handling of load [4, 8]. A study
conducted among the Thai rubber tapping workers reports that half of the workers
(52%) have lower back pain followed by pain in legs (14.8%), upper arms (8.9%),
neck (3.0%), wrists (2.3%), and lower arms (2.1%) due to awkward tapping posture
and different tapping level [7]. Few researchers have found that the prevalence of
low back pain among Thai rubber farmers was 55.7%, and the major factors iden-
tified as body mass index, education level and tapping level [13]. Another study
was conducted among the Srilankan rubber tappers revealed that the 66% of the
rubber tappers experience MSDs and the prevalence are varying in the shoulder
(96.7%), back (94.4%), and neck (83.3%). The major factor associated with MSDs
is a gender difference, cultural difference, age, supplementary job, and alternative
hands during tapping [12].Anexploratory studywas conducted among rubber tappers
from Colombia reveals that tapping height, squatting, bending, and sporadic trunk
rotation during tapping are the major reason for MSDs [14]. A study conducted
using the Boston Carpal Tunnel Syndrome Questionnaire to evaluate Carpal Tunnel
Syndrome (CTS) among Thai rubber tappers identified 133 CTS cases. The major
reason was found to be the number of trees tapping per day, tapping height, hand
postures during tapping and hand dominance [9]. In-line with the previous study,
ergonomically designed rubber tapping knife (Jebong Knife) has been designed to
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improve the wrist posture of CTS tapping workers. The result shows that there is a
significant improvement in CTS symptoms and also compare the improvement with
traditional knife users [10].

The review of the literature shows that most of the rubber tappers experience
MSDs due to awkward tapping postures and tapping height. Therefore, it is essential
to correlate the tapping height and its impact on tapping postures among the rubber
tappers. In fact, this is the novelty of the present work. The objectives of this work
are as follows:

• Identify the various tapping heights which are commonly used
• Apply Computer-aided Ergonomic Analysis to correlate the tapping height and

its impact among the rubber tappers
• Explore the possible ergonomic intervention to improve the tapping posture.

2 Materials and Methods

2.1 Digital Human Modelling

The digital human models “Manikin” are inserted from the library in CATIA. The
anthropometric data and strength data of Indian agriculturalworkers are adopted from
[6] to design human models. As rubber tapping is predominantly seen in the state of
Kerala, the anthropometric data of workers from the Southern region is applied. The
various parameters considered in this work are gender, stature, weight, hip height,
hip breadth, chest breadth, and waist breadth, for 95th percentile and 5th percentile
population. The dimensions applied for digital human models are given in Table 1.

2.2 Work Environment Model

The rubber tapping working environment is created using CATIA V5 based on the
following three types of tapping height or Gutter height, data collected during the
field study.

• Tapping height below waist level (Gutter height—500 mm)
• Tapping height between waist level and shoulder level (Gutter height—1000 mm)
• Tapping height above shoulder level (Gutter height—1500 mm).

2.3 Body Posture Analysis

As an initial analysis, a posture analysis is conducted. Rapid upper limb analysis
(RULA) [5] is one of the major tools to evaluate body posture analysis. It assesses
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Table 1 Dimensions adopted for digital human modelling [6]

Male Female

Mean Standard
deviation

Range 5th
Percentile

95th
Percentile

Mean Standard
deviation

Range 5th
Percentile

95th
Percentile

Weight
(kg)

56.1 9.7 34.0–94.0 40.2 72.1 47.2 8.3 30.0–79.0 33.5 60.9

Stature
(mm)

1649 64 1490–1815 1522 1735 1508 60 1334–1676 1409 1606

Hip
height
(mm)

869 51 635–1030 785 954 842 42 734–939 773 911

Hip
breadth
(mm)

291 24 202–393 251 330 264 19 205–312 232 295

Chest
breadth
(mm)

278 26 191–380 234 321 241 21 204–352 206 275

Waist
breadth
(mm)

255 29 175–356 206 303 222 20 187–285 189 256

the muscle strain that occurs during each operation and provides the score from 1
to 7. A score value of 1 and 2, means the posture is acceptable. The score value of
3 and 4 indicates an alteration in posture. The value of 5 and 6 is poor posture and
alterations are required at the earliest. Score 7 reveals a higher risk and an urgent
alteration is needed.

3 Result and Discussion

3.1 Digital Human Modelling

The digital human model has been created based on the anthropometric data of
the south Indian population using “Human Measurements Editor” and the proposed
model is shown in Fig. 2a, b.

3.2 Work Environment Model

The working environment of rubber tapping workers has been developed in CATIA
V5 using the sample dimension collected from the field and is shown in Fig. 3.

As a general practice, three are three sections in tappingwith three levels of tapping
height or gutter height. The initial tapping height is from 1 m from the ground level,
and the score moves down nearly to the ground level. When the initial tapping area
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Fig. 2 a CATIA digital human model (Male), b CATIA digital human model (Female)

Fig. 3 Rubber tree and its
tapping method (CATIA
virtual model)

has been completed, the tapping height again starts from 1.5 m from the ground as
the second section. Similarly, in the third section also consider the same procedure
used as that of the second section. The three levels of gutter height are depicted in
Fig. 4.
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Fig. 4 Tapping height (CATIA model) a Below waist level, b between waist and shoulder level,
c above shoulder level

Fig. 5 RULAanalysis for rubber tappersaGutter height 500mm(Female),bgutter height 1000mm
(Male), c gutter height 1500 mm (Male)
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3.3 Body Posture Analysis

The RULA analysis of the male and female rubber tappers using CATIA v5 has been
completed. Figure 5 shows the digital human models of rubber workers developed
using CATIA.

Tables 2, 3, 4, 5 formulates the scores that are obtained from the various body
parts associated with rubber tappers.

Table 2 RULA score for male rubber tappers at 95th percentile obtained from CATIA

Male at 95th percentile

Gutter height
(500 mm)

Gutter height
(1000 mm)

Gutter height
(1500 mm)

Left Right Left Right Left Right

Upper arm 3 3 1 1 3 4

Fore arm 2 2 1 1 3 2

Wrist 4 3 3 4 3 4

Neck 1 1 2 2 1 1

Trunk 3 3 2 2 1 1

Leg 1 1 1 1 1 1

RULA score 6 5 3 3 4 4

Table 3 RULA score for female rubber tappers at 95th percentile obtained from CATIA

Female at 95th percentile

Gutter height
(500 mm)

Gutter height
(1000 mm)

Gutter height
(1500 mm)

Left Right Left Right Left Right

Upper arm 2 3 2 2 5 5

Fore arm 2 2 2 2 3 3

Wrist 3 3 4 3 4 3

Neck 1 1 2 2 1 1

Trunk 4 4 1 1 1 1

Leg 1 1 1 1 1 1

RULA score 6 7 4 3 5 5
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Table 4 RULA score for male rubber tappers at 5th percentile obtained from CATIA

Male at 5th percentile

Gutter height
(500 mm)

Gutter height
(1000 mm)

Gutter height
(1500 mm)

Left Right Left Right Left Right

Upper arm 2 3 1 1 4 4

Fore arm 3 3 1 1 3 3

Wrist 3 3 3 3 3 4

Neck 1 1 2 2 1 2

Trunk 3 3 2 2 1 1

Leg 1 1 1 1 1 1

RULA score 5 5 3 3 4 5

Table 5 RULA score for female rubber tappers at 5th percentile obtained from CATIA

Female at 5th percentile

Gutter height
(500 mm)

Gutter height
(1000 mm)

Gutter height
(1500 mm)

Left Right Left Right Left Right

Upper arm 2 3 2 2 5 5

Fore arm 2 2 2 2 3 3

Wrist 3 3 3 3 5 4

Neck 1 1 2 2 1 1

Trunk 3 3 1 1 1 2

Leg 1 1 1 1 1 1

RULA score 6 6 3 3 5 6

3.4 Statistical Analysis of RULA Score

Kruskal–Wallis Test is a non-parametric test used to determine the significant differ-
ence between the more than one dependent or independent variable. The summary
of the Independent sample Kruskal–Wallis tests is tabulated in Table 6.

The statistical analysis reveals that the various body parts like the upper arm,
forearm, neck, and trunk associatedwith rubber tapping operations, have a significant
difference in terms of various gutter height. However, it is to be noted that the score
for the wrist is found to be the same at various gutter heights.

Moreover, post hoc analyzes have been carried out and are tabulated in Table 7.
The post hoc analyzes conclude that the posture with a gutter height of 1000 mm is
found to have a minimum impact on the muscles due to the minimum body bending
and trunk rotation.

Further, a frequency distribution of theRULAscores is done as depicted inTable 8.
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Table 6 Summary of independent value of Kruskal–Wallis test

S. No. Null Hypothesis Significance value Decision

1 The distribution of upper arm is
the same across the gutter height

0.000 Reject the null hypothesis

2 The distribution of Fore arm is
the same across the gutter height

0.080 Fail to reject the null hypothesis

3 The distribution of wrist is the
same across the gutter height

0.000 Reject the null hypothesis

4 The distribution of neck is the
same across the gutter height

0.000 Reject the null hypothesis

5 The distribution of Trunk is the
same across the gutter height

0.000 Reject the null hypothesis

6 The distribution of RULA Score
is the same across the gutter
height

0.000 Reject the null hypothesis

Table 7 Post hoc analysis of
RULA SCORE

Gutter height (mm) Adjacent significance

500–1000 0.00

1000–1500 0.026

1500–500 0.337

Table 8 Frequency
distribution of RULA SCORE

RULA score Percent Cumulative percent

4.00 16.7 45.8

5.00 29.2 75.0

6.00 20.8 95.8

7.00 4.2 100.0

Total 100.0

The results show that about 54.2% of the RULA score is in the range between in 5
and 7, which indicates that the body posture is under risk, and appropriate alterations
are needed to avoid MSDs.

4 Conclusion

The work-related musculoskeletal disorders among the rubber tapping workers are
reported to be high due to the awkward tapping postures such as bending and twisting
of the body during tapping and at different tapping or gutter height. The present
study focuses on the computer-aided posture analysis of the rubber tapping workers
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subjected to three tapping heights using RULA method. Digital human models are
created using the anthropometric data of Indian agricultural workers in CATIA V5.
Appropriate statistical analyses of the RULA scores have been carried out SPSS
software. It is observed that the tapping or gutter height of 1000mm have aminimum
impact on postures. Thismaybe due to theminimumbodybending and trunk rotation.
The scores for other bodyparts like the upper arm, forearm, neck, and trunk associated
with rubber tapping operations have a significant difference in terms of various gutter
height. The score for thewrist is found to be the sameat various gutter heights. Though
RULA can be used to identify risk for musculoskeletal disorders, the limitation of
this method is that the duration of exposures has not been considered.
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Redesign and Assessment of Two
Passenger Car Dashboard Warning Icons
in India

Sourav Bhattacharya and Dhananjay Singh Bisht

Abstract Automobile instrument clusters these days are equipped with numerous
warning icons for informing drivers on different critical automobile functions. In this
context, abstract and complex icon designs can often be misinterpreted. Use of icons
that do not reveal their functionality through their visual characteristics increases the
risk of road accidents. Designers often follow relevant guidelines before designing
usable warning icons. To warning icons namely ‘Brake Warning Light’ (BWL) and
‘Tire Pressure Monitoring System’ (TPMS) were found to be the poorly usable
icons in past research work by the authors and other researchers. The intent of this
study is to design and evaluate usable alternative designs for these two icons in the
Indian context. Standard available guidelines and Peirce’s model of semiotics were
adopted during this work. 50 participants volunteered in the first study to report their
respective concerns with the two icons. Four alternatives each for the two icons were
designed and in a second study, they were rated by 60 volunteers on the perceptual
factor of ‘semantic closeness’.

Keywords Automobile dashboard warning icons · Cognitive experience · User
experience design · Design features · Semiotics

1 Introduction

These days, automobile warning icons are becoming increasingly complex due to the
need to represent specialized automotive features. Warning icons are visual elements
that guide theoccupants/drivers about different operational statuses of an automobile.
An increase in number of icons on dashboards could create more confusion among
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drivers in interpretation as it becomes difficult for them to remember all the function-
alities associated with them and the multiple contexts of use. According to a survey
conducted by British Schrader and TNS in 2014 it has been identified that 42% of
drivers could not comprehend the ‘Tire Pressure Monitoring System’ (TPMS) icon
due to its high degree of abstractness [1]. Survey results of Britannia Rescue (2013)
also identified that 48% drivers miscomprehended the ‘BrakeWarning Light’ (BWL)
icon. These results indicate that most drivers failed to understand these two icons
due to their poor visual characteristics [1]. It is obvious that representation of these
warning icons should be clear and simple, appropriate to the true context of their
usage for better interpretation. For the same, a designer should understand the basic
elements that constitute an icon and how do the drivers comprehend it during driving
situations.

1.1 Composition of an Icon

The study of signs and symbols is called semiotics [2]. Icons are small graph-
ical representations used to symbolize an action, object or a concept. In cognitive
research works which primarily focus on user interfaces and comprehension of signs,
designers use semiotic engineering as a guidance/approach to design icons [3].

The basic elements which constitute an icon are border, background, text label,
shape and colour [4]. Borders make an icon appear more uniform, rigid and logical.
However, using borders limits the size of an image. Background helps in empha-
sizing and grouping of icons. Generally, colours applied on the background are cool
and unsaturated such that the symbol can be easily recognized. Text label must
be briefed within one or two words which increases the user’s understandability
and comprehensibility for an arbitrary icon. Shape is probably the most important
element to be considered while designing an icon—it gives distinct meaning to an
icon. Correct designing of shape helps the user to distinguish within a given set
of icons by reducing the time of comprehension and response. In the British Stan-
dards, warning or hazard icons are represented in triangular shape, regulatory icons
in rectangular shape, prohibition icons in circular shape, etc. [5]. Colour plays a
very important role in distinguishing the icons into their related subgroups which
increases legibility and comprehension performance of users. Different factors like
colour disparity, colour amalgamation and universal colours are used to design an
icon which can have a significant influence on consciousness and usability of icons.

1.2 Conceptual Framework for Icon Comprehension

Developing a guideline for warning icon design needs a conceptual understanding
of driver’s perception about the icons, their use and a sense of their performance in
using such icons [6]. Literature on conceptual frameworks for icon comprehension
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for in-vehicle information is limited [7]. One such procedure was described by [7]
showing three stages of icon comprehension and its use. The first stage is the extrac-
tion which involves the relationship between driver, icon and surroundings and often
depends on factors such as icon size, illumination, colour, stroke, width and disparity.
The second stage is recognition which involves the relationship between the driver,
icon and other visual display components depending upon the icon shape, back-
ground, level of detailing, orientation, temporal characteristics (flash rate, sequential
illumination, blinking) and overlapping with other symbols or visual elements. The
third stage is interpretation which involves a relationship between driver, icon and
context/messages. It depends upon design issues like match between the icon and
the context of use, cues to relative urgency, use of combined modality (e.g. auditory
message is accompaniedwith visual alert). Therefore, an iconicmessage comprehen-
sion depends upon various basic factors including: semantic closeness, intricacy of
message, different circumstances where themessage is being used, drivers’ presump-
tions, familiarity, driver’s limitations and workload conditions. Among these factors,
familiarity is found to be strongly resonating with comprehension [8].

1.3 Human Factor Guidelines for Designing Warning Icons

Various human factor design guidelines for driver-vehicle interfaces (DVIs) were
derived by Campbell et al. [7]. These guidelines are based on human factor concepts
and as well as recent research findings documented by the US National Highway
Traffic Safety Administration (NHTSA) [7]. Derived from these guidelines, design
directions might be helpful to researchers, designers and automobile manufactures
for designing warning icons in future considering driver limitations and capabilities.

1.4 Peirce Triangle

Numerous approaches were adopted by researchers in designing icons in the context
of semiotics [2]. An important frameworkwithin this context is C. S. Peirce’s triangle
law of semiotics [9]. Peirce suggests that three elements namely Representamen (i.e.
representation), Object (i.e. illustrated object, function or concept) and Interpretant
(i.e. process of interpretation) interact with each other to form a semiotic system.
For example, a tortoise (object) could be used as an icon (representamen), repre-
senting the concept of being ‘slow’ (interpretant). Therefore, it is not necessary that
a straightforward correlation should exist between the object and representamen.
At the same time, a user should be able to interpret ‘a tortoise’ and have a prior
knowledge that tortoises are slow-moving creatures. So, its essential for a designer
to understand the end users with regards to their culture, knowledge and frequency of
handling an icon/sign because both designers and end users may have very different
mental models [10]. Preferably speaking, the relation between the representamen and
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object should be understandable to all/most users who would operate the interface
[9]. Also, in terms of its implementation, an icon is said to be well-designed if it is
legible [11], understandable [12], comprehensible [13] and meaningful [14].

1.5 Aim and Novelty

Theaimof this study is to capture and analyze data regarding typical driver behaviours
and their expectations with regards to use of warning icons for developing and testing
two user-friendly warning icons. Research works in the past have focused on iden-
tification of hazardous warning lights through usability testing [1, 4] others have
explored guidelines for designing warning icons [7]. This work however is novel in
the sense that the authors have used factual and methodological inputs from these
studies to develop their own user-centred semiotics-based icon design and evaluation
process.

2 Methodology

Two existing standard automobile dashboard warning icons ‘Brake Warning Light’
(BWL) and ‘Tire PressureMonitoring System’ (TPMS) have been found to be poorly
interpreted in past research works [1]. The methodology in this paper focuses on
design and assessment of these two icons.

2.1 Subjects

A total of 50 participants (31 males and 19 females), having a minimum one year
driving experience, aged 22–55 years (Mean = 28.54, S.D. = 5.02) participated in
the first study from West Bengal (India). Here, 20 participants (40%) were profes-
sional drivers, 12 (24%) were other jobholders, 10 (20%) were students from higher
certificate programmes, and the remaining 8 (16%) were housewives.

In the second study, 60 participants (58 males and two females), aged between 22
and 58 years (Mean = 26.2, S.D. = 4.925) participated from across India. Among
the 60 participants, 30 (50%) were students from higher certificate programme, 16
(26.67%) were professional drivers, 12 (20%) were professionals and the remaining
2 (3.33%) were teachers.
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2.2 Materials

Adobe Illustrator (CS6) was used for redesigning the icons. It is a professional
graphic design software which is mainly used for creating vector images of icons,
logos, symbols, signs, etc. [15]. Free access Google Forms service was utilized for
developing a questionnaire-based survey [16].

2.3 Procedure

In the first study all 50 participants were briefed about the functionalities and context
of use of the two warning icons (BWL and TPMS) through an information sheet.
User inputs from these 50 participants were collected regarding specific visual design
features that might lead the users to misinterpret the two warning icons; also, design
considerations were requested for making the icons more comprehensible.

Next, in the second study after designing four alternatives for each of the two icons,
an online form was sent to other group of 60 participants for capturing participant’s
particulars within formation on name, age, gender and profession. Then, the partici-
pants had to rate each of the two icons on the extent of ‘familiarity’ with the help of a
Likert scale (1= very unfamiliar, 5= very familiar). Thereafter, images of four alter-
natives for each icon were presented and the participants had to rate each alternative
on the basis of the perceptual factor of ‘semantic closeness’ using a rating scale of
10 points (1= very weakly related, 10= very strongly related). Semantic closeness
is defined as a measure of closeness of the relationship between what is depicted
and the function it is intended to represent [8]. It was found to be the best predictor
of comprehension scores among five visual design features namely ‘familiarity’,
‘concreteness’, ‘semantic closeness’, ‘meaningfulness’ and ‘simplicity’ [8].

All the participants were volunteers, and the study was designed in accordance
with the ethical guidelines framed by the Institute EthicalCommittee (NITRourkela).

3 Results

3.1 Survey Results

With regards to the visual evaluation of the icons, 92% participants pointed out that
‘!’ sign in the BWL icon and the entire icon design of TPMS were problematic. The
same group of participants also mentioned that replacement of ‘!’ sign with specific
visual design feature like—a ‘stop sign’ kind of hand gesture enclosed within a
wheel or some kind of illustration like pulling the brake lever with left hand can be
incorporated in the newdesigns for theBWL icon. In case of TPMS, 95%participants
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mentioned that the icon could be replaced with a representation of a deflated tyre
along with a metre gauge to represent air pressure measurement.

3.2 Warning Icon Design for Improving Driver’s Cognitive
Experience

The design procedure was user-centric and based on scientific intuitions. Four alter-
natives icons each for BWL (BWL-1 to BWL-4) and TPMS (TPMS-1 to TPMS-4)
were designed as shown in Fig. 1. Since the visual distance and visual angle were not
specified, icons were designed by taking an approximate dimension but considering
the requirements of standard aspect ratios. Boundaries/strokes were not provided
so that the icon legibility is maintained. For achieving strong visual perception, a
dark background colour was picked (Black) so that the light-coloured icons are well
contrasted.

Brake Warning Light
Red colour (#FF0202) has been used here as it is the norm in representing Imminent
Crash Warnings (ICWs).

In BWL-1, the ‘!’ sign enclosed within a circle is replaced by a ‘stop sign’ shaped
hand which adds more immediate meaning to the icon signifying the instruction to
‘stop’ or to ‘apply brake’. The circle is symbolic of a wheel and the two arcs on
represent brake pads. To improve comprehension, the word ‘BRAKE’ of typeface
Segoe UI (bold/solid) has been provided at the bottom of this icon. This font style
is clear and simple to understand with little excess features. Uppercase letters with
equal horizontal spacing were used to increase the visibility and avoid a congested
look. In BWL-2, the outer circle of the original icon remains, but the elements inside
are changed—profile view of a hand pulling the brake lever is portrayedwithin. Equal

Fig. 1 Alternative design concepts for BWL and TPMS
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spacing between fingers and brake leverwasmaintained to ensure legibility. The hand
is positioned exactly in the centre of the circle at an angle of 45° with horizontal. In
BWL-3, many design elements of icon remain same as in BWL-2. The difference
here is that the hand pulling the brake lever was represented in a differentaction
state of thumb release. Equal gaps were maintained between smaller elements to
ensure legibility and distinctiveness. The internal information was centred inside the
circle and placed in the middle, the arm at an angle of 90º with horizontal. Greater
information of the base of the hand brake stick appears here. BWL-4 was designed
by combining the visual elements of BWL-1 and BWL-2. The hand pulling the brake
lever has been resized and enlarged for legibility than in BWL-2 keeping the same
proportions among the internal elements. The typeface and font size of the word
‘BRAKE’ that was used in BWL-1 is same. The images have been resized into a
larger form to increase conspicuity.

Tire Pressure Monitoring System
Flat yellow colour (#FCD800) was used as the norm to represent cautionary crash
warnings (CCWs).

TPMS-1 has a resemblance with the original icon for easy interpretation by
retaining its familiarity (see Fig. 1). In the icon the ‘!’ sign enclosed within curves
was changed to a clear side profile contour of a wheel consisting of five tapered,
bold spokes, spaced radially at 72° angle. Here, the tyre contour is a little thinner
as compared to other alternatives so as to see user’s acceptance of this icon over
other icons by changing different designing elements. TPMS-2 is in the shape of a
side profile deflated tyre, indicating low air pressure to justify the context of icon.
The wheel consists of five tapered, bold spokes spaced radially at 72° angle. Sharp
corners were rounded at the junction between the inflated and deflated zones to
emphasize gradual pressure release. Here a thicker tyre contour has been used than
TPMS-1. TPMS-3 is very similar to TMPS-2 with the difference that the number of
spokes increased from five to eight, each spaced radially at 45º angle. Thinner and
straight spokes have been used in this case without any taperings to see the differ-
ence in responses and interpretation between TPMS-2 and TPMS-3. TPMS-4 ismore
abstract to test participant background knowledge and comprehensive skills. Here
the tyre thickness is thicker as compared to other alternatives. Base of the wheel was
designed flat with sharp edges. An arrow points towards this flat (upwards) empha-
sizing low air pressure causing thewheelbase to flatten. The alternating spokes design
has been replaced in the middle with a star-shaped hub with rounded and smooth
corners of the wheel.

3.3 Comprehension Score Results

To determine the best alternative for each of the two icons, a final comprehensibility
testing on the basis of ‘semantic closeness’ was conducted. Test results showed that
BWL-3 for Brake Warning Light (BWL) and TPMS-2 for Tire Pressure Monitoring
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Table 1 Redesigned icons
and their average
comprehension scores (ref.
Fig. 1)

BWL TPMS

Alternatives Average rating
score

Alternatives Average rating
score

BWL-1 6.77 TPMS-1 5.35

BWL-2 5.72 TPMS-2 7.4

BWL-3 8.3 TPMS-3 7.33

BWL-4 6.3 TPMS-4 6.05

System (TPMS) (see Fig. 1) received the maximum average comprehension scores
of 8.3 and 7.4 respectively in a 10-point scale as shown in Table 1.

4 Discussion

Past literature [1] has indicated that many users were dissatisfied with the visual
features of the BWL and TPMS warning icons. In this work, subjective perceptions
of users provided insights regarding user motivations, their behaviours and pain
points regarding visual designs of these two icons. These user inputs were used in
making decisions while developing the alterative warning icons. Being user-centred,
an expectation is that these designs would reduce driver mental workload during
their use while driving and improve the overall cognitive experience.

BWL-3 for Brake Warning Light received the maximum comprehension score
among the four alternatives. This is probably due to the fact that in BWL-3, the
elements were designed by keeping a resemblance with reality, i.e. the manner in
which we actually pull the hand brake in a car. A side profile view of a hand pulling
the brake lever was used in the icon which perhaps made the icon very intuitive to the
respondents who could better understand the functionality and context of its usage.

TPMS-2 for Tire Pressure Monitoring System received the maximum compre-
hension score among the four alternatives. This is probably due to deflated tyre
representation which is more visually intuitive than the abstract exclamation sign ‘!’
in the original icon. This design also represents thicker spokes, lesser in numbers
as compared to other alternatives which perhaps led to its easy interpretation than
designs where there are congestions.

5 Conclusion

The key challenge of this study was to redesign two automotive warning icons by
considering the user capabilities and limitations in Indian context. Human factors
guidelines and Peirce’s semiotic model were adopted to develop 4 alternative designs
for each icon. BWL-3 for ‘Brake Warning Light’ and TPMS-2 for ‘Tire Pressure
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Monitoring System’ (ref. Fig. 1) were rated as the most recommended icons by
60 participants. These two redesigned warning icons could be further tested across
different societies to validate their superiority over the existing icons for BWL and
TPMS signs. This research work presents contextual information, design guidelines
and applied information for designing usable warning icons in automobile dash-
boards. Taking cues from this paper, other warning icons in automobiles, or other
contexts could also be considered for redesign.
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Designing Interface for an Online Bike
Rental Service for Personified Tourism

Arvind Kumar Nishad and Anirban Chowdhury

Abstract As the world is getting toward new and better technology, they are able
to manage their time and workload. Current generation uses online services to buy
and sell the product and services. Through human–computer interaction (HCI) it
is observed the way interaction between human and computer and through design
technology, for the young generation like college students use to different social
media and e-commerce site. This research work aims to design an interface for an
online bike rental service. It will be easy to rent a bike by booking it online.Objectives
of the study were to find what problems bike renters get to rent a bike and to improve
the bike rental services through user experience and interface design strategies. The
observational study was done in the bike rental shop. Then, customers and the owner
were asked contextual questions and responses were recorded, in this research. It
was observed that consumers find problem in this process of booking or finding bike
and they are expecting a better experience. The result of this study also suggests the
possibility of acceptance of novel mobile app for bike rental service where people
can have better user experience, they can easily find and book the bike at any location
without wasting much time and energy through the designed interface of a mobile
app.

Keywords Design · Human–computer interaction (HCI) · User experience (UX) ·
User interface (UI) · Service design

1 Introduction

The concept of bike renting is not a new as it is available in cities like Dehradun, Goa,
Delhi, Bangalore, Kerala, etc. This concept is well known in countries like Vietnam
where studies have done as motorbikes embodies the very mobility and sufficient
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and flexible to use for tourist attraction places and students studying far from home
use it [1]. Everywhere people can find different posters and pamphlet for bike renting
in which mobile number and picture of bikes are available which is not sufficient
to the renter and the main problem arises to find the nearest place for bike renting
and then calling them on phone for the detail and then thinking of booking and then
discussing with partners. The process goes long again when reaching at the shop for
identity, security, and cash. To reduce this finding shop here and there and reducing
time of the customer an online platform can work better to find the bike rental shop
and booking it at different location without wasting time. The better user experience
can be implemented in bike tourism at different places [2].

2 Literature Review

As the motorbike tourism is becoming a distinctive idea to explore new places [3] the
study shows how people use different social media like Facebook, Instagram, etc.,
for information and pictures of places to visit in vacations as it is easily available and
can use them.

When people visit hill stations and traditional villages which is sometimes only
possible by motorbike to reach as its mobility. Nowadays people go to different
places to explore new locations with friends and partners like traditional villages and
beautiful landscapes. Some studies also show how people use their weekends and
small holidays with friends and partners.

The revenue of this kind of motorbike Rent is good for people working at the shop
or the owner of the shop and its rental service depends on the operating of motorbike
that is for how long motorbike rent is taken [4]. It is also not costly for the motorbike
renter to rent a bike of their choice for some days. Minor People Riding bike illegally
without driving license and bike papers is the issue which can take care of and avoid
accidents which cause damage to both the owner and the person riding bike [5, 6].

2.1 Service Design and E-commerce

Service design is how to improve interaction between customer and service provider
andmake the service usable [7, 8]. E-commerce is the activity of doing online buying
and selling of product or services through the internet. In e-commerce, the main
objective is to sell their product or services. To improve the service on e-commerce
as nowadays customers are opting for online stores as it is convenient to them [9].
To make consumer into customer the service provided before pre-purchase can be
enhanced while consumer buying any product or services online. Post-purchase of
any product or services, consumers should feel safe and satisfied.
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2.2 E-commerce and Rent Service

Renting any product online is different experience from buying any product. Earlier
people rent and buy the product and services directly from the shop.Nowe-commerce
is the latest way of buying and selling any product or service around the world.
With the help of e-commerce now people can also rent the products like furniture,
appliances, and electronics which is more convenient to the people who always
change their location time to time. The traditional way of buying or selling product
is changing in today’s e-commerce world. Renting products online is the new way
of business where now people can also rent products easily. Through the motorbike
rental service, localities can also get monitory benefits.

Therefore, the objectives of this study are to understand the existing problems of
bike rental services and provide ICT based solutions for the same.

3 Methodology

3.1 Participants

The customers for motorbike rent were male from college students and tourists. The
age between 19 and 25 years were mostly students and tourist and 26–35 years were
tourist from other countries also. The total number of users was twelve (12).

A total of 20 participants participated for User Interface evaluation. Their, age
ranges from 19 to 35 years. Among them 85% were male adventure lover who know
bike riding and all participants were users of mobile phones.

3.2 Contextual Inquiry

Contextual inquiry is the user-centered design method to take user/stakeholder
responses in the live work setup [10, 11]. This method requires observational study
and then some contextual questions are being asked to the person in their work
environment.

The study is based on contextual inquiry at the workplace of different locations of
bike rental shops (in Uttarakhand) where the owner of the shop and the bike caretaker
and the customers were observed. The observational inquiry was also conducted to
see the process and behavior of consumers and owner to know the problems. The
owner and customers were observed during their work and then were asked for
some question about their work and problems they face in the whole process of
bike renting. Consumers were asked about how they feel about the bike rent service,
service providers, the type of booking, and how they find about the bike shop. The
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Fig. 1 Sequence model

following models were then illustrated to represent the entire data collected during
contextual inquiry:

(1) The Sequence Model (Fig. 1)
(2) The Flow Model (Fig. 2)
(3) The Physical Model (Fig. 3)
(4) The Cultural Model (Fig. 4)
(5) The Artifact Model (Fig. 5).

3.3 Tentative Design Solution

On the basis of the study of motorbike rent, it was found that the people facing
problems in getting motorbike on rent, to find the place, to rent motorbike, etc. Detail
findings about problems were presented in the result section. The wireframes for the
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Fig. 2 Flow model

Fig. 3 Physical model (left: office; right: garage)

online platform were developed on the basis of problems tourist get during finding a
motorbike shop for renting. Through this system consumers can find motorbike shop
nearby to them and can also book it online. Two different wireframe(s) (Wireframe
A and Wireframe B) were designed for the bake rental service mobile app keeping
functionalities same but layouts and detailing were different.
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Fig. 4 Cultural model

Fig. 5 Artifact model
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3.4 Usability Testing Using SUS Scale

The SystemUsability Scale (SUS) was adopted fromBrooke (1996) [12] and applied
to measure the usability of the designed wireframe (Wireframe A and Wireframe B)
for the interface of the online portal for bike rental service.

4 Results

4.1 Contextual Inquiry

Through observational study, it is revealed that the target point of bike renting are
the college students and tourists, the peak point of bike renting is the weekends and
holidays when almost all bike is rented. The customer needs the most nearest place
to reduce wastage of time according to them where they want to go and where they
live or fromwhere they are coming from to rent a bike and the availability of required
bike is also important that what bike they want to rent by calling them on the phone
and asking for details of the bike and the price of the bike and also it is not easy
to compare bike to other available bikes. The problem comes again of finding bike
shop and on reaching has to wait for the giving copy of driving license and original
ID proof of both person riding bike and their partners too as every time they go to
rent a bike.

Problems related to the actions for current bike bookings are highlighted in the
sequence model (Fig. 1). The information exchange related problems in the context
of bike rental services were presented in the flow model (Fig. 2).

The common arrangements and layouts of the bike rental shop are presented the
physical model (Fig. 3). On the basis of the contextual inquiry, the cultural model
(Fig. 4) shows how trust, emotion, ease of process and safety for the customer, and
bike renter works. The artifactmodel shows the equipment and tools used by different
stakeholders and consumers during bike rental process (Fig. 5).

4.2 SUS Test Results

On comparisons between Wireframe A and Wireframe B, it was observed that the
SUS score of Wireframe A (83.5) was comparatively higher than the Wireframe B
(75.8) (Fig. 6). According to the Bangor et al., the SUS score greater than or equal to
70.5 is defined as “Good” and if the score is greater than the value 77.8 is defined as
“Excellent” [13]. According to this study, the user interface depicted inWireframe A
falls under the excellent category and theWireframe B falls good. Hence, Wireframe
A is better than the Wireframe B.
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Fig. 6 Mean variations in
SUS scores

5 Discussions

From the sequence model (Fig. 1) it was observed that the availability of bike rental
information at different places are limited and documentation required for bike rental
was not systematic which was highlighted in flowmodel (Fig. 2). Today’s generation
is used to do everything online either it is shopping [14], reviews, bookings, food
order, and for travelling. Ola and uber [15] are the cab services which is used for
travelling as it is easy to book and people can get the service at their doorsteps.
Buying online or from shop people generally take suggestions from the friend of
any family member [16] and here for taking bike on rent people ask their friend or
someone who took before bike rental which is near and of low-cost but there are only
a few online services which provides bike rental and which totally works. Customer
who came to shop for bike rent and came to know bikes were not available to take
rent from the shop, they faced problem to find another nearby shop immediately
(highlighted in Fig. 1).

It is a long process to take bike and with the help of the mobile app design it is
now possible to improve the bike rental system and can make user friendly, hassle-
free, and trustworthy which are expectations of target users as highlighted in Fig. 4.
By focusing on college students who are away from home and tourist who comes
on weekends and holidays to enjoy with a friend by easily finding bike online and
booking directly without any problem. However, a similar physical infrastructure
and artifacts (gadgets) were observed in the bike rental shops (Figs. 4 and 5).

It was observed inmany studies that usability is the important predictor for product
or interface acceptance [17–20]. The user will be satisfied if the usability of the
interface is good [17, 20]. In this study, SUS score for mobile app Wireframe A
(Fig. 7) was better than the Wireframe B. Hence, usability of planned mobile app
(Wireframe A) might be more acceptable among target users and able to achieve the
satisfaction level.
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Fig. 7 Wireframes (A) of mobile app

6 Conclusion

Access to internet and using online services is the most common thing which is there
in college students and tourist. Nowadays people want everything easily available to
them on their phone or desktop for shopping, food delivery, Rides (Uber and Ola),
and other services [14]. There are few online platforms where people can find bike
rental service available to them in which some do not work properly or available only
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at some places which are far. Most of the people check online for bike rent and they
get random phone numbers and shop address which does not give much information
about the bike rental service and the time taken during renting bike are also annoying
for some people. The proposed app will resolve all these problems.

Therefore, the mobile app for bike rental service will provide the bike rental at
the different locations with less time taken and without finding any other place and
asking from other persons. With online bike rental service people can book bikes
online anywhere according to their convenience and they can also compare bike
prices and their condition of the bike.
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Creating Awareness About Health
and Hygiene During Menstrual Cycle
Among Indian Adolescent Girls Using
Virtual Reality

Shakti Banerjee, Anirban Chowdhury, and Anmol Srivastava

Abstract India is an especially confusing country portrayed by diversified culture,
fluctuated social convictions, segment and geographic profiles with various religion.
India is growing fast and moving upwardly with innovation and making a worldwide
market for other people.Yet, there are various social tabooswhich are not talked about
publicly.One such issue is themenstruation cycle in teenage girls.Menstruation cycle
in teenage girls is one of the taboos which needs to be addressed in India. Numerous
myths are blindly followed due to unawareness about hygiene leading to unhealthy
environment and practices. As a number of individuals are shy to discuss this subject
openly in the community, Virtual Reality (VR) can prove to be a beneficial medium
to convey these social communication campaigns. VR can give a very personal
experience to users to understand this topic. A teenage girl can see the natural changes
in her body and comprehend the period cycle herself glimpsing inside theVRwithout
taking any other individual to help. This paper aims to probe into understanding the
scenario of an adolescent girl in the rural areas and come up with the proposal of
effective use of VR to create better awareness on menstruation cycle management.
This paper offers a perspective of the concepts and how to integrate a VR product to
enhance the understanding of social awareness communication in rural areas.

Keywords Digital design · Interactivity · Rural scenario · Social awareness ·
Taboo · Virtual reality
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1 Introduction

India is one of the greatest and quickest developing economies in the world. In the
previous, not many years, India’s monetary force has expanded. Like other creating
nations, India considers trade to be the ascent of progression. Although India has
its own difficulties. The second biggest populated nation is brimming with different
religion, beliefs, culture, convictions, and conventions. The greater masses live in a
rural area of the nation. As indicated by 2011 census, the rural areas have populace
of 68.84%, while urban region has populace of 31.16% as it were. There are 40%
individuals uneducated. The growing populace and the recourses are not matching
to accomplish the 100% proficiency in the nation [1].

As of late with the headway of Internet, India has been advancing quickly. It is
acknowledged the vast majority of the people in India steadily would be associated
through computerized contraptions, an innovation where the progression of commu-
nication, exchanges would greatly occur. This change one can see that individuals
have just begun feeling attributable to a smart phone, web network. This change
comprehends the most extreme requirement for information for both awareness and
communication for a successful win suggestion with headways and arrangements.
Yet at the same time, there is a limitation concerning media infiltration to reach out
to the rural places, particularly for a social awareness communication campaign in
India. However simultaneously, there is a confinement concerning media invasion
to connect with the rural areas, especially for a social awareness communication
campaign in India.

In India as a community there are certain faith and beliefs. For the most part for
making awareness campaign there are constrained media and technology utilized in
the rural areas and villages. The medium like posters, wall advertisements, banners,
handouts, and so on are generally used for social issues like Health and Hygiene,
racism/caste, cleanliness, literacy, unawareness of diseases, etc. Radio/FM is another
medium which is accessible in the villages.

India has diverse ways of communications with having 22 major languages,
written in 13 different scripts and over 720 dialects [2]. Most of the time the print
media and contents are not effectively used. Many cases the integration of visual
media are not good enough to convey the messages. Although, in the world of tech-
nology and innovations there is opportunity to explore, to integrate them together,
to get the desired impact from the target audience in the rural areas also. Effective
use of visual media and technology could be the answer. Because of the penetration
of Internet and mobile phone, it is easier to adapt in many villages. So far at times,
films and animations are also used nowadays. These mediums are “cold” medium
and they are only one-way communication to the target group. The technologies such
as Augmented Reality (AR) and Virtual Reality (VR) are hot medium because these
are interactive in nature. The medium which is interactive in nature is considered as
“hot medium” such as recent innovations like Augmented Reality (AR) and Virtual
Reality (VR). The user not only watches the visuals but actually able to interact and
continuous instant feedback happens in there.
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To reach out to the target group in rural and villages, the emerging media like
AR, VR, and XR can be very interactive and effective to create awareness among
the users.

1.1 Emerging Media for Social Awareness
Communication—Immersive Media

Immersive media can be characterized as innovations that endeavor to create or
mirror the physical world through computerized reproduction. It is the meeting up of
innovation and reality. Virtual Reality (VR), Augmented Reality (AR), and Virtual
Reality (XR) are examples of immersive technology.

VR can be characterized as a computer-generated three-dimensional world,
updating in real time, and enabling human interaction through different input/output
devices. Wann and Mon William explained Virtual reality (VR) is a user-centered
experience, positioned instead of seeing it in a virtual world [3]. This requires the
user becoming an active participant in the virtual environment and engaging with
displays that require human sensation and perception to be used effectively in the
research done by Moffat et al. [4].

Augmented Reality (AR) is a live, immediate or circuitous perspective on a
physical, genuine condition whose physical environment, the elements of which
are supplemented by computer-generated sensory information such as sound, video,
graphics, or GPS data. An AR system has the following features: it integrates real
and virtual objects in a real environment, runs interactively and in real time, and
tracks real and 3D virtual objects. XR is described as a hybrid of AR and VR. It
involves interaction between both the elements that are objects from the real world
as well as the objects from the virtual world. It combines real and virtual environ-
ments according to the concept of extended reality, and concerns technologically
driven interactions between humans and machines. Over the last 50 years immersive
media have evolved as a term, but in recent years they have only become disruptive
technologies. The AR/VR has much more advantages. Now AR/VR is largely being
used commercially in Video Games but it has a gamut of applications to be used
with purposeful requirements. AR/VR is being used in trainings in health domain,
special needs, simulation-based army trainings, Car experience, Brand promotion,
IT futuristic sectors, bigger events, assembly-line training, engineering visualization,
and so forth.

Over the period of different times, various social taboos that are not discussed
freely with others, but these should be tackled for improved well-being. These taboos
are prevalent in Indian society, which one needs to tackle. Issues identified with well-
being and cleanliness of particularly of teenagers are disregarded and neglected. One
of such issue is the menstruation cycle in teenage girls. Bunches of shallow legends
which adolescents tail themaimlessly.Mostly the teenagegirls in the rural areas suffer
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from illness because of the unawareness related to their hygiene and cleanliness. That
prompts to an unhealthy environment.

1.2 Menstruation—Taboo

Menstruation is the endometrial removal—the uterine covering. Menstrual cycle
is otherwise called [5, 6] “menses” is derived from the Latin menses connoting
“months.” “Feminine cycle” starts from old French menstrual, which starts from
Latin menstrual is, connoting “month to month,” especially of or having month to
month courses.MenstruationCycle is a typical naturalwonderwhich awomanbegins
encountering once she enters her puberty. Exactly when periods come reliably, this
is known as the menstrual cycle. Having standard menstrual cycles is an indication
that the conceptive framework in lady’s body is working typically. The menstrual
cycle gives significant body chemicals, called hormones, to keep a woman healthy.
It likewise readies her body for pregnancy.

Menstruation cycle is the human body phenomenon and it’s the first step of
womanhood but because of lack of awareness people generally do not talk openly.
Instead ofmaking the teenage girl understand better about our human body, the elders
related to them create myths surrounded by this and that leads to taboo in the society.
Many of these girls go to depressions. During the time of periods girls avoid doing
their daily courses, avoid going to schools and neglect their health. Such taboo does
persist not only in India but also in other third world countries, especially in the rural
areas.

In any case, lamentably period andmenstrual practices alongside menstrual waste
removal is generally left hidden. It has been considered as a taboo and a few socio
social limitations are appended to it. As a result teenager girls stay unacquainted
with the logical realities and sterile well-being rehearses, which may prompt a few
unfavorable well-being conditions.

1.3 Management of Menstrual Cycle

The management of menstrual cleanliness indicates legitimate cleaning and washing
particularly genital zones to keep away from contamination, utilizing appropriate
material for retaining menstrual blood and above all, legitimate removal of the pre-
owned material for forestalling spread of disease or making harm nature. Keeping up
cleanliness during periods like, changing napkin oftentimes, washing genital region
after each utilization of latrine, washing, and so on are urgent strides for a young lady
to manage this natural procedure with certainty and security. Lack of education may
prompt absence of awareness with respect to menstrual cleanliness the executives.
An investigation from UNICEF portrays that one out of three young ladies in South
Asia thought nothing about feminine cycle before getting it while 48% of young
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ladies in Iran and 10% of young teenage girls in India accept that monthly cycle is a
disease 10.23% of juvenile young ladies in the age-bunch 12–18 drop out of school
after they start bleeding. Only 35% women use sanitary pads in India [7].

Therefore it requires social communication campaign to create awareness in such
rural areas.Most of the time one could notice themedium like posters, wall paintings,
and leaflets are used. To improve the efficiency and effectiveness of rural health care,
Government of India periodically implements programs, new techniques, and mech-
anisms. New strategies and components for improving the proficiency and viability
of provincial medicinal services, yet no particular plan approach is utilized [8].

The Government of India propagates different Grammin (for villagers) schemes
on health and cleanliness in the villages. They do put up health camp for pregnant
women, for kids, or for general health. There are community health workers go to
the villagers under “ASHA,” “Anganwaadi,” “Sneha,” “Saheli” programs to create
awareness and give basic help like in the diets, medicine pills, etc. But still it not
that effective. There is a much more prerequisite required to create an impact on
awareness.

1.4 Relevance: Approach to Existing Scenario

In the exploration paper by Bhowmick, Darbar, and Sorathia, it was mentioned that
the India has directed compressive examination on how VR interface utilizing HMD
could help in their preparation for ASHA people group well-being laborers. Network
Health Workers (CHWs), particularly Accredited Social Health Activists (ASHAs)
give prosperity to Indian family units by taking care of their needs and taking care of
their healthcare issues [9]. In another study, authors have primarily taken the topic
on women pregnancy and childbirth. VR training modules were created and tested
as third person onlooker [8]. Whereas In the proposed research paper, the emphasis
given on direct empathy with the teenage girl and the interaction should be of first
person. This area has not been explored. The proposed description hypothesis is the
basic thinking of making the VR experience in the first person would create lots of
impact on communication and able to create better impact. It has been presumed that
numerous moms of pre-adult young ladies were uninformed about advising little
girls about feminine cycle before their first event of period. The conversation ought
to occur before the period of menarche. The accessibility of reasonable sterile packs
must be there to the resident zone [10].

In the research paper, the different related issue ofMenstruation has been engaged
like disparity of sexual orientation. Inconsistent rights given to people bring about
ladies’ voices being disregarded inside families and networks. It got unthinkable and
because of reluctance, fantasies, biases, and confusions irritate the worry among the
women in that period [11]. In this research paper, even in the other creating nations
the period considered as of girls felt that menstruation cycle was something to be
embarrassed about to be viewed as a freedom of ladies, as the historical backdrop of
period would recommend that cutting edge the executives of the menstrual cycle is a
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substantially more helpful experience [12]. In the paper features of the respondents
need appropriate information on data significant tomonthly cycle. The significance of
expanding mindfulness and giving exact data utilizing logical sources, for example,
schools, universities, or well-being colleagues. It is prescribed that feminine cycle be
talked about in courses, for example, sciences to expand the degree of information on
female understudies and thusly to improve their demeanor toward this physiologic
procedure [13].

1.5 Aim and Objectives

The paper’s aim is to enhance understanding of the adolescent rural Indian girls for
menstrual cycle using immersive media (VR). Therefore, objectives of the study are

1. To present animated information about menstrual cycle in the VR-based
immersive media.

2. To present instructions about hygiene and cleanliness pertaining to menstruation.
3. To evaluate the proposed concept of immersive media using expert evaluation

(heuristics based).

2 Methodology

2.1 Virtual Environment and Target User

The VR application on menstruation will be tweaked to the primary target group
which is adolescent girl. The age group 14–18 years is considered for this study.
Most of the users are either having primary or secondary education or ignorant from
primary education. Thus, ASHA health workers are considered as secondary users
of the proposed solution.

For making awareness on menstruation cycle among adolescent girls from rural
areas, the Virtual Reality (VR) can be a boon to such situations where the users
are shy to discuss openly. With the assistance of network community social Health
workers, the teenagers can interact and view using VR Head Mount Device (HMD)
and get awareness about menstruation cycle. One can watch, interact, experience in
Virtual Reality and comprehend what the progressions are that occur in the human
body in the adolescent years. The VR experience will guide how to maintain their
cleanliness and hygiene without stressing their minds.
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2.2 Interface Description

• Inside the VR, a 3D mannequin will explain the changes in the girl’s body with
the user reference showing according to the ages.

• Consideration of Gaze Interaction will make it fast, natural, and effortless
navigation than manual interaction.

• Explaining using animation what are the different stages of womanhood (Fig. 1).
• Inside VR, Joystick will be used for easy navigation (Fig. 2b).
• The user could see the body parts and interact with reproductive organs (Fig. 3).
• Explain the importance of Hormone and how it will help her to prepare for

pregnancy.
• The menstruation period cycle will be explained in a visual way to explain the

different stages. The girl can choose the calendar date, choose and interact to see
the progressive differences in the ovaries and vagina.

• The voice Interactions will be in the first person. Dialogue-based narrative style
would be utilized.

• Advantage with VR is that there will be constant feedback and it will help her to
choose the sequence of navigation according to her wish and with comfortability.

• In India only 30% ladies are using sanitary napkins. The VR interactions also
explain how to use the sanitary napkins and explain its benefits.

• One can use gestural simple command and can avoid too many texts in the
Instructions.

• The hygiene practice can be visually explained. The proper use of different
sanitary pads will be explained.

• Dos and Don’ts explained properly with interactive navigation. How to wear the
sanitary pad. Self-examining your own body.

Fig. 1 Stages of menstrual cycle
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Fig. 2 a Initially guided by healthworkers how to useHMD, then the teenage girl is interactingwith
VR environment herself to interacting experience about the menstrual cycle; b voice command with
the options of selecting own vernacular languages. Easy Instructions with gestures-based command
and also directional easy directional jockey-based navigation. The information navigation can be
controlled by the user as per their preferences

• Logical explanation of hygiene facts to create awareness against following the
myths. There might be pictorial trivia to be solved by her so the whole experience
could be engaging.

• Gamification could be added to create more interest.
• Advantage with VR is that there will be constant feedback and it will help her to

choose the sequence of navigation according to her wish and with comfortability.
• Double Diamond Design process was applied for define and development of VR

prototype (Fig. 4).

2.3 Story Simulation

Scene 1: Welcome note to the virtual media for awareness of menstrual cycle.
Scene 2: User Instructions to use the VR based immersive media (viewpoint
control & voice instruction)
Scene 3: Awareness of female gonadal system using animation.
Scene 4: Awareness about female puberty and menopause.
Scene 5: Awareness about steps in menstrual cycle
Scene 6: Instructions for maintenance of hygiene during the menstrual cycle.
Scene 7: Quiz about menstrual cycle and display of reward points.
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Fig. 3 The teenage girl is
interacting with VR
environment using
HTC-Vive for understanding
of female gonadal system
and menstrual cycle

2.4 Apparatus

• Use of HMD headset Oculus Rift/HTC Vive. In the low-cost proposal it may be
Google cardboard with lesser interactions but will have VR based 3D video to
view to get the experience.

• 3D software Blender, Maya for creating characters, and animation integrated in
Unity3D software. SDK for VR stimulation.

• Use of optimizing size of images, model, and audio.
• The maximum the VR experience planed not more than 5 min at a stretch to avoid

dizziness.
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Fig. 4 Process of concept creation and development of immersive media for creating awareness of
menstruation cycle among teenage girls

2.5 Heuristics Evaluation of Low Fidelity Prototype

A total of three usability experts were asked to evaluate the design low fidelity
prototype using six heuristics which were adopted from Sutcliffe and Gault [14]
(Table 1).

3 Results and Discussion

After heuristics evaluation it was observed that there are few problems identified
by experts which are presented in Table 2. As the current prototype is low fidelity
prototype, there are scopes of improvement, suggested by usability experts. They
have suggested that consideration of socio cultural status of the target users for
defining the realistic feedbacks using various elements of interface, integration of
natural user interface (gesture-based and voice-user interfaces), presentation of more
realistic human models and more visual feedback during interaction are beneficial.

4 Conclusion

In spite of the fact that the inquiry may emerge the reasonableness of VR with HMD
set in the country place. The arrangement could be a pilot venture and attempt the
suitability in the littler region. At that point the measured way it tends to be extended
in different pieces of India. There are less expensive Headsets are coming up these
days and very soon these thoughts can be actualized with minimal effort. HMD can
be substitute byGoogle cardboardwith lesser intuitive route utilizing portable system
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Table 1 List of heuristics (adopted from Sutcliffe and Gault [14]) applied for expert evaluation

S. No. Heuristics Definition

1 Compatibility with the user’s task Objects presented in VE and user actions
should correlate as closely as possible to
match the user’s understanding of artifacts
from the real world; their spontaneous actions
and affordances

2 Close coordination of action and
representation

The portrayal of the embodied self/identity
and conduct in the VE should be faithful to
the actions of the user. The response time
between user movement and VE display
update should be less than 200 ms in order to
prevent issues with motion sickness

3 Realistic feedback The effect of the user’s actions on virtual
world objects should be immediately visible
and conform to the laws of physics and the
user’s perceptual expectations
The impact of user behavior on virtual world
objects should be apparent immediately and
should be consistent with the laws of physics
and the perceptual expectations of users

4 Navigation and orientation support The user ought to consistently have the option
to find where they are in the VE and come
back to known, preset positions. Unnatural
activities, for example, fly-through surfaces
may help yet these must be decided in an
exchange off with instinctive nature

5 Support for learning Active objects ought to be prompted and if
vital account for themselves to advance
learning of VEs

6 Sense of presence The user’s view of engagement and being in a
‘real’ world ought to be as normal as could be
expected under the circumstances

additionally, however similarly viable. Utilization of 360 video movement likewise
will be valuable.

Teenage girls ought to be instructed about the realities of period, physiological
ramifications, significance of monthly cycle, and appropriate clean works on during
menstruation cycle. It is likewise required to bring them out of conventional convic-
tions, restrictions, misguided judgments, and limitations. This can be accomplished
with the assistance of media, sex training in school educational plan, and focused
group conversations. All mothers ought to be urged to break their hindrances about
examiningwith their girls in regards tomenstruation cycle andmenstrual cleanliness.
Universalized utilization of clean sanitary pad can be upheld to each girl by social
showcasing.

Heuristics analysis [14] suggests that there are scopes of improvement of the VR
interface and an advanced immersive interface could be developed in near future
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Table 2 Problems identified through heuristics evaluation and suggestions by experts

S. No. Heuristics Problems identified

1 Compatibility with the user’s task Moderate expression of the female
reproductive organs in terms of reality.
However expected level of affordances for
auditory feedback and visual instructions

2 Close coordination of action and
representation

Response time and user actions are perfect in
the virtual environment. Although more visual
feedbacks highly beneficial for few controller
assisted interactions

3 Realistic feedback It should be as per the sociocultural status of
the target users. Currently the realistic
feedback is limited in the prototype

4 Navigation and orientation support Navigation through virtual environment is
appropriate

5 Support for learning Instructions were provided for use of the
prototype of the immersive media

6 Sense of presence Users are expected to be engaged with the
immersive prototype moderately. Natural user
interface might be integrated during
development of high fidelity prototype to
achieve comparatively higher sense of
presence

employing the knowledge of sociocultural background of the primary and secondary
users and integration of features of natural user interface. It is possible to apply the
developed immersive media for educating adolescent girls about the reproductive
health and hygiene. However, the perception of presence in current study is limited.
Development of high-fidelity prototype with enhance features could be developed
for better sense of presence [14].
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Abstract Robotic manipulators are most widely used in the inspection systems
deployed to carry inspection and material handling in inaccessible and places
dangerous to human operators. The Steam Generator tube inspection system of
nuclear power station deploys a two Degree of Freedom (DoF) robotic arm close
to the tube sheet, where the steam tube bundles end. The two robotic arm positions
the inspection probe attached to its end effector at the center of each steam generation
tube and pushes the probe into the steam tube to detect any tube crack. The tubes with
crack will be plugged to pull out the tubes from service. Such plugged tubes will be
projecting on the tube sheet surface, which hinders the robotic arm movement over
the tube sheet, while reaching other tubes for inspection. In this project, we have
developed PIC microcontroller-based embedded real-time obstacle (plugged tubes)
proximity warning system to help the robot operator to carry inspection safely. The
system reads data from the quadrature digital encoders attached on the robot’s joint
motors and computes the joint angles using the software written in “Embedded C”
and transmits these joint angle data through serial communication to a Raspberry PI
controller based Human Machine Interface (HMI) display. The joint angle data is
used to calculate the inspection probe’s current position using Forward Kinematic
(FK) algorithm written in Python and warns the operator when the probe is close to
any plugged tube location. The program also shows the pose of the robotic arm in
real time on an HMI display and also indicate the proximity probe to the obstacle.
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1 Introduction

In thermal and nuclear power generation systems, the steam required for driving the
turbine-electrical generator is produced by the Steam Generation (SG) system. The
Steam Generators are heat exchangers which are used to convert the cold feed water
into steam. The coldwater pumped into stainless tubes of SG is heated by the hot fluid
(hot air in case of coal fired thermal power plant and liquid sodium in case of nuclear
power plant) that surrounds these tubes and converted into superheated steam. This
superheated steam drives the steam turbine, thereby driving the coupled electrical
generator to produce electrical power. In the nuclear power station, as mentioned
earlier heat is produced by the reactor core. The liquid metal cooled reactor uses
the heat exchanger between a secondary sodium circuit and a tertiary water circuit.
The steam generator system consists long stainless steel tubes (up to 20 m (or) more
in length) that are welded to the top and bottom tube sheets; and this structure is
enclosed in a long cylindrical vessel (Fig. 1). The cold water pumped into these SG

Fig. 1 Steam generator of
nuclear power station
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stainless tubes is heated by the hot fluid liquid sodium that surrounds these tubes
and is converted into superheated steam. This superheated steam drives the steam
turbine, thereby driving the coupled electrical generator to produce electrical power.

The tubes of Steam Generator (SG) system requires periodic inspection [1, 2] to
detect any crack induced by the thermal stress, before the cracks lead to rupture
of steam tubes. The rupture of steam tubes will result in shutting down the power
plant and in the case nuclear power plant, contact between the water and sodium will
result in a fire accident that can lead to very serious other consequences. Hence, it
is of absolute necessity to inspect the SG tubes periodically to detect any cracks in
the steam tubes and seal (plug) the tubes that are defective (having cracks); thereby
preventing water entering into them to avoid fire accidents and consequent serious
implications. At present, most of the steam generator inspection systems are using
range and proximity sensors for detecting obstacles; however, in this work, obstacle
detection and avoidance is done only using existing (built-in) motor encoders and
Inverse Kinematic (IK) algorithm. These SG inspection systems need to have HMI
interface to avoid the exposure of human operators to hazardous environment [3].

2 Steam Generator Inspection Robot

The Steam Generator Inspection Robot is a 2-Degree-of-Freedom robotic manipu-
lator [4] and its motion is generated by the ServoMotors attached to the two revolute
joints (in shoulder and elbow joints). Figure 2 shows the prototype robotic arm
installed over the tube sheet and its schematic showing link and joint coordinates
and parameters. The robot has a maximum radial reach of 420 mm and payload
capacity of 20 kg.

(a) Actual Robot    (b)  Robotschematic diagram 

Fig. 2 Two degree of freedom (2-DoF) robotic manipulator
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3 Forward Kinematics (FK) of Robot

Forward kinematic equations are used to find the end effector position of robot
manipulator with respect to its reference frame (also known as the base frame). To
compute robot end effector position, it is necessary to have length (link length) and
joints parameters (joint angle in case revolute joint and joint displacement in case
of Prismatic joint). For the two degree of freedom (2-DoF) robot manipulator used
in the Steam Generator Inspection System, the position (X, Y coordinates—being
a planar robot) of the end effector can be calculated using the forward kinematics
(Geometric equations) given below [5, 6]. End effector position at X-axis:

Xe = l1 cos(θSh) + l2 cos(θSh + θEl) (1)

End effector position at Y-axis:

Ye = l1 sin(θSh) + l2 sin(θSh + θEl) (2)

However, these geometric equations become complex to compute the end effector
position, in case of higher degree robots (5–7 DoF) in many industrial applications.
In such cases the DH parameters based Transformation Matrix based method [7, 8]
is used for finding the end effector position with respect to Base frame. Table 1 gives
DH parameters of the two degree freedom robot used in the Steam Generator tube
inspection system.

In the above table, the parameters “θ i” and “di” are called as joint parameters and
parameters “αi” and “ai” are called link parameters. Using the above DH parame-
ters and transformation matrices given below [9], we can calculate the end effector
position and orientation. DH transformation for adjacent coordinate frames can be
computed by applying the DH values of individual joints parameters presented in
Table 1 in the equation given below:

⎡
⎢⎢⎣

cθi −sθi cαi sθi sαi ai cθi
sθi cθi cαi −cθi cαi ai sθi
0 sαi cαi di
0 0 0 1

⎤
⎥⎥⎦ (3)

Table 1 DH parameters of prototype two degree of freedom (2-DoF) robotic arm

Joint No. (i) Joint angle (θ i) Twist angle (αi) Link length (ai) Joint displacement (di)

1 θ shoulder 0 210.0 115.0

2 θelbow 0 210.0 115.0
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4 Estimation of the Shortest Distance of the Arms
to the Obstacle (Plugged Tube Heads)

The next step is to calculate the shortest distance between the plugged tube heads and
the robotic manipulator links. Figure 3 shows the schematic of robotic manipulator
along with vectors used for calculating the shortest distance between the shoulder
and elbow links of robot and nearest plugged tube heads that will obstruct the motion
of robot manipulator.

Following equations are used for calculating the shortest distance between
shoulder and elbow links. For the shoulder link:

−→
V s = (x1 − x0, y1 − y0) (4)

�dsp = (
xq − x0, yq − y0

)
(5)

∣∣∣ �Vs

∣∣∣ =
√

(x1 − x0)
2 + (y1 − y0)

2 (6)

∣∣∣ �dsp
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√(
xq − x0

)2 + (
yq − y0

)2
(7)

�Vsp =
−→
V s · −→

d sp∣∣∣ �Vs

∣∣∣
(8)

Shortest distance
(−→
d s

)
=−→

d sp − −→
V sp (9)

and for the elbow link:

�Ve = (x2 − x1, y2 − y1) (10)

Fig. 3 Robotic arm and
obstacle position
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−→
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5 Experimental Setup and Electronic Hardware

Figure 4 shows the schematic of the proto type steam generator inspection system.
It consists of test stand over which the actual size steam generator tube sheet is
kept. The 2-DoF robotic arm is mounted over the tube sheet and the robotic arm is
controlled motion controller and an HMI display is provided to displace the position
of the inspection probe and plugged tube heads.

The primary sensors of this obstacle proximity warning system are Quadrature
encoders installed on the jointmotors shaft. The system computes the robotic position
based on the joint values generated by these encoders and inverse kinematics algo-
rithms [10, 4], when the robot’s joints are actuated by joint motors. These encoders
are of incremental type encoders and they will generate two TTL level signals (Chan-
nels A and B) having phase difference of 90˚ for measuring joint angle and direction
of motor rotation. The encoder produces 2000 pulses per revolution (PPR) of the
joint. A third signal known as Z-signal is used for identifying reference angle (i.e.,

Robotic 
Arm 

Tube sheet 

Fig. 4 Prototype steam generator inspection system
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PIC Embedded 
Controller

HMI Display Regulated Power 

Joint angle  
encoders Controller 

Fig. 5 Experimental facility for testing developed software modules

zero degree). The data processing device of the system is a dsPIC30F4011-High
Performance Digital Signal Controller. It is a modified Harvard architecture based,
16-bit DSP chip having following features like built-in A/D Converters, Timers,
etc. Apart, this DSP processor has a special feature known as “Quadrature Encoder
Interface Module” that allows directly connecting the Quadrature Encoder channels
(Channels A and B) and Index Pulse input (Z-signal). This feature helps in finding
shaft angle and direction motion. The MAX232 device is a dual driver/receiver that
includes a capacitive voltage generator to supply TIA/EIA-232-F voltage levels from
a single 5V supply. Each receiver converts±12VRS232C level input signal received
external device to 0–5VTTL/CMOS levels signal for interfacingwithDSPProcessor.
These receivers have a typical threshold of 1.3 V, a typical hysteresis of 0.5 V, and
can accept up to ±30 V inputs. Similarly, each driver converts TTL/CMOS input
levels into ±12 V RS232C level voltage (TIA/EIA-232-F levels) for transmission
to external devices. Figure 5 shows the interfaced Quadrature encoders with dsPIC
Microcontroller and experimental facility used for testing the developed software
modules.

6 Software Algorithms Development and Results

In this project, we have developedmany softwaremodules, (1) for finding the position
of Robotic Arm effector position to place at the center of Steam Tube, (2) to find the
shortest path between robot link and plugged tube head, (3) To read the Quadrature
sensors data to calculate the robot joint angles, and (4) Inverse kinematic algorithms
to find robot end effector position to warn the robot operator to avoid plugged tube
heads, while inspecting steam generator tubes to find the defective tubes. These
programs were written using “Python and Embedded C” languages.
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Fig. 6 HMI display showing the shortest distance between the robotic link and plugged tube head

The developed control algorithms were embedded into the dsPIC Digital Signal
Processor and real-time Quadrature encoders data was fed to controller to calculate
joints and thereby Robot end effector position to find the proximity of Plugged tube
heads to robot operator. The data obtained was sent to the Raspberry PI based HMI
Display. Figure 6 shows real-time display of the position of the plugged tubes heads
(marked in RED color circles) Robot links and joints position (in BLUE lines and
circles), apart from displaying shortest distance calculated by the algorithm.

7 Conclusion

In this project, we have developed PIC microcontroller-based embedded real-time
obstacle (plugged tubes) proximity warning system to help the robot operator while
inspecting the steam generator tubes. The system reads the quadrature channel input
data from the digital encoders attached on the robot joint motors and computes the
joint angles using the software written in “Embedded C.” A MAX232 IC is used
to do the necessary voltage level conversion to send these joint angle data through
serial communication to a PC. The joint angle data is used to calculate the robotic
arm end effector’s (inspection probe) current position using Inverse Kinematic (IK)
algorithm written in Python and warns the operator when the probe is close to any
plugged tube location. The program also visually shows the pose of the robotic arm
in real time on the operator as 2D graph indicating current inspection location along
with the location of plugged tubes. It also indicates the proximity, i.e., distance to
between the obstacle and probe to the robot operator.
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A New Finite Automata Approach
of Right State Machine

Sarat K. Parhi

Abstract The current study deals with the development of an effective approach
to solve automata problems. The proposed work addressed several theorems which
make the system efficient in obtaining optimal solutions. Finally the proposed theo-
rems have been implemented to computer automata along with the formal language
for new machine in order to validate the performance of the proposed algorithms.

Keywords Automata · Theorems · Computer language · Right state machine

1 Introduction

The Right StateMachine is a mathematical model [1] of a system, which has discrete
inputs and outputs. The system can be in any one of the internal Configurations or
“states”. The system summarizes the information concerning past inputs that are
needed to determine the behavior of the system on the subsequent inputs. The control
mechanism of an elevator is a good example of a Right State Machine. The major
drawback of the system is that the mechanism remembers only the service request
of the current floor and all the previous requests will be vanished.

In the defectivemachines, errors occur due to noise and same is to be avoided[2, 3].
The input data to be processed is time-consuming and requires more mathematical
formulation which is very cumbersome [4, 5]. In order to avoid this, the current
research work aims at development of a discrete alphabet system which can be
interfaced with communication system.
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2 Notations

This study considers a message which is represented with five parameters M = (Q,
�, δ, q0, R) and the message is called a Discrete Alphabet System (DAS).

Here Q = states set

� = alphabet set
δ = partial deterministic state transition function
q0 = Initial state
R = right states.

Further,

δ: Q × �

q0 ∈ Q (1)

the transmission matrix is defined as shown in Eq. (2).

δ: Q × � → Q × R Such that δ(q1, σ ) = (q2, r1) (2)

R(M) is the accepted language by the right state machine when instructions are
given to machine M.

R(M) = {ω ∈ � ∗ /δ(q0, ω) is the right moves and same state to itself} (3)

Here �* = starting sequence has zero length.
So at the initial step,

The transition function δ: Q × �∗ → Q (3)

In general, the alphabets can be partitioned into the set of reject symbols �r, and
the set of acceptance symbol �a = � − �r. A set S is a map S: R(M) → Q�−�r that
determines the set of alphabets S(s) C (� − �r) to occurrence of trace S ∈ R(M).

2.1 Case Studies

2.1.1 Case Study I

Let us consider a Right State Machine (RSM) = (Q, �, δ, q0, R) where Q = {q0, q1,
q2, q3, q4} as shown in Table 1.

� = {a, b} and R C Q, δ: Q × � → (Q, R), R C Q
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Table 1 RSM specification States Inputs

Q a b

q0 q1 –

q1 q1 q2

q2 q3 –

q3 q3 q4

Fig. 1 Transition diagram for Table 1 case study

Fig. 2 Modified transmission diagram

This case the transmission diagram is obtained as represented in Fig. 1.
If a and b are of even numbers, then the transitions diagram will be as per Fig. 2.

The arrow → denotes the initial state and denotes the final state.

Here, q4 is the right end state.

2.1.2 Case Study II

Consider the right state machine M = (Q, �, δ, q0, R) Where Q = {q0, q1, q2, q3,
q4}, as illustrated in Table 2

Table 2 RSM specification
of case study 2

States Inputs

Q a b

q0 q1 –

q1 – q2

q2 q3 q2

q3 q3 {q3, q4}
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Fig. 3 Transition diagram for case study 2

� = {a, b} and R C Q

Suppose the sequence is: a-b-a-b-a-b and both a’s & b’s are odd number and is
equal to ω. Then the obtained transmission diagram is represented in Fig. 3.

3 Properties of Recursive Sets

If a set S of words over � to be recursive satisfies the following.

i. The Touring machine (™) accepts every word in S and rejects every word in
�* − S.

ii. The Right State Machine (RSM) which accepts every word in S and rejects
every word in �* − S.

iii. The Finite StateMachine (FSM)with two push down stores which accepts every
word in S and rejects every word in �* − S.

4 SKP’S Proposed Theorem

Theorem 1 The Right State Machine is closed under complementation, That is, if S
is a regular set and S ⊆ Σ* then Σ* − S is a Right State Machine.

Proof Let S be R(M) for Right State MachineM = (Q, �, δ, q0, R) and let S ⊆ �*.

First let us take �1 = �, for if there symbols in �1 not in �, we can delete all
transitions of M on inputs alphabets not in �, the fact that S ⊆ �* gives assurance
that we shall not change the language of M. If there are some symbols in � not in
�1, then none of these symbols appear in words of L. We may therefore introduce
‘dead state’ intoM with δ(d, ω) = d for all ω in � and δ(q, ω) = d for all q ∈ Q and
a ∈ � − �1.

Now, to accept �* − S, complement the final state ofM. That is letM ′ = (Q, �,
δ, q0, Q − R). ThenM’s accepts a word ω if and only if δ(q0, ω) is in Q − R, that is,
ω is in �* − S. Note that it is necessary to prove thatM is Right State Machine and
without ∈ moves.
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Table 3 RSM specification State Inputs

a b

q0 … q1

q1 q2 …

q2 … q3

q3 q3 …

Fig. 4 Transition diagram for Example 4.1 .

Example 4.1 An R.S.M. that accepts string baba.
Now the R.S.M. that accepts all strings other than baba.
Here, If S is regular then there is some R.S.M. that accepts the language of S

(Table 3).
The solution is represented in Fig. 4.
Suppose the even numbers of a and even number of b are in �*.
The → arrow denotes initial state and denotes the final state. Here q3 is the

right end state. Thus abab is in R(M).

Theorem 2 The Right State Machine is Closed under the union Operation.

Proof Let us take two right state machine M1 = (Q1, �, δ1, q1, R1) and M2 = (Q2,
�, δ2, q2, R2) that recognize sets A1 and A2, respectively.

Construct M to recognize A1 ∪ A2, where M = (Q, �, δ, q0, R)

(1) Q = {(q1, q2)/q1 ∈ Q1 and q2 ∈ Q2}.
This set is the Cartesian product of sets a Q1 and Q2 and is written Q1 × Q2. It is

the set of all pairs of states the first from Q1 and second from Q2.
(2) �: the alphabets are same as inM1 andM2. We assume that bothM1 andM2

have the same input alphabets �. The theorem remains true if they have different
alphabets �1 and �2. We modify the proof of let � = �1 ∪ �2.

(3) δ: the transition function is defined as follows for each (q1, q2) ∈ Q and each
ω ∈ �, let

δ((q1, q2), ω) = (δ1(q1, ω), δ2(q2, ω))
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Hence δ gets a state of M (which actually is a pair of states from M1 and M2),
together with an input symbol and returns M’s next right state.

(4) q0 is a pair of (q1, q2).
(5) R is the set of pairs in which either member is an accept state of M1 or M2,

we can write it as R = {(q1, q2)/q1 ∈ R1 and q2 ∈ R2}.
This expression is same as R = {(R1 × Q2) ∪ (Q1 × R2)}.
(That is not same as R1 × R2 = R).
This expression would define M’s accepts states to be those for which both

members of the pairs are accept states.
In this case M would accept a string only both ifM1 and M2 accept it.
This establishes the Right State Machine of M that recognizes the union of A1

and A2. Thus this establishes the theorem.

Theorem 3 The Right State Machine is closed under intersection.

Proof S1 ∩ S2 = (S1 ∩ S2), where the overbar denotes complementation with respect
to an alphabet including the alphabet of S1 and S2. Closure under intersection then
follows from closure under union and complementation. If we construct an R.S.M.
for the intersection of two regular sets exist. The construction involves taking the
Cartesian product of states and we sketch the construction as follows

Let M1 = (Q1, �, δ1, q1, R1) and M2 = (Q2, �, δ2, q2, R2) be two Right State
Machines. Let M = (Q1 × Q2, �, δ, [q1, q2], R1 × R2).

Where for all q1 ∈ Q1, q2 ∈ Q2 and ω ∈ �.
Then δ([q1, q2], ω) = [δ1(q1, ω), δ2(q2, ω)].
It is shown that T (R(M)) = T (R(M1)) ∩ T (R(M2)).
Thus this establishes the theorem.

5 Conclusion

This paper analyzed the behavior of communication system. The current study
proposed theorems based on the right state machine with suitable case studies. The
proposed concepts are useful to solve problems that are related to communication
systems in electronics and computer science engineering fields.

Acknowledgements Thanks to Prof. Jugen Dasow for his observation of improvement of this
paper.
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Gleaming of Lights by Pedaling Using
Arduino

T. Thirumala Rao, B. Venkateswara Rao, K. V. V. R. S. Vishnu,
and Y. Jaswanth

Abstract This paper is intended to gleam the lights and visualize the capacity of a
person by his/her performance through pedaling. The idea behind this paper is the
game designed for the urban community’s entertainment and fitness. The performer
has been given a specified count within a span to pedal and such that if he/she fails
due to any cause the count display will be stopped and the performer level will be
displayed through gleamof lights. The gleaming of lightsworks on theArduinomega
microcontroller and this is programmed using Arduino C programming. The basic
working of the system is based on the pedaling by performer and this is captured
by the sensor, thus resulting in the lights gleaming and matrix display displaying
the level. It is designed in such a way that an average person can pedal within the
program specified span.

Keywords Arduino · E-cycling ·Microcontroller · Pedaling · Physical fitness

1 Introduction

Games make people enthusiastic. From past centuries games and sports have been
a part of everyone’s life. Starting from the Greece emperor Hercules, the founder of
Olympics, who had started the competition with the intention of knowing the power
and strength of a person. In the past, games and sports were meant for people who
had a burning desire in them and who were passionate about their strength [1, 2].
Not more than this period it has been totally changed. The twentieth century has seen
tremendous changes regarding health and workout. In the past, the people who had
desire worked out hard and faced struggles in achieving the goals set by them with
the available techniques [3, 4].

But by the twentieth century each sport or game is a common factor in everyone’s
life, this makes everyone healthier and warm minded toward their activities and in
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this concrete jungle the only way to have peace of mind and some relief is achieved
only through games and sport [5, 6]. Technology is also playing an important factor
to automate these kind of activities to lure most of the people. Starting from the kids,
youngsters, adults and geriatrics games are made to be easier and the goal can be
achieved by just diverting their thoughts to focus on the game [7, 8].

Research Motivation
Nowadays e-fitness and entertainment plays a key role in some urban areas and
metropolitan cities. Most of the people are so enthusiastic in performing these kinds
of activities. The cities with places such as the malls have thrown back the throne of
the parks, amusement parks, etc. Most of the people are being attracted to its fantasy
and their regular service. The malls propagated such a model that kids, youngsters
are finally lured by their amusements. Authors propose the fun creation in frolic
activities coming with a prototype. The motif has the Arduino microcontroller in
which most of the prototypes are figured. The exercise bikes are a form of indoor
cycling and these are organized with a group fitness format. By using this stationary
bike the performer will have the endurance of ultimate strength.

The propagatedmall with this luring activity is the Trendset mall in Vijayawada. It
is unique in its own way. The mall proposes the sample amusements to be performed
every time and this time they have proposed an activity to be performed with the
exercise bikes in order to lure many people.

2 Solution Methodologies

Various solution methodologies on e-cycling are discussed further.

2.1 Revolutions Measurement with IR Sensor

This method is achieved by fixing a black color strip on the rotary wheel such that the
IR sensor is stationary and when the strip crosses the IR sensor sends the signal. The
timer runs according to the code and for a specified time in seconds the count should
be met, so that the count and seconds are compared with the preset values. But there
are some drawbacks in this method, for instance when the rotary part over speeds
then it misses the count and just skips the count to be added, the IR sensor senses
the false count under some instants at overspeed and dark surfaces or spots. Such
that the IR sensor makes the count even when the strip doesn’t pass through it. From
the above analysis the solution is not perfect. IR sensor interfaced with Arduino is
shown in Fig. 1.
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Fig. 1 IR sensor interfaced with Arduino

Fig. 2 Color sensor interfaced with Arduino

2.2 Revolutions Measurement with Color Sensor

The colored strip is placed on the rotary part such that the sensor is placed on the
side and made to be stationary and the no of times the color band passes through the
sensor makes the count. Drawbacks in this is the color sensor is similar to the IR
sensor and it has the same drawback while at over speed it misses the count or false
count may occur. Color sensor interfaced with Arduino is shown in Fig. 2.

2.3 Revolutions Measurement with Accelerometer Sensor

The acceleration sensor can measure the speed and the distance traveled and the
sensor is placed toe to toe of the rotary element. The microcontroller performs the
logic and compares with the preset speed and distance with respect to time. Such
that the user or the participant will have to maintain the preset speed but not less than
period of time specified which allows him to the next level. Accelerometer sensor



362 T. Thirumala Rao et al.

Fig. 3 Accelerometer sensor interfaced with Arduino

interfaced with Arduino is shown in Fig. 3. This sensor can be used and this makes
the user assume the pedaling speed that he can make.

2.4 Revolutions Measurement with Hall Sensor

The hall sensor produces the pulse when the magnetic field is introduced. This sensor
is chosen as per its accuracy and compatible size, compared to the remaining sensors.
It has a fast response to magnetic field and there is no miss count or over count as
the count exists only when the magnet cuts the sensor face. Hall sensor interfaced
with Arduino is shown in Fig. 4.

Fig. 4 Hall sensor interfaced with Arduino
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3 Problem Description

Gleaming the lights and a doll to be moved after certain count of pedaling. The
lights are led strips which are to be lightened up when the person crosses the certain
limit of count, i.e. to indicate the next level such that he had completed the level
on time and before reaching the final level successfully the doll starts clapping and
cheering up indicating the final level. The counting of rotations is achieved by using
the sensor and this sensor data is then generalized for the comparison in the Arduino
microcontroller. Choosing the sensor is based on sensor accuracy, compact size and
cost. The crisis is the power supply to the relay module to lighten up the led and the
P10 display to display the level and status of the person. Here there is a distortion in
the P10 display and led to blink without any interruption, and this malfunction is due
to the Arduino board when it is driving both display and relay for led with Arduino.
Choosing of right Arduino board to eradicate this problem manages max error.

Components required are Microcontroller, Sensor, Relay module, P10 display,
Led rope, doll and Power supply. The microcontroller is the device which has a
set of instructions to be performed. The microcontrollers are of multiple designs
and architecture [9]. The selection of microcontroller is based on its application.
The Arduino microcontroller is well suited for the motif proposed, as it has simple
architecture and instruction set that everyone can understand. Arduino has several
boards with different architecture. Selection of board is based on the requirements
specified. Regarding the usage in the Trendset mall 13 led ropes with P10 display
are interfaced such that the Arduino mega board is enough to meet the requirement.
The timer is run when the user starts pedaling and this is programmed in the Arduino
and at the instant user pedals the program starts executing with the logic written.

The sensor is generally based on the Hall Effect principle in which it generates a
pulsewhen amagnet passes through it. The foremost interesting part is the connection
of the sensor to the Arduino pin of an external interrupt pin and in which it counts the
pulse whenever a falling edge pulse appears. The working of the sensor is simple and
is described in [10]. The output module such as displays, driving circuits, memory
elements, etc., are to be driven by external supply and signaling is done through
the Arduino board according to the code dumped on to the board. The P10 display,
doll and the relay have an external power supply module in which these are being
controlled by Arduino [11, 12]. The P10 board is of 32 × 16 type which displays
the content through different libraries available in the Arduino. The complete block
diagram is shown in Fig. 5.

4 Results and Discussion

The hall sensor is energized when the magnetic flux lines passes through it, then it
actuates a pulse. The magnet is fixed on the rotary part and the sensor is placed in
such a way that the sensor face is just a bit gap with the magnet to be moved (in front
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Fig. 5 Block diagram

of). The Arduino MEGA 2560 is chosen such that the P10 display board and relays
(13) are controlled. The hall sensor sends the data to the Arduino microcontroller in
which the preset count is to be compared. When the user starts pedaling the timer
starts. According to the level of count and prefixed time the user has to achieve
in a short duration than the one mentioned. Else he fails the level even though he
completes the count such that the level of lights stops gleaming for a certain range.
The P10 displays the level and imitates with a caption. Flow chart of the model is
shown in Fig. 6.

Pedaling of exercise bike by a user and viewing of the level with gleaming of
lights rolled on the tree model. Figure 7 shows the 7th level of the user.

Table 1 shows the count and revolutions with respect to the time in seconds such
that the user has to complete the task. If he passes then the level will be gained and
incremented to the next level by indicating through gleam of lights and level number,
else indicating the past level gleam of lights and the caption to be scrolled on the
display. If an average person is pedaling for 20 s continuously, his/her performance
will slow down eventually, such that he/she can pedal up to 5th stage successfully.

From stage 6 it possesses the limited time for vast pedaling cycles to be done.
This can be achieved by some gym person and for good cyclists, but for an average
person the chances are less to achieve the full levels. The idol dances and cheers up
when the user pedals to such a level.

The model is experimented in two phases

i. The basic model, it uses the sensors such as color sensor, IR sensor and hall
sensor. Although the accelerometer sensor is more accurate but for the count it
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Fig. 6 Flow chart of model

Fig. 7 Final model with
display
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Table 1 Time and revolution to be done by user from stage 1 to stage 13

Count/revolutions to be made Time (s) Captions displayed on P10 display and leds
gleamed on the tree

If passed If failed

10 4 1st stage
1 light gleams

U kid!
No light gleams

20 8 2nd stage
2 lights gleam

Kidoo!
Stage 1 lights gleams

30 12 3rd stage
3 lights gleam

Just a bit lazy!
Stage 2 lights gleam

40 16 4th stage
4 lights gleam

Can do better
Stage 3 lights gleam

50 20 5th stage
5 lights gleam

Stage 4 lights gleam

60 24 6th stage
6 lights gleam

Don’t lose again
Stage 5 lights gleam

70 28 7th stage
7 lights gleam

Good, try again
Stage 6 lights gleam

80 32 8th stage
8 lights gleam

Very good, try again
Stage 7 lights gleam

90 36 9th stage
9 lights gleam

Better, try again
Stage 8 lights gleam

100 40 10th stage
10 lights gleam

Nice, try again
Stage 9 lights gleam

110 46 11th stage
11 lights gleam

Rigid, try again
Stage 10 lights gleam

120 52 12th stage doll starts
12 lights gleam

Ultimate, try again
Stage 11 lights gleam

130 60 13th stage
13 lights gleam Yay you
completed

Wow! try again
Stage 12 lights gleam

isn’t suitable. The sensors are tested in different cases such as E-bike, Cycle,
gym cycle.

ii. The final model at the Trendset mall is developed with hall sensor, because this
sensor has more accuracy and sensitivity. All the work entitled including the doll,
gleaming of lights took nearly 27 h continuously with trials.

5 Conclusion

The attributed gleaming of lights through pedaling has been used by most of the
visitors of the Trendset mall. In such a way that the proposed model is well suited
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in the urban and semi-urban areas as a part of enjoyment to the metropolitans, the
citified culture is being inculcated with the new trends as the proposed model does.
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A Vision-Based Unstructured Road
Detection Algorithm for Self-driving
Cars

R. Rajesh and P. V. Manivannan

Abstract Unstructured road detection is one of the difficult tasks for self-driving
cars than the detection of road with proper lane markings. Also, it is an extremely
difficult task to detect the highly deteriorated district and taluk roads using currently
available vision-based algorithm; as the exposed gravels and grass covering on both
sides (edges) of road addsmore noise in the input image. To address this issue, a novel
vision-based road detection technique is proposed in this research work. This new
method uses noise to enhance the road edges in the image and unstructured straight
road is detected using Hough Transform. This paper is divided into three parts:
bird’s eye view transformation of 2D road image received from the vehicle camera
to correct the perspective distortion and easier identification of Region of Interest
(ROI), addition of noise in the ROI of image to differentiate the valid road from the
background and use of Hough Transform to identify the edges of unstructured road
having no road markings. Finally, we present a simple way to find the centerline on
the detected road for departure warning to reduce the additional computation. The
simulation results corroborate that the proposedmethod detects the road successfully
and can be used in real-time detection system.

Keywords Autonomous road vehicle · Unstructured road detection · Image
feature enhancement

1 Introduction

The common causes for more road accidents and causalities are reckless over
speeding, alcohol consumption while driving, driver fatigue, distraction, and others.
In the year 2018 alone, India reported more than 467,044 road accidents resulting in
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151,417mortalities, injuring close to 469,418 people. Themajority of people (64.4%)
were killed due to over speeding [1]. Themajor reasons for accidents are driver errors
like: high speed, driving in opposite direction, not following road rules/ignoring
traffic signals, driver fatigue leading to losing alertness coupled with unexpected
pedestrian/animal crossing. Almost 93% of accidents are due to driver errors only
[2]. Hence, the introduction of a self-driving vehicle is expected to improve the safety
of the driver and passenger, increase traffic density, reduce environmental damages,
and reduction road accidents due to human errors and related causalities [3]. In addi-
tion, lane detection and lane departure warning (LDW) systems are important in
avoiding collisions in roads. However, the lane detection algorithms currently in use
require proper lane markings on the road to be get detected and they fail (or) poorly
detect the lane marking of deteriorated roads. So, there is a need for road edge detec-
tion algorithm to detect unstructured deteriorated roads without any road markings,
poor road surface, indistinguishable color texture. In this research work, we have
come up with a novel road edge detection algorithm that takes care of noise in the
unstructured road image. The proposed method adds noise in the raw road image to
enhance pixels of road edges and uses Hough Transform to identify the edges and
centerline of ROI of the road without any difficulty.

2 Relevant Work

For the past few decades, a greater number of researchers are working to improve
the performance of intelligent transportation systems (ITS). The notable work starts
with development of LDW system that throws an alert, if the vehicle crosses the
centerline of the lane [4]. The major challenges with lane detection are: missed lane
markings, faded out lane lines, low light (night time), and noise in the image [5].

The main problem with lane detection is detecting both sides of the lane bound-
aries. To make the computationally efficient lane detection algorithm, color-based
segmentation method [6], was used. However, this method is not suitable, if illu-
mination problem is there due to reflection. A fan scanning detection [7] is used to
remove interference and this approach explores the edge pixels from left to right and
also from bottom to top, to calculate the line segment in detecting adjacent lane to
improve the ADAS. This method is purely based on the thresholding process. The
unstructured scenes are more stirred by illumination variation; hence, it is harder to
incur robust appearance with offline training. To overcome this, the sample region
selection is done automatically by a vanishing point and the border of the sample
region is selected by projecting the imaginary rays [8]. Subsequently, graph-based
segmentation is used to initialize the subregions as one pixel and based on the color
difference between subregions, the neighboring subregions are unified iteratively but
its computational cost is high. In [9], vanishing point-based segmentation is used to
detect the lane region.

To make the efficient lane detection method, researchers [10] have proposed a
Hue, Saturation, Value (HSV)-based image denoising by using Gaussian filter and
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adaptive ROI. Then, the lane line segment is detected and tracked using Hough
Transform and Extended Kalman filter, respectively. This method performs well
for roads with proper lane markings, but not suitable for unstructured roads. An
FPGA based dual-stage lane detection algorithm was proposed [11] to tackle the
difficulties like shadows, occlusion, brightness variation. An adaptive threshold-
based unstructured road detection method was proposed to detect the lanes under the
influence of light, shadows, and other adverse factors [12]. However, it is suitable
only for the lane which can be easily identified from the background.

By using Hough Transform lane marking are detected and by using Lateral Offset
Ratio (LOR) [13], based framework the lane departure warning is issued, when
vehicle deviates from the centerline. However, this method adds computational
burden for the lane departure warning system. The lane departure prediction based
on the number of frames was proposed to reduce the computation [14], but it is not
accurate. All these methods are meant for the regular roads with lane marking. From
the literature survey, it is ascertained that there is a need for an algorithm to detect
unstructured road which could not be easily identified from the noisy background.

3 Methodology

In thiswork, image processing techniques: Color toGrayscale conversion,Histogram
equalization, adding noise, image sharpening, edge detection, and selectingROI have
been performed on the raw image to enhance its quality, before road edges were
detected using Hough Transform. The input image was captured using a mobile
phone camera (having 3456 × 4608 resolution) and is converted into a bird’s eye
(top) view using inverse perspective mapping to correct the perspective distortion
of road before the preprocessing steps. The road edges are detected using Hough
Transform and the methodology followed in this work is shown in the Fig. 1.

3.1 Inverse Perspective Mapping for Bird’s-Eye View

The true parallel road edges appear to converge in 3D space due to perception distor-
tion and this can be corrected through Inverse Perspective Mapping (IPM) and its
output is called bird’s-eye view. Bird’s-eye view gives the top view of the input front-
facing image where, the parallel road edges appear parallel, a necessary condition
for detecting the curved lane. In this work, the unstructured road image captured by
the vehicle camera is a perspective distorted; hence, it is difficult to distinguish the
valid road width at faraway point. The perspective distortion needs to be corrected
before further processing video data to identify the road edges (i.e. similar to lane
marks in highway). The input image is taken using a mobile phone camera at 3456×
4608 resolution. As it is computationally expensive to process such high-resolution
images fully, only an image section representing 10 m distance ahead of camera is
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Fig. 1 The proposed methodology for unstructured road detection

converted into Bird’s-eye view image (top view image) with reduced resolution of
480 × 640 pixels. To perform this conversion, we need camera parameters. For that,
we initially calibrated the camera using a checkerboard image of 20× 20 mm size in
MATLAB and the transformation is done using “birdsEyeView”MATLAB function.
The camera parameters used for the bird’s-eye image are shown in Table 1. The top
view image retains all the information as in the original input image.

Table 1 Parameters used for
bird’s-eye view image

Parameters Values

Focal length [f x , f y] [3614, 3618] pixels

Principal point [cx, cy] [2328, 1720] pixels

Input image size [H, W ] [3456, 4608]

Intrinsic matrix
⎡
⎢⎢⎣
3614 0 0

0 3618 0

2328 1720 1

⎤
⎥⎥⎦

Height from ground 1.5 m

Pitch 0

The distance ahead of sensor 10 m

Space to one side 2.5 m

Bottom offset 3 m

Output image size [H, W ] [480, 640]
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3.2 Image Preprocessing

As our input image is an unstructured street road made of red soil and basalt/granites
which is in a deteriorated state and covered by grasses on each side of the road. It
is impossible to segment the image based on Hue, Saturation, Value image. Hence,
we convert the RGB image into a grayscale image based on the luminosity method
as given in Eq. (1).

Grayscale = ((0.3 ∗ R) + (0.59 ∗ G) + (0.11 ∗ B)) (1)

To enhance the contrast of the image, histogram equalization is done. This will
make the white as whiter and black as blacker, and easier to identify the feasible road
region. The bird’s-eye image is having noise because of stretching the front-facing
image. So, it is difficult to reduce the noise by applying image filters instead, we
added salt and pepper noise with a noise density of 0.05. Now, the added noise on
the histogram equalized image gives you the distinguishable road region from the
background. After that, region of interest for the feasible road is selected manually
using a polygon with defined pixel coordinates. Then, sharpen the selected region
of interest using the ROI filter to get the virtually segmented road region. Here,
thresholding is not applicable because of the color texture of the input image. Hence,
the sharpened image is added with −50 constant value to darken the image. This
makes the image to be easier for the region of interest selection for lane boundary. A
canny edge detector is applied to detect the edges on the darkened image, and neglect
edges occupying less than 30 pixels to get rid of smaller objects.

Based on the variation between detected edges on ROI sharpened portion and
background is considered as the ROI of lane boundaries. Hough transform cannot
be directly applied to the ROI of lane boundary because of its open edges, it may
lead to give wrong Hough peaks. Hence, the ROI of lane boundary is undergone
morphological operations like closing and remove. The closing operation makes the
edges as solid white lines and remove operation removes the interior pixels of the
white line. With this, preprocessing steps are over.

3.3 Lane Detection

Hough Transform (HT) is the most familiar technique for detecting straight lines.
After completing the preprocessing stage, the lane line segments are detected using
HoughTransform. The standardHoughTransformuses the parametric representation
of a line is given by Eq. (2).

ρ = x cos θ + y sin θ (2)
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where, ρ is the distance from origin to the line passing through P(x, y), θ is an angle
in degrees between the x-axis and the ρ vector. The relation of the lane line and the
Hough Transform is depicted in Fig. 2.

CenterLine Detection. The centerline between the detected lanes can be deter-
mined by Eq. (3) and Fig. 3. depicts the detected lanes with a centerline. Xm is same
for all Ym values which varies from 40th pixel to 420th pixel with an increment of 10
pixels on a bird’s-eye view image. Using Eq. (3), the centerline can be determined
for the lane departure with zero additional computation cost. If the centerline along
the vehicle’s Y-axis deviates from the detected centerline of the road, the vehicle
throws departure warning.

Center line (Xm) = ((X22− X12)/2) + X12 (3)

4 Simulation Results

The simulation is done onMATLABR2018awith Intel(R)Core (TM) i5-7200UCPU
@ 2.50 GHz, 12 GB installed RAM, and× 64 based processor. An Oneplus6 mobile
phone camera is used to take the input image. The simulation results (Figs. 4, 5, 6,
7, 8, 9, 10, and 11) show that the proposed method successfully detects unstructured
road lane.

During the image preprocessing steps, the noise and illumination variations
due to sunlight are taken care of by adding noise, sharpening, and darkening the



A Vision-Based Unstructured Road Detection Algorithm … 375

Fig. 4 Input image

Fig. 5 Bird’s-eye view
using IPM

Fig. 6 Adding salt and
pepper noise



376 R. Rajesh and P. V. Manivannan

Fig. 7 Sharpened image

Fig. 8 Extracted left lane

Fig. 9 Extracted right lane
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Fig. 10 HT-based detected
lanes

Fig. 11 Detected lane with
centerline

image. Hence, the proposed algorithm shows robust performance in detecting the
unstructured road lanes under the influence of heavy noises and sunlight.

4.1 Comparative Study

To evaluate the performance of the developed algorithm, the algorithm was made to
run for 200 iterations on the same platform used for the simulation and the average
computation time achieved is 1.54 s. Also, the developed method is 1.82 and 1.97
times faster than the sample region based on vanishing point and imaginary ray
method, and edge-based method, respectively. The comparative result is shown in
the Table 2.



378 R. Rajesh and P. V. Manivannan

Table 2 Performance
comparison

Method Image size Average time (s)

Kong et al. [9] 240 × 180 3.04

Phung et al. [8] 100 × 140 2.81

Proposed method 480 × 640 1.54

5 Conclusion

In this paper, we proposed a novel vision-based unstructured road detection technique
uses a new method of image preprocessing steps and Hough Transform to detect
lanes. First, the input image is converted into a top view image then, applied the
preprocessing steps to select the ROI based on canny edge detector results. Secondly,
HT-based lane detection is done along with a simple centerline detection for lane
departure warning. The proposed method shows good detection results on highly
deteriorated roads influenced by noise and sunlight. In this work, Region of Interest
(ROI) is selected based only on the intensity difference between the sharpened area
and background. In the future, it is proposed to use adaptive ROI selection to make
the algorithm more robust.
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Experimental Investigation of Automatic
Aeration Process and Condition of Aqua
Ponds Monitoring System with the Help
of Internet of Things

Mummina Vinod, M. Raghuraman, and V. Mahesh Chakravarthi

Abstract The operating cost and investment cost increases every other day in the
field of aquaculture and one of the most common issues in the aquaculture is the
deficiency of oxygen in the pond. To overcome this situation, the farmers are using
aeration process, this process might be easier for observation but, it needs a lot of
human effort and cost for maintenance. In traditional method most of the farmers
are operating these aerators in the time interval bases but not on the basis of DO
(Dissolved Oxygen) and weather temperature conditions, due to this the operating
cost is very high and the productivity is also low. To overcome all these problems an
automated aeration system is designed along with an application and it is work on
the basis of Internet of things platform. In this system DO sensor, temperature sensor
and some other mechatronic elements are used, according to the inputs given by
sensors the aeration process is working and the farmer can monitor the system from
any location without any human observation at pond. One main advantage in this
system is that it can turn off the aerators automatically when there is no necessity of
working in order to save the power. An experiment was conducted with this system
in Bhimavaram, Andhra Pradesh and we had compared the process parameters with
the traditional method.

Keywords Dissolved oxygen · Aeration · Aquaculture · Internet of things

1 Introduction

Dissolved Oxygen is very essential in aquaculture it places a major role especially
in Shrimp ponds. DO indicates the quality of the pond water and health of the aqua
animals. If DO concentration is very low, it will cause stress, low growth rate, poor
appetite, increases of disease and leads to death in aqua animals [1]. The Fig. 1
shows the problems faced by the aqua farmers. The DO concentration in aqua pond
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Fig. 1 Death of prawns due to low DO and breaking of aerators due to heavy loads

Table 1 Level of growth in international shrimp farming

Level Providing of feed Aeration Yield range in kg/ha

Extensive Not provided Not provided Less than 500

Semi-intensive Provided Not provided 500–2500

Intensive Provided Provided 2500–10,000

Super-intensive Provided Provided Greater than 10,000

is depends on salinity and water temperature, DO level decreases with the increasing
of both these parameters. The degree of pond water turbulence and degree of sunlight
penetration with water also affect the DO level in the pond. Different aqua animals
need different DO levels, for warm water fishes minimum 5 mg/L [5] is mandatory
and for coldwater species minimum 6 mg/L [5] is mandatory. Therefore the required
DO level for Shrimp cultivation is 4 to 5 mg/L or higher [2, 3], Salinity is 10–28 ppt
and the temperature range is 24–34 °C [2]. So aqua farmers shouldmaintain sufficient
amount of DO in the pond otherwise they may get losses due to low growth rate or
potential death of aqua animals. To avoid all these problem, farmers are using aerators
in the aqua ponds. The aerators will mix the atmospheric air (oxygen) with water
to increase the amount of oxygen content in water. Table 1 [2] represents the yield
difference between, with aerators and without using of aerators. It is hard to maintain
the required Dissolved Oxygen value and salinity of water without any mechanical
aeration system.

1.1 Current Approach

In current approach to run the aerators a continuous human observation is required
even at night time also because DO level decreases during the night time compared
with daytime [4]. Monitoring of ponds during the night time is very risk for the
farmers and also it is very tough job for them, so farmers are spending lot of money
for labors to operating aerators during night time. According to DO level andweather
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Fig. 2 Current approach method

conditions we should run the aerators otherwise the oxygen content in the pond will
get reduced and leads to fish deads. Themajority of farmers run the aerators according
to time basis only but not on the basis of DO level and temperature, due to this there
is a chance to wastage of power and aerators may be damaged due to heavy loads.
In case if we not run the aerators at required time then the loss will be very high.
So 24× 7 human observation is required for current approach. The Fig. 2 shows the
current approach.

1.2 Empirical Relations of Aerators

The performance of the aerators is completely depending upon the StandardAeration
Efficiency (SAE) and Standard oxygen-transfer rate (SOTR). SOTR [6] is defined
as the amount of the oxygen transferred to a water body in unit time under standard
conditions.

SOTR = KLa20 × (C◦ − C0) × V = KLa20 × 9.07 × V × 10−3 (1)

where:

KLa20 = (KLa)T

∅T−20
= Coefficient of overall oxygen transfer at 20 ◦C

(
h−1)

KLaT = Coefficient of overall oxygen transfer at T ◦C
(
h−1

)

∅ = correction factor for temperature = 1.024(for clean water)

C° DO saturation value at rest condition (mg/L)
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C0 Concentration of initial DO (mg/L)
9.07 Saturated dissolved oxygen level of clean water in (mg/L) at 20 °C and

saturated atmospheric pressure
V Water volume (m3)
10−3 Units Converting Factor to kg

SAE [6] is defined as the amount of oxygen transferred per unit of energy input.

SAE

(
kg O2

kWh

)
= SOTR

P
(2)

where:

P = (
2πN .τ
60 × 10−3

)
Power required to run the aerator shaft (kW)

N Speed in rpm
τ Torque.

2 Proposed Approach

To overcome all the problems in the current approach we proposed a smart aqua
system which is works on the Internet of things. It allows the aerators to run only
when the DO level and temperature levels are not in desired range and hence no need
of human monitoring. Farmers are able to know the condition of the pond like DO
level, temperature of the aqua pond water and the working of the aerators with the
help of monitoring application installed in their smartphone from any location. The
WiFi module (ESP8266) is the only component that is responsible for the working
of entire application along with DO sensor and temperature sensor. ESP8266 sends
and receives the internet signal and passes the information to the relay module. Then
the relay module acts as switch and works according to program. This smart system
is having two different modes like Manual and Auto mode to operate the aerators.

2.1 Manual Mode

Manual means it can be controlled or operated with the aid of human from anywhere.
The designed application is set with manual mode to help the farmers to control the
aerators in emergency situations. Those situations include failure of DO sensor and
temperature sensor and also in cases like improper working of the system. The Fig. 3
shows the working of the application in manual mode. In manual mode farmer can
operate which aerator set is required.
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Fig. 3 Manual mode

2.2 Auto Mode

In the auto mode, the application will be working based on the coding program by
itself without any human interference as shown in Fig. 4. The sensors in the system
sense all the readings and works according to the code. Initially after checking the
authentication, it senses the DO value and then allows the aerators to rotate if the
value is not in the desired range (5 mg/L) and otherwise it will be in rest condition.
Later, it senses the temperature value and runs the system only if the value is greater
than the 34 °C. A human cannot operate aerators when it is set to auto mode.

Fig. 4 Auto mode
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3 Experiment Setup

The proposed smart aqua system is installed in aqua field located in Bhimavaram,
Andhra Pradesh. It is observed for one yield and compared with the current approach
method. In this study, we cultivated shrimp. Initially we took two acres of aqua pond,
in one acre smart aqua system is installed and remaining acre follows current approach
as shown in Fig. 5.

3.1 Polarographic DO Sensor

ThePolarographicDOsensor [7] is an electrochemical type sensor inwhich the anode
is silver; the cathode is gold and the potassium chloride (KCl) act as an electrolyte
as shown in the Fig. 6. The electrolyte solution and electrodes are isolated from
the sample by a membrane. When the constant voltage is applied to the circuit the
electrodes are get polarized and the following reactions are occurring at the electrodes
surface.

Reaction at Anode: Ag + Cl− → AgCl + e−

Reaction at Cathode: 2H2O + O2 + e− → H2O2 + 2OH−

H2O2 + 2e− → 2OH−

Overall Reaction: 2H2O + O2 + 4Ag + 4Cl− → 4AgCl + 4OH−

Due to these reactions the electrical signals travel from cathode to the anode
through the membrane and this electrical current is directly related to the oxygen

Fig. 5 Experiment setup is installed in the aqua field
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Fig. 6 Polarographic DO sensor

Table 2 Technical specifications of DO sensor

S. No. Description Limits

1 Range 0–20.0 ppm

2 Accuracy ± 0.2 ppm to ± 1 count

3 Resolution 0.1 ppm

4 DO sensor Amperometric gold/silver membrane type

5 Power 9 V battery

concentration in the water. The technical specifications of Polarographic DO sensor
as shown in Table 2.

4 Results and Discussion

Weconducted an experiment alongwith aqua farmers fromMarch-2019 toMay-2019
and compared both Current approach system (CAS) and Smart Aqua system (SAS)
with one another. We installed the SAS in one acre for one yield and for another one
acre we followed the traditional method (CAS). We took nearly 1.7 Lakhs of shrimp
seeds per acre [8] for cultivation and the cost per single seed is 0.75 Rs. [8]. The
harvesting time period for shrimp is nearly 90–120 days [8, 9]. For aeration purposes
we used 4 aerator sets per acre [9] for both the systems. The number of seeds, cost
for seed and aerator sets are common for both the systems.

We monitored the SAS installed aqua field with the app 24 × 7 and we got the
data like temperature of the water, DO in the water and working of aerators through
the App installed in our phone. According to the environmental conditions and DO
level in the water the SAS operates the aerators without need of human help but in
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Fig. 7 Energy consumption in CAS and SAS

the current approach method farmer observation is needed for operating the aerators
throughout the day. We collected the electrical consumption data to run the aerators
from the energy meter on a weekly basis for both the systems as shown in the Fig. 7,
by observing simple we can say that the smart aqua systems consume less power
compared with the current approach method because the SAS works according to
the weather conditions and DO level in the aqua pond. Depending on the size of the
shrimp the market value is varying [11]. Size is nothing but kg per mean body weight
of the shrimp. After completion of the yield the body weight of the shrimp is 20 g in
SAS and 16.66 g in CAS.

Therefore,

Size = 1 kg

Mean bodyweight
= 1000

20
= 50 count in SAS

Size = 1 kg

Mean bodyweight
= 1000

16.66
= 60 count in CAS

Theoretical calculations for productivity of shrimp

Tonnage harvest = Population

Mean bodyweight
= 170,000

50
= 3400 kg in SAS

Tonnage harvest = Population

Mean bodyweight
= 170,000

60
= 2833 kg inCAS

From theoretical calculations we estimated the crop production as 3400 kg in SAS
and 2833 kg in CAS but practically we got 3242 kg in SAS and 2618 kg in CAS.
Finally we got 624 kg of shrimp more in SAS compared with CAS, because in SAS
the DO level is maintained in a proper way throughout the day. The DO level shows
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Table 3 Comparison of current approach system and SAS

Items Current approach system Smart aqua system

No.of units Price in
Rs./units

Total price
in Rs.

No.of units Price in
Rs./units

Total price
in Rs.

Time period 3 months – – 3 months – –

Cost of seed 1.7 lakhs 0.75 127,500 1.7 lakhs 0.75 127,500

Aerators
used

4 35,000 140,000 4 35,000 140,000

Labor
charge for
feeding

3 months 7000 21,000 3 months 7000 21,000

Labor
charge for
operating
aerators

3 months 8000 24,000 0 0 0

Current
charges to
operate
aerators

19,257 2.00 38,500 11,150 2.00 22,300

Production
of shrimp

2618 kg – – 3242 kg – –

Selling price 2618 kg 350 916,300 3242 kg 350 1,134,700

Profit in
selling price

– – – – – 218,400

Total
Investment

– – 351,000 – – 310,800

Savings in
investment

– – – – – 40,200

a vital role in the growth of the shrimp [10]. The money spent for different items in
both the systems was presented in Table 3. From Table 3 we can identify that the
Cost of seed, number of aerators used and labor charges for feeding are same in both
the systems but in SAS labor charge for operating aerators is zero and productivity
is also increases compared with current approach.

5 Conclusion

To eliminate all the problems faced by the aqua farmers with the traditional method,
a smart aqua system is developed which can give perfect solution to reduce the labor
cost, energy consumption and human efforts. In this experimental study it has been
observed that the productivity of aquatic animals increases in aquaculture and also
enhances the profit up to 36% earned by aqua farmers. This proposed method is very
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beneficial to the aqua farmers compared with the traditional methods, by using this
method the farmer got Rs. 40,200/– savings in total investment due to omission of
unnecessary running of aerators and he can able to increase his selling profits up to
Rs. 218,400/– due to increased production rate.
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Modeling and Designing
of Plug-in Electric Vehicle Under V2G
Compatability

K. Kiran Kumar and B. Srinivasa Rao

Abstract Since last decade, the utilization of vehicles increases rapidly and these
fuel engine vehicles cause environmental problems. To overcome these greenhouse
effects electric vehicles play a prominent role. In electric vehicles the engines are
replaced by electric motor and fuel tanks are replaced by battery banks. In these
electric vehicles, plug-in vehicles providing a competitive range due to increase
in power electronics and energy storage. Bidirectional converters are proposed in
these plug in vehicles to control the battery system. And also a suitable controller is
proposed to this converter tomaintain an effective operation of vehicle. This proposed
system is tested and verified using MATLAB Simulink.

Index Terms Electric vehicle · PV system · Power electronic converter · PWM
technique · Battery energy system

1 Introduction

The constant ascent in gas costs alongside the expanded worries about the contami-
nations delivered by petroleum product motors are constraining the present vehicle
market to discover new choices to decrease the non-renewable energy source use.
Alongside the exploration on bio-fuel driven motors; diverse electric vehicles and
crossover electric vehicles are developing as feasible choices to supplant, or possibly
decrease, the flow armada of non-renewable energy source driven vehicles [1]. Albeit
flow made electric/mixture vehicles are being promoted as an approach to diminish
petroleum product use, a few promising advances are being exhibited that can use
power hardware to charge the battery from the utility utilizing module vehicles or
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go about as a disseminated asset to send power back to the utility with vehicle-to-
network capacities. Right now, module vehicle topologies are portrayed to audit the
force hardware required for them. The recently developing Vehicle-To-Grid V2G
innovation is additionally talked about alongside financial matters and consistence
necessities to permit the vehicle to be associated with the matrix [2]. Before delving
into the subtleties of intensity gadgets required for the electric/crossover vehicles, the
regular types of these vehicles are portrayed beside get acclimatedwith the wordings.

This paper proposes a concept to design an Electric vehicle operated with PV-
Battery system and also have the capability to transfer energy to grid system (V2G
capability).

2 Electric Vehicles

In general, the electric vehicle consists of battery storage systems in place of fuel tanks
and electric motors in place of combustion engines. Here, the electric motors chosen
are either synchronous motor or induction motor. A bidirectional dc-dc converter
is used to control the charging capability of battery. In this paper, an alternative
generation system is used to charge the battery. The main advantage of this electric
vehicle is simple in construction and easy to maintenance. And also, the requirement
of battery capacity for this type of electric vehicles is more which increases the
economic and complexity in circuit. To overcome this difficulty plug-in electric
vehicles PEV are introduced. The structure of electric vehicle is shown in Fig. 1 [3].

Fig. 1 Block diagram of EV
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2.1 Proposed Electric Vehicle Structure

Generally, an ElectricVehicle is an automobile device and it consists ofmany compo-
nents andmore number of wires connecting them. The block diagram shown in Fig. 1
shows the minimum components required for an Electric Vehicle. In general EVs,
the combustion engines are replaced by electrical motors and conventional fuel tanks
are replaced by battery banks. In EVs both electric motor and batteries play a key
role and occupy 50% of total weight of the vehicle. As from the diagram, battery,
power converter, electric motor, charger and energy management systems are the key
components.

• In electric cars batteries are fuel sources. In order to reduce the cost and weight of
the battery banks a super capacitor or fuel cell and plug-in charge based devices
are the alternative solutions.

• Generally, in EVs there is a possibility to use two converters. One converter is to
boost the battery or dc voltage by using suitable dc/dc converter and the second
converter converters the battery energy toAC,which is required to operate electric
motor efficiently. In this paper a single stage three level pulse width modulation
PWM based converter is proposed.

• In EVs, the batteries act like fuel tanks and similarly the electric motors act like
engines [4]. There are different types of electricmotors available in presentmarket
like, BLDC motor, Brushed DC motor and Induction Motors. In this paper, the
induction motor is chosen as engine in EVs.

2.2 Plug-in Vehicles

Generally, in electric vehicle the capacity of battery usage is more. In order to
reduce the battery capacity and maintain economic concept rechargeable batteries
are proposed. This also called as plug-in charge vehicles. The structure of plug-in
hybrid electrical vehicles (PHEV) is shown in Fig. 2.

2.3 Plug-in Electric Vehicle Charger Topology

Figure 3 shows the proposed structure of bidirectional converter based electric vehicle
which has capable of vehicle to grid and vice versa. For this, a bidirectional inverter
and dc-dc converter topologies are proposed. The advantage of these converters are
that these are designed with 6 less number of switches. To improve the stability,
power quality and dynamic behavior of the system, this system consists of some
passive components [5]. The output of the bidirectional dc/dc converter is given to a
conventional three phase inverter. The purpose of this inverter is produce required to
operate the induction motor drive effectively. Here, this paper proposes a multilevel
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Fig. 2 Configurations converted PHEV

Fig. 3 PEV charger topology

inverter. The advantage of multilevel inverter is that the generated high power and
high voltage have been effectively controlled. The unique nature ofmultilevel inverter
is to generate high voltage levels [9].
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2.4 Controller Design

The closed loop control diagram for bidirectional converter under V2G and G2V
cases is shown in Figs. 4 and 5.

In order to achieve high voltage with low source inductor, this chopper circuit is
proposed with capacitor at two sides of circuit. The control diagram for chopper is
designed with dc bus and battery voltages under two considerations, i.e. G2V and

Fig. 4 Controller for DC/DC converter under V2G and G2V

Fig. 5 Controller for AC/DC converter under V2G and G2V
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V2G capabilities [6]. Firstly, the DC bus voltage is compared with reference to bus
voltage and applied to PI controller. Then reference current is generated with the help
of error bus voltage, battery voltage and maximum current obtained from capacity of
battery, applied to PWM technique to generate required reference signals for chopper
as shown in Fig. 4 [8].

Figure 5 shows the control diagram for inverter used in electric vehicle. This
controller also designed for both G2V and V2G facilities. The reference signals
used in this controller is based on dc bus voltages and ac voltage [7–10]. The phase
required for this controller is obtained with phase locked loop PLL from ac bus
voltages. And dc bus voltage is compared with reference bus voltage. The generated
reference current is used to generate gate signals with the help of PWM controller.

3 Simulation Diagram and Results

The proposed plug-in electric vehicle system with PV as source is implemented
and tested in MATLAB/Simulink environment. Here, the PV system is designed for
460 W panel and connected to battery system. The MATLAB diagram for proposed
system with PV source is shown in Fig. 6.

Case 1: Performance results for PEV system The above Fig. 7 shows the simu-
lation result for grid voltage and current measured after bidirectional converter. The
gate signals for single phase bidirectional converter of electric vehicle is shown in
Fig. 8. The dc voltage of converter is shown in Fig. 9 and the charging conditions of
battery soc is shown in Fig. 10.

Case 2: Performance results for PEV system with PV Implementation See
Figs. 11, 12 and 13.

Fig. 6 Experimental diagram for Plug-in vehicle
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Fig. 7 Simulation result for AC side voltage and current

Fig. 8 Gate triggering pulses for AC/DC bidirectional converter

4 Conclusion

In this paper, a new bidirectional converter is designed for PV based Plug-in EV. A
Suitable control strategy for bothDC-DCchopper andDC/ACbidirectional converter
is designed to control the voltage levels. The reference signals required for both
converters are taken from DC and AC bus voltages, and from the energy box. This
proposed system is tested inMATLAB/Simulink and verified the results. The perfor-
mance of EV is better in use of PV system as compared with Plug-in model. If
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Fig. 9 Simulation result for DC-DC converter current and voltage under large change

Fig. 10 Simulation result for battery SOC

the controllers for both converters are implemented using automation concept, the
performance and speed of EV can be increased efficiently and it also increases the
mileage.
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Fig. 11 Simulation result for AC side voltage and current

Fig. 12 Simulation result for DC and battery powers
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Fig. 13 Simulation result for DC–DC converter and voltage
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Influence of Drone Rotors Over Droplet
Distribution in Precision Agriculture

Umamaheswara Rao Mogili and B. B. V. L. Deepak

Abstract Countries like India, more than 70% of the people depend on rice cultiva-
tion. Based on this precision agriculture in India requires the information about the
condition of cultivated plants and the response to undesirable appearances of pests.
Recent technology, Unmanned Aerial Vehicle (UAV) performs the aerial spraying
over rice plants to kill the pests which are harmful. But, offsite and less amount of
droplet deposition over the plants is the major concern in pesticide spraying applica-
tions. The rotors of the unmanned aerial vehicle effect the deposition of the droplets
over the rice plants. This study results on the impact of the UAV rotors speed on
the spray deposition and spraying liquid coverage on the plant surface. The sample
liquid (water) sprayed from the moving UAV over the sample plant using a flat fan
nozzle with 0.2 MPa. The UAVmoved with the speed of the 2 m/s. A conical shaped
thick plastic foil was used as a droplet collector and fixed on sample plant in three
levels such as lower level, middle level and upper level of the plants. The distance
between the sample plants to the UAV is 1 m and the arms of UAV to flat fan nozzle
are 0.2 m. The tests were conducted at various speeds of rotors with 0% throttle, 50%
of throttle and 100% throttle given by the radio transmitter. The height from the plant
surface to the nozzle of UAV is approximately 0.5 m. The impact of the propeller’s
rotational speeds differs from the distribution of the liquid on droplet collectors. The
observations state the impact of the rotors rotational speeds are less at middle-level
sample points. It shows approximately the same values in the three tests conducted
at 0, 50, and 100% throttle rates are 34, 33, and 36%. The tests were conducted in
an indoor environment to avoid wind speeds.

Keywords Unmanned aerial vehicle · Quad copter · Pesticide spraying · Droplet
deposition · Flat-fan nozzle
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1 Introduction

Unmanned aerial vehicles, also called drone systems, developed for the need on
security purposes. The popularity of equipment and technological progress has made
them one of the mass-produced and prime uses of civilian users. At present, the
cultivation fields use manually and half mechanized tools and equipment for the
plant protection process in India. This leads to high labor intensity and delivery’s
high-cost agriculture product. It is also difficult to operate this equipment inmountain
areas. Some situations like pesticide spraying over the plants manually lead to a high
probability of poisoning farmer health.

The UAVs driven by brushless motors are much cheaper to buy and easy to
install. These are usuallymulti-rotors that derive energy from the lithium-ion polymer
batteries mounted on them. The time of flight depends on the weight of the UAV and
various components fixedwithin it. Amateur introducing unmanned aerial vehicles in
photography, surveillance, and remote sensing [1]. In recent years, itwas adoptedover
precision agriculture applications such as bare soil Identification,weed identification,
cropmonitoring, and pesticide spraying [2, 3]. Coming to one of the above agriculture
applications pesticide spraying sprays harmful pesticides and fungicides over the
agriculture pests without human interaction. The UAV mounted installations that
spray for spraying consist of a pesticide tank, a pressure pump driven by a motor,
flat-fan nozzles, and sprays that can be mounted on the arms of the UAV. The air of
the drone generated by the propeller accelerates the speed of spraying the sprayed
pesticide and spreads the plant’s veins to the point of reaching leaves and roots, even
those that are located near the ground.

The most-variable pressure nozzles are used to spray the liquid. UAV pesticide
applications picking up a possible gaining to control pests, diseases, and weeds in
the field. One of the most popular drones in the world adapted for combating weeds
and pests by spraying is built and released on the in 1997, by the Yamaha Motor
Company, the Yamaha R-MAX model. It is an unmanned helicopter that has been
designed primarily for the needs of precision agriculture and apart from spraying
plant protection products; it can also be used for fertilizing liquid mineral fertilizers
[4]. Due to specialized conditions and the capacity of fluid tanks, experiments with
UAVs are carried out within the range. There are no flow meters and devices to
consequently control the rate of the droplets. It is conceivable at that point to control
it by changing the spray nozzles. The control of the pesticide dosage within the field
is done by changing the UAV flight altitude and speed. The advanced installation in
UAV states the pressure of the liquid is regulated by the need to change the rotational
speed of the pump, and the speed of the rotors [5].

As the climate conditions, UAV rotors speed, nozzle types, properties of the pesti-
cide, and size of droplet influence the deposition of the droplet over the plant. In the
time of aerial spraying droplet deposition on the plant must be reached maximum
quantity to control decease on the plant. For this reason uniform deposition of the
droplets is requiredwhile spraying the pesticides.Mainly, the high speed of the rotors
and its types shows a negative impact on the amount of droplets deposit. Also, the
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thrust generated by the different types of rotors affects the droplet deposition on plants
[6]. The droplet deposition rates at various UAV speeds, spray rates, irregular wind
speeds, and its course had been investigated. The different UAV flying velocities had
increasingly noticeable effects on the distribution of droplets on the water sensitive
paper collector [7]. At low rotor speeds, a spray drift experiment was conducted with
LURMARK-04F80 nozzle in a wind tunnel with different influencing factors such
as different UAV speeds, pressure rates, spray rates, and nozzle angles to provide the
optimum result to reduce the drift [8]. However, due to the weather conditions, the
sprayed droplets will float to non-target areas, which comes about in poor control
impact, waste of pesticide and it leads to weather pollution [9, 10]. At the same time,
a UAV can be utilized for the exact application of pesticides with less hazard of over
and under application completely different climate conditions. The experimenting
results show that the UAV in 1.5 m height with 50, 75,100% nozzle opening surface
within the speed range of 1–5.8 m/s gives the uniform spraying results [11].

A WPH642 unmanned helicopter uses infrared thermal imagery to study the
impact of spraying parameters on droplet deposition distribution over rice plants. The
uniform spraying results indicates droplets distribution on the rice plants done accu-
rately by observing the temperature changes in the infrared images while spraying
process [12]. A small UAV used to conduct an experiment over the paddy field
which influences spraying parameters on the deposition of droplets over the plant.
The results show the UAV altitude and velocity impacts and influences the average
amount deposition of the droplets [13]. A UAV electrostatic sprayer used to measure
the deposition of the droplets with carbon paper collectors and defined the drift. The
study indicates the electrostatic sprayer can make the consistency of deposition of
the droplets, reduce the pesticide drift and increases pesticide utilization in the field
[14].

Despite these above limited technical research on aerial spraying carried out
over the parameters weather conditions, droplet deposition, uniformity of spraying,
droplet drift, spraying, and nozzle parameters. But not provided the influenced factors
of the droplet deposition over the plants in relation to pesticide spraying with the
use of UAV. The aim of this study was to explore the deposition of the droplets
over the collectors arranged in the plant at various positions (lower level, middle
level, and upper level). At the same time, propellers throttle was increased at various
levels. After spraying at different conditions the collectors were collected and the
liquid was subject to droplet analysis. The results evaluate the droplet deposition was
uniformity on the middle level of the plant. The findings will be first in India and it
will be helpful to gain efficient spraying through the UAV to get the benefit from the
advanced technology in precision agriculture.
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Table 1 Specification of
quad copter spraying system

Quad copter components Specifications

Number of rotors 4

Brushless motors 4

speed 0–10 m/s

Altitude 0–20 m

Number of spraying nozzles 1

Nozzle type Flat fan

Nozzle pressure 0.2 mPa

Rotor diameter APC SF 10*4.7

Motor speed 920 kV

Battery LIPO 4 s

2 Materials and Methods

2.1 Quad Copter Spraying System Specifications

The unmanned aerial vehicle used in the experiment was a quad copter UAV devel-
oped in the industrial design department, National Institute of Technology, Rourkela,
India. This quad copter unmanned aerial system model having four arms and one
spray nozzle for downward spray was used in this study. The four brushless motors
attached on four arms of the quad copter and the propellers are fixed to it. Complete
specifications of the quad copter system are provided in the Table 1. The four motor
running using a 4S LIPO battery. The quad copter had a smooth take-off and landing
in its autonomous mode with a flying speed of 1–10 m/s and a height of 10 m above
the ground level. These heights and flying speeds, time span, autonomous modes and
spraying path fixed by the UAV software interface. The quad copter controlled by a
6 channel radio transmitter (Fly Sky).

2.2 Experimental Design

The experiment setup was built in the department laboratory to avoid the effect of
the weather conditions, which influences the size of the droplet coming from the
quad copter UAV nozzle. The design mainly consists of four parts: the moving part,
quad copter UAV, spraying part, and sample plant with a collector. The moving part
is a Kawasaki 6 Degree of Freedom (DoF) robot moves in horizontal and vertical
positions and is controlled manually shown in Fig. 1. To decide the trajectory of the
quad copter sprayer systemwhile spraying it is fixed to the robot and the robot moves
horizontally with the speed of 2 m/s.
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Fig. 1 Quad copter fixed to
the Kawasaki 6 DoF robot

The spraying part connected with a vertical plastic bar between the two arms of
quad copter UAV. At the downward of the vertical bar, a flat fan nozzle was fixed for
spraying the liquid. The spraying part nozzle is below the arms of the quad copter
with a distance of 0.2 m. The water is taken as spraying liquid delivery from the flat
fan nozzle and the pressure of the liquid while reaching the nozzle is 0.2 mPa. A
flowering plant, taken as a sample plant and placed on the iron table under the quad
copter UAV with a distance of 1 m. The sample plant is planted in the loamy soil
of a flowerpot. A conical shaped folded thick plastic foil was used as a collector to
collect the sprayed liquid. Sample conical-shaped plastic foil fixed to the rice plant
shown in Fig. 2. The collectors placed on the plant in three positions lower the level
of the leaf area, the middle level of the plant and the upper level of the plant surface.
The collectors were rigidly fixed to the plant which was not moved while increasing
the propellers throttle at various speeds.

The rotational speed of the rotor is controlled by a 6 channel fly sky radio trans-
mitter with speeds of 0, 50, and 100 throttle. The radio transmitter throttle positions
are shown in Fig. 3a–c, The 6 DoF robot moved with the speed of 2 m/s and spray
unit spray the liquid over the plant with 0% throttle and the collectors collect the

Fig. 2 Collectors fixed with
sample rice plant
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Fig. 3 a 0% throttle b 50% throttle c 100% throttle

droplets in three levels. Again the same test conducted with 50 and 100% of throttle
and collectors collects the samples.

The experimental design is shown in Fig. 4. The test is conducted three times and
each time three levels of samples are collected to analyze. The volume of liquid is
most commonly measured with graduated cylinders, although beakers, burettes, and
pipettes are also used. Each of these instruments is marked with lines and all lines are
called the scale. Each line is a division or graduation and only some of the divisions
are marked. Some of the instruments are more precise than others. Graduate cylinder
and beakers are used for most common liquid volume measurements. Burettes and
pipettes are used to measure the tasks that require the most precise measurement of
liquid volume. In this study, the collected liquid was determined from the precision
values of the extinction measurement using the graduate transfer pipette and indi-
vidual tests are conducted for each level and the values are listed. The units of the
listed liquid values are cubic meters.

Fig. 4 Experimental setup
in the Robotics Lab of the
National Institute of
Technology lab
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3 Results and Discussion

Quad copter UAV spraying is better efficacy than found controlled mechanized
sprayers. However, the key issue in aerial spraying applications depends on param-
eters such as accuracy, mobility, efficiency, and drift of the pesticides reached to
the target plants. The study carryouts a spraying test to decide the speeds of rotors,
which influences the droplet deposition on test plants that could be appropriate to
apply the same scenario for aerial spraying applications over rice plants. In Table 2,
the descriptive statistics of deposition of the droplets on three levels on the plant
at various throttle rates are demonstrated. The units of the liquid are taken in cubic
centimeters.

Based on Table 2 measurements, the percentage share of the liquid settled on
the collectors on all levels and individual levels are calculated using a formula. The
values are shown in Table 3.

Pn(%) = Vn
∑

Vn
∗ 100 (1)

where Pn is the covering percentage of the share of the liquid collected from the
collectors on the nth level is in relation with liquid collected from all levels. Vn is the
volume of liquid settled on the collectors on nth level. While Fig. 5 shows the means
of covering percentage comparison of deposition of droplets at various throttle rates
at three levels.

Figure 5 presents the percentage of droplets collected from the collectors mounted
on the upper level reduced when the rotational speed of the rotors increases at 0, 50,
and 100%. When talking to the collectors from the lower levels it is quite opposite
to of upper level collectors and increased at various throttle rates. But no change in
the liquid settled on collectors at the middle level and red dotted line in Fig. 5, shows

Table 2 Collected liquid
values in three levels at
various throttle rates (units:
cubic centimeters)

Level Throttle

0% 50% 100%

Upper level 0.0000062 0.0000057 0.0000033

Middle level 0.0000046 0.0000044 0.0000047

Lower level 0.0000024 0.0000031 0.0000052

Table 3 Covering percentage
of collectors with liquid at
various throttle rates

Level Droplet coverage % at

0% 50% 100%

Upper level 46.97 43.18 25.00

Middle level 34.85 33.33 35.61

Lower level 18.18 23.48 39.39
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Fig. 5 Spray uniformity of
the liquid collected from
collectors at various throttle
rates

Fig. 6 The overall effect of
the droplet deposition on all
levels

the no change of droplet deposition over the plants. The results state that the impact
of rotors always shows its influence on the droplet deposition over the plants.

The Coefficient of Variation (CV) was calculated to study the droplet distribution
among the sample collectors arranged at three levels. The uniformity of droplet
deposition depends on the value of the CV shown in Fig. 6. If the value is less then
droplet deposition, it was calculated using the following equations:

CV(%) = S

V̄
∗ 100 (2)

where S is the standard deviation and V̄ is the average of all sampling collectors.

S =
√

∑n
i=1

(
Vi − V̄

)2

(n − 1)
(3)

where Vi is the deposition value of every sampling collector. While Fig. 6 states
increasing the throttle of rotors reduces the inequality index of the droplet deposition
on the collectors at three levels. At the same time, the values show the droplet
deposition at the middle level of the plant is uniformity.
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4 Conclusion

Mainly the utilization of quadcopter UAVs can be a great way for aerial spraying
applications. In specific, they can showahigh impact ondiseases andweedprevention
in the crop fields. Also, these UAVs can be sprayed with pesticides in some difficult
conditions like remote areas where humans are difficult to reach.

In summary, the droplet deposition over the plants at various throttle rates are
studied and analyzed. The rotor rotational speed affects the volume of droplet distri-
bution on the plants at different levels. When the quadcopter UAV throttle at 0, 50
and 100%, the coefficient of variation of the droplet deposition was normal and it
demonstrated better spray consistency at the middle level of the plant. The coverage
rate of the liquid at three levels 80, 72, and 69%. The middle level sampling points
attaining the good spray uniformity over the plants. The rotor’s rotational speeds
increases alternatively the distribution of the droplets is reduced on the surface of
the plant canopy.

In reality, the study explores assistance to supply specialized understanding in
moving forward to the quality and viability of quadcopter UAV for aerial spraying
over the rice plants. In the future, efforts can be made to study the optimization of
spraying parameters, nozzle types, droplet drift, and spraying spacing in between
crop rows. It also helped in a speedup of aerial spraying techniques and helps near
ground spraying.
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Effect of Porosity and Thermal Medium
on the Vibration Characteristics
of Two-Dimensional FGM Plates

I. Ramu, M. Raghuraman, and M. Venu

Abstract The present method develops the rectangular component and has four
nodes owning degrees of freedom, seven per each joint formed with the author and
his co-workers. It is applied to determine the vibration characteristics of porous two-
dimensional functionally graded material (FGM) plates. The performance of the
adopted element is evaluated by examining the present results of the fundamental
frequency parameters with the published results. It followed that the performance
of the present aspect is considered adequate for the temperature-dependent mate-
rial porous plates under the heated conditions discussed in this investigation with
supported boundary circumstances. The effect of even and uneven porous distribu-
tions on free vibration characteristics of the two-dimensional plate studied in detail.
Observe the distribution of 2D properties’ impact on the natural frequency of plate.
Also, the influence of the rise in temperature on two-dimensional FG plates examined
in the present work.

Keywords 2D FG material plates · Porosity · Thermal environment · Finite
element method · Natural frequency

Nomenclature

δ(n) Displacement vector
δ

(n)
i Node displacement vector
Ni Shape functions
σ Normal stress
τ Shear stress
ε Strain
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γ Shear strain
K (e)

b Element bending stiffness matrix
K (e)

s Element shear stiffness matrix
M (e) Element mass matrix
ια Temperature distribution index value
T Effective temperature
Ta Atmospheric temperature or Room temperature
	T Temperature difference 	T = Tc − Ta
Tc High temperature at ceramic side

1 Introduction

The advanced composite material made from ceramic and metallic constituents, the
mixture is termed as functionally graded materials. These blended mixture mate-
rial constituents are varying smoothly in one or more directions, respectively. First,
the concept of FGM was introduced by Japanese scientist Koziwae in 1980. The
two-dimensional FGM material characteristics vary smoothly along the thickness
direction as well as length direction by continually changing the ratio of constituent’s
mixture. Numerous industrial applications of FGM, then several researchers inspired
the attractive intensive research interests in this field. They implied mainly focused
on static, natural oscillation and active properties of one dimensional FGM struc-
tures. In high-thermal condition applications, FGMs are used hence the struc-
tural elements like beams and plates have generated extensive applications such as
aerospace industry, engine combustion chamber and nuclear reactors. The manufac-
turing defects and operating conditionmay cause deteriorate the structural properties.
The degradationmay be due to high thermal and localized disputes during the produc-
tion process like porosities. The degradation of structural properties may source to
failure. Hence, the vibration characteristics of porous 2D FGM plates considered as
important in the present study.

Some of the researchers were developed with various techniques to examine the
vibration characteristics of the plate with 1D FG. The structural attributes of FG thin
plates ware studied by Zhang and Zhou [1] with the neutral surface novel concept.
Reddy and Chin [2] studied the response of the changing characteristics of FG cylin-
ders and plates with thermomechanical circumstances. They explained a discrete
element model formulation with a thermomechanical load. Yang and Shen [3] exam-
ined the FG plate transient acquiescence under thermic loads through utilizing the
Galerkin approach. The finite plate element modal with the Rayleigh-Ritz method
with nonlinear thermal-transfer equalization used for thermic spreadwithin the depth
byNaghdabadi andHosseini [4].Young-Wann [5] considered temperature-dependent
material properties to investigate the FG rectangular plates in the same year. Others
used Rayleigh-Ritz to obtain a frequency equation. Shahrjerdi et al. [6] used Navier’s
method to get vibration properties of solar FG plates following thermal loads. Talha
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and Singh [7] performed a vibration investigation of FG plates applying the discrete
component approach by acknowledging thermo-mechanical loads.

Currently, the effect concerning porosity toward the characteristics of FG struc-
tures like beams is considered. Ebrahimi and Jafari [8] discussed the impact of porosi-
ties in the beam for vibration analysis under thermomechanical loads. Ebrahimi et al.
[9] analyzed the natural frequencies of compositionally assorted beams with various
porosities in thermal circumstances. Rezaei and Saidi [10] have examined the signif-
icance of porosities on plate vibration features. Huang and Shen [11] worked on the
vibration characteristics of temperature-dependent material components.

From the presented report, scholars have not extended research work considering
the porosities on 2D FGM plates. The present work is to obtain a finite element
approximate interpretation for natural frequencies of graded material plates with
porosity. The basics formulation of the plate element has developed, applying the
higher-order hypothesis. Finally, the equation of motion regarding the temperature-
dependent material plate is acquired, applying Hamilton’s principle and determined
with the finite element approach. The formulated solution investigates the influence
of porous distribution on 2D FG plates in the thermal circumstances.

2 Formulation of the Problem

Considering the temperature-dependent mechanical properties with a nonlinear
equation to analyze the thermal conditions are expressed as

P = P0
(
P−1T

−1 + P1T + P2T
2 + P3T

3 + 1
)

(1)

here, T indicates temperature,P0, P−1,P1,P2 andP3 are the heat-dependent material
property coefficients.

2.1 Two-Dimensional (2D) FGM Plates

The 2D-FGM plate with a porous material and with various distributions of metal
and ceramic along x and z directions are considered for this analysis as shown in
Fig. 1a–c. The changing material attributes (�) mentation as modulus of rigidity
and density of mass, etc., for the 2D FGM plates are determined [8] using the Voigt
model as

�(x, z, P) = �m(P)
(
νm(x, z) − ς

2

)
+ �c(P)

(
νc(x, z) − ς

2

)
(2)

The quantity fraction of ceramic is acquired by power law as shown in below.
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Fig. 1 aMaterial properties distribution along thickness direction.bMaterial properties distribution
along axial direction. c 2D FG material distribution

νc(x, z) =
(
1

2
+ z

t

)xa( x

L

)za
(3)

The material properties of porous FGM I denote the even distribution of porosity
andFGM-II displays the irregular formof porosity as shown inFig. 2a, b, respectively.

Accordingly above equation modulus of rigidity ‘E’ and Poisson’s ratio ‘ϑ’of
porous 2D FGM-I plate is applied as

E(x, z) = Em(P) + (Ec(P) − Em(P))νc(x, z) − ς

2
(Ec(P) + Em(P)) (4)

ϑ(x, z) = ϑm(P) + (ϑc(P) − ϑm(P))νc(x, z) − ς

2
(ϑc(P) + ϑm(P))

Consequently, modulus of rigidity ‘E’ and Poisson’s ratio ‘ϑ’can be formulated
for porous FGM-II as

Fig. 2 a Even distribution
of porosities on 2D FG plate.
b Uneven distribution of
porosities on 2D FG plate
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E(x, z) = Em(P) + (Ec(P) − Em(P))νc(x, z) − ς

2
(Ec(P) + Em(P))

[
1 − 2|z|

t

]

(5)

ϑ(x, z) = ϑm(P) + (ϑc(P) − ϑm(P))νc(x, z) − ς

2
(ϑc(P) + ϑm(P))

[
1 − 2|z|

t

]

3 Mathematical Formulation

3.1 Higher Order Shear Deformation Hypothesis

Reddy’s equivalences are adapted toward the basic kinematics of plate structures is
described below

u = un + zθx − c1z
3(θx + wn,x

)
,

v = vn + zθy − c1z
3
(
θy + wn,y

)

w = wn (6)

The constitutive law relations are generated by using strain-displacement with the
neutral axis as the reference that can be formulated as

{
εbd

} =
⎧
⎨

⎩

εx

εy

γxy

⎫
⎬

⎭
=

⎧
⎪⎨

⎪⎩

ε(nx)
x

ε(n)
y

γ (nx)
xy

⎫
⎪⎬

⎪⎭
+ z

⎧
⎪⎨

⎪⎩

ε(1)
x

ε(1)
y

γ (1)
xy

⎫
⎪⎬

⎪⎭
− z3

⎧
⎪⎨

⎪⎩

ε(3)
x

ε(3)
y

γ (3)
xy

⎫
⎪⎬

⎪⎭
(7)

{
γ sh

} =
{

γyz

γxz

}
=

{
γ (nx)
yz

γ (nx)
xz

}
+ z2

{
γ (2)
yz

γ (2)
xz

}
(8)

here c1 = 4
3h2 and c2 = 3 c1.

3.2 Finite Element Approach

In this study, a four noded quadrilateral component possessing a joint at an indi-
vidual intersection with five degrees of freedom is considered. There are two in-
plane displacements along the x-axis and y-axis, added one movement along with
the oblique inclination—similarly, another two rotation degrees of freedom.

The element displacement vector δ(n) is written as
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{
δ(n)

} =
n∑

i=1

Niδi , δi , (9)

here {δ(n)} = {u, v,w, θx , θy}, the displacement vector per node of an element.

{
δ(e)

} = {
ui , vi ,wi , θxi , θyi

}
i=1,2,3,4 (10)

The matrix represented to shape functions

[N ] = {[
Nun

] [
Nvn

] [
Nwn

] [
Nθx

] [
Nθy

]}T
(11)

The nodal displacement vector of strain can be expressed {δ(e)} as follows
{
εbd

} = [Bbd]
{
δ(e)

}
(12)

{
γ ss

} = [Bss]
{
δ(e)

}
(13)

Characterization of strain energy of an element can be expressed as

U (e)
PE = 1

2

l∫

0

b∫

0

[{
δ(e)

}T([
K (e)

b

]
+ [

K (e)
s

]){
δ(e)

}]
dxdy (14)

The component dynamic energy can be expressed as

V
(e)

K E = 1

2

∫

v

ρ(z)
(
u̇2 + v̇2 + ẇ2

)
dxdydz (15)

The component expressed using kinetic energy (T (e))

V (e)
KE = 1

2

l∫

0

b∫

0

[{
δ(e)

}T [
M (e)

]{
δ(e)

}]
dxdy (16)

3.3 Thermal Environment Condition

Along the depth direction, the temperature gradient varies nonlinearly is to be consid-
ered for this analysis. The simple power function is assumed with a nonlinear
temperature gradient along z-direction is presented as
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T = Ta + 	T

(
1

2
+ z

t

)ια

(17)

Particularly, in high thermal applications, FGM work with a nonlinear variation
of material properties and nonlinear thermal distribution conditions are to consider.

3.4 Governing Equation of Motion

To implement the equation of motion of an element, Hamilton’s system is adopted.

δ

t2∫

t1

(
U (e)

PE − V (e)
KE

)
dt = 0 (18)

The graded material porous plate is divided into a small number of elements, and
the energies of kinetic and potential of a component are to be formulated using the
displacement vector of an element.

U (e)
PE = 1

2

{
δ(e)

}T [
K (e)

]{
δ(e)

}
(19)

V (e)
KE = 1

2

{
δ̇(e)

}T [
M (e)

]{
δ̇(e)

}
(20)

The global displacement vector, mass, and stiffness matrix of the FGM plate are
substituted in the above equation and obtain the governing equation of motion as
follows

[
[K ] − ω2

n[M]
]{δ} = 0 (21)

4 Numerical Results and Discussions

4.1 Comparison Study

It is necessary to confirm the validation of the derived formulation before calculating
the FGM plate’s vibration characteristics in thermal atmosphere. The vibration char-
acteristics of 2D FG plates by the power-law changes of the material attributes as
studied in this work since there are few works, the fundamental frequency of 1D
FG plates obtained in this work is compared with Huang and Shen [11] and repre-
sented in Table 1. The published results of the frequency parameters are observed to
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Table 1 Simply supported temperature-dependent material plate (ZrO2/Ti–6Al–4V) frequency
parameter

Material Mode

(1, 1) (1, 2) (2, 2) (1, 3) (2, 3)

ZrO2 Ref. [11] 7.868 18.659 28.203 34.015 42.045

Present 7.909 18.669 28.169 34.685 41.564

0.5 Ref. [11] 6.876 16.264 24.578 29.651 36.664

Present 6.941 16.376 24.701 30.409 36.347

1 Ref. [11] 6.437 15.202 22.956 27.696 34.236

Present 6.513 15.362 23.166 28.515 34.014

2 Ref. [11] 6.101 14.372 21.653 26.113 32.239

Present 6.099 14.384 21.688 26.695 31.821

Ti–6AI–4V Ref. [11] 5.322 12.455 18.766 22.603 27.921

Present 5.284 12.472 18.819 23.172 27.768

check the present method for numerical correctness. The present numerical results
comprise a good agreement with literature results in Table 1.

Frequency parameter Ω = ω
(
a2/h

)√(
ρ0

(
1 − ν2

)
/E0

)

4.2 Influence of Even and Uneven Porosities on Natural
Frequencies

The axial and thickness direction distribution of two-dimensional FG plate varies
from one dimensional FG plate. The geometrical characteristics of a plate with a/h
= 10, index values are of axil ax = 1, thickness az = 1 and porosity 0.2 considered
for this study. Figures 3 and 4 display the difference of the first-mode frequency

Fig. 3 Variation of even
porosity distribution on first
mode frequency parameter
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Fig. 4 Variation of uneven
porosity distribution on first
mode frequency parameter

parameters by the axial grading criteria for even and uneven distribution, respectively.
The parameters of frequency in these figures are varied with various even and uneven
porosities. The effect of the distribution of porosity on the setting of frequency
inconsiderably declines by the raise in the porous value (0, 0.1, 0.2, 0.3), although
the index values kept constant.

In Fig. 5, the comparison between the even and the unevenporous volume fractions
of 0.2 and 0.3 is illustrated for numerous values of the axial indexes. With that same
thermal circumstance, the even and uneven porous volume fractions are applied to
determine the frequency parameter. The frequency parameter is varied for even and
uneven porous characteristics.

Figure 6 explains the effect of temperature difference on the frequency parameter
of porous 2D FG plate with even and uneven circumstances. Also, it is seen that
the effect of the uneven porous condition is more frequency than the even porous
condition with constant porous volume fraction. Thus, it can be said that the uneven
porous condition is very important to study 2D FG plates.

Fig. 5 Comparison of even
and uneven porosities
distribution on frequency
parameter of plate
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Fig. 6 Frequency parameter
variation with rise of
temperature of even and
uneven porosities of FGM
plate

5 Conclusion

The basic formulation of porous FGM plates is modeled utilizing the higher-order
hypothesis, and a numerical explication has been proposed by using the finite element
approach. These concepts of even and uneven porous circumstances are developed
and utilized to formulate 2D FG plates. It has implied that the parameters of frequen-
cies concerned by the present numerical method are in good compromise with the
published research work. Subsequently, the uniform and nonuniform distribution of
porosity, the bidirectional modification of material characteristics, and temperature
on the 2D FG plates have studied. The fundamental frequency of 2D FGM plate is
decreased as the porosity increase; it has observed in this study. The future scope is
focused on the experimental analysis of the FGM strictures under different operating
environments.
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FEA Approach for Modal Analysis
of an Electric Motor in Electric Vehicle
Drive

Tushar Amale, Prajwal Badwaik, Sumedh Durge, Ajay Dube,
and Amit Belveker

Abstract This paper represents a modal analysis of electric motor in electric drive
for determining the modal vibration of electric motor by using the modeling, finite
element meshing and the computation of modal vibration for electric motor. Electric
motor parts are created and assembled inCatiaV5which facilitated the easy assembly
of the complex parts. Discretization of electric motor is carried out in hyper mesh as
it converts the domain into mesh and easily shows the failure element. Computation
of modal vibration is done by using the numerical method. To avoid the resonance
rigid body and natural frequencies are calculated at different mode and shown.

Keywords Catia V5 · Hypermesh · Finite element meshing · Abacus · Electric
motor ·Modal analysis

1 Introduction

In recent years electricmotors have attracted the attention of researchers and automo-
tive companies due to the pressing environmental issues. The vibration and noise in
the electric motor are mostly generated by the electromagnetic forces due to electric
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Fig. 1 Generation of noise of different origin in electric motor

energy supply to electric motor and subsequently can be amplified by the dynamic
response of the motor structure. Vibrational behavior of electric motor can be found
out by modal analysis. By calculation, modal analysis takes a lot of time so numer-
ical method is used for the computation of the modal vibration in the electric motor.
The vibrating noise in electric motor is phenomenon of complex nature and origin.
Generation of noise of different origins in rotating electrical machine is, the first one
is electromagnetic vibration in which noise is produced due to the magnetic force,
the second cause of noise is mechanical which is due to the structural problem in
mechanical assembly and the third one is aerodynamic noise which is due to the flow
of ventilating air through or over the motor. These sources are illustrated in Fig. 1.

Energy conversion happening in the electric motor is from electric energy to
vibrating energy. The electric supply to the electric motor produces magnetic field
subsequentlywhich producesmagnetic forces. Thismagnetic force excites the stator-
framewindingparts in electricmotorwhich produces themechanical vibration. There
have been magnetic, mechanical and aerodynamic noise creation and the behavior
of motor under that noise is very well explained in the paper by Sathyan et al. [1].
A detailed review on the different forms of vibration and noise in electrical motors
can be found in a paper by Vijayraghavan [2].

Inspired by the studies andfindings in the research paper this paper investigated the
aspect of noise vibration in electricmotor and formulated themost favorable approach
to find out the modal vibration. Modeling, finite element meshing and computa-
tional methodology represent the successfully numerical technique for computation
of modal vibration generated by electric motor. Although many studies have been
carried out in this field of research, this paper contributes through fully modeling,
meshing and numerically analysis of electric motor and implementation of which is
explained in detail.
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This FEMmodeling approach of doing this project makes us very comfortable by
creating the complex geometry very simple in Catia V5 then discretization of domain
in hypermesh increases the quality of the result and also result of computation of the
modal frequencies at the different modes gives in seconds which makes project very
efficient.

2 Methodology

This section explains themethods to get the numerical computational result.Method-
ology involves three models: first modeling of electric motor, second one is finite
element meshed model and last one is modal analysis. The results of the numerical
simulations are presented in this section.

2.1 Modeling

The modeling of the electric motor parts like stator, rotor, winding, frame, front
housing, end housing, mid housing, magnet, drive shaft, etc., are done in CatiaV5.
There are 39 parts assembled in the assembly of the electric motor. Assembly of
electric motor is shown in Fig. 2 and assembled parts are given Table 1.

2.2 Finite Element Model

Finite element meshing is performed in hyper mesh with the standard element shown
in Table 2 and the operating parameter is given in Table 3. The general idea behind
discretization is to break a domain into a mesh, and then replace derivatives in the
governing equation with difference quotients. There are several ways in which this
can be done—themost prominent being forward difference, backward difference and
central difference. In the meshing of this model we have used two types of element
one is hexahedral and second one is tetrahedral. One Hexahedral corresponds to
six Tetrahedral. Linear hexahedral uses Gauss integration points to generate the
element characteristics stiffness, mass, and tetrahedral uses exact formula without
any integration to get the same characteristics. 1st order hexahedral element is used
where simple of geometry and 2nd order tetrahedral element is used where the
complex shape of the geometry. Refined FEM models are shown in Fig. 3.
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(a) Stator 

(b) Rotor 

 (c) Rotor shaft 

 (d) Winding 

  (e) Magnet 

(f) Assembly of electric motor 

Fig. 2 Assembled parts of electric motor

3 Results and Discussion

The results of the numerical simulations are presented in this section. The Modal
vibration frequency computation of electric motor is done by using Abacus software.
We have calculated the rigid body and natural frequencies which are tabulated in
Table 4. The mode shape frequencies along the three axial and three rotational axes
are shown in Fig. 4. Along the x, y and z direction first three rigid body frequencies
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Table 1 Modeling parts and repetition

S. No. Part name No of part

1. Machine base plate 1

2. Frame key LHS and RHS 2

3. Magnet 12

4. mid housing 1

5 Outer sleeve 1

6. Rotor 1

7. Shaft 1

8. Side housing LHS, side housing RHS 2

9. Stator blocks 12

10. Winding 6

Table 2 Finite element meshing parameter

S. No. Part name Element type Material property

1 Machine base plate 2nd order tetrahedral Mild steel

2 Frame key lhs and rhs 1st order hex Mild steel

3 Magnet 1st order hex iron or nickel

4 Mid housing 2nd order tetrahedral Mild steel

5 Outer sleeve 1st order hex Mild steel

6 Rotor 2nd order tetrahedral Mild steel

7 Shaft 2nd order tetrahedral Mild steel

8 Side housing LHS, side housing RHS 2nd order tetrahedral Mild steel

9 Stator blocks 1st order hex Mild steel

10 Winding 2nd order tetrahedral Copper

Table 3 Operating parameter
of electric motor

S. No. Parameter Magnitude Unit

1 Power 150 Watt

2 Voltage 24 Volt

3 Speed 2000 RPM

are zero which shows that it does not vibrate along the x, y and z direction and along
the rotational axes it has some values which shows it deflects along the rotational
axes.

Onward we have calculated the natural frequencies of vibration up to 20 modes.
These frequencies should not be matched with natural frequency of car, if it did
there will be a chance of resonance and that could be a very dangerous situation.
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Fig. 3 Finite element meshed model

Table 4 Modal analysis
results

S. No. Frequencies Modes Frequency (Hz)

1 Rigid body modes 1 0

2 2 0

3 3 0

4 4 32.565

5 5 33.389

6 6 39.827

7 Natural frequency 7 1164.4

8 8 1888.4

9 9 1891.4

10 10 2317.8

11 11 2515.7

12 12 2866.2

13 13 2981.6

14 14 3335.3

15 15 3514.7

16 16 3691.8

17 17 3766

18 18 4527.6

19 19 4909.3

20 20 4957.6
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Fig. 4 Mode 1, 2, 3, 4, 5 and 6 for electric motor



432 T. Amale et al.

Fig. 4 (continued)
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Fig. 5 Frequency variation for various mode

Table 5 Frequency variation for various mode

Frequencies Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

Max frequency 1.00721 1.00294 1.00888 1.06261 1.18363 1.13228

1.00721 1.00294 1.00888 0.956487 1.06549 1.02013

1.00721 1.00294 1.00888 0.850362 0.947349 0.906971

1.00721 1.00294 1.00888 0.744237 0.829207 0.793813

1.00721 1.00294 1.00888 0.638112 0.711065 0.680656

1.00721 1.00294 1.00888 0.531986 0.592923 0.567499

1.00721 1.00294 1.00888 0.425861 0.474782 0.454342

1.00721 1.00294 1.00888 0.319736 0.35664 0.341185

1.00721 1.00294 1.00888 0.213611 0.238498 0.228028

1.00721 1.00294 1.00888 0.107486 0.120356 0.114871

Min frequency 1.00721 1.00294 1.00888 0.00136 0.002214 0.0017136

To avoid this condition we have to calculate frequency of motor so that resonance
phenomenon cannot happen.

Graphical representation of the frequency variation along the translation and rota-
tional axis is shown in graph (Fig. 5) obtained through simulation results which are
also illustrated in Table 5. It shows that mode 1, 2, 3 shows no frequency variation
(along translational axis) as it is a straight line whereas mode 4, 5, 6 shows frequency
variation (along rotational axis) as the line is deflecting.

4 Conclusion

This paper successfully illustrated how the model is proposed, meshed and analyzed
using numerical method.
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The modal frequency obtained in the result (Table 4) shows that motor does not
vibrate along the translation axes and it vibrates over the rotational axes.

So, the natural frequencies up to 20 modes show that it has very less chance to
match up with natural frequencies of car so that it will avoid the resonance.

5 Application of This Approach

1. Modal analysis numerical approach is used in numerous application,more impor-
tant are like aerospace engineering, automobiles, defence equipments, fixed and
rotary wing aircrafts, machine tools and rotating equipment.

2. Vibration in electric motor creates the heat, so for the dissipation of heat we can
do the experimental as well thermal analysis in future.
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Analysis of Interference-Fit Orbital
Motor Using Finite Element Analysis
in ANSYS Workbench

Dinesh Kumaar Ramesh, Avinash Ramakrishnan Rao,
Sai Tharun Reddy Garlapati, and Abhijit Nag

Abstract In the present work, the finite element analysis of interference-fit rotor-
stator assembly of orbital motor has been carried out. The main drawback of a
running-fit orbital motor is the generation of gaps between the rotor and the stator
under working conditions. Gaps generated at the transition contacts lead to fluid
leakages from the High-Pressure Zone to the Low-Pressure Zone. These leakages
cause a reduction in pressure differential. Due to this loss in pressure, the output
torque as well as the overall efficiency is affected. Therefore, in order to overcome
this drawback, interference is provided in the rotor-stator assembly. In the present
work, the interference is provided by increasing the radius of the rollers. The contact
analysis is carried out in ANSYSWorkbench. The values of stresses and deformation
for two different positions of the rotor is obtained.
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1 Introduction

Orbital Motor is Low Speed High Torque (LSHT) hydrostatic motor which converts
hydraulic pressure energy into rotational mechanical energy. It falls under floating-
axis typeRotaryPistonMachines (ROPIMA).Thesemachines consist of epitrochoid-
shaped rotor acting as the piston and an envelope acting as the stator (Fig. 1).

The first work on profiles useful for epitrochoid generated star and ring gear was
developed by Ansdale and Lockley [1] while working on the rotor-stator design
of Wankel engines and similar Rotatory Piston Machines (ROPIMAs). In their
approach, the epicyclic motion of two centrodes was considered as the base circles
of the epitrochoid and its envelope. Colbourne [2, 3] formulated a unique procedure
for development of envelope of trochoidal profiles which perform planetary motion.
Robinson and Lyon [4] proposed methods on modification of epitrochoidal profiles
whichweremore useful for ROPIMAs. Thesemodified profileswere called ‘constant
differencemodified epitrochoid’. Due to this modification, the active envelope of this
profile transforms into a circular arc. Stryczek [5, 6] and Biernacki and Stryczek [7]
used cycloidal gear tooth design methods to design GEROTOR type ROPIMAs. In
their approach, the epitrochoid was generated by rolling the generating circle on the
outer periphery of a fixed circle. Nag and Maiti [8] unified the various geometric
design approaches for profile generation of epitrochoid generated star rotor used in
ROPIMA type hydrostatic units. The dissimilarity in expressions of profile geome-
tries obtained by different methods mentioned before arises due to the differences in
coordinate system considerations and pair of centrodes used to generate the profile.

Maiti and Sinha [9] established the geometric aswell as kinematic relations among
the different epitrochoid generated ROPIMAs. Maiti [10] also established the theo-
retical guidelines for the sequence of change in chamber states. As the rotor rotates,
pressurized fluid enters the chambers that undergo expansion and fluid is discharged
from the chambers that undergo compression. At any instant, either three or four
adjacent chambers are in compression phase and the remaining chambers are in
expansion phase. The phase lag of a piston which is at a dead centre, with the piston
reaching the opposite dead centre is given by

Fig. 1 Cross-sectional view
of orbital motor (www.orbita
lmotors.net)

https://www.orbitalmotors.net


Analysis of Interference-Fit Orbital Motor Using Finite Element … 437

ξo = π/Z(Z − 1) = π/42 (1)

The deformation and gap generated at the contacts were obtained for both epitro-
choid generated rotor-stator assembly of fixed and floating axis ROPIMA type
hydrostatic unit by Maiti [11, 12]. A dimensionless analytical technique based on
Hertz’s contact theory was used. Roy et al. [13] used FEM approach to estimate the
deformation and gap generated in running fit rotor-stator assembly of orbital motors.

Themain drawback of a running-fit orbitalmotor is the generation of gaps between
the rotor and the rollers under working conditions. When these gaps are generated
at the transition contacts, which separate the chambers at high pressure from those
at low pressure, there is a loss in pressure differential between the High-Pressure
Zone (HPZ) and Low-Pressure Zone (LPZ). Due to this loss in pressure, the output
torque as well as the overall efficiency is affected. Therefore, in order to overcome
this drawback, interference is provided in the rotor-stator assembly.

Interference in the rotor-stator assembly can be achieved by the following ways:

• Increasing the chordal thickness of the epitrochoid
• Decreasing the pitch circle radius
• Increasing the roller radius (Fig. 2).

Any investigation on the analysis of interference-fit type orbital motor is not
available in open literature. In the present investigation we have used FEM approach
to estimate the stresses and deformation generated in the rotor-stator assembly of an
interference-fit orbital motor, for two different angular positions of the rotor under
static and no fluid condition. Interference is provided by increasing the radius of
rollers.

2 Methodology

2.1 Modelling

The profile for the constant difference modified epitrochoid and its active envelope
is plotted in MATLAB. Lockley’s approach is used to obtain the unmodified epitro-
choid, which is then modified by parallelly shifting the generated curve along the
direction normal to the unmodified epitrochoid. This gives the equation of modified
epitrochoid as:

Xm = Ao cosψ + Co cos Zψ−rm cos(ψ + ϕ) (2)

Ym = Ao sinψ + Co sin Zψ−rm sin(ψ + ϕ) (3)

The envelope is the outer boundary for the orbiting motion of the rotor. Due to the
implementation of constant difference modification of the epitrochoidal profile, the
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Fig. 2 a Introducing
interference by increasing
chordal thickness and roller
radius. b Introducing
interference by decreasing
pitch circle radius

active envelope becomes a circular arc, which permits the placement of the rollers
with their centers at the crunodes. Location of crunodes (Fig. 3; Table 1):

Xc = Ao cos(π(2 ∗ n − 1)/7) − Co (4)

Yc = Ao sin(π(2 ∗ n − 1)/7) (5)
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Fig. 3 Profile of modified
epitrochoid and its envelope

Table 1 Parameters and its
values

Parameters (in mm) Values

Diameter of the outer centrode (D) 39.361

Diameter of the inner centrode (d) 33.738

Generating point arm (Ao) 31.9808

Amount of parallel shifting of profile (rm) 7.9706

Centre distance (Co) 2.8115

Interference 0.004

The points obtained from MATLAB are used to generate a CAD model of the
rotor-stator assembly in CATIA V5 (Fig. 4).

2.2 Analysis

The 3D CAD model generated in CATIA V5 was imported into Ansys Mechanical
Static Structural in order to perform the Finite Element Analysis of the rotor-stator
assembly. The assemblywasmodeled usingAISI 4340Alloy Steelwith the following
properties (Table 2).

Mesh The three-dimensional hex-dominant structured mesh is used to model the
assembly. The SOLID186 element is used which is a 3D higher order 20 node
(including midside nodes) solid element. Advanced size function is used to capture
curvature in the assembly. A convergence study is performed and the following mesh
parameters are used (Fig. 5; Table 3).

The same mesh parameters were used for the rotor position ξ = 2.1428°.
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Fig. 4 3D model of the
rotor-stator assembly for ξ =
0°

Table 2 Material properties Properties Values

Tensile strength 745 MPa

Yield strength 470 Mpa

Poisson’s ratio 0.3

Fig. 5 Meshed model of the
rotor-stator assembly for ξ =
0°
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Table 3 Mesh parameters Defaults Physical preference Mechanical

Relevance 0

Sizing Use advanced size
function

On: curvature

Relevance centre Medium

Smoothing Medium

Transition Fast

Mesh control Face sizing 0.2 mm on all
contacting surfaces

Behavior Soft

Table 4 Contact parameters Type Frictionless

Behavior Auto asymmetric

Formulation Pure penalty

Detection method Program controlled

Normal stiffness 9.87e8 N/m [14]

Contact Definition Seven different contacts were generated in the rotor-stator
assembly. Hence seven different contact regions were manually added. The contact
type selected for solving this problem was frictionless contact. The target surface
is modeled using TARGE170 elements and the contact surface is modeled using
CONTA174 elements. These are 8 node surface-to-surface contact elements. The
contact behavior was set to auto-asymmetric. The contact formulation was set to
Pure Penalty which is a penalty-based method mainly used to model nonlinear solid
contact. This formulation was chosen as it is more sensitive to the magnitude of
contact stiffnesswhich is obtained from previously established results. The following
parameters are used (Table 4):

Boundary Conditions Fixed support was given to the faces of the holes in the
stator. This type of boundary condition prevents any flat or curved face from moving
or deforming. It restricts all the degrees of freedom (DOFs) for any selected surface,
edge or vertices.

Remote displacement was given to the face of the rotor. The motion along X, Y
directions was allowed and motion along Z direction was restricted. The rotations
about X, Y and Z axes were also restricted. This falls under the category of remote
boundary conditions. A remote displacement can be used to apply displacements as
well as rotations at any arbitrary location in space (Fig. 6).
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Fig. 6 Boundary conditions

3 Results and Discussion

Initial penetration of 0.004 mm is provided between the rotor and stator as shown in
the Fig. 7a.

After performing contact analysis, the penetration reduces to a negligible value
as shown in the Fig. 7b.

The stresses generated in rotor and stator for two different angular positions are
as shown in the Fig. 8.

Deformation of rollers at each contact is obtained along the direction of contact
normal by defining local coordinate system in the given directions. This direction is
found by joining the point of intersection of the centrodes (i.e. instantaneous center)
and the crunodes. The directional deformation at roller 1 is as shown in the Fig. 9.

The directional deformation at each roller for two different angular positions of
rotor is as follows (Table 5).

The contact settings and boundary conditions assigned for the following analysis
were also assigned for a similar analysis in which the rotor was considered rigid.
The directional deformation at each contact, in a direction normal to the contact,
was found for different angular positions of the rotor. The value of this directional
deformation was plotted against angular position of rotor, for each of the seven
contacts. This method is validated by comparing the plot of deformation at the
contacts obtained by the present approach which is based on Finite Element Anal-
ysis with the plot of deformation obtained by minimum potential energy method as
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Fig. 7 a Initial penetration. b Final penetration after analysis

described by Nag et al. [15]. The difference in the value of directional deformation
arises due to the difference in the chosen value of interference (Fig. 10).
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Fig. 8 a Stresses in rotor at ξ = 0°. b Stresses in stator at ξ = 0°. c Stresses in rotor at ξ = 2.1428°.
d Stresses in stator at ξ = 2.1428°
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Fig. 8 (continued)

Fig. 9 Directional deformation in roller at ξ = 0°

Table 5 Directional
deformation

Contact ξ = 0° (mm) ξ = 2.1428° (mm)

1 0.002963 0.003056

2 0.001731 0.001768

3 0.000948 0.001214

4 0.000586 0.000728

5 0.001045 0.000728

6 0.001647 0.001629

7 0.002978 0.002671
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Fig. 10 a Plot based on finite element analysis. b Plot based on minimum potential energy method,
Nag et al. [15]

4 Conclusion

Gap generation under working condition of running-fit orbital motor affects the
torque producing capacity and the overall efficiency of the motor. Introducing inter-
ferenceminimizes this gap generation and thereforeminimizes the fluid leakage from
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high-pressure zone to low-pressure zone. However, introducing interference subjects
the rotor-stator assembly to pre-stress. We have used FEA technique to accurately
estimate the stresses generated in the assembly due to interference. Deformation of
rollers in a direction normal to each contact, which helps in gap reduction, is also
calculated.
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Comparison of Mechanical Performance
of the Various Stent Materials: A Finite
Element Analysis (FEA) Approach

M. Raghuraman, I. Ramu, and V. Chaithanya Vinay

Abstract The objective of this research work is to study and compare the mechan-
ical properties of different biocompatible materials used in stent implantation viz.
Aluminium Alloy (AA2024), Magnesium alloy (Mg–10Al–3Zn), Stainless steel
(SS316L), and Titanium alloy (Ti–6Al–4V). At present, the materials used for stent-
ings such as Cobalt–Chromium alloy, Stainless Steel SS316L,Magnesium alloy, and
Nitinol are not reasonable and cause problems to the artery. The material world is
marching toward the trend of improving the strength and simultaneously reducing
the weight of the material. Hence, in this work, an effort has been made to use Tita-
nium alloy material for cardiovascular stents; this material has been preferred as
an entrant material that has remarkable biocompatibility, extraordinary strength-to-
weight ratio, resistance to corrosion, and also exhibits good mechanical properties
and resistance to corrosion.

1 Introduction

Coronary Artery Diseases are the partial narrowing or complete obstruction of the
coronary arteries and is usually brought about by atherosclerosis. At first, the reduced
blood flowmay not show any symptoms of this disease but with the accumulation and
growth of plaque, the body tends to develop the signs and symptoms of the coronary
artery disease which may comprise pain in chest, short breath, and in the long run it
may result even in a heart attack.
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1.1 Stent

A stent is a splint positioned inside the blood vessel to dismiss any obstacle caused
due to the plaque. A splint is nothing but a medical device that maintains in position
a movable or displaced part, which is an artery in this case. It supports the walls of
the artery to lessen its blockage caused due to the accumulation of plaque.

1.2 Stent Placement

Angioplasty is frequently combined with the enduring placement of a stent which is
nothing but a small wire mesh tube. The stent helps brace the artery open and reduce
the occurrence of restenosis. Some stents are layered with a drug to help retain the
artery open. This type of stents is known as drug-eluting stents while others that
do not contain any drug are known as bare-metallic stents. Drug-eluting stents are
many a time chosen over bare-metal stents for the reason that the latter conveys a
greater risk of restenosis. Few works have been carried out on the titanium alloy
(Ti–6Al–4V) as a stent material as discussed by Auricchio et al. [1].

Recently, variousmedicinal case study demonstrated that stent insertsmay prompt
myocardial infarction, thrombosis [2–5] restenosis [6], and unbalanced angina [7].
It was likewise detailed that stent might fail any time, which results in recurrence
of stenosis, coagulation, torment, and other medical problems in patients [8, 9]. If
the patients were detected with the failure of the stent [10], they need to undertake
a further medical procedure such as surgery to evacuate the fizzled stent and embed
another one to take care of the issue.

2 Modeling of Stent

The geometry of the stent model has been created in Solidworks 2018 software by
using various 3D-geometric modeling techniques like 2D and 3D entities, Boolean
operations as shown in Fig. 1.
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Fig. 1 Stent model

The Mechanical properties considered for different biomaterials are tabulated
below.

Material Material properties

Young’s
modulus, E
(in MPa)

Density (in
kg/m3)

Poisson’s ratio Tensile yield
strength, y (in
MPa)

Ultimate
tensile
strength, u (in
MPa)

Aluminum alloy
(AA2024)

71,000 2770 0.33 280 310

Magnesium alloy
(Mg–10Al–3Zn)

45,000 1800 0.35 193 255

Stainless steel
(SS316l)

193,000 7750 0.31 207 586

Titanium alloy
(Ti–6Al–4V)

96,000 4620 0.36 930 1070

3 Finite Element Analysis(FEA)

After modeling the stent, it is imported as IGES file. The stent model is meshed
and the boundary conditions are applied to the meshed volume. For simulation, the
degrees of freedom (DOF) of one end of the stent is constrained and uniform pressure
of magnitude 13.3 kPa, corresponding to the mean blood pressure of 100 mmHg is
applied normal (radially) to the inner face of the stent. Static analysis is carried out
to determine the displacements, stresses, strains, and forces in the stent under the
given loading conditions.
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Fig. 2 Von-Mises stress of Titanium alloy (Ti–6Al–4V)

The extremeand lowestVon-MisesStress of the stentmodelmadeof titaniumalloy
under the given boundary conditions was found to be 13,580 Pa and 2.3796e+007 Pa
respectively as shown in Fig. 2.

4 Results and Discussion

Three materials, AA2024, Mg–10Al–3Zn, and SS316L, which are primarily used
for the fabrication of the stent were examined to study the consequence of materials
on the mechanical behavior of the stent under given loading conditions. In addition,
Titanium alloy Ti–6Al–4V was also assessed to study the outcome of a particular
material on stent arrangement.

Stents made of Aluminum alloy AA2024 and Magnesium alloy Mg–10Al–3Zn
have a tendency to experience greater deformation compared to that of Stainless Steel
SS316 and Titanium alloy Ti–6Al–4V (Graph 1), exhibiting less radial stiffness.

Graph 2 depicts the comparison of the distribution of Von-Mises stress on stent for
four diversematerials resulting from the arrangement of the stent. From the calculated
outcomes, it seems that the choice of material has an impact on the magnitude of
the maximum Von-Mises stress on the stent. Stents made of Mg–10Al–3Zn have
the least value of maximum Von-Mises stress than that of the other three materials
namely AA2024, SS316L, and Ti–6Al–4V. While the minimum Von-Mises stress
was induced in Ti–6Al–4V in comparison to AA2024, SS316L, and Mg–10Al–3Zn.

Graph 3 shows the Elastic strain induced in different materials of the stent for
the same stent model and loading conditions. It can be observed that Stainless Steel
(SS316L) and Titanium (Ti–6Al–4V) exhibits better elastic strain when compared
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Graph 1 Total deformation of stent materials under 13.3 kPa pressure

Graph 2 Equivalent stress of stent materials under 13.3 kPa pressure

Graph 3 Equivalent elastic strain of stent materials under 13.3 kPa pressure

to Al alloy AA2024 and Mg alloy Mg–10Al–3Zn. Of all the four materials, the
maximum elastic strainwas observed inMg alloyMg–10Al–3Znwhile theminimum
elastic strain was observed in Stainless steel SS316L.

Graph 4 depicts the comparison of the shear stress-induced in different materials
for the same stentmodel. Stresses on the stent are affected by thematerial chosen. For
the same design, the maximum shear stress was induced in Stainless steel SS316L
and the minimum shear stress was induced in Al alloy AA2024.
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Graph 4 Shear stress of stent materials under 13.3 kPa pressure

5 Conclusion

For a given loading condition, severe deformation was observed in stents made of
Al alloy AA2024 and Mg alloy Mg–10Al–3Zn in comparison with Stainless Steel
SS316LandTitaniumalloyTi–6Al–4V.Thus, it can be concluded that themechanical
behavior of Titanium alloy Ti–6Al–4V under a given loading condition is on par
with that of the widely used stent material, i.e., Stainless Steel SS316L. Hence the
Titanium alloys can be considered as an alternative material for the manufacture of
stents.

Titanium is viewed as the most biocompatible metal because of its resistance
to corrosion from bodily fluids, bio-inactivity, and high fatigue limit. One of the
greatest favorable conditions for titanium is its strength. When comparing with von-
mises and shear stresses stainless steel is better because of the low modulus. But,
titanium holds as much strength as steel and is particularly lighter in weight (nearly
50% lighter) in comparison to steel, making this material perfect for its utilization
as surgical implants.

6 Scope for Future Work

Depending on the results obtained from this research, in the future, the work can be
extended

• To perform the fluid flow analysis (CFD) of titanium alloy (Ti–6Al–4V) stents.
• To perform topology optimization for titanium alloy stent and find an optimum

shape for the stent.



Comparison of Mechanical Performance … 455

References

1. Auricchio, F., Constantinescu, A., Conti, M., Scalet, G.: A computational approach for the
lifetime prediction of cardiovascular balloon-expandable stents. Int. J. Fatigue 75, 69–79 (2015)

2. Park, J.S., Shin, D.G., Kim, Y.J., Hong, G.R., Cho, I.H.: Acute myocardial infarction as a
consequence of stent fracture and plaque rupture after sirolimus-eluting stent implantation. Int.
J. Cardiol. 134, e79–e81 (2009)

3. Choe, H., Hur, G., Doh, J.H., Namgung, J., Lee, S.Y., Park, K.Y., Chang, W.I., Lee, W.R.:
A case of very late stent thrombosis facilitated by drug-eluting stent fracture: comparative
images before and after stent fracture detected by 64-multidetector computed tomography. Int.
J. Cardiol. 133, e125–e128 (2009)

4. Lei, L., Qi, X., Li, S., Yang,Y., Hu,Y., Li, B., et al.: Finite element analysis for fatigue behaviour
of a self-expanding Nitinol peripheral stent under physiological biomechanical conditions.
Comput. Biol. Med. 104, 205–214 (2018)

5. Alherz, A.I., Tanweer, O., Flamini, V.: A numerical framework for the mechanical analysis of
dual-layer stents in intracranial aneurysm treatment. J. Biomech. 49(12), 2420–2427 (2016)

6. Okamura, T., Hiro, T., Fujii, T., Yamada, J., Fukumoto, Y., Hashimoto, G., Fujimura, T.,
Yasumoto, K., Matsuzaki, M.: Late giant coronary aneurysm associated with a fracture of
sirolimus-eluting stent: a case report. J. Cardiol. 51, 74–79 (2008)

7. Adlakhna, S., Sheikh,M., Bruhl, S., Eltahawy, E., Pandya,U., Colyer,W., Cooper, C.: Coronary
stent fracture: a cause of cardiac chest pain? Int. J. Cardiol. 141, e23–e25 (2009)

8. Umeda, H., Gochi, T., Iwase, M., Izawa, H., Shimizu, T., Ishiki, R., Inagaki, H., Toyama, J.,
Yokota, M., Murohara, T.: Frequency, predictors, and outcome of stent fracture after sirolimus-
eluting stent implantation. Int. J. Cardiol. 133, 321–326 (2009)

9. Celik, T., Iyisoy, A., Dogru, M.T., Isik, E.: Coronary stent strut fracture after drug-eluting stent
implantation: a newly recognized complication. Int. J. Cardiol. 132, 121–122 (2009)

10. Sweeney, C., McHugh, P., McGarry, J., Leen, S.: Micromechanical methodology for fatigue in
cardiovascular stents. Int. J. Fatigue 44, 202–216 (2012)



Applicability of Empirical Correlations
for Critical Heat Flux in Transfer Line
Cool-Down Boiling

Asit Kumar Meher, P. H. J. Venkatesh, M. S. R. Viswanath, J. Naga Raju,
and Ankit Kumar

Abstract The Cool down of move lines with the cryogenic liquids is a stream
bubbling procedure having diverse warmth move regimes. In Cryogenic fuel move
frameworks, high exactness numerical models are required for anticipating this two-
stage stream bubbling procedure. The punishment of wasteful model leads into
higher edge of structuring and working expenses. There has consistently been a
drive to figure an all inclusive connection which can cover an expansive scope of
liquids alongside the thermodynamic conditions for anticipating heat motion. These
relationships anyway don’t cover cryogenic liquids explicitly for transient chill off
bubbling of move lines. Consequently, the expectation of this investigation is to
confirm these two-stage heat move connections for anticipating basic critical heat
flux (CHF) against accessible stream bubbling information for cryogenic liquids.
Cryogenic quenching trial test information is looked at against accessible relation-
ships and the mean outright deviation in anticipating most extreme warmth transition
from every connection is introduced. Results obtained through this work means that
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the current relationships are unequipped for precisely anticipating the size of warmth
move during the procedure words.

Keywords Liquidnitrogen · Horizontalpipe · Flow boiling · Chill-down ·
Horizontal pipe · Flow boiling · Critical heat flux · Stream bubbling · Cryogenic
fuel · Quenching · Warmth transition

Nomenclature

Greek symbols

μ Viscosities
σ Surface tension
ρ Density
ϕ Acceleration term
K Thermal conductivity
g Acceleration due to gravity
Cp Specific heat capacity

Correlation parameter

Hfg Latent heat of vapourisation
�H Enthalpy of sub cooling
Pe Peclet number
Fr Fraude number
Fd Drag force on single bubble
D Tube diameter
Db Diameter of the bubble
η Fraction of cross-section occupied
ó Shear stress

Subscript

l Liquid
v Vapour
0 For zero critical vapour quality
X Vapour quality
cr Critical
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c Core
b Bubble
i Interface
w Wall

1 Introduction

The Heat transfer systems during the cool-down procedure, The chill down of cryo-
genic exchange lines is a stream bubbling procedure and is appeared in Fig. 1. The
chill down starts in the film bubbling system due to abrupt blazing of fluid because of
huge beginning temperature distinction. As the divider temperature diminishes, the
framework moves toward the purpose of least warmth move between the liquid and
the exchange line divider. This point is explicitly named as Leindenfrost point (LFP).
Stream at that point enters and goes through the progress bubbling system rapidly.
This warmth move system is the most precarious of three bubbling systems and it
closes when the fluid comes in consistent contact with the exchange line divider at
the CHF. The purpose of CHF describes the fluid predominant of Nucleate bubbling
system (NB). Warmth move is greatest at the CHF point because of the way that the
protecting fume layer decreases and the proficient cooling process happens through
both reasonable and inert warmth move process. As the cooling procedure proceeds

Fig. 1 Flow boiling curve at low vapour quality
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with further the void portion diminishes and the framework moves toward the begin-
ning of nucleate bubbling (ONB) point. The framework develops from the two-stage
heat move procedure to the single-stage fluid convection and further chill off of the
channel divider happens by the reasonable warming of the cryogenic liquid.

Cryogenic propellants provide remarkable advantages in generating higher
specific impulse compared to the earth storable propellants and are the first choice for
the operation of rocket engines carrying higher payload. In space flights applications,
transfer lines are required to carry cryogenic propellants from tankers into the run-
tank and from both tankers and run-tank to the test objects. Optimization of the cool-
down process includes the use of small amount of cryogen while not exceeding the
maximumallowed thermal stress. Nonetheless, the consistency of one liquidmodel is
emphatically subject to thewarmthmove connections just as change rules utilized for
recreating different bubbling systems, for example, film bubbling, progress bubbling,
nucleate bubbling lastly constrained convection to fluid, that happen during cool-
down boiling (Fig. 1). It tends to be envisioned that exact estimation of Critical heat
flux (CHF) during the pipe cool down can be used to clearly demarcate the transition
from pre-CHF to post-CHF conditions and is therefore imperative to mathematically
model cool-down process.

In this work, by discussing the observations recorded in various publications
regarding physical mechanism leading to CHF and the involved parameters affecting
the magnitude, a basic understanding is developed first. Later, rigorous review of
currently available literature is carried to select various correlations for checking
their applicability in predicting CHF during transient forced flow boiling process.
Cryogenic quenching data is selected from the experimental publications and the
method of gathering data with assumptions taken to compute CHF is presented.
Finally, the value of CHF obtained from each correlation is validated with collected
experimental values to check the deviation.

2 Methodology

2.1 Validation of Previously Reported Correlations

Cool-down process is a transient phenomenon where both wall temperature and heat
flux changes with time. At the very point of time themaximum heat flux that occurs is
collected from the literature along with all the parameters governing the experiment.
The 09 correlations stated in Chapter 02 is numerically modelled in software to
obtain magnitude of CHF for various input parameters like pressure, diameter of the
channel, mass flux, etc. The values which are obtained from solving mathematical
formulation of correlations are then compared to the experimentally calculated values
are used to validate CHF correlations [1].
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Validation of Bubble crowding model

The mathematical model of bubble crowding is first formulated in EES version
9.4.4.0. The mathematical model is an iterative process which requires initial guess
of heat flux. Also, the input parameters required to solve CHF through this model are
length of the section, diameter of the tube, inlet mass flux, inlet saturation pressure
or temperature. In the present work, initial guess value is attempted with the input
parameters. After getting convergence of initial guess and the final value for a specific
set of inlet conditions, the values are then validated with the previously reported
experimental parameters to check for the deviation. 3.2.1 Mathematical formulation
of bubble crowding model suggested by Kwon and Chang [1] (Fig. 2)

∂GbAb

∂z
+ GbcPi − GcbPi = 0 (1)

∂Gb(1 − xb)Ab

∂z
+ qevapPw

h f g
+ Gbc(1 − xb)Pi − Gcb(1 − xc)Pi = 0 (2)

The total balance of energy with the control volume yields

∂Gbhb Ab

∂z
+ GbchbPi − Gcbhc Pi − qwPw = 0 (3)

From Eq. (1) and the finite critical void fraction rearrange Eq. (3) as (Fig. 3)

qw = Gcb(hb − hc)
Pi
Pw

(4)

− ∂P

∂z
+ τi Pi

Ab
− βτw,vPw

Ab
− Fd

AbD2
b

− ρbg

+
(
GcbŪc − GbcŪb

)
Pi

Ab
= 1

Ab

∂
(
ρb AbŪ 2

b

)

∂z
(5)

Fig. 2 The conceptual
configuration for the bubbles
formed on the heated wall
and separated flow control
volumes
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Fig. 3 Configuration of
separated flow control
volume for a wall bubbly
layer b core

−∂P

∂z
+ τi Pi

Ac
− ρcg −

(
GcbŪc − GbcŪb

)
Pi

Ac
= 1

Ac

∂
(
ρc AcŪ 2

c

)

∂z
(6)

Based on the assumption, transverse mass transport for the interface is limited at
the CHF condition which signifies, at the CHF

Gbc = Gcb = G∗ (7)

From (5), (6), (7)

G∗ =
[ −τi Pi
ηc(1 − ηc)A

+ βτw,vPw
(1 − ηc)A

− (ρc − ρb)g + πDFd
D2

b(1 − ηc)A
+ φ

]

∗ A(1 − ηc)ηc(
Ūc − Ūb

)
Pi

(8)

Neglecting insignificant terms with proper remark, from Eq. (4) and (7) relation
of CHF is obtained as

qchf =
[
−(ρc − ρb)g + πDFd

D2
b(1 − ηc)A

]
∗ (hb − hc)Aηc(1 − ηc)(

ŪC − Ūb
)
Pw

(9)

The variation in vapour quality is calculated to be 0 in axial direction due to finite
critical void fraction in the bubbly layer control volume:

qevap = Gcb(xb − xc)hfg
Pi
Pw

(10)
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The variation in vapour quality is calculated to be 0 in axial direction due to finite
critical void fraction in the bubbly layer control volume: Generalized correlations of
CHF for the forced convection boiling:

Along with the internal flows, CHF in external forced convection boiling systems
utilizing external flows is significant in many industrial applications and has
paramount importance in acquiring the insight into the basic mechanism leading
to the occurrence of CHF. The observation regarding the flow pattern made through
the experiments conducted by Katto and Kurata [2] reveals that the flow regime is
bubblywith the input heat flux (q) is low but as the value of q is increased coalescence
of vapour takes place near the heated surface. The author used the data for water and
R-113 and formalized a generalized Eq. (14) for predicting CHF (Table 1).

The observations are recorded near the critical heat flux condition for saturated
liquid flow on uniformly heated plate in submerged condition at one atmospheric
pressure. For water the experimental data obtained is for flow velocity ranging from
1.26 to 9.10 m/s and for R-113 velocity range from 1.26 to 6.02 m/s.

Quench test and heated tube tests

Anytime or length along the tube, the heated cylinder HTC is characterized as:

hHT = qheater
Ti − Tsat

(12)

qheater = I V

As
(13)

From the method of Burggraf [3] Ti is the inner wall temperature can be
determined

Table 1 Correlation equation of CHF at zero inlet sub cooling and for K

Regime Qco/GHfg K

L-regime
C

(
σρl
G2l

)0.043
1
l/d

1.043

4C
(

σρl
G2l

)2

H-regime
0.10

(
ρv

ρl

)0.133(
σρl
G2l

) 1
3 1
1+0.0031 l

d

5
6

0.0124+d/ l

(ρv/ρl )
0.133

(
σρl
G2l

)1/3

N-regime
0.098

(
ρv

ρl

)0.133(
σρl
G2l

)0.433
(l/d).27

1+0.0031 l
d

0.416 (0.0221+d/ l)(d/ l)0.27

(ρv/ρl )
0.133

(
σρl
G2l

)0.433

Table 2 Range of experimental conditions and deduced value of critical heat flux from literature
[5]

Total No. of data
points

Fluid Pressure range Mass flux range CHF values
(KW/m2)

103 Liquid Nitrogen 150–720 kPa 6–1650 kg/m2 sec 39–270
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qaxial is the axial conduction term, assumed negligible except at the liquid quench
front [4]

qrad =
∑

eiσ Fi j
(
T 4
i − T 4

j

)
(16)

Fij is the view factor between surface i and j, and Ti and Tj are the temperatures
of the radiating surfaces,

qgas conduction = −kgas
dT

dx
(17)

Darr et al. [5]

An enormous number of LN2 chill-down tests are driven in a parametric way over
a wide extent of brutal Re, for a wide scope of stream headings for a little SS test
territory. There were two test stations a distance away of 14.9 and 40.1 cm from
the narrows which contains 6 thermocouples introduced to it. Preliminary course
of action is showed up in the figure. Modifications were made to the test gear to
stream both drenched and subcooled gulf, and along these lines a couple of data was
evaluated at negative amicability attributes.

Noteworthy points from the reported test of Darr et al. [5]

Compared with high Re LH2 streams, for an identical divider superheat, the heavier
nitrogen invests more energy in Film boiling and therefore the lighter hydrogen
over time in nucleate boiling. Along these lines, for top mass motion and low or no
subcooling, the FB streamprofile relies upon the liquid and during thismanner Liquid
to Vapor (L/V) thickness proportion. Littler L/V proportion is sweet for blending and
separation of the fume layer along the divider, consequently advancing fluid contact
along the dividers prior within the chill down (Fig. 4).
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Fig. 4 System schematic test section [5]

Chi et al. [6]

Chi et al. [6] report one low flow LH2 chill-down trial for an Al test area where
pressure, temperature and stream rate information was accessible at stations 2 and 5.
While mass stream temperature estimations were likewise accessible, test HTCs
trusted immersion temperature, and properties were registered utilizing pressure
referenced at every area at the precise time of event of CHF (Fig. 5).

Jin et al. [7]

Cryogenic chill-down experiments are led on a 12.7 mm external diameter, 1.25 mm
wall thickness and sevenm long treated steel pipewith fluid nitrogen (LN2). The pipe
is vacuum protected during the test to limit the warmth leak from temperature and to
empower one to numerically recreate the procedure with none problem. The temper-
ature and therefore the pressure profiles of the chill-down line are acquired at the
area which is 5.5 m during a good ways from the channel bay. The exploratory
boundaries are referenced in table. The transient narratives of temperature, weight
and mass stream rate during the road chill-down procedure are checked and, and
therefore the warmth move coefficient of warmth flux are figured by the converse
critical thinking technique for Burgrraf [3] (Fig. 6).

Fig. 5 Schematic of test section in chill-down experiment [6]



466 A. K. Meher

Fig. 6 Experimental test section reported in Jin et al. [7]

Repudiated experimental data

Due to inadequate information provided in previously reported experimental papers
like the papers do not report the operating pressure or the length of test section to
calculate the corresponding correlation value and hence are discarded during the
present study. These experimental papers are mentioned belowmentioning the cause
of not using these correlations.

Burke et al. [8] was the first researcher to conduct LN2 chill-down experimental
studies. The paper however do not report to all the parameters needed to deduce
correlation value. While the pressure and stream rate information were accommo-
dated a solitary run, insufficient data was accessible to compute correlation and
normal convection heat releases, nor were areas of estimations indicated to ascertain
balance quality. Moreover, separation between the outer wall estimating stations was
not given, and the wall temperature follows introduced in the paper were arrived at
the midpoint of more than four distinct areas. Bronson et al. [9] was the principal
specialist to lead LH2 chill-down test examines, however the information couldn’t
be utilized to survey the relationships in light of the fact that the gulf states of the
liquid were obscure, the pressure was not accessible at each external divider temper-
ature perusing, and the stream rate time follows were not accessible. For regis-
tering exploratory CHF from the external divider follows, the paper doesn’t indicate
enough data about the testing office to ascertain parasitic heat leak. Hedayatpour and
Antar [10] revealed a numerical model dependent on LN2 extinguishing information,
however the paper is disposed of in light of the fact that solitary temperature variety
information is given.
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3 Results

From Table 3 it is evident that the correlation which posses minimummean deviation
in calculating CHF is the correlation of Katto and Kurata [2] along with Katto [11].
However, there is a significant amount of error even by using these two correlations.
From Graphs 4.1 to 4.12, the correlations of Katto and Ishi [12],Hall and Mudawar
[13], Mudawar and Maddox [14], Nishikawa et al. [15] underpredicts the CHF value
from the reported experimental data points. Moreover, the correlation of Zuber [16],
Lienhard and Dhir [17], and the modified correlation of Katto and Ohno [18] are
causing overprediction of CHF values (Table 2).

Various plots are drawn to check the performance of each correlation against
the experimental CHF value [5] (Figs. 7, 8, 9, 10, 11, 12 and 13).

The correlation of Katto [11], Katto and Ishii [12] has shown the mean value of
mean deviation compared to other correlations. The experimental condition includes
horizontal flow of liquid nitrogen and the parameters governing the phenomenon
of CHF during the flow boiling condition is in accord with the two correlations
mentioned above. Also, it is noted that the value of mean deviation is not much

Table 3 Mean absolute deviation (MAD) of the CHF value calculated from various correlations
from the experimental CHF Data points [5]

Author Katto [11] Zuber [16] Katto and
Ishii [12]

Hall and
Mudawar [13]

Lienhard and
Dhir [17]

MAD 66.534 95.909 111.395 128.214 129.18

Author Mudawar and
Maddox [14]

Katto and
Kurata [2]

Y.Katto and
Ohno [18]

Nishikawa et al.
[15]

MAD 89.518 60.678 578.12 74.189

Fig. 7 Plot of CHF from the
correlation of Katto [11]
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Fig. 8 Plot of CHF from the
correlation of Zuber [16]

Fig. 9 Plot of CHF from the
correlation of Katto and Ishii
[12]

significant keeping in mind the assumptions taken during experimental calculation
of heat flux (Tables 4, 5, 6 and 7).

The mean absolute deviation found is minimum from the correlation of Zuber
[16]. However, the model of Lienhard and Dhir [17] shows the maximum mean
deviation. It is noteworthy here that the two correlations [16, 17] are different just
in a constant term. Therefore, the results obtained can be attributed to the low mass
flux condition and the low L/V ratio. Other correlations are also showing less mean
deviation. Moreover, the correlation of Katto [11] has also performed good as it
accounts for very less deviation for two data points.
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Fig. 10 Plot of CHF from
the correlation of Hall and
Mudawar [13]

Fig. 11 Plot of CHF from
the correlation of Lienhard
and Dhir [17]

Probable reasons of discrepancies

The discrepancies between the two values can be significantly due to following
reasons. All correlations were derived using the heated tube tests, and not transient
chill-down tests. For steady state or heated tube tests, there occurs negligible thermal
gradient across the pipe wall and the system is in equilibrium with known flow
rate and equilibrium quality of flow, temperature, etc. while in transient cool-down
process heat flux is determined through solid conduction through the pipewall.More-
over, regarding the thermal mass of the system, the chill-down process approaches
steady state when there is heavy thermal mass which results in slow cool down. The
temperature versus time curve will then have very less slope approaching steady state
condition. But, the pipe used in the experiments is having very less thermal mass
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Fig. 12 Plot of CHF from
the correlation of Mudawar
and Maddox [14]

Fig. 13 Plot of CHF from
the correlation of Katto and
Ohno [18]

Table 4 Range of experimental conditions and deduced value of critical heat flux from literature
[7]

Total No. of data
points

Fluid Pressure range Mass flux range CHF values
(KW/m2)

05 Liquid Nitrogen 176–433 kPa 19–51 kg/m2 sec 42–65

and is quenched with cryogenic fluids causing large temperature gradient far from
steady state conditions. Also, it can be stated to address the amount of deviation
between experimental CHF and correlations is that there is no method to measure
all the variables like void fraction, in situ non-equilibrium quality which governs the
maximum heat flux point.
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Table 5 Mean absolute deviation (MAD) of the CHF value calculated from various correlations
with the experimental CHF Data points [7]

Author Katto [11] Zuber [16] Katto and Ishi
[12]

Hall and
Mudawar [13]

Lienhard and
Dhir [17]

MAD 13.194 78.838 11.847 41.8 205.698

Author Mudawar and
Maddox [14]

Katto and
Kurata [2]

Katto and Ohno
[18]

Nishikawa et al.
[15]

MAD 38.65 27.79 44.48 36.56

Table 6 Range of experimental conditions and deduced value of critical heat flux from literature
[6]

Total no. of data
points

Fluid Pressure range Mass flux range CHF values
(KW/m2)

03 Liquid Hydrogen 27–30 Psi 36–45 kg/m2 sec 43–47

Table 7 Mean absolute deviation (MAD) of the CHF value calculated from various correlations
with the experimental CHF Data points [6]

Author Mudawar and
Maddox [14]

Katto and
Kurata [2]

Katto and Ohno
[18]

Nishikawa et al.
[15]

MAD 25.09 12.46 24.512 10.512

Author Katto [11] Zuber [16] Katto and Ishii
[12]

Hall and
Mudawar [13]

Lienhard and
Dhir [17]

MAD 29.087 4.41 30.77 Hall and
Mudawar [13]

54.747

4 Conclusion

The transfer of cryogenic propellants through the transfer lines is a flow boiling
process. Optimization of the cool-down process includes the use of small amount of
cryogen while not exceeding the maximum allowed thermal stress. The penalty of
inefficient model leads into higher margin of designing and operating costs. The
disparity between the current set of correlations to predict CHF and cryogenic
quenching data from the experiments is recorded. The probable reasons for the
disparity are tried to address. A set of 113 experimental points are taken and 09 corre-
lations are verified to check the applicability in that range of conditions. Although,
the correlation of Katto [11] shows minimum deviation in comparison to other corre-
lations mentioned in Tables 1 and 3 yet the discrepancy recorded is very significant to
provide satisfactory results with a wide range of parameters. Thus, there is a need to
develop a universal correlation which can be applied to cryogenic fluids over wider
range of parameters to accurately predict CHF during flowboiling process. Thiswork
can be further extended to find a universal correlation that can be applied to a large
number of fluids and conditions. To develop a correlation very large number of data
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points are required and hence the foremost requirement is to consolidate a database
which can contain various flow parameters and the corresponding CHF value. Also,
the lack of experimental CHF values for cryogenic fluids channelizes an urge to go
for experimental setup to record temperature change and further in calculating CHF
values.

Appendix

The deduced experimental parameters and obtained CHF values from the previously
reported paper of Darr et al. [5].

Different set of parameters and test section length

Report of parameters from experiment of Chi et al. [6]
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The value of CHF from each individual correlation is calculated from the input parameters of
experimental papers. Some figures are shown below to brief about the work with some data points
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Virtual Design Optimization
of Motorbike Rear Sprocket Based
on ANSYS and Hybrid MOORA-Fuzzy
Inference System

Abhishek Barua , Dilip Kumar Bagal , Siddharth Jeet ,
Swastik Pradhan , Dulu Patnaik, and Ajit Kumar Pattanaik

Abstract Sprockets are most commonly employed as a part of vehicle segment and
in machineries to transfer rotating movement among two shafts wherever adapts are
contrary or to convey firmmovement to a path and so on. They are present in different
measurements, teeth number and are prepared of various materials. Being very vital
it is very important these sprockets are designed properly and right material is used.
There is a need for an improved material so that it can sustain more forced frequency
and so that more fruitful results can be achieved in shorter time. In this study, the
current sprocket of Mild steel is distinguished with the sprocket of Chromoly steel.
CAD modelling of sprocket has been made through Reverse Engineering approach
and analysed using Finite Element Analysis. In light of the outcomes, sprocket’s
design has been optimized for weight reduction which can achieve better result under
different torque condition keeping same constrictions using MOORA technique and
MOORA coupled Fuzzy Inference System respectively. In this study, weight reduc-
tion of sprocket is done by introducing pockets on the ribs. The dimensions of the
pocket have been taken as input parameters and analysis has been conducted using
the L9 orthogonal array in ANSYS 17.2 version. This practice assists as a different
tactic for sprocket design evaluation and its behaviour in chain driveswhich is desired
in the automobile industries.
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1 Introduction

A chain sprocket is a profiled toothed cog which works with track belt, chain or other
indented object for transmission of turning effort between 2 shafts. Inside worldwide
principles sprockets are reasonably essential mechanical gadgets. Be that as it may,
their adaptability prompts numerous differentiating styles. Sprockets can be provided
in different materials and styles, contingent on the application and seriousness of
administration prerequisites [1]. The sprocket’s teeth work inside a roller chain,
in this way exchanging rotational vitality between parallel shafts over separations.
Sprockets have a few purposes of high-grinding contact with a roller chain, which
is imperative to proficient pivot, yet in addition wears the sprocket and roller chain
rapidly. This is battled with greased up bushings around the stick that the sprocket
handles, and additionally between the plates that hold the chain together [2].

Sprockets are designed in such a means that they will mesh correctly if they get
fitted to a chain drive system. It is the most efficient sprocket to deliver a constant
and positive speed drive. Generally, different types of steels or aluminium alloys are
used to make sprockets according to their mode of operations. The materials used in
the sprocket are one of the chief criteria for designing. The material can resolve the
amount of vibration it is able to take or whether the input speed will basis resonance
or not. These all be contingent on the natural frequencies it will generate and produce
deformation and stress. The composite materials are chosen over the conventional
materials used now for the reason that of their strength even at light weight [1–9].

In this paper, FEM modelling and simulation is figured using the CATIA and
ANSYS. Computer Aided Modelling (CAD) of sprocket has been made through
Reverse Engineering approach and analysed using Finite Element Analysis. In light
of the outcomes, sprocket’s design has been optimized for weight reduction for
better performance under different torque condition keeping the same restraints using
MOORA technique and MOORA coupled Fuzzy Inference System respectively. In
this study, weight reduction of sprocket is done by introducing pockets on the ribs.
The dimensions of the pocket have been taken as input parameters and analysis has
been conducted using the L9 orthogonal array in ANSYS 17.2 version.

2 CAD Modelling of Sprocket Through Reverse
Engineering

Reverse Engineering is a practice of reproducing an existing section, subassembly,
or object, without guide of documentation, drawings or computer model. For some
product development processes reverse engineering is utilized to create surface
models by 3D-examining strategy, and thus this system grants to fabricate distinctive
parts for automobiles, machineries, moulds, dies, press tools in a short development
period. Here, FaroArm scanner is utilized for producing 3D model of the sprocket
which is preeminent portable coordinate measuring machine (PCMM). The design
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Fig. 1 Sprocket specimen
scanned using FaroArm
scanner

of the sprocket was taken from rear wheel conventional sprocket model of Hero
Xtreme having 43 teeth. The specimen was cleaned, coated with developer liquid
and then scanned by using FaroArm Fusion scanner. The scanned model was gener-
ated in Geomagic studio software which is used for transforming 3D scanned data
into highly accurate native CAD models. After generating, the model was imported
in CATIA V5 R21 for more accurate development [8]. Figure 1 Shows the sprocket
specimen scanned using FaroArm scanner.

After scanning the specimen and generating a CAD model in Geomagic Studio,
the “.stl” file is imported to CATIA V5 R21 for further development. Since the teeth
profile of original sprocket specimen is worn out, it is needed to be re-designed in
the software.

The thickness of the sprocket is 7.2 mm. Certain formulae are taken for sprocket
teeth profile generation. The specimen is having 43 teeth on the surface. The calcula-
tions are done using formulae show in Table 1 and the teeth profile is generated [8].
Figure 2 shows the sprocket tooth geometry. Figure 3 shows CAD model generated
by scanning imported in CATIA V5 R21. Figure 4 depicts sprocket tooth geometry
generated in CATIA while Fig. 5 shows the final CAD model of sprocket generated
in CATIA.

Previously, many researchers have carried out their research in development of the
sprocket. Some have tried to replace the conventional material with other alternative
material which can show similar mechanical behaviour when subjected to similar
loading condition like that of conventional material [4, 5]. Some have also tried to
optimize the design of the sprocket based on the values of stress, strain or deformation
at particular area [3]. They have achieved the optimized design by introducing a
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Table 1 Formulae for the development of sprocket tooth form [1]

Formulae Value

(in) (mm) –

P = chain pitch 0.5 12.7 –

N = No. of teeth – – 43

Dr = chain roller Dia. 0.335 8.51 –

Ds = 1.0005 Dr + 0.003 (seating curve dia.) 0.340 8.628 –

R = Ds/2 = 0.5025Dr + 0.0015 0.170 4.314 –

A = 350 + 60◦
N – – 36.4°

B = 180 − 56◦
N – – 16.7°

ac = 0.8 × Dr 0.268 6.807 –

M = 0.8 × Dr cos
(
350 + 60◦

N

)
0.216 5.479 –

T = 0.8 × Dr sin
(
350 + 60◦

N

)
0.159 4.039 –

E = 1.3025 Dr + 0.0015 0.438 11.121 –

Chordal Length of Arcxy = (2.605 Dr + 0.003) sin
(
90 − 28◦

N

)
0.127 3.230 –

yz = Dr
[
1.4 sin

(
17◦ − 64◦

N

)
− 0.8 sin

(
18◦ − 56◦

N

)]
0.048 1.230 –

ab = 1.4Dr 0.469 11.913 –

W = 1.4Dr cos 180◦
N 0.468 11.881 –

V = 1.4Dr sin 180◦
N 0.034 0.870 –

F = Dr
[
0.8 cos

(
18◦ − 56◦

N

)
+ 1.4 cos

(
17◦ − 64◦

N

)
−1.3025

]
−0.0015 0.271 6.878 –

H =
√
F2 − (

1.4Dr − P
2

)2 0.159 4.045 –

S = P
2 cos 180◦

N + H sin 180◦
N 0.261 6.628 –

PD = P
180◦/N 6.850 173.984 –

pocket or removing the material from that particular area thus making the sprocket
lighter than the original design. In this study also after designing the sprocket, taking
previous studies as a reference, pockets have been added on each ribs of the sprocket
for design optimization. Weight of the original sprocket was found out to be 712 g
approx. Figure 6 shows the dimensioning of pockets in sprocket by using ANSYS
Space Claim.

Taking input parameters shown in Table 2 and according to the L9 orthogonal
array designed to conduct experiment, all the output responses are recorded for
every different design of the sprocket which is discussed in the later section.
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Fig. 2 Sprocket tooth geometry [1–3]

Fig. 3 CAD model generated by scanning imported in CATIA V5 R21

3 Material for Motorcycle Sprocket

The material choice for sprocket manufacturing relies on strength and operating
circumstances like noise, wear, load, etc. including cost and in addition the material
execution. They might be fabricated from any material in accordance to the service
and area of requirement. Carbon steel is generally utilized for sprocketmanufacturing
because of its great wearing possessions, magnificent machinability and simplicity
of creating muddled shapes by machining. Alloy steels are additionally used in a few
spots for substantial working condition or aluminium alloy is used for high speed
operation like motorcycle racing. In this study, Chromoly steel (AISI 4140) which
is also known as high tensile alloy steel has been used for designing the sprocket.
Alloying components incorporate Chromium and Molybdenum. Thus, it is called
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Fig. 4 Sprocket tooth geometry generated in CATIA

Fig. 5 CAD model of sprocket generated in CATIA

as Chromoly steel. It has a superb power to weight proportion, impressively more
grounded, harder than standard mild steel, yet are not effortlessly welded which
requires heat treatment both before after welding to avoid cold cracking. While these
evaluations of steel do contain chromium, it isn’t sufficiently incredible amounts to
give the corrosion obstruction found in stainless steel. One of the characteristics of
this steel is the ability to be case hardened by carburization of the surface. This makes
this steel a phenomenal material for utilizations, for example, gears, cylinder pins,
and crankshafts and so forth. The mechanical properties of Chromoly steel are stated
in Table 3.
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Fig. 6 Dimensioning of
pockets in sprocket by using
ANSYS space claim

Table 2 Input parameters of pocket dimension

Factors Symbol Level 1 Level 2 Level 3

Width (mm) A 8 10 12

Length (mm) B 21 24 27

Thickness (mm) C 2.5 3 3.5

Table 3 Mechanical
properties of chromoly steel
(Approx.)

Properties AISI 4140

Elastic modulus 210 GPa

Density 7870 kg/m3

Ultimate tensile stress 650 MPa

Poisson’s ratio 0.28

Yield strength 400 MPa

4 Finite Element Analysis (FEA) of Sprocket

It is an onscreen way for envisaging a product’s behaviour to practical forces, illus-
trates whether a product behaviour. Here, Static Analysis is done by using ANSYS
17.2 and boundary conditions are fitted to get desired solution [1–9].
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Fig. 7 Meshed model of sprocket

4.1 Meshing

For meshing, CATPART file of the CADmodel of sprocket was imported to ANSYS
17.2. Tetrahedral element was used formeshing.Meshing tool inANSYSworkbench
was used for creation of finemeshwith element size 2mmafter convergence. Figure 7
demonstrates the meshed model of sprocket in ANSYS Workbench [8].

4.2 Boundary Conditions

Subsequently meshing is accomplished, after which boundary conditions were
appliedwhich are reference points for calculation of analysis results [8]. Forces acting
on sprocket-Torque at the rear sprocket and Gravitational force which is neglected
in this case.

Calculation for Torque at rear sprocket [7, 8]:

1. Maximum Power from engine: 11.6 kW at 8500 rpm
2. Maximum torque by Engine (Te): 13.5 Nm @ 6500 rpm
3. Primary Gear Reduction (ix): 3.35
4. Final Gear Reduction (io): 3.0714
5. Torque at rear sprocket= (ix)× (io)× (Te)= 3.35× 3.0714× 13.5= 138.9 Nm.

TheCADmodel has been restraint at the boundary andmaximum torque 138.9Nm
was applied at centre. Boundary conditions applied on the sprocket are shown in
Fig. 8.
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Fig. 8 Boundary conditions applied on sprocket

4.3 Solution

After meshing and boundary condition applied on the CAD model, analysis process
was done in ANSYS 17.2 version. It computed the deflection in the model with
respect to boundary conditions applied over it and calculated the stress. Results were
observed and consequently changes were planned according to higher stress region
acquired.

5 MOORA Technique (Multi-objective Optimization
on the Basis of Ratio Analysis)

InMOORA technique, output responses are set in decision matrix as stated in Eq. (1)
[10–17].

X =

⎡
⎢⎢⎢⎣

x11 x12 . . . x1n
x21 x22 . . . x2n
...

... . . .
...

xm1 xm1 . . . xmn

⎤
⎥⎥⎥⎦ (1)

Normalizing the data of the formed matrix using the Eq. (2).
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Fig. 9 Layout of fuzzy editors on fuzzy inference system

x∗
i j = xi j/

[
m∑
i=1

x2i j

] 1
2

( j = 1, 2, . . . , n) (2)

A normalized assessment value is calculated after the consideration of weight
using Eq. (3) and ranked from higher to lower value [10–13]:

yi =
g∑
j=1

wj x
∗
i j −

g∑
j=g+1

wj x
∗
i j (3)

6 Fuzzy Inference System

It organizes four representations; fuzzification interface, decision-making unit, rule
base and database, and defuzzification interface. Fuzzy rule base uses “if-then”
controller rules with minimum 2 inputs and single output. The layout of Fuzzy
editors on Fuzzy inference system is shown in Fig. 9.

7 Results and Discussion

The experimental layout was made conferring to Taguchi’s method. The factors and
their levels for the experiment are tabulated in Table 2. According to the factors and
levels, the suitable minimum numbers of experimental run that can be done with
to Taguchi array is L9. The L9 layout of the experiment is presented in Table 4.
The finite element analysis was conducted under static loading conditions to find
maximum stress, deformation and weight of each design.
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Table 4 L9 orthogonal array
of experimental runs with
output results

Run No. A B C

1 8 21 2.5

2 8 24 3

3 8 27 3.5

4 10 21 3

5 10 24 3.5

6 10 27 2.5

7 12 21 3.5

8 12 24 2.5

9 12 27 3

Now, MOORA method was used to find out the optimum dimension for the
pocket. The normalization of output responseswas done usingEq. (2).Overall assess-
ment values were calculated and their ranking according to the highest value of the
MOORA index. Table 5 shows the normalized assessment values,Overall assessment
values and ranks of the responses.

From the ranking of Overall assessment value, experiment no. 8 shows the highest
value among all experiments. Hence, the optimal dimension for pocket for sprocket
using MOORA based method is found to be at length of 24 mm, width of 12 mm
and thickness of 2.5 mm respectively.

The fuzzy logic method was implemented to single Fuzzy-MOORA overall
assessment value than considering complicated multiple outputs. Mamdani’s infer-
ence technique was chosen for finding membership function values and centroid
method is used for defuzzification approach. For formulation of statement for predic-
tion fuzzy logic, If-Then rule statements were employed, which have three weighted
normalized assessment value such as maximum stress, deformation and weight
obtained with one output as a Fuzzy-MOORA overall assessment value. Fuzzy logic

Table 5 Normalized assessment values of responses

Run No. Maximum stress Maximum
deformation

Weight obtained Yi Rank

1 0.3374 0.3141 0.3374 −0.1070 2

2 0.3226 0.3271 0.3351 −0.1154 7

3 0.3498 0.3429 0.3325 −0.1108 3

4 0.3285 0.3273 0.3346 −0.1134 5

5 0.3386 0.3455 0.3316 −0.1150 6

6 0.3288 0.3261 0.3338 −0.1126 4

7 0.3200 0.3438 0.3315 −0.1205 8

8 0.3466 0.3271 0.3335 −0.1069 1

9 0.3263 0.3446 0.3299 −0.1182 7
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Fig. 10 Fuzzy inference system fuzzy editor

tool of MATLAB (R2018a) software was used. Figure 10 shows the Fuzzy inference
system fuzzy editor. Figure 11 shows Fuzzy environment rule editors for prediction
of Fuzzy-MOORA overall assessment value, for a given input value of weighted
normalized assessment value of maximum stress, deformation and weight obtained.

From the ranking of Fuzzy-MOORAoverall assessment value is shown in Table 6,
experiment no. 8 shows the highest value among all experiments. Hence, the optimal
dimension for pocket for sprocket using Fuzzy based MOORA method is found to
be at width of 12 mm, length of 24 mm and thickness of 2.5 mm respectively. Hence
by using the optimal pocket dimensions obtained from both the methods, the pockets

Fig. 11 Fuzzy environment rule editors
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Table 6 Fuzzy-MOORA overall assessment value

S. No. Fuzzy-MOORA overall assessment value Rank

1 0.2690 6

2 0.2660 9

3 0.2700 2

4 0.2670 7

5 0.2700 3

6 0.2670 8

7 0.2700 4

8 0.2710 1

9 0.2700 5

Table 7 Original and optimum parameter

Optimization
techniques

Optimal pocket
dimension

Output responses % Weight
reduction

A
(mm)

B
(mm)

C
(mm)

Maximum
stress
(MPa)

Maximum
deformation
(mm)

Weight
obtained
(g)

MOORA 12 24 2.5 30.315 0.0017197 692.59 2.72

Fuzzy-MOORA 12 24 2.5 30.315 0.0017197 692.59 2.72

have been redesigned and analysed under same boundary conditions as done before.
Table 7 shows original and optimum parameter.

8 Conclusions

A statistical and a combination of statistical with heuristical optimization approach
has been adapted for design optimization of chain sprocket. Subsequently weight
optimizationhas been achievedbyemploying twodifferent approach. Fromoutcomes
of finite element analysis, all the combination of pocket dimension has stress values
are in reduced amount than their corresponding tolerable yield stress was analysed.
Hence, the designwas safe. According to theMOORA technique, the optimal dimen-
sion of pocket for sprocket is found to be at length of 21 mm, width of 12 mm,
and thickness of 3.5 mm respectively. It gives a subsequent weight reduction after
employing bothMOORA and Fuzzy-MOORA technique to 692.59 g from 712 g i.e.,
2.72% reduction. More optimal results can be achieved by considering some more
design factors like different loading condition, different materials or by employing
different optimization techniques. According to survey after approx. 20,000 km of
motorcycle drive chain sprocket assembly needs to be replaced. But, after proper



494 A. Barua et al.

designing, chain sprocket can run longer. Researchers are also searching for more
alternative materials to replace the conventional mild steel. Cost of material is
another factor which restricts the use of alternate materials in place of existing mate-
rials for sprocket manufacturing for motorcycles. So, these can be used for further
development of chain sprocket and more efficiency can be achieved during power
transmission.
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Fused Filament Fabrication (FFF) Based
3D Printer and Its Design: A Review

Krishnanand and Mohammad Taufik

Abstract A digital fabrication technology, which fabricates a part using the 3D
CAD model by layer over layer material deposition, is termed as additive manufac-
turing (AM) or 3D printing. There are various additive manufacturing techniques
but the Fused Filament Fabrication (FFF) technique is more popular among them.
The popularity of FFF is because of low cost and easy construction of a 3D printer
and the availability of various feed materials. In this paper, various applications and
materials used in additive manufacturing are discussed. The complete process of
3D printing is discussed along with a detailed discussion of FFF based 3D printing.
At the end of the paper, an overview of the design of an FFF based 3D printer is
provided.

Keywords Fused filament fabrication · FFF · Fused deposition modeling · FDM ·
3D printing · Design of 3D printer

1 Introduction

AdditiveManufacturing (AM) is included in the list of the most emerging and promi-
nent technologies of the current era, i.e., industrial revolution 4.0 [1]. In contrast to
the conventional subtractive manufacturing processes like turning, milling, drilling,
etc. In AdditiveManufacturing a digital 3D solidmodel is converted into a real-world
physical product by deposition of material in the layer by layer fashion. According
to ISO/ASTM 52900 [2] standard, Additive Manufacturing can be described as a
“Process of deposition of material in layer by layer fashion to build a product from
solid CAD model.” Initially, this method of manufacturing was used mainly for the
development of prototypes that is why it is also called Rapid prototyping. Another
name of Additive Manufacturing is 3D Printing. This technology can be utilized
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for product design as well as customization of products [3]. There is “design free-
dom” in 3D printing technology. It is a big supporting tool for researchers to develop
innovative products that can be economically manufactured [4]. In 1990, Stratasys
invented a new layer by layer production manufacturing technology that is known by
name of Fused Deposition Modelling (FDM). Nowadays this technology is termed
as Fused Filament Fabrication (FFF) and whenever someone hears the term “3D
printing” this is the first technology that comes in mind. Since 1984, when the first
3D printer was developed, the technology reached at new levels and 3D printing
systems gained wider scope of applications and became more affordable [5]. The
most common use is rapid prototyping. Apart from rapid prototyping, it can be used
in numerous industries—themedical industry, automobile sector, aerospace and avia-
tion, food industry, heavy engineering industry, construction and architecturalmodel,
toy industry, jewelry, and fashion industry are some of them [6].

Polymers like—ABS and PLA are well-knownmaterials for FFF type 3D printing
but materials like ceramics, metals, composites, and other smart materials are also
used in 3D printing. Blok et al. [7] used carbon fiber/nylon composite as print mate-
rial. They found good mechanical properties of fiber/nylon composite printed part
[7]. Dul et al. found improved thermal, mechanical, and electrical properties of the
FFF printed part using a composition of 6 wt% fraction of CNT in ABS [8]. With
biopolymer options, most developments are essentially research initiatives, targeting
mainly the applications in scaffold printing tissue engineering [9].Recent trends show
that metals and alloys are also being used in 3D printing on a wider scale. Alloys
of Aluminum [10], cobalt [11], nickel [12], stainless steel [13], titanium [14] are
most preferred alloys among them. These are used in dental applications, aerospace
industry, and biomedical industry [3]. 3D printing is used in construction to make
Building components of metals and concrete with well-developed techniques [15].
Kim et al. made some clothes, garments, and other fashion stuffs under different
conditions, and find some parameters that are hindering the use of FFF technology in
the fashion industry [16]. 3D printing is also helping in teaching methods to enhance
student’s knowledge by seeing the 3D printed prototypes [17]. 3D printing is helping
the medical students to perform the experiment on 3D printed part. Students can get
practical knowledge and live demonstration with the help of 3D printed parts.

3D printing provides increased productivity and reduced cost, flexible and respon-
sive manufacturing, greater quality control, reduction in need of transportation—
saves energy and time [3]. 3D printing allows ideas to develop faster, one can believe
on the design of product before expending money in tool designing by examining
the prototype developed with the help of 3D printing [5]. 3D printing is environmen-
tally and ecologically promising [4]. Shape complexity, material complexity, part
consolidation, design freedom, and customization are distinctive features of additive
manufacturing. 3D printing is good for customized products, but it is not good for
mass production. Intellectual property issues, limitation of size [5], the strength of
the product, surface quality, accuracy are some challenges in 3D printing. As per the
authors knowledge this is the novel effort to put the combined study of FDM process
as well as detailed design of FDM-based 3D printer and discussion on the electronics
components used in 3D Printers.
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2 Types of 3D Printing

As per ASTM standard F2797 [18], 3D printing methods are categorized into seven
groups—extrusion-based processes,material jetting, powder fusion-based processes,
vat polymerization, sheet lamination, directed energy deposition, andBinding jetting.
Each of these technologies has its application in numerous industries. These are now
not limited to just prototyping, but also used tomanufacture various types of products.
Out of all these technologies material extrusion-based technology is most common
and affordable. An example ofmaterial extrusion-based additivemanufacturing tech-
nique is Fused Filament Fabrication (FFF). This study presents design overview of
FFF technology dependent 3D printers.

2.1 Fused Filament Fabrication

This technology was patented by Stratasys. After the expiration of the patent, it has
emerged as an open-source development community. As a result, this technology
becomes more affordable compare to other technologies [5]. In this method, a wire
form feed material (ABS, PLA, etc.) also called filament is pushed into a heating
nozzlewith the help of an auto-loading carrier. In the nozzle, thismaterial is heated up
to the semi-liquid state and then extruded out of extrusion nozzle along the deposition
path. Generally, the printing head is having movement horizontal plane (x–y) while
the build plate or fabrication platformmoves in the vertical direction (z) (see Fig. 1a).

Like that layer by layer deposition takes place to form a product. FFF technology
is very flexible, it can handle with the small overhangs. FFF can’t produce undercut
without support material. For FFF technology we have many choices for printing
materials among which ABS and PLA are the most preferred. Materials are selected
according to need by trading off between strength and temperature properties [20].

Fig. 1 a Fused filament fabrication process [19], b process of 3D printing
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3 Process of 3D Printing

A sequence of steps is followed to get the final 3D printed part. 3D Solid modeling
is the first step of 3D printing. Then 3D solid model is converted into STL format
after that some slicing software is used to slice the model and then it is sent into the
3D printer to print. After printing, post-processes are performed to remove support
material, improve the finishing, etc. (see Fig. 1b).

The 3D solid model design of the part to be printed is prepared using some
computer-aided design software packages like SolidWorks, CATIA, etc. If CAD
drawing of the part to be 3D printed is not available in that case reverse engineering
can be applied [20]. Through 3D scanning of the part to be reproduced, we can obtain
its 3D model and that 3D model can be used to 3D print that part.

CAD software packages provide the flexibility of saving the designed solid model
in number of file formats. But, for maintaining the consistency, the stereolithography
format (STL) has been standardized as the file format in the additive manufacturing
industry. STL is also called Standard Tessellation Language. 3D CAD model is
tessellated, and its surface is represented by triangles.

STLfile only contains the surface geometry of the 3D objects. It does not represent
color, texture, material, or other CADmodel attributes. However, there in the market,
a newfile format is also being used that isAdditiveManufacturingFile (AMF).Which
can handle many other features along with surface geometry [21]. This STL file is
transported to 3D printing system using some CAM software system [22].

STL file is imported to some slicing software like Cura, KISSlicer, Slic3r, etc. In
that software, some pre-processing parameters like—build orientation [23], support
structures, layer thickness, are defined and this STL file is sliced in many layers.
Every slice is like a 2D image [24]. After slicing, the data of the file is converted into
a G-code that decides the movement of the extrusion nozzle of 3D printer [5].

In this step, actual part fabrication is done by a 3D printer. G-code file obtained
after slicing solid CADmodel is utilized to generate the motion of the tool to deposit
the melted filament as layer over layer fashion. The printing time of the model is
variable, and it depends on parameters used in slicing software [5].

In this step removal of the support structure, post-curing, and finishing of the
printed part is done. Poor surface quality is one of the major drawbacks of the
3D printed part, especially of FFF printed part. A stepped rough surface is inbuilt
characteristic of part made by the FFF process [25].

There are two major approaches to improve the surface quality in post-
processing—one is chemical smoothing, and another is mechanical smoothing of
the surface [26, 27, 30]. Taufik et al. [23, 28, 29, 31] used a laser-based finishing
process, they developed an important method for complete removal of the inbuilt
rough surface of FFF printed part.
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4 Result and Discussion

4.1 Design of FFF Based Open-Source 3D Printer

Expiration of Stratasys patent on the FDM technology, economical availability,
simple design, cheap fabrication, and easy assembly are the main reasons for the
popularity of open-source FFF 3D printers [25]. There is an open-source FFF 3D
printer design called RepRap; many projects are made using this open-source design
[32]. The continuous growth of FFF is ensured by consistent performance enhance-
ment, cost reduction of themanufacturing system, and development of new feedstock
materials. Understanding the relationship between processing condition which deter-
mines the properties of the finished part and acceptable feed material properties will
have a significant contribution to enhance the design and quality standard of FFF-
based 3D printers [25]. Key elements of FFF based 3D printer are—filament feeding
mechanism, material melting assembly, extrusion nozzle, gantry, printing bed, and
environment. To fabricate all these key elements for open-source FFF-based 3D
printer various mechanical and electronic components are needed like—pulley, belt,
bearing, stepper motor, microcontroller, print bed, structure to hold all components,
etc.

4.2 Material Feed Mechanism

Screw type extruder is a traditional extruder in which granular or pelletized feed
material is used, but this mechanism is not used commercially. Commercially used
feed material is polymer filament with a diameter up to 3 mm [25]. To feed this
filament inside liquefier a roller machine is used. This mechanism is consisting of
two rollers (see Fig. 2a).

Fig. 2 a Material feed mechanism for FFF based 3D printer, b assembly of liquefier, print head,
and gantry [33]
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At least one roller should have a grooved surface to provide minimum friction to
hold the wire from feed material and push it in the material melting channel [34].
Electric motor with precise rotation is used to rotate the roller, so that it can push the
feed material in melt forming channel.

4.3 Material Melting Channel, Extrusion Nozzle, and Gantry

The feedmaterialmelting channel or liquefier is oneof themain parts of theFFFbased
3D printer [25]. Liquefier is consisting of a channel in a metallic block. This channel
is used for the flow of filament or melted material to the nozzle. Liquefier chamber is
heated by resistive heating principle. Generally, there are two ways of heating, either
liquefier channel is surrounded by a coiled heating element or liquefier assembly is
embedded with cartridge heaters. It is necessary to maintain a uniform temperature
throughout the channel [25]. To maintain the uniform temperature a controller and
thermocouple system is used [26]. The amount of melted feed material is dependent
on the heat flux and filament feeding rate. Therefore, there should be enough heat
flux and rate of material feeding because the higher temperature may degrade the
polymer and lower temperatures will cause poor adhesion of layers [26].

The print head consists of a nozzlewhich extrudes thematerial to deposit in layers.
It may be fixed with a heating chamber or replaceable. The push force imparted by
filament feeding mechanism on filament is decided by the geometrical features of the
extrusion nozzle and the viscous force exerted by the melted filament. The opening
of the nozzle also determines the resolution of the printed part. Generally, the nozzle
opening varies from 0.2 to 0.5 mm [25].

The print head and liquefier assembly are integrated into a gantry that provides
the motion to the whole assembly in x and y-directions (see Fig. 2b). Stepper motor,
gear, and timing belt are used to provide the motion to the gantry. The speed of the
gantry movement will decide the speed of the fabrication of the part.

4.4 Build Surface and Environment

The print head and liquefier assembly have movement in horizontal plane, while a
build surface or print bed on which material is extruded, moves vertically or in the
z-direction. These two motions are responsible for the 3D structure to be printed.
This build surface is an important element of FFF-based 3D printer system design.
This surface should provide favorable conditions to extruded material to adhere to
it. In the case of PLA and ABS as the build material, Kepton films are used on
build surface to better adhesion between build surface and extruded materials. It also
offers easy removal of the fabricated 3D part. If there is a large thermal gradient
between the depositing layers, then it leads to warps and distorted shape of the final
3D printed part [35]. A turbofan on the extruder assembly pushes the air to cool
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the part and maintain the temperature distribution. To reduce the non-uniformity
of temperature heated build surface is used that also provides better adhesion for
the extruded material. This method is economical, but it limits the build size of
the part to be printed. However advanced system provides a temperature-controlled
environment to tackle this problem [25].

5 Conclusion

In this paper review study of additive manufacturing with an emphasis on the Fused
Filament Fabrication (FFF) process is done. Detailed introduction of AM methods
along with its merits and demerits is given. Additive manufacturing processes are
material specific so various AMmaterials along with their application are discussed.
Research for advanced materials for AM technologies is one of the main future
scopes. FFF based 3D printing is more popular because of the low cost and simple
design of an FFF based 3D printer. In this paper key elements of an FFF-based 3D
printer are discussed. These key elements provide an overview of the design of the
FFF-based 3D printer. One can easily develop this type of 3D printer for personal
use or research purpose.

6 Future Scope

Future scope lies in the development of such an open-source hybrid 3D printer to
print a part with better finish. In this hybrid form of FDM 3D printer filament as well
as pellets form of materials can be used. New material can be developed which are
compatible with these printers and offer improved mechanical, thermal, and electric
properties.
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Determination of Optimal Ordering
Policy Using Genetic Algorithm
for a Multi-stage Serial Supply Chain

Rachit Kumar, Richard Johnson, Ritvik Mohandas, Pranav Pramod,
Dony S. Kurian, and V. Madhusudanan Pillai

Abstract The main goal of every business operation is to achieve minimum inven-
tory costs. One way of doing this is by reducing the supply chain inventory distribu-
tion related costs. This is accomplished by optimizing the replenishment order deci-
sions made by the supply chain members. This paper aims to determine the optimal
ordering policy for eachmember of a four-stage serial supply chain using an artificial
agent based on Genetic Algorithm (GA). Unlike the previous works reported in the
literature, this paper focuses on a supply chain that works in a lost sales environment,
and has a stochastic demand of large size. Additionally, performance of the supply
chain employing GA policy is compared against industrially adopted Order-Up-To
(OUT) policy and theoretically researched 1-1 policy. The results from the study
show that GA policy gives much better results compared to OUT and 1-1 policies.

Keywords Supply chain · Genetic algorithm · Ordering policy · Inventory
management

1 Introduction

The management of Supply Chains (SC) is becoming a matter of critical impor-
tance for today’s businesses. The SC related inventory distribution costs account a
significant impact on the total product cost and hence, it is necessary to improve the
inventory distribution process within the SC [1].

SC consists of numerous decision-making processes of which inventory ordering
decisions are critical for performance improvement. The agents of the SC at each
stage are responsible for making inventory replenishment decisions based on their
interacting environment. The main aim of these agents is to minimize the total
inventory cost by considering the entire SC. Besides, the order size determination is
complex when faced with uncertain customer demand and lead time that causes a
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phenomenon called bullwhip effect [2] in SCs. In addition, ordering decisions made
by the human agents are met with biases that lead to non-optimal SC performances
[3].

In recent years, Genetic Algorithm (GA) has been employed effectively in various
SC fields like forecasting, economic lot-size scheduling, job-shop scheduling, inven-
tory replenishment system, etc. [4]. It is one of the powerful stochastic search and
optimization techniques created on the principles of natural selection and evolution
[5]. Kimbrough et al. [6] were the first to study the application of artificial agents
using GA to determine the ordering decisions in SCs under a backorder shortage
management environment. They have proved that the artificial agentswere successful
in finding optimal ordering policy, and outperformed humans in decision-making.
Later, O’Donnell et al. [7] accomplished to reduce the bullwhip effect that occurred
in the SCs by the application of GA.

Lately, a lot of studies are on-going that employ Reinforcement Learning (RL)
methods for determining the optimal ordering policy. van Tongeren et al. [8], Chahar-
sooghi et al. [9] and Bharti et al. [10] solved an RL system for order management
based onQ-learning algorithm. Oroojlooyjadi et al. [11] has used a DeepQ-Network
for inventory optimization, and obtained a near-optimal SC performance better than
the base stock policy.

Although GA and other methods have been used for solving SC ordering manage-
ment problems previously, it hasn’t been applied for large demand size problems.
The ability of GA to perform searches in large state space is hence not addressed
in the literature. In addition, determination of optimal ordering policy for a multi-
stage serial SC operated with a lost sales environment has not been considered by the
previous researchers. Hence, in this paper, we address the above-mentioned gaps and
further, a comparative analysis of the SC performance obtained by GA with other
well-known policies is also carried out.

The organization of the paper is as follows: Sect. 2 provides a brief description
about the SC adopted in this paper. Section 3 gives information about the GA imple-
mentation. Section 4 describes the comparative analysis of results obtained by GA
with other policies. Section 5 provides a conclusion and also discusses the scope of
future works.

2 Supply Chain Description

This paper considers a four-stage serial SC where each stage is managed by four
different decision-making agents. The agents of the SC include a Retailer, a Whole-
saler, a Distributor and a Factory. Figure 1 demonstrates flow of orders and shipments
occurring in the assumed SC. Here, the Retailer agent faces a stochastic customer
demand generated from a normal distribution that has a mean of 100 and standard
deviation 15. The demand size considered make the proposed work an application to
large space problem, unlike the previous works [6, 7, 9] that experimented on small
demand size [for example, U(1, 15)]. The Factory agent is assumed to have unlimited
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Fig. 1 Order and shipment flows in the supply chain

production capacity and therefore, production order issued by the Factory agent is
released after production without any shortage.

Each SC agent (i) allocates an incoming order received from the downstream
agent (i − 1) based on the beginning inventory of the period t, where t = 1, 2, 3, …,
T. If the beginning inventory is available enough to meet the incoming order, then
the agent (i) allocates an amount equal to the order size. On the contrary, if available
inventory is less than the order received, then the agent (i) allocates only the available
inventory on-hand. The orders not met are then considered as lost sales.

Each stage ismanaged independently by the respective agents, and they are respon-
sible for placing orders to the upstream agent (i + 1). The proposed work assumes
that the agent (i) places an order at the end of the period (t) and it reaches the upstream
agent (i + 1) at the beginning of (t + 1)th period without any information lead time.
However, the order allocated by the agent (i) reaches the downstream agent (i – 1)
after a delivery lead time of two weeks. The ultimate aim of the agents is to minimize
the Total Supply Chain inventory Cost (TSCC) which comprises holding cost and
lost sales cost [see Eq. (1)].

TSCC =
4∑

i=1

T∑

t=1

[
Ch
i × I+i (t)+ CS

i × I−i (t)
]

(1)

where, Ch
i is the holding cost per unit and Cs

i is the lost sales cost per unit. The unit
holding cost considered in the proposed study is 5 for the Retailer, 4 for Wholesaler,
3 for Distributor and 1 for the Factory. Similarly, the unit lost sales costs are 10, 8,
6, and 2 for the Retailer, Wholesaler, Distributor and the Factory respectively. The
end period inventory is denoted as I+i (t), and I–i (t) is the corresponding lost sales.
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3 Genetic Algorithm Implementation

3.1 Rule Depiction

Genetic Algorithm (GA) consists of a certain number of chromosomes in each gener-
ation. The chromosomes represent a rule which is used to determine the ordering
policy. Each rule has six bits to determine an ordering policy. The five bits from the
right represent a value in base 2 (binary), and the bit at extreme left determines the
addition or subtraction of that value from the downstream demand. For example, the
rule 000110 can be inferred as X – 6:

0 0 0 1 1 0

Subtraction (‘–’)   = ‘6’ in decimal

This suggests that if the downstream demand is X, then the order placed will be
‘X – 6’. In case, if the value of (X – 6) is negative, it is taken as zero because

orders less than zero are unrealistic.

3.2 GA Design

Initially, a pool of 60 chromosomes is generated randomly as the first generation.
The policy of each of these chromosomes is implemented, and they are sorted in
decreasing order of their fitness value. The best half of the chromosomes, i.e., 30
chromosomes are selected using rank selection operator and is added to the next
generation. These selected chromosomes then go through single-point crossover
followed by bitwise mutation. The crossover and mutation rates are fixed as 0.8 and
0.3 respectively. Half of these are then selected randomly and added to the next
generation. In other words, 15 chromosomes are added to the next generation after
crossover and mutation. The remaining 15 chromosomes of the new generation are
furnished using random addition. The above sequence of operations is iterated until
a specified number of generations is reached (number of generations = 500). The
best chromosome of each generation is identified to determine the optimal ordering
policy.

4 Problem Instances and Results

Initially, GA is applied to the four-stage serial SC to determine the best ordering
policy in a lost sales environment. The simulation was coded in Python 3.7 and ran
on a machine with 3.70 GHz Intel Xeon CPU and 32 GB memory. The number of
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Table 1 Input demand data

Customer demand data (Normal (100, 15)) for 25 weeks

Test problem 1 [120, 97, 128, 99, 107, 119, 108, 111, 126, 91, 109, 95, 107, 93, 85, 115, 86,
127, 97, 89, 100, 90, 122, 98, 101]

Test problem 2 [96, 129, 94, 91, 105, 119, 103, 131, 94, 96, 100, 92, 119, 97, 85, 81, 101, 90,
79, 100, 84, 77, 49, 97, 76]

Test problem 3 [87, 119, 95, 116, 119, 92, 91, 115, 104, 96, 90, 91, 112, 123, 85, 112, 114,
102, 84, 97, 111, 99, 111, 95, 88]

Test problem 4 [72, 108, 104, 100, 110, 111, 86, 129, 77, 136, 94, 122, 129, 84, 97, 98, 90,
86, 120, 74, 97, 107, 105, 90, 99]

Test problem 5 [100, 120, 92, 125, 131, 92, 93, 113, 97, 95, 107, 102, 101, 87, 92, 94, 90,
124, 84, 103, 108, 105, 109, 84, 81]

Table 2 Results of the GA Test problem TSCC Policy

Test problem 1 6608 [−3, −6, −9, −10]

Test problem 2 7353 [−4, −9, −9, −10]

Test problem 3 9046 [−4, −5, −6, −9]

Test problem 4 8355 [−3, −5, −7, −11]

Test problem 5 7994 [−5, −7, −9, −11]

periods of operation considered is 25 weeks, of which performance was evaluated
from 4th week to 22nd week to avoid the warm-up and end game effects. Moreover,
the effectiveness of GA is investigated against five test problems whose customer
demand is as given in Table 1. The ordering policy determined and the corresponding
TSCC obtained by the application of GA is provided in Table 2.

4.1 Comparative Analysis

The proposed work also aims to compare the performance of the SC operated by GA
with other well-known policies. The same order management problem is simulated
for two other inventory ordering policies: (i) Order-Up-To (OUT) policy and (ii) 1-1
policy.

OUT policy is the most widely adopted industrial ordering policy where an order
is placed at each review period by subtracting the current inventory position from a
desired target inventory level [12]. 1-1 policy is widely discussed in the literature in
which an order is placed by a SC agent which is equal to the incoming downstream
demand [6]. The performance of the two policies with respect to TSCC is determined
by simulating the operations of SC in Microsoft Excel and a comparison of TSCC
is illustrated as shown in Fig. 2.
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Fig. 2 Comparative analysis

From Fig. 2, it can be clearly observed that the performance of the SC is enhanced
by employing GA compared to the other two policies. The minimum cost achieved
is the least for the SC where GA is applied in all the test problems. Furthermore,
the average performance improvement with respect to TSCC by using GA policy is
75% as compared to OUT policy, and more than 47% for 1-1 policy. Additionally,
for test problem 1, a line graph illustrating cumulative of the SC cost incurred during
the period of evaluation is plotted for the three policies and it is shown in Fig. 3.

Figure 3 clearly depicts that as the number of periods increases the policy derived
through GA becomes increasingly beneficial as compared to the other two policies.
This analysis proves the efficiency of theGA in deriving the optimal ordering policies
in stochastic demand scenarios when the other policies fail to provide any substantial
result.

Fig. 3 Accumulated cost of the policies
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5 Conclusion

This paper has focused on implementing a widely accepted GA to SC ordering
management problem. For this, a four-stage serial SC was considered that is consis-
tent to the literature. The present study addressed a lost sales shortage environment
unlike the previous works reported in the literature that focused on backorder envi-
ronments. Additionally, this paper takes care of the large state-space problem as
well.

The ordering policies discussed in this paper are analytically proven for determin-
istic scenarios. In real-time business conditions, it is challenging to exactly forecast
the demand for a certain period, and hence, these policies do not provide the best
results in such situations. Therefore, the objective of this paper to utilize the GA as an
artificial agent to derive enhanced ordering policies in stochastic demand scenarios
is effectively delivered. The comparative analysis of the SC performances clearly
indicates that the ordering policies obtained through GA outperformed the results of
the well-known policies by a high margin. Hence, this work also adds to the flexi-
bility and robustness of artificial agents, like GA, in assessing and determining the
optimal inventory ordering decisions of an SC.

Furtherwork canbedonebyutilizing stochastic lead time to supplement the results
obtained in this paper. Research can also be done for nonlinear SCs to establish the
flexibility of the artificial agents.
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1. Lapinskaitė, I., Kuckailytė, J.: The impact of supply chain cost on the price of the final product.
Bus. Manage. Educ 12(1), 109–126 (2014)

2. Lee, H.L., Padmanabhan, V.,Whang, S.: Information distortion in a supply chain: The bullwhip
effect. Manage. Sci. 43(4), 546–558 (1997)

3. Sterman, J.D.: Modeling managerial behavior: Misperceptions of feedback in a dynamic
decision making experiment. Manage. Sci. 35(3), 321–339 (1989)

4. Jauhar, S.K., Pant, M.: Genetic algorithms in supply chain management: a critical analysis of
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Different Cutting Environment
with a Fabricated Portable Mist
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Taguchi-WASPAS-GA-SA-PSO
Approach

Siddharth Jeet , Abhishek Barua , Dilip Kumar Bagal ,
Swastik Pradhan , Dulu Patnaik, and Ajit Kumar Pattanaik

Abstract A quick rise in the improvement of some radical high performance appli-
cation materials has been witnessed in last decade poses substantial contest in
machining. Many strategic processes have been concocted, where green machining
practices have been agreed foremost stress andminimumquantity lubrication (MQL)
technique or oil mist lubrication (OML) technique is one of them. In latest spell, oil
mist lubrication system has been advanced for serving the machining process more
capably in the manufacturing industries but cost comes as a snag for its widespread
area of use. To tackle this problematic situation, the present study contracts with
the fabrication of a portable OML system which can contest the class and efficacy
of machining of the existing OML system. To check the quality of the fabricated
setup, turning of Nickel-Chromoly Steel (AISI 4340) with different machining back-
grounds has been done. The effect of addition of around 1µm size Aluminium oxide
(Al2O3) and Carbon nanotubes (CNT) powder has been probed during turning with
the help Taguchi-based design of experiment. A super hybrid optimization technique,
i.e., Taguchi coupled WASPAS with Genetic Algorithm, Simulated Annealing and
Particle Swarm Optimization has been used to determine optimal cutting condition.
The study, therefore, not only shows the efficiency of the fabricated OML setup but
also shows that by using CNT as lubricant, the output responses are very minimum
as per the requirement in comparison to other lubricants while machining AISI 4340
steel. This study also shows the use of multiple meta-heuristic optimization shows
more accurate result as compared to statistical approach.
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1 Introduction

Dry machining is acknowledged as elective arrangement ready toward ensuring
higher manageability with inferior conservative effect of assembling procedure. A
fascinating innovation, these days progressively utilized additionally in mechan-
ical uses, is Minimum Quantity Lubrication (MQL). A few exploration works have
exhibited its advantages in improvement of the machining exhibitions regarding both
device wear obstruction and surface honesty as for dry cutting [1–3] just as in main-
taining a strategic distance from not just the expenses related with the cutting liquid
transfer yet in addition the costs identified with the machine device cleaning [4–7].
Solid Lubricant (SL) helped MQL procedure, is accepting more extensive consid-
eration these days since it permits an uncommon enhancement of liquid exhibitions
by regulating both warmth age and rubbing between device and work piece lacking
noteworthy increment of procedure overheads, and, in the meantime, it additionally
keeps away from those issues identified with the utilization of cryogenic tempera-
tures as happens when utilizing the previously mentioned half and half systems. The
exhibitions of SL-helped MQL were tried [8–10], demonstrating the improvement
of grease film made between contact surfaces over the option of different added
substances described by different capacities, for example, hostile to wear, against
rubbing and hostile to consumption capacities. The utilization of lamellar powders,
for example, boron nitride or graphite, which would in general hold fast to appa-
ratus faces decided development of defensive layer proficient to limit erosion, in this
way diminishing the cutting powers, the produced temperatures and, thusly, likewise
the instrument wear [11–14]. So, for improving constrained cooling limit of MQL
method, the utilization of liquids advanced through nanometer-sized strong parti-
cles or strands, to be specific metallic or fired added substances, was tried, which
demonstrated to assume an imperative job in cooling and lubrication [15–21].

A lot of work has been done on both low and medium carbon steels, Aluminium
alloy and metal matrix composites, but less attention has been given in the investiga-
tion of Nickel Chromium Molybdenum steels concerning different Nano-lubricants
especially Al2O3 (Aluminium oxide) and CNT (Carbon nanotubes) Nano-particle
along with different conventional cutting oil, vegetative oil and emulsified oils.
The present study contracts with novel approach of fabrication of a portable mist
lubricator system which can contest the class and efficiency of machining of the
existing oil mist lubrication (OML) system. To check the quality of the fabricated
setup, turning of Nickel-Chromoly Steel (AISI 4340) with different machining back-
grounds has been done. The effect of addition of around 1µm size Aluminium oxide
(Al2O3) and Carbon nanotubes (CNT) powder has been probed during turning with
the help of Taguchi-based design of experiment. A super hybrid optimization tech-
nique, i.e., Taguchi coupledWASPASwith Genetic Algorithm, Simulated Annealing
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and Particle SwarmOptimization has been used to determine optimum cutting condi-
tion for machining of AISI 4340 Nickel-Chromium-Molybdenum steel in different
lubricating environments after comparing the machining constraints.

2 Fabrication of Portable Mist Lubricator Setup

A portable mist lubricator setup was cast off for creation of required oil-mist on the
cutting zone. The fabricated OML setup and its block diagram is shown in Figs. 1
and 2 respectively.

Fig. 1 Fabricated portable
mist lubricator setup (PMLS)

Fig. 2 Block-diagram of fabricated PMLS
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2.1 Components for PMLS (Portable Mist Lubricator Setup)

MLS Envelope/Case

The laminates of Polypropylene are fabricated into a case for serving the envelope
of PMLS components. PIM is used for the synthesis of designed envelope.

Micro-Deflator and Micro-Booster

LDPEmicro deflator intensifies the air to stir-up the fluid andNano-particles whereas
the LDPE micro booster engages the resultant mixture with the diffusing unit.

Pressure Gauge and Flow-indicator

Pressure gauge drafted to the deflator unit for measuring the air pressure and the
flow-meter which scales the rate of flow is delineated after the fluid boosting unit.

ABS fluid mixing chamber

Light weight ABS fluid mixing chamber is the ultra-mixing unit of fluids and particle
inducted.

Connecting Accessories and Valves

• PVC Pipes/Hose—Round tubular PVC hoses/pipes connect the pump output to
nozzle and output from compressor to nozzle.

• Hose Connectors—PVC hose fittings (i.e., female 90º elbows) serves the purpose
of connecting the hoses arranged in the setup.

• Brass Ball Valves—Brass Ball valves with the two-piece inline lever handle acts
as the check post in the fabricated setup.

Fine-mesh Nozzle/Spray Diffuser

• Exit Diameter—0.5 mm, Operating pressure—4 bar
• Controls directional fluid flow (i.e., increased velocity)
• Superior spray pattern (adjustable ratchets)
• Fine atomization and high transfer efficiency.

Coolant tank/unit

It is attached to PMLS, inside of which lubricant/coolant is stored. It is having
capacity of 1.25 litres with dimension of radius 6 inches and height 8 inches.

2.2 Working

Mist lubrication is always supplied at high speed and high pressure through diffuser
at the cutting zone. In the fabricated system, a Micro-deflator supplies air pressure
ranging around 4 bar-6 bar. This high pressure air after deflator enters inside the fluid
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mixture chamber to which Coolant tank is attached. Nanoparticles are inducted at
controlled measures. Mixing chamber maintains itself at optimum pressure which
also restricts the reverse flow of fluid. The mixture then entrails to Micro-booster
where the mixture is boosted through hose and is impinged at a high speed from the
diffuser at chip tool interface [21].

3 Experiment Methodology

A tubular job of AISI 4340 steel with 20 mm diameter and 40 mm length was used
for the experiment on a CNC lathe machine (Brand: MTAB Ltd., Bangalore, India;
Model: Flexturn), revealed in Fig. 3. AISI 4340 Nickel-Chromium-Molybdenum
steel having chemical composition and physical characteristics as shown in Tables 1
and 2 respectively. The machining is done using uncoated cemented carbide tool
inserts (P30 grade) with VNMG 120408 insert and ISO SSBR 2020K12 tool holder.

Fig. 3 CNC turning
machine fitted with
fabricated cheap portable
mist lubricator

Table 1 AISI 4340 steel’s chemical composition

Elements Fe Si Ni P S Mn C Mo Cr

wt% >61.9 2.0 14.0 0.03 0.05 0.75 >0.4 3.0 18.0
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Table 2 Mechanical
properties of AISI 4340

Density, Kg/m3 7850 Yield strength, MPa 480

Poisson’s ratio >0.30 Tensile strength, MPa 745

Elastic modulus, GPa 210 Vickers hardness 228

Table 3 Aluminium oxide
(Al2O3) properties

Formula Al2O3

Appearance White solid

Molar mass, g/mol 101.96

Crystal structure Various

Density, g/cm3 3.95

Solubility in water Insoluble

Melting point, °C 2072

Particle size, nm Less than 50 (avg. size)

The experiments are executed in three different oil-mist lubrication (OML)
environment with variant in nanoparticles varieties. Conventional cutting oil was
employed as the base liquid for three conditions. Aluminium oxide and Carbon
nanotubes were used to formulate nanofluids for delivering on cutting zone during
turning. Al2O3 particles is mixed with the water soluble cutting oil with Dimethyl
formamide as a dispersing agent whereas the CNT particle is mixed with conven-
tional cutting fluid with Phenyl-ethyl alcohol as dispersing agent thoroughly with the
help of stirrer machine for maintaining proper suspension behavior avoiding particle
settlement at the base [22]. Three dissimilar types of environments are:

1. Flood mist Lubrication.
2. Conventional cutting fluid + Al2O3 nanoparticles (5% volume), OML assisted.
3. Conventional cutting fluid + CNT nanoparticles (5% volume), OML assisted.

During the experimental trials careful considerations were undertaken during the
inductance of emulsifiers, dispersing agent and wetting agent. Similarly, cutting
factors and their levels have been chosen for performing the trials. In this case cutting
speed, depth of cut and feed with suitable levels of operation was chosen. Tables 3
and 4 give the properties of Aluminium oxide and Carbon Nanotubes, respectively.
Table 5 shows input cutting parameters and their levels.

4 Optimization Methods

4.1 WASPAS Method (Weighted Aggregated Sum Product
Assessment)

The paramount practice of this method are [23].
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Table 4 Carbon Nanotubes properties

Formula C (Linear)

Molar mass, g/mol 12.01

Appearance Black powder

Density, g/cm3 2.26

Particle size, nm Less than 50 (avg. size)

Melting point, °C 3550

Crystal structure Hexagonal honeycomb cylinder

Solubility in water Yes (under certain conditions)

Table 5 Operating factors with levels

Factors Code Lvl 1 Lvl 2 Lvl 3

Cutting speed in m/min A 50 60 90

Feed in mm/rev B 0.06 0.09 0.12

Depth of cut in mm C 0.25 0.50 0.75

1. Preliminary decision matrix setting.
2. Decision matrix normalizing using Eq. (1) [maximization] and Eq. (2) [mini-

mization]:

x̄i j = xi j/max
i

xi j (1)

x̄i j = min
i

xi j/xi j (2)

3. Total comparative significance calculation with weighted summethod by Eq. (3):

Q(1)
i =

n∑

j=1

x̄i j · wj (3)

4. Total comparative significance calculation with weighted product method by
Eq. (4):

Q(2)
i =

n∏

j=1

x̄
w j

i j (4)

5. Total relative significance by Eq. (5) and ranking them from greater to lesser
value:

Qi = λ · Q(1)
i + (1 − λ) · Q(2)

i (5)
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4.2 Genetic Algorithm

Genetic Algorithm is based on the natural encroachment manner which is applied to
advance responses for complex upgrade issues. Here, the wellbeing work reestab-
lishes a single numerical health which is comparative with the utility or the limit
of the individual which that chromosome addresses. Two guardians are picked and
their chromosomes are recombined, usually using the instruments of half and half
and change.Hybrid is progressively significant for quickly investigating a hunt space.
Transformation gives just a modest quantity of arbitrary pursuit [24–30].

4.3 Simulated Annealing

Simulated Annealing is a probabilistic method which reflects the path toward hard-
ening (moderate cooling of fluidmetal) with a particular ultimate objective to achieve
least unguent regard in a minimization issue. The cooling wonder is surrendered
out by administering a temperature like boundary gave the idea of the Boltzmann
likelihood circulation [24–30].

4.4 Particle Swarm Optimization

Particle swarm optimization (PSO) is a populace based stochastic enhancement
method. The insight of multitude depends on the guideline of social and mental
conduct of the multitude. The optimization method is instated with a populace
of irregular arrangements and looks for optima by refreshing ages. The potential
arrangements called particles fly through the issue space by following the current
ideal particles. There is just one bit of food in the region being looked. All the feath-
ered creatures don’t have the foggiest idea where the food is. In any case, they know
how far the food is in their inquiry. So the best procedure to achieve the food is to just
follow the fowl, which is closest to the food. In improvement issues, each feathered
creature in the hunt space is referred to as molecule. All the particles are assessed by
the wellness capacity to be optimized and have speeds for the particles. The particles
fly through the issue space by following the current ideal particles [30]. The issue
is instated with a gathering of irregular particles and afterward looks for optima by
refreshing ages.

5 Results and Considerations

Trials are done using Taguchi’s experimental design as shown in Table 6. Accord-
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Table 6 DOE used for
different lubrication condition

Run no. A B C

1 50 0.06 0.25

2 50 0.09 0.50

3 50 0.12 0.75

4 60 0.06 0.50

5 60 0.09 0.75

6 60 0.12 0.25

7 90 0.06 0.75

8 90 0.09 0.25

9 90 0.12 0.50

ingly, 9 experiments are performed under three diverse cutting conditions, i.e., flood
mist lubrication, OML enriched Al2O3 particles and MQL enriched CNT particles
and surface finish, chip thickness and temperature of the work piece.

5.1 Optimization Using WASPAS Method

Since semantic terms, used to express the responses, have already been converted
into crisp (real) values, normalization of the decision matrix by applying Eq. (2)
for surface roughness, chip thickness and temperature is done with respect to their
minimization. Consequently, total relative significance of alternatives based onWSM
and WPM is designed by using Eqs. (3) and (4), respectively. Lastly, combined
condition of optimality of WASPAS method is calculated by using Eq. (5). Table 7

Table 7 Total relative importance with their rank of WASPAS method for different lubricating
environment

Run no. Flood mist OML + Al2O3 OML + CNT

Qi Rank Qi Rank Qi Rank

1 0.6857 9 0.5432 8 0.4597 9

2 0.7528 5 0.5925 5 0.5695 6

3 0.7344 6 0.6190 4 0.5893 4

4 0.7303 7 0.5539 7 0.5409 8

5 0.8017 4 0.5240 9 0.5761 5

6 0.7247 8 0.7010 3 0.7074 2

7 0.8710 2 0.5786 6 0.5438 7

8 0.9211 1 0.7147 2 0.6870 3

9 0.8519 3 0.9903 1 1.0000 1
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shows total relative importance with their rank of WASPAS method for different
lubricating environment.

5.2 Best Experimental Run

In Table 7, from total relative importance values of alternatives, it was detected
that investigational results obtained in experiment no. 8 for flood mist lubrication,
experiment no. 9 for both OML + Al2O3 and OML + CNT are the best result
according to the ranking. Now the total relative importance of alternatives was used
to plot mean effect for SN ratios. Based on this study, selection of mixture of the
levels will be done in accordance to the smaller average response. In Fig. 4, the
arrangement of A3 B2 C3 displays the least value of the SN ratio plot for machining
of AISI 4340 steel using flood mist lubrication. Similarly, A3 B3 C2 is the lowest
value of SN ratio plot for machining of AISI 4340 steel using OML + Al2O3 and
OML + CNT lubrication respectively.

Fig. 4 SN ratio main-effect plot for of total relative importance of a Floodmist lubrication, bOML
+ Al2O3 lubrication, c OML + CNT lubrication
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5.3 Optimization Using Genetic Algorithm, Simulated
Annealing and Particle Swarm Optimization

Consequently, designing constraints are distinct in normal optimal format and deci-
phered using Genetic Algorithm, Simulated Annealing and Particle Swarm Opti-
mization. The minimization problem expressed in mathematical form using the total
relative significance of WASPAS method for different cutting environment is as
below:

For Flood mist lubrication
Minimize

ab/(2.44188 − 0.0355996a + 1.21842b + 0.0039937ac) (6)

For OML + Al2O3 lubrication
Minimize:

ab/(4.37495 − 0.00666129a + 0.729547ab + 0.02076ac) (7)

For OML + CNT lubrication
Minimize

ab/(5.27231 + 0.0111547a + 0.512368ab + 0.00520095ac) (8)

all equations are subjected to constraints:

50 ≤ a ≤ 90
0.06 ≤ b ≤ 0.12
0.25 ≤ c ≤ 0.75

For GA, finest solution was achieved after 51, 67, 53 generations for flood mist,
OML + Al2O3 and OML + CNT respectively. For Simulated Annealing, finest
solution was achieved after 1500, 2291, 2258 generations for Flood mist, OML +
Al2O3 and OML + CNT respectively. Optimum parameters obtained by GA, SA
and PSO for all cutting conditions are shown in Table 8. Figure 5 shows best fitness
value with generations for flood mist lubrication using GA, SA and PSO. Figure 6
shows best fitness value with generations for OML + Al2O3 lubrication using GA,
SA and PSO. Figure 7 shows best fitness value with generations for OML + CNT
lubrication using GA, SA and PSO.

5.4 Most Influential Factor

Figure 8 gives analysis of variance (ANOVA) result calculated values from the total
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Table 8 Optimal parameter setting and fitness value obtained using GA, SA and PSO

Algorithm Flood mist OML + Al2O3 OML + CNT

Factor
setting

Fitness
value

Factor
setting

Fitness
value

Factor
setting

Fitness
value

Genetic
algorithm

A1 B1 C1 0.70303 A1 B1 C3 0.42801 A1 B1 C3 0.39671

Particle swarm
optimization

0.70303 0.42801 0.39671

Simulated
annealing

0.70303 0.42820 0.39674

Fig. 5 Best fitness value with generations for flood mist lubrication using GA, SA and PSO

Fig. 6 Best fitness value with generations for OML + Al2O3 lubrication using GA, SA and PSO

Fig. 7 Best fitness value with generations for OML + CNT lubrication using GA, SA and PSO
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Fig. 8 ANOVA result for
total relative significance of
different lubricating
environment

A B C Error
Flood mist 82.08 14.24 3.03 0.64
OML + Al2O3 35.56 46.23 16.61 1.6
OML + CNT 33.29 53.44 11.25 2.02
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relative significance of flood mist, OML + Al2O3 and OML + CNT lubrication
respectively.According toFig. 8, factorA (cutting speed) is peak important parameter
for flood mist lubrication technique followed by factor B, feed and factor C, depth
of cut if the minimization of surface roughness, chip thickness and temperature are
simultaneously considered. Similarly, factor B, is the most significant controlled
parameters for OML + Al2O3 and OML + CNT lubrication followed by factor A,
cutting speed and factor C, depth of cut.

5.5 Confirmation Experiment

The confirmation experiments were led to different lubricating environment [31–33].
Table 9 shows result of confirmatory test of different lubricating environment with
different optimizing method.

6 Conclusions

This exploration exertion was done to study the effect of cutting parameters on the
surface roughness, chip thickness and temperature forAISI 4340 steel under different
lubricating condition using a fabricated PMLS. It can be concluded that the fabricated
PMLS works perfectly unlike the mist lubricator which is readily available in the
market. The following results found after using MLS setup and listed below:

• This type of mist lubricator setup is portable in nature and easy to operate.
• Hard polymeric envelope imparts restraint toward scratch resistant.
• Individual polymeric surface/cover/body of setup equipment’s (i.e., ABS Coolant

mixture chamber, connecting accessories and of both Deflator and Aerator)
imbibes the property of low weight in portable designed setup.
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Table 9 Result of confirmatory test

Lubrication type Technique Optimal setting Predicted value Experimental value

Flood mist Taguchi-WASPAS A3 B2 C3 0.47401 0.44812

Genetic algorithm 0.70303 0.68792

Simulated
Annealing

A1 B1 C1 0.70303 0.68792

Particle swarm
optimization

0.70303 0.68792

OML + Al2O3 Taguchi-WASPAS A3 B3 C2 0.37365 0.35881

Genetic algorithm 0.42801 0.40759

Simulated
annealing

A1 B1 C3 0.42820 0.40759

Particle swarm
optimization

0.42801 0.40759

OML + CNT Taguchi-WASPAS A3 B3 C2 0.36672 0.32667

Genetic algorithm 0.39671 0.35916

Simulated
annealing

A1 B1 C3 0.39674 0.35916

Particle swarm
optimization

0.39671 0.35916

• Imparts theMach ability of the present designed portable setup usingmist lubrica-
tion principles reveals notable improvements over conventional flood mist cutting
fluid supply.

A comparative analysis has been done based onTaguchi’s approachwithWASPAS
method along with Genetic Algorithm, Particle Swarm Optimization and Simulated
Annealingwhichwas used to define the optimal. Based on the experiments performed
on CNC turning machine the subsequent conclusions are made:

1. The optimal setting of input parameters for turning using different optimization
is shown in Table 10.

2. The percentage contributions of each parameter for turning process using
Taguchi-WASPASmethod under different lubrication condition is stated in Fig. 8
where cutting speed is the most substantial parameter for flood mist lubrication
technique followed by feed and depth of cut if the minimization of surface rough-
ness, chip thickness and temperature are simultaneously considered. Similarly,
feed is the most substantial parameters for OML + Al2O3 and OML + CNT
lubrication followed by cutting speed and depth of cut.

3. It can be seen that by using CNT as lubricant, the output responses are very
minimum as per the requirement in comparison to other lubricants.

4. From results, it was clinched that use of the super hybrid Taguchi basedWASPAS,
GA, SA, and PSO algorithm can proficiently pursuit the optimum process
parameters for machining conditions. All the meta-heuristic approaches give
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Table 10 Optimal cut parameters using three optimization methods

Lubrication type Optimization
technique

Optimal
setting

Cutting
speed
(m/min)

Feed
(mm/rev)

Depth of
cut (mm)

Flood mist Taguchi-WASPAS
method

A3 B2 C3 90 0.09 0.75

Simulated annealing

Genetic algorithm A1 B1 C1 50 0.06 0.25

Particle swarm
optimization

OML + Al2O3 Taguchi-WASPAS
method

A3 B3 C2 90 0.12 0.50

Simulated annealing

Genetic algorithm A1 B1 C3 50 0.06 0.75

Particle swarm
optimization

OML + CNT Taguchi-WASPAS
method

A3 B3 C2 90 0.12 0.50

Simulated annealing

Genetic algorithm A1 B1 C3 50 0.06 0.75

Particle swarm
optimization

same factor setting and predicted value, leading to establishment of economical
resolution for commercial machining of AISI 4340 steel in CNC turning.
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Computational Analysis of Composite
MoS2-TiO2-ZrO2 Soft Coating
on Tribological Performance in Dry
Sliding Contact
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properties · ZrO2

1 Introduction

Martins et al. [1] performed FZG gear efficiency tests and FZG gear scuffing tests of
composite MoS2/Ti coating. They observed that composite MoS2/Ti coating applied
on the gear surfaces promotes a remarkable decrease in the friction coefficient and
operating temperature. The coating also helps to enhance the scuffing load carrying
capacity of FZG gears. Celiktas et al. [2] prepared four different Cu-based brake
lining samples using powder metallurgy method. The frictional wear and behavior
of prepared samples are analyzed experimentally. Among these four samples, sample
II having 5% MoS2 addition exhibits excellent frictional and wear properties. The
compression test was also performed experimentally for all the prepared samples.
A simulation model was developed using ANSYS to find out the structural reac-
tion under compression. The experimental and numerical results obtained for the
compression tests were observed to be in close agreement. In order to investigate the
effect of application of thin film of MoS2 solid lubricant Doshi et al. [3] developed
a 3D model of superconducting magnet system of SST-1. They performed nonlinear
structural analysis, employing ANSYS software. They have considered different
loading conditions such as in-plane and out-of-plane electromagnetic loads, gravity
load, and loads developed due to coil quench events. In order to minimize the compu-
tational time axisymmetric model has been taken into consideration. They observed
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that application of MoS2 film leads to significant improvement in frictional and wear
properties as compared to unlubricated conditions. Yan et al. [4] formulated a theo-
retical model to predict wear characteristic of a ball-on-disc test rig. The model
is based on plain strain theory. Cai et al. [5] simulated a disc-on-flat model using
ANSYS software. In this the disc is coated with different coating thickness. In order
to reduce computation time axisymmetric model is used. Sivitski et al. [6] devel-
oped a simulation model in ANSYS assuming material is elastic and the shape at
the contacting surface is elliptical and contact is frictionless. The transient analysis
is performed to acquire the load step data. Khot et al. [7] performed analysis of
pin-on-disc test rig employing ABACUS software to find out the developed contact
stresses. The obtained simulation results compared with the theoretical Hertzian
contact stress values. For high stiffness and elastic-plastic deformation Galarkin’s
approach is used to achieve faster convergence. In order to simulate the behavior of
contacting surfaces in brake and clutch system where excess frictional heat is gener-
ated; Abdullah et al. [8] developed a pin-on-disc model using ANSYS software.
For pin CONTRA 174 (structural-thermal) whereas for disc SOLID226 (structural)
elements were used. Suresh et al. [9] formulated a simulation model on ANSYS by
employing a deformable aluminium pin and rigid disc considering frictional contact.
The rotational velocity is kept constant by varying the load. The wear depth assumed
to be negligible to maintain constant contact pressure in case of linear Archad wear
law. The Archad wear coefficient is calculated from the iterative experiments.

From the available literature, there is no trace related to frictional andwear analysis
of the compositeMoS2-TiO2-ZrO2 (80:10:10% contribution) coatingmaterial. In the
present work, a computational 3D model of pin-on-disc has been developed using
ANSYS 15.0 software. The different parameters such as material properties, load,
speed, etc., provided as input to the software and investigated the developed contact
stresses. The wear volume is investigated for respective load and speed condition
and compared with the experimental values reported in literature [10].

2 Materials and Methodology

The contact between pin and disc defined as a frictional contact. For nonlinear iter-
ative convergence, Newton–Rhapson method is used considering ramped effect so
that load will act gradually on the contact faces. The top layer on the pin modeled
with composite coating with required coating thickness and material properties [10].
The counter disc is assigned with structural steel material.

A 3D model of pin and disc is developed in CREO PARAMETRIC 2.0 as shown
in Fig. 1. Initially both pin and disc modeled individually and then assembled. The
dimension of the pin is 12 mm diameter and 10 mm height whereas disc (wear track)
diameter of 80 mm with 10 mm thickness. These dimensions are directly taken
from the experimental analysis. The developed 3D pin-on-disc model using CREO
software has been imported into ANSYS through.igs file interface.

The developed 3D model has been discretized as shown in Fig. 2. The meshing is



Computational Analysis of Composite MoS2-TiO2-ZrO2 Soft Coating … 535

Fig. 1 Simulation model for pin-on-disc test rig

Fig. 2 Discretization of the model

constructed tetrahedron elements. At the contact, the stresses are concentrated and
high value of stress is generated; so there is requirement of more numbers of nodes
near to contact. For increasing the number of nodes refinement is done which makes
the meshing more compact and convergence takes place at faster rate.

In order to simulate sliding contact condition in the present work the disc is
rotating about Z-axis and rotation of disc about X-axis and Y-axis defined as zero,
whereas the pin is stationary at one place. For achieving this either the face of pin
is to be fixed or the lower face of the disc is to be fixed. In the present work, the
lower face of the disc is fixed so that it will directly restrict the translation motion
in all three axes and two rotational motions about X-axis and Y-axis as depicted in
Fig. 3. The applied normal load is acting on the top face of the pin and the rotational
velocity is acting about Z-axis on the disc, both the inputs acting simultaneously.
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Fig. 3 Boundary conditions

3 Results and Discussion

3.1 Estimation of Wear

The Archard wear equation is function of wear coefficient, sliding distance, and
hardness of the material.

Q = K ∗ W ∗ L

H
(1)

where, Q is the total volumetric wear,
K is an Archard wear coefficient,
W is the applied normal load,
L is the total sliding distance,
H is the material hardness.
In order to investigate the volumetric wear, the Archard wear coefficient is taken

equal to 6.67e-6 (mm3/Nm) [11]. Subsequently the contact stress values obtained
from the computational study converted into normal load and evaluated the wear
volume as below,

Q = σ ∗ K ∗ A ∗ D (2)

The contact stresses at different normal loads 25 N, 50 N, and 75 N at 400 rpm
speeds are obtained from the computational analysis are shown in Fig. 5a, b, c. From
the obtained contact stress values, the wear volume is predicted for each condition.
The experimental and computational results are compared and represented in Table 1.

The obtained results from both computational and experimental methods have
been compared and depicted in Fig. 4 (Fig. 5).
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Table 1 Wear volume estimation

Normal load (N) COF Experimental
wear volume W e
(mm3)

Contact stress
from ANSYS (σ )
(MPa)

Computational
wear volume
(mm3)W c =
σ*K*A*D

Error (%)

25 0.29 0.91 0.42 0.95 4.2

50 0.32 1.54 0.703 1.59 3.1

75 0.262 1.79 0.82 1.86 3.7

A is cross sectional area of coated pin sample
D is the total sliding distance

Fig. 4 Comparison of
computational and
experimental wear at load
25 N, 50 N, 75 N with speed
400 rpm

In order to verify the accuracy of the model, by keeping same loads 25 N, 50 N,
and 75 N the speed is changed from 400 to 200 rpm. The simulation is carried out
for the above load and speed conditions to obtain the contact stress values. From the
obtained contact stress values, the wear volume is predicted for each condition. The
experimental and computational results are compared and represented in Table 2.

The obtained results from both computational and experimental methods have
been compared and depicted in Fig. 6.

From the comparison ofwear volumeobtained by computational and experimental
methods, it is observed that, the results are in close agreement to each other. The %
error shows the deviation in the results obtained by both the methods which is less
than 10%, so that the developed model can be used to predict the results for other
load and speed conditions. These obtained computational results are in line with
previously reported literature [9, 10].
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Fig. 5 Contact stress a 25 N, b 50 N and c 75 N with speed 400 rpm
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Table 2 Wear volume estimation

Normal load (N) COF Experimental
wear volume W e
(mm3)

Contact stress
from ANSYS (σ )
(MPa)

Computational
wear volume
(mm3)W c =
σ*K*A*D

Error (%)

25 0.3 0.85 0.41 0.93 8.6

50 0.35 1.64 0.69 1.56 4.8

75 0.31 1.73 0.78 1.77 2.2

Fig. 6 Comparison of
computational and
experimental wear at load
25 N, 50 N, 75 N with speed
200 rpm

4 Conclusion

This study demonstrates a 3D FEM model for the solution of composite MoS2-
TiO2-ZrO2 coated pin-on-disc dry sliding contact problem. The solution for the
developed computational model is obtained by using ANSYS 15.0 software. The
results obtained from the computationalmodel for different load and speed conditions
are compared with experimental results. The computational and experimental results
are in close agreement. It is observed that with the increase in load the contact
stress and wear volume increases proportionally. The maximum wear is 1.86 mm3,
1.77 mm3 took place at 75 N load with developed contact stresses of 0.82 MPa,
0.78 MPa at 400 rpm and 200 rpm speed respectively.
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Optimal Path Planning of Steam
Generator Tube Inspection System’s
Robotic Manipulator Using Genetic
Algorithm

S. Joseph Winston and P. V. Manivannan

Abstract Prototype Fast Breeder Reactor (PFBR) has eight Steam Generators (SG)
that transfers the heat from molten sodium to the water and converts the water into
super-heated steam. SG is a shell and tube type counter flow heat exchanger, which
has 547 steam tubes connecting the top and bottom headers of the SG. These steam
tubes are surrounded by Sodium and water/steam will be flowing in the tubes. (i.e.
sodium is present in the shell side and water/steam in the tube side). The water/steam
pressure will be 172 bar and any breach in one of the tubes (due to crack) will
eventually result in water coming in contact with sodium and leading to violent reac-
tion. Hence, all mitigation efforts are to be taken proactively to isolate a degrading
tube(s) through proper Pre-Service inspection (PSI) and In-Service inspections (ISI)
using Remote Field Eddy Current technique (RFEC). Though PSI is a comprehen-
sive inspection, ISI is generally carried out on 10% of the total heat transfer area,
i.e. about 54 tubes, through periodic inspections. A two-axis robotic system called
PFBR SG Inspection System (PSGIS) is used to position the probe/cable pusher
end effector system to perform the tube inspection with RFEC probe. Since there is
no straight forward scheme available to optimally choose the inspection sequence,
Genetic Algorithm (GA) is used to optimize the tube inspection order to reduce the
duty cycle and total inspection time. In this work, we have developed a genetically
evolved optimal inspection algorithm to reduce overall inspection time and the results
of the investigations are presented.

Keywords Steam generator · Robotic manipulator · Genetic algorithm · Path
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1 Steam Generator Inspection System

1.1 Introduction

Prototype Fast Breeder Reactor (PFBR) has 8 Steam Generators (SG) to transfer
the reactor heat to water and convert the water to high pressure steam to run the
steam turbine-electrical generator combination to generate electrical power. PFBR
is a 500 MWe nuclear power plant. There are 547 tubes in SG connecting the bottom
header and top header, which supplies the water through all tubes for heat transfer
from the sodium in the shell side. The top header collects the steam and sends it
to the steam turbine to drive electrical power generator. The Remote Field Eddy
Current (RFEC) technique-based probe is used to carry out the tube inspections
through Pre-Service Inspection (PSI) and In-Service Inspection (ISI) of the SG for
the safe operation of the system. A two-axis robotic manipulator called as PFBR SG
Inspection System (PSGIS) is used for remotely pushing/pulling the RFEC probe
into the SG tubes for inspection. There has been a constant effort all over the world
[1] for the development of SG inspection systems, as the plant down times are mainly
due to the outage of SGs. The SG inspection system will be fixed to the top header
manhole and the robotic system descends down into the header to carry out the tube
inspection. As, there is no straight forward scheme available to optimally choose
the inspection sequence, in this work a Genetic Algorithm (GA) is used to optimize
the tube inspection order to reduce the duty cycle and total inspection time and the
results of the investigations are presented.

1.2 PFBR SG Inspection System

PSGIS system has 7 modules to perform various tasks. The Device Deployment
Module (DDM) deploys a two-axis precision robotic system called the Tube Locator
Module (TLM) close to the tube sheet for inspecting the tubes. TLM positions &
orients the Remote Field Eddy Current (RFEC) probe over any one of the desired
tubes that needs to be inspected and pushes the probe into tube along with the cable
using the Cable Pusher Module (CPM) which forms the end-effector of the robotic
system. A Comprehensive Control Module (CCM) controls the overall system.
Figure 1a shows the PSGIS system and the precision robotic arm is shown in Fig. 1b.
Unlike the conventional robotic system which has the base as the fixed reference
coordinate frame, this system while deployment may have errors in aligning with the
tube sheet plane which is corrected in the Inverse kinematics through a three-point
calibration method [2, 3].
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 (a) PSGIS system for SG inspection          (b) Two-axis robotic arm for the tube reach

Fig. 1 a PSGIS system for SG inspection. b Two-axis robotic arm for the tube reach

1.3 Steam Generator Tube Sheet and Numbering Scheme

The Steam Generator top and bottom headers are connected with 547 tubes (ending
in top and bottom tube sheets). The water pumped in these tubes will be converted
to steam by the high temperature liquid sodium surrounding them. This steam is
collected at the top header and sent to drive the steam turbine for electrical power
generation. The 2-DoF robotic manipulator end effector along with cable manage-
ment system pushes the RFEC probe into the steam tube (entire length of 23 m)—i.e.
up to the bottomweld zone for inspection. Figure 2a shows the SGTube Sheet surface
and the tube numbering scheme for all the 547 tubes. The innermost tube at the centre
of Tube Sheet (marked as RED circle) is numbered as (0, 0). The steam tubes have
an Inner Diameter (ID) of φ12.6 mm and a pitch of 32.2 mm. The tube array pattern
is a triangular pitch. Such a triangular pitch can be well represented as hexagonal
rows of tubes with a centre single tube. Hence, in order to mathematically represent
the tube array pattern, the following equations are deduced from the geometry.

The total number of tubes in each row goes in a multiple of 6. There are 14 rows
of tubes and the hexagonal array pattern is modified beyond 11th row tubes to make
it circular to fit the tube bundle inside the cylindrical shell. 12th, 13th and 14th rows

(a) (b)

Fig. 2 a Steam Generator (SG) Tube sheet. b Tube numbering scheme
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have missing tubes which are appropriately coded in PYTHON program to represent
the actual pattern of tubes in SG tube sheet

(r, θ) =
(
a
√
n2 + h2 − nh, cos−1

(
a(2n − h)

2r

))
(1)

[
x
y

]
=

[
r cos θ

r sin θ

]
(2)

In Eqs. (1) and (2), the ‘r’ and θ are polar coordinates of the tube centres, ‘a’ is
tube pitch, ‘n’ is row number, ‘h’ is tube number in the row as seen from Fig. 2b.
In the tube sheet, the outermost tubes are located at a maximum radial distance of
397 mm. However, the robot arm’s maximum radial reach of 420 mm, which covers
all the tubes.

2 Optimal Path Planning for Reduced Inspection Time

It becomes important to plan the inspection path starting from the first tube to the last
tube, in a particular order during the inspection campaign. In case of PSI, all the 547
tubes have to be inspected and this requires a proper sequencing of tubes in appro-
priate order to reduce the total inspection time for a SG. Inspecting 547 tubes means
the robotic end effector has to visit all the 547 tubes. A random user choice will lead
to enormous inspection time by increased total travelled path, giving rise to more
duty cycle to the actuators used in the robotic system. During the ISI campaign 10%
of the tubes need to be inspected in a randomly selected set of tubes from the total
547 tubes. Typically, the random tubes will be widely distributed over the entire tube
sheet plane. Unless a proper tube inspection order is evaluated, the total inspection
time will be more due to too many random paths between the tubes. The following
are the commonly used evolutionary algorithms for planning random movement of
robotic manipulator (in shortest path), where there is no straight forward mathemat-
ical scheme available. Some of the commonly used evolutionary algorithms [4] are;
(a) Genetic Algorithm, (b) Particle swarm Algorithm, (c) Ant colony d) Simulated
Annealing. Genetic Algorithm [5, 6] is widely used in path planning applications
due to its simplicity in representing the problem. A good optimizer is needed to solve
a problem heuristically and search for a good solution in a set of possible solution,
where there is no other straight forward way to solve. The GA uses selection of a
population to do crossover and mutation to form child chromosomes and the fitness
tested. The better fit individual will be retained for more reproduction, whereas the
weak individuals are discarded. The following sequence shows the abstraction of the
GA. Following steps are involved in the GA process flow:

Step 1: Generate random population of ‘n’ chromosomes
(Tube inspection path sequence)
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Fig. 3 Inspection sequence as a chromosome containing tube information as genes

Step 2: Evaluate the fitness f(x) of each chromosome ‘x’ in the population
(Find out the path distance connecting all the tube points)
Step 3: Create a new population by repeating following steps until the new
population is complete

Step 3.1: Select two parent chromosomes from the population according to
their fitness (the better fitness, the bigger chance to be selected).
Step 3.2: With a crossover probability cross over the parents to form a new
offspring (children). If no crossover was performed, offspring is an exact copy
of parents.
Step 3.3: With a mutation probability mutate new offspring at each locus
(position in chromosome).
Step 3.4: Place new offspring in a new population (New tube order sequence).

Step 4: Use new generated population for a further run of algorithm
Step 5: If the end condition is satisfied, stop, and return the best solution in current
population
Step 6: Go to Step-2.

The set of tubes selected for an inspection campaign are from the total 547 tubes in
a random fashion. Typically, 10%of the total tubes are about 54 tubes out of 547 tubes
are chosen for inspection. The tubes are selected by its position which is typically
the tube number. The tube number/position represents the gene which carries the
information of the position of the tube which is the cartesian information on the tube
sheet. The tubes put in certain order, i.e. tubes as genes packed in a particular order
constitutes the chromosome. Just as in the genetics, the tubes as genes packed in a
particular inspection sequence describes the chromosome. Figure 3 shows the tube
order.

If there are ‘k’ number of selected tubes for inspection and the inspection sequence
in an array of the tube centre point coordinates, the interconnected distance can be
expressed as follows;

Min Total distance =
k∑

n=1

√
(xn+1 − xn)

2 + (yn+1 − yn)
2 (3)

The tube order is represented by the term ‘n’ and hence summing up all the
interconnected distances is the total path distance visiting all tubes by the robotic
manipulator using inverse kinematic algorithm [7–9]. Lesser the distance, lesser is
the inspection time and lesser the duty cycle of the actuator and also it has direct
implication on the down time of the plant for inspection. In order to save cost and
time, it is required to choose the correct order of tube paths that the total inspection
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distance is minimal. Hence the fitness function is written such that the total distance
is computed and the score for the chromosome that has a tube order which gives less
distance is offered high. The cross over and mutation are the important parameters in
Genetic Algorithmwhere the chromosome is divided into two or multiple at different
locations to swap the part of the chromosome with the parent’s fitness studied.

3 Hardware and Software Development and Testing

Figure 4 shows the SteamGenerator InspectionRoboticManipulator Control system.
The developedGenetic Algorithm-based robot control program (PYTHONprogram)
is ported on a ‘Raspberry Pi’ embedded controller, which is interfaced with main
motion controller through the communication protocol TCP/IP as shown in Fig. 4.

The GA generates inspection tube sequence and feeds to the motion controller
and suggests the user to proceed in the best optimal tube inspection order to reduce
the overall inspection time. In order to understand the performance of the evolu-
tionary algorithm, Genetic Algorithm, the problem is coded in the scripting language
PYTHON. TheGA engine, PYEVOLVE [10] is used for the GA functions. However,
the tube numbering algorithm also is coded in such a way to truly represent the actual
tube array of the tube sheet in the PFBR SG. In order to test the performance of the
path planning algorithm, different set of case studies were carried out. During the
study, the robotic arm was operated at a linear speed of 20 mm/s (while evaluating
the Random and GA optimized paths). In one of the case studies, inspection of four
rows of tubes are considered for simulation. Figure 5a shows the result of this study
and it can be noticed that how the random sequence of tube testing will take up more
inspection time, compared to the path planned, Fig. 5b with Genetic Algorithm in a
structured sequence. In other case study, of 547 tubes in 14-Rows, 10% tubes were
selected for inspection at random sequence which represents the actual scenario.
Figure 6a shows path followed by Robot manipulator to inspect all these 10% tubes
at the same random way; while Fig. 6b shows the path followed using GA algorithm
that is time optimal.

Fig. 4 The steam generator
inspection robotic
manipulator control system
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Fig. 5 a Random path,
(4-Rows). b GA evolved
path (4-rows)

(a) (b)

Fig. 6 a Random path,
(14-Rows). b GA evolved
path (14-rows)

(a) (b)

Figure 7 shows the raw score, that is the total distance connecting all the tube
centres in a particular sequence. The figure shows a very quick way the evolution
takes place minimizing the total distance. The crossover considered is 0.9 and the
mutation 0.001 which shows a very good evolution of best optimal solution in all the
cases.

Due to the circular symmetricity of the tube sheet, repeated runs though not the
same tube order was obtained but the raw score, i.e. the path distances obtained are
almost the same which also gives the confidence on the GA evolved output. Table 1
shows the tubes considered for the inspection campaign and minimum path distance
travelled by the inspection probe (for random and GA algorithms). It may be noted
that with GA algorithm the total distance travelled is always less and this helps to

Fig. 7 The max, min and
average raw scores during
the evolution of the optimal
path
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Table 1 Minimized total distance in the complete path of an inspection campaign

S. No. Row
No of
tubes

Total
tubes

Tubes
inspected
(%)

No. of tubes
for inspection

Total distance
(mm)

Improvement
in Inspection
time (%)Random GA

1 2 19 100 19 1500 577 62

2 3 37 100 37 4110 1091 74

3 4 61 100 61 8718 2035 77

4 5 91 100 91 15,892 3334 79

5 14 547 10 54 235,085 4374 98

reduce the overall inspection time (as high as, 98% in case inspecting all 547 tubes)
and also the cost.

3.1 Conclusion

Periodic inspection of the PFBR SteamGenerator tubes for detecting flaw in the tube
is very important for the safe operations of the system. The RFEC inspection probe is
commonly used for SG tubes inspection. However, during inspection, it is necessary
to locate every steam tube location as per inspection procedure, and position the
robotic end effector (i.e. REFC probe) at tube centre accurately using shortest path.
Typically, 10% of the total 547 tubes randomly are chosen for inspection during In-
Service campaigns and that amounts to 54 tubes. Hence, it is imperative to sequence
the inspection through proper tube order to have overall minimized path distance
to reduce inspection time. Since there is no direct scheme to reduce the distance
explicitly, evolutionary algorithms are must to minimize the total distance of the
path sequenced for inspection of the selected tubes. Hence, Genetic Algorithm was
used in this study and the PYEVOLVE [5] GA engine has been used to represent the
GA functions. The program has been made in the scripting language PYTHON and
it has been tested under various cases: 2-Rows,3-Rows, 4-Rows of tubes, 5-Rows of
tubes and finally for 14 Rows of tubes with 10% tubes randomly considered. The
results show that the developed GA algorithm is able to optimally control robotic
manipulator path (i.e. shorted path) during inspection of SG tubes, which reduces
inspection time and cost. In the future, the developed algorithm will be fine-tuned
for sequencing all 547 tubes for inspection.
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Kinematic Simulation of Dual Arm
Agricultural Mobile Robot

A. Sridhar Reddy, V. V. S. Kesava Rao, and B. B. V. L. Deepak

Abstract From the last few decades, more than 60% of Earth’s population was
engaged in agriculture, but now there is decline in population who are engaged in
agriculture. The population engaged in agriculture decreases by the time. India is the
world’s second largest producer of sugarcane. During production, planting, tending
and harvesting sugar cane is labour intensive process. Cane cutting is a tough physical
operation and requires large skilled labour. In India currently available sugarcane
harvesters are very expansive, which is not feasible for small scale farmers, and
not available throughout the country. To overcome the problem, we proposed dual
arm mobile robot, so that it can able to hold the sugarcane stalk after that it can
place cane at rare side of the robot. To transmit the cane stalk in required path, we
have to generate a trajectory for end-effector. We define the end-effector position
by calculating the joint angles, treating as Inverse Kinematics problem. And also
generated the velocity and acceleration diagrams for the joints.

Keywords Agricultural robot · Forward kinematics · Inverse kinematics ·
RoboAnalyzer

1 Introduction

For the last fewdecades,more than 60%ofEarth’s populationwas engaged in agricul-
ture, but now there is decline in population who are engaged in agriculture. In overall
population, the total workforce is distributed mainly in three economic sectors, i.e.,
Agriculture sector, Industry sector and Service sector. Agriculture sector is still the
main employer in India with 211.3mn engaged in 2015–2016, which is nearly 16.5%
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lower compared with previous decade [1] and followed by Service sector and Indus-
trial sector. Nowadays, around 43%of the population engaged in agriculture keeps on
falling. The reasons are: the age of individuals in farming households is increasing as
well as the population involved in agriculture has been reducing and moving towards
other sectors.

India is the second largest producer of rice,wheat, sugarcane [2].During sugarcane
production, planting, tending and harvesting sugar cane is labour intensive process.
Cane cutting is a tough physical operation and requires large skilled labour. Due
to shortage of labour during harvesting, farmers lose their profit, since cutting and
transfer of cane stalk to sugar mill is time dependent process. In India currently
available sugarcane harvesters are very expansive, which is not feasible for small
scale farmers, and these are not available throughout India. So the crop area decreases
by the time.

To develop fully agricultural farm, robot is only first step. So there is a need to
develop an agricultural robot which is useful for small scale harvesting, which can
reduce strenuous, monotonous, physical work of labour. In this we focused mainly
in modelling of sugarcane harvesting robot. A dual arm robotic manipulator holds
the cane stalk during cutting and then it can place cane at rare side of the robot.

2 Sugarcane Harvesting Robot

2.1 CAD Modelling

The robot consists of moving base and two arms. The two arms are placed at different
heights from the ground. Each arm is having 3 rotary joints, at the end, each arm is
equipped with plier (end-effector) having 1 dof (degree of freedom) for holding cane
stalk. One cutter wheel is placed at bottom of the mobile robot to cut the sugar cane.
The model is designed in SolidWorks software, shown in Fig. 1.

2.2 Kinematics Modelling

For trajectory planning and control, Kinematicsmodelling is the basis. To analyse the
robot structure, Denavit–Hartenberg method is used [3]. Based on the space position
and orientation, parameters are listed to establish the coordinate relationship between
adjacent joints. Based on theD–H parameters, we solve the problem for joint angles
by using Forward Kinematics or Inverse Kinematics. Configuration of proposed dual
arm serial manipulators with revolute joints is shown in Fig. 2.

The robot with two serial manipulators each has 3 dof. The twomanipulators need
to establish coordinate systems. In D–H coordinate system, robot can be viewed as
a series of linkages [5], shown in Fig. 3.
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Fig. 1 Agricultural mobile
robot having two arms and
cane cutter

Fig. 2 Configuration of
proposed dual arm
manipulator

Fig. 3 Frame assignment
for dual arm manipulator
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Table 1 DH parameters for the dual arm

Link i–j αi(j − 1) ai(j − 1) dij θ ij

1–1 0 0 d11 θ11

1–2 l11 0 0 θ12

1–3 l12 0 d12 θ13

2–1 0 π d21 θ21

2–2 l21 0 0 θ22

2–3 l22 0 d22 θ23

D–H parameters are shown in Table 1, where αi(j − 1), ai(j − 1), dij and θ ij (i = 1, 2
arm number; j= 1, 2, 3 number of joints) are parameters related to the link and joint.
Which represent the link twist, link length, link offset, and joint angels respectively.

For solving the transformation matrix, kinematics model is established for final
homogeneous transformation matrix, coordinate system of transformation between
the links is performed as given in Eqs. 1 and 2.

0T12 = 0T11 × 1T12 × 2T13 (1)

0T22 = 0T21 × 1T22 × 2T13 (2)

Based on the equation above the transformation matrix are given in Eq. 3.

i−1Ti =

⎡
⎢⎢⎣

Cθi −Sθi 0 ai−1

SθiCαi−1 CθiCαi−1 −Sαi−1 −Sαi−1di
Sθi Sαi−1 Cθi Sαi−1 Cαi−1 Cαi−1di

0 0 0 1

⎤
⎥⎥⎦ (3)

where,

Ci = Cosθi , Si = Sinθi

By substituting the DH parameters in Eq. (3), the final transformation matrix is
given in Eq. (4).

0T3 =

⎡
⎢⎢⎣

nx ox ax px
ny oy ay py
nz oz az pz
0 0 0 1

⎤
⎥⎥⎦ (4)

The elements in the above matrix Eq. (4), are shown in following Eqs. (5) to (16)

nx = C3 × (C1 × C2 − S1 × S2) − S3 × (C1 × S2 + C2 × S1) (5)
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ny = C3 × (C1 × S2 + C2 × S1) + S3 × (C1 × C2 − S1 × S2) (6)

nz = 0 (7)

ox = −C3 × (C1 × S2 + C2 × S1) − S3 × (C1 × C2 − S1 × S2) (8)

oy = C3 × (C1 × C2 − S1 × S2) − S3 × (C1 × S2 + C2 × S1) (9)

oz = 0 (10)

ax = 0 (11)

ay = 0 (12)

az = 1 (13)

px = C1 × l1 + l2 × (C1 × C2 − S1 × S2) (14)

py = l1 × S1 + l2 × (C1 × S2 + C2 × S1) (15)

pz = d1 + d2 (16)

Equations (5)–(16) will determine the position and orientation of the end-effector
which are obtained from the given link parameters and joint angles this approach
is called as the forward kinematics. In opposition to this, the joint angles and the
different configuration of the manipulator are resulting from the position as well as
orientation of the end-effector, which is termed the Reverse Kinematics problem.

Sugarcane grows in the range of 1500 to 2100 mm in height and with 20 to 50
mm diameter. The function of end effector is to hold the sugarcane during cutting.
By using the vision sensors [6], position of the sugarcane can be estimated.

We assumed the cane stalk being in vertical position, then the mobile robot will
reach to the cane. This is the initial position (P1) that end-effector to hold the cane.
During the advancement of the robot in forward direction, cutting will be taken place
by the cane cutter which is placed at bottom of the robot (shown in Fig. 1).

The position at which cutting is completed is taken as point 2 (P2) of the end-
effector. Fromposition1 to position2, the end-effectormoves horizontally in opposite
direction to the robot movement. Then the end-effector will move the stalk to rare
side of the robot for loading (P3) as shown in Fig. 4.
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Fig. 4 Intermediate
positions of the robot arm

During holding of the sugarcane, for stability purpose we added other manipula-
tors to the robot left side and this is placed at 10 cm above the first arm.

First of all the cane stalk should cut by the cutting wheel, which is placed at
bottom of the robot. During the cutting, the robot is moving towards the stalk, so the
end-effector holds the stalk in the same orientation but position keeps on changing.
Based on this, the path of end-effector is defined. This leads to inverse kinematics
problem.

3 Results and Discussions

This problem is solved by RoboAnalyzer software [7], by selecting the 3R-Planar
manipulator by giving the different positions of the end-effector as input, the joint
angles are calculated by the software. As this is a inverse Kinematics problem, we
get two different solutions for each joint angles at all positions except at first position
of the manipulator. Because the first position is achieved by full extension of the
manipulator (Table 2).

For the arm 1, the position of the end-effector is selected from Table 3 as: for
P2-solution 2, and for P3-solution 1. And orientation of the arm for these solutions
is shown in Fig. 5.

Similarly for Arm 2 also the joint angles at different positions obtained are shown
in Table 3.

For Arm 2; the joint angles for selected are: for position 1: Sol.1 is taken, for
position 2: Sol. 2 is taken, for position 3: Sol.1 is taken.

Table 2 Joint variables for Arm 1 by inverse kinematics

Joint variables Position 1 Position 2 Position 3

Sol. 1 Sol. 2 Sol. 1 Sol. 2 Sol. 1 Sol. 2

θ1 0 0 −28.955 28.955 57.3681 100.0121

θ2 0 0 104.478 −104.478 67.9757 −67.9757

θ3 0 90 14.4775 165.5225 −35.344 57.9336
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Table 3 Joint variables for Arm 2 by inverse kinematics

Joint variables Position 1 Position 2 Position 3

Sol. 1 Sol. 2 Sol. 1 Sol. 2 Sol. 1 Sol. 2

θ1 0 0 −28.955 28.955 47.5088 104.4188

θ2 0 0 104.478 −104.478 100.807 −100.807

θ3 0 90 14.4775 165.5225 −58.316 86.3882

Fig. 5 Arm 1 position at a P1, b P2 and c P3 locations

The available solutions from the Inverse Kinematics are taken as input values
for generating path, joint velocity, and joint accelerations by using the Forward
Kinematics, generated by RoboAnalyzer

The joint value (angular displacement) velocity and acceleration for the Arm 1
from position P1 to P2 is shown in Fig. 6.

The joint value (angular displacement) velocity and acceleration for the Arm 1
from position P2 to P3 shown in Fig. 7.

4 Conclusions

1. Using Denavit–Hartenberg method, the Direct Kinematics model for the dual
arm mobile robot has been successfully approached.

2. Based onDenavit–Hartenbergmethod, the InverseKinematicsmodel for the dual
arm mobile robot has been successfully approached.

3. Joint velocities and acceleration observed for all links at all positions.
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Fig. 6 a Joint values for Arm 1: P1 to P2. b Joint velocities for Arm 1: P1 to P2. c Joint accelerations
for arm 1: P1 to P2
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Fig. 7 a Joint values for Arm 1: P2 to P3. b Joint velocities for Arm 1: P2 to P3. c Joint accelerations
for Arm 1: P2 to P3
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