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Preface 

This book congregates selected research articles from the 3rd series of Innova-
tive Product Design and Intelligent Manufacturing System (IPDIMS-2021), held 
at National Institute of Technology Rourkela, India. The book emphasises the recent 
technologies and advanced tools in the areas of product design and manufacturing 
technology. The main topics covered include ergonomics and human factors, UI/UX, 
design for ‘X’, Industry 4.0, smart manufacturing, advanced robotics and CAD/AM. 
The contents of this book are useful for academics as well as professionals working in 
the areas of industrial design, manufacturing, mechatronics, robotics and automation.
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Product Design: Ergonomics and Human 
Factors



Analysis of Secondary Tasks Performed 
and Psychosocial Factors of Railway 
Loco Pilots 

Suyash Krishna, Sangeeta Pandit, Rajat Kamble, 
and Jigyasa Hemant Patankar 

1 Introduction 

Indian Railway system occupies the first railway network system in Asia and is 
fourth largest in the world [1]. It is 167 years old and comprises 436 departments and 
15.4 lakh employees working [1]. Indian Railway is the fourth largest Railway track 
network in the world [1]. It has a total of about 108,706 route-kms of track which 
covers 6853 stations [1]. Indian Railways runs 11,000 trains daily, consisting of 
passenger and goods trains [1]. This Indian transportation system handles 13 million 
passengers and 1.35 million tonnes of freight with a total of 11,000 trains on a daily 
basis [1]. Indian Railways is considered to be one of the safest and comfortable 
means of transportation for both man and material. 

A study report on railway drivers found a higher incidence of stress compared 
to other jobs like assistant station masters, train examiners and office clerks [2]. 
Loco pilots get irregular sleeps and suffer stress-related diseases like hypertension, 
diabetes and frequent headaches [3]. The loco pilot of a high-speed train has to 
work for 400–500 km at a stretch without any food or toilet break. The driver of a 
high-speed train like Rajdhani has to observe a signal every 1 min 22 s on average, 
which means he has to be vigilant continuously [3]. The loco pilots operating at a 
long-distance route stay overnight in the running room away from the home station 
[3]. The night duty is only considered when the duty is between 10 pm and 6 am 
[3]. There is a high noise level in the cab which has adverse effects on the mind and 
ears of the drivers [3]. During hot summer days, the cab temperature goes as high as 
54–56 °C [3]. Poor visibility due to foggy or rainy weather or sometimes because of 
not proper functioning of the wiper is often faced by the loco pilots. The workspace
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Fig. 1 Inside cab of WAG 
12 locomotive 

of a locomotive cab drivers is usually with seats without backrest and without toilet 
and pantry (Fig. 1). Presently, the work schedule of Loco Pilots is classified under 
‘continuous’ roaster, which results in no fixed calendar off-day. In usual cases, the 
loco pilots must work for continuous 10 h duty and can take break after 12 h by 
giving notice to the controller [4]. Loco pilots do not have control on their work 
environment and often need to work with job schedules that disturb their personal 
life and social life, and planning leaves is also difficult [5]. 

Over the years, many research studies concerning the psychological effects, work-
life balance, stress and fatigue, ergonomics and health effects of the loco pilots have 
been done [3, 5–8]. There is a need for analysis of the tasks they perform and 
psychosocial factors related to the duty of the loco pilots. The tasks taken here are 
secondary tasks performed by the Loco pilots for the smooth running of the train 
[6]. The secondary task is subdivided as blowing horn, operating vigilance switch— 
button to keep a check on alertness, use of walkie talky—verbal communication 
with the crew, signal exchange—to exchange speechless communication and leaning 
out—to check on the following train attached at the rear end visually [6]. Psychosocial 
factors are to understand the social conditions of the loco pilots, which affect mental 
health. The study aims to find out the tasks performed and psychosocial effects on 
the various designation levels of the Loco pilots.
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2 Methodology 

The study was conducted at Patna Junction. Patna Junction is one of the busiest 
railway stations in the country [9]. Patna Junction is operated by East Central 
Railways, and it lies on the busiest railway route, New Delhi to Kolkata. 

There are some limitations in conducting this study due to the COVID situa-
tion resulting in a smaller number of respondents participating in the study. In this 
study, 38 respondents of different designations working in the Danapur division 
in Patna participated. All the respondents were randomly chosen and participated 
voluntarily. Among the total 38 respondents, all were male. The primary data source 
was collected through a self-administered questionnaire that was designed keeping 
in mind the objectives of the study. The self-administered questionnaire contained 
questions addressing the secondary tasks performed by the Loco pilots based on the 
study done by Subir Danda [6], and the questions related to psychosocial factors 
which they go through were based on the research findings [5, 7]. 

Total of 17 questions were generated based on the findings of the study [5–7]. 
Out of which, 5 questions addressed the physical factors of the Loco pilots and the 
rest 12 questions addressed psychosocial factors. The questionnaire was prepared for 
psychosocial factors like no job satisfaction, support from the co-pilots and super-
visor, work health hazard anxiety, difficulty in relaxing, demand for hiding emotion, 
depression, responsibility of people, missing on quality family time, work over-
load, time pressure and no fixed working hours. Furthermore, the questionnaire was 
prepared for tasks like blowing horn, operating vigilance switch, using walkie talky, 
signal exchange and leaning out. The questions asked were as follows: ‘How often in 
your work you Q1: are not satisfied with your job?; Q2: get support from Co-pilots?; 
Q3: get support from supervisors?; Q4: feel anxiety because of work related health 
hazard?; Q5: face difficulties to relax during relax hours?; Q6: have to hide your 
emotions?; Q7: feel like depression?; Q8: feel responsibility of people?; Q9: miss 
out quality time with family?; Q10: get overloaded with work?; Q11: get time pres-
sure?; Q12: get uncertain working hours?; Q13: perform task of Blowing horn?; Q14: 
perform task of operating vigilance switch?; Q15: use walkie talky?; Q16: perform 
exchange of signals?; and Q17: lean out?’. The questions were to be answered in a 
5-point scale. The 5-point scale used was as follows: 1 signifies rarely, 2 signifies 
rather rarely, 3 signifies sometimes, 4 signifies rather often, and 5 denotes often. 
Finally, the respondents were asked to rate each of the tasks and factors on the above 
scale. The answer ratings 1 and 2 were classified as ‘No’, and ratings 3, 4 and 5 were 
classified as ‘Yes’. 

For statistical analysis, basic statistics, including total mean and percentages, 
were calculated. The statistical differences between the various designation levels, 
psychosocial factors and tasks were found using the chi-square test. Here, p < 0.001 
is being considered statistically highly significant, and p < 0.05 is being considered 
statistically significant throughout the study.
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Table 1 Demographic data 
of survey participants 

Gender Male 38 (100%) 

Female 0 

Designation ALP 8 (21%) 

ALP goods 10 (26.3%) 

ALP passenger 6 (15.7%) 

LP goods 5 (13.1%) 

LP passenger 4 (10.5%) 

LP mail 5 (13.1%) 

Marital status Married 33 (66.7%) 

Unmarried 5 (33.3%) 

3 Results 

3.1 Demographic Profile 

Among the total 38 respondents, all are men (Table 1). The respondents are from 
the 18–62 years of age groups and across all the designations of the Loco pilots. 
Asst Loco pilots (ALP) were 8, Asst Loco pilot goods (ALP goods) were 10, Asst 
Loco pilot passengers (ALP passengers) were 6, Loco pilot goods (LP goods) were 
5, Loco pilot passengers (LP passengers) were 4, and Loco pilot mail (LP mail) was 
5, respectively. Respondents were mostly the pilots of goods trains (23 out of 38), 
and the rest (15 out of 38) were of mail (passenger) trains. All the respondents belong 
to Patna Jn, which is under the Danapur division of Indian Railways. 

3.2 Psychosocial Factors Affecting Loco Pilots 

Table 2 shows the psychosocial factors which affect the Loco pilots across the levels 
of designation based in Patna Jn. The statistical differences among the different demo-
graphic groups were found to be insignificant for the psychosocial factors: support 
from co-pilots, support from supervisors, responsibility for people and missing family 
time. This suggested that all the above factors are prevalent across all levels of loco 
pilots. There was significant low job satisfaction among the Asst Loco pilots as 
compared to the Loco Pilots. In addition, there was a significant difference found in 
working health hazard anxiety (p < 0.05). Loco pilots with higher designations tend 
to have more anxiety of getting any health issues/hazards due to their duty. For the 
psychosocial factor: demand of hiding emotions and depression, there was a signif-
icant difference compared to higher and lower designation levels. Lower-level loco 
pilots tend to have high depression levels (p < 0.05), and they hide their emotions 
more (p < 0.05). Under no fixed working hours (p < 0.001), it was found that Loco
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pilots with higher designation levels tend to have fixed working hours compared to 
lower designation levels. 

3.3 Secondary Tasks Affecting Loco Pilots 

Table 3 shows the tasks which affects the Loco pilots across the levels of designa-
tion based in Patna Jn. The statistical differences among the different demographic 
groups were found to be insignificant for the task: signal exchange. For the tasks: 
blowing horn and operating vigilance switch, there was a significant difference when 
compared to higher and lower designation levels. Higher-level loco pilots tend to blow 
horn (p < 0.001) and operate vigilance switch (p < 0.001) more as compared to lower 
designation levels. There was a significant difference found when it comes to use 
of walkie talky (p < 0.05). Loco pilots with lower designation levels tend to have 
more use of walkie talky. For leaning out tasks, there was a significant difference 
(p < 0.001) when compared across the levels of loco pilot. Loco pilots with lower 
designation levels tend to lean out more as compared to higher levels. 

4 Discussion 

In this study, we found that Loco Pilots with higher designation levels have more job 
satisfaction as compared to lower levels. Loco Pilots with higher designation levels 
experienced lower workload pressure as compared to others. The anxiety of health 
hazards related to work was found to have more with the Loco pilots as compared 
to Asst Loco pilots. It was also found that high designation Loco pilots feel uneasy 
about relaxing and sleeping during relaxing hours as compared to Asst Loco pilots. 
Quality family time is compromised across all levels of designation of Loco pilots. 
Similar studies have been done related to the work and life of the Loco pilots [5, 8]. 
Signs of depression were found to have with Asst Loco Pilots, and they also tend to 
hide their emotions during duty hours. Similar studies found in the research paper 
[5] suggested that the job demands lead to affect the mental health of the Loco pilots. 
It was found that there were no fixed hours of working for the Loco pilots. This was 
discussed in the previous research papers [10]. Loco pilots can be allotted any shift 
of duty, and number of working hours depends upon circumstances. 

It was also found that tasks like use of walkie talky, signal exchange and leaning 
out were frequently seen among ALP, ALP goods and ALP passenger. And the 
tasks like blowing horn, operating vigilance switch and also signal exchange were 
most frequent among designations like LP goods, LP passenger and LP mail. These 
tasks are found to cause musculoskeletal disorders among the Loco pilots [6]. In the 
study done by Subir danda and Soumya Sarkar, the RULA score for the tasks like 
blowing horn, operating vigilance switch, use of walkie talky and leaning out was 
found to be 3–4 [6], which suggested that ergonomic intervention may be required
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for these tasks. Furthermore, task like signal exchange which was the most frequent 
and repeating task across the designations such as ALP (100%), ALP goods (100%), 
ALP passenger (100%), LP goods (100%), LP passenger (75%) and LP mail (80%) 
had RULA score of 5 [6], which suggested ergonomic interventions should be done 
soon.

Limitations of this study are the smaller number of respondents considered for 
the study due to the pandemic situation. Therefore, larger data could help better 
understanding in this area of research. 

5 Conclusion 

Loco pilots are one of the important crew members responsible for the safety of the 
train by avoiding any accidents. It is important to understand the working conditions 
and their mindsets across all the levels of the designations of Loco pilot. The research 
shows that various psychosocial factors, like job satisfaction, work health hazard 
anxiety, no proper sleep, depression, work pressure, no fixed hours of duty, etc., 
are different across the higher and lower designation levels of the Loco pilots. To 
improve the conditions of Loco pilots, the above problems need to be analysed and 
dealt with at the hierarchy level of the Loco pilots. Some factors like lack of quality 
time with family, support from the crew members and feeling of responsibility are 
consistent across all the designation levels of the Loco pilots, which can also be 
dealt with to improve their working conditions. Higher designation level Loco pilots 
perform secondary tasks: blowing horn, signal exchange and operating the vigilance 
switch. This research can help to understand the tasks performed and task-related 
psychosocial issues of the Loco Pilots. 
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Instructions for the Preparation 
Intervention of Shoulder Load Carrier 
for Porters Working in Vegetable Mandi 
of Jabalpur 

Sangeeta Pandit , Rajat Kamble , Avinash Sahu , 
Bangaru Sai Prakash , and Vishal Patil 

1 Introduction 

Manual material handling (MMH) is human act of lifting, lowering, pushing, pulling, 
carrying, holding, and releasing items. In India, due to the chief labor force, MMH 
is a major part of material handling activity in different transportation sectors [1, 2]. 
One such MMH activity is found by the porters in the fruits and vegetable wholesale 
markets commonly known as “sabji mandi”. The porters of any wholesale markets are 
the backbone of transportation of goods between truck and shops of a mandi. MMH 
exposes workers to physical risk factors. If these tasks are performed repeatedly or 
for a longer period of time, it can cause injuries. Main risk factors associated with the 
development of injuries in MMH tasks include uncomfortable postures, repetitive 
actions, forceful exertions, loads. The present study was led in the main wholesale 
vegetable and fruit markets of Jabalpur from where the fruits and vegetables were 
supplied to different local markets. Around 300 tons of fresh vegetables and fruits 
are distributed daily throughout Jabalpur city. To keep the mandi running in the early 
morning peak business hours, around 150 porters were involved. The porters do not 
follow any standard ergonomic guidelines for lifting heavy weights, and the nature 
of work is highly repetitive in nature. In order to earn more, during the peak hours, 
they carry more weights without intervals. The nature of work is highly repetitive. In 
order to unload the trucks, the porters carry heavy load on their heads from trucks to 
the shops. This causes stress in the muscles, tendons, and ligaments. This high stress 
led to work-related injuries and health problems among the porters resulting early 
retirement and financial burden on the family and society. Manual load transportation 
is an occupation pursued by a good population of labor forces from economically
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poor family background but so far it has not received the attention it deserves. Porters 
do tasks like lifting, lowering, pushing, pulling, carrying, holding, and delivering 
tons of vegetables in awkward postures that may lead to musculoskeletal disorders 
(MSD). Musculoskeletal disorders (MSD) are injuries or disorders of the muscles, 
nerves, tendons, joints, cartilage, and spinal discs [3–6]. Environmental conditions 
such as extreme heat, cold, noise, and poor lighting may increase workers’ chances 
of developing psychosocial risks [7]. 

A study among the porters working in markets of Calcutta, India found 95% of 
porters reporting MSDs in the last 12 months [8]. MSDs are considered to be work-
related when the work environment and the performance of work contribute signifi-
cantly to their development. The causes of MSDs in the workplace are high-task repe-
tition, forceful exertions, repetitive, or sustained awkward postures. Porters do lift 
heavy loads repetitively and use force to lift the heavy weights while performing these 
tasks, they are working in the awkward positions which may lead to the work-related 
musculoskeletal disorders. Another study done in traditional markets of Indonesia 
showed that 72% of workers who carried loads on their backs suffered from low-back 
pain [9]. A study done at Tehran Grand Bazaar where the hand carts being pushed 
or pulled by porters to the destination, the corridors of the Bazaar were found to be 
narrow and difficult to manage the load on the handcart, here they found the preva-
lence of MSDs in at least one part of the body in last 7 days was 45.2% [10]. In a 
study done by Narayana [11], they found reduction in incidence of MSDs in upper 
and lower limb among the workers in medical device assembly plant by ergonomic 
improvements where the participatory approach was found beneficial. 

This study aims to find MSDs and ergonomic risks among the porters working 
in Jabalpur market and reduce the same through an effective intervention through 
a participatory approach to eliminate the ergonomic risks and reduce MSDs among 
the porters. 

2 Methodology 

2.1 Field Study 

The study was conducted in the early morning peak hours in the main vegetable 
wholesale market when trucks with vegetables were unloaded. A sample of 30 
workers were randomly selected for the study. 

2.2 Body Discomfort Study 

Body discomfort was measured in different body regions among the workers in 
5-point scale rating [12].



Instructions for the Preparation Intervention of Shoulder Load Carrier … 15

2.3 Potential Risk Factors 

Through observation and task analysis, the different ergonomic risk factors associated 
with the manual material handling work were noted. 

2.4 Design and Selection of Shoulder Load Carrier Concept 
from Participatory Approach 

In this method, we involved the users and motivated them to participate give their 
views in development of different concepts. Their views and suggestions were also 
considered for further improvements in the concepts. 

2.5 Development of the Final Concept 

Anthropometric data were used to design the final concept of the carrier, and the 
concept was developed keeping in mind the ergonomic principles. 

2.6 Evaluation of the Concept 

Participatory approach was used for the selection and development of the final 
concept. 

3 Result and Discussion 

3.1 Body Discomfort Associated with Shoulder Loading 
in Conventional Method 

Table 1 shows discomfort in most body parts, with highest percentage in back with 
85%, followed by ankle (76%), foot (76%), knee (72%), shoulders (72%), wrist 
(71%), and lower arm (70%) from MMH involved in transporting of vegetable gunny 
bags from trucks to shops in vegetable mandis.
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Table 1 Interview results for 
percentage of pain in different 
body parts 

S. No. Body part Percentage (%) 

1 Shoulder 72 

2 Upper arm 69 

3 Lower arm 70 

4 Wrist 71 

5 Thigh 64 

6 Knee 72 

7 Ankle 76 

8 Foot 76 

9 Neck 63 

10 Back 85 

3.2 Potential Risk Factors 

The following risk factors were identified

● Awkward posture while transporting
● High-load stress on neck shoulder and wrists
● Slipping of gunny bags due to bad grip. 

3.3 Design and Selection of Shoulder Load Manager 

The following design needs were found

● Distribute the shoulder load over the body
● Improving the postures
● Eliminate the stress in arms and wrists. 

Different concepts were generated in consideration with the view of the users, 
and the final concept was decided by using a participatory approach. Figure 1 shows 
generated concepts along with the final concept. 

3.4 Development of Final Concept 

Shoulder load carrier was divided and fabricated in three parts. Back frame to hold 
the load in position and support the shoulder, a curved shoulder frame was provided 
to distribute the load evenly on shoulder with better comfort. Chest area strap is 
provided to prevent the gunny bag from falling, as well as to dire tribute its load 
evenly and waist area strap is to support the lower limb.
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Fig. 1 Different concepts: a concept a, b concept b, c concept c, d concept d, e isometric view, 
side view, and front view of the final concept 

Weight of the equipment and human anthropometric data were considered for the 
development and fabrication of the final concept. The dimensions of the concept and 
its features were considered as per anthropometric data for following body parame-
ters: Bi-acromion, Bi-deltoid, waist, vertical trunk, and maximum body breadth. The 
decided dimension is shown in Table 2. 

3.5 Concept Selection and Evaluation of Final Concept 

Through Pugh’s selection method, concept 5 was selected as shown in Table 3 and 
was further developed. 

The selected concept of shoulder load manager was then fabricated as per dimen-
sions were done through participatory approach by keeping in mind the ergonomic 
risk factors and the anthropometric data and the different features such as ease of 
off-loading of weight, weight distribution in shoulders, usability, and portability. The 
final concept is shown in Figs. 2 and 3.
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Table 2 Features and dimension for shoulder load carrier 

Features of the final concept Dimensions mm Functionality 

Height of the frame from base to 
shoulder 

410 Proper weight distribution in upper 
limbs 

Width of the frame 300 Support for carrying weight 

Width of the base 500 Holds the gunny bag in position 

Length of the base 500 Holds the gunny bag in position 

Shoulder curvature 60° Proper and comfortable weight 
distribution over the shoulders 

Strap1 (sturdy flexible material with 
hooks and loops ends) 

500 Wraps around the gunny bag and 
fastens at the chest area with the help 
of hooks and loops 

Strap2 (sturdy flexible material with 
hooks and loops ends) 

250 Wraps around the waist area with the 
help of hooks and loops 

Table 3 Pugh’s concept selection method 

Criterion Concept 1 Concept 2 Concept 3 Concept 4 Concept 5 

Usability − + − − D 

Ease of off-loading − − + + A 

Distribution of weight + − − − T 

Portability 0 0 − − U 

Total “+” 1 1 1 1 M 

Total “−” 2 2 3 3 

Total “0” 1 1 0 0 

Total −1 −1 −2 −2 

Fig. 2 a and b Isometric views of shoulder load carrier
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Fig. 3 a Front isometric view and b back isometric view of shoulder load carrier in use 

Through participatory approach and evaluation of the proposed design as shown 
in Table 4, it was noted that the improved design of the shoulder load carrier would 
successfully reduce the risk factors such as awkward posture while transporting, 
high-load stress on neck shoulder and wrists and slipping of gunny bags due to bad 
grip, thus reducing pain in arms, shoulder, neck, and back. 

Table 4 Evaluation of the proposed solution 

Risk factors Features implemented to solve the problems 

Pain in arms and wrist Proper weight distribution in upper limbs 

Awkward back postures Support for carrying weight 

Slipping of loads Holds the gunny bag in position 

Pain in shoulders Proper and comfortable weight distribution over the shoulders 

Leaning of loads Wraps around the gunny bag and fastens at the chest and waist area 
with the help of hooks and loops 

Poor grip in holding Belts and straps used for holding the load in position, keeping hands 
free of loads
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4 Conclusion 

From this study, it was concluded that the proposed design could successfully reduce 
the ergonomic risks involved in the MMH task, thus reducing the pain in the body 
parts such as wrist/hands, shoulders, neck, and back. 
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Design Intervention in the Manually 
Push Cart Used for Carrying 
the Vegetables in Hyderabad 

Chelapareddi Anshuman Rao, Bangaru Sai Prakesh, and Sangeeta Pandit 

1 Introduction 

In India, so many street vendors live their lives by selling goods in pushcart [1]. These 
vendors provide a wide range of goods and commodities to the urban populations 
at reasonable prices and convenient locations. The type of goods they sell was daily 
needed like vegetables, fruits, fish, and snacks in occasional needs they sell goods like 
flowers and ready-made garments. The type of cart street vendors used for selling the 
good comes under non-motorized vehicles which were economical and environment 
friendly [2]. These pushcarts may be found everywhere in our country, from train 
stations to street foods to vegetable vendors. But, the cart which they were being 
used has the same features and mechanical principles developed by our ancestors. 

Among the street vendors, the maximum percentage of people sells fruits and 
vegetables in pushcart [1], and the load carried on the vegetable pushcart was found 
to be approximately 200 kgs, and the distance covered usually varies between 5 
and 10 km/day. The problem with a pushcart was the pushing action; the cart was 
designed in such a way that the vendor had to bend his or her upper body to push the 
cart which lead to work-related musculoskeletal disorders (WMSD), and there was 
no proper handle to the pushcart which could lead to carpal tunnel syndrome. 

A street vendor comes under an unorganized sector (informal). It was discovered 
that the unorganized group of workers suffered from greater musculoskeletal disor-
ders than the organized group of workers, particularly in manual material handling 
[3]. As vegetable vendors are from an unorganized sector, they face problems related 
to price fluctuation goods, street vendors’ eviction. One of them is pushcart design 
which is not ergonomically designed and outdated.
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Studies have shown that people related to the pulling and pushing operation of 
heavy loads are countering with musculoskeletal disorders (MSDs) [4]. Vegetable 
vendor does a lot of manual material handling which lead to occupation fatigue. 
To reduce the MSDs in pushing the cart, there are many factors [5] like handle 
orientation (Height of the handle and inter-handle distance); it is one of the main 
factors [6, 7] as it only touchpoint (interaction) between vendor and cart; other 
factors are wheel diameter, braking, load weight, moving direction, motion phase, 
and floor type. Most of the studies were done related to the indoor environment 
(industries/factories) mainly for products like trolleys [6–8]. Research should be 
conducted on the vegetable cart, users (vendors), their working environments (effect 
of each season), and finally floor type (different road terrains).

● Using hierarchical task analysis and posture analysis, identify the tasks performed 
by the vegetable vendor and identify risk level in each task.

● Using questionnaires, interviews, and observation methods to understand the 
primary cause of the problem and other information about vendors.

● Finally, from an ergonomic standpoint, design the new cart. 

2 Methodology 

The data were collected using a few methods, namely hierarchical task analysis, 
postural analysis followed by questionnaires, interviews, and observation. Phase 
1—hierarchical task analysis of various tasks was observed and recorded for study, 
with the help of mobile camera photographs, and videos were captured for postural 
analysis and anthropometry analysis. The posture analysis has been done with the 
help of a rapid entire body assessment method. Phase 2—the questionnaires were 
prepared for the vegetable vendors to get the basic information, and then, the inter-
view was focused and conducted mainly with vegetable vendors and the manufac-
tures. Finally, observation was done without disturbing any work, while the cart 
puller was performing to see how they perform the task of pushing the cart. 

2.1 Hierarchical Task Analysis (HTA) 

The first step in understanding the job done by a vendor was to know about the 
different tasks performed by him to achieve daily goals. Hierarchical task analysis is 
one of the best techniques for task analysis in a variety of domains and applications 
[9]. The process can be carried out by requesting the vendor to characterize their job 
in terms of sub-tasks or by personally witnessing the vendor do the task. This method 
help in finding task, sub-task done by the vegetable vendor clarity. Every sub-goal 
was given a unique integer number in order. Every task was photographed for future 
study purposes. The photos are captured using mobile (SAMSUNG M51).
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Fig. 1 REBA worksheet 

2.2 Posture Analysis 

Section 2 involves observation posture analysis using rapid entire body assessment 
(REBA). REBA was chosen because of its ability to analyze the complete body at the 
same time, addressing more characteristics (than Ovako Working Posture Analysis 
System or Rapid Upper Limb Assessment) [10] which is an important factor in 
this study. It is a tool used to assess the risk of musculoskeletal disorders (MSDs) 
associated with a specific task within a job, and results are obtained using a single 
sheet as shown in Fig. 1. The postures were been analyzed in kinovea® software 
which is an open-access software for postural analysis. This is a valid and reliable 
open-access software for postural analysis. Photography and video tape have been 
used in this process which is captured using a mobile phone (SAMSUNG M51). 
Finally, REBA scores generated give an indication of the level of risk and urgency 
with which action should be taken or not. 

2.3 Questionnaire 

The questionnaire has been asked to the vegetable cart vendors who use pushcart on 
daily basis. The questionnaire has been done face to face with structured questions 
related to usability and other aspects of the cart. The answers were being recorded 
using the mobile phone app (voice recorder); later, the answer has been analyzed 
and synthesized. The questionnaire is extensively used in surveys and to gather basic 
information from user which sometimes provides us with some deep insights about 
users [11].
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2.4 Interview 

The interviews were conducted on vegetable cart vendors. It has been done face to face 
the answers were being recorded using the mobile phone app (voice recorder). The 
type of questions used was open-end questions and contingency questions (cascade 
format) which elicits the user’s perspective on a specific task. Each user has a different 
point of view over a particular problem. Interviews are very closely related to ques-
tionnaires as well as being linked with observation [12]. With help of an interview, 
one could identify the root cause of the problem. 

2.5 Observation 

Observation helps us to get insights that were neglected by the user. The vendors were 
observed without their knowledge and photos/videos were taken while doing different 
actives in their working environment. The observation was done on multiple users 
during their working hours. In the book of [13], observation allows the researcher 
to study users in their natural setting without their behavior being influenced by 
the presence of a researcher. The techniques used were direct and non-participation 
observation. 

3 Results 

For the completion of our study, the major group of people who participated were end-
user, i.e., the vegetable vendors. They were our main test focus as they are the people 
who operate the cart. 10 vegetable male vendors helped us with our research, and they 
aged between 22–55 (all male). First, the hierarchical task analysis (HTA) had been 
done, which helped us to understand the task flow. The next logical step was to get 
their postural information while working which we used rapid entire body assessment 
(REBA), and the score’s come out to be high-risk level, results also show that they 
are subjected to harsh pain and could lead to work-related musculoskeletal disorders 
(WMSDs). Then started research with questionnaires followed by interviews. This 
helped us gain the vendor’s trust and we got vital information. Then, we used a direct 
observation technique to identify potential risks in vendors operations that may result 
in work-related musculoskeletal disorders (WMSDs).
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Fig. 2 Hierarchical task 
analysis 

Tasks done 
by vegetable 

3. Selling 
Vegetables 

2. Moving 
Cart from place 

1.Loading 
cart with 

3.1 Collecting 
veggies 

3.2 weight them 
3.3 pack them 
3.4 Exchange 

2.1 Pushing 
2.2 Pulling 
2.3 Lifting 

1.1 
Arranging 

3.1 Hierarchical Task Analysis (HTA) 

Vendors were required to describe their job in terms of sub-task operation and plans 
in this section. A total of eight significant tasks has been identified. HTA of vendors 
flowchart was as shown in Fig. 2. HTA has provided detailed task descriptions to 
clarify the task characteristics at each stage. Aside from providing clarity for better 
posture analysis, HTA has allowed us to distinguish the beginning and end of the 
movement performed by the vegetable vendor. 

3.2 Posture Analysis 

The working postures of the eight tasks were recorded using a mobile camera. Then, 
stick figures were extracted from photographs as shown in Fig. 3. With help the 
stick figures, tasks were analyzed using kinovea® software which is an open-access 
software for postural analysis. The scores are given in Table 1. 

From Fig. 4, posture analysis of the 5 tasks named (1) Arranging vegetables in the 
cart, (2) pushing, (3) pulling, (4) lifting, (5) collecting vegetable in the basket were 
under the high severity zone. This could lead to musculoskeletal disorders (MSD). 

The MSD among vegetable vendors could be reduced by developing a new cart 
from an ergonomic standpoint. Vendor’s deeper insights, needs, and objectives must 
be known before creating a new cart. Questionnaires, interviews, and observation 
are excellent approaches to understanding end-users. 

3.3 Questionnaire 

The structured questionnaire was used to get the basic information about the cart 
pullers. The main reason to use a questionnaire is to ask the same questions with a
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Fig. 3 Stick figures of different task postures: a pushing, b collecting vegetables, c lifting 

Table 1 REBA scores of the vegetable vendor 

Task no. Description Task type Frequency Duration HTA code REBA score 

1 Arranging 
vegetables in 
cart 

M 1/day 10–20 1.1 9 

2 Pushing M Always – 2.1 11 

3 Pulling M Sometimes – 2.2 9 

4 Lifting M Always 5 s 2.3 10 

5 Collecting 
vegetables in 
basket 

M As per order 2–5 3.1 8 

6 Weight veggies M 1/order 1–2 3.2 3 

7 Pick them M 1/order < 1 3.3 3 

8 Exchange 
money/veggies 

M 1/order 1–2 3.4 5 

M stands for manual, Duration is in minutes

bunch of people to get a different answer, and after getting the answer, we can gather 
the data. The questionnaire consisted of some simple questions, but the answer we 
got gave to quite a clear insight into the life of the end-user. There were 10 questions 
in the questionnaire, and the average answers are as follows in Table 2. 
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Fig. 4 Shows the risk level of each task 

Table 2 Results of questionnaire 

Sample size 10 

Age 22–55 

Cart pushing experience 2 months—10+ years 

Distance travel daily 5–10 km 

Good sells in cart Vegetables and fruits 

Max weight of goods they prefer 200 kgs 

Working time 6–15 h 

Income 150–300 per day 

Body pain specifically Hand, shoulders, back 

Parking of the cart Maximum people rent the cart due to parking problems 
They try to park in an area (roadside) where no one will 
complain 

Maintenance of the cart Filling air to tires 
Bearing lubrication 

3.4 Interview 

An interview is familiar to the user as a technique. Semi-structured combined with the 
face-to-face nature is likely to elicit more information. The information we got from 
interviews of the vendor gave us a common insight into the deep-rooted problems 
which they were being faced. The interview findings are as follows.

● A vegetable pushcart was designed for pushing (though one knows pulling is 
better than pushing).
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● The vendor also wants to push instead of pull due to security issues, protecting 
vegetables from falling down, and also for easily controlling cart will turn.

● Pushing the cart on the crowded street was difficult due to vehicles and people 
crossing in front of the cart they have to stop the cart manually (no brake system 
in cart).

● Max weight vendor comfortable to push is 200 kg of goods + weight of the cart.
● The vendor finds it difficult for lifting the cart while turning.
● No problem related to vegetable storage (Cooling storage system) because they 

sell the vegetable within 1 or 2 days (max case within 1 day only). 

3.5 Observation 

Observation is the method of monitoring people’s behavioral patterns without ques-
tioning or interacting with them. The technique used was direct and non-participation 
observation without interrupting any end-user doing their task. There were a lot of 
photographers and videos were taken so that they could be analyzed again and again 
to find the minutest details possible. The results are as follows:

● No handle to cart, vendors use two wooden sticks at the corner of the cart to push.
● They don’t have a place to keep personal things (Lock system).
● They sometimes sit on the cart and sell.
● Lighting problem will be selling goods at night.
● The vendor uses plastic cover to cover vegetables to protect goods from rainfall 

and dust.
● They use wet gunny bags in summer to protect vegetables from heavy temperature. 

Finally, ergonomics-related issues discovered through questionnaires, interviews, 
and observation are highlighted. (1) The cart was not designed with an appropriate 
handle, so the vendor had to bend his upper body to push the cart. (2) To change 
direction for turning the cart from one corner of the road to the other, the seller must 
stop the cart and lift the cart for one side, and due to barriers and road conditions, 
the vendor must frequently turn the cart on the road. (3) Collecting vegetables from 
corners requires him to bend frequently, resulting in back pain. Consider the following 
issues while constructing a new cart to help reduce risk leve/MSDs. 

4 Design Methodology 

4.1 Conceptual Design 

With respect to the need and input of vegetable vendors through questionnaires, 
interviews, and observation, new model has been developed through, the conceptual 
design followed by 3D modeling, rough prototype, and fabrication process which is
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Fig. 5 Conceptual design of 
proposed vehicle 

going on. All the components and design of the cart were explained in the drawing, 
so refer Fig. 5 of the vegetable cart and features of the project listed below. 

A new pushcart design will be having.

● The adjustable handle.
● Stroller wheels for turning the cart.
● Increasing primary and secondary zone.
● Ergonomically designed using anthropometry dimensions. 

4.2 Detail Design 

The detail design was primarily concerned with anthropometric data of Indian males 
[14]. The new measurements are more suited to all people of various sizes as shown 
in Table 3. 

Table 3 Anthropometric dimension cart body and handle 

Part/area of 
measurement 

Existing dimension New dimension (mm) Parameter—percentiles 

Length of the cart 1500 mm 1549 Span—5th percentile 

Width of the cart 1100 mm 954 Mid-position 
length—5th percentile 

Height of the cart 
(ground level) 

762 mm 779 Lower position 
height—50th percentile 

Length of the handle – 959 Span akimbo—95th 
percentile 

Handle thickness – 56 Grip inside 
diameter—95th 
percentile 

Height of the handle 
(ground level) 

– 945 Elbow—5th percentile
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Fig. 6 3D render 

4.3 Computer-Aided Design (CAD) 

Developed 3D CAD Model as shown Fig. 6 software’s used was Rhinoceros 3D 
(Rhino 6) and KeyShot 8. 

4.4 Rough Prototype 

Finally, the rough prototype was made on the scale of 1:12 ratio as shown in Fig. 7. 
The model was made using cart board, plaster of Paris, glue gun, acrylic colors, and 
two ball bearings. 

Fig. 7 Scale model of 
prototype
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5 Discussion 

1. Results from posture analysis (REBA) show that tasks like pushing, stopping, 
and lifting the cart are under high-risk level. 

2. In user research, we found there is a need for a handle, brakes, modular design 
(for parking). 

3. Users are facing problem related to environmental conditions like rainfall, high 
temperature in the summer season, and also due to road conditions. 

4. Studies have shown that a lot of research was going on designs related to 
installing a cooling system for preserving vegetables and fruits which is not 
required. Because a lot of time vendor buy goods which can be sold with 1 or 
2 days, hence, it not their primary requirement. 

5. As shown in Fig. 8, the new working postures are neutral in comparison 
(compare Fig. 8a, b, c, d, e and f), hence, the new design will aid in the reduction 
of work-related musculoskeletal disorders. 

6. With minimal investment, an existing cart can be transformed into a new cart 
design. 

7. The handle design is adjustable; it can be adjusted according to user body 
dimensions. Adjustable design is because maximum vendor rent the cart. So, it 
is impossible to rent the same cart every day. 

8. A new handle design with a brake function can be introduced, which will be 
handy for the road uphill or slope as well as in traffic. 

9. It is easy for vendors to turn the cart from one corner of the road to another road 
because of rear stroller wheels mechanism. 

10. The cart’s upkeep and production are straightforward and simple to put together. 
11. Fabrication and testing with end-user are yet to be done. 

Fig. 8 Posture comparison between existing design with new design: a existing pushing posture, 
b existing collecting vegetable posture, c existing lifting posture, d new pushing posture, e new 
collecting vegetable posture, f new lifting posture
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6 Conclusion 

From the study it was observed that the vendors are facing musculoskeletal prob-
lems due to awkward posture while performing the task. The new cart design is 
more comfortable, with steering capabilities, a modular design handle, and a braking 
mechanism. All of these characteristics may lower the risk of work-related muscu-
loskeletal (WMSD), which is an injury or disorder of the muscles, nerves, tendons, 
joints, cartilage, and spinal disks. Limitations are still fabrication, and test steps are 
going on. Finally, there are other problems that have to be solved like related mate-
rials of cart how could one reduce the weight of cart by replacing with other material, 
how to implant electric motor in cart with low cost-effective and protective cover 
which can protect vegetable and fruits from sun-rise, rainfall as well as dust. 
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Critical Posture Analysis During 
the Handling of Water Barrel 
with and Without Exoskeleton 

R. Naveen Kumar, S. Shankar, R. Nithyaprakash, T. V. Srinivasan, 
R. Sunil Kumaur, and A. K. N. Venkatachalan 

1 Introduction 

The water barrel business is so competitive; it had been dominated in the water supply 
market for the past few years. The main marketing competition is over appealing 
packaging and labelling, which attracts a large customer base [1]. But in developing 
countries, a lack of drinkable water is still a major cause of illness [2]. The employees 
in various industries perform activities that involve awkward work posture [3–5]. 
Employees working in awkward work posture had complain of MSD [6]. MSD is 
one of the manual handling injuries that can have substantial consequences for both 
the company and the injured person [7]. 

On the other hand, the action of handling, lifting, moving and carrying items 
without the use of mechanical instruments is known as manual material handling 
(MMH) [6]. Apart from weight of the object, other factors like the frequency of 
lifting, posture during loading and unloading and holding the weight manually for 
prolonged period of time are also found to be correlated with occurrence of MSD 
[8, 9]. Instead of physically forcing the worker’s physiology to adjust the work, 
ergonomics tries to build the workplace such that it is suited according to the demands 
and physical capacities of the workers [10]. The use of ergonomic values will aid 
in the improvement of worker performance and productivity, as well as support the 
operator in feeling safe and comfortable [11]. 

Through pilot study conducted among the water barrel delivery workers in Perun-
durai, Tamil Nadu, we found that operation of water barrel delivery system takes 
place as follows. Initially, water barrel company receives request from customer
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from different location within the range of 5–10 km. The order ranges from 1–5 
water barrels; once they received the order for minimum 20–30 barrels, they will 
begin their distribution to the individual customers. The frequency of delivery varies 
from 2–3 times per day based on the order received. During the delivery, delivery 
agent loads the barrel from the warehouse and transports to the customer location and 
unloads from the truck. The activity of loading, carrying and unloading water barrels 
on a flat surface or upstairs falls under the category of MMH. These activities involve 
awkward work postures to be carried out and result in MSD. From the literatures, 
it is found that there is no research conducted to improve manual handling of water 
barrels with the help of exoskeleton. The study’s goal is to examine work postures 
and manual material handling in the water barrel handling process to prevent muscu-
loskeletal problems caused by awkward work postures by using REBA and MAC 
Tool. 

2 Methodology 

The study of loading and unloading, carrying on a flat surface and carrying upstairs 
of the water barrel was carried out in the Kongu Engineering College campus, Erode, 
Tamil Nadu, India. Using the REBA method, the work postures were identified in 
the study, and with the MAC Tool method, the study was evaluated. 

The various key indications considered in the MAC Tool method were duration of 
manual handling operation, force exertion’s duration, type and frequency, movement 
and position of the hands and arms, force transfer, grip conditions, working condi-
tions, body posture and work organization [12]. The variables considered in REBA 
were neck, trunk, legs, upper arms, wrist, lower arms, load and coupling [13]. 

The work postures during loading and unloading and carrying of a water barrel on 
a flat surface and climbing upstairs were assessed using REBA and were evaluated 
using MAC Tool. In REBA, if the activity score is more than 8, it is considered as a 
high-risk level and the action level is 3. In MAC, if the activity score is more than 12, 
the action is demanded shortly and the action level is 3. The work which falls under 
the category will be recommended for developments. By providing assistive device 
or redesigning the work station according to the work activity, the development in 
work posture of the workers considering the ergonomics is recommended. 

2.1 Rapid Entire Body Assessment (REBA) 

To evaluate manual handling of water barrels without exoskeleton, the work activity 
was photographed using Samsung isocell s5kg m2 sensor 48 mp and f/2.0 lens to 
collect the data. Then, by using the REBA the work was assessed. There are seven 
steps to be carried out for the REBA method to analyse the work posture [13]. The 
first step is to get the score in ‘table A’ according to the trunk, legs and neck angle of
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Table 1 REBA work posture 
assessment 

REBA final score Risk level Level Action 

1 Negligible 0 None required 

2–3 Low 1 May be required 

4–7 Medium 2 Required 

8–10 High 3 Required soon 

> 11 Very high 4 Required now 

the worker’s posture. The second step is the sum the score of ‘table A’ with the load 
score to arrive at ‘score A’. The third step is to obtain ‘table B’ values by considering 
the lower arms, upper arms and wrist angle of the worker’s posture. The fourth step 
is to sum the score of ‘table B’ with the coupling score to obtain ‘score B’. The 
fifth step is to note the ‘score A’ and ‘score B’ in ‘table C’. The sixth step is to 
sum the values in ‘table C’ to arrive at ‘score C’. The seventh and last step is to 
consider ‘score C’ to assess the level of risk of the work postures. The same steps are 
carried out for manual handling of water barrel with exoskeleton by ergonomic work 
posture simulation using CATIA software [14]. Table 1 shows the REBA method 
work posture assessment classification [13]. 

2.2 Manual Handling Assessment Chart Tool (MAC Tool) 

To identify the risk in manual handling, the MAC Tool was developed. By considering 
the team handling, the carrying process and lifting and lowering the common lift 
factors can be assessed by the researchers [12]. In this method, four colour codes are 
used to list the 11 risk factors in manual handling. The colour code Green:G stands 
for low risk, Amber:A stands for medium risk, Red:R stands for risk immediate 
action demanded, and Purple:P stands for high risk. To evaluate manual handling 
of water barrels without exoskeleton, the factors such as weight or frequency of the 
load, the waist and the arms distance, the position of the load being lifted, body’s 
rotation or bending to the sides, grip type, body condition during the task, floor 
level regarding its flatness or pollution, other environmental factors, coordination of 
muscles in lifting, distance of load transfer and the barriers in the path are noted with 
the help of data taken for REBA analysis. Same factors are considered for manual 
handling of water barrels with exoskeleton by ergonomic work posture simulation 
using CATIA software [13]. Table 2 shows the MAC method score, reforming act 
and the act class [6].
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Table 2 MAC method risk 
level determination and 
reformation steps 

MAC score Reforming act Class 

0–4 No act demanded 1 

5–12 Act demanded in the near future 2 

13–20 Act demanded shortly 3 

21–31 Act demanded immediately 4 

Fig. 1 Exoskeleton design Belt 

Frame 

Holder 

Base  

2.3 Design of Exoskeleton 

To carry out the tasks of handling the water barrel, an exoskeleton is designed. 
Figure 1 shows the model of an exoskeleton. It has a J-shaped structure that acts as 
spinal support and T-like structure at the bottom to place the water barrel. The water 
barrel is supported by a ring-like structure and carried with the help of Sternum 
Strap. Instead of the L shape, the J shape is used to reduce the factor of failure. 
This exoskeleton is weightless and can withstand the weight of a water barrel. It will 
minimize the work of the person and reduce the consequence such as musculoskeletal 
disorder compared to manual material handling [5]. The exoskeleton is designed 
using SolidWorks design software. 

3 Result and Discussion 

3.1 Rapid Entire Body Assessment 

For moving water barrel from one place to another, it involves three activities such 
as loading and unloading, carrying on a flat surface and carrying upstairs. Using
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Table 3 Literal depiction of REBA assessment 

Job REBA final score Risk level Level Action 

Loading and unloading 12 Very high 4 Required now 

Carry on a flat surface 10 High 3 Required soon 

Carry upstairs 11 Very high 4 Required now 

the REBA method, the activities were assessed. The Rapid Entire Body Assessment 
result is shown in Table 3. 

Based on Table 3, two activities fall into action level 4 and one activity in action 
level 3. The action level 4 activities are at a very high-risk level, and the action level 
3 activity is at a high-risk level. The activity of loading and unloading the water 
barrel is in action level 4 which is a very high-risk level, and development action is 
necessary now. The activity of carrying the water barrel is in action level 3 which 
is at a high-risk level, and development action is necessary soon. The activity of 
carrying the water barrel upstairs is in action level 4 which is a very high-risk level, 
and development action is necessary now. 

3.2 Manual Handling Assessment Chart 

The same activities which are assessed using REBA analysis are evaluated with MAC 
Tool method. Table 4 shows the assessment result of MAC Tool. 

Based on Table 4, the three activities fall under action class 3. The process of 
loading and unloading the water barrel falls under action class 3, and the development 
action is demanded shortly. The process of carrying the water barrel on a flat surface 
is in action class 3, and the development action is demanded shortly. The process of 
carrying the water barrel upstairs is in action class 3, and the development action is 
demanded shortly. 

Table 4 Literal depiction of 
MAC Tool assessment result 

Work MAC score Act reform Class 

Loading and 
unloading 

19 Act demanded 
shortly 

3 

Carry on a flat 
surface 

17 Act demanded 
shortly 

3 

Carry upstairs 19 Act demanded 
shortly 

3
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3.3 The Development Recommendations 

Based on the REBA and MAC Tool results, it is found that all three works are at a 
high level of risk. Musculoskeletal discomfort is the consequence experienced by the 
workers after carrying out the work. To avoid musculoskeletal discomfort, develop-
ments are necessary. The upcoming paragraphs convey the suggested developments. 
With the help of Human Activity Analysis in Ergonomics Design and Analysis avail-
able in CATIA V5 design software, the comparison between manual and exoskeleton 
handling of water barrel is carried out (Table 5). 

The activity of loading and unloading the water barrel. The weight of the water 
barrel is 20 kg. This weight cannot be reduced as it is a constant weight [1]. According 
to the REBA and MAC Tool, the bending of the trunk, coupling and bending of the 
upper and lower arm should be avoided. Therefore, it is recommended to use an 
assistive device to carry out this activity. An exoskeleton is developed to reduce the 
bend in the trunk, upper and lower arm. It also improves grip and, therefore, decreases 
coupling. Figure 2 compares the work of lifting the water barrel manual and with the 
help of an exoskeleton. 

The activity of carrying the water barrel on a flat surface. The weight of the water 
barrel is 20 kg. This weight cannot be reduced as it is a constant weight [1]. According

Table 5 Job suggested for 
developments 

No. Job REBA score MAC score 

1 Loading and unloading 12 19 

2 Carry on a flat surface 10 17 

3 Carry upstairs 11 19 

Fig. 2 Comparing of 
activities of lifting water 
barrel 

BEFORE AFTER



Critical Posture Analysis During the Handling of Water Barrel … 39

Fig. 3 Comparison of 
activities of carrying water 
barrel 

BEFORE AFTER 

to the REBA and MAC Tool, coupling and bending of the upper and lower arm should 
be avoided. Therefore, it is recommended to use an assistive device to carry out this 
activity. An exoskeleton is developed to reduce the bending in the upper and lower 
arm. It also improves grip and, therefore, decreases coupling. Figure 3 compares the 
work of carrying a water barrel in manual and with the help of an exoskeleton.

The activity of carrying the water barrel upstairs. The weight of the water barrel 
is 20 kg. This weight cannot be reduced as it is a constant weight [1]. According 
to the REBA and MAC Tool, coupling and bending of trunk, upper and lower arm 
should be avoided. Therefore, it is recommended to use an assistive device to carry 
out this activity. An exoskeleton is developed to reduce the bend in the trunk, upper 
and lower arm. It also improves grip and, therefore, decreases coupling. Figure 4 
compares the work of carrying the water barrel upstairs in manual and with the help 
of an exoskeleton. 

3.4 The Development Results 

By using REBA and MAC Tool, reassessment was conducted for the developments 
made. Tables 6 and 7 show the result of re-evaluation using REBA and MAC Tool. 

Based on Table  6, there is a decrease in the risk level of all the work activities. 
The work activity of loading and unloading the water barrel before and after the 
development has a REBA score of 12 (level 4 with very high risk) and 5, respectively. 
The risk reduction is 58.3% compared to before the development assessment. The 
work activity of carrying the water barrel on a flat surface before the development
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Fig. 4 Comparison of 
activities of carrying the 
water barrel upstairs 

BEFORE AFTER 

Table 6 Before and after development REBA assessment results 

Work REBA final score Reduction 

Before development After development score Percentage (%) 

Loading and unloading 12 5 7 58.3 

Carry on a flat surface 10 4 6 60 

Carry upstairs 11 5 6 54.54 

Table 7 Before and after development MAC assessment results 

Work MAC final score Reduction 

Before development After development score Percentage (%) 

Loading and unloading 19 9 10 52.63 

Carry on a flat surface 17 7 10 58.82 

Carry upstairs 19 7 12 63.15 

REBA score is 10 (level 3 with high risk). The REBA score after development is 4, 
which is a 60% decrease in risk of doing the activity. The work activity of carrying 
the water barrel upstairs has REBA score before development as 11 (action level 4 
with very high risk) and after development as 5, which is a 54.54% decrease in risk. 

Table 7 shows the before and after development scores of the MAC Tool. The 
work activity of loading and unloading the water barrel before and after the develop-
ment has a MAC score of 19 (action level 3) and 9, respectively. The risk reduction 
is 52.63% compared to before the development assessment. The work activity of
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carrying the water barrel on a flat surface before the development had a MAC Tool 
score of 17 (the action level 3). The MAC score after development is 7, which is 
a 58.82% decrease in risk of doing the activity. The work activity of carrying the 
water barrel upstairs has MAC score before development as 19 (the action level 3) 
and after development as 7, which is a 63.15% decrease in risk. 

4 Conclusion 

The manual loading, carrying and unloading water barrel on a flat surface and upstairs 
are assessed using REBA. As a result, work of loading and carrying water barrels 
upstairs belonged to the action level 4 (very high risk) category and carrying water 
barrels on a flat surface belonged to the action level 3 (high-risk level) categories. 
By using a MAC chart, the same three work activities of handling the water barrel 
were analysed. In that, all three activities belonged to the action level 3 category in 
which the work needs an development shortly. 

Based on the result of the REBA and MAC assessment, all three activities are 
considered for development as they had a high-risk consequence of the muscu-
loskeletal disorder. An exoskeleton is designed to reduce the risk involved in the 
activities. The results of manual handling activity in REBA and MAC Tool are 
compared with working with an exoskeleton. REBA reveals that there is a 58.3%, 
60% and 54.54% decrease in risk levels, and MAC Tool confirms that there is a 
52.63%, 58.82% and 63.15% decrease in the risk involved in manual handling of 
water barrels. 
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A Graphical User Interface (GUI) 
System for a Stationary Trainer Used 
in Lower Limb Rehabilitation 

Parvathi Sunilkumar, Santhakumar Mohan, and Larisa Rybak 

1 Introduction 

With the elderly society and deteriorating ecological sustainability, people’s human 
lifestyle has degraded. The malfunction of the lower limb is one of the most 
common problems that the aged experience nowadays. Stroke is the most common 
cause of this, which can result in neurological damages or musculoskeletal prob-
lems [1]. Recent findings [2–6] have revealed that there are over 80 million stroke 
survivors worldwide. The majority of the consequent limb disabilities are treated 
using time-consuming therapeutic treatments that require the assistance of profes-
sional physiotherapists. As a result, a physiotherapist’s task becomes laborious and 
tedious. Mechanical assistive devices can aid with this problem [7]. In this paper, we 
present a graphical user interface (GUI) interactive simulator for a stationary trainer 
for lower limb rehabilitation. Three parallel PRRR (prismatic-revolute-revolute-
revolute) serial manipulators are coupled to the end-effector in the mechanical config-
uration of this stationary trainer. The GUI simulator development for the mechanism 
is based on a footplate operating system, where the footplate acts as the end-effector. 
A Cartesian parallel manipulator is used in the proposed stationary trainer. Parallel 
manipulators are formed of closed-loop mechanisms that use distinct serial chains to 
connect the fixed base to the end-effector which is moving [8]. Because of its inherent 
benefits of increased payload capacity and superior precision, a parallel manipulator
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is used here [9]. Parallel manipulators have less inertia than serial manipulators, 
resulting in faster working speeds [10]. The interactive simulator presented in this 
paper is predominantly designed for demonstrating the passive range of motion on 
the lower limb. The tasks executed thus focus on the hip and knee joints of the 
patient’s leg. The stationary trainer concentrates on one leg at a time, for rehabilita-
tion procedures. The application enables the user to choose from various therapeutic 
procedures such as hip abduction–adduction, hip flexion–extension, knee flexion– 
extension and gait training. The following sections detail the stationary trainer design 
and the features of the GUI interactive simulator developed as an application in 
MATLAB. 

2 Modelling of the Simulator 

In the authors’ previous paper [7], the conceptual design of a new parallel 
manipulator-based stationary trainer is presented. Figure 1 is the solid model of 
the proposed Cartesian manipulator developed in SolidWorks. As can be seen, the 
parallel manipulator is linked to the footplate of the machine using three parallel 
kinematic chains of PRRR configuration. The manipulator is linked to a fixed frame 
that is stationary. Each of the manipulator arms has active linear (prismatic) joints that 
traverse along X, Y and Z guideways along the corresponding coordinate axes. An 
RRR serial kinematic chain is connected to each P joint. These three arms connect to 
the end-effector (footplate) on which the load will act. The kinematic configuration 
of the manipulator alone is represented in Fig. 2. Ai represents the prismatic joints 
and Bi, Ci and Di represent the passive revolute joints in each kinematic leg where i 
= 1, 2, 3 is the kinematic leg. 

As can be seen, r1, r2 and r3 represent the linear joint variables which are active. 
The mathematical model of the manipulator gives the configuration space displace-
ment vector in terms of the end-effector position Px, Py and Pz. The inverse (indirect) 
kinematics gives: 

ζ = 
⎡ 

⎣ 
r1 
r2 
r3 

⎤ 

⎦ = 
⎡ 

⎣ 
Px − dx 
Py − dx 

Pz 

⎤ 

⎦ (1) 

where, ζ is the configuration space displacement vector. dx and dy give the distance 
of the end-effector position from the adjacent R joints (D1 and D2) along X and 
Y axes respectively. The end-effector positions can be derived from the kinematic 
relations in terms of the lower limb angles namely the hip angle (angle in sagittal 
plane (Fig. 3)), frontal angle (angle in frontal plane (Fig. 3)) and knee angle. The 
kinematic relation gives:
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Fig. 1 Conceptual design of the parallel manipulator for lower limb rehabilitation 

Fig. 2 Kinematic arrangement of the proposed stationary trainer 

η = 
⎡ 

⎣ 
Px 
Py 

Pz 

⎤ 

⎦ = 
⎡ 

⎣ 
x0 − L thigh cos αhip cos αfrontal − Lcrus cos (αhip + αknee) cos αfrontal 

y0 − L thigh cos αhip sin αfrontal − Lcrus cos (αhip + αknee) sin αfrontal 

z0 − L thigh sin αhip − Lcrus sin(αhip + αknee) 

⎤ 

⎦ 

(2)
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Fig. 3 Frontal and sagittal planes (developed in SolidWorks) 

where x0, y0 and z0 depict the initial position of the hip joint. αhip and αknee are the 
angles of hip and knee joints in the sagittal plane and αfrontal is the angle of hip joint 
in the frontal plane. Lthigh and Lcrus are the thigh and crus lengths of the lower limb, 
which can be given as inputs to the simulator, by the user. 

The dynamic model of the driving mechanism is required for designing the 
gait training trajectory tracking. This is developed using the Euler-Lagrangian 
formulation, obtaining the forces acting on each of the active joints as: 

f1 = d 
dt

(
∂ L 
∂ ̇r1

)
− ∂ L 

∂r1 
, f2 = d 

dt

(
∂ L 
∂ ̇r2

)
− ∂ L 

∂r2 
, f3 = d 

dt

(
∂ L 
∂ ̇r3

)
− ∂ L 

∂r3 
· (3) 

where Lagrangian L is the difference between the total kinetic energy and total 
potential energy of the mechanism. f 1, f 2 and f 3 are the joint forces corresponding 
to r1, r2 and r3. 

3 GUI Interactive Simulator 

A graphical user interface interactive simulator is developed as an application in 
MATLAB for the stationary trainer to execute lower limb rehabilitation therapy. 
This application demonstrates the passive range of motion (PROM) executable by 
the proposed stationary trainer. This interactive simulator can be used to view the 
possible motions for lower limb rehabilitation therapy of PROM. The mathematical 
model developed is used to design the application with variable inputs to be given 
by the user with the help of sliders provided. The design view of the application 
is shown in Fig. 4. The application has options of choosing the kind of therapeutic 
motions to be viewed. The box titled ‘Therapy’, as shown in Fig. 4, has different tabs, 
namely hip abduction–adduction, hip flexion–extension, knee flexion–extension and 
gait training. The following are the features of each tab:
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Fig. 4 Layout of the interactive simulator application

● Hip Abduction–Adduction: On clicking this tab, the sliders representing the Hip 
Abduction/Adduction and Knee Flexion/Extension will be active. On varying 
these two angles, the hip abduction and adduction motions of the lower limb can 
be viewed.

● Hip Flexion–Extension: On clicking this tab, the sliders representing the Hip 
Flexion/Extension and Knee Flexion/Extension will be active. On varying these 
two angles, the hip flexion and extension motions of the lower limb can be viewed.

● Knee Flexion–Extension: On clicking this tab, the sliders representing the Hip 
Abduction/Adduction, Hip Flexion/Extension and Knee Flexion/Extension will 
be active. On varying these three angles, the knee flexion and extension motions 
of the lower limb can be viewed.

● Gait training: On clicking this tab, all the sliders representing the lower limb 
angles will be active. On varying these angles, the trajectory motion in sagittal 
motion will be displayed. 

In addition, the application enables the user to input the length of the subject’s 
thigh and crus lengths with help of the respective sliders, as shown in Fig. 4. Once the 
appropriate angles for therapy are chosen, there are two options for displaying the 
mechanism as shown in Fig. 4. On clicking the button ‘Connect to manipulator’, the 
corresponding position of the limb connected to the manipulator, will be displayed. 
On the other hand, clicking the ‘Disconnect manipulator’ will display just the limb 
posture with respect to the angles, excluding the manipulator, as shown in Fig. 5. 

4 Results and Discussion 

In the application, the lower limb is designed such that the thigh length as well as 
the crus length (Fig. 6a) can be given as input by the user, with the help of sliders
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Fig. 5 Display options in the simulator 

provided. However the thigh height, thigh thickness, crus height and crus thickness 
are chosen as 0.2 m, 0.1 m, 0.1 m and 0.05 m respectively. The footplate dimensions 
along the X-axis and Y-axis are  taken as an  x = 0.1 m and a y = 0.1 m respectively. 
The range of angles have been chosen from the clinical data sets available from 
literature. 

Hip abduction–adduction of the subject causes the lower limb to move away and 
towards the body in the frontal plane. For the therapeutic procedures in this plane, 
the angles to be varied are the frontal angle or the hip abduction/adduction angle and 
the knee angle or the knee flexion/extension angle. Thus on choosing this option in 
the interactive simulator, only these two angles will be active. The user can vary the

Fig. 6 Display options in the simulator
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angles and see the different postures of the lower limb for various angles and limb 
lengths.

Hip flexion–extension of the subject causes the lower limb to move away and 
towards the body in the sagittal plane. For the therapeutic procedures in this plane, 
the angles to be varied are the hip angle or the hip flexion/extension angle and the 
knee angle or the knee flexion/extension angle. Thus on choosing this option in the 
interactive simulator, only these two angles will be active. The user can vary these 
angles with the help of sliders and the different postures of the lower limb for various 
angles and limb lengths will be displayed. 

Knee flexion–extension of the subject causes the knee of the lower limb to move 
away and towards the body in the sagittal plane. For the therapeutic procedures of 
the knee, the knee angle can be varied for different hip angle and frontal angle. 
Therefore, all three angles are active for this option and the user can view the lower 
limb posture by varying these angles with the help of sliders. 

Gait Training option of the simulator displays the lower limb following a prede-
fined trajectory. For this, the user can choose the hip angle and the knee angle with 
the help of sliders. A predefined trajectory corresponding to the angles chosen, as 
shown in the Fig. 6b, will be followed by the lower limb. 

This interactive simulator designed is highly useful for the researchers in getting a 
better idea of the mathematically modelled design. It also makes it easier to convey the 
design and the working, pictorially with the help of this application. It helps in inves-
tigating the motion patterns of the manipulator without actually having to develop it 
physically, by viewing the different configurations of the limb and the manipulator 
for various limb angles. This application can be used to find the maximum angle 
achieved by the lower limb for different shapes of the footplate. By varying the thigh 
and crus length in the application, this application can be used to study the maximum 
range of motion possible for the manipulator. 

5 Conclusions 

Neurological problems have become more common as people’s lives have changed. 
Stroke has been the predominant cause of this, leading to complete paralysis. The ther-
apeutic operations for its rehabilitation can be carried out on a stationary trainer. This 
paper presents a graphical user interactive simulator as an application in MATLAB 
to study the motion mechanism of the proposed manipulator. The developed inter-
active system has been used to study the movements of the lower limb as well as the 
manipulator for various therapeutic procedures, namely, hip abduction–adduction, 
hip flexion–extension, knee flexion–extension and gait training. The obtained results 
give a vivid idea to the user on the different configurations of the limb while carrying 
out motions at different angles. This interactive simulator enables the researchers to 
study the model derived mathematically without having to build it in real time. This 
laborious and time-consuming task can be eliminated with the help of this application
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and this user interactive interface can be further used to study the range of motion 
for various procedures. 
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Identify and Understand the Physical 
Characteristics that Responsible 
for the Masculine Nature of a Car 

Jitender Singh and Prabir Sarkar 

1 Introduction 

The capability to capture and describe customer liking is a main instrument for 
product designers. When developing a solution for new design, product designers 
require fruitful data related to particular or their target us customer so that they can 
better mold their designs. Consumers have always prefer to have things which are 
latest and expected to be future trending. Cars are one of the things which have 
become a most important part of human life. Humans used it not just to fulfill their 
daily transportation needs but also to maintain their life easy and status symbol as 
well. Therefore, car designers as well as manufacturers have to think about the need 
of consumers regarding what type of cars they actually want. Being a customer, if 
someone goes to buy a car then he/she will set his budget first then choose a car that 
has the best first impression on him [1]. Consumers always prefer to have such type of 
cars that have dashing look or scientifically we can say that looks aesthetically good 
to them. But a question arises that what type of car is aesthetically good looking. If 
some cars having the same power, seating capacity, color, similar price, etc. Then 
consumers will choose those one which having excellent aesthetic quality [4]. But, 
in case of some consumer they chose their vehicle based upon their ergonomics. 
According to Nagamachi [11], human being make their judgment based on their 
cognitive thinking, which were mainly influence through products visual as well as 
non-visual factors. Although in case of vehicle, all are most of them made out of steel, 
with somewhat same process and literal with another process. This understanding turn 
into more important when one recognizes that cognitive feelings are the uncooked
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statistics from where human beings try to predict that final conclusion about the 
product [10, 11]. 

Logically we can say aesthetics have a good impact on human interpretation 
about an object. Also talking about automotive industry trends, “Indian” automobile 
industries is moving very fast because of their population growth. Since, “India” is the 
second largest populated country in the world after China and, the demand of vehicles 
is also growing in exponential manner and it is one of the largest automobile hub of 
the world, 6th largest automobile manufacturer. It will impact 29 million population 
directly and indirectly [7]. Due to this the demand of the population quit versatile. 
Therefore, to meet the demand of this population designers, marketing peoples, 
and higher management have to work in very transformative way and try to leave 
the conventional path of manufacturing, designing, and advertisements. From last 
two decades, consumers start giving equal importance to the external shape/form of 
product as compare to their functionality. Therefore, the importance of product design 
and consumer psychology is come into the picture, in case of auto sector, packaging 
area, etc., [4]. With the passage of time consumers demands also changing and at 
the same time to gain the highest market share in this highly volatile environment, 
automobile industries have to in a very innovative way. Therefore, designers give 
importance to physical feature and put more and more efforts to the product aesthetics 
and subjective excellence of their products. 

Other characteristics and metrics, such as functionality and usability often split 
the losers and winners [3, 7]. As if, aesthetic experiences are frequent in modern life. 
But they are unable to tell properly that what specific thing or which specific area is 
responsible for choosing the car as an aesthetically good looking car [8]. If we ask 
someone to compare among various cars and the reason for the liking of a specific 
car only, he will be unable to tell us because it is just a human perception, i.e., a 
hypothetical thing and no one till now able to predict human perception analytically 
[9]. Here the real problem arises, where manufacturers do not know the exactly about 
the specific design attribute which is mainly relied upon the likeness of the car. There 
is an evident lack of methodical, technical, and engineering approaches to support 
them make product design decisions and carry out aesthetic estimations [3]. 

In the case of SUVs, one of the main factors is more cargo space. In recent time, 
the demand for the current market is compact SUV’s. Which provide better storage, 
when the boot space is required with good seating capacity. The important issue is; 
compact SUV’s are not able to provide enough space as compare to Full-size SUV’s, 
which provide great seating capacity, comfort, and large cargo space [6]. From last 
few years, space in the parking area and huge cities traffic is the main reason behind 
the need for compact SUV’s [2]. Due to restrictions of variants models and space, 
companies must implement ground-breaking thoughts to meet the desires of the 
current market. They need not only adjust to the form of a car, but they also offer 
the finest storage space rearrangement, while not cooperating with their aesthetics 
[6]. Over the last twenty-five years, we saw the automotive industries achieved a 
significant reduction in aerodynamic drag. This has been achieved by the refinement 
of the inside space of the car and by the optimization of the upper shape of the car 
body. Even though this trend is to reduce in sedan segment cars over the last few
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years, and now it is shifted toward the SUV’s, MUV’s, and 4 wheel drive cars. A 
constant reduction in the drag for these vehicles is necessary if they are to achieve the 
progressively strict GHGs goals that are being fixed by all developed countries and 
the fuel economy expectations of maximum consumers. This applies in particular 
for carbon footprint which is realized as the main part for global warming [5]. In this 
study, we try to reveal how some forms look more masculine in nature and express 
power as compare to others. 

2 Aim and Methodology 

When we are listening to the term masculine and powerful, the first think comes to 
our mind is the term reliability. When we see a big car in front of us we think it is more 
reliable and secure for example Sports utility vehicles (SUVs). In this study, we try 
to reveal find out which physical characteristics of a car change consumer perception 
and try to find out the impact at the time of purchase of new a car. When we see some 
car forms they look more masculine in nature and express power. But some consumer 
thinks opposite to it, they buy this type of vehicles just because they start relating 
their emotions, feeling with cars looks and even they also try to show their wealth by 
buying these type of vehicles. That’s why nowadays car manufacturing companies 
start building or move toward sports utility vehicle and multi-utility vehicle segment 
also. In this study, our main focus is to find the physical characteristics of a car which 
make them masculine and powerful in term of their look at the time of purchase of a 
car. During this research work, we considered different images of SUV’s as well as 
MUV’s from different manufacturing companies. All the images were downloaded 
from google image. The resolution of the images should be 1024 * 720 or 800 * 600 
because below this, the image looks so blur and it may affect the human cogni-
tive perception. During the collection of the car image background of a car play 
a greater impact on the beauty of the car as well as it also impacts the cognitive 
appeal of consumers also. To avoid the influence of background on the perception 
of respondents, we downloaded the images with white background, i.e., black and 
also the background is white or transparent. Images with side views were down-
loaded/considered. Because side views provides a better view to candidates for their 
prediction about characteristics for representing the masculine, power, reliability, of 
a car. For getting satisfactory results, all side views of SUVs of about 150 different 
cars were downloaded. All of the cars are having a geographical location in India. 
As visual aspects (like color, shadow, background, etc.) were already considered in 
preliminary studies of the project, so here we have to be sure that background and 
color should not have any sort of impact on the feeling of likability of the specific 
car. Survey participants will prefer to look at sharp images.
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Table 1 List of physical factor which we consider from SUV’ 

Front grill Larger ground clearance Larger wheelbase 

Sitting position and windshield angle 
(70°–80°) 

Position of the back spare wheel More headroom 

More engine cabin Sharp edges Metal parts 

A larger distance between wheelbase 
and chassis 

The color of the car Name of the car 

3 Data Collection 

During this research work, first we collect the list of cars and their categories. From 
that list, we understand which car falls under which category. After that, a total 
of ten respondents from product design area were contacted through phone calls, 
LinkedIn, and e-mails. All respondents are from product design, creativity area and 
an experience of at least 3 year or more, and 7 out of the ten respondents agreed to 
be part of this study. Among seven-person one person is associate professor, and six 
are senior research scholar. First we conducted a brainstorming session with all the 
participants related to product design and car as well. During this session, we found 
different sets of factor related to product design and in case of automobile specially, 
we found out approximately twelve factors which characterize the masculine nature 
of a car and the list of characters is given in Table 1. A Fig. 1, as an example is shown 
Appendix 3. 

4 Results and Discussion 

To find the factors or the physical characteristics that were responsible for the mascu-
line nature of the car. First, we paste the images of a car in a Google form as shown in 
Tables 3, 4, and 5. After pasting the images of car, we paste questionnaire after each 
images, and from each prospective buyer, we asked whether that particular car look 
masculine or not. If the prospective buyers reply is “Yes”. Then, they move to next 
step, were they found the list of different features, which found from literature and 
during brainstorming session, and we asked them to provide their features or charac-
teristics related to masculinity of the car. The sample survey form or questionnaire 
is provided in Appendix 1. To find the factors or the physical characteristics that are 
responsible for the masculine nature/look of the car. The agreement of car is shown 
in Tables 3, 4, and 5. 

This closed-ended survey is sent through Gmail to thirty people. From which 
we get different sets of answer from different people for different cars. From the 
closed-ended question, we get responses in a various manner, Range rover sports, 
and Mahindra Thar will get the highest amount of response, i.e., twenty-seven
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out of thirty, at the same time Jeep Wrangler and Isuzu MU 7 got a second-
lowest place by considering twenty-six responses out-off thirty. Similarly, Jeep 
Grand Cherokee, Mercedes Benz G Class AMG were got third-lowest responses by 
considering twenty-five responses out-off thirty, Mahindra Bolero was got fourth-
lowest responses by considering twenty-four responses out-off thirty, Toyota Land 
Cruiser, Volvo XC40, Isuzu MUX, Nissan Patrol was got fifth-lowest responses by 
considering twenty-three responses out-off thirty, Mahindra XUV got sixth-lowest 
responses by considering twenty-two responses out-off thirty, at the end SsangYong 
Rexton were got seven places by getting lowest response, i.e., twenty one out of 
thirty among all twelve SUV cars. 

The combined results of all three Tables 3, 4, and 5 is provided in Table 2 as shown 
above. In Table 2, we saw some respondents say “yes” this car looks masculine in 
nature, few respondents say “no” this car is not looking masculine in nature and 
similarly some say “maybe or maybe not”. During the closed-ended survey, if the 
respondent gives his or her consent as “no”. Then, they do not need to go for further 
questionnaire. i.e., for him, that car does not look like masculine in nature. 

On the other hand, if the respondent gives his or her consent as “yes”. Then he or 
she needs to go with the questionnaire which is given in Tables 3, 4, and 5. There was 
thirteen factors and they have to think to recognize to express their feeling. At the time 
of analysis, we consider only the top three cars for each segment of the questionnaire. 
When we saw the Tables 3, 4, and 5, we analysis the front grills of “Jeep Wrangler”, 
“Isuzu MUX”, and “Mercedes Benz G Class AMG” impact more on consumer 
perception, i.e., out-off twenty-six respondents twenty-four (92.3%) respondents 
give their consent (Yes) for the feeling of masculine nature (Jeep Wrangler) and from 
twenty-four respondents 42.30% respondents think from the grill is the main factor 
which enhance the masculine nature of a car, at the same time out-off twenty-three 
respondents nineteen (82.6%) respondents give their consent (Yes) for the feeling 
of masculine nature car (Isuzu MUX) and from twenty-four respondents 43.50% 
respondents give more importance to front grills. Similarly, in the case of “Mercedes 
Benz G Class AMG” 42.30% from nineteen respondents which give their consent to 
the feeling of nature of a car out-off twenty-five respondents. 

When we move toward the “Large ground clearance” we can also predict the 
masculine nature of the car. In case of “Jeep Wrangler” out-off twenty-six respon-
dents twenty-four (92.3%) respondents give their consent (Yes) for the feeling of 
masculine nature and from twenty-four respondents 50.0% respondents think “Large 
ground clearance” is the main factor which enhances the masculine nature of a car, 
in case of “Range Rover Sport” out-off twenty-seven respondents twenty (74.10%) 
respondents give their consent (Yes) for the feeling of masculine nature a car and 
from twenty respondents 40.70% respondents give more importance to the “Large 
ground clearance”. Similarly, in the case of “Isuzu MU 7”, 50.00% from seventeen 
respondents give their consent for the feeling of masculine nature of a car out-off 
twenty-six respondents. 

In Tables 3, 4, and 5, we saw that respondents give 61.50% to “Jeep Wrangler”, 
following 52.20% to “Isuzu MUX” and 50.00% to “Mercedes Benz G Class AMG” 
by considering the “Large wheelbase”. When they twenty-four out-off twenty-six,
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Table 3 List of car and the list features 

Feeling of 
participants about 
masculine nature of 
car 

Mahindra Thar Range Rover 
Sport 

Jeep Grand 
Cherokee 

Mercedes Benz G 
Class AMG 

Yes (%) 100 80 100 100 

No (%) 0 20 0 0 

May be (%) 0 0 0 0 

Factors than influencing masculine nature of a car 

Front grill (%) 20 20 20 20 

Large ground 
clearance (%) 

40 60 60 40 

Larger wheelbase 
(%) 

60 40 80 80 

Sitting position and 
windshield angle 
(%) 

20 40 40 40 

Position of back 
spare wheel (%) 

0 20 20 20 

More head room 
(%) 

20 40 40 40 

More engine cabin 
(%) 

60 20 0 60 

Sharp edges (%) 20 60 0 20 

Metal parts (%) 60 20 60 60 

Name of the car (%) 0 0 40 20 

Color of the car (%) 0 20 20 0 

Distance between 
wheelbase and 
chassis (%) 

20 0 60 40

nineteen out-off twenty-three and nineteen out-off twenty-five give their consent in 
favor of feeling of masculine nature of a car. In these twelve factors, the respondents 
give the least importance to “Color of the car” and “Large distance between wheel-
bases”. In the case of “Color of the car” “Mahindra Thar” get the lowest response, 
i.e., 3.70% compare to all the cars. On the other, “Mahindra Thar” is the only car 
which gets the highest response as compare to the car, i.e., 18.70% and respondent 
thinks “Large distance between wheelbases” of “Mahindra Thar” make them more 
masculine as compared to another car.
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Table 4 List of car and the list features 

Feeling of participants 
about masculine 
nature of car 

Jeep Wrangler Isuzu MU 7 Mahindra Bolero Toyota Land Cruiser 

Yes (%) 80 60 100 10 

No (%) 0 0 0 0 

May be (%) 20 40 0 0 

Factors than influencing masculine nature of a car 

Front grill (%) 60 20 40 0 

Large ground 
clearance (%) 

80 60 60 60 

Larger wheelbase (%) 60 40 80 80 

Sitting position and 
windshield angle (%) 

80 40 20 60 

Position of back spare 
wheel (%) 

40 0 40 40 

More head room (%) 60 20 40 20 

More engine cabin (%) 40 20 40 0 

Sharp edges (%) 40 0 0 0 

Metal parts (%) 60 20 40 40 

Name of the car (%) 40 0 20 20 

Color of the car (%) 20 0 0 0 

Distance between 
wheelbase and chassis 
(%) 

40 0 40 20 

5 Conclusion 

The automotive industry is very vast and now a day’s it become an integral part of 
human lifestyle, and their importance is increasing gradually. There may be some 
factors that have a greater impact on consumers thinking when they purchase a new 
car. So, the industrial expert should understand and consider these factors when 
they are designing a new car. In this study, we consider SUVs and MUV’s. From 
the online survey, we found out-off thirteen factors “Front grills”, “Large ground 
clearance”, “Larger wheelbase”, “Sitting position and windshield angle” and “More 
engine cabin” make more masculine in nature. During analysis, we saw some respon-
dents reject or not accept some car as masculine because of their look, i.e., in their 
viewpoint those are not in the category of SUV’s or MUV’s but actually those cars 
also fall in the categories of SUVs and MUV’s. In future, industrial experts (car 
designers) with at least four year experience in designing of a car must be include 
into the brainstorming session. At the same time samples should be high in number.
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Table 5 List of car and the list features 

Feeling of participants 
about masculine nature 
of car 

Isuzu MU X Mahindra XUV SsangYong Rexton Nissan Patrol 

Yes (%) 100 40 80 100 

No (%) 0 40 0 0 

May be (%) 0 20 20 0 

Factors than influencing masculine nature of a car 

Front grill (%) 20 0 20 40 

Large ground clearance 
(%) 

60 0 60 60 

Larger wheelbase (%) 80 20 40 60 

Sitting position and 
windshield angle (%) 

40 0 20 20 

Position of back spare 
wheel (%) 

40 20 20 20 

More head room (%) 20 20 20 20 

More engine cabin (%) 60 0 0 0 

Sharp edges (%) 20 0 0 20 

Metal parts (%) 40 20 40 20 

Name of the car (%) 0 0 0 20 

Color of the car (%) 0 0 20 0 

Distance between 
wheelbase and chassis 
(%) 

20 0 0 20 

Appendix 1 

During survey, we present car image in step wise manner and we requested each 
respondents to provide their response, whether that particular product look as a 
masculine in nature or not. If participant give their answer is “Yes”. Then, we provide 
them the list of features which we find from literature search, and asked them to 
choose the feature which they think is appropriate in term of their cognitive thinking. 
The list of feature and questionnaire sample is given in Appendix 1. 

Online open surveys were incorporated by using ten SUVs. Details are as follow; 
the surveys were performed on Google form. All side views were considered of some 
SUVs that were most masculine in nature as compare to all rest. For each question, 
one of the images of selected SUVs was taken and questions asked upon whether the 
car looks masculine or not if the participant says yes then following characteristics 
were asked based upon which he/she tick yes are: 

i. Front grill 
ii. Larger ground clearance
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iii. Larger wheelbase 
iv. Sitting position and windshield angle (nearly to 70°–80°) 
v. Position of back spare wheel 
vi. More head room 
vii. More engine cabin 
viii. Sharp edges 
ix. Metal parts 
x. Name of the car 
xi. The color of the car 
xii. A larger distance between wheelbase and chassis 

Appendix 2 

See Tables 3, 4 and 5. 

Appendix 3 

See Fig. 1 

Fig. 1 With side view and some features
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A Study on Musculoskeletal Disorders 
in Elderly Female Farmers in the Village 
Baruva, Srikakulam District of Andhra 
Pradesh 

Sangeeta Pandit, Gaurav Pralhad Chindarkar, L. Dillieshwar Rao, 
Siddharth Das, Avinash Sahu, and Rajat Kamble 

1 Introduction 

Agricultural sector provides employment to almost one third of the worlds total 
working population, with approximately 60% of it working in developing nations, 
mainly in East and Southeast Asia [1]. Agriculture is one of the main contributors 
toward increasing Indian economy, accounting for over 17% of total GDP and almost 
one third of the rural households depend on it which provides work for more than 
60% of the population [2]. In the past few decades, the Indian agriculture industry has 
recorded commendable growth [2]. The Indian Agriculture industry largely comes 
under the unorganized sector, where labor is the primary mode of manual work [3, 
4]. Although a number of agricultural tasks are mechanized, a significant portion of 
farming related tasks are still done manually. Farmers owning small-scale agricultural 
lands totally rely on manual labor for cultivation. As a result of exposure to the 
manual tasks under challenging conditions like heat, wind, rains, etc. In the recent 
years, it was observed that the Indian youths are quitting farming and moving out 
to better places for job hunt. This has left the elder community to take up more 
responsibilities and tasks in the farming sector [5]. As working population is getting 
older, the percentage of older people in the workforce is predicted to rise from around 
5% in 2020 to over 80% in 2040 [1]. 

Women in the agriculture sector play a crucial role and are often involved in the 
most exhausting tasks in agriculture. A study show that upper body strength is 40– 
75% less in females, while lower body strength is 5–30% less in females than in males 
[6]. In the current scenario, they account for a third of all agricultural production, 
and over half of them are self-employed farmers [7]. Already managing the burden
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of the family, women tend to spend more time in field than men, especially those 
belonging to the poverty line [7]. The Indian agriculture industry is a challenging 
occupation where the farmers and workers are exposed to the health-related risks due 
to lifting loads repeatedly, frequently working with bend body posture and injuries 
from tools are the main causes of MSDs [8]. We observed in our survey that there 
are frequent injuries and pains in elderly women while working in agriculture field 
than other adults. 

The objective of the study was to address and rectify the different physiological 
and musculoskeletal disorders due to poor ergonomic postures in elderly female 
farmers. 

2 Methodology 

2.1 Sample Selection 

A study was done on agricultural workers of older age. The study was acted upon 
in the village Baruva, Srikakulam district in Andhra Pradesh. The sample size of 35 
was collected out of which most of the participants belong to 15 units of older age 
group. Survey involves questions related to their working hours and their working 
experience in their respective activities. Videos and photos of the workers during 
activity were recorded. 

2.2 Postural and Body Discomfort Analysis 

Rapid Entire Body Assessment (REBA) represents the level of Musculoskeletal 
Disorders in entire body, Rapid Upper Limb Assessment (RULA) represents the 
level of Musculoskeletal Disorders in upper limbs of the body and Ovako Working 
Analysis System (OWAS) were used for postural analysis to know about the postural 
discomfort. Modified Nordic questions were also used to analyze the discomfort in 
different body parts. Pain was rated on a scale of 1–10 in various body regions, with 
1 indicating “No Pain” and 10 indicating “Extreme Pain.”
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Table 1 Demographic data 
of elderly female farmers 

Parameter Min Max Standard deviation 

Age (years) 48 70 61.17 (±6.5) 

Height (cm) 140 155 147.47 ± (5.034) 
Working experience 
(years) 

15 60 32.428 (±12.025) 

Working hours per 
day (h) 

5 12 10.085 (±1.804) 

Resting intervals 
(min) 

20 90 51.911 (±21.140) 

3 Results 

3.1 Demographic Study 

From demographic study in Table 1, out of 35 elder female participants having 
minimum age of 48 years and the average age of 61.17 (±6.5) years have an illit-
eracy rate of 77.14%. The results revealed that average working period is 10.085 
(±1.804) h per day, where they spend maximum 12 h in farming. The average working 
experience is of 32.428 (±12.025) years and minimum of 15 years. Also workers 
take an average interval of 51.911 (±21.140) min. 

3.2 Postural Data Analysis 

From postural data analysis as shown in Table 2, it was found that RULA, REBA 
and OWAS score were high for the tasks such as weeding, field work and planting. 
Which suggest immediate change in the posture and tasks. High REBA scores above 
11 were found for the tasks weeding, field work, planting and harvesting, with REBA 
scores as 11, 14, 12 and 11, respectively. High OWAS scores above 2 were found for 
the tasks weeding, field work, planting, with OWAS scores as 2, 3, 3, respectively. 

3.3 Questionnaire Study 

In Table 3, after analyzing the body discomfort through Modified Nordic Question-
naires the results show that neck pain in the upper body is being at high risk with a 
Nordic score of 66.28% followed by shoulder at 30.28% and wrist at 31.14%. In the 
lower body, Nordic score in the buttock’s region is at 87.14%, lower body at 82% 
and thighs at 79.71% which shows that these parts have more discomfort.
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Table 2 Body posture analysis 

No. of 
activities 
involved 

Body 
Posture 

RULA 
score 

Action 
category 

REBA 
score 

Action 
category 

OWAS 
score 

Action 
category 

Weeding 6 Investigate 
further and 
change 
soon 

11 Very high 
risk, 
implement 
change 

2 Corrective 
measure in 
the near 
future 

Field work 7 Investigate 
and change 
soon 

14 Very high 
risk, 
implement 
change 

3 Corrective 
measures 
as soon as 
possible 

Planting 7 Investigate 
and change 
soon 

12 Very high 
risk, 
implement 
change 

3 Corrective 
measures 
as soon as 
possible 

Carrying 
load 

6 Investigate 
further and 
change 
soon 

6 Medium risk, 
further 
investigation, 
change soon 

1 No 
corrective 
measures 

Harvesting 6 Investigate 
further and 
change 
soon 

11 Very high 
risk, 
implement 
change 

1 No 
corrective 
measures 

Fertilization 6 Investigate 
further and 
change 
soon 

6 Medium risk, 
further 
investigation, 
change soon 

1 No 
corrective 
measures 

Table 3 Nordic data for 
elderly female farmers 
discomfort 

Disorders in body parts Nordic score (%) 

Upper body Neck 66.28 

Shoulder 30.28 

Wrist 31.14 

Elbow 20.28 

Lower body Upper back 71.71 

Lower back 82 

Thighs 79.71 

Buttocks 87.14 

knees 70.57 

feet 52
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Fig. 1 Discomfort while 
working barefoot 

3.4 Work Condition and Injuries 

From the Fig. 1 it is observed that 94.29% participants were working barefoot in 
the field from which 71.43% of the participant’s experienced severe pain. During 
heavy field work they face several types of injuries like amputation and fracture. 
Sometimes using tools improperly may leads to cuts and other injuries due to which 
it get infected while staying for longer period in the flooded soil, (From Fig. 2) 
25.71% of the workers got amputated due to same. Also 20% of the participants 
reported fracture got by the tools and heavy work. 

4 Discussions 

This study revealed that most of the female elderly farmers are prone to MSD due 
to awkward working posture. It has been observed that elderly female agricultural 
workers experience more pain in hip, lower back and knee, these findings are similar 
to the study conducted in Thailand with 481 older farmers among which 65% farmers 
experience extreme pain in lower extremities [1]. In this study from the postural 
analysis RULA and REBA score, it was found that the tasks such as weeding, field 
work, planting and harvesting, involved high risk postures indicating immediate 
change and intervention. The majority of the elderly workers in this study did physical 
material handling and walked on uneven paths or muddy fields. Work-related MSDs 
are more common in older workers than in younger workers, and the causes can be 
attributed to decreased muscle strength, endurance and functional capacity [9].
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Fig. 2 Type of injuries 

In this study, female elderly with an average age of 61.17 years is involved in 
hard physical work having an average work experience of 32.428 years. Agricultural 
activities such as weeding, planting and harvesting require repetitive bending and 
squatting, which causes severe pain in the lower extremities such as pain in buttocks 
reported by 87.14%, in lower back reported by 82%, and in thighs reported by 
79.71%. Most of the farmers reported MSD symptoms in lower body regions followed 
by lower back and neck. Farmers working in Thailand [1] also stated that most of the 
time injuries occurred in their lower extremities. This study also found higher risk 
of development of neck pain among the farmers which has resulted from repetitive 
carrying of load on their head. From the study it is observed that 66.28% of the 
female elderly suffer from neck discomfort. This study also consistent with the study 
conducted in Iran with 377 farmers among which 59.9% of participants experienced 
discomfort [10]. 

Rice cultivation basically done in a clay soil which can retain water for longer 
period due to which farmers has to work in wetland. According to the study, 94.29% of 
farmers work in the field barefoot and avoid using boots or slippers owing to religious 
beliefs, and 71.43% of those farmers were injured. Activities such as fertilization 
and weeding are to be carried out in wetland due to which farmers faces difficulty in 
walking and using tools. Working in such an environment can result in serious injury 
from wounds and infections. Farmers were amputated in 25.71% of cases [11]. It 
was also observed that during the harvesting season, the foot impressions left by 
strolling in the wetland dry up and convert into solid tough and fertile ground. While 
harvesting and post harvesting, 20% of farmers reported fractures and other types of 
injuries [12]. 

A further study among the participants revealed injuries among the women from 
the usage of different tools. Similar finding was observed in research done Indian
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agricultural industry where tool related injuries are found too be prevalent among 
the farmers [13]. It was found that many female farmers were feeling discomfort 
in their arms because of the heavier hand tools that were designed keeping in the 
anthropometry of male farmers [14]. The tool manufacturers consider 95th percentile 
while designing the tools [15]. 

During the survey, some female farmers said that they were gradually acquainted 
to the tools after a certain period of time. However, in the long term, they were 
suffering from some form of aches in the arm region. From the result, it observed 
that 31.14% of the participant had pain in the wrist region and 20.28% had pain in 
the elbow. Similar result were also found in research done among farm women [14]. 
During the study, the farmers also highlighted the possibility of incorporating lighter 
materials in the hand tools. 

5 Conclusions 

From the observations it was found that elderly farmers were highly affected by 
improper body postures and workload. Most of them complained about poor working 
conditions like awkward and improper work body postures, lack of breaks, improper 
or heavier tools, injuries followed by infection, amputation and other ailments. 
Twisting, bending and carrying loads repeatedly were the key factors responsible 
for the ergonomic discomfort in the elderly females in the agricultural sector. Lack 
of awareness was also a limiting factor for the elderly involved in farming. 
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Ergonomic Risk Assessment Among 
the Welders Working in Darbhanga 
District of Bihar 

Sangeeta Pandit, Shubham Kumar Thakur, Trushna Gopalrao Khalode, 
Aakriti, Avinash Sahu, and Rajat Kamble 

1 Introduction 

Welding jobs are widely exploited over the years as a result of rapid urbanization 
and industrialization providing jobs to many people. In India, almost 90% of general 
workers are associated with unorganized sector where 60% of them are independently 
employed and 30% belongs to other category [1, 2]. A huge part of the Indian 
economy relies on unorganized sector [3]. Developing countries such as India use 
welding as a vital occupation, but it is surrounded by health hazards [4]. Many 
companies and workplaces use welding as a standard procedure. Welders are one 
among the most ignored groups of labors, where workers were found to suffer from 
various occupational health issues and lack of safety standards among the workers 
[5, 6]. 

Previous studies in this area have found lack of awareness of safety precau-
tions and occupational health issues such as injuries and accidents, discomfort in 
ears and eyes, skin-related issues, metallic fumes fever, respiratory problems, and 
musculoskeletal disorders among the welders [7]. Welders are prone to develop-
ment of work-related musculoskeletal disorders (WMSDs), which has become a 
major concern [8]. Awkward postures, repetitive, forceful exertions, and movements 
were found to be the ergonomic risk factors causing work-related musculoskeletal 
disorders [8]. WMSDs were found to be affected by several individual risk factors 
such including age, gender, professional work, and addictions [4]. Welders’ personal 
protective equipment is an important part of occupational health and safety standards, 
but most of these welding shops lack proper personal safety equipment’s (PPE), and 
workers only wear a few types of PPE at work [7].
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The purpose of this study is to investigate the welding process and to identify 
musculoskeletal disorders (MSDs) and different ergonomic risks involved among 
the welders working at different welding shops at Darbhanga district of Bihar, India. 

2 Methodology 

This study was conducted in the city of Bihar, Darbhanga, India, among the local 
welding workers. Direct observation techniques were used for this study through the 
help of photography, videography, and questioners. The sample was collected from 
14 different workshops. The questions were prepared in such a way as to gather 
information about the problems related to general health-related issues, accidents, 
injuries, etc. 

For postural analysis, rapid upper limb assessment (RULA) and rapid entire body 
assessment (REBA) were used. Modified Nordic questions were used to study the 
body part discomfort in welding activities. Five scale rating was used to measure the 
level of discomfort in welding activities, 1 denotes “less discomfort” and 5 denotes 
“extreme discomfort.” For data analysis, descriptive statistics was used and tabulated. 

3 Result 

3.1 Data Study 

In this study, 34 samples of welding workers had a minimum age of 22 years and a 
maximum of 55 years, with an average age of 35.14 ± 8.41 years. The workers had 
minimum work experience of 2 years and maximum of 32 years with average work 
experience of 15.73 ± 7.85 years, and the working hours ranged from minimum 1 h a 
day to maximum of 10 h a day with an average working time of 6.47 ± 2.60 working 
hours a day as shown in “Table 1.” 

Table 1 Demographic of 
welders 

Parameters Min Max Standard deviation 

Age (years) 22 55 35.14 (±8.41) 

Experience (years) 2 32 15.73 (±7.85) 

Working hours (h) 1 10 6.47 (±2.60) 

Working days per week 6 7 6.05 (±0.53)



Ergonomic Risk Assessment Among the Welders … 73

Table 2 Welder’s postures analysis 

S. No. Postures RULA score Action 
recommended 

REBA score Action recommended 

1 4 Investigate further 8 Necessary soon 

2 6 Further 
investigation and 
change needed 

12 Necessary now 

3 5 Further 
investigation and 
change needed 

11 Necessary now 

4 7 Investigation and 
immediate change 
needed 

12 Necessary now 

5 6 Further 
investigation and 
change needed 

9 Necessary soon 

3.2 Postural Analysis 

From the postural analysis as shown in “Table 2,” it was found that the RULA and 
REBA scores showed medium to high-risk level and action recommended for all the 
observed postures suggested “investigate and change immediately” and “necessary 
now,” respectively. 

3.3 Body Pain Discomfort 

The data from the Nordic questioner were analyzed and tabulated as shown in “Table 
3.” In this study, it was found that the discomfort level was highest in arm’s region 
with 42.35% reports of pain followed by discomfort in lower leg area with 41.76% 
reports of pain, and feet with 40.58% reports of pain among the welders. 

3.4 Health Issues 

Different health issues the welders faced were identified and tabulated as shown in 
“Table 4.” In this study, it was found that high problems were reported for the general
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Table 3 Modified Nordic 
score for discomfort in 
different body part 

Discomfort in different body part Nordic score (%) 

Neck 37.64 

Shoulder 37.05 

Fore arm’s 42.35 

Wrist 36.47 

Knee 37.64 

Lower leg 41.76 

Feet 40.58 

Table 4 General health 
issues 

Health symptoms Reported symptoms (%) 

Eye problem 85.29 

Hearing problem 29.40 

Headache problem 23.52 

Respiratory problem 41.17 

Sleep disorder 17.64 

Heart problem 5.88 

health-related issues and as per the study eye-related problems were high by 85.29% 
because of the intensive visible, ultraviolet, inferred radiation emitted by the welding 
arc and fumes and respiratory problems by 41.17% because of the fumes and harmful 
reaction gases. 

3.5 Accident Reports 

Data related to accidents were collected and tabulated as show in “Table 5.” Here, 
it was founded that the occupational health also gets affected due to skin-related 
problems was reported by 67.64% and accidents and injury by 17.64% and 32.35%, 
respectively, and all these lead to absenteeism by 61.76%. 

Table 5 Occupational health 
affected by different factors 

Factor Reported (%) 

Accident 17.64 

Injury 32.35 

Skin problem 67.64 

Use safety glasses (PPE) 35.29 

Absenteeism 61.76
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4 Discussion 

Due to the current working condition of the welders and the increase in demand of 
welding activities, the welders are at high risk of development of MSDs, resulting 
in health issues, lower productivity, and thus live lower quality life. Thus there is 
an immediate need of ergonomic study in this unorganised sector. In our study, the 
most of the workers had experience less than 5 years which is similar to the results 
found among the welders from Banepa Municipality in Nepal [7]. The finding of 
this study revealed that the welding postures of welders scored high on both REBA 
and RULA postural analysis, indicating that the postures involved high risks, and 
suggested immediate change. Welders were found to be working in awkward and 
uncomfortable postures for a long duration of time as per the exposure time which 
was calculated for all shifts taking each posture into consideration. Similar findings 
have been found in another study which conducted on 60 welders of Jalandhar, India 
[4]. 

In our study, majority of respondents reported pain in their forearm, these results 
are in line in the research done among other informal sectors involving tasks with 
repeated hand motions [9]. The welders also reported pain in shoulder, similar results 
were observed in a study among the welders from Maharashtra, India [10] and also, 
among the workers in the German steel industry [11]. A study done among the 
welders working in Iranian steel industry reported pain in neck regions; [12] this  
study also supports similar results where the welders reported pain in neck regions. 

This study also reports high accidents rates, with highest reports of eye injuries 
and respiratory issues. The study is consistent with the observation done in Accra, 
Ghana, [13] and in Jalandhar, India [4]. Welders also face skin-related problems 
which may increases the risk of developing skin cancer as observed in study of 
USA [14]. It was also observed that due to continuous exposure to the fumes over 
their hands they suffered from burns and itching, which is the result of not wearing 
protective gears. The existing PPE such as gloves were seen to cause hindrance in 
their work resulting in lesser productivity, and thus, the welders neglect the use of 
protective gears. 

5 Conclusion 

From this study, it is evident that the welder’s health is negatively impacted by 
poor body postures and ergonomic risk factors involved in the work. Working for 
prolonged time in awkward postures and working with fumes have resulted in discom-
fort in shoulders and hand regions. In addition, neglecting the use of protective equip-
ment’s has resulted in discomfort in eyes, skin, and breathing. This study provides 
the base understating of the problems of welders working in welding shops of Darb-
hanga district of Bihar, India. This study suggests immediate interventions in the
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area to improve the PPE and provide awareness of the same, thus encouraging the 
use of PPE and eliminating the discomfort among the workers. 
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Identification of Postural Load 
on Sculptors of Sculpting Industry 
of India 

Supriya Bawiskar, Avinash Sahu, Sangeeta Pandit, Bhakti Kirdat, 
Rajat Kamble, Saad Ahmed, Chetan Gohil, and Sanjuman Sinku 

1 Introduction 

Idol making or Murtikari is an important family tradition aiding in celebrations of 
various Hindu festivals. The artisans start their work 2–4 months before the festival 
and work on multiple idols, which the respective owners take home on the day 
of the festival. At times, along with the artisans, their family members are also 
involved in the idol-making process [1]. Chitar Oli (Etymology: Chitrane meaning 
sculpting/painting + Oli meaning lane) is one of the oldest neighborhoods in Nagpur 
known for its artistic heritage in idol making [2]. Similarly, Kumartuli is a street in 
the neighborhood of Kolkata. These streets are a repository of mud idols and home 
of artisans of all ages showcasing their talent [3]. Chitar Oli and Kumartuli are vital 
centers exporting the idols all over India and also abroad. However, during present 
times, this trade is seen to declining as very few people are willing to take forward 
their family tradition work, and also, the existing artisans are not able to contribute 
much in terms of hours spent due to age and ailment factors [2, 3]. 

Studies done in this sector have revealed that most of the work-related MSDs 
among the workers are due to cumulative disorders [4–6]. Researches have also 
found the evidences of pain in different body regions among the artisans working in 
different handicrafts sector [7, 8]. Solutions like redesign/retrofitting, optimization 
of tools and workspaces have found to reduce the musculoskeletal disorders among 
the artisans [9]. 

As this work is seasonal, the artisans are dependent on this work for their liveli-
hood, and so have to take up more work during a short period of time, resulting in 
excessive repeated tasks with very little time for rest (Fig. 1). Thus, this paper aims to
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Fig. 1 Existing ergonomic problems highlighted in the sculptors of Chitar Oli, Nagpur 

identify occupational stresses of postural load on these artisans and the effects of age 
and experience on the discomforts and provides a base study for future interventions 
in the area. 

Recently, the corporate houses have made their entry into different seasonal festi-
vals and convert the idea of worship of idols to a creative exhibition which has 
imposed work stress among the sculptors. Commercialization and competition plays 
an important role in increasing to complete work in less time resulting more working 
hours and prolonged awkward postures. 

2 Methodology 

The study was divided into two phases. Phase-1 of the study was undertaken during 
the Ganeshotsav celebrations in Chitar Oli—Nagpur, Maharashtra. Phase-2 of the 
same was conducted during Durga Pooja Celebrations in Kumartuli, Kolkata. The
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sample size consisted of the general inhabitant populace of both the places, respec-
tively, where 120 artisans participated in the study from 30 families. The partici-
pants who had prevailing physiological disorders/post-operational conditions were 
excluded from the study. Understanding of the existing nature of work was done 
by the process of data collection. This involved observations (photography and 
videography), questionnaires, and process mapping. To identify ergonomic risks, 
the sculpting task was divided into 5 sub-tasks which are, preparing the soil with feet 
and hands, preparing the sculpture, drying the model, and coloring and finishing the 
sculptures. Rapid Upper Limb Assessment (RULA), Rapid Entire Limb Assessment 
(REBA) and Ovako Working posture Assessment System (OWAS) were used for the 
study of postural analysis. Modified Nordic questionnaire was used. The data were 
analyzed using simple descriptive statistics and tabulated. 

3 Results 

The workers were of age ranging from 30 to 60. The average age of the artisans was 
45.73 ± 7.67. The average height and weight of the artisans was 172.88 ± 5.66 cms 
and 72.31 ± 5.73 kgs, respectively. The artisans had an average BMI of 24.18 ± 
1.42. The average working hours daily was 9.6 ± 1.32, almost every day in a week. 
The artisans working there have an average work experience of 29.54 ± 8.87 years 
(Table 1.) 

From the postural analysis, the RULA scores suggested investigation and imple-
menting change (Table 2). Similarly, REBA scores also suggest investigation and 
implementing change. OWAS score suggested corrective measures in the near future. 
Sculpting has been a traditional activity of the artisans of Chitar Oli and is majorly 
unorganized resulting in high RULA (7), REBA (11), and OWAS (2) scores. 

From the body part discomfort study (Table 3), most discomfort feeling was seen 
in following order of body parts in sculptors; palm, knee, neck, back, and shoulder 
area. 

Table 1 Demographics of 
sculptors 

Parameter Min Max Standard deviation 

Age (Years) 30 60 45.73 (±7.67) 

Height (cm) 160 183 172.88 (±5.66) 

Weight (kg) 58 85 72.31 (±5.73) 

BMI (kg/m2) 20.95 28.07 24.18 (±1.42) 

Working experience 
(Years) 

6 48 29.54 (±8.87) 

Duration per day (h) 6 12 9.6 (±1.32) 

Working days per 
week 

6 7 6.66 (±0.47)
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Table 2 Postural analysis on Chitaroli and Kumartuli artisans 

Posture Task REBA 
score 

Action 
category 

RULA 
score 

Action 
category 

OWAS Action 
category 

Preparing 
soil with 
feet 

8 High risk, 
investigate 
and apply 
change 

7 Investigate 
and apply 
change 

1 No 
corrections 
required 

Preparing 
soil with 
hands 

8 High risk, 
investigate 
and apply 
change 

5 Further 
investigation, 
change soon 

2 Corrections 
required 
soon 

Preparing 
Sculpture 

11 Very high 
risk, apply 
change 

7 Investigate 
and apply 
change 

2 Corrections 
required 
soon 

Drying the 
model in 
the sun 

5 Medium 
risk, further 
investigation 

4 Further 
investigation, 
change may 
be needed 

1 No 
corrections 
required 

Coloring 
the model 

11 Very high 
risk, apply 
change 

7 Investigate 
and apply 
change 

2 Corrections 
required 
soon 

Table 3 Discomfort feeling 
in different body parts among 
the sculptors 

Different body parts Discomfort Non-discomfort 

Palm 86 34 

Shoulder 32 88 

Neck 50 70 

Knee 69 51 

Back 48 72 

The artisans were grouped into 3 categories (Table 4.) based on age (30–40; 41–50; 
51–60). Modified Nordic questionnaire was used to assess body pain. Discomfort in 
the palm area was significantly high among the higher age group artisans. Discomfort 
rates were found to be highest among the age group 51–60 years in upper limb body 
regions such as palm (80%), neck (54.28%), shoulder (34.28%), and knee (80%). 
Whereas, discomfort in the back (56%) was high in the age group 30–40 year. Due 
to the use of traditional sculpting tools, more discomfort was seen in the upper limb.
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Table 4 Resultant percentage pain area as per survey conducted following modified Nordic 
questionnaire 

Age group No. of participant Palm (%) Shoulder (%) Neck (%) Knee (%) Back (%) 

30–40 25 44 16 24 32 56 

41–50 60 78.33 26.66 41.66 55 45 

51–60 35 80 34.28 54.28 80 20 

4 Discussion 

The families of murti makers at Chitar Oli were seen to work day and night in 
devotion to the god ignoring the problems and body discomfort they face due to 
the work; thus, it is important to understand the health issues faced by the artisans 
working as murti makers. The majority of artisans belonged to the age group 40– 
60 years old as also found in other research done in the area [2]. These art form 
requires high skills and precisions which comes from many years of practice and 
thus getting exposed cumulative trauma from to different ergonomic risk factors 
such as repetitive work in awkward posture resulting in pain in different parts of the 
body. From postural analysis REBA, RULA and OWAS, high scores were found for 
the tasks such as preparing soil and sculpture and coloring the sculpture, suggesting 
immediate intervention in the area. A study involving similar tasks among saw mill 
workers found discomfort in the upper limb due to prolonged working in bad postures 
[4, 5] which is inline with the results of this study. 

In our study, it was found that back discomfort was more in young age groups as 
compared to the older age groups. Similarly, more discomfort was seen in the knee 
in older age groups compared to young age groups. However, discomfort in the palm 
area was seen to be significantly high in every age group of sculptors; similar results 
were found among the stitching workers and which also involved integrate precision 
hand work [8, 10]; similar findings were also seen among the artisans working in hand 
block printing [11, 12]. Ergonomic risk involved among the Murti makers was found 
to be complex repetitive hand movement, extreme extensions of the body, prolonged 
sitting posture in crossed-legged, or on heels and prolonged slouching which resulted 
in discomfort in different body regions with highest percentage of reports in lower 
back and thigh region which. This ergonomic risk factors along with long working 
hours were seen to have developed humpback along with neck and knee flexion and 
also caused back pain among the artisans. Similar findings were seen among the 
potters where they found long working hours caused joint pain, fatigue, swelling, 
sprain of ligaments among the porters [7].
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5 Conclusion 

From this study, it is evident that the Murti makers at Chitar Oli and Kumartuli were 
in high risk of development of discomfort in lower back, neck, and palm region 
which is a result of tasks involving postures with high economic risks. Thus, there is 
a need for immediate intervention in the area to develop improved workstation and 
tools to eliminate the ergonomic risks involved and improve the health conditions of 
the artisans. 
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Tribological Behavior of Co–Cr–Mo 
Alloy on Ultra High Molecular 
Polyethylene With and Without Third 
Body Particles Used in Hip Implant 
Application 

G. B. Veeresh Kumar, H. S. Balasubramanya, T. Anil Kumar, R. Pramod, 
and S. M. Aradhya 

1 Introduction 

Biomaterial is natural or synthetic material used in the field of medical hip implan-
tation, which is compatible with living tissues. Biomaterials are desired to have 
properties such as biocompatibility, bio inertness, conductivity, high wear resistance, 
and corrosion resistance [1]. Total hip joint replacement is unavoidable orthopedic 
application for the patient suffering from arthritis and for improving the quality life 
of patients [2]. A hip implant is an artificial substitute for replacement of damaged 
joints. Total hip replacement implants are made up of four individual components 
such as stem, cup, ball, and liner. Stem is the part inserted the femur bone, Cup is 
the part inserted into the pelvic bone, Ball is the part fitted onto the end of the stem 
and liner is the part inserted into the cup and becomes new cartilage [3]. Total hip 
replacement is considered to be landmark achievement of the twentieth century in 
the field of orthopedics. But the revision surgery that is performed due to wear is of
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implant is major concern [4]. Wear is the progressive loss of material from surfaces 
in contact, which occurs as a result of friction. The processes by which material 
experiences wear is known as wear mechanisms. The different types of wear mech-
anisms are abrasion, adhesion, third body, fatigue, and corrosion. As in [4] author 
has studied critical issues of wear of biomedical implants and tribological aspect and 
focuses on primary causes and concerns of the wear debris, various setups, and tech-
niques by which wear of artificial joint materials are studied. The work also focuses 
on various implant materials. As in [5] author provides introduction, composition of 
bone cement, types of bone cement, and drawbacks of bone cement and concluded 
that particles from PMMA bone cement results in wear, loosening of implant, and 
complications in hip replacements. Wear caused by the third body particles on the hip 
joint replacement materials is an important factor affecting the service life of the hip-
replaced joints [5, 6]. The wear debris from the material used for replacement causes 
adverse reactions with the tissue and third body particles cause the wear resulting in 
the implant failure. Wear caused by the third body particles on the hip joint replace-
ment materials is an important factor affecting the service life of the hip-replaced 
joints [7]. The different sources of third body particles that results in wear and lead 
to failure of the implants are PMMA bone cement particles, hydroxyapatite coatings, 
metal debris from coatings, metal fragments from other fixation devices, and corro-
sion products from the metal tapers [5]. Out of which PMMA bone cement is the 
main cause for the third body particles. As in [6], author has compared mechanical 
property and biocompatibility of cobalt-based alloy to other metallic biomaterials 
for hip joint replacement. Result shows that a layer of cobalt-based alloy exhibit high 
corrosion resistance and good mechanical properties in chloride environment due to 
alloying additions and formation of chromium oxide (Cr2O3) passive layer. 

Co–Cr–Mo alloys are used for hip implant application due to their excellent 
mechanical, wear, and corrosion resistance and are good choice of material for 
bearing surfaces. The Ni ions present in Co–Cr–Mo alloys is the reason for the 
allergic reactions, carcinogenicity [8] and the toxicity problem of cobalt nickel-based 
alloy and it can be avoided by decreasing Ni ions from Co–Cr–Mo alloy [9]. The 
wear resistance of Co-based alloy is higher than that of both Ti alloys and Stainless 
Steel alloys [10]. In artificial hip joints, the head of the joint is subjected to wear. 
Thus, hip joints have been fabricated from Co–Cr–Mo alloys, which exhibit high 
strength and ductility. Ultra high molecular weight polyethylene (UHMWPE) is a 
thermoplastic polymer is a biocompatible and nontoxic material. It is having good 
mechanical properties such as high corrosion resistance, high wear resistance, and 
low COF. As in [11], author has discussed processing technologies and principles. 
UHMWPE is derived from ethane monomers (CH2 = CH2) and is synthesized by 
polymerization process using Ziegler Natta catalyst at low-pressure conditions. The 
polymerization process results in a powder that can be molded or extruded into sheet 
rod or near net shape of the implant. In the present investigation, pin on plate wear test 
is carried out using ducom linear reciprocating tribometer, to evaluate average wear 
rate, COF, and frictional force between Co–Cr–Mo alloy and Ultra High Molecular 
Polyethylene with and without third body particles under load condition of 20 N,
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Table 1 Chemical composition of ASTM Co, Cr and Mo alloy [12] 

Element Cr Mo Ni, 
Cu, 
Ti 

Mn Mo Co N Si Fe C O P, S 

Percent 28.1 5.3 0.01 0.69 5.36 64.86 0.2 0.67 0.04 0.039 0.02 0.001 

Table 2 Mechanical specification of cobalt chromium molybdenum alloy 

Parameter Yield strength Tensile strength Elomgation Hardness 

Value 1082 MPa 1496 MPa 41% 410 HV 

stroke of 6 mm, and frequency of 5 Hz. The test is carried out for one lakh cycles 
and sliding distance of 1200 m further the obtained results were discussed. 

2 Material and Experimental Details 

The tribological study is carried out for Co–Cr–Mo alloy on UHMPE using ducom 
liner reciprocating tribometer. The test standard followed is ASTM G133. The test 
is conducted with and without third body particles (5 g/l) PMMA bone cement in 
simulated body fluid. Ringers solution is used as simulating body fluid. The dimen-
sion of pin used is 6 mm in diameter and 15 mm in length. The dimension of plate 
used is 40 mm length × 40 mm width × 5 mm thickness. The parameters selected for 
experimentation are load: 20 N, frequency: 5 Hz, temperature: 37 °C (Human Body 
Temperature), test duration: 20,000 s, sliding distance: 1200 m, and no of cycles: 
100,000 cycles. 

The Co–Cr–Mo alloy used for the test is of ASTM F1537 standard. The chemical 
composition and mechanical characteristics of Co–Cr–Mo alloy is depicted in Table 
1 and 2, respectively. The Co–Cr–Mo pin used for the current study is shown in 
Fig. 1. 

The UHMPE plate is conditioned in distilled water before experimentation for 
7 days. The UHMPE plate used for test is shown in Fig. 2. The Co–Cr–Mo pin on 
UHMPE plate tribological test setup is as shown in Fig. 3. 

3 Results and Discussion 

The results obtained after tribological study of Co–Cr–Mo pin on UHMPE plate 
specimen with and without third body particles (5 g/L PMMA bone cement) and 
comparison of the same is presented below. The wear rate of Co–Cr–Mo alloy pin
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Fig. 1 Co–Cr–Mo alloy pin 

Fig. 2 UHMPE plate 

and UHMWPE plate specimen without third body particles (5 g/L PMMA bone 
cement) is depicted in Table 3. 

The wear rate of Co–Cr–Mo and UHMWPE plate is 4.58 × 10−8 g/Nm and 
3.33 × 10−8 g/Nm, respectively. The wear rate of pin specimen is greater than plate 
specimen. The average wear rate of pin and plate specimen is 3.95833 × 10–8 g/Nm. 

The COF of Co–Cr–Mo alloy pin and UHMWPE plate specimen without third 
body particles (5 g/L PMMA bone cement) is depicted in Fig. 4. The COF of Co– 
Cr–Mo alloy pin on UHMWPE plate is initially high up to 0.119 due to the initial 
roughness of the material and it decreases as test duration increases. The COF at end 
of the test is 0.108. 

The frictional force of Co–Cr–Mo alloy pin and UHMWPE plate specimen 
without third body particles (5 g/L PMMA bone cement) is depicted in Fig. 5. The  
frictional force of Co–Cr–Mo alloy pin on UHMWPE plate is initially high upto 
2.38 N and it decreases with increase in test duration. The frictional force at end of 
the test is 2.161 N.



Tribological Behavior of Co–Cr–Mo Alloy on Ultra High Molecular … 87

Fig. 3 Co–Cr–Mo pin on 
UHMPE plate 

Table 3 Wear rate of Co–Cr–Mo alloy pin and UHMWPE plate specimen 

Sample Initial mass (gm) Final mass (gm) Wear rate g/Nm Avg. wear g/Nm 

Co–Cr–Mo pin 3.4666 3.4655 4.5833 × 10−8 3.95833 × 10−8 

UHMWPE plate 7.9112 7.9104 3.3333 × 10−8 

Fig. 4 COF plot of Co–Cr–Mo alloy pin on UHMWPE plate 

The temperature plot of Co–Cr–Mo alloy pin and UHMWPE plate specimen 
without third body particles (5 g/L PMMA bone cement) as depicted in Fig. 6. 

The tribological test of Co–Cr–Mo alloy pin on UHMWPE plate in simulating 
body fluid (ringer’s solution) is conducted at 37 ± 0.2 °C for the duration of 20,000 s.
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Fig. 5 Frictional force plot of Co–Cr–Mo alloy pin and UHMWPE plate 

Fig. 6 Temperature plot of Co–Cr–Mo alloy pin and UHMWPE plate 

The wear rate of Co–Cr–Mo alloy pin and UHMWPE plate specimen with third body 
particles (5 g/L PMMA bone cement) is depicted in Table 4. 

The wear rate of Co–Cr–Mo alloy pin and UHMWPE plate with 5 g/L PMMA 
bone cement particles is 7.0833 × 10–8 g/Nm and 4.5833 × 10–8 g/Nm, respectively. 
The wear rate of pin specimen is greater than plate specimen. The average wear rate 
of pin and plate specimen is 5.8333 × 10–8 g/Nm. Wear scars are visible on the 
specimen. 

Table 4 Wear rate of Co–Cr–Mo alloy pin and UHMWPE plate specimen with 5 g/L third body 
particles (PMMA bone Cement) 

Sample Initial mass (gm) Final mass (gm) Wear rate g/Nm Avg. wear g/Nm 

Co–Cr–Mo pin 3.4682 3.4665 7.0833 × 10–8 5.8333 × 10–8 
UHMWPE plate 7.8077 7.8066 4.5833 × 10–8
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Fig. 7 COF plot of Co–Cr–Mo alloy pin and UHMWPE plate with 5 g/L third body particles 
(PMMA bone Cement) 

The COF of Co–Cr–Mo alloy pin and UHMWPE plate specimen with third body 
particles (5 g/L PMMA bone cement) is depicted in Fig. 7. 

The COF of Co–Cr–Mo alloy pin on UHMWPE plate with 5 g/L PMMA bone 
cement particles is initially high up to 0.145 due to the roughness of the material and 
it decreases as test duration increases. The COF at end of test is 0.137. The deviations 
in COF are due to interaction of PMMA particles between the surfaces. 

The frictional force of Co–Cr–Mo alloy pin and UHMWPE plate specimen with 
third body particles (5 g/L PMMA bone cement) is depicted in Fig. 8. The frictional 
force of Co–Cr–Mo alloy pin on UHMWPE plate with 5 g/L PMMA bone cement 
particles is initially high up to 2.903 N and it decreases as test duration increases. 
The frictional force at end of test is 2.768 N. The deviations in frictional force are 
due to interaction of PMMA particles between the surfaces. 

The temperature plot of Co–Cr–Mo alloy pin and UHMWPE plate specimen with 
third body particles (5 g/L PMMA bone cement) is depicted in Fig. 9. The tribological 
test of Co–Cr–Mo alloy pin on UHMWPE plate with 5 g/L PMMA bone cement 
particles in simulating body fluid (ringers’ solution) are conducted at 37 ± 0.2 °C 
for the duration of 20,000 s. 

The comparison of average wear rate of Co–Cr–Mo alloy pin on UHMWPE 
plate with and without third body particles (5 g/L PMMA bone cement) is shown in 
Fig. 10. The average wear rate of Co–Cr–Mo alloy pin on UHMWPE plate without 
third body particles is 3.96 × 10−8 g/Nm and with third body particles (5 g/L PMMA 
bone cement) is 5.83 × 10−8 g/Nm. The increase in average wear rate of trials with 
third body particles compared to without third body particles is due to interaction of 
third body particles between the surfaces of the specimen. 

The comparison of COF of Co–Cr–Mo alloy pin on UHMWPE plate with and 
without Third Body Particles (TBP) (5 g/L PMMA bone cement) is shown in Fig. 11.
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Fig. 8 Frictional force plot of Co–Cr–Mo alloy pin and UHMWPE plate with 5 g/L third body 
particles (PMMA bone Cement) 

Fig. 9 Temperature plot of Co–Cr–Mo alloy pin and UHMWPE plate with 5 g/L third body particles 
(PMMA bone Cement) 

The COF of Co–Cr–Mo alloy pin on UHMWPE plate without third body particles is 
0.108 and with third body particles (5 g/L PMMA bone cement) is 0.137. The increase 
and deviations in COF in trials with third body particles compared to without third 
body particles is due to interaction of third body particles between the surfaces of 
the specimen. 

The comparison of frictional force of Co–Cr–Mo alloy pin on UHMWPE plate 
with and without third body particles (5 g/L PMMA bone cement) is shown in Fig. 12. 

The frictional force of Co–Cr–Mo alloy pin on UHMWPE plate without third 
body particles is 2.161 N and with third body particles (5 g/L PMMA bone cement) 
is 2.768 N. The increase and deviations in frictional force in trials with third body 
particles compared to without third body particles is due to interaction of third body
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Fig. 10 Average wear rate plots of specimen with and without third body particles (5 g/L PMMA 
bone Cement) 

Fig. 11 COF plots of pin and plate specimen with and without third body particles (5 g/L PMMA 
bone Cement)

particles between the surfaces of the specimen. From the results, the proposed mate-
rial is performing well and exhibits good wear properties when compared to the 
works done in calcia-doped zirconia [8]. 
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Fig. 12 Frictional force plots of pin and plate specimen with and without 5 g/L third body particles 
(PMMA bone Cement) 

4 Conclusion 

The tribological test was carried out on Co–Cr–Mo alloy pin on UHMWPE plate 
with load: 20 N, frequency: 5 Hz, temperature: 37 °C, test duration: 20,000 s, sliding 
distance: 1200 m, and no of cycles: 100,000 cycles. From the obtained results it is 
found that there is an increase in average wear rate, COF, and frictional force of Co– 
Cr–Mo alloy pin on UHMWPE plate with third body particles (5 g/L PMMA bone 
cement) compared to without third body (5 g/L PMMA bone cement) particles and it 
is due to interaction of third body particles between the surfaces of the specimen. The 
wear rate of pin specimen is greater than plate specimen. The test results suggest that 
there is effect of third body particles on wear rate of the specimens. The new class 
of Co–Cr–Mo alloy was investigated and proposed for the biomedical applications 
with few more studies. 

5 Future Scope 

With the further investigations on this new alloy of Co–Cr–Mo it is possible to replace 
traditional hip joint materials, which enhances the life of the joint.
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Bio-inspired Design of Octafilar, 
Hexafilar and Quadrifilar Helical Springs 

Prem Sangam Mishra, Eshaan Gupta, Amitabh Das, 
and Manasi A. Kanetkar 

1 Introduction 

Nature has given each species a speciality in its defence mechanism, locomotion 
and way of finding food to survive on the earth. Consider the chameleon for an 
example, which mostly feeds by shooting its tongue ballistically, in order to catch 
prey placed at a distance. Typically, it was assumed that its tongue is 1.5–2 times the 
length of the body without the tail. Duvernoy [1] proposed that the only accelerator 
muscle was mainly responsible for this ballistic tongue projection. Van Leeuwen 
[2] established the architecture of the chameleon’s tongue through his mathematical 
model that anticipated precisely the orientation and the curved forms of the muscle 
fibres normally present in the accelerator muscle which was spiral in shape on the 
basis of his theoretical studies. 

However, high-speed recordings of Snelderwaard et al. [3] indicated that the 
accelerator muscle alone was not sufficient to produce a large amount of power. 
Anderson [4] also estimated that the entire duration of the tongue protrusion of the 
chameleon’s tongue is between 10 and 55 ms−1. There have been reports of maximal 
accelerations from 500 to 2590 ms−2, which require a peak power density between 
3000 and 14,040 W kg−1. Therefore, the power for this ballistic projection has mostly 
to be created in the tongue, and a system for energy storage and release must take 
place in order to achieve such action.
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Fig. 1 Chameleon captures a mantis with its tongue. Picture credit Scott Cromwell/Flickr 

Further studies of De Groot and Van Leeuwen [5] falsified the hypothesis that 
the muscle accelerator is the primary direct tongue projection effector. They indi-
cated that the maximum strengths required to create observed accelerations are at 
least five to ten times larger than accelerator muscle capacity. Their morphological 
and kinematic observations concluded that a cylinder-shaped connective tissue layer 
consisted of sheaths that have helically arranged collagen fibre forming clockwise 
and counter clockwise helices, which store elastic energy when the chameleon’s 
tongue is at rest and is in the compressed state. When released, it provides most of 
the immediate power for the protrusion of the tongue (Fig. 1). 

Moulton et al. [6] concluded that in the absence of intralingual sheaths, there is 
almost no resistance when the tongue is at rest. Because of the helically arranged 
collagen fibre, the intralingual sheaths are able to store high elastic power. They 
created a mathematical framework for the geometry of the chameleon tongue that 
consists of intralingual sheaths made up of collagen fibres organized in pairs of helices 
that are orientated oppositely resembling a tubular cylindrical structure and the accel-
erator muscle comprises fibres organized in logarithmic spirals. These shapes seem 
to be a good match and make good sense at a mathematical level. Hence, they tried 
to establish the fact that the level of resistance, the extent of extension and the energy 
stored rely heavily on the sheath angle. 

This unique ballistic projection of the tongue and quick energy release mechanism 
has inspired several researchers to design manipulators who closely mimicked this 
action [7–9]. 

Narsaiah et al. [12] explain static analysis on springs; the paper explains how 
varying spring parameters like coil diameter, number of turns and material affect the 
spring performance in deformation, stress, etc. A similar approach was performed 
by Al-Sahlani et al. [13] which shows a comparative analysis on different mate-
rials used in springs, and after comparison on various performance parameters, 
carbon composite spring was proved as the best material. Banginwar et al. [11] 
explained various variables in the 3D modelling of springs and validated the design by 
various structural analysis on different materials to select the best. Also, the authors 
performed a modal analysis which is used to determine the natural frequency of 
various spring iterations having different materials, the higher the natural frequency 
the safer the design.
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The suspension system is very crucial for any locomotive, as it aims to smoothen 
ride quality and maintain contact with the road surface, thus affecting the handling 
and braking performance of the vehicle by absorbing the shocks or impulses due to 
uneven surfaces. Springs can be tuned depending on the application; for example, a 
race car and a commercial vehicle have different spring rates. Spring rate, also known 
as spring constant, is defined as the constant amount of force it takes an extension or 
compression spring to travel one unit of distance [20]. Therefore, a higher spring rate 
would result in a stiff suspension setup and conversely for a low spring rate setup. 

Despite all of this, a mechanical model of a spring-like structure resembling the 
geometrical arrangement of collagen fibre in the intralingual sheaths of a chameleon’s 
ballistic tongue was missing. The aim of this work is to design such a bioinspired 
spring for implementing it in real-world uses. In this paper, we have redesigned the 
conventional spring and made various iterations consisting of the different number of 
helical coils and revolutions, and then, structural simulation like stress, strain, defor-
mation, and modal analysis was also performed to collect data from each iteration 
so as to select the best spring for different applications. 

2 Methodology 

The biomechanical model of the tongue was studied, iteration (neglecting the counter 
clockwise helices) was made, and the quadrifilar, hexafilar and octafilar springs were 
designed as shown below which closely resemble the geometry of helically arranged 
collagen fibre in the intralingual sheaths and make sense in a mechanical level. The 
quadrifilar helical spring consists of four helical coils equally spaced circumferen-
tially, each helical coil having 90° phase difference. Similarly, the hexafilar helical 
spring consists of six helical coils having 60° phase difference, and the octafilar 
helical spring consists of eight helical coils having 45° phase difference. All the 
springs were coupled with flat hollow discs in both ends that allowed even force 
distribution on the multiples of helical coils. This multiple helical coil arrangement 
is designed in such a way that it provides stability to the spring assembly, and the 
helical coils do not come in direct contact with each other when compressed thereby 
decreasing the possibility of wear and tear (Fig. 2). 

Three different types of spring design were decided based on the number of helical 
coils, i.e. 8, 6 and 4, as shown above, each iteration has four different numbers of 
revolutions, i.e. 0.75, 1, 1.25 and 1.5 so a total of 12 different iterations were made, 
and the details are given below in Table 1. All the springs have a height of 337 mm, 
and the inner and outer diameter of the flat hollow discs are 186 mm and 212 mm, 
respectively. The wire diameter of the helical coils is decided in order to keep the 
volume of the springs as close as possible for a fair comparison. 

Now, after the computer-aided design (CAD) models were developed using 
SOLIDWORKS 2018, simulations were performed using ANSYS 2020 R1 to collect 
data for stress, strain, total deformation and factor of safety, and the data collected 
was on three different materials, i.e. ASTM A 231, Inconel 718 and AISI 321.
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Fig. 2 Octafilar helical spring (a), Hexafilar helix spring (b), Quadrifilar helical spring (c) 

Table 1 Spring data 

No. of 
helical coils 

Revolution Pitch (in 
mm) 

Wire 
diameter (in 
mm) 

Mean 
diameter (in 
mm) 

Outer 
diameter (in 
mm) 

Volume (in 
mm3 × 
103) 

8 0.75 420 8.10 200.00 204.05 545.48 

8 1.00 315 7.26 200.42 204.05 545.07 

8 1.25 252 6.62 200.74 204.05 545.53 

8 1.50 210 6.10 201.00 204.05 545.21 

6 0.75 420 9.36 199.37 204.05 545.33 

6 1.00 315 8.40 199.85 204.05 545.41 

6 1.25 252 7.66 200.22 204.05 545.96 

6 1.50 210 7.06 200.52 204.05 545.77 

4 0.75 420 11.48 198.31 204.05 545.15 

4 1.00 315 10.30 198.90 204.05 545.07 

4 1.25 252 9.38 199.36 204.05 545.12 

4 1.50 210 8.66 199.72 204.05 545.70 

2.1 Structural Analysis 

For simulation, two plates were also attached to ends of the spring so as to simulate 
actual mounting, other boundary conditions included in the simulation were fixed 
support at one end and force at other, simulation results were calculated on three 
different forces, i.e. 800, 1000, 1200 N, and mesh settings were kept constant for 
each iteration. These settings are shown below. Mesh quality was also monitored to 
get reliable results. One of the mesh metrics to determine the quality of the mesh was 
the aspect ratio. The ideal aspect ratio is considered as 1, and for spring simulation as 
shown below the majority of the mesh elements have an aspect ratio of 1.16 which is 
considered as good quality. Once the mesh model was generated, simulations were
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performed for total deformation, von Mises stress, strain and factor of safety as shown 
from Figs. 3, 4, 5 and 6. 

The max total deformation achieved was along the Y-axis in which the spring 
compresses as shown in Fig. 3 the value was found to be 0.08401 m and factor of 
safety 1.7 in Fig. 6. The simulation results show even stress distribution among all the 
eight helical coils, which help to increase the durability of the spring. The structural 
simulations shown above were performed on all 12 iterations, and one of the iteration 
results of octafilar helical spring is shown above. The results are compiled in an excel 
table, and graphs are plotted for comparison as shown in Figs. 13 and 14. 

Fig. 3 Total deformation 

Fig. 4 Equivalent elastic strain
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Fig. 5 Equivalent stress 

Fig. 6 Safety factor 

2.2 Modal Analysis 

After the structural analysis was completed, results were transferred for performing 
modal analysis on the twelve iterations. The main aim for modal analysis is to study 
different mode shapes and mode frequencies/natural frequencies. Understanding the 
natural frequency is important, as it is the frequency in which resonance occurs 
leading to increased amplitude and ultimately component failure. Hence, it is impor-
tant to analyse all the modal frequencies. In modal analysis computing, the funda-
mental natural frequency (first mode frequency) is the most important as it is the 
frequency that is usually close to the working frequency of components; an approx-
imation of this frequency can be made by using the below formula. Modal analysis
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was performed on all the twelve iterations of spring; one of the iteration results of the 
hexafilar helical spring is shown below. For simulation, the spring was kept under 
the pre-stress condition of static structural analysis to get more realistic results, to 
visualize the different mode shapes, six different mode shapes and frequencies were 
simulated (as shown in Figs. 7, 8, 9, 10, 11 and 12), but for our design, the most 
important being the fundamental frequency was focused, and data for the iterations 
are shown in Table 2. 

Fig. 7 First mode shape frequency—8.29 Hz 

Fig. 8 Second mode shape frequency—8.33 Hz
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Fig. 9 Third mode shape frequency—19.46 Hz 

Fig. 10 Fourth mode shape frequency—27.05 Hz 

According to DR Tuned Racing [10], the operating frequency of a passenger 
car or typical OEM spring is 0.5–1 Hz, whereas in the above modal analysis, the 
fundamental frequency was found to be 8.29 Hz which confirms that this design is 
safe for application. Results for all the twelve springs were computed, and among 
them, only a few springs had their fundamental frequency below 1 Hz.
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Fig. 11 Fifth mode shape frequency—58.37 Hz 

Fig. 12 Sixth mode shape frequency—58.66 Hz
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Table 2 Fundamental frequency data 

No. of helical coils Revolution Force (in N) Fundamental frequencies (in Hz) 

ASTM A 231 Inconel 718 AISI 321 

8 1.5 800 0.15018 0.15842 0.15235 

8 1.5 1000 0.0502 0.0575 0.0532 

8 1.5 1200 0.0357 0.03912 0.0386 

8 1.25 800 1.8104 1.8418 1.8292 

8 1.25 1000 0.20758 0.22316 0.21796 

8 1.25 1200 0.1882 0.1025 0.0916 

8 1 800 4.0363 4.0674 4.0263 

8 1 1000 3.6134 3.6751 3.6206 

8 1 1200 3.1315 3.2334 3.1608 

8 0.75 800 7.3499 7.3198 7.28 

8 0.75 1000 7.138 7.1199 7.0747 

8 0.75 1200 6.9191 6.914 6.8628 

6 1.5 800 1.720159 1.7142 1.69235 

6 1.5 1000 1.50998 1.5055 1.4932 

6 1.5 1200 1.30973 1.30126 1.29868 

6 1.25 800 2.9914 2.9828 2.9302 

6 1.25 1000 2.3504 2.384 2.3054 

6 1.25 1200 1.775 1.571 1.4209 

6 1 800 5.2906 5.1964 5.1599 

6 1 1000 4.970 3 4.8965 4.8511 

6 1 1200 4.6261 4.5759 4.5201 

6 0.75 800 8.6585 8.6112 8.5719 

6 0.75 1000 8.4795 8.4422 8.3984 

6 0.75 1200 8.2964 8.2695 8.2211 

4 1.5 800 2.8511 2.8312 2.7744 

4 1.5 1000 2.2223 2.1799 2.089 

4 1.5 1200 1.75997 1.2076 0.99957 

4 1.25 800 4.342 4.2704 4.2331 

4 1.25 1000 3.925 3.883 3.8332 

4 1.25 1200 3.5539 3.45 3.384 

4 1 800 6.9784 6.9546 6.9233 

4 1 1000 6.7448 6.7346 6.6974 

4 1 1200 6.5021 6.5066 6.4631 

4 0.75 800 10.92 10.855 10.81 

4 0.75 1000 10.787 10.721 10.673 

4 0.75 1200 10.644 10.586 10.534
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3 Results and Discussion 

After compiling the data for all the twelve iterations of our spring design, a certain 
trend was observed. As the number of revolutions increased the stress, deformation 
and strain increased, whereas the factor of safety decreased regardless of the number 
of the helical coils in spring. Then, if the force was increased from 800 N up to 1200 N, 
which is a normal load in a bike, the same trend was observed. This behaviour could 
help to categorize the spring into various stiffness categories such as soft, balanced 
and stiff setups. For example, a softer setup of spring is required in commercial road 
cars or bikes; a spring with a higher number of revolutions can be used, whereas for 
a race car where higher stiffness springs are required, a lower number of revolution 
springs can be used; this can also be explained by the deformation vs force graph as 
shown below. The factor of safety decreased as the number of helical coils increased. 
This was due to a decrease in the thickness of individual helical coils to keep the 
volume constant. The benefit of adding more helical coils was a better stress distri-
bution that may result in higher fatigue life and adding more helical coils resulted 
in a softer spring setup. Spring comparison was done for all the iterations on two 
factors that are stiffness and safety (F.O.S and mode frequencies), graphs were made 
as shown in Figs. 13 and 14, and conclusions were drawn accordingly. 

Fig. 13 Spring structure comparison graph (H = No. of helical coils, REV = revolution) 

From the above graph, a good comparison of all the spring iterations can be 
made which can help to categorize them based on their application. To plot this 
graph, the material considered was Inconel 718 that was kept constant in order to 
compare the structural results. In the deformation vs. force graph (Fig. 13), the 
number of helical coils is compared. It is observed that with an increase in helical 
coils the stiffness reduces; this is because in order to keep the spring volume constant
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the individual helix thickness had to be reduced which resulted in a decrease in 
stiffness. Now, if helical coils are kept constant, it is observed that on increasing 
the number of revolutions the stiffness decreases; this was due to the distribution of 
load between tensile and shear; as the revolutions increased, the shear component of 
force got greater which resulted in a higher deformation. From Fig. 13, springs can 
be categorized on the basis of deformation into three different setups, namely stiff, 
soft and balanced, the top three spring data lines can be grouped as stiff setup springs, 
the bottom four have less difference between them, so they can be categorized as soft 
spring setups, above them a gap occurs, and from there, the remaining springs can be 
grouped as balance setup springs. After analysing all the structures, it was decided to 
compare the three selected materials, from Fig. 14, all the three curves can be observed 
which represent the deformation results of the materials. On analysing them, it was 
concluded that ASTM A 231 is the best material, even though it had more deformation 
as compared to the other two materials the factor of safety and mode frequencies 
were in a safe range for all the twelve iterations, the higher variability offered a wide 
range of spring setup from stiff to soft without compromising the reliability, whereas 
in other materials, F.O.S fell below 1.2 with increasing deformation. 

From modal analysis, various mode frequencies and shapes of the spring iterations 
were determined. It is important to ensure that the working frequency and the mode 
frequency are not the same or close to each other as this would give rise to resonance 
and ultimately structural failure of the component. For automotive applications, the 
operating frequency of suspension components is around 0.5–1 Hz [10], and the data 
compiled in Table 2 confirms that most of the iterations are safe as the majority have 
their fundamental frequencies above 1 Hz. Similar to structural analysis in the modal 
analysis, some trends were observed, among springs if helical coils are kept constant,

Fig. 14 Material comparison graph
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the fundamental frequency decreases as the number of revolutions increases, as the 
number of helical coils increased, the fundamental frequency decreased in general, 
and the reason for this trend is thought to be the decreasing structural stiffness as 
the number of revolutions and helical coils increases. Overall, the paper confirms 
the functioning and safety of this novel spring design which can be implemented in 
real life. Many iterations had to be dropped as they showed poor F.O.S and had an 
unsafe fundamental frequency; these iterations are shown below with their respective 
materials.

Table 3 Rejected iterations No. of helical coils Revolution Material 

8 1.5 AISI 321, Inconel 718, 
ASTM A 231 

8 1.25 AISI 321, Inconel 718, 
ASTM A 231 

8 1 AISI 321 

6 1.5 AISI 321, Inconel 718 

6 1.25 AISI 321 

6 1 AISI 321 

4 1.25 AISI 321 

4 1.5 AISI 321 

4 Conclusion 

The aim of the paper was to design and simulate quadrifilar, hexafilar and octafilar 
helical springs, a structure inspired by the geometry of helically arranged collagen 
fibre in the intralingual sheaths of a chameleon’s ballistic tongue. The research work 
validates the concept and the functioning of this novel design as shown by the static 
structural analysis which was discussed in the above sections, a total of twelve iter-
ations were designed based on different numbers of helical coil and revolution in all 
the designs volume was kept constant so as to have a fair comparison among these 
variables and how do they affect the spring performance. Three materials were also 
compared, namely Inconel 718, AISI 321 and ASTM A 231, and among the three 
materials ASTM A 231 showed the most reliable results even though it had more 
deformation compared to other materials (Fig. 14) for the loads 1200, 1000, and 
800 N. Helical springs have higher load distribution characteristic leading to more 
stable and durable systems compared to conventional springs of the same volume. 
This adjustability in this design allows adding of more helical coils of different revo-
lutions that can change the setup from soft to stiff or vice versa; the effect of change 
in stiffness with varying helical coils and revolutions was discussed in Fig. 13. The  
iterations whose modal frequencies coincided with the operating frequency were
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rejected for applications as shown in Table 3. Overall, this confirms the functioning, 
benefits and safety of this novel design that is used for automotive applications. 
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Design and Development of Seed Drill 
Attachment to Tractor-Drawn Cultivator 

K. Arun Kumar and B. Rajeswari 

1 Introduction 

Peanut, i.e. groundnut which is of global importance. Peanut is a row crop that 
requires agricultural machinery for effective cropping. It is grown in the tropics and 
subtropical regions. India is the second-largest producer of groundnut by producing 
6.7 million tonnes of groundnut every year [1]. Groundnuts were majorly grown in 
Indian states like Tamil Nadu, Andhra Pradesh, Karnataka, Maharashtra, Gujarat and 
Orissa. In India, the groundnut is planted by manual sowing. But the disadvantages 
of manual sowing are the irregular distribution of seeds, seed wastage, arranging 
the plants manually after it has grown to a certain level and increased sowing time 
and manpower. These problems can be rectified by using a seed drill attachment to 
the tractor-drawn cultivator. Jethro Tull invented the seed drill in 1701. It helps the 
farmers to sow seeds in a better way. This attachment could overcome the disad-
vantages of manual sowing. This seed drill attachment is a separate attachment to 
the cultivator, which is the secondary tillage equipment used regularly for tillage of 
soils in the field during plantation. This attachment is cost-effective can be easily 
assembled and dismantled to the cultivator whenever necessary. This attachment is 
specially made for groundnut, which is a seasonal crop that has very little usage in 
the whole year. Hence, the disc with the cup is not permanently joined therefore it 
can be changed for different types of seeds.
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1.1 Problems Identified 

As stated by Dhawan et al. [2] to cultivate and drill row crops requires an animal or 
tractor-drawn cultivator or seed drill with a specific mechanism. There are many types 
of seed drill mechanisms and attachments to the tractor but the main disadvantage 
of the seed drill attachment is that it cannot be used for all the seeds. 

It can only be used for a particular seed type and variety due to variation in size 
of the seed, planting length, width and height varies for various seeds. The seed of 
different types has to be sown at different distances and has to be placed at different 
heights depending on the seed for the optimum growth of the plant and reduce wastage 
of seeds. The distance of seed has to be maintained to get improved crop yield and the 
crop can grow without disturbing the adjacent crop. Also, the seed drill mechanism 
should be such that it should not damage the seeds while sowing. Here, the seed is 
chosen for drilling is groundnut which is a cash crop of Tamil Nadu. The appropriate 
mechanism which does not damage groundnut seed is the cup feed type. The other 
disadvantages of the seed drill are eliminated by using the detachable disc with cups 
in the seed drill. The disc can be made detachable so that the cup size can be varied 
to accommodate various seeds. The length of the seed can be varied by changing 
the number of cups. Thus the entire seed drill does not need to be varied for various 
seeds; only the disc with cups can be varied for various seeds which are affordable 
by the farmers. This project reduces the cost of using multiple units. 

1.2 Objective of the Project 

The main objective of undertaking this project is to design and fabricate a seed drill 
attachment to a tractor-drawn cultivator for drilling groundnut seed without damaging 
the seed. To reduce the cost of the equipment the seed drill attachment is designed 
to be attached to the cultivator so that the farmers can afford to buy it easily at a 
low cost. The other objective of the project is to conduct trials on the manufactured 
seed drill at various operating speeds of the tractor evaluate the readings and give the 
optimum speed of operation of the tractor for seed drilling. It reduces the wastage 
of seed which occurs normally by manual sowing. Since it is detachable from the 
cultivator it can be dismantled while using the cultivator alone. The seeds drilled are 
in a regular pattern and which increases the crop yield. The labour cost of the manual 
sowing can be reduced as this equipment is a one-time investment. 

2 Seed Drill 

Shweta et al. [3] state that a row crop is a type of crop that is planted in a series 
of rows and columns in an organized manner. These types of crops are cannot be
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Fig. 1 a Groundnut plant. Source https://www.mtpr.org/post/legume-conquered-world-food-guys-
talk-peanuts, b row planting. Source https://agritech.tnau.ac.in/ta/Agriculture/images-new/oilseeds 

planted using broadcasting techniques. Rather, they have been sown by drilling. This 
uses agricultural machinery which can till the soil and make it ready for sowing. The 
crop rotation strategies were meant to protect the quality of the soil. This helps in 
maximizing the soil’s annual productivity. 

2.1 Peanut 

Peanut is widely grown in the tropics and temperate regions. It is being important 
crop to large commercial producers and also small landholders. It is over about 46 
million tonnes per year of world annual production. These peanuts can fix nitrogen 
and improve soil fertility. This helps in crop rotations and reduces infertility. The 
simple picture of the peanut plant is shown in Fig. 1a. 

The peanut production with the countries ranked India in the second position with 
6.7 million tonnes of production. Hence, this seed drill attachment will be very much 
useful for the farmers in India. 

A garden with row planting shown in Fig. 1b is more visually appealing. Crops 
and plants grow better in rows because roots that need space to crawl freely. Row 
planting is beneficial to farmers because it gives more effective utilization of the 
land. These plant crops need agricultural machinery and tools for better planting in 
the equispaced manner which is tedious process while doing manually. 

2.2 Hand Sowing 

Hand sowing is the process of scattering seeds over prepared ground. Usually, a 
plough is used to make a furrow to incorporate the seed into the soil. Though, it is 
labour-intensive work in many instances small landholders use this method. Highly 
skilled labours or proper practice are required to sow evenly the seed at the proper

https://www.mtpr.org/post/legume-conquered-world-food-guys-talk-peanuts
https://www.mtpr.org/post/legume-conquered-world-food-guys-talk-peanuts
https://agritech.tnau.ac.in/ta/Agriculture/images-new/oilseeds
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Fig. 2 a Hand sowing of seeds. Source https://www.learncbse.in/crop-production-and-manage 
ment-class-8-notes, b Horse-drawn seed drill. Source https://historyoflangarforyoungpeople.jim 
dofree.com/a-little-history/thegeorgians 

distance at the desired rate without the overcrowding of crops. Hand sowing makes 
the production and productivity reduce in overcrowding of crops or improper spacing 
which reduces necessary nutrients for the crops. The hand sowing using bull is shown 
in Fig. 2a. 

2.3 Seed Drill Usage in India 

Kepner et al. [4] stated that the performance of the seed drill is based on the seed 
metering mechanism. Also, the soil and field condition, preparation of seedbed, speed 
of operation and power source affect the performance. Ojha et al. [5] stated that the 
crop yield is affected by various parameters like plant population, row spacing, 
plant-to-plant spacing, type and variety of seed. 

The fluted roller feed type is suitable for grain crops is popular in India. Moreover, 
Goel et al. [6] said that in this device where the seed damage exceeds 3%. Another one 
used was of cell feed type where controlling the seed rate was difficult. Sahoo et al. 
[7] said that cups having semi-circular types were introduced but due to vibration 
and shock, were modified to cylindrical at the top and conical at the bottom for better 
retention of seeds. 

Garg et al. [8] claimed that the seed drills having a cup feed metering mechanism 
can be utilized for various crops only by changing the cups and with minor modifi-
cations. Needham et al. [9] said that single-tube and multi-tube iron seed drills have 
been given an efficient food production system that allowed it to support its large 
population for millennia. Jethro Tull studied new farming techniques invented the 
machine that greatly helped to increase yield by planting seeds in straight lines. He 
also developed a horse-drawn mechanical seed drill shown in Fig. 2b.

https://www.learncbse.in/crop-production-and-management-class-8-notes
https://www.learncbse.in/crop-production-and-management-class-8-notes
https://historyoflangarforyoungpeople.jimdofree.com/a-little-history/thegeorgians
https://historyoflangarforyoungpeople.jimdofree.com/a-little-history/thegeorgians
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3 Materials and Methods 

The project components were manufactured using mild steel because it is easily 
available, easy to machine and weld, easy to operate, cheap in cost, can be recycled 
easily. There are various components used in the seed drill assembly and their design 
consideration are discussed. 

3.1 Design Considerations 

As stated by Quasim et al. [10] the no of tynes and disc is selected based on the 
power of energy available from the tractor [11–14]. As stated by Devnani et al. [15] 
the box capacity is selected and is designed such that the seed will have a continuous 
flow. It is also designed to house the disc, funnel and seeds. It drops seeds at the 
desired seed distance. As stated by Qasim et al. [10], Noor et al. [16] for clay soil 
drilling the cultivator shovel selected is the shoe type into which pipe from the funnel 
to be attached. As stated by Vershney et al. [17] the power is transmitted by chain 
and sprocket from wheel to disc to have better performance. The rugged wheel is 
designed based on various considerations such as seed-to-seed distance, positive 
power transmission. Sahu et al. [18] have made a performance evaluation of seed 
drill in terms of seed rate which is calculated by the experimental setup. Sarker 
et al. [19] made a drum type low-cost multi-seed drill as it is hand-operated which 
is less effective than the tractor-drawn type. Verma et al. [20] which is has a seed 
metering mechanism of fixed type but this seed drill can be added as an attachment 
to the cultivator. Sedara et al. [21] developed a hand-operated seed drill that is used 
specifically for sowing amaranth seeds also has a low seed caring capacity and is 
manually operated. Vagadia et al. [22] had developed a new seed metering mechanism 
with screw conveyor type to increase productivity but it has limitations with the seed 
type. 

3.2 Design of Components 

The box is designed based on the angle of repose of seeds so that the seeds will have 
a continuous flow. The upper half of the box is for storing the seeds and the lower 
half is provided to house the nine discs with cups and funnels. The disc with cups is 
the main mechanism is shown in Fig. 3. The number of cups in the disc is selected 
based on the seed, seed distance and transmission ratio between the rugged wheels 
to the disc. The funnel is placed inside the box to collect the seeds from the cups in 
the disc and then transfer them to the pipe to drop the seeds in the ground. 

It is a box-shaped funnel with a gradual taper to have a continuous unobstructed 
flow of seeds and collect seeds from the disc. It transfers to pipe which drops into
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Fig. 3 Disc design with the seed picking cups welded to it 

the furrows in soil. It has sprocket to transmit the motion between the wheel and the 
discs. It also holds the clutch and the spring. Spring is used to have better contact 
of the wheel with the soil. It is also used to reduce the damage of the wheel from 
obstacles or unwanted loads. The sprocket is used to transmit power between the 
wheel and the shaft with discs. It is designed to provide an appropriate gear ratio and 
also provides positive transmission of the wheel power without any slip. The base 
frame holds the various components of the seed drill such as boxes, discs with cups, 
wheel assembly, transmission assembly, clutch assembly, funnels and pipes used to 
attach the seed drill attachment to the cultivator to be used along with the tractor. 

3.3 Conceptual Design of the Seed Drill 

The designed cad model is shown in Fig. 4a. The detailed and overall dimensions of 
the designed seed drill are shown in Fig. 4b. 

4 Experimental Calculations and Observations 

The experimental setup is used for conducting trials so, the motor speed for various 
speeds of the disc is calculated. The various speed of the tractor and disc for which 
the experiment was carried out is shown in Table 1.
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Fig. 4 a Conceptual design of the seed drill, b detailed design of the seed drill assembly 

Table 1 Various speeds of the tractor, disc and motor for experiment 

Speed of tractor (km/hr) Disc speed (rpm) Motor speed (rpm) 

4 30 60 

5 37 74 

6 44 88 

7 53 106 

9 68 136 

4.1 Calculation of Area Covered by Seed Drill for 100 
Revolutions 

Circumference of wheel = 2 × π × 358 
= 2314.097 mm 

For 1 rev. Distance covered = 2.314 m 

For 100 rev. Distance covered = 231.4097 m 

Width of land covered by cultivator = 225 × 9 
= 2.025 m 

Area covered for 100 revs. of disc = 231.4097 × 2.025 m2 

Area covered for 100 revs. of disc = 0.04686 ha
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Table 2 Observed readings 

Speed 
(km/h) 

Disc 
speed 
(rpm) 

Weight of 
seeds 
dropped 
by three 
discs per 
100 rev. 
(kg) 

Time for 
100 revs. 
(min) 

Weight of 
seeds 
dropped 
by nine 
discs per 
100 rev. 
(kg) 

Weight 
of 1000 
seed 

Area of 
land 
covered 
in 100 
revs. 
(ha) 

Seed 
rate 
(kg/ha) 

Average 
seed rate 
(kg/ha) 

4 30 1.321 3.369 3.962 280 0.0469 84.55 86.813 

1.337 3.345 4.011 85.61 

1.411 3.374 4.231 90.29 

5 37 1.344 2.687 4.032 280 0.0469 86.04 86.213 

1.281 2.658 3.841 81.95 

1.416 2.712 4.248 90.65 

6 44 1.331 2.263 3.992 280 0.0469 85.19 84.751 

1.325 2.246 3.974 84.81 

1.316 2.209 3.948 84.25 

7 53 1.016 1.919 3.048 280 0.0469 65.04 67.777 

1.096 1.941 3.288 70.17 

1.064 1.925 3.192 68.12 

9 68 0.648 1.508 1.944 280 0.0469 41.49 42.087 

0.576 1.525 1.728 36.88 

0.748 1.529 2.244 47.89 

After conducting experiments on the manufactured equipment the various 
readings recorded are tabulated as shown in Table 2. 

Based on the observed readings, inference graphs have been drawn to have a clear 
and quick understanding of the equipment. 

The average rate of seed and the speed of the tractor is shown in Fig. 5a. It is clear 
that the seed rate is constant when the speed of the tractor is in the range of 4–6 km/h. 
If the speed is increased beyond a limit seed rate decreases due to the spilling of seed 
due to excess centrifugal force on seeds. The average seed drops into the furrows is 
reduced because the seed thrown out of the box. The graph between the time for 100 
revolutions of the disc and the speed is shown in Fig. 5b. It is clear that the speed of 
the tractor increases the time for sowing decreases. The graph has a negative linear 
relationship hence speed and time is inversely proportional from this graph. 

The graph between the area covered by the seed drill and the speed of the tractor 
is given in Fig. 6a. It is found that if the speed of the tractor is increased the weight of 
seeds dropped for 100 revolutions of the disc is decreased. If the speed of the tractor 
is increased beyond 6 km/h the seed rate decreases due to the spilling of seeds. This 
results in the wastage of seeds. Also, the area covered for 100 revolutions of the disc 
is constant for all speeds but the time varies for different speeds. The graph between 
the time and the average seed rate is given in Fig. 6b. From the graph, it is found that
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Fig. 5 a Speed versus average seed rate, b speed versus time for 100 revolutions of the disc 

Fig. 6 a Speed versus avg. weight of seeds dropped per 100 revolutions, b time versus average 
weight of seed 

the weight of seed dropped is optimum at only a certain time range. This is because 
at other times, the speed will be more hence the seed will be spilled at the high speed, 
i.e. at low time. 

4.2 Fabricated Seed Drill Attachment 

The fabricated seed drill attachment as per the designed model is shown in Fig. 7. 

4.3 Discussion 

First, the experiments were conducted for the tractor speed of 5, 7 and 9 km/h. After 
getting the readings it is found out that at the speed of 9 km/h more amounts of seed 
are thrown outside without falling into the funnel. Also at the speed of 7 km/h, some 
amount of seeds were thrown out and seed rate is 68 kg/ha which is less than 5 km/h 
(86 kg/ha). So, to find the optimum speed of operation of the seed drill trials were
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Fig. 7 Seed drill attachment with cultivator 

conducted at other speeds of 4 and 6 km/h. From the readings, it is found that the 
seed rate is nearly the same for the speeds 4, 5 and 6 km/h. The seed rates for the 
speeds 4, 5 and 6 km/h are, respectively 87, 86 and 85 kg/ha. Thus from the trials, 
it is concluded that the optimum speed of operation of seed drill is 4, 5 and 6 km/h. 
Also from Figs. 5a, b and 6a, b it is clear that the seed rate is optimum at 4, 5 and 
6 km/h speeds. Thus if the seed drill is operated at 4 km/h and for constant 100 
revolutions of the disc the time taken is 3.36 min with a good seed rate of 87 kg/ha. 
If the seed drill is operated at 6 km/h and for constant 100 revolutions of the disc the 
time taken is 2.24 min with a good seed rate of 85 kg/ha. The seed drill attachment 
is the comparatively best method for sowing the seed instead of the manual method. 

The various advantages of seed drill are as follows:

● Seed drills can be used to drill seeds accurately in a row and in a correct pattern.
● It increases the crop yield by providing the appropriate sunlight, minerals and 

water for the plant.
● Various kinds of seeds can be sown by modifying the cups.
● The equipment can be easily attached and dismantled from the cultivator whenever 

required.
● It reduces the human work, cost of labour and time for sowing the given area of 

land. 

5 Conclusion 

Finally, the seed drill to the tractor-drawn cultivator is designed and manufactured. 
Also, an experimental setup is made to evaluate or test it. Various experiments were
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conducted at various speeds of operation and results and graphs are obtained. It is 
found and suggested that the optimum speed of the tractor is 4–6 km/h as at this 
speed a good seed rate of 86 kg/ha is obtained. Also, it can be used along with a 
cultivator to sow seeds in a regular pattern without damaging them. This equipment 
increases the crop yield and also provides optimum sunlight, minerals and water to 
every plant which is not possible by manual sowing due to overcrowding of crops. 
Seed drill increases crop yield and reduces labour cost and time for sowing. 
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Product Design Intervention 
in Household Water Consumption 
Through Circular Economy 

Sangeeta Pandit and Sachin R. Gupta 

1 Introduction 

In 2015, United Nation Member States, as a general source of inspiration, called on 
the action plan to end poverty, protect the planet, and ensure that all the people should 
enjoy peace and harmony by 2030. On this action, they decided 17 different sustain-
able development goal (SDG) and recognized that action in one area would affect 
outcomes in another and this outcome must balance social, economic, and environ-
mental sustainability [1]. Of the 17 SDG, goals 11 and 12 focus on the sustainability 
of the cities and community and the responsible consumption and production of the 
resources. Every country on the planet is needed to reach these ambitious targets by 
2030. Considering the behavioural pattern of the Homo sapiens, humans are more 
reactive to things than being proactive; a classic example is consumption of household 
water and its disposal and wastage. 

1.1 Type of Household Wastewater 

Household wastewater originates from houses, residential buildings, and different 
institutions. Based on the contamination and composition, it can be classified as 
follows: 

(1) Greywater—the water used in household activities such as bathroom shower, 
kitchen sinks, dishwasher, washing machine, hand washing sink, that have not 
come in contact with human faecal.
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(2) Black water—the water that comes out from toilet outlet, this type of water 
contains bacteria, virus, protozoa, and other pathogen that can infect humans 
when contact with skin or by ingesting. 

Greywater has been taken into interest based on the feature that can be taken as 
a feasible alternative intake of water for non-potable use over the last few decades 
after a specific treatment process. 

1.2 Household Water Consumption and Usage Habit 

According to the Bureau of Indian Standard (BIS), IS: 1172-1993, a supply of 200 
Lpcd is recommended for cities for domestic consumption and 135 Lpcd for the 
lower-income community. Researchers have found that water consumption in Indian 
major metropolitan cities is much lower than the BIS norms [2]. People have limited 
their aspiration and adapted to the available limited water supply [2]. Consumption 
of water per individual in India is less when compared internationally, but India’s 
population density is very high, which increases the daily requirement of water 
supply based on per day consumption. India also struggles with the disposal and 
reuse of household wastewater. In India, approximately 80% of the water that reaches 
households is drained out as waste flow through sewage, polluting other water bodies 
such as rivers and land [3]. Taking the case of rural India, people in rural India are 
reducing household water consumption to meet the shortage of water during the 
summer season. The increase in water consumption by the privileged class people 
is also putting pressure on rural India [4]. More water is consumed by residential 
building than the standalone house for household activities [5]. An increase in water 
using habits for personal hygiene and increased living standards have increased water 
demand which will strain the existing wastewater treatment infrastructure, which will 
reduce the main water supply by per capita [5]. People prefer manual dishwashing 
to the automatic dishwasher, though the device consumes less water than manual 
operation. Considering dishwashing habit, people wash the utensil 2–3 times a day 
regularly. The survey showed that people prefer to wash utensils daily, accounting for 
30 per cent population washed once a day, 40% population twice a day, and 30 per cent 
population thrice a day of the total population [5]. It may be hard to change the habit of 
people, and people resist sudden change. In an experiment conducted, participants 
were taught effective method for manual dishwashing, but 2 out of 3 participants 
denied adopting the method regularly [6]. With the growing awareness for health 
and hygiene, the tendency to move towards sustainable products in dishwashing and 
laundry will become a global trend [7]. According to a study, achieving the SDG 
target for 2030 is impossible without appropriate integrated policies. Despite the 
government’s campaign, there is still a very low awareness of sustainable knowledge 
[8]. This indicates a need for further intervention to create a constraint on how people 
consume commodity and product in urban areas.
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1.3 The Role of Design in Circularity 

Design helps in the upliftment of the human lifestyle. A designer designs according 
to human needs, with the context of time. Any product starts affecting the human 
from a conscious being to an unconscious character. The new circular approach to 
any design should be such that it considers the inside and outside approach to design 
with reducing, reusing, and keeping resource always in the continuous usage cycle 
by increasing the product’s life cycle [9]. 

2 Methodology 

A design research-based pilot study was conducted involving existing field data with 
secondary data. For secondary data, search was done on Google Scholar with the 
keyword combinations (i.e. greywater, household water consumption, behaviour, 
filtration technology, circular economy, and water).This review contributed that how 
different aspects such as behaviour, water, and circular economy are interrelated. 
Further a direct observation study, questionnaire, and interview were conducted with 
the participants to get into an in-depth knowledge of user behaviour, their thinking 
process about the problem, and their solution and goal in term of water-saving habit. 
The study was conducted at Vapi, a city of Gujarat state in India. It is one of the 
rapidly developing industrial cities in the southern part of Gujarat, attracting people 
from neighbourhood villages for job opportunities. Due to population explosion and 
rapid infrastructure development activity, the Vapi city has started facing an acute 
water crisis in the recent year, and still, the demand for water is increasing. Direct 
observation was carried out on the domestic help 3 number of maid and 5 number 
of homemaker. Their physical and behavioural aspects were observed and recorded. 
The study was conducted at residential apartments where water is available 24/7. The 
household activity such as manual cloth washing, sweeping is carried out with the 
help of a bucket, so the amount of water consumed in litre/day is calculated based on 
the number of buckets of water used. The water consumption in litre was calculated 
using the capacity of the water bucket used in washing clothes at each home. In 
addition to direct observation, 12 face-to-face interviews of homemakers took place 
for 45–60 min in February 2021. Of the 12 participants in the interview and question-
naire round, five participants (homemaker) involved in the direct-observation study 
have also participated in the questionnaire round. Table 1 shows the demographics 
of the interview of the participants. For data collection, participants are asked a set 
of formal and informal questions. A semi-structured interview was carried out using 
an updated questionnaire [10]. 

Question related to the circular economy, recycling, and greywater was inten-
tionally avoided to make the whole process of research more frugal in nature. The 
total focus in research was towards the routine and behaviour of the participants, 
to know the micro-behavioural aspect and action of the user in household activities
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Table 1 Participant 
demographics of interview 

Sample size 12 

Gender Female 

Age group 30–45 

Level of education 12th 7 

Graduate 4 

Post-graduate 1 

Occupation Type No of participant 

Home-maker 8 

Professionals 4 

such as manual cloth washing, sweeping, and the product used in these activities in 
Indian scenario, to understand the scope where wastewater reuse can be applied. Two 
opportunities were mapped for these purposes, first opportunity in the direction of 
reusing wastewater from manual cloth washing, and second opportunity was reusing 
water from the RO water purifier. After considering the behaviour and discussing 
the idea with the participant, as a design case study, the design and development 
of a virtual concept design using computer-aided design software Rhino 6.0 and 
rendering software Keyshot 9.0 were used for designing the concept. 

3 Result 

This section provides the result in the structure manner of articulated data. 

3.1 Direct Observation 

The daily water consumption in the cloth washing process is shown in Table 2. 
It was observed that if two buckets of water are consumed in washing, overall a 
quantity remained in the bucket and when collected at end indicate that minimum of 
1 bucket of greywater generated, so it is taken into consideration that the greywater 
produced in washing clothes is equivalent to half of the water consumed in manual 
cloth washing. After washing clothes, the remaining water was directly poured into 
the drainage. The min and max water usage in the eight residences was found to be 
24 L and 45 L, respectively, for manual clothes washing, so min and max greywater 
generation for the same would be 12 L and 22.5 L. While sweeping the floor, only 1 
bucket of water was used at every residence.
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Table 2 Water consumption in manual cloth washing 

Residential 
building 
apartments 

Family size Bucket volume 
(litre/day) 

No. of bucket 
used 

Total 
consumption of 
water (litre) 

Greywater 
production 
(litre/day) 

1 4 15 2 30 15 

2 5 15 3 45 22.5 

3 4 19 2 38 19 

4 3 15 2 30 15 

5 4 20 2 40 20 

6 4 24 1 24 12 

7 4 19 2 38 19 

8 5 20 2 40 20 

3.2 Interview and Questionnaire 

The goal and problem were mentioned by the participant and the action taken in 
that direction. The major goal is to save on electricity bill and water saving. The 
interviewed participant mentioned the past and ongoing problem related to water 
in the city and their cause and solution. The working professional participant had 
hired domestic help for the household work. The majority of participants had no 
previous knowledge or experience of greywater, but they were conscious of rainwater 
harvesting. During summer, the water supply is timely managed in the residential 
building twice a day during morning and evening for 3–4 h. Washing of clothes was 
carried out manually in summer, even though some resident had access to washing 
machine, due to shortage of water for machine requirement and for electricity bill 
saving. Those who once resided in a locality where there was a water availability 
problem had adopted sustainable habits when there was a water shortage, but their 
behaviour changed when they moved to a complex with 24-h water facilities. In the 
same neighbourhood, a residential building with 24/7 water supply was discovered, 
but many residential communities were found struggling to meet their daily water 
requirements due to a lack of groundwater. Participant highlighted the area’s progress, 
as well as the concern about population growth and its impact. They also mentioned 
that they were concerned about their children’s future in terms of what kind of 
environment they would have to live in and the problems they would have to face 
in the future. Discussion with peers happens frequently within the circle on water 
problems. Wastewater from RO filter was drain out in 9 out of 12 residences, other use 
the water for planting purpose and water for air-cooler. On discussion of using grey 
water, Interest on the idea of using grey water was shown by only 7 participants, 
that is also subjective in nature depend on the quality of the water and its safety, 
but participant agreed on idea of using the treated and filter grey water from the 
cloth washing in the current context, also agreed that this should be the future where
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every product and commodity should be such that as nature function, everything is 
recyclable in nature. 

4 Discussion 

In India, major household work was taken care of by the homemaker or the family 
hired domestic help, so they were the primary consumer, creating demand for any 
product. When there is limited water availability, the domestic help and homemakers 
washed their clothes in limited water and compromise due to the water shortage. 
Floor sweeping was a daily activity; the domestic help or maids and the homemaker 
had a habit of taking a calculated quantity of water based on her experience with 
the activity and the surface area to be cleaned. For generating sustainable behaviour, 
there had been a possibility of product design intervention by reusing greywater 
from manual cloth washing for sweeping purpose. People had been shifting from a 
colony with a limited water supply to a residential building (low-income living to 
high-income living) with economic growth. This residential building had facilities 
such as 24/7 water supply, so the fear of water scarcity and commitment to water-
saving habit was diminished from the mind and the behaviour of the users. The same 
situation was found in Jaipur, where a hike in living standards has increased water 
consumption [5]. Moreover, sustainable behaviours are subjective, and consumer 
behaviour plays a significant role in sustainability to a higher and lower degree [11]. 
People knew the importance of saving, but any major behavioural change in their 
daily lives had not been implemented, so it becomes necessary to make the people 
feel the need of saving water and reuse greywater. Campaign in the direction of 
environmental benefits of using greywater and pollution control by using greywater 
should be carried out by government [11]. The future trend of product design is 
moving towards a sustainable lifestyle by consuming eco-product [12]. The focus 
was more towards product design intervention where wastewater from manual cloth 
washing can be reused after treatment. So, a mop unit was conceptualized where 
wastewater can be treated for reuse. This product will have two benefits for society; 
first, it would stop detergent mixed water from directly contaminating water bodies, 
and the second greywater will be reused. It takes on average 4 glass of water to be 
purifier to get 1 glass of purified water. People are not dedicated to saving water, so 
water that is lost in the RO water purifier is directly disposed of in the sewage. Water 
waste from water purifiers is a major problem that the general public ignores. It is 
also the manufacturer’s ignorance to a case like this, Recent ban of Ro-water purifier 
in India pushes the manufacturer to innovate and develop a new design which give 2 
glass of drinkable water from 4 glass of intake water, remaining 2 glasses is shifted 
to over head tank for reuse purpose [13], still we are just shifting the water and not 
directly using it, there is opportunity to design water purifier as a multifunctional 
device.
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4.1 Design Case Study of Mop 

The present mop unit available in the Indian market does not have any provision for 
reusing the wastewater. Adding a feature such as a filter that can strain greywater can 
increase the viability of the product. The mop unit—the product (Fig. 2) is a mop  
system where greywater from manual cloth washing can be filtered and used for the 
sweeping floor. The bucket has an estimated capacity to filter detergent water in the 
range of 8–10 L and reused. Recyclable polymer such as ABS is recommended for 
mop component through injection moulding manufacturing process [14]. The mop 
unit has an activated charcoal filter used to retreat detergent water from manual cloth 
washing which will take a minute to filter the detergent water as it passes through 
the filter. Activated carbon is a form of carbon that has been processed to have a 
massive surface area. Olive stones, natural asphaltites; peach stones base activated 
charcoal had enough close value to high adsorption capacities towards the surfactant 
in the detergents was found in a study [15]. The greater advantage of the filter is that 
it can be recycled and reused by the thermal activation process, which facilities a 
circular design for reuse [16]. The exploded view (Fig. 1) of the product demonstrates 
different component of the concept and its supporting function. For using the mop, the 
wastewater obtained from the manual cloth washing at the end is poured in the mop 
bucket through channel where the wastewater pass through the activated charcoal 
filter and post filter, so that the micro-particle and surfactant get trap and adsorb in 
the filter, and filter water is collected in the bucket for non-potable use for sweeping. 

Fig. 1 Exploded view of mop unit with greywater filter unit



130 S. Pandit and S. R. Gupta

Fig. 2 Representation of mop unit design with greywater filter unit 

4.2 Design Case Study of Multifunctional Product 

Around 4 glass of ground water is used to RO-based water purifier to get 1 glass of 
potable water, Where 3 glass of water is got waste. One of the design opportunities
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Fig. 3 Multifunctional product (water purifier cum cooler) 

is to collect the water and use in air cooler. The multifunctional product—the multi-
functional product (Fig. 3) is a water purifier cum air cooler where the wastewater 
from the purifier is used in air cooler for cooling the space such as kitchen. 

Schematic and working of the product 

The product combined system which consists of Component of the RO-Water purifi-
cation system which consist of RO-based purifier, pre-filter unit, Water storage unit 
along with piping system and an air-cooling unit consist of cooling pad, submersible 
pump, fan, motor and controlling unit (Fig. 4). The water pass through pre-filter and 
through RO-based filter, where the potable water is then pumped to water storage 
unit, and the by-product water is collected into the cooler section where it is pumped 
through a submersible pump to the cooling pad. The water gets evaporated by the 
hot air, and in return, the hot air gets heat dissipated and turns to cold and moist air, 
which is blown to the environment through fan. 

4.3 Concept Evaluation 

Based on the concept evaluation (Table 3), The multi-functional product water puri-
fier cum cooler is selected, as it confront majority of the requirement of the user, 
and considering various factor based on circular design, eliminating water waste and 
ruse in other application along with safety consideration of the user. 

The product can save 75% of water loss in the previous RO water purifier, which 
was getting lost in the current stage in the eco-system. On average in the family of 
four per house, maximum of 48 L of water per day can be saved and reused.
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Fig. 4 General schematic and internal component of the product (top view) 

Table 3 Concept evaluation based on user requirement 

User requirement Greywater-based filter mop Multifunctional product 

1 No disturbance in regular 
activity in life  

The product has to be used 
when required, other than this 
the product required further 
cleaning operation on regular 
basis by the user 

No disturbance in daily life 

2 Safe to use There is risk of bacteria and 
virus infection 

There is no risk involved 

3 Water saving and reuse The min and max value of 
greywater generation in 
manual cloth washing is 
12–22.5 L/day 
So approximately after 
filtration 10 L to 20 L water 
can be saved and reused 

An average human consumes 
4 L of water /day, so a family 
of 4 will consume 16 L of 
potable water 
To get 16 L potable water 
from RO water purifier, we 
have to waste 48 L of water in 
the system 
So, in this product, 48 L water 
can be reused 

5 Conclusion 

Circular economy, behaviour study, and greywater filtration have been a significant 
subject of numerous researchers in different fields. However, the research majorly 
gets limited to policymaking, governance input, and theoretical design framework. 
There was a lack of design input to translate the behavioural result into an idea 
and then to a concept which can be implemented in the real condition to reach the 
sustainable development goal of responsible consumption and production. The paper
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have further taken help of circular philosophy and design research method to study 
user behaviour and given case study that how to make changes in product design 
with view of circular design can make a change in the user habit and environment. 
The case study enables other researchers and designers to develop more conceptual 
product as a circular design reference with reducing and reuse by observing the user 
in a controller environment. Consumer behaviour and habit can be controlled by 
imposing constraint through design. Setting constraint in design becomes necessary, 
as people self-motivation to make an extra effort apart from their regular life does 
not last long. It changes with time and external situation. 
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Numerical Analysis for Roof Rack 
Crossbar Wind Noise Prediction 
and Minimization 

Anand Amrit, Simar Sodhi, and Suhant Ranga 

1 Introduction 

The wind noise around a bluff body is a fundamental problem of fluid dynamics 
and is important in many engineering applications. Few examples include automo-
tive external parts, aircraft landing gears, antennae of submarines, and many more 
architectural design concepts. It is important for engineers to develop a clear under-
standing of aerodynamic noise generation using computationally efficient models 
for quiet technology development in a timely manner. 

The sources of wind noise from crossbars can be divided into three types: (1) 
monopole (fluctuation in mass flow), (2) dipole (surface pressure fluctuation), and 
(3) quadrupole (turbulent wakes). For a typical bluff body like crossbars in a roof 
rack, dipole (Aeolian noise) and quadrupole (broadband noise) are major sources 
of noise that gets propagated to the vehicle interior. An Aeolian tone is a typical 
aero-acoustic phenomenon of dipole nature which is caused by periodic shedding of 
Karman vortices down the flow [1]. Vortex can be induced through many ways, i.e., 
(1) airflow detaches from the crossbar surface and the flow reverses, (2) airflow passes 
over the crossbar surface and loses its energy, and (3) the horseshoe effect, where 
airflow with high pressure moves to the low-pressure flow region. The shed vortices 
manifest in two ways: (1) fluctuating lift forces on crossbars and (2) generation of 
acoustic waves from the crossbar surface. The radiation of sound pressure and the 
structural vibrations are more correlated to fluctuating reaction forces on crossbars 
[2]. The annoying Aeolian tone due to the unstable flow is concentrated around 
a certain frequency and the level of dipole noise increases with the 6th power of 
velocity.
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Reduction of overall vehicle noise has become a high priority for automakers with 
the automotive industry moving toward electrification. Hence, it is important to opti-
mize [3–5] the shape of the crossbar to reduce the wind noise at high vehicle speed. 
There have been several attempts to investigate and minimize the broadband and 
narrowband wind noise from a circular cylinder [6–8]. Further, numerical analysis 
on flow over various bluff bodies has been analyzed to investigate the Aeolian tones 
associated with each of them [9]. An extensive study of wind noise generated by 
vehicle roof racks has already been performed using computational fluid dynamics 
models [10]. 

The focus of the paper is to develop numerical models to predict and minimize the 
tonal noise from the crossbar exposed to turbulent airflow using a faster and accurate 
computational fluid dynamics (CFD) methodology. Karbon et al. [10] worked on  
minimizing the wind noise by analyzing various orientations of the crossbar with 
respect to the wind flow. Lee et al. [2] utilized asymmetric cross-section geometry 
for Aeolian noise reduction. Wang et al. [11] optimized the mounting location of 
the crossbar on the vehicle roof to minimize wind noise. This paper investigates 
innovative configurations on the crossbar surface to mitigate the wind noise issue 
without significant alteration to cross-sectional geometry, orientation, or location. 

2 Methodology 

This section describes the governing equations utilized to solve the unsteady aero-
dynamic problem. Further, it describes the technique to obtain the dipole wind noise 
in terms of sound pressure level. 

2.1 Governing Equations for Fluid Flow Simulations 

The unsteady fluid flow problem is solved using commercial computational fluid 
dynamics (CFD) software, FloEFD. It solves the Navier–Stokes equations, which are 
formulations of mass, momentum, and energy conservation laws for fluid flows. The 
equations are supplemented by empirical dependencies of fluid density, viscosity, and 
by fluid state equations defining the nature of the fluid. A Reynolds number defines 
the type of flow which can be either laminar or turbulent or both. The flow is said 
to be turbulent when the Reynolds number exceeds a certain critical value. Favre-
averaged Navier–Stokes equations are used to predict the turbulent flows, where 
time-averaged effects of the flow turbulence on the flow parameters are considered, 
whereas the large-scale, time-dependent phenomena are considered directly. Addi-
tional information is needed to solve the extra terms known as the Reynolds stresses. 
The transport equations for the turbulent kinetic energy and its dissipation rate are 
solved using the k − ε model.
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2.2 Governing Equations for Noise Prediction Simulations 

Using Proudman’s [12] work, Lilley [13] re-derived the formula for acoustic power 
by accounting for the retarded time difference which was neglected in Proudman’s 
original derivation. The acoustic power due to the unit volume of isotropic turbulence 
(W/m3) can be given by 

Pα = αρ0

(
u3 

l

)
u5 

α5 
0 

, (1) 

where u and l are the turbulence viscosity and length scales, respectively. Also, α0 is 
the speed of sound and α is a model constant. Equation (1) can be also be written in 
terms of k and ε (epsilon) 

Pα = αερ0ε M5 
t , (2) 

where 

Mt =
√
2k 

α0 
, (3) 

The rescaled constant of αε is considered as 0.1 [14]. The acoustic power is 
computed from 

L p = 10 log
(

Pα 

Pref 
10

)
, (4) 

where Pref = 10−12W/m3. 
A point is selected in the fluid domain situated far away from the body under 

investigation and the pressure fluctuations history in the time domain is captured. 
The time domain measurements are necessary to obtain spectral information about 
the frequency domain. The discrete time domain information is converted into its 
counterpart frequency domain using discrete Fourier transform (DFT) as shown here: 

y( fn) =
∑
k 

y(tk)e
−i 2πn N k , (5) 

where N is the number of sample points in time domain, n is the frequency index, 
fn = n 

N�t is the frequency,�t = T N is the time step, and T is the sample period. DFT 
can be computed efficiently using a fast Fourier transform (FFT) algorithm. Power 
spectral density, which is the distribution of signal power in the frequency domain, 
is obtained using FFT as:
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E( f0) =
[ |y( f0)| 

N

]2 

, E( f0) = 2
[ |y( fn)| 

N

]2 

, n = 1, 2, . . .  N /2. (6) 

Further, the sound pressure level (dB) obtained using FFT is given by: 

Lsp( fn) = 10 log

(
E( fn) 
P2 
re  f

)
, n = 0, 1, 2, . . .  N /2. (7) 

where Pref = 2 × 10−5Pa. 

2.3 Numerical Solution Technique to Resolve Boundary 
Layer 

It is always a best practice to perform a grid convergence study before carrying out any 
CFD simulations. It means the grid/mesh on which the Navier–Stokes equations are 
calculated needs to be refined until the results are close to the physical experiments. 
However, FloEFD utilizes two unique approaches known as the “Two-Scales Wall 
Functions (2SWF) model” to couple the boundary layer calculations with main flow 
properties. They are: 

Thick Boundary Layer Approach: This approach is applicable where the number 
of cells across the boundary layer is 6 or more. It utilizes Navier–Stokes equations to 
calculate the laminar boundary layer parameters and the well-known wall function 
approach model [15] to solve the turbulent boundary layer. 

Thin Boundary Layer Approach: A mesh model with 4 or fewer cells across a 
boundary layer utilizes this approach to perform the boundary layer calculations. 
The Prandtl boundary layer equations are integrated along the normal to the wall 
to the dynamic boundary layer thickness (δ) and are solved along a fluid streamline 
covering the walls. Successive approximations based on the Shvetz trial functions 
technology [16] are used to solve a laminar boundary layer. A turbulent or transitional 
boundary layer is solved employing the Van Driest hypothesis [15] 

A compilation of the above two approaches is used to solve intermediate cases 
(laminar and turbulent flows). The latter approach is very useful as it helps to obtain 
almost accurate results in a short time. The solution accuracy may fall off as the 
number of computational mesh elements is increased which can be seen in the grid 
convergence study discussed in Sect. 3.1. The main reason behind this is that the 
mesh might be too refined for the thin boundary layer approach, but insufficiently 
fine for the thick boundary layer approach. The accuracy improves gradually on 
further refinement of the computational mesh.
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3 Numerical Results 

This section validates the numerical results with experimental data using an aero-
dynamic problem involving a right circular cylinder. Further, wind noise prediction 
from crossbar and minimization of the same is discussed. 

3.1 Validation Case: Three-Dimensional Circular Cylinder 

The aerodynamic problem consists of a circular cylinder with a diameter of 10 mm 
and a free-stream wind velocity of 72 m/s corresponding to Re ≈ 48,300 [7, 8]. 
Figure 1a depicts the dimensions of the fluid domain utilized to perform the compu-
tational fluid analysis. A spatial mesh resolution of wall y-plus value approximately 
equal to 1 (distance of the first layer from the wall is equal to 1e-5 mm) is employed on 
the cylinder wall to resolve the near-wall flow as shown in Fig. 1b. Based on the type 
of flow, the mesh region near the cylinder wall is refined (boundary layer thickness, 
δ = 3 mm) to properly resolve the boundary layer flow. Point A which is 1850 mm 
right above the circular cylinder is selected to capture the pressure fluctuations due 
to flow over the cylinder. A grid convergence study is performed to obtain the mesh 
size needed to capture the near-field pressure fluctuations as given in Table 1. The lift 
coefficient (Cl), drag coefficient (Cd) (see Fig. 2a), and the maximum sound pressure 
level (SPL) in the frequency domain of the cylinder are evaluated and compared 
against experimental results [7, 8]. Table 1 indicates Mesh 5 is in good agreement 
with the experimental data. The CFD model is also able to capture the Aeolian tone 
accurately as shown in Fig. 2b. Thus, the capability of the CFD software and the 
models involved are validated. 

Fig. 1 a Fluid domain and b Mesh architecture of the fluid domain
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Table 1 Grid convergence study 

Number of fluid 
mesh elements 

Number of fluid 
surface mesh 
elements 

Max Cd Max Cl Max sound pressure 
level (dB) 

Mesh 1 483,727 6768 0.9 0.9 93 

Mesh 2 498,950 6768 0.78 0.7 84 

Mesh 3 551,168 26,496 0.9 0.9 86 

Mesh 4 839,516 11,808 0.85 0.85 84 

Mesh 5 1,165,632 184,128 0.9 0.9 84 

Experiment value [7, 8]: 1.01 0.9 84 

Fig. 2 a Aerodynamic forces on the cylinder and b verification of computational results 

3.2 Single Crossbar 

The three-dimensional computational model consists of a single crossbar inside a 
cuboidal domain, as shown in Fig. 3a. The cross-section (see Fig. 3b) is like that 
of an airfoil with a thickness to cord ratio (t/c) of 43% and chord length (c) of 
70 mm. The length of the crossbar is approximately 1000 mm which demanded 
a large computational domain. Since such a large computational domain can be 
significantly time-consuming, only 50 mm length of crossbar is utilized for CFD 
analysis with periodicity boundary condition as shown in Fig. 3a. Points A and B 
are selected within the computational domain (as shown in Fig. 3c) to capture the 
fluctuations in static pressure from the time-averaged CFD solution. They are further 
postprocessed to obtain the sound pressure level (dB) in the frequency domain as 
described in Sect. 2.2. 

The objective of the analysis is to predict the wind noise from the horizontal 
crossbars of roof rack system. To capture a perfect von Karman vortex shedding, the 
crossbar is rotated to 20° with respect to the wind flow direction which replicates 
the vehicle mounting configuration. The wind speed maintained at 40 m/s with a 
Reynolds number of 7 × 104 is expected to produce von Karman vortex shedding
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Fig. 3 a Fluid domain, b cross-section of the crossbar, and c noise measurement point 

corresponding to St = 0.2 [17]. The following equation gives us a first-order estimate 
of the frequency of the expected tones 

f = 
St V 

d 
∼ 300 Hz, (8) 

where St is the Strouhal number and V is the wind speed. Further, d is the charac-
teristic vortex shedding dimension which is also the height of the wake behind the 
crossbar and can be determined by the following equation 

d = c sin(AoA) ∼ 24 mm, (9) 

where AoA is the angle of attack of the wind flow with respect to the crossbar. 
The CFD parameter settings used to run the simulation are given in Table 2. The  

transient flow analysis is run for 0.4 physical seconds, and the pressure fluctuations 
at Point A and B are recorded for 0.3 to 0.4 s only. The pressure data is processed 
using Fast Fourier Transformation as explained in Sect. 2.2, and the Aeolian tones 
are obtained at a frequency of 300 Hz as expected (see Fig. 4a). The Karman vortex 
street behind the crossbar is clearly captured in Fig. 4b where the vortices are shed 
from alternating sides (top and bottom). These shed vortices interact with each other 
and significantly contributes toward a high Aeolian tone of 102 dB at Point A and 
91 dB at Point B. Figure 5 indicates a fluctuating lift force on the crossbar due to 
pressure fluctuations and an average drag force of 0.63 N. The aerodynamic forces 
indicated in this paper are calculated only on 50 mm length of the crossbar.
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Table 2 List of parameters 
utilized in the numerical 
analysis 

Parameters Values 

Platform 20 processors 

Density 1.225 kg/m3 

Dynamic viscosity 1.85e-05 N-s/m2 

Velocity 40 m/s 

Reynolds number 7 × 104 

Boundary layer thickness 3 mm  

Turbulence intensity 4% 

Turbulence length 17 mm 

Wall spacing 1e-5 m 

Fig. 4 a Comparison of Aeolian tones and b wind velocity contour 

Fig. 5 a Drag force on the crossbar and b lift force on the crossbar
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3.3 Wind Noise Minimization 

Several crossbar configurations are investigated to understand their effect on the 
overall wind noise and aerodynamic forces (as given in Table 3). Following modi-
fications are added on the entire length of the top surface to obtain three different 
crossbar designs (as shown in Fig. 6): 

(1) Circular holes 
(2) Oval holes 
(3) Spiral ribs. 

CFD analysis (similar to that in Sect. 3.2) is performed on each of the three config-
urations and compared to a plain crossbar as given in Table 3. Clearly, there is a rise in 
drag and negative lift forces with hole configurations. However, the drag was reduced 
and lift remained almost the same with spiral ribs configuration. Further, all three 
configurations (b, c, and d) generate an Aeolian tone that is significantly less than that 
by the plain crossbar. Figure 7a indicates the circular hole configuration has two peaky

Table 3 Comparison of aerodynamic forces and wind noise 

Crossbar 
configuration 

Geometry 
details (mm) 

Spacing 
(mm) 

Average drag 
(N) 

Average lift 
(N) 

Max. SPL at 
Point B (dB)  

(a) Plain – 0.63 −1.52 101.89 

(b) Circular hole Diameter = 
16 
Hole depth = 
3 

50 0.80 −2.38 77.8 

(c) Oval hole Major axis = 
35, 
Minor axis = 
15 
Hole depth = 
4 

60 0.94 −2.76 61.26 

(d) Spiral ribs Max. rib 
height = 1.5 
Max. rib 
length = 17 

50 0.64 −1.66 56.44 

Fig. 6 a Plain crossbar, b circular holes, c oval holes, and d spiral ribs
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Fig. 7 Comparison of a Wind noise and b lift forces 

noises within 0–300 Hz but its intensity is still less than that produced by the plain 
crossbar. Oval-shaped hole configuration and spiral ribs configuration have almost 
equivalent noise reduction effects within 0–300 Hz with the latter hardly generating 
any Aeolian tone. Among the three configurations (b, c, and d), the crossbar with 
oval holes generates relatively higher broadband noise similar to that by the plain 
crossbar in the high-frequency range (>1000 Hz). The crossbar with spiral ribs is the 
best design as it has the least aerodynamic forces and wind noise in both narrow and 
broadband. Further, Fig. 7b indicates the intensity of vibration is significantly less 
than that of plain crossbar which makes spiral ribs the best choice.

The velocity component field perpendicular to the direction of wind flow shows 
periodic vortex shedding from the alternate directions, as shown in Fig. 8a. However, 
as we move from (a) to (d), the flow stabilizes and changes its distribution from the 
time-dependent behavior with vortex shedding to the steady-state symmetric shape. 
Since there is no periodic vortex shedding in crossbar with spiral ribs, the intensity 
of the fluctuating lift force is reduced significantly (see Fig. 7b). Thus, no Aeolian 
tones are generated. 

4 Conclusion 

Numerical analysis and design modifications are performed to predict and mini-
mize the wind noise generated by the crossbars of a roof rack system on a vehicle. A 
commercial CFD software is utilized to solve the aerodynamic problem. The pressure 
fluctuations data is collected from a point in the fluid domain that is some distance 
above the crossbar. Further, the same data is processed using Fast Fourier Transfor-
mation (FFT) to obtain the narrowband (Aeolian tones) and broadband noise in terms 
of sound pressure level. Next, several crossbar configurations involving modification 
to its surface are analyzed to investigate their effect on the wind noise. It is concluded 
that crossbars with spiral ribs will lead to a remarkable reduction in both narrowband 
and broadband noise.
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Fig. 8 Wind velocity component perpendicular to upstream flow: a plain crossbar, b crossbar with 
circular holes, c crossbar with oval holes, and d crossbar with spiral ribs 
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Development of Close Celled Cenosphere 
Based Polymer Syntactic Foams 

Ch. Sri Chaitanya, P. Gopinadh Chowdary, G. Chitti Babu, 
and R. Narasimha Rao 

1 Introduction 

Transportation is a major cause of the release of greenhouse gases. The vehicles 
manufactured utilizing materials with higher densities require large amounts of 
energy to transport them. The research to prepare composite materials that can be 
used as auto-motive structures is required to reduce the energy demand in the trans-
portation sector and thereby reduce emissions. The density of the composite material 
can be reduced by adding porosity to it [1]. The porosity in the syntactic foams is 
achieved by adding hollow micro balloons to the matrix. These balloons can be a 
ceramic, polymer or fly ash based [2]. 

The porosity reduces the weight of the composite material but it is expected to lose 
its strength with the additional porosity. Hence, most of the initial research concerning 
the development of the syntactic foams was focused on the compression deformation 
of the foams. The micro balloons that are present in the foam compact during its 
compression. This compaction of the hollow particles creates a wide densification 
region in the stress-strain curve of syntactic foams. The wider the densification strain 
zone of the syntactic foam, the higher is the area under the stress-strain curve [3]. 
The compression properties were studied in the low-velocity impact [4], quasi-static 
compression [5–7] and dynamic compression [7–9] conditions. 

The study of wear properties was conducted once the mechanical properties of 
the syntactic foams appear to be good. The wear debris collected in the pores created
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by the broken cenospheres acted as the protective layer and reduced the wear rate. 
Based on the tribological parameters, the shells from the micro balloons are either 
crushed to powder or remain as hard shells. These influence the wear rate and the 
coefficient of friction. The powdered shells of micro balloons or the wear debris help 
in reducing the coefficient of friction and wear rate. If the shells remain coarse, the 
debris will stick in between the sample and counter surface. These will damage the 
surface of the sample and increase the wear rate [6, 10, 11]. Cenospheres, which are 
the by-products of thermal power plants, can be used as hollow micro balloons if the 
size of the balloons is graded to get an even distribution of size [2, 10]. 

In the present study, the development of epoxy-based syntactic foams was 
reported. The manufacturing of the foams and compression strength of the foams, 
when manufactured by using mechanical mixing of the cenospheres, was reported. 

2 Materials and Methods 

Polymer matrix-based syntactic foams were manufactured for the current study. The 
matrix was made of bisphenol-based epoxy resin (LY551) and hardener (HY951). 
The epoxy resin and the hardener are used in the ratio of 10:1 by weight as a matrix. 
The mixing was done until a visibly uniform distribution of the cenospheres was 
achieved in the epoxy resin. The mixture was then allowed to settle for a minute. 
One part of the hardener was taken for ten parts of epoxy resin and added to the 
epoxy–cenosphere mixture. The stirring process was continued to mix the hardener 
to the epoxy–ceno- sphere mixture. The mixture was then poured into dies as shown 
in Fig. 1. The dies, if placed in the open air, may affect the strength of the foam and the 
cenospheres move to the surface due to the density variations. The dies were sealed 
with polythene sheets to reduce the effect of the atmosphere on syntactic composites 
while curing. After the curing time, the samples were checked whether they were 
cured and removed from the dies. 

Fig. 1 PVC pipe dies are 
used during the 
manufacturing of syntactic 
composites
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The samples obtained were checked for the external defects on the surfaces of 
the samples. The defective samples were discarded. Accumulation of cenospheres 
reduces the bond strength between the cenospheres and matrix due to the lack of 
sufficient matrix. To check the uniformity in distribution of the cenospheres in the 
matrix, some samples were randomly selected and the surfaces were observed under a 
scanning electron microscope. The samples were then machined to the dimensions of 
the samples required for the experiments. These samples were cleaned with acetone 
and tested for density. 

The density of the syntactic foams was studied in this work. Density can be 
obtained theoretically using the rule of mixtures or experimentally using Archimedes’ 
principle. From the rule of mixtures, the density of a sample was obtained as the 
combination of the densities of the constituents and their volume fractions. The 
equation to calculate the density of syntactic foam using the rule of mixtures is 

ρfoam = ρcvc + ρeve + ρhvh (1) 

The volume fraction of each material is given by ν. The weight of the sample 
was measured in air and then when immersed in water. The specific gravity of the 
sample was obtained by dividing the weight of the sample in air with the weight 
loss in water. The weight loss in water is the weight of the sample subtracted from 
the weight of the sample in air. Equation 2 shows the calculation of density using 
Archimedes’ principle. 

S.G. = (Wfoam)air 

(Wfoam)air − (Wfoam)water 
(2) 

In the present study, both the theoretical and experimental methods were used to 
calculate the density and compared with each other. 

The compression testing was done using a universal testing machine (UTM). The 
UTM machine used for the study can impart a maximum load of 100 kN. The speed 
range of compression or tension of the machine is 0.0005 mm/min to 500 mm/min. 
The testing space for sample placement is of 600 mm × 600 mm with the scope to 
measure the deformation of the sample from 10 to 800 mm. The test follows ASTM 
D638 standard for tensile properties of plastics and ASTM D695 for the compressive 
properties. 

It can be used to test the behaviour of a material in tension, compression, bending, 
shearing and torque. Axial strain is a dominant strain during the compression tests. 
The axial strain measures the deformation of the sample due to the force along the 
axis of the sample. Strain gauges are used to measure the strain. Control parameters 
and the sample dimensions are given to the computer. The displacement rate of the 
moving arm of the universal testing machine was given in mm/min. The specimen 
dimensions like the diameter of the sample and the length to diameter ratio were 
given to the machine which calculates the strain and stress from the displacement 
data and the load system. The data from the strain gauge was obtained from the 
machine and converted to digital. The data was used to calculate the strain rate and
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the stress with the software that is connected to the machine. The software outputs 
the time, load, compression, stress and strain. This data was used to plot the stress 
vs strain curves and the area under the stress vs strain curves was calculated from 
the data using Eq. 3. 

Energy =
(

σ dε (3) 

The stress-strain curves obtained above will have a linear deformation zone at the 
initial stages of compression. The slope of this linear deformation zone is called the 
effective modulus of the syntactic foam. The effective modulus of syntactic foams 
is calculated from the obtained stress-strain data and compared with the effective 
modulus of syntactic foams obtained from finite element studies of the same. 

3 Results and Discussion 

The density of the syntactic foams is measured using theoretical techniques and 
experimental techniques. The density is obtained theoretically by using the rule 
of mixtures principle. The densities of each of the constituent materials and their 
concentration in the sample are used to calculate the density of the syntactic foam. The 
densities of the syntactic foams obtained experimentally and theoretically are shown 
in Fig. 2. The densities of samples obtained from both methods should be near to 
each other. Differentiation between the results is attributed to the defects induced into 
the samples during manufacturing, some human errors during the experimentation, 
machine zero errors in weighing balances and rounding of the density values of the 
constituent materials. 

Among the above-mentioned reasons, the difference between the densities due to 
defects induced into the samples during manufacturing is significant. The samples 
with defects will reduce the strength of the material and interfere with the experi-
ments. Avoiding these samples reduces the discrepancies in the experimental results. 
Hence, the samples with the experimental density outside the range of 5% around the

Fig. 2 Comparison of 
theoretical and experimental 
density of Syntactic foams 
with the variation of the 
cenosphere volume fraction
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theoretical density are discarded from usage for experimentation. From the experi-
ments, it is observed that the density of the 40% syntactic foam was reduced by 7.8% 
when compared to the 10% syntactic foam.

The scanning electron microscope is employed to observe the surfaces of the 
syntactic foam samples manufactured for the study. The samples were sealed and kept 
in an air-tight container to avoid atmospheric interaction with the material. The non-
uniform distribution of cenospheres leads to a strong variation in syntactic foam. The 
non-wettability of cenospheres leads to the lack of superior quality bonding between 
the matrix and cenosphere surface. The distribution of the cenospheres in the matrix 
of syntactic foams is shown in Fig. 3. Syntactic foam samples are randomly chosen, 
at least three per variety of foam and observed under a scanning electron microscope 
at different locations on a surface and on different surfaces along the axis. The lack 
of cracks or gaps at the interface of the cenosphere and matrix indicates that the 
syntactic foam samples are suitable for experimentation. There are no damages to 
the surface of the syntactic foams. Minor damages may have been caused during the 
transportation and preparation of samples for the study. These are minute in number 
and smaller in size and can be neglected. 

The samples used for the compression test are cylindrical in shape with a diameter 
of 2.5 cm and length to diameter ratio of 1.5, i.e. 3.75 cm. The epoxy matrix and 
cenosphere mixture were poured into dies of 1.25-inch (3.175 cm) diameter and

Fig. 3 The scanning electron micrograph of a syntactic foam sample shows the cenosphere 
distribution in the epoxy matrix
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Fig. 4 The schematic of the 
syntactic foam samples 
prepared for the compression 
test 

sealed. Syntactic foams with three different volume fractions of 20%, 30% and 40% 
were chosen for the study. The lower volume fraction of 10% of porosity was not 
included in the study because the trends of the compression behaviour do not vary 
significantly at lower volume fractions of the porosity. Adding experiments and their 
repetitions for the 10% volume fraction foams increase the experimental cost without 
significant addition of insights to the study. The schematic of the sample was shown 
in Fig. 4. After curing, the samples were taken out of the dies by cutting the dies. 
Obtained samples will have some protrusions and waviness on the surface along with 
some surface damage. These damages can be removed by machining.

The peak strength of the syntactic foams manufactured with the lowest size grade 
cenospheres (0–75 µm) and three-volume fractions was shown in Fig. 5. The exper-
iments that are presented in Fig. 5, are conducted at a strain rate of 0.0004 s−1. The  
syntactic foams with lower porosity fractured earlier compared to the foams with 
higher porosity. This may be due to the compaction of the cenospheres being more 
in higher porous materials. The stress-strain curves follow a linear pattern until the 
peak strength is reached and then a wide densification region is observed. The vari-
ation in the peak strength with the variation of porosity of the syntactic foams is 
negligible. The variation of the peak strength of the syntactic foams with cenosphere 
volume fraction is within the range of 2%. Hence, it can be concluded that the effect 
of the volume fraction on the peak strength. 

The syntactic foams with higher porosity absorbed more energy than the foams 
with lower porosity. The energy absorption capability of the syntactic foams more 
than doubled when the cenosphere volume fraction increased from 30% volume 
fraction to 40% volume fraction. The wider densification region increases the area 
under the stress-strain curve thereby the total energy absorption capability of the 
syntactic foam. The total energy absorbed per unit volume of the syntactic foams 
made using different volume fractions of cenospheres is shown in Fig. 6. Total energy 
absorbed by 40% cenosphere syntactic foam is three times higher than the syntactic 
foam with a 20% cenosphere volume fraction in this case. 

The stress increases linearly in the initial phase until the plastic deformation starts. 
The slope of the linear portion of the curve is the modulus of syntactic foam. The 
modulus of the syntactic foams remains the same for all the cenosphere volume
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Fig. 5 The peak compression strength of the syntactic foams with 20%, 30% and 40% volume 
fraction cenosphere when compressed at a strain rate of 0.0004/s 

Fig. 6 The energy absorbed by the 20%, 30% and 40% vol. cenosphere syntactic foams when 
compressed at a strain rate of 0.0004/s

fractions. The compressive strengths of the cenospheres used in manufacturing the 
cenospheres vary from the compressive strength of the matrix. This variation of the 
strength has little effect on the peak strength of the syntactic foams. This shows that 
the cracks initiated in the matrix and are propagated to the cenosphere shells. The 
cenosphere shells are made up of alumina and silica, which are brittle in nature and 
the epoxy resin matrix is brittle. The syntactic foams made from the combination 
of these two materials exhibit similar properties, i.e. brittle nature. The compaction



154 Ch. Sri Chaitanya et al.

of the pores formed from the cenospheres is lower compared to the syntactic foams 
manufactured using the matrix with elastic properties. As the syntactic foams are 
compressed, the shearing and the crushing of the cenospheres suddenly change the 
stress abruptly. This abrupt change in stresses causes the stress-strain curve to fluc-
tuate in the densification region. The failure occurs by shearing and crushing the 
cenosphere shells. The more compression in the foam indicates the larger energy 
absorption as the peak stress is the same for all three types of foam. As mentioned 
earlier the cracks may have started in the matrix and propagated through it to the 
failure. The probability of the crack to avoid the cenosphere shell during propaga-
tion is higher for lower volume fraction cenosphere syntactic foams when compared 
to higher volume fraction cenosphere syntactic foams. When the cracks reach the 
cenosphere shell, they can propagate either by cracking the cenosphere shell or by 
debonding the bond between the cenosphere shell and the matrix. Both cracking the 
cenosphere shell and debonding the cenosphere shell from the matrix require more 
energy than the crack propagating through the matrix. More porosity also increases 
the densification strain.

4 Conclusions 

The epoxy-based syntactic foams were manufactured using a mechanical mixing 
pro- cess. To study the effectiveness of the manufacturing procedure, the densities 
of the samples were noted and observed using SEM. The conclusions of the study 
are presented here.

● The samples with higher cenosphere volume fractions showed densities closer to 
the theoretical densities. This can be attributed to the easier mixing and ability to 
get uniform distribution is good for higher concentrations

● The Scanning Electron Micrographs showed negligible damage to the cenospheres 
during the manufacturing process. Acceptable distribution and bonding were 
achieved.

● The volume fraction of the cenospheres does not have a considerable effect on 
the peak compressive strength of the syntactic foams.

● The energy absorption capability of the syntactic foams increases with the increase 
in the cenosphere concentration. 
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Design of Snake Robot with 28015 PING 
Ultrasonic Distance Sensor and Arduino 

Nikita Venkatesh Mishra, Amiya Dash, and Shuvabrata Bandopadhaya 

1 Introduction 

The snake robots can be provided with tools for making them self-sufficient. We can 
use these snake robots to move through small underground pipe networks. They can 
travel in any direction, making them useful for assessing small spaces. They may also 
be utilized for search and rescue missions at disaster sites [1]. The need something 
that can move in any possible direction and can move through small holes, can climb 
hills or trees, and even can dig the earth. This gave the idea of the robot that completely 
resembles the real snake [2] and can use its motion for reaching the places where 
human intervention is not possible. The serpent: Snakes are biological creatures that 
can move in every possible direction. They can move forward, backward, and even 
sideways. The snakes are non-vertebrate reptiles that are commonly known for their 
way of motion. The most common motion of the snake is the lateral undulation [2]. 

For these expectations to be fulfilled, the SnakeBot has a modular design with, 
here, seven segments. This replicates the spinal muscles of the snakes which are 
responsible for its motion. The body of the robot is designed using 3D printing, 
and then, seven servo motors are connected to Arduino Uno serially. The Arduino 
receives signals from the sensor, which in turn controls the servo motors. For having 
certain amount of control with the operator, a Bluetooth module can be connected 
to the Arduino. This would help the operator to guide the Arduino using an app 
connected through using the Bluetooth module. And to further detect the presence of 
human, a thermal sensor can also be connected in the head. When facing an obstacle,
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it can record the temperature and instruct whether it resembles the heat transmitted 
through humans [3]. 

Based on this theoretical study, designing a real-life prototype of the SnakeBot, 
to verify the usability, will be costly and time-consuming. Instead, using Tinkercad 
with the help of a Web browser, an online program for modeling and simulating 3D 
designs will be efficient [8]. 

In this paper, a snake robot with an ultrasonic sensor, to have an autonomous 
motion, using Arduino has been proposed. The stimulated prototype of this SnakeBot 
consists of a head segment followed by seven segments that induce the lateral undu-
lation motion. In the head, Arduino Uno acts as centralized controlling unit and is 
connected to an ultrasonic distance sensor. This paper follows a structure for under-
standing the various aspects of the proposed design. We will discuss the design 
methodology proposed in Sect. 2, discuss the communication flow in Sect. 3, and 
conclude the paper in Sect. 4. 

2 Design Methodology 

This section describes how to design a robot snake. This mainly can be discussed by 
dividing into two phases. The physical design will be covered in the first phase of 
designing the robot, whereas the second phase will involve the control panel design. 
The methodology for designing the snake robot consisting of distance sensor and 
Arduino is discussed here. Figure 1 shows the components involved in the proposed 
design of the snake robot. 

Physical design of robot: A snake robot is hyper-redundant and resembles a biolog-
ical snake. Designing of these snake robots is done in such a way so that the motion 
of the snake can be exactly copied. This can be achieved by transferring the muscle

Fig. 1 Components in 
proposed snake robot
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Fig. 2 Forces acting on segments of the SnakeBot 

movement of a real snake into the robot. The movement of the snake is because of 
the contraction of the muscles around the joints which are present in the spine.

Lateral undulation is the most common motions of all the serpents. It is also 
referred as serpentine crawling. The muscle in the spine helps them to perform the 
wavelike motion which can also propagate backward direction along with the body. 
The sides of the body push against the irregularities which are present on the ground 
and exert force perpendicular to the existing position [4]. This is shown in Fig. 2 [7]. 
This is replicated in the robot with its modular structure of the model. The frictional 
forces act at different points on the robotic segments of our snake. Consider points 
at the end and the front of a segment. When the endpoint pushes against ground, a 
force is generated, at the point which is center of mass of the segment, which pushes 
the front end forward [5]. 

Designing of the robot is the resultant of the global demands and is extended to 
include specific requirement for the design and as well as necessities [7]: 

1. The robot must be autonomous, which means that it can perform tasks without 
any external interference. 

2. The friction between the robot and the ground must be anisotropic for the lateral 
undulation to be proper. 

3. The energy source must deliver enough energy to drive the angular actuators. 
4. Microcontroller must be able to handle the control algorithm and communicate 

with the hardware. 
5. The structure and material of the robot should be stable as well as strong to hold 

the stress that will occur during the movement of the robot. 

Considering the above requirements, the design proposed here consists of a 
distance sensor to make the robot autonomous, segmented body to get proper friction 
between the ground and the robot, an energy source of 9 V to sufficiently provide 
power to each segment in the body, Arduino Uno with ATmega328P microcontroller 
to give commands to the snake robot [9]. 

A robot’s physical model can generally be divided into two parts: the snake’s head 
and its entire body. The front part of the snake robot forms its head. The electronic 
control device required for movement and the required sensor are connected to the 
head. A microcontroller board is also added here (we can also add a Bluetooth module
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if operator control is required). In order to design the robot to have autonomous 
movements, it must be responsive to the surroundings it is in. This can be achieved 
through multiple choices of visual inputs, such as global positioning systems and 
integrated sensors. In this proposed design, the robot uses range-detecting ultrasonic 
sensors. In an ultrasonic distance sensor, ultrasonic waves are emitted which collide 
with any item at the front, if any. After collision, the waves get reflected back to the 
sensor, where they are converted to electrical signals which can be read to find out 
the distance of the item at front [10]. The sensor used here is 28015 PING REVC 
ultrasonic distance sensor, which is at the forefront to measure and analyze the space 
in front of the snake robot. Ultrasonic distance sensor’s SIG is connected to Arduino’s 
A0, 5 V to 5 V power supply pin, and Arduino’s Gnd is connected to ground pin 
(GND) [11]. 

To handle the movement and the sensor input, an Arduino Uno microcontroller 
is used. The Arduino card is equipped with an Atmega328 processor running on 
16 MHz clock frequency. It has 6 analog inputs, 14 pins for digital input and output 
(among these six allow pulse-width-modulated signals as output). One of the analog 
inputs are used for monitoring the sensor. The board can communicate at a speed 
which works well with the chosen servo motors. The microcontroller, here, utilizes 
Arduino Uno, with ATmega328P microcontroller. This Arduino Uno helps with the 
commands needed to operate the robot’s mobility [12]. A common energy source for 
the Arduino and ultrasonic distance sensors has been used. Both the microcontrollers 
and sensors need 5 V to function. The Arduino has an on-board voltage regulator 
that provides 5 V output when supplied with a 7–12 V input. It is used for driving 
both the microcontrollers and the sensors. 

The body of the robot is made up of seven segments connected serially, which 
follow the head. Each segment comprises of a micro servo motor that help in the 
serpentine motion. The servo motors’ axes form an angle of 90° between them 
(perpendicular to each other), allowing them to have motion in all the axes at the 
same time (movement in three axes). The servos operate at a voltage of 9–12 V. A 
9 V power supply is used to supply power to the motors. Every micro servo motor’s 
power and ground pins are linked to the positive and negative terminals of the battery, 
respectively. The servos’ signal pins are linked with the digital pins, namely D3, D4, 
D5, D6, D7, D8, and D9 on the Arduino board [13]. The connections in the circuit 
are depicted schematically using Fig. 3. 

3 Communication Flow 

The communication flow in the robot is shown in Fig. 4. The space in front of the 
robot is analyzed whether to have an obstacle by the 28015 PING sensor [14]. PWM 
(pulse-width modulation) signals delivered from the Arduino to the servo’s signal 
line drive the motor. The pulses’ width is used to control the positioning of the servo’s 
output shaft, which can then be utilized to adjust the snake robot’s direction. The 
servo will shift to the neutral position (90°) when a signal with a pulse width of
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Fig. 3 Schematic of circuit connection 

1.5 ms (ms) is sent, i.e., it will face forward to resume the serpentine motion in the 
same path. The pulse widths for the min (0°) and max (180°) positions are commonly 
1 and 2 ms, respectively. These will tell the servos to shift their directions to the left 
or right, respectively [6]. 

Here, the distance to the obstacle is checked whether it is less than the tolerable 
distance (an already assigned value of distance in the code). If the distance is more 
than the tolerable distance, the sensor sends the signal to Arduino, and as per the 
commands given to the servo motors by the Arduino, the robot continues its motion 
in the same direction. If the distance is less than the tolerable distance, the sensor 
sends the signal to Arduino, and as per the commands given to the servo motors, the 
Arduino stops the motion of snake robot, and it also commands the head to turn in 
right and left directions. The sensor again measures the distance of the obstacles in 
these directions and sends signal to the Arduino. The Arduino accordingly in turn 
gives the commands to servo motors to continue the motion in the desired direction. 

Fig. 4 Communication flow
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4 Conclusions 

The design of a snake robot using the 28015 PING REVC ultrasonic distance sensor 
and Arduino is proposed in this paper. The distance sensor inspects the space in front 
of the snake robot and signals the centralized control unit, which in turn accordingly 
controls the locomotion of SnakeBot. These snake robots will be effective and have 
a wide range of application. Because of their snake like structure, they can move 
through tight place such as narrow pipes, tunnels, can dig the ground, and even 
they can climb hill and trees. Because of their structural advantages, they can even 
swim under water. With additional technical integrations like GPS systems, cameras, 
and thermal sensors, the versatility of these robots can be increased. The scope of 
integrating artificial intelligence in SnakeBot is being researched at NASA. These 
prospects will help the snake robots become an integral part of the search and rescue 
team. 
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Arduino-Based Unmanned Vehicle 
to Provide Assistance Under Emergency 
Conditions 

V. Pavan Kumar, B. Venkateswara Rao, G. Jagadeesh Harsha, 
M. D. John Saida, and A. B. V. Mohana Rao 

1 Introduction 

“Catastrophe”, whether it’s artificial or inborn, for instance earth tremors, inundation, 
tornados, multi-storied collapse present a never-ending challenge for the aid team 
services [1]. So as to tackle with alike disaster effects and damages in a rapid and 
steady coordinated manner, the accurate information at its best is the much-needed 
requirement and would be an asset for aiding teams [2]. Considering an incident that 
occurred in the Vishakhapatnam gas spill around 5 villages are affected because of 
the lack of appropriate information in time, near the village of Venkata Puram [3]. 
The UAV gain more popularity, with their flexibility and movability and reasonable 
price, unmanned aerial vehicle (UAV), well known as drones, remarkably came in 
to spot light by being use of diverse applications over the past few decades. The 
development of these UAV regarding various aspects are due to the increase in the 
number of the users and innovative thoughts due to the necessity and requirements 
of the modern age scholars, currently biggies like universities, tech companies are 
researching on UAV according to their requirements. 

In 1960s a monocopter was built which is not effective control has excluded from 
the practical applications. So, dynamics of monocopter not demonstrated deeply 
[4, 5]. Emphasizing on the thermodynamics properties, monocopter was the first 
flying machine to be developed [6]. The quadcopter alone is unable to monitor 
long distances beyond the field of vision. By deploying an artificial eye known as 
the camera integrated into the drone, it can be monitored for long distances [7]. 
To establish an emergency communication system for contingencies an end-to-end 
communication is necessary for the rescue operations, as we are living in the era of
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rapid development of speed of network, however, previous life savers in the commu-
nication sector like the walkie-talkie system and RF communication system are 
still maestros in scenarios where a remote with reasonable price in short distance 
communication manner is required [8]. 

Basically, the communication with victim and controller (Quadcopter operator) 
of UAV is started with radio frequency & satellite technology, due to the advance-
ments of communication systems, the cellular technology came into the existence 
for communication [9]. The cellular technology is having wide range of features, 
but there is some drawbacks like reliability and cyber-threatening issues [10, 11]. 
There are other communication systems such as Bluetooth, WiFi and ZigBee [12]. 
In order to make the best approach to rescue services, one of the above technologies 
called radio frequency with the help of Arduino makes the communication system 
reliable and more secure. In terms of security, military operations need this type of 
communication system, which is strong enough to sustain cyber threats because the 
information is confidential. Nowadays, the communication used by the military is 
walkie-talkie, which works with frequency converted to voltage signal & vice-versa.

● No requirement of a separate base station for controlling the drone and receiving 
the information from it as any mobile device can be used to communicate with it.

● It has an altitude range of 1500 m while the voice communication medium has a 
range of 1 km

● Two-way communication can be established between the victim and the rescue 
team.

● Very few persons are required to control and monitor the drone, even a single 
person equipped with a mobile device can act as surveillance unit for the rescue 
team.

● Relatively cost efficient compared to other drones in the working in which have 
a similar function. 

Research Motivation 

The driving force behind this paper development, one of the reasons is COVID-19 
pandemic. In the pandemic, everything is closed, in the area most affected by COVID, 
municipal workers roam around to announce in contagious areas. There was a high 
potential for an effect among municipal workers. As a result, we need vehicles with 
no human presence. So, deploying the Unmanned Aerial Vehicle equipped with a 
microphone and speaker will help the municipal workers to help the victims and 
protect themselves from being affected. Here, Unmanned Aerial Vehicle equipped 
with a microphone and speaker will help the operating person to cover a large distance 
within the time and can know the victim’s condition and to make them an appropriate 
solution.
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Table 1 Hardware components used for design of proto type 

Hardware Range Rating Quantity 

Propellers – 10 * 4 4 

Brushless motor – 1400 kV 4 

Electronic speed controllers – 30A, 11.7 kV 4 

Flight controller – – 1 

Transmitter and receiver 1500 m – 1 

Battery 10 km 3300 MAH 1 

Camera 10 m – 1 

Mic-Speaker 30–50 m (indoor) 800–900 m 
(outdoor) 

1 

2 Literature Review 

Authors in [4] proposed using a fixed wing UAV that can quickly survey the disaster 
area. Once people or vehicles have been detected, 7 quadcopters can be sent to 
these critical spots to gather the real-time information. Authors in [6] highlights the 
setting up the communication network between victims, survivors and designated 
rescue team using camera survey in real-time. In addition to the papers mentioned 
above in this paper a two-way communication using nRF module with Arduino UNO 
is used for real-time communication between victims and ranger teams, along with 
that it’s also equipped with high definition camera. 

3 Hardware Description 

The flight controller is brain of the Quadcopter. Flight controller is embedded with 
receiver, ESCs, Gyroscope, Accelerometer and Communication system. The soft-
ware is programmed in C language. Hardware components used for design of proto 
type is presented in Table 1. 

4 UAV Aided Communication 

The Mechanism of Aerial Vehicle is shown in Fig. 1 [13]. The Fig. 2 demonstration 
of NRF24L01 is an RF communication module used for long-range communication 
through interfacing with Arduino. The flight of UAVs will operate under remote 
control by a human operator, as it can go into each zone and transmit the information 
with the help of the speaker and the microphone which is able to obtain the status 
of the victim. The incorporated sensors are able to sense the human’s presence in
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Fig. 1 Mechanism of aerial vehicle 

Fig. 2 Walkie-Talkie using nRF module with Arduino 

the incident area and it will give the notification to the remote operator about the 
situation of the incident area with real-time monitoring [14]. 

5 Methodology 

From the Fig. 3, it can be observe that the person’s side there consists of a remote 
set, the throttle which we give in remote sends a signal to the receiver through the 
transmitter and then it to flight controller. Then based on input the flight controller 
sends a signal to ESC and based on PWM to motors is sent and speed and direction
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Fig. 3 Block diagram of UAV 

controlled accordingly. To maintain altitude and drone to be stable the gyroscope and 
GPS both combined act as a closed-loop system. On both the drone side and person 
side there basically consists of a transceiver set for the mic-speaker set. Communica-
tion between the victim and the rescue team is maintained through an Arduino based 
microphone and speaker called as walkie-talkie. The walkie-talkie module is placed 
in a separate box which is at drone side is operated by a dc motor which is an added 
advantage of avoiding the noise obtained by propellers. The GPS along with image 
sensors can be able to sense indoor locations [15]. 

6 Results and Discussion 

The objective of the paper is to identify and communicate with the victim; here the RF 
based communication using Arduino results in lowering the cost of the equipment. 
The pipe channels are created for NRF24Lo1 in which one set of equipment is 
equipped with the drone and another set is with the rescue team operator. As the 
two Nrf24l01 modules are communicated, the output of sound sensor is observed 
from one module and Complete Quadcopter under its development phase is shown in 
Fig. 4. The low-cost RF based communication is established using unmanned aerial 
vehicle, regarding this project there is also future scope to extend the features of it 
by proper implementation of GPS hold and Advanced image processing using AI 
technology and by means of GPS technology there is also a scope to stream the data
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Fig. 4 Complete Quadcopter under its development phase 

of the particular area all over the world and have an analysis regarding particular area 
where most probability of disasters are going to happen in a certain period of time. 

7 Conclusion 

The Arduino board is used here with great flexibility. The GPS module is used here 
to overcome the problem of hovering. Here GPS is used along with a gyroscope, the 
GPS equipped in the drone studies the longitude and latitude at that every particular 
moment to overcome the hovering problem & tries to stay constant while controlling. 
The camera, microphone & speaker modules assist to communicate. Using the above 
elements, the UAV is highly useful in rescue operations. Understanding the present 
calamities Unmanned Aerial Vehicle is assisted in rescue operations. 
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Lifecycle Assessment of Handicrafts 
Products: The Case Study of Bamboo 
and Aluminium Lamps 

Trisha Bordoloi and Dipanka Boruah 

1 Introduction 

The life cycle assessment is a systematic method of evaluating the environmental 
aspects of a product’s life cycle, from raw material extraction to disposal or recy-
cling [1]. It is also known as ‘cradle to grave’ cycle. It helps in accounting and 
supporting environmental decision-making and helps in managing environmental 
risks. The assessment cycle includes five different stages—material extraction, manu-
facturing, packaging, transportation, use and end of life (EoL) [2]. Therefore, LCA 
is used to understand a product and how environmentally friendly it is and eval-
uate the environmental burdens. An LCA comprises four components, i.e. (a) goal 
and scope definition, (b) generation of life cycle inventory, (c) inventory analysis 
and (d) interpretation [3]. This study focusses on the life cycle assessment of daily 
used home products such as aluminium- and bamboo-made lamps and evaluates the 
sustainability from the material extraction to end of life. The study’s boundaries are 
inclusion of raw material extraction, processing, manufacturing, assembling, trans-
portation, usage phase and end of life based on the life cycle. The study intends to 
assess two different lifestyle products which are made of bamboo and aluminium. 
Three key questions are investigated in the study, i.e. (a) how does the environmental 
impact contributes from the different life cycle phases of lamps? (b) What can be 
learned from comparing and contrasting the issue on environmental impacts between 
aluminium and bamboo lamps? (c) How to identify the impact distribution of the 
different stages and end of life?
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1.1 Need of LCA in Handicrafts Sector 

The handicraft products are widely used nowadays but the impact on the environment 
is a growing concern. It is an important contributor to the Indian economy because 
the handicraft sector is one of the largest environment providers and accounts for a 
significant percent of economy [4]. The LCA identifies environmental hotspots in 
handicraft products and materials. It is important to know the benefits of a sustainable 
product and renewable natural resources involved in the daily use products at home. 
Bamboo and aluminium lamps have been used in this study of LCA because these 
products are trending in the market and people are using or choosing them without 
knowing their impact on the environment or how much it is environment friendly. 
This LCA study will give the users a rough idea of the steps involved in the daily 
used products and help them to choose the products wisely without harming the 
environment. LCA also evaluates the environmental impact of a handicraft product 
over the course of its entire life cycle. It offers a standard against which improvements 
can be measured. However, LCA plays an important role when a handicraft product’s 
environmental footprint is essential to its commercialisation in future with defining 
cost structure. 

1.2 Environmental Sustainability and LCA 

For several decades, the environmental awareness of India has quickly been 
increasing. A new phrase has emerged as a result of a shift in attitude towards the 
environment [5]. Author Zbicinski defined in his book “Product design and life cycle 
assessment” that LCA is a method for assessing the technical systems, analysing and 
determining the environmental elements and potential impact of a product. 

2 Methodology 

The study intends to use LCA software to assess the sustainability of two different 
wall-mounted home appliances, such as aluminium- and bamboo-made lamps, that 
are manufactured, used, disposed and recycled in different states of India. Figures 1 
and 2. show the life cycle system boundaries of the two lamps studied in this study. The 
study’s limits are primarily divided into six phases based on the life cycle thinking: (a) 
raw material extraction, (b) raw material processing, (c) manufacturing of other lamp 
parts, (d) assembly, (e) usage phase and (f) end of life. In Figs. 1 and 2, transports 
are represented by arrows. The raw material extraction and processing stages only 
apply to the lamp’s exterior covering or the frame; the rest of the lamp’s components, 
such as the hanging hook, glass panel, nuts and bolts are divided into ‘other elements
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of the lamp’. Bamboo cultivation harvest and treatment are part of the raw material 
extraction process for bamboo-made lamp frames. 

Functional Unit (FU) 

FU = to measure the environmental impact based on lamp per year of usage. 
Assumption of life span (average): bamboo—5 years; aluminium—15 years. 

Fig. 1 System boundaries of the aluminium-made decorative lamp [2] 

Fig. 2 System boundaries of the bamboo-made decorative lamp [2]
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3 Aluminium Decorative Lamp 

This lamp is made of aluminium metal. Aluminium is the third most abundant metallic 
element in the earth’s crust, accounting for 8% of the planet’s soil and rocks (oxygen 
and silicon account for 47% and 28%, respectively) [6]. Aluminium is only found in 
chemical compounds with other elements like sulphur, silicon and oxygen in nature. 
Only aluminium oxide ore can be cheaply manufactured as pure, metallic aluminium. 
The raw material for the aluminium-made decorative lamp has been extracted from 
Odisha as it is one of the highest producers of Bauxite in India. Bauxite is an important 
ore which is used for making of aluminium metal. 

Part (A): Full frame. The whole frame of the aluminium-made decorative lamp is 
moulded and structured according to the design specification as shown in Fig. 3. The  
weight of the frame is between 1 and 1.3 kg. (approx.). Colour is customised and 
upgraded accordingly. Metallic aluminium has a number of qualities that make it 
helpful in a variety of situations. It is nontoxic, lightweight, robust and nonmagnetic. 
It reflects heat and light and conducts heat and electricity. It is tough but malleable, 
and it retains its toughness properties under extreme cold without turning brittle. 

Surface of aluminium forms an impenetrable corrosion barrier due to its quick 
oxidisations. Furthermore, aluminium can be recycled simply and cost-effectively 
into new items. 

Part (B): Hanging Hook. The part is called hanging hook which is made of carbon 
steel. Because of its versatility and low manufacturing costs, this metal has become 
one of the most preferred metals for a variety of common occupations and uses, 
ranging from agriculture to the heavy machinery industry. Low-carbon uses can be 
found in everyday life all across the world. Hook is manufactured and given desired 
shape needed. Usually, it is of the shape of S. The durability and ability to withstand

Fig. 3 Example of aluminium-made decorative lamp for life cycle assessment [7]
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weight are effectively achieved by a carbon steel hook. Approximate weight of the 
hook would be 20–30 g. Colour and shape can be customised accordingly.

Part (C): Nut and Bolt. It is made of steel. Steel is generally made in one of the two 
ways: in a Blast Furnace or in an electric Arc Furnace. The Blast Furnace is the initial 
step in turning iron oxides into steel. Pig iron is made in a Blast Furnace with coke, 
iron ore and limestone. Coal is an important component in the production of coke. 
Approximate weight of the 25 mm nut and bolt would be 4–5 g. It is available in many 
sizes according to use. Here, aluminium is extracted through various techniques from 
its ore and sent to workshop for various work. At last, the frame is manufactured and 
polished with minute details and sent for further work. Here, all part is aluminium, and 
thus, it can be used for a long time without any difference and thus can be recycled 
even after. The various extraction of aluminium from its Bauxite ore happens in 
Odisha, Kerala, West Bengal and different parts of India. So, the raw material is 
extracted from Odisha and the assembling and final product use are done in West 
Bengal. 

Part (D): Glass Panel. The glass panel is made of glass/tiffany 
glass/paper/plastic/parchment/fabric. Tiffany glass can be made in a number 
of ways. Streaky or striated glass can be formed by mixing two or more colours 
of molten glass together. Confetti glass is formed by scattering coloured glass into 
heated glass or pouring molten glass on top of coloured glass pieces. Parchment 
is manufactured by soaking an animal skin in lime generally from goat, sheep or 
calf, stretching it on a frame, scraping away extra tissue and allowing it to fry under 
strain. The skin’s collagen is reorganised, but not chemically altered, during this 
procedure. 

Approximate weight of the glass panel would be 300–400 g. Size and dimensions 
can be customised according to shape and requirement. Different parts of this lamp 
are made of aluminium and thus can be recycled after many years of use. The hanging 
hook (part B) is used for holding the structure, and it is made from carbon steel and 
therefore used for withstanding the weight of the cage where the bulb stays. Carbon 
steel hook is also recyclable. The glass panel (part D) is made from silicon, etc., and 
thus, it can be recycled after years of use. The ‘thread-rolling’ method is utilised to 
make the vast majority of screws, and it is also used in the mass-production phase. The 
first step is ‘cold-heading’ which involved feeding a wire through a pre-straightening 
equipment. The glass panel are manufactured and transported from different places 
and vendors of India. These nuts and bolts (part B) are also recycling items. 

4 Bamboo Decorative Lamp 

Bamboo has been considered to be transported from Jorhat, Assam. Varieties of 
bamboo are found in this north-eastern place of Assam for which the treatment 
process becomes easier. Moreover, handcrafted items made from bamboo are sold 
and exported from Jorhat, Assam. The following processes are involved in making



176 T. Bordoloi and D. Boruah

Fig. 4 Bamboo-made 
decorative lamp [10] 

bamboo-handcrafted lamp, i.e. (a) cutting bamboo, (b) separating bamboo parts, (c) 
skin removal, (d) collection and relocation to transportation sites, (e) transportation 
of bamboo materials to West Bengal, (f) splitting bamboo and (g) polishing, drying, 
finishing, etc. [8]. This lamp is preferable for home and restaurants. Description of 
various parts is shown in Fig. 4. All bamboo parts are chemically treated with borax, 
boric and water solutions f(NA2B4O2.10H2O), as it is the most popular preservation 
method, especially for indoor use. It protects the bamboo from fungi, bacteria and 
other insects and the process is called vacuum pressure impregnation treatment for 
bamboo [9]. There are various sizes of bamboo used in the wall-mounted lamp. 
Bamboo hollow sticks (pole) (part A) are used in the top where whole lamp structure 
is mounted. A node was kept on the bamboo pole for the strengthening of bamboo 
pole which holds the lamp structure. The electricity wire connection is gone through 
the part A and part B. 

Part A: Full Frame. 35-mm-diameter bamboo hollow pole is fixed in the top of the 
lamp, and it is approximately 100–150 g. 

Part B: Hanging Hook. Existing metal plate and metal hook are fixed on the top 
of the bamboo pole. The existing metal hook looks like a spring, and it is approxi-
mately 4–5 g. Metal hook and metal suspended spring procured from existing ceiling 
lamp. Varnishing (maintenance) is required every 2 years. The raw materials and the 
processing (treatment) have been extracted from Assam, and the assembling and final 
products are used in West Bengal. 

Part C: Panel. Bamboo small poles (locally called as Lekechi in Assamese) are 
placed as inclined as bamboo house pitch roofing, and it is approximately 10–20 g. 
About 200-mm length small bamboo hollow pole is arranged along with circular-
shaped bamboo strips as vertical fins and fixed with small bamboo hollow sticks with 
glue for low weight of the pendent bamboo frame, and the weight of cage looking is 
approximately 100–120 g (part D). 

Part E: Nut and Bolts. The nuts and bolts used is 250 mm long and are made from 
Balcooa Bamboo (Bhaluka bamboo in Assamese), where the whole lamp structure is



Lifecycle Assessment of Handicrafts Products: The Case Study … 177

fixed along with pendent parts of the lamp, and the weight is approximately 300–350 
g. 

5 Life Cycle Assessment Results 

The analysis in the IdematLightLCA app includes six phases: raw material extraction, 
raw materials processing, manufacturing of other parts of the lamp, assembly, use 
phase and end of life. Table 1 shows the material comparison of both the materials. It is 
necessary to compare the material of the products before the assessment process in the 
IdematLightLCA application. Similarly, Table 2 includes the different manufacturing 
composition of both aluminium- and bamboo-made lamps. Table 3 and Table 4 
describe the various factors of material uses, energy input and transportation for 
both decorative lamps in the whole assessment process. The transportation includes 
the distance of raw material extraction, processing, production, assembly, use phase 
and end of life. 

Table 1 Material comparison of both lamps (aluminium and bamboo) 

Item Bamboo lamp Aluminium lamp 

Full frame Different types of bamboo Aluminium 

Hanging hook Steel/carbon steel/brass Carbon steel 

Panel Bamboo panel Glass/tiffany/plastic Panel/parchment fabric, etc 

Nut and bolt Steel Steel 

Table 2 Manufacturing composition of both lamps (aluminium and bamboo) 

Item Bamboo lamp Aluminium lamp 

Full frame Naturally grown bamboo is crafted 
using traditional technique 

Parts of frame are casted, welded 
and painted 

Hanging hook Casted from steel and shaped Casted through carbon steel and 
shaped 

Panel Traditional bamboo is crafted Panel is crafted through melting, 
refining, etc 

Cold forging, threading, heat 
treatment, surface treatment, etc 

Cold forging, threading, heat 
treatment, surface treatment, etc. 

Nut and bolt Naturally grown bamboo is crafted 
using traditional technique 

Parts of frame are casted, welded 
and painted
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Table 3 Materials and 
energy input of both 
decorative lamps (aluminium 
and bamboo) 

Item Aluminium lamp Bamboo 
decorative lamp 

Unit 

Full frame 1.2 0.65 Kg 

Hanging hook 20 5 Grams 

Panel 300 120 Grams 

Nuts 25 25 Grams 

Bolts 4 4 Grams 

Varnishing – 0.5 Litre 

Table 4 Transportation of two decorative lamps 

Transportation step Site Transportation type Distance (kms.) 

Raw material extraction/processing for the aluminium frame lamp 

Export alumina Odisha 28-ton truck (one way) 30 

For primary and 
secondary aluminium 
production 

Odisha–West Bengal 463.6 

Raw material extraction/processing for the bamboo frame lamp 

Send bamboo stems 
from plantation area to 
processing plants 

Jorhat–Guwahati, 
Assam 

5-ton truck (empty truck 
load for return) 

300 

Export the stems Guwahati, Assam–West 
Bengal 

28-ton truck (one way) 942.1 

Frame production and assembly 

Bamboo 
frame/aluminium 
frame for 
production/assembly 

West Bengal region 7.5-ton truck (one way) 20 

Use phase 

Send decorative lamps 
to retailers 

West Bengal region 7.5-ton truck (one way) 30 

End of life 

Incineration and metal 
collection 

West Bengal region 7.5-ton truck (one way) 15 

6 Limitations in Calculating LCA Data 
from IdematLightLCA

● The raw materials for bamboo lamp are being taken from Jorhat and Assam and 
being used in West Bengal; however, in the IdematLightLCA app analysis, we 
have considered the bamboo to be imported from China as it has the closest 
resemblance to the bamboo available in Jorhat.
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● The raw material used for aluminium lamp is supposed to be extracted and then 
used for making the frame but for the IdematLightLCA app. analysis, the data 
for recycled aluminium has been used as it has the closest resemblance to the 
material.

● Similar type of fluorescent bulb is used with both lamps.
● The bamboo lamp undergoes certain sawing and grinding. 

7 Discussion 

LCA is a method of assessing the environmental implications of a product or process 
over its entire life cycle. Material extraction, processing, production, distribution, 
usage, disposal and recycling are all parts of the life cycle. It aids in the selection 
and comparison of two environmentally friendly items [11]. The study aims to assess 
the life cycle of an aluminium- and bamboo-made decorative lamp. To examine the 
life cycle assessment, the raw materials for the aluminium lamp are considered to be 
extracted from Odisha. In addition, the manufacturing, assembling, distribution, and 
use of the aluminium lamp are considered and assumed to be in West Bengal, India. 
The raw materials of bamboo-made lamp have been procured from Jorhat those used 
in West Bengal. In this study, IdematLightLCA intended in assessing the life cycle of 
both products, i.e. aluminium- and bamboo-made decorative lamps. The cost analysis 
has not been carried out in this study as the application has not updated all the places 
of bamboo availability. Only China has been shown in the IdematLightweight LCA. 
The places cannot be edited in the application, and if we consider China for the 
bamboo extraction analysis instead of Jorhat, it will show a false cost analysis. The 
carbon footprint (kg CO2e) for the aluminium lamp in landfills resulted in 19.21 kg 
while the bamboo-madess lamp is 31.09 kg. It identifies that bamboo-made lamp 
has more impact on the environment than aluminium lamp. However, due to the 
limitations in the IdematLightLCA application in the raw material extraction, the 
result cannot be considered accurate. In this regard, we cannot conclude that the 
lowest environmental impact product is aluminium decorative lamp. 

8 Conclusion 

In this practical case study of an aluminium-made decorative lamp and a bamboo-
made decorative lamp, LCA is one of the best tools for assessing the sustainability 
in manufacturing process. Except for ionizing and acidification, the results of the 
life cycle evaluation show that aluminium lamps have more environmental impacts 
as compared to bamboo lamps. Framed structure of bamboo-made lamp was manu-
factured by using of process for treatment and preservation of raw materials. Every 
analysis is done on the basis of landfill LCA assessment. In view of this, from the 
transportation side, the distance covered by the raw materials to process and then
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assembling have the biggest factor. Carbon footprint for aluminium lamp came as 
19.21 kg., while for bamboo lamp 31.09 kg. in landfill. Therefore, bamboo-made 
lamp has more impact to environment when compared to aluminium lamp. Life of 
bamboo-made lamp is usually 5–6 years (approx.). Life of an aluminium lamp is 
usually 15–17 years (approx.). Certain polishing and varnishing between intervals 
highlight their look but not much affect their life. 
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Concept Design of Amphibious Military 
Patrolling Vehicle 

Debashis Majumder, Rohit Kumar, and Kushagra Dhall 

1 Introduction 

The brief of the project is to introduce an Amphibious Military Patrolling Vehicle 
(AMPV). The advancement in the defense sector of our nation is a high priority 
and our government always takes some solid steps to strengthen our force. Some 
major border areas of INDIA are partially over water. The military has the means 
which allow them to patrol in water but the means are now very old as compared 
to the advancement in the sector. This AMPV will fill in the need gap between the 
new entries in the defense sector. The major thinking behind this vehicle is to make 
it run efficiently over water and for that a whole new technology is needed. This 
new vehicle is not simply a boat with wheels. It is designed by taking care of the 
surroundings and the consumer of the vehicle. For patrolling on water, the troops 
get on to a vehicle that takes them to the shore and then they split and move toward 
the base station with the help of a boat that does not has any protection or supplies 
system. The AMPV will allow the troops to travel over land and water in a single 
go with a protective shelter and some supplies, also allowing them to go on longer 
patrolling. 

1.1 Scenario Research 

India has a perennial problem of border infiltration. India is surrounded by 
Bangladesh, Myanmar, Pakistan, Nepal, China, and Bhutan. Being the 7th largest
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country in area and 2nd most populous country and democratic country it has 
its reason to be strict on infiltration. The infiltration not only happens through 
the land border by from the seaside also. India is surrounded by sea on all three 
sides. In the south, there are vulnerabilities from Srilanka and Maldives also. The 
border where water is there is difficult to protect. A border over a riverine or 
sea or even lake is called a fragile border. India has a very high rate of unautho-
rized infiltration from Bangladesh and Pakistan. There are 4095 km of border with 
Bangladesh surrounded by five Indian states namely West Bengal, Assam, Megha-
laya, Mizoram, and Tripura. India’s defense and financial stability is very important 
to stop unauthorized infiltration in India [1, 2]. 

1.1.1 India-Pakistan Border 

This is the second-largest border in India with a neighboring state. This border is 
3323 km long, starting at Gujarat and going up to Jammu & Kashmir. This is one of 
the most dangerous borders in the world [3]. The Line of Control which demarcates 
India and Pakistan occupied Kashmir is also falling on this border. The infiltration 
of militants and Jihadis from Pakistan is also possible due to this fragile border. 

There are different Integrated Check posts on this border like:

● Attari and Wagah, are the most famous and prominent border crossings.
● Munabao, a village in Barmer District, Rajasthan.
● Hussainiwala Border, Punjab.
● Fazilka Border, Okara District. 

In spite of all efforts, the unauthorized infiltration is maximum through this border 
and is responsible for all miscreants in India. 

The India-Pakistan border also has some water bodies which run along the border. 
Jhelum River is one of them and forms the major part of the border. The river has 
a minimum of 10 entry and exit points between both nations. Most part of the river 
border is between hills but requires a high watch. There are other rivers also and two 
lakes that are also on the border area on the border like Ravi, Chenab, Sutlej, Tawi, 
Kunhar, and Indus. Apart from the river there, one is Shakoor Lake, and the other is 
Rann of Kutch Lake, both are in Gujarat, India. These water bodies either enter the 
border or make a major part of the border. The rivers which enter Pakistan from the 
North are mostly running in valleys. The major role is played by the Jhelum River 
and Ravi River, as both were the part of the Punjab part that got into Pakistan after 
the partition [3] (Fig. 1). 

Fig. 1 Border rivers (taken from Google Earth)
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Fig. 2 Border river (taken from Google Earth) 

1.1.2 India-Bangladesh Border 

It is an international border that demarcates the division between the Indian and 
Bangladeshi Provinces. Being the fifth-longest land border of the world, it passes 
through Assam, Tripura, Mizoram, Meghalaya, and West Bengal. The total length 
of the border is 4156 km the maximum part lies in West Bengal, India. The major 
threat on this commute is animal trafficking, drugs, weapons dealing, and border 
trespassing. This international border also has some water bodies which run all along 
the borderline. Gomati River, Tripura is one of the rivers which flows near the border. 
The Ganga River enters Bangladesh as the Padma River. Teesta River which forms 
the border of Sikkim and West Bengal and the Brahmaputra River enters Bangladesh 
from Assam, India. The major role is played by the Ichhamati River which touches 
the borderline from near Hasnabad, West Bengal, and keeps on flowing all along 
the border till the tip of Sundarban Forest and finally finishes off in the Bay of 
Bengal. 40% parts of the river are on the Indian side and the remaining 60% is on 
the Bangladesh side. The transport between both the countries is done by boats and 
big ships [4]. 

The longer part flows from the Mathabhanga River, a tributary of the Padma, 
Bangladesh and after flowing for 208 km it joins the Kalindi River near Hasnabad in 
North 24 Parganas and Debhata in Satkhira District, West Bengal, India. The Indians 
and the Bangladeshi people use this river as their source of water for irrigation, 
commute, and also for Goddess Durga immersion. On the contrary, some folks use 
the flow of river for domestic animal trafficking. They used to tie the cows around a 
bamboo hold and then leave them in the river to reach the other point at night time. 
The images are the screen snips, taken from the Google Earth Studio, showing the 
Ichhamati River Scenario, on and around the India-Bangladesh Border [4] (Fig. 2). 

1.1.3 Border Security 

The above-mentioned borders are guarded by the Border Security Force (BSF) of 
India. Both the International Borders are on high security and the troops are always 
active and ready to take crucial steps at the time of any miss happening. The water 
part of the international border is taken care with the help of Border Outposts, also 
known as BOP in short. Apart from the BOP, the troops use speedboats for patrolling 
in the water. They use the speedboat for patrolling inside the Sundarbans forests and 
for the security checks of the boats or big ships coming in and out of the nation.
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1.1.4 Border Outpost (BOP) 

It is a kind of floating control station. It looks like it’s a normal building but keeps on 
floating at low speed. The hull of the BOP is very flat as compared to a regular ship or 
boat which does not allow it to move very fast in water. The normal speed of a BOP 
is 14 km/hr. It has the capacity of holding a complete troop of 40 crew members and 
also has shelter for them. It’s equipped with kitchen; AC rooms to keep the moisture 
level balance and surprisingly has the capacity of holding 15 tonnes of fuel which is 
used for all the purposes of the BOP. It stays almost at a distance of 50 km from the 
shore of the river and goes for re-fueling near Hasnabad, West Bengal, India. After 
every 15 days, the troops get (Figs. 3 and 4). 

Fig. 3 Border outpost 
(BOP) 

Fig. 4 Speedboat
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2 Changes in the Technology of Amphibious Vehicles 

When the early concepts were not there, boat was used to be a boat and a car was 
simply a car. Both having different applications and different surroundings. But the 
early inventions and concepts of amphibious vehicles were just a mere attachment of 
wheel to the hull of a boat. Not really efficient but it was an invention and after those 
new ideas came up which had different working technologies. After many ideas, an 
idea of putting a track in place of wheels to a boat from New Jersey came and it 
showed some new features like that vehicle did not require a flat solid ground to start 
propelling in water. There was no extra equipment added to it for water propulsion. 
The whole vehicle was propelled by the use of tracks only both in water and on 
land. This technology, later on, was used in making amphibious defense vehicles, 
especially the battle tanks. Their solid ballistic proof bottom was made in a shape of 
a flat hull and the tracks helped it to float and move in water. But being such heavy 
steel installed machinery, it was not able to make the movement very fast on water, 
but still solving the purpose. 

Nowadays, there is a huge change in the propulsion of amphibious vehicles. 
Today it is achieved by making lightweight and more efficiently designed hulls and 
jet propulsion systems in order to achieve a higher number on the speedometer while 
moving on water. These technologies are not only limited to sports or personal use 
vehicles only. The amphibious defense vehicles which were made in the mid-1950s 
were also using the jet propulsion systems attached to a heavy-duty engine. In fact 
today also the amphibious defense vehicles use the track system to move in water 
or the jet propulsion system coupled with a heavy-duty turbocharged engine but the 
issue is speed. They are still not very agile and active on the water. Reasons being, 
the materials used in the making of defense vehicle is the same as that of the past, 
ballistic steel. There have been advancements in engines, and jet propulsions but the 
material used is extremely heavy for any vehicle to move fast on the water. 

3 Amphibious Military Patrolling Vehicle 

Patrolling vehicles are used by the Indian military as a part of their daily patrol 
or delivery of supplies from one place to other. Currently military uses the vehicles 
which are manufactured by some Indian manufacturers like Maruti Gypsi, Tata Safari, 
Mahindra Scorpio for common land, and some heavy-duty like Renault Sherpa, 
Mahindra Mine Protected Vehicle, Tata Mine Protected Vehicle, Mahindra Marksman 
for some heavy operation or anti-terrorist operations. All have an armor range from 
light to heavy-duty depending on the use. Many of the vehicles are made for an 
amphibious purpose, like Tata Kestrel, it is a medium armored patrolling amphibious 
vehicle, which can accommodate up to 12 personnel and is equipped with small 
shooting windows and a machine gun at the top of the vehicle. It uses a twin jet
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propulsion system to move over water and can travel at a speed of 10 km/h which is 
not at all a great speed but still appreciable because of its weight of 26 tones [5]. 

4 Design Constraints of Defense Vehicles 

The major principle of a defense vehicle is to be of maximum functionality. If there 
is no function then there is no use of that vehicle on defense land. From the very 
starting, the defense vehicles have a very boxy kind of appeal and construction with 
hardened edges and flat surfaces welded at an angle. The materials used are also 
extremely heavy and not that easy to bend so that curved surfaces can be achieved. 
Also, if a defense vehicle will have a curved surface just to make it beautiful then 
it is of zero use in real and will burden the manufacturer to bend that heavy steel to 
that curve surface. The hinges, bolts, and window frames are all exposed because of 
the added protection [6]. 

There are visually appealing armored vehicles that are being used by the nation’s 
high command authorities but having them on the defense land or on the battlefield is 
not at all valid. The defense vehicle, especially patrolling one, have to carry supplies, 
and personnel from one point to another. It should be armored but also purpose-
solving. An armored Cadillac or an armored Mercedes will not solve the purpose. 
Moreover, their powerful engines can be used to provide power to the defense vehicles 
but not their beautiful designs. Alone or in a joint venture, each and every company 
has some part of it in the defense sector, providing the necessary equipment and raw 
materials. A regular car with some initial level of armoring can be used for a military 
purpose. It can be used as a normal city patrol vehicle but if it has to go on the 
battlefield or on border patrol then it should have some necessary armoring in order 
to handle the at- tacks from the other side and to tackle the unusual terrain situations, 
keeping the armed force safe and secure [7]. 

5 Advancements in Design of Defense Vehicles 

The defense vehicle market is ever emerging and the need for advancements will 
never stop in the future. Today, if we compare the visuals of defense vehicles from 
the past then it is clear that there are changes in the treatment of surfaces, they are 
flat but the way they interact with other surfaces is different. The turrets of the tanks 
are now more edgy and stylized in a minimal fashion. The body structure is the same 
rugged but the technology and the engines are also updated now. More power means 
more output on the battlefield. The design of the vehicle is restricted because of the 
application and the material used in making the vehicles [8]. 

The advancements can be introduced in the design of a defense vehicle, whether 
an assault vehicle or patrolling by using minimal curved surfaces, and that can be 
achieved by the use of new materials which are lightweight and strong than regular
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steel. For example, The metal foam which is developed by the researchers of Rice 
University and has the capability of shattering the armor-piercing bullets on impact. 
Polycarbonate is a really strong plastic and at a certain thickness is impervious to 
bullets. So, if the thick ballistic steel is completely or partially replaced by these 
advanced lightweight materials, the curved surface can be achieved. This doesn’t 
mean making the whole vehicle visually impressive because a curved surface also 
eats volume and makes the accessible area less as compared to the straight ones [9]. 

The newly designed vehicles can be modular, which means if it gets damaged 
from one part then there should be the modes of replacing that part on our own. The 
working technology for an amphibious vehicle is updating over time but it is using 
the same old method of propelling. Also, the interior of a defense vehicle should 
be easily accessible to the troop in every condition, so that when a situation comes 
the troop can take the support of the vehicle for rescue operation or as a safe place. 
The inner comfort also needs to be good in order for troops to relax and comfortable 
travel while on longer patrol and on unusual terrains [10]. 

6 Design Concept—Amphibious Military Patrolling Vehicle 

6.1 Brief 

To introduce a new kind of amphibious patrolling vehicle that will be used for border 
patrol where there is a water body on or near the international border of the nation. 
The vehicle will have new and advanced armor capabilities, a new working technique 
that will help to run the vehicle on both land as well as water and will also tackle the 
situation of the muddy, swampy, and other unusual terrains. 

6.2 Scenario 

The international land borders of India which are connected to Pakistan and 
Bangladesh have a major part of water near or along or on the borderline between the 
two nations. Currently, the border patrol on both ends is done by speedboats which 
can accommodate only 4–6 soldiers and does not have any protection and are unable 
to take the troop on longer patrols. 

6.3 Features

● Concept vehicle can run on different types of land terrain and water if required.
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● The vehicle can be used by Indian military for border protection where border is 
on watery area.

● Can accommodate four personnel and one person for operating with ample space 
for supplies to go on long patrolling. 

6.4 Design Concept 

The design concept is generated from a mood board which is made to give a particular 
attribute to visual aesthetics. Initially, the function and environment are analyzed and 
a visual metaphor from ‘tortoise’ is taken as it is amphibian in nature and it has a 
protective shell for self-protection as shown in Figs. 5 and 6. 

Here the interior is worked out for four soldiers and the luggage space for belong-
ings [11]. The side of the vehicle is converted to V shape as it is a requirement for 
the bullet protection. The grid structure and the firing ports are arranged in such a

Fig. 5 Mood board 

Fig. 6 Initial concept sketch 
from tortoise
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Fig. 7 AMPV concept with 
functionality 

Fig. 8 Rear door concept 

way to enhance the vehicle’s aesthetics and styling. The more refined sketches are 
worked out from the concept sketch as shown in Figs. 6, 7 and 8.

In this figure there are two seats in the operator’s cabin, the first one is of the 
operator and the other three are for the other soldiers. These two seats are placed 
here because if the operator is busy in tackling the vehicle through any situation, then 
there should be someone to give cover to him/her. The rear passenger cabin seating 
layout is in such a way that seats can be folded and top roof can be opened for firing 
at standing position. The soldiers can egress from rear door also. This kind of layout 
makes the interior of the vehicle more modular and easily accessible [12]. 

7 Exterior Development 

The exterior development is done using CAD software. Here the focus is to design 
the exterior in such a way that it is a mix of form and function. The initial form
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Fig. 9 Final view of AMPV  

Fig. 10 Side view of AMPV 

blends well with the required function. The material and finish are to give it a special 
purpose vehicle that has got to do with military operation and to give an amphibious 
character. 

The digital cad model is made to show the finish and aesthetics involved in this 
concept as shown in Figs. 9 and 10. 

8 Interior Development 

The interior is also designed using a theme and mood board. The interior is designed 
with a theme of order and rugged features with maximum utilization of space. The 
interior is also designed using a CAD software. The interior aesthetics are shown in 
Figs. 11 and 12. 

It is designed in a clean and simple fashion, making sure to achieve the best 
possible output from the vehicle and the troop in an unusual situations also. The 
seating is based on the packaging providing ample space for ingression and egressing 
the vehicle and storing some supplies on board [13, 14].
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Fig. 11 Interior design of 
AMPV 

Fig. 12 Seats for the 
military application 

9 Conclusion and Future Scope 

From the overall journey of this project, starting from the concept till the final design 
and details, this can be concluded that the defense vehicles can be advanced on the 
basis of their design and looks and can be made stronger by investing proper theme 
in visual design [15]. 

As compared to the current patrolling vehicles, the outcome of the concept is 
more advanced on the basis of amphibious mechanism, controlling, and design of 
the overall concept. The whole purpose of making the amphibious patrolling vehicle 
is more advanced in terms of operation and application for a surrounding and AMPV 
design will solve border protection in a much better way.
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Planned Obsolescence: A Bibliometric 
Analysis 

Vishwajit Kumar, Yogesh Mishra, and M. L. Meena 

1 Introduction 

The world is big enough to satisfy everyone’s needs but will always be too small to 
meet individual greed. Planned obsolescence results from this greed which has signif-
icant relevance in achieving 17 World Sustainable Goals by 2030 [1]. The design of 
a product is of great importance due to raised concerns about sustainable develop-
ment’s social, economic, and environmental factors [2]. The planned obsolescence 
aims to force the buyer to replace their product with a newer one before really essen-
tial [3]. Industries design their product to become obsolete by shortening their natural 
end. The concept was first used formally during the great depression of the USA, 
which lowered down the purchasing power of consumers. This resulted in the accu-
mulation of products in the industry due to low demand. To counter this problem, 
experts suggested this concept which companies later misused to gain various profits. 
It gave rise to multiple physical and technological obsolescence mechanisms to foster 
a short replacement time [4–6]. This area of study has such an impact that in June 
2017 European Parliament called on European Commission and the Member States 
to take necessary action against planned obsolescence [7–9]. France became the first 
country to pass a law to combat this concept legally [10]. There are two sides to every 
coin, and so this topic has. On one side of this topic, the author perceives positive 
outcomes of this concept. Byggeth et al. [11] notify planned obsolescence as a tool 
to recover market share and achieve technological progress. The country’s economy 
and progress mainly depend on the research and development integrated with the 
new product development process. The faster product development process boosts 
the rate of innovation, which directly affects the country’s growth rate [12, 13]. Many 
researchers claim that durable goods can lead to economic stagnation due to slow
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innovation, so they perceive planned obsolescence as a tool for economic growth 
[14]. 

In contrast, Çetiner and Gündoğan [15] accuse planned obsolescence of promoting 
product discard in short intervals fostering waste in the environment. The faster 
manufacturing strategies require resources at an increased rate resulting in the deple-
tion of natural resources [16]. Due to new upgrades in the product within a short 
period, consumers tend to buy the product for fun, worsening their debt level [17]. 
The faster replacement cycle can foster poor product quality, resulting in reduced 
consumer satisfaction [18, 19]. 

To any researcher, advancement in the research field plays a key role. Analyzing 
literature motivates researchers to identify feasible areas and a comprehensive 
methodology [20]. Since the focus on planned obsolescence has increased signif-
icantly, there is a need for a study that provides a broad image representing field 
development across different parameters. There is a lack of study that present the 
detailed bibliometric analysis on planned obsolescence considering data from the 
two most widely used databases, i.e., Web of Science and Scopus. Hence, the present 
study aims to fill this gap along with the representation of concern studies on a single 
platform. The significant contributions of this paper are as follows:

● We conducted a detailed bibliometric analysis of “planned obsolescence”, 
extracting data from the widely used Web of Science and Scopus database.

● The development of research in this stream has been documented annually.
● We have examined variables such as annual citations, leading productive authors, 

leading highly cited authors, leading journals, leading countries publishing on 
this topic.

● We visualized and presented the most used keywords on both the indexing 
platforms.

● In the end, we have discussed the core conclusion and further research directions. 

2 Methodology 

In this study, we have compared the results of Scopus and Web of Science databases 
on the most commonly used different parameters in the bibliometric analysis. We 
collected the bibliometric data by performing a Boolean search on planned obso-
lescence using keywords: TS = (“Planned Obsolescence” OR (“Product” AND 
“Planned Obsolescence”)) on Web of Science while TITLE-ABS-KEY (“Planned 
Obsolescence”) OR TITLE-ABS-KEY (“Product” AND “Planned Obsolescence”) 
on Scopus. We extracted different labels such as author, abstract, title, country, author 
affiliation, and citation record from these databases for further analysis. Keyword 
search from the Web of Science retrieved 136 documents in total, consisting of 
82.35% (112) articles, 5.88% (8) review articles, 4.41% (6) book reviews, 2.94% 
editorials, 0.74% (1) early access papers, 2.20% (3) proceedings papers, 0.74% (1) 
film reviews, 0.74% (1) poetry whereas Scopus retrieved 191 documents consisting 
of 64.92% (124) articles, 8.371% (16) review articles, 9.94% (19) book chapters,
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Table 1 Document type in web of science and Scopus 

Web of science Scopus 

Document 
type 

Total numbers Contribution 
(%) 

Document 
type 

Total numbers Contribution 
(%) 

Articles 112 82.35 Article 124 64.92 

Review 
articles 

8 5.88 Review 
articles 

16 8.37 

Book reviews 6 4.41 Book 
chapter 

19 9.94 

Editorials 4 2.94 Book 1 0.52 

Early access 
articles 

1 0.74 Conference 
paper 

24 12.56 

Proceeding 
papers 

3 2.20 Conference 
review 

2 1.04 

Film reviews 1 0.74 Editorial 2 1.04 

Poetry 1 0.74 Letter/note 3 1.57 

0.5% (1) book, 12.5% (24) conference papers, 1.04% (2) conference reviews, 1.04% 
(2) editorials, 1.57% (3) letter/note. 

Table 1 shows the document types on Web of Science and Scopus related to 
planned obsolescence. For bibliometric analysis in this paper, we have obtained 
various performance parameters such as citation per paper (CPP), total citation (TC), 
and total papers (TP). TP indicates the total publications count extracted from the 
database, TC denotes the total citations count acknowledged by the journal, and CPP 
is the ratio of overall citations to the overall publications. 

2.1 Bibliometric Analysis 

Bibliometric analysis, also termed scientometric analysis in the research field, helps 
analyze the current trend providing guidelines and motivation for future work. It 
supports extracting standard procedures and the overall framework of the research 
topic from various databases. In this section of the paper, we have shown the results 
of bibliometric analysis aligned same as by Muhuri et al. [21] computed on multiple 
factors such as annual research growth, leading productive authors, leading highly 
cited authors, leading journals, leading countries publishing on this topic, and most 
used keyword.
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2.2 Annual Growth of Research in Planned Obsolescence 

A significant increase in research related to planned obsolescence can be noticed 
from 2015 when all 193 United Nations member countries pledged to achieve 17 
world sustainable development goals by 2030. The plan 2030 emphasizes economic, 
social, and environmental spheres with some mutually dependent goals [22]. Figure 1 
shows year-wise total publication in the Web of Science and Scopus databases. In 
the Web of Science, first publication was in the year 2002 with three papers, whereas 
in Scopus, it was in 1971 with one paper. The maximum publication was recorded 
in 2016 with 16 documents in both databases, indicating researchers’ involvement 
in the topic just after agenda 2030. 

Figure 2 shows the year-wise record of total citations in the Web of Science 
and Scopus. Total citation count plays a vital role in measuring the influence of an 
article, author, or publication. It indicates the number of times one work has been 
referred to in the work of another. In the papers related to planned obsolescence, 
the Web of Science and Scopus recorded their maximum citation count of 438 and 
468, respectively, in 2008. Total citations later decreased in 2021 to 13 and 5 in the 
Web of Science and Scopus, respectively, as these are the latest publications and are 
expected to be referred to more in future. 

Fig. 1 Research growth in 
Web of science and Scopus 
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Table 2 Leading productive authors 

Web of science Scopus 

Rank Authors TP TC CPP Authors TP TC CPP 

1 Waldman M 7 461 65.86 Goering GE 5 56 11.2 

2 Utaka A 6 31 5.17 Dalhammar C 3 63 21 

3 Johnson JP 4 63 15.75 Na Na 3 2 0.67 

4 Dalhammar C 3 62 20.67 Cooper T 2 176 88 

5 Miao CH 3 33 11 Miao CH 2 25 12.5 

6 Hahn JH 3 19 6.33 Utaka A 2 16 8 

7 Carlton DW 2 221 110.5 Pickren G 2 13 6.5 

8 Bhaskaran SR 2 84 42 Mcdonald R 2 5 2.5 

9 Gilbert SM 2 84 42 Lee SH 2 2 1 

10 Goering GE 2 36 18 Hahn JH 2 0 0 

2.3 Leading Productive Authors 

On the basis of TP, we extracted the details of the ten leading productive authors 
from the concern databases, as shown in Table 2. In the case of tie-in TP, we used 
TC to rank them. 

Waldman M is the most productive author in Web of Science with 7 papers, 
followed by Utaka A and Johnson JP with 6 and 4 papers. There are 3 authors from 
rank 4 to 6 whose TP is 3 and 4 authors from rank 7 to 10 whose TP is 2. Authors 
ranked from 4 to 6 are Dalhammar C, Miao CH, Hahn JH, and those ranked from 7 
to 10 are Carlton DW, Bhaskaran SR, Gilbert SM, Goering GE. 

In Scopus, Georing GE tops the list with 5 publications, smaller than the most 
productive author in the Web of Science list. Dalhammar C and NaNa have a TP 
of 3, whereas Cooper T, Miao CH, Utaka A, Pickren G, Mcdonald R, Lee SH, and 
Hahn JH have a TP of 2. Interestingly, five authors are similar in both the databases 
in terms of ten leading productive authors with different rankings except Miao CH, 
placed at fifth spot in both the databases. Georing GE, which tops in the list from 
Scopus, stands at tenth rank in the Web of Science database. 

2.4 Leading Highly Cited Authors 

We created the list of leading highly cited authors based on the TC count in all papers 
shown in Table 3. The leading productive author with 7 articles, Waldman M is also 
highly cited in the Web of Science with 461 citations. Carlton DW stands in the 
second spot with 221 citations and 2 papers. There are two authors Bhaskaran and 
Gilbert SM, with TC of 84. Johnson JP, who was at spot 3 in the leading productive 
author list of the Web of Science, stands at spot 5 with 63 total citations and 4
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Table 3 Leading highly cited authors 

Web of science Scopus 

Rank Author TP TC CPP Author TP TC CPP 

1 Waldman M 7 461 65.86 Waldman M 2 229 114.5 

2 Carlton DW 2 221 110.5 Cooper T 2 176 88 

3 Bhaskaran SW 2 84 42 Dalhammar C 3 63 21 

4 Gilbert SM 2 84 42 Goering GE 5 56 11.2 

5 Johnson JP 4 63 15.75 Albert M 1 25 25 

6 Dalhammar C 3 62 20.67 Miao CH 2 25 12.5 

7 Goering GE 2 36 18 Agrawal VV 1 19 19 

8 Miao CH 3 33 11 Adolphson DI 1 16 16 

9 Utaka A 6 31 5.17 Utaka A 2 16 8 

10 Morita H 2 22 11 Pickren G 2 13 6.5 

papers. Authors ranked from 6 to 10 in the Web of Science are Dalhammar C with 
62 citations, Georing GE with 36 citations, Miao CH with 33 citations, Utaka A with 
31 citations, Morita H with 22 citations. 

On the other hand, Waldman M, with only 2 publications, leads with a TC of 229 
in the Scopus. Goering GE having the highest TP is ranked 4 in the highly cited 
authors list from Scopus with a TC of 56. 

2.5 Leading Journals 

A research journal is a scholarly publication published periodically containing arti-
cles written by researchers or other experts in a particular field of study. We retrieved 
the leading publishing journals in the field of planned obsolescence. Table 4 shows 
the top 10 journals with TP and TC count from the Web of Science and Scopus. The 
list is ranked based on the total publication count. 

Journal of Cleaner Production, Rand Journal of Economics, Japanese Economic 
Review, and Design Journal are common in both databases. Journal of Cleaner 
Production has the highest TP with 7 articles in the Web of Science and 5 arti-
cles in Scopus. Rand Journal of Economics is at spot 2 with 6 TP and the highest 
TC of 329 in the Web of Science. In contrast, it has 4 TP with 179 TC in Scopus. 
Japanese Economic Review is at spot 3 with 5 TP in the Web of Science. It stands 
last in Scopus with 2 TP. Design Journal is at spot 9 in the Web of Science but spot 
7 in Scopus with the same TP of 2. 

In the Web of Science, Journal of Economics and Management Strategy is at posi-
tion 4 followed by European Journal Operational Research, Information Economics 
and Policy, Technology In society, New Media and Society with 3 TP. Economic 
Inquiry is at last position with 2 TP in the Web of Science category.
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Table 4 Leading journals 

Web of science Scopus 

Rank Sources TP TC Sources TP TC 

1 Journal of cleaner 
production 

7 83 Journal of cleaner 
production 

5 78 

2 Rand journal of 
economics 

6 329 Journal of consumer 
policy 

4 181 

3 Japanese economic 
review 

5 6 Rand journal of 
economics 

4 179 

4 Journal of 
economics and 
management 
strategy 

3 54 communications in 
computer and 
information science 

3 1 

5 European journal 
of Operational 
research 

3 44 IFIP advances in 
information and 
communication 
technology 

2 21 

6 information 
economics and 
policy 

3 20 International journal 
of industrial 
organization 

2 11 

7 Technology in 
society 

3 19 Design journal 2 7 

8 New media and 
society 

3 4 Environmental and 
resource economics 

2 3 

9 Design journal 2 4 Applied mechanics 
and materials 

2 2 

10 Economic inquiry 2 3 Japanese economic 
review 

2 2 

In Scopus, with 4 TP and 181 TC Journal of Consumer Policy is at position 2, 
communications in computer and information science with 3 TP are at position 4 
followed by IFIP Advances in Information and Communication Technology, Inter-
national Journal of industrial organization with 2 TP. Further with 2 publications, 
Environmental and Resource Economics and Applied Mechanics and Material stand 
at 8 and 9 spots. 

2.6 Leading Countries 

Country-wise scientific production indicates the awareness of the people of that 
country in the concerned area. Table 5 represents the details of leading countries (top 
10) out of 33 countries listed in Web of Science and 40 countries listed in Scopus. 

In listing by Web of Science, USA is at the top with 72 TP and maximum TC of 
908 followed by UK, Japan, China, Canada with 19, 18, 15, 10 publications. Five
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Table 5 Leading countries 

Web of science Scopus 

Rank Region TP TC CPP Region TP TC CPP 

1 USA 72 908 12.61 USA 86 336 3.91 

2 UK 19 388 20.42 UK 22 658 29.91 

3 Japan 18 49 2.72 China 14 5 0.36 

4 China 15 62 4.13 Brazil 12 54 4.5 

5 Canada 10 94 9.4 Sweden 9 78 8.67 

6 Australia 7 38 5.43 Japan 9 38 4.22 

7 Sweden 7 20 2.86 Germany 8 90 11.25 

8 Germany 6 104 17.33 France 8 35 4.38 

9 Spain 6 46 7.67 Australia 8 20 2.5 

10 Brazil 5 52 10.4 Italy 8 11 1.38 

countries have published papers less than 10. These are Australia, Sweden, Germany, 
Spain, Brazil. With 5 TP and TC, Brazil is at 10th position. 

In Scopus, the USA again tops the list with 86 TP. The UK is at spot 2 with 22 TP 
and the highest citation count of 658. Interestingly, China at third position with 14 
TP has the least citation count of 5. Brazil, at tenth spot in Web of Science, is at 4th in 
Scopus with 12 TP. Sweden, Japan, Germany, France, Australia, and Italy have a TP 
of less than 10. 

2.7 Most Used Keywords 

In this portion of bibliometric analysis, we used VOS viewer to obtain the list of 
most used keywords in the research field of planned obsolescence. VOS Viewer is 
the most extensively used software to visualize various informations in research [10]. 
Occurrences of keyword help to identify research gaps and trends of research. To 
extract the top keywords in Web of Science and Scopus, we used a co-occurrence 
type of analysis based on all keywords. The minimum number of occurrences of a 
keyword was five in both databases. In the Web of Science, out of 583 keywords, 29 
met the threshold forming 4 clusters. Figure 3 exhibits the network diagram of the 
most frequently used keywords Web of Science. The size of the circular node depicts 
the intensity of the keyword occurrence. Planned obsolescence is the most used 
keyword in cluster 1 with the other seven items. Monopoly, innovation, durability, 
technology, and quality are the other keywords placed in different clusters. 

In Scopus, out of 1150 keywords, 26 met the threshold forming 3 clusters. Repre-
sentation of the frequently used keywords in the Scopus database is shown in Fig. 4. 
Obsolescence is the most used keyword surrounded by sustainability, environmental 
impact, planned obsolescence, consumer behavior, etc., in different clusters. It is
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Fig. 3 Most popular keywords in Web of science 

observed that most keywords used in both the databases are the same indicating 
commonality of thoughts across databases. 

Fig. 4 Most popular keywords in Scopus



202 V. Kumar et al.

3 Conclusions 

The main contribution of this paper is the bibliometric analysis based on data 
extracted from the two most widely used databases, i.e., Web of Science and Scopus. 
We assessed the result of concern databases utilizing factors like annual research 
growth, leading productive authors, leading highly cited authors, leading journals, 
leading countries publishing on this topic, and frequently used keywords. In these 
two databases, 136 papers are indexed in Web of Science, and Scopus mentioned 
191 papers. Waldman M is the highly cited author in concerned databases. Waldman 
is also the leading productive author in Web of Science, even as Georing Ge is the 
leading productive author in the Scopus database. Journal of cleaner production is 
the leading journal, and the USA is the top country publishing in planned obso-
lescence in both databases. In visualizing the most important keywords, we found 
planned obsolescence sustainability, environmental impact, monopoly, innovation is 
frequently used in this field. 

In our bibliometric analysis, though we utilized Web of Science and Scopus 
databases, but there is still a provision of few other sources which can be used 
for further analysis, and that can be considered as future scope of this study. Further, 
this study only focuses on quantitative analysis of publications, not quality. So, in 
future, authors can focus on qualitative analysis of the concerned topic focusing on 
its various consequences. 
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A Sustainable Approach Toward 
Tangible Interactive Setup for Improving 
the Learning Experience of Primary 
School’s Children in Rural India 
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and Rakesh Sah 

1 Introduction 

Rural primary education in India is discussed as a challenging subject in terms 
of insufficient infrastructure, teaching staff or the quality of teaching, [1] shares 
that even the number of student enrollment is increasing but more than half of the 
fifth-grade students are finding it difficult to read second grade English textbook 
and mathematical problem efficiently. Another published article [2] finds lack of 
infrastructural resources as a common underlying problem for an unsatisfactory level 
of rural education. Literacy is the first factor contributing directly to human resource 
development, social equity and shaping the good quality of life [3]. Historically, 
children are observed as most curious and collaborative in their behavior. A study [4] 
discusses how young children are attached to physical objects which instills curiosity 
in their mind and help them in collaborative learning. Thus, tangible interactive 
learning setup (TILs) can act as a powerful tool in facilitating such activity [5]. 

The study focuses on Uttarakhand, where still social equity and infrastructure 
support and socio-economic backgrounds are in a challenging situation [6]. 

Due to these hurdles, the affordability and feasibility of required technology seem 
to be a major challenge, and this paper shared the development based on channeling 
the learner’s attention during the teaching–learning process through TILs with a 
reusability and sustainable approach to make the technology and interactive learning 
setups equitable to all.
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2 Literature Review 

2.1 Literature on Rural School Education 

Rawat et al. as cited in Mondal et al. [7] emphasize that if physical accessibility like 
the accessibility of location of the school, children’s place of living and commuting 
vehicles gets improved then it would be a great way to increase the enrollments in 
rural primary schools. The education of private schools is given more attention and 
their teachers’ availability is high in comparison with public schools [8]. A published 
study carried out by Harma [9], on ‘School choice for the poor?’ notes down that the 
financial income of the parents affects the school choice of their children. ASER the 
latest reports put light on how 75% of students in a class of 505 faces difficulty in 
reading and solving arithmetic problems [10]. 

2.2 Literature on Tangible Interactions for Children 

Horn et al. [11] on tangible interaction and learning talk about a different interactive 
medium for learning which would enhance the whole classroom learning patterns and 
activities. Children would learn much faster if they use their knowledge along with 
physical actions (e.g., gestures) in their responses. A toolkit was given to teachers 
to use while teaching which proved to be very beneficial in the whole curriculum of 
rural education [12]. A comparative study by Antle et al. [13] over the digital and 
tangible input methods reveals that using tangible input methods would be better for 
enhancement of the mental ability of the students as they give users the chance to 
physically place the puzzle pieces and solve it. Miller et al. [14] say that computer 
games help in improving the cognitive skills of the student. 

2.3 Literature on Outdoor Learning Experiences 

This paper discusses how outdoor activities could also be involved along with 
classroom setup in a learning environment. Outdoor activities improve the phys-
ical and mental ability of preschool children and enhance their motor skills while 
also increasing the collaboration among children [15]. 

Another study shows that how parents and teachers support outdoor activities like 
gardening and playing with tangible materials because it helps children in exploring 
their environment, socializing and also increasing their physical activity [16].



A Sustainable Approach Toward Tangible Interactive Setup … 207

2.4 Social Perspective of Technology in Education 

According to Pal et al. [17] study, parent–teacher interaction is the key to improving 
the concept of collaborative and fun learning as parents want their children to achieve 
what they could not do in their lives. 

Kam et al. [18] in their study, put emphasis on the fact that video games could be a 
good way for adaption of new technology for rural students and could be introduced 
along with different levels so that the students who are slow at learning can learn at 
their own pace. Halloluwa et al. [19] in this study says that if a collaborative approach 
to learning and a safe environment is given to a child, he would not be afraid to ask 
any kind of questions to his teachers and classmates. 

Malik [20] discuss in his study that the lack of proper resources in the rural schools 
like weak infrastructure and the low socio-economic backgrounds of the parents is 
the reason due to which technological affordability and feasibility are the biggest 
challenges in rural primary education. 

2.5 Sustainable Technology and Accessibility 

The above literature suggests that there is a considerable gap between the Govt. 
Schemes and its effect on enhancing rural education. This paper focuses on how the 
technological advancements in education happening due to pandemic is not helping 
the unprivileged students of Rural India. In order to encourage underprivileged fami-
lies to accept new technological services, the services should meet family needs and 
prove to be beneficial [20]. Equality in terms of provision of services but equity in 
terms of cost of the services is important for the families which cannot afford it [21]. 
The literature also foreseen the opportunity of a sustainable approach toward tech-
nology which could help every corner of India. Circular economy states that what has 
been taken from earth has to be given back sometime. According to Ellen MacArthur 
Foundation, circular economy is the way for sustainable future and technological 
advancements [22]. 

Another study by Yeboah et al. [23] on the reusability of waste material and 
its value associated with primary education describes the use of waste materials in 
their educational courses will help them to understand the process and importance 
of reusability, and also at the same time, they understood that instead of disposing 
of waste, it can be reused for different purpose. 

2.6 Literature Review Conclusion 

So, hereby, it is concluded from the literature review that the addition of new mode of 
learning in the form of tangible interactive medium in the curriculum of rural primary
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education would help in its enhancement and increase the student enrollments. Also, 
using the circular economy system to refurbish the used or discarded phones for the 
classroom activities and fun learning approach would give a feeling of equity to the 
rural students and would help them to have an experience of the technology just like 
students of private schools has. 

3 Methodology 

The methodology utilizes design thinking to identify the underlying problems and 
current scenario. Design thinking approach, which is known as design thinking, 
brings together what is desirable from a human point of view with what is 
technologically feasible and economically viable [24]. 

By using contextual design guidelines by Holtzblatt et al. for the field study, ethno-
graphic research and contextual inquiry were conducted to get in-depth knowledge 
and understanding of the context of the rural primary education and current adaptions 
of learning in their curriculum [25]. 

3.1 Data Collection 

Ethnographic research was done in Dehradun city. The pictures of different Dehradun 
schools and a field study map are shared in Fig. 1. The contextual inquiry [25] was  
captured, while the teachers were teaching in the class and also by observing the 
students after giving them classroom activities. Interviews were also taken of both 
the teachers and students in N = 11 schools including the city, outskirts and remote 
schools of Dehradun. 

The research study also covers the Education Block offices such as Vikasnagar, 
Sahaspur and Kalsi Block offices of Dehradun as the administration plays a vital 
role in running of the rural schools in India. NGOs which are also working same

Fig. 1 Govt. P.S. Schools with students, teacher and classroom of rural primary school
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Table 1 List of schools 

Block name Area School name Student (I–V) Teacher 

Total Present Total Present 

Sahaspur Doonga Govt. P. S. Bidholi 32 28 2 3 (Locals) 

Doonga Govt. P. S. Bishanpur 37 32 2 1 

Doonga Govt. P. S. Kandoli Upper 35 18 2 1 

Vikasnagar Harbartpur Govt P. S. Vikasnagar 115 51 6 4 

Barotiwala Govt P. S Goodrich 41 34 3 3 

Barotiwala Govt P. S. Chhotuwala 43 40 2 2 

Kalsi Kalsi Gate Govt. P. S. Haripur 44 44 7 7 

Kalsi Gate Govt. P. S. Kalsi Bazar (Boys) 40 3 2 0 

Chakrata Kwanu Govt. P. S. Kwanu-II (Manjhgoan) 40 3 2 0 

Kwanu Govt P. S. Sainj Aasoie 45 10 2 0 

Tyuni Govt P. S. Hataal 80 84 3 1 

Source District Project Office SSA, Sahastradhara, Dehradun, Uttarakhand | 2019 

initiatives using interactive medium were also approached during the study to get 
their experience with the rural student (Table 1).

4 Insights and Inferences 

4.1 Students 

The study reveals that lack of confidence in the classroom is one of the main reasons 
because of which student is not able to clarify his doubts from the teachers or fellow 
students. The methods which instill curiosity in their minds, and the fun approach of 
teaching helps to channel the focus of students toward the learning. 

4.2 Teachers 

It has been observed that the rural primary teachers have a lot of responsibility over 
their shoulders as they have to take the classes together. They are not able to focus 
on each student individually. 

Lack of proper facilities in the school to support the education and learning 
methods also led teachers to resign from their jobs or take transfers specially in 
remote areas.



210 K. K. Gupta et al.

4.3 Block Offices and NGOs 

The study revealed that the block offices have less staff support to monitor and 
supervise the conditions of rural schools and also they do not have enough time and 
options for reaching all the schools and villages. 

Some NGOs have started working efficiently toward the initiative of fun learning 
but due to lack of resources and government support, and they are not able to reach 
all the schools and villages. 

4.4 Inference 

Insights and in-depth study infer that the traditional teaching methods are not being 
much successful in the rural primary schools as the curriculum has fixed methods 
and weak infrastructure affecting both the teacher and the student’s mindset. State 
Government is also playing its role as implicating many schemes but it is not very 
effective for rural primary education. 

Considering resources and to solve the problem from its roots of this issue, there is 
study proposes, a need of an independent mode of medium, which can be effectively 
implemented by enhancing the authentic teaching–learning, where students can have 
their own setup in which they can explore and learn with the help of teacher’s guid-
ance. A process into a collaborative fun and interactive tangible medium could be 
provided to them in order to enhance the classroom learning approach using tangible 
interactive mediums which is sustainable and to get the good academic results. 
Technologically affordable as well as feasible in low socio-economic scenarios. 

5 Ideation  

5.1 Design Principle 

This study utilizes the framework that incorporates the Stanford five-stage 
design thinking model, key sustainability indicator (i.e., social, environmental and 
economic), and digital fabrication components (i.e., material and process) aimed at 
evaluating sustainable prototyping processes and outcomes [26] (Table 2; Fig.  2). 

6 Final Concept and Prototype 

The final concept was based on printable fiducial markers and a camera-based marker 
tracking computational resources, i.e., reacTIVision. It utilizes the basic available
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Table 2 Ideation phases and exploration showing the different solution and modification 

Phase Idea name Pros Cons 

1st ideation phase Spin and learn: Simple 
tangible board game 
based on board game 

Cardboard and pins as 
material, low cost, 
sturdy and easy to 
rebuild 

No interactive 
feedback, lack of 
guidance, less 
engaging 

2nd ideation phase Tile tutor: Interactive 
tangible game based on 
capacitance sensing 

Food metal foil, 
sun-board and IOT 
device (Arduino board), 
affordable cost, audio 
feedback 

Capacitance sensing 
was overlapping, poor 
performance 

3rd ideation phase Place and play: RFID 
card-tag tangible game 
based on RFID sensing 

Sun-board, RFID tags 
and sensors as material, 
accurate feedback, 
cognitive psychology of 
shapes, immersive 
experience 

Expensive materials, 
hard to repair because 
of so many technical 
parts and connections 

4th ideation phase Place and Play 2: 
Fiducial marker cards 
tangible game based on 
reacTIVision 
technology 

Cardboard box, photo 
frame and glass, 
discarded usable mobile 
device and computer as 
material, immersive 
audio-visual feedback 
with right/wrong 
assistance, affordable 
technology for bulk, 
easy to repair and 
assemble 

Need a scheme to help 
in procuring the raw 
materials at bulk 

resources which is easily procurable, and also at the same time, using the waste and 
discarded materials into a novel use of education [27] (Fig. 3). 

6.1 Prototype 

The prototype was fabricated by using the below mentioned items:

● Cardboard box
● Discarded photo frame
● Photo frame glass
● Tracing paper
● Used/ discarded old working mobile phones with camera
● Computer (for display purpose) (Fig. 4).
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Fig. 2 Framework for digital fabrication based sustainable design and prototyping. Source Sustain-
able Design and Prototyping Using Digital Fabrication Tools for Education Sohail Ahmed Soomro 
et al. [26] 

Fig. 3 Framework representing the working principle and scheme behind reacTIVision Technology 
used for the final concept [27]
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Fig. 4 Showing the game interface with the answer cards (far left), the setup with the box, photo 
frame, etc., (middle top and middle bottom right) printed cards with fiducial marker at back (middle 
bottom left), used phones as camera (far right) 

7 Conclusion 

This study demonstrates that how tangible interactive learning approach could be of 
a great help for primary school children. During prototype testing, we observed how 
fun the tangible learning was for the children and how fast they were learning and 
grasping new things. Introduction of games and fun learning methods really helped 
them in creating a sense of competitiveness and collaboration among children. 

Also, these tangible interactive solutions in remote and hilly areas would help 
students to learn on their own if the teacher is unavailable. The use of sustainable 
materials out of used or discarded things would further help to make technology 
reach every corner of the country. 

8 Future Scope 

This study is working in progress toward finding a solution that is a way to introduce 
tangible interactive setups to these rural primary schools that is capable of reaching 
every corner of the country. Due to COVID-19 pandemic, this study was not able 
to test the prototype into the field and its concepts around it, and it seeks to test the 
concept of reusability in the 4th phase of ideation to enhance the teaching–learning 
process with a new dimension of flexibility to change the tangible interactive games 
around different subjects to make it more relevant to the curriculum by keeping the 
underlying working principle same. 

The available material from the surroundings like the stones or stickers/ 
photographs of some famous politicians could be used as cards which would serve 
as an effective learning material, and the facilitator will be able to reconstruct the 
question around the cues to make a whole new game out of the same working prin-
ciple. In this way, the study scopes the future to make the solution more sustainably 
viable to the mass and economically feasible.
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A Solution Toward Providing a Faster 
Means of Ambulance Service Through 
Multimedia Design Approach 

Hari Brat Saikia and Bhaskar Saha 

1 Introduction 

Indian population strength holds second rank in the world. It has very exciting road 
dynamics [1]. The traffic is a blend of high-speed supercars, overloaded trucks, a 
wide range of passengers’ buses, bumper-to-bumper private vehicles, and home to the 
largest number of motorized two-wheelers in the world [2]. Adding to the dynamism, 
bullock carts, horse carts, and various estranged animals and creatures are also seen 
on the roads. All these factors lead up to heavy traffic mounting up the congestion 
on the road [3]. It often becomes difficult for emergency medical services (EMS) to 
work along the same road condition to maintain an optimum ambulance response 
time (ART) as the ambulance and other vehicles use the same road [4]. With fatalities 
and emergencies rising due to road accidents across India, it is adding to the burden 
for EMS [5]. As per the National Institute of Emergency Medicine, almost 20% of 
patients requiring urgent medical attention lost lives solely because of traffic delays 
[6]. According to the Times of India, approximately 146,133 persons were killed 
because of street level accidents in India during 2016. It is important to note that, 
out of the total fatalities about 30% lost their lives solely due to delay in medical 
response time. Many Governments and private ambulance or emergency vehicles 
are running across the country but are fragmented in terms of service, not easily 
accessible to the public, and lack modern infrastructure and coordination. Lack of 
proper emergency medical service (EMS) service is a hindrance to better healthcare 
[7]. Along the way of providing emergency medical services, an important factor that 
goes rather unnoticed is the fact that several times an ambulance carrying a patient 
meets with an accident. Such accidents are potentially hazardous and catastrophic
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Table 1 Table showing the rising trend of ambulance accidents across India 

Year Cases Incident 

June 19, 2018 3 dead A pregnant woman and two others were killed after the 
ambulance carrying them was hit by a bus [8] 

October 9, 2018 3 dead A patient and two others on board were killed after the 
ambulance was hit by a tractor [9] 

January 4, 2019 2 dead Ambulance staff and patient die as their ambulance hits 
a tree along  the road [10] 

June 9, 2019 8 dead, 4 injured Ambulance collided with a mini truck [11] 

November 4, 2020 2 dead Another vehicle rammed in to the ambulance [12] 

November 17, 2020 3 dead Ambulance had a head on collision with a passenger 
car [13] 

November 20, 2020 3 dead,3 injured Ambulance hits another vehicle [14] 

January 28, 2021 2 dead Ambulance rushed into a scooter killing 2 people after 
violating traffic rules [15] 

January 26, 2021 5 dead Ambulance carrying 5 people hit a stationary truck due 
to low visibility caused by fog [16] 

February 20, 2021 3 dead, 3 injured Ambulance hit a truck [17] 

in nature because ambulances consist of many lifesaving equipment and chemical 
substances. After many mishaps, if those substances accidentally mix with oxygen 
cylinders, it can turn out to be seriously fatal in case of fire and another chemical 
spillage. Incidents of such nature fail the basic purpose of lifesaving and providing 
medical assistance. 

Ambulance accidents happen primarily during emergencies to reach the inten-
sive care unit (ICU) or hospital in the shortest time, sometimes ignoring the safety 
concerns and traffic norms. A summary of such incidents and data collected across 
India are presented in Table 1. 

Looking at the above table which summarizes the number of accidents occurred in 
the country over a span of 4 years, the trendline suggests that, incidents of ambulance 
meeting with an accident are quite dominant across the country. In all of the cases, 
there are serious fatalities and injuries. It is the nature of ambulances to move with 
high velocity so as to reach a hospital or tertiary health center as fast as possible. 
In the process, most often traffic norms are violated, such as crossing speed limit, 
unmarked turns, and overtaking, this leads to misjudgments of other fellow drivers 
and mishaps happen. Not to mention there are also various inevitable circumstances 
such as fog, rain, wind, and other vehicles hitting from behind. Over the years, the 
data suggest that such cases are on rise, and the situation needs attention. 

A lot of study and research has been done over the years to help mitigate the 
issue of better ambulance response time. The Internet of things (IoT) way has been 
used extensively to come about finding solutions to the issues with various smart 
ambulance systems. A smart calling feature of an ambulance during an emergency 
was proposed using microcontroller components, GPS modules, GSM modules, and
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several crash sensors. The whole setup was meant to reach the accident spot in 
the shortest possible time and inform the emergency contacts [18]. Another study 
used a similar approach of a fully automated system reaching accident sites by 
detecting accidents and thus reducing the delay in treatment. The system relied on 
GPS modules, GSM modules, and several sensors [19]. In a fresh study, a system 
named automatic ambulance rescue system (AARS) was introduced. The idea was to 
offer a steady route for ambulance to reach a medical care center within a short time. 
It controlled main flow of traffic for optimization and smooth movement for ambu-
lance services without delay [20]. In another attempt to provide a faster response by 
providing the shortest route to the accident spot was devised. It relied on centrally 
switching the traffic lights according to the ambulance movement near the vicinity of 
the accident scene, thus saving time from being stuck in traffic jams [21]. Research 
conducted by Ethan Erkut studied the scenario and proposed a theory to minimize the 
response time for medical attention. It proposes a new location layout for medical 
service stations. The stations are strategically set up to coordinate with existing 
models and help with better survival chances by providing faster emergency assis-
tance [22]. Cloud-based solutions were also devised for better ambulance services. 
An intelligent bot does all the calculations in conjunction with artificial intelligence 
and machine learning to detect ambulances and immediate dispatch to accident spots 
[23]. The Govt. of India has been pushing states to come up with their emergency 
medical services (EMS) models across the country. Various states have been imple-
menting such models under their capacity and infrastructure such as “EMRI 108” 
Services, “Janani Express Scheme”, and “Bihar Model 102 and 1911”. Most of them 
are covered under National Rural Health Mission (NRHM). It primarily focused on 
providing fast transportation to emergency cases [24]. It is worth mentioning that 
all the research and analysis done to improve the medical response time uses the 
same road area to provide its services whether to reach the accident spot or in case 
of transporting patients to the hospital. Thus, the possibility of ambulance accidents 
meeting with other road vehicles is still in place. 

The present system of providing Emergency Services does not have a well-defined 
operational workflow and is not efficient in terms of ambulance response time. There 
lacks a systematic structure by which an individual calls for an ambulance to a 
residence or an accident spot. To overcome the issues, there is a need of smart 
ambulance calling system easily accessible to general public and a distinct travel route 
which should be free of road traffic at any point of time so that it can maintain a definite 
and faster ambulance response time. This paper explores the ways to overcome the 
issues. 

The aim of the study is to visualize a mechanism which will provide a low cost 
and a faster means of ambulance service along the existing road structure in urban 
environments using multimedia approach. The objectives are as follows:

● To provide an efficient route or track for the emergency vehicles to work which 
is independent of road traffic.

● To make a smart and eco-friendly vehicle which will run on electricity, thus, cost 
of travel will be cheaper.
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● To infuse a multimedia design approach to demonstrate the possibility of its 
operation. 

2 Design Process and Method 

To understand the problems in detail, an area of study, Guwahati, was considered. It is 
the capital city of Assam, India. Guwahati is considered as the gateway to the North-
East region of the country. As per the census 2011, the city population is 957352 [25] 
out of which 62,000 people have commercial and private vehicles during 2011–12 
[26]. Vehicle registration data put an approximate of 92,000 vehicles including buses, 
trucks, vans, cars, etc., utilizing the road for various tasks such as office work, utility 
vehicles, and good transports [27]. This staggering number of road traffic creates 
a major congestion in the city roads and thus causes a major delay in movement 
of private vehicles and emergency vehicles. The Government. of Assam has intro-
duced several ambulance services catering the emergency medical transportation 
needs. “102” service was introduced in September, 2013 to shift any patients from a 
lower medical center to a better medical facility. Similarly in November, 2008, “108 
Mritunjoy” service was introduced to reduce the gap of ambulance response time in 
coordination with local police and fire authorities. 108 service also has an integral 
boat ambulance service which accounts to a total of 5 such ambulances across the 
state. They serve as mobile medical units. The Government sponsored ambulances 
available are of two types, namely basic life support (BLS) and advanced life support 
(ALS) [28]. A number of private ambulances also provide services in the city. As 
there are no common registration platforms, the exact data were not available. Even 
after the given capacity of pre-hospital care and ambulances, the city has witnessed 
an average of 1000 accidents per year between 2010 and 2014. The average number 
of people involved in those accidents are approximately close to 1300 each year. The 
point of interest is that out of 1300 cases of accidents each year, approximately 220 
cases are fatal in nature [29]. A similar study by Raktim Tamuli showed that in the 
majority of cases, the accident victim succumbs to death within the hour as patients 
are unable to reach any tertiary healthcare center in time [30]. 

2.1 Pragmatic Approach 

The process followed to understand the primary concern is categorized into various 
steps. Firstly, the general idea was framed and was expanded to a broader scenario 
to test the existence of any similar problems. Upon finding that issue existed on a 
national level, it was required to verify the same with inputs from local medical 
professionals and the public associated with the medical system, they were catego-
rized under focused groups. The data were again validated among an open group, a
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wider section of people using quantitative methods. Lastly, both the problems estab-
lished were discussed to frame a conclusion. The entire process is depicted in the 
Fig. 1. 

The study started with general observation as to how the recent increase in popu-
lation affects valuable resources, time, and sometimes costs life. Ambulance using 
the same road stuck in jams is the worst affected of all shown Fig. 2a. The problem 
is not just limited to a part of a region but can be seen as a matter of grave concern 
for the entire country. Looking at the images given below, we can have a brief idea 
as to how the ambulance stands helpless in beating the traffic to reach a medical 
center/hospital in time. 

Experiment-I: Interaction with Local Health Center People 
To further understand the issue in detail, it was necessary to make a focused 

group, which consists of people who are associated with ambulance services and 
also to get inputs from doctors who are always dealing with such scenarios. After

Fig. 1 Flowchart of the process undertaken during the research 

Fig. 2 a Showing ambulances face issues in traffic (retrieved from www.google.com) b Survey or 
discussion with the doctors, ambulance drivers, etc.

http://www.google.com
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an interaction with Dr. Achinta Sundar Sarma shows in Fig. 2b, Superintendent, 
Rupnath Brahma (RNB) Civil Hospital, Kokrajhar, BTC, Assam, India, underlined 
the shortage of ambulance services at any given time. “Public faces issues in the 
process of acquiring an ambulance and reaching the hospital in time. There is no 
dedicated helpline. The situation worsens during night wherein reaching out to an 
ambulance becomes rather difficult and is located in different places. Thus, it takes 
time for one to reach the location of the patient and take them to a hospital”. Ambu-
lance drivers were also crucial during this study as they possess first-hand information 
and are always involved in the process of movement of ambulances, dealing with 
patients and complexities of issues that exist during the whole process of transit. 
Mr. Ratul Narzary, Driver, Mrityunjoy — 108, Ambulance Service, he mentioned, 
ambulances more often are given the right of way, still it is insufficient to make it in 
time to the hospital. Another fact that remains unnoticed is that not everyone avails 
services of an ambulance to reach hospital but uses private vehicles. Due to heavy 
traffic, most of those in emergency too cannot make it in time. He also mentioned 
the importance of opting for an ambulance instead of private vehicles as it helps the 
patient with the first aid and necessary care required during critical hours.

Experiment-II: Interaction with Local People for Data Collection 
After gathering information from the focused group, it was clear to summarize 

that ambulance services were really facing problems due to heavy traffic in the urban 
areas. Now, the problem in discussion needs to be tested in an open environment. 
To understand the concern of the public domain, input from a large community of 
users was a must to understand the issues in detail. This was categorized under 
open groups. Since target users will be the public, it would make sense to gather 
information from the users. There were multiple factors to consider before going 
for the survey such as not all people dwell in similar surroundings. Some reside in 
remote locations and some in urban compounds. The configurations are different so 
are the needs and nature. To reach out to a greater range of public views, an online 
survey was conducted using google forms. The questionnaire was segmented into 
two categories: multiple choice questions (MCQ) and explanatory questions. The 
sampling was of 100 participants which included different age groups, gender, and 
professions. The age group participated consisted of 60% in the age group of 18–25, 
38% of 26–45 and 2% in the age group of 45 and more. In gender classification, male 
participants accounted for 42% while females responses recorded were 58%. The 
background of participants included 68% students, 3% are from the business sector, 
Government sector constituted for 12 and 18% belonged from various professions. 
The questions were framed to understand the gaps in the whole process, right from 
calling for an ambulance, getting the proper medication inside an ambulance, and 
reaching a medical care center in the shortest possible time through users perspective. 
The multiple choice-based questions were to the point, intended to understand the 
basic facts associated with the system. The questions were devised to frame a picture 
about the common issues which can be seen on a regular basis, and no solution has 
been framed. To understand the public opinion, questions of the following nature were 
devised. The focus was to understand whether there is a need for an ambulance service 
rather than a private vehicle to go to the hospital if someone is sick. To understand
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whether there is a need for a safe, comfortable, and fast ambulance service. If the 
hospital is far from the user’s location? To understand how traffic congestion affects 
ambulances while reaching a hospital. What are the impacts of high-speed movement 
of the ambulance? Whether an innovative approach of mobility for an ambulance and 
other emergency vehicles can be thought of. 

On other hand, explanatory questions framed were to understand in depth the 
practical issues that were faced by the public, which are usually overlooked in general. 
Instead of generalizing that traffic delay causes problems, users were asked to share 
any real-life experiences that happened during such adverse conditions. It was to 
analyze whether there exist any other complications which arise during delay, and 
any possible measures to solve it. Whether the fact that, fast moving ambulance during 
an emergency can cause accidents. The users were also asked about various flaws 
and whether there is a need for a new framework to improvise the existing system of 
emergency medical services. Gathering the results of the survey conducted through 
online questionnaires are displayed below in Fig. 3 as a graphical representation. The 
graph is formed out of the seven primary questions that were asked to the public. The 
responses were collected in terms of agree, strongly agree, disagree, and strongly 
disagree. 

While answering to the question, whether preference should be given to ambu-
lances rather than private vehicles to shift any patient to hospital — 62% of the users 
agreed and 38% of the users agreed strongly to it. Next question was to understand 
the experience inside an ambulance during transit. So users were asked whether there 
was a need for more comfortable, safe, and faster means of service, to which 49% of 
the public agreed to it and 50% of users strongly agreed to it. The next question was 
to understand whether road traffic congestion was indeed the reason causing delay 
in ambulance response times? 61% of the public agreed to the question and 37% 
agreed strongly to it. To understand whether a patient suffers the most while stuck 
in traffic, 59% of the public agreed to verify the question along with 37% agreed 
strongly to it. To confirm while stuck in traffic, most often patients die? — to which

Fig. 3 Survey results
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66% of the public agreed to it and 33% agreed strongly whereas 10% disagreed. 
In order to confirm another important factor about ambulance meeting with acci-
dents, a question was asked whether high-speed movements cause accidents? In 
reply, 72% of the public agreed to the fact, 15% agreed strongly, 12% disagreed, and 
1% disagreed completely. To have a broader view about the existing infrastructure 
and system, the users were asked whether there was a need for better mobility solu-
tions or a better design for betterment of the public. In reply, 74% agreed to accept 
that the system needs a better workaround and think about new innovative ideas. 
Exploring the explanatory questions, it was understood that the users were indeed 
having issues about the medical transportation framework present in Indian road 
conditions. At any given point in time, it is always difficult to call for an ambulance 
for the general public, thus an average user always resorts to using a private vehicle 
either personal or rented one to reach a healthcare center. In doing so, certain acute 
cases or emergency cases miss out on first aid.

3 Outcome of the Study: Ambulance Design 
and Development 

As the issues pertaining to delay in existing ambulance service have been established, 
a new solution to overcome the issue needs to be defined. This section deliberated 
about the step-by-step process toward creating a new and innovative way to provide 
a faster way out for the ambulance service. 

3.1 Necessary Road Modifications 

After surveying the road dynamics of defined area of study, it was learnt that, the 
median area of the road can be used in a more efficient way. If modified in a certain 
way, it can be used as a dedicated route for emergency vehicle like ambulance to run 
along the existing road network. The advantage of using the same road route will be 
that very less amount of road modifications will be required. Taking inspirations for 
the tram rail line which are used in conjunction with road lines, similar rail tracks 
can be laid along the center of the road, and foot barriers can be laid along the width. 
Similarly, the traffic signal structures present in the middle of the road can be shifted 
to the side of the road along the foot barriers. Figure 4a shows the existing road 
system, and the modifications required are presented in Fig. 4b.
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Fig. 4 a Existing road system of Guwahati city, b the proposed modifications 

3.2 Concept Art and 3D Renders 

Initial 2D sketches were drawn to understand the proportion, layout, and basic func-
tionalities of the model. After analyzing further and taking inspirations from existing 
ambulance vehicles, the final 3D model is created. Figure 5a shows the concept 
drawings, and Fig. 5b shows the final 3D output of the model. 

Fig. 5 a 2D concept sketches of the ambulance model, b 3D renders of the final 3D model
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Fig. 6 Shows the body frame, chassis, and the final placement in the vehicle 

3.3 Frame Construction and Working of Dual Mode 
of Operation 

The ambulance is designed to run along the rails with help of steel wheels as well as 
regular wheels which are attached to the same chassis frame and axle. Figure 6 shows 
the body frame and the chassis in which steel wheels and tire wheels are attached. 

The ambulance is primarily designed to run on electricity. The electrified tracks 
will the main source of power to run the motors which in turn will power the vehicle. 
The chassis has a built-in battery bed as shown in Fig. 6 as an auxiliary power. 
The battery will power the vehicle when running only on wheels. Solar panels too 
are installed on the roof as a secondary power source. Modern technologies such 
as regenerative breaking, advanced driver assistance system (ADAS), lane assist 
and departure, infrared track alignment, and safety components are integrated. As 
the ambulance will be required to pick up patients from residence to hospital, the 
vehicle will need to change its direction away from the track. Figure 7 shows the 
mechanism how during a turn (say while entering to a hospital), the steel wheels will 
disengage, and the vehicle will run only using the tires. Again, while returning to the 
track, same mechanism will be activated. 

The whole system has an inbuilt smart summoning technology wherein any user 
can call for the ambulance using a dedicated mobile app or standard emergency 
number like 101 or 100. After receiving the call, the inbuilt global positioning system 
(GPS) mechanism or using callers input the ambulance reaches the spot and attends 
the patient. The ambulance is designed as a type C: basic life support ambulance

Fig. 7 Track departure and rejoin mechanism



A Solution Toward Providing a Faster Means of Ambulance Service … 227

Fig. 8 Story board of the ambulance leaving track route to reach a hospital 

which will have the basic medical aid and support conforming to the guidelines 
prescribed by National Ambulance Code (NAC). After receiving a user’s call and 
picking up the patient, the following set of images as shown in Fig. 8. depicts a 
brief storyboard sequence (i) to (vi) as how the ambulance initially runs on track and 
while nearing a hospital/medical care facility changes its track where steel wheels 
disengage and turn toward the hospital. After leaving the track, it runs solely on 
regular wheels to reach hospital. After patient boarding or deboarding, it returns to 
the main track and continues to next call.

While attending to a nationwide issue of delay in pre-medical care, a solution is 
presented using multimedia tools and approach. The advantage of using multimedia 
tools is to visualize and understand the feasibility of the working mechanism without 
actually have to build such a system and test it. It would incur lot of cost and cannot 
be error free. There have been many studies toward finding a possible solution to 
provide a faster ambulance service to patients or any accidents spot but have not been 
able to turn into reality. This idea presented in this paper has been shared for feedback 
with various academic and industry experts. Table 2 presented below summaries the 
feedback of various experts. 

4 Conclusion 

An analysis of ambulance service in India in conjunction with road traffic condition 
was discussed. The focus was to identify and think of a comprehensive solution 
that would address the major areas of interest such as reducing accidents related to 
an ambulance and other vehicles, creating a way for the fastest ambulance response 
time with minimal cost of travel, a safe, and comfortable experience and eco-friendly 
means of transport.
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Table 2 Summaries the feedback of various experts 

Subject matter is very impressive, and idea is productive. The concept is futuristic but needs to 
work on road structure in civil engineering viewpoint 

Design concept is necessary, and approach is good 

Building of such vehicular structure is possible given it falls under governing laws 

It is a need of hour solution to the rising issues of road accidents and for providing pre-medical 
care within the golden hour 

The concept can be only applied to specified area owing to the road width in existing urban road 
environments and suggested to work on better functionality of the vehicle 

Good design approach for futuristic project. To develop on certain areas of visual aspects. 
Ergonomics should be enhanced properly 
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Droplet Distribution Effected 
by Multi-Rotor Flight Parameters 

Umamaheswara Rao Mogili, B. B. V. L. Deepak, D. R. Parhi, 
and Aezeden Mohamed 

1 Introduction 

Agriculture is one of the most economic sources that affect the Indian economy. If 
the growth of agricultural products increases the economy is in a reasonable state, 
otherwise it could be a disaster for developing countries like India. Till now, the agri-
culture fields are cultivated using manual techniques. In these techniques, pesticide 
spraying is the most hazardous process, and it also affects the farmer’s health. But 
dramatically development in the technology, the cultivation in the agriculture fields 
takes a new role. The introduction of multi-rotor vehicles is also called remotely 
piloted aircraft (RPA) or an unmanned aerial vehicle (UAV), which can be piloted 
remotely or perform a flight autonomously along a planned route. Unmanned aerial 
vehicles are divided into rotors (multi-rotor) and fixed-wing aircraft constructions. 
Rotors can quickly change flight direction, zero-distance takeoff, and landing, precise 
“hovering” over the scene of the event and can operate in very narrow spaces [1]. 

The presence of UAV type chopper changes the paradigm of drone and technology 
the application, including in INDIA. Various activities currently, it is common to 
use drones such as entertainment, agriculture monitoring, precision agriculture, and 
disaster mapping [2, 3]. Multi-rotor-based aerial photography applications are one 
of the high-level applications in agriculture applications, especially monitoring and
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dimensional measurements [4]. The ability to produce detailed images with the help 
of coupled GPS system which could help getting accurate result [5]. The ground 
station communicates with a multi-rotor system using MAV link protocol to transmit 
the field locations and operations which can be performed while spraying the pesti-
cides [6]. The use of agrochemicals and water the diversity of the physical and 
biological environment optimize production cost and improve the efficiency of crop 
fields to reduce the environmental impacts [7]. 

Another major application of the multi-rotors is pesticide spraying. The first 
pesticide UAV vehicles Rotomotion SR200 and SR20 were developed by Yamaha 
Company. These are the low-volume spray system for pesticide spraying with a 
lightweight video digital camera for real-time applications [8, 9]. A simpler study 
was done using a WPH642 single-rotor electric vehicle which affects the scattering 
parameters on the distribution of droplets over rice plants [10]. Using unmanned 
helicopters, the spray droplet deposition concentration, uniformity, and flight height, 
the relationship between speed and interaction between the two other factors were 
studied [11, 12]. The influence of spray parameters was studied using a UAV on 
the droplet deposition and distribution over the corn canopy [13]. Different methods 
are used to explore the low-volume and high-concentration multi-rotor application 
operations of two conventional agents on rice quality [14]. 

The optimal path planning of the multi-rotor vehicles or unmanned robots is devel-
oped using a hybrid algorithm in an assorted environment like agriculture fields [15]. 
Also, the path planning of the agriculture environments is different compare with the 
other environments. The droplet collectors such as water-sensitive papers, polyester, 
and mylar cards are used to collect the droplets while spraying the pesticides over 
the agriculture fields [16–18]. The droplets can be sampled in various types of arti-
ficial surfaces and later it to be measured using different techniques. The surfaces 
considered as default for droplet sampling with a method of volume mean diameter 
showed a constant relationship between the diameter and density. 

In this paper, a multi-rotor was developed to perform pesticide spraying operations 
in the agriculture fields. The multi-rotor sprays pesticide over the agriculture fields 
with different flight parameters such as speed and height. These two parameters 
decide the droplet densities and spray uniformity of the droplets that reside in the 
droplet collectors. The standard deviation and coverage rate of the droplet densities 
and spray uniformity were calculated for different layers. The rest of the paper is 
organized as follows: The introduction part introduces the development of multi-rotor 
vehicles and spraying systems of different eras. Materials and methods section deals 
with the implementation of a multi-rotor spraying system and its flying parameters. 
The results and discussion section deals with droplet densities and spray uniformity 
of the droplets collected from the droplet collectors. The last section deals with the 
conclusion and future scope of the paper.
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Fig. 1 Ready to fly the  
multi-rotor vehicle 

2 Materials and Methods 

2.1 Multi-Rotor Parameters 

The development of multi-rotor unmanned aerial vehicle spray equipment was carried 
out in the labs of the industrial design department of the National Institute of Tech-
nology, Rourkela, India. For developing the multi-rotor, a custom F450 platform with 
the following components was used as F450 frame with integrated PCB wiring, four 
30A E300 electronic speed controllers (ESCs), four 2212 920 kV E300 brushless 
direct current motors (BLDC), four carbon fiber propellers of self-tightening, one 
14.8 V 4000mah 30C Li-Po battery. The propellers and motors are chosen based on 
a study of takeoff constraints for building a pesticide spraying multi-rotor system 
shown in Fig. 1 [19]. 

Spraying was done with a multi-rotor equipped pesticide tank, with twin-jet 
nozzles, with a constant flow of the pesticide in the steady air pressure. The experi-
ment consisted of concomitant spraying over the water-sensitive paper cards to collect 
the samples. The tank is equipped to the downside of the multi-rotor. The capacity 
of the tank is 0.75–1 L; the spray width is 1.5 m, and the speed of the multi-rotor is 2 
and 4 m/s. Duration experiment, the nozzle was positioned at approximately 20 cm 
in height above the samples. 

2.2 Experimental Method 

The experiment was conducted in the fields of the National Institute of Technology, 
Rourkela, India. An experiment was conducted in the field of Iresine plants. The 
experiment consisted of concomitant spraying of water-sensitive paper cards with 
the size of 7.5 cm × 2.5 cm, used as a droplet collector. The water-sensitive paper 
lays on the plant in three different places. The places are the top, middle, and bottom 
layers of the plant. The height of the plant is approximately 140 cm, and the layers
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are placed at 120 cm (top layer), 80 cm (middle layer), and 40 cm (bottom layer). The 
placement of the droplet collectors is shown in Fig. 2. During the application, the 
twin-jet nozzles are positioned at approximately 20 cm in height about the droplet 
samplers. Water is used in the place of pesticides to reduce pollution in experimental 
areas. The droplet collectors were set up on each layer of the plant so that they 
remained one to the top to bottom and positioned parallel to the direction of the leaf. 
Spraying was done with a multi-rotor spraying system, developed at the National 
Institute of Technology, Rourkela, with cone pattern twin-jet nozzles angled at 50°, 
with constant flow rate and air pressure. 

During the experiment, the multi-rotor initiated at its initial position with the 
normal speed and started spraying at the desired location. The spraying starts with 
a speed of 4, 6 m/s at different heights shown in Fig. 3. Initial multi-rotor speed is 
4 m/s at the height of 2, 3, and 4 m. Next iteration, the speed increased for 6 m/s at 
the same heights described earlier. After completing alliteration of the spraying, the 
multi-rotor returns its home location using return to launch (RTL) mode. 

After completing the six test flights for spraying, the droplet collectors were 
collected from the different layers of the Iresine plant and stored in the zip lock 
cover to further process. Further, the droplet collectors collected from each layer 
at different speeds were scanned using a DropLeaf public domain application for 
analysis. The analysis of different heights and speeds is shown in Fig. 4a, b. The

Fig. 2 Positing of 
water-sensitive papers
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Fig. 3 Pesticide spraying 
over the Iresine plants 

dimensions of the water-sensitive paper in the DropLeaf application are chosen as 
height (cm) of 7.5, width (cm) as 2.5, and minimum droplet size (pixel) is taken 1.

3 Results and Discussion 

3.1 Droplet Deposition 

The droplet deposition density was tested at different flying heights and speeds of the 
multi-rotor. The droplet collectors collected from the field were analyzed using the 
DropLeaf application, and the results are shown in Table 1. In the tested method, the 
use of droplet collectors that presents the different values in the progression of droplet 
density allows that drops of a sample to be distributed and improved the performance 
of the analysis in terms of height and speed. Droplet density and uniformity were 
calculated using different techniques that should give an absolute result. In this case, 
it would be enough to accurately measure droplet density and uniformity by the drops 
that hit the target. However, the accuracy of the technique tends to decrease when 
drops of varied collectors are collected in the sampling surfaces or when to perform 
manually measuring, sorting, and counting of the prints of the drops. 

The droplet size in the droplet collectors is calculated using the mean diameter 
(µm). The values of mean diameter Dv 0.1 (µm), Dv 0.5 (µm), and Dv 0.9 (µm) 
are shown in Table 2. In general, the mean diameter values that can interface with 
accuracy are human error in measuring the impressions caused by the drops, so
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Fig. 4 a Original collected WSP, b Analyzed WSP 

Table 1 Samples collected from Iresine plants 

Multi-rotor 
height (m) 

Multi-rotor 
speed (m/s) 

Number of 
drops 

Coverage 
area (%) 

Droplet density (drop/cm2) 

Top layer Middle 
layer 

Bottom 
layer 

2 4 64 2.72 3.41 2.01 1.25 

6 124 5.13 6.61 4.25 2.31 

3 4 104 7.65 5.55 3.86 2.56 

6 243 12.82 12.96 9.63 7.52 

4 4 243 12.01 12.26 8.96 6.75 

6 294 18.02 15.68 11.54 7.52 

much for the difficulty of judgment in the diameter values classification manually. 
In addition to these problems, the manual drop classification process is extremely 
tiring. 

The coverage area was taken to sort the drops from each sample. The calculated 
droplet densities shown in Table 2 were having the lowest values at multi-rotor flying 
height 2 m and speed 4 m/s with the values of 3.41 (Top layer), 2.01 (Middle layer), 
1.25 (Bottom layer) droplets per cm2. At the same time, the droplet densities value 
is high at the multi-rotor flying height of 4 m and speed of 6 m/s with the values of 
15.68 (top layer), 11.54 (middle layer), 7.52 (bottom layer) droplets per cm2.
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Table 2 Analyzed results from DropLeaf 

Multi-rotor 
height (m) 

Multi-rotor 
speed (m/s) 

Mean diameter 
(µm) 

Dv 0.1 (µm) Dv 0.5 (µm) Dv 0.9 (µm) 

2 4 963.38 583.35 909.44 1460.97 

6 898.08 543.01 748.63 1755.99 

3 4 1063.13 379.56 880.56 2110.29 

6 937.41 323.36 727.75 1828.57 

4 4 892.69 328.87 657.76 1884.78 

6 939.17 249.89 669.33 2017.92 

While comparing all six tests, the flying speed with 4 m/s and height 2 m has 
the lowest values, and flying height 6 m/s and height 4 m have the highest values. 
However, the average droplet density for the six tests of the top layer is 7.36%; the 
middle layer is 6.70%, and the bottom layer is 4.65%. The droplet coverage area 
of test 1 is the lowest with a value of 2.72% and the highest value with a value 
of 18.02%. The average coverage area of all six tests is 9.73%. According to the 
speed and height of the multi-rotor system, the experiment was conducted in six 
experimental tests for the top, middle, and bottom layers. Figure 5 represents the 
droplet densities that occurred in the above side three layers. In Fig. 5, the  x-axis 
presents multi-rotor height in m; the y-axis presents multi-rotor speed in m/s, and the 
z-axis presents droplet densities per cm2 of the three layers. 

Fig. 5 Droplet densities over the three layers of each test
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3.2 Statistic Analysis 

The spray uniformity is calculated using a coefficient of variation over the droplet 
densities of three layers. The coefficient of variation (CV) is derived based on the 
standard deviation of the discrete variable. The discrete variables are defined as 
values obtained from the six tests conducted in the field. The coefficient of variation 
is calculated by using the following formula. 

CV(%) = 
S 

V 
∗ 100 (1) 

S indicates standard deviation, and V indicates several droplets occupied per unit 
area over the water-sensitive paper. 

S =
/(n 

i=1

(
Vi − V

)2 
(n − 1) 

(2) 

Vi indicates the number of droplets occupied on the water-sensitive paper of 
each test unit, and n indicates the total number of tests. The standard deviation 
and coefficient variation values are shown in Table 3. The incidents of the fields 
were most suitable for water-sensitive paper, as it increased droplet densities and 
the observations of small spots. In the case of top and bottom layers, the values are 
shown as highest and lowest as per the table referenced. 

Table 3 shows the results of the determination of the deposits, by the multi-rotor 
system, for water-sensitive paper targets. This was probably due to the difference in 
droplet spray between speed and height at the end of the application. However, it is 
recommended to do statistical planning based on results of pre-tests, to establish the 
number of samples necessary to obtain a result reliable, even with the disposal of a 
certain percentage of samples not suitable for analysis. 

The coefficient of variation is small; then, the spray uniformity of the droplet 
deposition is the lowest value, and the coefficient of variation is high; then, the spray 
uniformity of the droplet density is high. The CV value is low 27.32% at flight height

Table 3 Spraying uniformity of droplet densities 

Multi-rotor height 
(m) 

Multi-rotor speed 
(m/s) 

Droplet density (drop/cm2) Std CV (%) 

Top layer Middle layer Bottom layer 

2 4 3.41 2.01 1.25 1.10 49.13 

6 6.61 4.25 2.31 2.15 49.05 

3 4 5.55 3.86 2.56 1.50 37.57 

6 12.96 9.63 7.52 2.74 27.32 

4 4 12.26 8.96 6.75 2.77 29.72 

6 15.68 11.54 7.52 4.08 35.23
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at 3 m, and speed of flight is 6 m/s, and the highest value is 49.13% at a flight height 
of 2 m and speed of 4 m/s.

4 Conclusion 

In this paper, a multi-rotor pesticide spraying system was used to perform the pesti-
cide spraying in the experimental field. Overall six tests were conducted in the field, 
and results are collected. The collected results are analyzed using statistic analysis 
techniques standard deviation and coefficient of variation. Also, it is possible to esti-
mate the amount of pesticide which is deposited in a given area through droplet 
analysis using droplet densities. The results describe the flying height 2 m and speed 
4 m/s with the values of 3.41, 2.01, 1.25 droplets per cm2. At the same time, the 
droplet densities value are high at the multi-rotor flying height of 4 m and speed 
of 6 m/s with the values of 15.68, 11.54, 7.52 droplets per cm2. The coefficient of 
variation is smaller than the spray uniformity of the droplet deposition is the lowest 
value, and the coefficient of variation is high; then, the spray uniformity of the droplet 
density is high. The flight parameter’s speed and height affect the droplet distribution 
over the crop fields. As a result, the top layer with 3 m height with 6 m/s speed defines 
the highest droplet deposition in the agriculture fields. 
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Performance Analysis 
of Electro-pneumatic Hybrid Vehicle 
with ANSYS 

S. Palani, R. Lokesh, S. Hariharan, R. Vivek Ramachandran, 
M. Bharathraj, K. Manikandan, R. Paul Linga Prakash, and M. Selvam 

1 Introduction 

Based on pneumatic and electric vehicles, numerous researches have been conducted 
previously, and some of them are studied and presented as literature surveys. 
Rynbrandt [1] proposed the better system for transportation with electrical energy 
through the automotive vehicles which are powered by electrical energy. Tajima [2] 
made some modifications in the permanent magnets and auxiliary magnets to make 
an electric car of low vibration and noiseless to avoid the expanses of fuel through 
the loss of iron in permanent magnet with respect of magnetic flux during the brake 
apply while running. Zhang [3] proposed a system with battery charging by utilizing 
grids with AC power which transmits required energy for the vehicle contain with 
control module and other devices. Thipse [4] used a system with novel for controlling 
the movement of four-stage piston with a single crank shaft in second generation. 
Hasebe [5] depicted that for an electric car, the drive mechanism can be small sized 
and to increase the traveling time and torque by minimize vehicle weight. Engine size 
and weight are also reduced, and it provides high efficiency, accuracy, and rigidity. 
Barth [6] used the expansion chamber in all cylinders in pneumatic-based motor 
system which has piston plate separated by slide plate, and the power is extracted by 
the pneumatic engine at the end of the cycle. 

Kawamoto [7] improved the cooling capacity in the electric car drive and also 
minimizes the diameter of the motor. They arranged the axial alignment for mounting 
all motors with the mechanism of reduction gear coaxially. Jose [8] constructed a 
pneumatic vehicle that started with the help of combustion engine in the front end 
which is coupled to the air compressor. The air will pass through the air tank having
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a thermal device at the outlet and then leads to an air motor. The motor is operatively 
connected to the rear axle which is located the vehicle rear end. Viteri [9] proposed 
an engine collects air from surroundings and removes at least a portion of nitrogen 
using liquefaction. The remaining, primarily oxygen, is compressed in a gas generator 
which has an igniter which uses oxygen and a high-pressure hydrogen containing fuel 
leaving water and carbon dioxide as by-products. The water is then partially reverted 
back into the gas generator to regulate the temperature. Brown [10] fabricated a 
compressed air engine is coupled with an electric motor. The motor is used to increase 
the pressure of the air, and upon reaching, it initiates the auxiliary compressor. Then, 
it is engaged with the crank shaft to continue build up to a maximum predetermined 
air pressure, and it is maintained for the operation of the engine. 

Figenbaum [11] and Song et al. [12] stated that the main objective in hybrid 
vehicle minimizes the size of the engine for reducing consumption of the fuel with 
applies carbon-free sources. Mourad and Mahmoud [13] found that the reason of 
minimum of I.C. engine overall efficiency reduces the harmful emissions, so they 
find as one successful result is the employ of hybrid vehicles. Wang et al. [14] stated 
that for crossing the driving cycle standard, it needed about 770 ml fuel at the end of 
drive cycle. Fang et al. [15] found that the option of connecting the system through 
the system of air supercharging for increasing performance of volumetric along with 
enhance engine efficiency. 

From the above literature, the electro-pneumatic car is the combination of both 
electrical and pneumatic setup providing 100% eco-friendly vehicles, and it clearly 
shows that it is necessary to modify the cam shaft by 2-stroke for better operation. 

The novelty of our research work is modifying the camshaft of 4-stroke into 
2-stroke with respect of valve operation. We make modification of cam lobe from 
V-shaped to I shape with oval provision for obtaining better torque. 

2 Methodology 

The project initially started with collection of required data through Internet and 
various books. Various research papers regarding electrical and pneumatic vehicles 
have been studied to understand the basic principles of both the electric and pneu-
matic engines by means of literature survey. Then, the materials required for the 
fabrication of the vehicle have obtained, and the design of the vehicle frame, cam, 
and chassis was drawn with the help of Solidworks. Then, as by the process, the fabri-
cation of the various components, procurement of the different components required 
assembling an electrical drive, and the conversion of the internal combustion engine 
are done simultaneously. Then, both pneumatic and electrical part of the vehicle 
has assembled, and the vehicle is developed and tested at its peak performance. By 
measuring the different dimensions and values, the required calculations have been 
made, and the results are discussed and documented.
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3 Construction (Key Components) of the Vehicle 

3.1 Modified IC Engine 

A conventional internal combustion engine primarily uses fossil fuels to extract power 
and generally comprises of 4 strokes. The piston moves back and forth inside the 
cylinder and compresses the air fuel mixture, and it is ignited to perform a controlled 
combustion. Modifications have been made in the traditional IC engine by altering 
the cam and by sealing the passages where the compressed air can possibly escape. 
Since no volatile fuel is used, the temperature of the engine also didn’t exceed limits, 
and thus, the atmospheric surrounding is enough to keep the engine at operational 
temperature without utilizing any specific coolants. The proposed pneumatic engine 
is shown in Fig. 1. 

Fig. 1 Pneumatic engine 

3.2 Modified CAM 

The conventional cam used in the IC engine was modified in order to convert the 
4-stroke engine into a 2-stroke engine. An external lobe is added in the other end 
of the cam, and the traditional “V” shape of the cam is altered into an “I” shape, 
and the ends of the lobes are grinded into an oval shape to ensure the engine smooth 
operation. The valve timing is also modified, and the displacement diagram with the 
cam profile diagram is also traced for the modified cam in order to make the cam 
operational at its full functional level. Thus, the cam is made to actuate the inlet and 
exhaust valves twice as much as the normal IC engine in one complete cycle, and 
the valve timing ratio is also increased. The modified cam is shown in Fig. 2.
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Fig. 2 Modified cam 

3.3 Motor with Electric Power 

Motor with electric power converts the energy of electric into mechanical rotation. 
Generally, the electrical motor is working with the principle of interaction between 
fields of magnetic and the electric current in wire winding for generating force with 
respect of applied torque on the shaft. The power supply is given to the motor through 
the sources of direct correct by batteries or rectifiers and the sources of alternating 
current by power grid, inverters, or electrical generators. The vehicle comprises of a 
48 V brushless DC motor for propulsion, and it has the power of 750 W and current 
range of 15.6 amps. The brushless electric DC motor is shown in Fig. 3. 

Fig. 3 Brushless DC motor 

3.4 Battery 

For getting power for the devices of electrical, a battery which is consist one or more 
electro chemical cells through external connections. It includes both positive as well 
as negative terminal to discharge power. The vehicle is powered by a lithium-ion 
battery with the range of 48 V and current over a range of 100 amps which transmits 
power to the electric motor to withstand longer duration and at peak energy density.
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It is a simple rechargeable battery with low self-discharge which is ideal for a go-kart 
vehicle. The proposed lithium-ion battery is shown in Fig. 4. 

Fig. 4 Battery 

3.5 Controller of Motor 

The controller of motor is a device which can be used to co-ordinate the electric motor 
performance. It comprises either manual or automatic means to initiate the motor, 
halting the speed, choosing forward or reverse rotation, and to regulate the speed, 
torque. It also aids in the protection of the motor in the circumstances of overloads 
and electrical faults. The motor is coupled with the controller by a set of wires, and 
the controller is directly connected with the vehicle accelerator in order to regulate 
the vehicle motion. The proposed motor controller device is shown in Fig. 5. 

Fig.5 Motor controller 
device
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4 Working Principle of the Vehicle 

This hybrid vehicle comprises of two modes of operation, and it can be powered 
by means of compressed air and electric power. The actual vehicle photo-graphical 
view is presented in Fig. 6. 

Fig. 6 Actual vehicle 
photo-graphical view 

The system includes an air tank of 30 L capacity, 750 mm length, and 210 mm 
diameter that can hold compressed air up to the pressure of 10 bars. Initially, 
compressed air should be filled in the air tank with maximum pressure, and the 
backflow of the compressed air is halted with a single-way valve. Then, the engine 
is initially started with a help of a kicker to provide the necessary initial torque to 
the vehicle. Then, the compressed air is supplied into the engine through a tube. The 
engine is an air-tight chamber with sealed openings. When high-pressure air enters 
the cylinder, it actuates the piston, and thereby, power and torque are produced from 
the pneumatic engine. Torque is altered with the help of in-built gear mechanism 
of the engine. The engine is coupled with the rear axle by using a chain drive, and 
it helps vehicle to provide the required motion. Whereas in electrical setup, a 48 V 
battery made up of Li-ion is used as a source of power along with it transmits power 
to the motor. The motor controller is linked with a motor to control the speed. Motor 
is coupled with the rear axle through a chain drive. Ackerman steering mechanism 
is used to navigate the vehicle in the desired direction since it is a simple and effi-
cient mechanism for the vehicle operation. A disk brake is implied on the vehicle to 
control/stop the motion of the vehicle. Spring coil suspensions are installed on the 
rear end of the vehicle since 2/3 of the vehicle load acts on the rear frame of the 
vehicle.



Performance Analysis of Electro-pneumatic Hybrid Vehicle … 247

5 Design Calculation and Analysis 

Vehicle load distribution in front and rear end of the vehicle. 

Rf and Rr 

Rf = l 

b + μh w = 616.03 (1) 

Rr = lb + μh 
b + μh w = 938.5 (2)  

Rf < Rr. Hence, the assumption is correct. 

F and Fr 

F = ma = 44.19 N/m2 (3) 

R = Fr × w (4) 

R = Rf + Rr 

Fr = 6.216 
W f and Wr 

Wf = L2 
L 

w − h 
L

(
Ra ± wsin θ + w 

g 
a

)
(5) 

W f = 17.89 kg 

Wr = L1 
L 

w − h 
L

(
Ra ± wsin θ + w 

g 
a

)
(6) 

W r = 232.03 kg 
(Fmax)t and (Fmax)r 

(Fmax)t = μ Wf (7) 

(Fmax)t = 2.68 × 103 N/m2 

(Fmax)r = μ Wr (8) 

(Fmax)r = 34.8 × 103 N/m2
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Fig. 7 Designing and modeling of the cam using modeling software (Solidworks) 

Fmax 

Fmax = μw
(
L2 + Frh L

)
1 + μw 

L 

(9) 

Fmax = 3.64 N/m2 

Cam is a mechanical device that actuates the inlet and exhaust valves of the engine. 
Figures 7 and 8 represent the designing and modeling of the cam using modeling 
software (Solidworks). 

6 Results and Discussion 

The frame of the vehicle is made of the mild steel-steamed square pipe. The frame is 
the main component of the vehicle since it experiences all the forces (both compres-
sive and tensile) under varying conditions. It is estimated that the dimensions of the 
vehicle using modeling software (Solidworks) and welded the mild steel rods to give 
a rigid structure for the frame. The front and background clearance of the frame was 
150 mm and 250 mm, respectively. Figure 9 shows the 3D frame of the vehicle is 
made of the mild steel-steamed square pipe.
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Fig. 8 3D design of cam using ANSYS 

Fig. 9 3D frame of the 
vehicle is made of the mild 
steel-steamed square pipe 

Figure 10 represents the state of the vehicle frame when the load is acted at the 
center of the vehicle. 

Figure 11 represents the state of the vehicle frame when the vehicle components 
are loaded in the center of the vehicle using ANSYS software. 

Figure 12 represents the state of the vehicle frame when the vehicle components 
are loaded in the rear end of the vehicle using ANSYS software. At different pres-
sure of the air, the corresponding velocities are recorded. Different pressures were
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Fig. 10 2D vehicle frame when the load is acted at the center 

Fig.11 ANSYS analysis of the vehicle components are loaded at center
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applied with the help of pressure gauge and pressure regulator, and velocities were 
measured using a digital speedometer. The following results were obtained when the 
vehicle was tested with varying pressure and velocities. The results obtained from 
the compressed air engine in the test run are shown in Table 1.

From the table, it is evident that the pressure applied from the cylinder is directly 
proportional to the velocity of the vehicle, and Fig. 13 is plotted. 

Fig. 12 ANSYS analysis of the vehicle components are loaded at rear 

Table 1 Results obtained 
from the compressed air 
engine in the test run 

S. No Pressure (Bar) Velocity (km/h) 

1 5.5 0 

2 6 2 

3 6.5 8 

4 7 9.6 

5 7.5 13 

6 8 17
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Fig. 13 Cylinder pressure 
versus vehicle velocity 
proportionality 

The electrical-driven part powered by the battery has a power backup of 8 h and 
top speed of about 50 km/h and a load pulling capacity of 350 kgs. Battery has a 
three-way charging system consisting of a power port and solar-powered charging 
when remained intact, and a dynamo is used to charge when the vehicle is in motion. 

7 Conclusion 

In the project of design and fabrication of electro-pneumatic hybrid vehicle, tests and 
analysis were performed, and the concurrent data have been depicted. The design and 
analysis of the vehicle frame and cam were performed with the help of Solidworks 
and ANSYS.

● The initial design of the frame failed when the main components such as engine 
and motor were assembled at the rear end of the vehicle.

● Post-work design was then commenced after the correction of frame for the 
establishment of vehicle load distribution.

● The pressure tank can’t be refilled while the vehicle is in motion due to 
unavailability of necessary equipment.

● By using a high pressure and increased volume cylinder, the run time and velocity 
can be improved.

● By establishing battery-charging ports in various locations can help the vehicle 
charge in both pneumatic and electrical part. 
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Generic Classification and Automatic 
Extraction of Mechanical Interlocking 
Features from CAD Model 

Shantanu Kumar Das 

1 Introduction 

Mechanical interlocking feature has wide application in aircraft, defense, construc-
tion, furniture, and automotive industry [1–3]. Mechanical interlocking features 
(MIFs) are now receiving increased attention for its advantages like, low cost, easily 
disassemble, and ability to join dissimilar material with no change in its microstruc-
ture and generation of lightweight product as compared to other joining processes 
like welding and adhesive bonding process [3]. Different forms like liaison [4], 
connection interface [5], and joint design type [6] are used in different literatures to 
study assembly features in disassembly sequence generation [7], assembly planning 
[8], collaborative product design [6], etc. The features associated with the welding, 
riveting, and gluing processes are mostly addressed in the literature [4, 6, 9]. There-
fore, there is a need to extract the MIFs for various assembly design and its process 
planning application [10]. 

Over the last few decades, several assembly features have been studied [4, 6, 9]. 
In most literatures, the relation between components is taken for the representation 
of assembly features to solve design problems [11]. Van Holland and Bronsvoort 
[8] addressed few elementary and compound MIFs in very abstract level without 
any proper representation to capture the MIFs. Popescu and Iacobs [5] used the  
connection features for disassembly planning which includes some MIFs like rib-
slot, T-shape, rectangular, and pin-hole connection. The joint information of these 
MIFs are used as input data for determination of valid escape directions. In most of 
the literature, the MIFs are explicitly represented where connection type is already 
known to the designer. Several methods have been used to extract MIFs from CAD 
model [4, 12–14]. The tongue and groove elementary MIFs are extracted by using
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Fig. 1 a Elementary MIF b Compound MIF 

graph-based algorithm by matching the features with a user-defined feature library 
[13, 14]. Das et al. [9] developed algorithms to extract adhesively bonded assembly 
features from CAD model which can be extended with addition of some algorithms 
to extract MIFs. As a result, a new modified algorithm is developed to automatically 
retrieve MIFs from the CAD template. The MIFs are classified into three types 
(i) Rigid (ii) Elastic (iii) Plastic. In this paper, the static complete rigid MIFs are 
addressed. The static complete rigid MIFs are classified as below: 

i. Elementary MIF: The commonly used mechanical interlocking features gener-
ated due to involvement between two form features (e.g., plain dovetail) exist on 
the components’ surface called elementary MIF as shown in Fig. 1a. 

ii. Compound MIF: The combination of more than one elementary MIF [8, 14] 
as shown in the Fig. 1b is called compound MIF. The extraction of compound 
mechanical interlocking features is rarely studied in the literature. 

MIFs systematic classification and automatic retrieval contribute to better inte-
gration of design information with the planning of the assembly process. The main 
aim of the paper is the automatic extraction of mechanical interlocking features as 
this information is neither explicitly available in the part model nor in the assembly 
model. This paper’s contributions to this goal include the following (i) Definition 
of elementary and compound MIFs as a typical arrangement of joint surface (ii) 
Generic classification of MIFs (iii) Automatic identification of both elementary and 
compound MIFs by developing several algorithms. 

The remainder of the paper is set out as follows. The various studies pertained to 
proposed work are reviewed in Sect. 2. A data structure is created for representation 
and classification mechanical interlocking features in Sect. 3 using various attributes. 
The automatic identification of mechanical interlocking features with detail descrip-
tions is defined in Sect. 4. In Sect. 5, the results of implementation along with its 
discussions are explained. The paper ends by discussing the proposed work and its 
various future applications in Sect. 6.
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2 Literature Review 

Extraction of mechanical interlocking feature (MIF) is rarely addressed in literature. 
There are many ways of representation of assembly feature have been defined in the 
literature, but very few researchers have tried to automatically identify some of the 
MIFs from the CAD model [4, 9]. The literature related to MIFs representation and 
its extraction is studied in this section. 

2.1 Representation of MIFs 

In literature, the region of parts of assembly components and the associated geometric 
and non-geometric information which has significance in an assembly activity is 
defined as an assembly feature. In most of the literature, assembly features are 
represented using different forms like liaison [4] and connection interface [5]. Also, 
these assembly features are represented for different joining processes like riveting, 
welding, and gluing [4, 9]. But, the representation of mechanical interlocking features 
is very rare. Popescu and Iacob [5] proposed unit ball mobility operator concept and 
used the connection interface for disassembly sequences generation which includes 
some MIFs like rib-slot, T-shape, rectangular, and pin-hole connection. The valid 
escape directions are determined from the interface information of these MIFs. Van 
Holland and Bronsvoort [8] developed a product model using connection features 
includes some MIFs like dovetail, compound tongue, and groove feature. The connec-
tion feature class in this product model stores and retrieves information for a partic-
ular joint where the joint design type is already known. Shyamsundar and Gadh [15] 
used the assembly feature relational graph for the representation of assembly features 
and relation between the assembly features. The assembly features are categorized 
into form and relational assembly features. The form assembly features define the 
common shape features between the two form features of components which include 
some MIFs like peg and hole and lack the details information about the interface. 
Further, this representation is used to perform real-time modification of product 
components during collaborative product design. However, these connection types 
are not explicitly existing in the CAD model. 

Hamidullah et al. [16] classified the assembly features into fit, against; single, 
multiple; soft, hard, composite and functioning, interlocking type using the concept 
of assembly intents like mating relations, assembly operation, position, and orienta-
tion of feature or degree of freedom. Chan et al. [17] developed a method to auto-
matically generate the assembly feature by splitting of a single solid model and also 
classified these assembly features into elementary, compound type and positioning, 
interlocking type based on the complexity, and degree of freedom of connecting 
feature, respectively. The literatures provide very few information about MIFs, and 
in most of the cases, the MIFs are explicitly defined.



258 S. K. Das

2.2 Extraction of MIFs 

Graph-based method has recently evolved for the extraction of MIFs in the litera-
ture. Vemulapalli et al. [14] developed a framework for identifying certain MIFs, such 
as tab and slots, from the user-defined feature library using multi-graph matching 
algorithm from a STEP file. Xiao et al. [13] used the improved subgraph isomor-
phism algorithm for the identification of MIFs like tongue and groove and dovetail. 
However, the major disadvantage of these graph matching techniques of feature 
recognition is high computational complexity in case of complex assembly and not 
applicable to features that only differ geometrically. Swain et al. [4] automatically 
extracted different basic liaison like lap, butt, corner, t-joint, and edge joint from the 
CAD assembly model useful for riveting, welding, and gluing purpose. Das et al. 
[9] extracted various adhesively bonded assembly features from CAD model where 
algorithms are developed to extract the joint feature. But, algorithms for capturing 
the interlocking joint features are not addressed in this paper. 

Most of the assembly features available in the literature are applicable to riveting, 
welding, and adhesive bonding purpose. It is concluded from the extensive literature 
survey that various representations exist are not directly capable to capture MIFs 
required for different product design applications. 

3 Mechanical Interlocking Features 

The mechanical interlocking features are categorized and represented in terms of 
number of joint surfaces exist in particular joint feature and the adjacency relation-
ships exist between joint surfaces. The definitions and classification of these MIFs 
attributes are defined below. 

3.1 Terminology 

In order to capture the MIFs, various attributes like contact faces (shown in Fig. 2a), 
joint surface [number and its types (shape and topology)], joint feature (shown in 
Fig. 2c), and Euler angle are required. The definitions of some of these attributes are 
defined already by Das et al. [9], and its diagrammatic representations are shown in 
Fig. 2 to capture MIFs. 

Joint surface: Common surface generated due to overlapping between two contact 
faces is called joint surface as shown in Fig. 2b. 

Euler angle: Maximum value of angle between the unit normal of the all joint 
surfaces of a joint feature is called as Euler angle of a respective joint feature as 
shown in Fig. 2d.
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Contact faces Joint surfaces 

Joint feature 
(dovetail) 

     (b)  (a)     

(c)           (d) 
Fig. 2 Pictorial representation of MIFs attributes 

3.2 Classification of Joint Surfaces 

The joint surfaces in each part that creates the MIF are categorized based on two 
concepts like topology and shape. The joint surfaces are classified based on their 
shape into several types (i) Planar surface (PS) (ii) Cylindrical surfaces (CSs) (iii) 
Conical (CC) and (iv) Spherical (SC) surfaces. In this paper, the topology representing 
a cylinder or cone or sphere is taken as two half-cylindrical or conical or spherical 
faces. The classification of joint surfaces based on their topology is defined as follows: 

(i) Common base surface (CBS) and (ii) Wall surfaces (WSs): The joint surface, 
the edges of which are at least connected to the edges of two joint surfaces, is referred 
to as CBS, and the adjacent joint surfaces connected to the CBS are considered as 
WS. 

(iii) Distant joint surfaces (DJSs): Distant joint surfaces are the joint surfaces 
which don’t share a common edge. Further, these non-adjacent joint surfaces are 
classified onto two sub types: Directional blocking joint surfaces (DBJSs) and 
directional-free joint surfaces (DFJSs). 

The surface of the non-contiguous joint is swept into space in a specified direction 
with other surfaces, and its collision is verified. If there is collision, both are called
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directional blocked joint surfaces (DBJSs). If there is no collision, then both are 
called directional-free joint surfaces (DFJSs). If it collides with more than one non-
coplanar surface along the normal, then the surface of the joint is referred to as 
repeated directional blocked joint surfaces (RDBJSs), otherwise it is called as single-
directional blocked joint surfaces (SDBFSs). Again, the above each DBJS and each 
DFJS are classified as two types depending upon the angle between them. If the DBJS 
is parallel, then they are called parallel directional blocking joint surfaces (PDBJSs), 
otherwise they are inclined directional blocking joint surfaces (IDBJS). Similarly, 
the DFJS surfaces are classified into PDFJS and IDFJS types. 

3.3 Interlocking Feature 

A joint feature is said to be an interlocking feature based on the classification of 
joint surfaces and various attributes defined above. The following condition should 
be satisfied for capturing the interlocking feature: 

(i) The root gap between the contact faces of two opposite part should be zero. 
(ii) Check if all the surfaces of a joint feature are planar or not. 
(iii) If planar and number of joint surface greater than equal to three, then check 

whether both DBJS and CBS exist in a joint feature. 
(iv) If both exist, then the joint feature is an interlocking feature. 
(v) Else if one or more joint surfaces are cylindrical or conical or spherical, then 

the degree of freedom is one (either in x or y or z direction), so the joint feature 
is an interlocking feature. 

(vi) If number of joint surfaces is equal to two and type of surface is planar, then 
find the Euler angle of the joint feature. 

(vii) If Euler angle is greater than 180°, then the joint feature is an interlocking 
feature. 

(viii) If one or more joint surfaces are cylindrical or conical or spherical and number 
of joint surface is less then equal to two, then find the Euler angle of the joint 
feature. 

(ix) If Euler angle is equal to 0° or 90°, then the joint feature is an interlocking 
feature. 

(x) Before classification of MIFs, the joint feature needs to check whether the 
feature is an interlocking type or not. Then, the MIFs classified using the 
attributes described in Sect. 3.2 and its detail taxonomy is defined below. 

3.4 Classification of MIFs 

MIFs generic taxonomies are defined with basic parameters such as Euler angle, 
number, and types of joint surfaces and its different characteristics after checking



Generic Classification and Automatic Extraction of Mechanical … 261

Table 1 Classification of elementary MIFs (open) 

Interlocking 
feature 

Illustrative example Euler angle (E) Joint surface(JS) Characteristics 

Plain tongue 
and groove 

180° 3 < JS  < 5 OPWS, PDBJS 
= 1, SDBJS 

Tapered 
tongue and 
groove 

<180° 3 < JS  < 5 OPWS, IDBJS 
= 1, SDBJS 

Dovetail >180° 3 < JS  < 5 OPWS, IDBJS 
= 1, SDBJS 

Cylindrical 
tongue and 
groove 

180° 3 < JS  < 5 OPWS,CS, 
PDBJS = 1, 
SDBJS 

U tongue and 
groove 

0° 3 OPWS, CS, 
PDBJS = 0 

T-slot 180° 7 OPWS, PDBJS 
= 4, SDBJS 

Dovetailed 
step 

>180° 2 OPWS 

3 ≤ JS ≤ 4 OPWS, IDBJS 
= 0 

if the joint feature is an interlocking feature or not. This generic MIFs are further 
classified into elementary and compound MIFs as described below. 

3.4.1 Classification of Elementary MIFs 

3.4.2 Classification of Compound MIFs 

The compound joint features are evolved due to the combination of more than one 
elementary feature. The compound features which are in a pattern are called sequen-
tial compound MIFs, and those are having feature with in a feature are called mixed
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Table 2 Classification of elementary MIFs (closed) 

Interlocking 
feature 

Illustrative example Euler 
angle 
(E) 

Joint 
surface(JS) 

Characteristics 

Plain tongue 
and groove 

180° 5 ≤ JS ≤ 9 CWS, PDBJS = 
2, IDBJS = 0, 
SDBJS 

Tapered 
tongue and 
groove 

180° 5 ≤ JS ≤ 9 CWS, IDBJS ≤ 
2, PDBJS ≤ 1 

Dovetailed 
step 

180° 3 ≤ JS ≤ 8 CWS, IDBJS ≤ 
2, PDBJS ≤ 1 

Cylindrical 
tongue and 
groove 

180° 3 CWS, CS 

4 CWS, CS, 
PDFJS = 1 

compound MIFs. The MIFs attributes like Euler angle of joint feature, joint surface 
types, and its characteristics help in classification of compound joint features. Both 
sequential and mixed compound MIFs are further categorized into open or closed 
type, and classification of mixed compound MIFs (closed) is given in Table 3 with 
some illustrative example. 

The elementary and compound MIFs are classified based on the MIFs attributes 
defined above, and its extraction procedure is defined in the below section. 

4 Extraction of MIFs 

The extraction of MIFs is shown in Fig. 3 as a flowchart, and the detail procedures 
are defined in the below steps: 

Step 1: The STEP file of the assembly CAD model is used in the visual studio 
platform along with open-cascade geometric library [18] to get the various 
geometric information. The root parts are determined by calculating the 
distance between the components between which the MIF exist using the 
extracted geometric information which is always zero.
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Table 3 Classification of mixed compound MIFs (closed) 

Interlocking 
feature 

Illustrative example Euler angle (E) Joint surface(JS) Characteristics 

Compound plain 
tongue and 
groove 

180° ≥9 CWS, PDBJS > 
2, IDBJS = 0, 
SDBJS 

Compound 
cylindrical tongue 
and groove 

180° ≥5 CWS, CS, PDFJS 
= 1, PDBJS = 0, 
SDBJS 

Mixed cylindrical 
tongue and 
groove 

180° ≥7 CWS, CS, PDBJS 
≥ 2, IDBJS = 0, 
SDBJS 

Compound 
tapered tongue 
and groove 

180° ≥8 CWS, IDBJS ≥ 
2, PDBJS = 1, 
SDBJS 

Mixed planar 
tongue and 
groove 

180° ≥8 CWS, IDBJS = 
1, PDBJS = 2, 
SDBJS 

Stepped tongue 
and groove 

180° ≥8 CWS, IDBJS = 
0, PDBJS = 2, 
SDBJS

Step 2: In this step, the contact faces and joint surfaces involved at the joint location 
are determined as shown in Fig. 3, and detailed procedure for extraction is 
adopted by Das et al. [9]. 

Step 3: A joint feature is said to be an interlocking feature if it obeys the various 
conditions as defined in the Sect. 3.2. After getting the interlocking feature, 
its various classifications are done based on the various characteristics of 
joint surfaces like joint surface types and Euler angle of a joint feature 
to capture both elementary and compound MIFs. The distant joint surfaces 
types like PDBJS, IDBJS, PDFJS, IDFJS, SDBJS, and RDBJS are identified 
by displacing the joint surface along the normal, and the collision with the 
other surfaces is verified as described in Sect. 3.2. 

Step 4: The Euler angle is retrieved using the pseudo-code specified in algorithm 1. 
The number of joint surface, its different types, and Euler angle help in 
extracting the both elementary and compound MIFs. 
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Fig. 3 Flowchart for the extraction of MIF 

5 Results of Implementation and its Details 

A hornet of an unmanned aerial vehicle is used as an industrial CAD assembly 
model to validate the proposed work. Using the Microsoft Visual Studio platform, the 
mechanical interlocking features are extracted using an open-cascade 3D geometric 
kernel. 

Figure 4 shows a hornet of an unmanned aerial vehicle which carry nine parts. 
In Figs. 4 and 5, the extracted various MIFs types and their relevant attributes are 
shown, and the accompanying text window gives details about the various assembly 
features information required for extracting the MIFs by the program. 

5.1 Discussions 

MIFs are used frequently in various lightweight product due to its low cost as 
compared to riveting, welding and adhesive bonding, and also helpful for disas-
sembly. In literature, various joining features have been extracted which are espe-
cially useful for adhesive bonding, riveting, and welding process [4, 9]. Although 
few studies about MIF are available [8, 9, 12, 14], however, they are limited to few 
elementary MIFs having one joint surfaces. Also, compound MIFs [8, 9] are rarely 
addressed. In most of the cases, the MIFs are explicitly represented having little 
assembly feature information. The proposed method is able to identify mechanical
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Fig. 4 Extraction of MIFs from hornet of an unmanned aerial vehicle (UAV) 

Fig. 5 MIF between base-mid and arm2

interlocking features as characteristics composition of joint surfaces, the Euler angle 
by checking the existence of interlocking feature as shown in the result. Earlier in the 
literature, graph-based technique [13, 14] is used for the extraction of few elementary 
MIFs. 
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Algorithm 1 Determination of Euler angle 

Input: Parts Pi, Pj 
Output: Euler angle (E) 

1. J ← Jointsurface(Pi,Pj) 
1. For each surface J ∈ (Pi,Pj) 
2. Surface-list(SL)=surfaces ← J ∈ (Pi,Pj) 
3. End for 
4. For each surface Si ∈ SL 
5. For each surface Si+1 ∈ SL 
6. Ang=FaceNormal(Si).Angle (FaceNormal(Si+1) 
7. Angle-list(AL)=angles ← Ang(Si, Si+1) 
8. End for 
9. End for 
10. If (AL.Size( )!=0) 
11. E ← AL[0] 
12. For each angle Ang ∈ AL 
13. If (Ang > E) 
14. E= Ang 
15. End if 
16. End for 
17. Return E 
18. End if 

This technique needs too much user input which increases the level of difficulty 
in complex assembly. Therefore, an extended algorithm is developed to extract the 
MIFs. The extracted MIFs convey various information associated to mechanical 
interlocking joints. These interlocking feature information are helpful for deciding 
the process planner to select whether further any joining process is required or not 
depending upon the strength of the joint. So, this extraction of MIFs also helpful in 
assembly process planning of variant product design [19] where there are variations 
in the liaison information due to change in the joint design [20]. 

6 Conclusions and Future Work 

An extended data structure for capturing the mechanical interlocking features (MIFs) 
from CAD has been developed in this research. The proposed algorithms are capable 
to capture both elementary and compound MIFs. These algorithms rely on geomet-
rical and topological information extracted from the root parts. A new classification 
of MIF is developed by capturing the existence of interlocking feature, Euler angle, 
and various joint surface types. In order to validate the proposed algorithm, indus-
trial CAD assembly model is used for implementation. The proposed work can be 
extended to capture the MIFs involved between free-form features.
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Design and Fabrication of Vehicle 
Rollover Prevention by Counter Steering 
Mechanism 

S. Deepankumar, C. Jegadheesan, S. Sathiskumar, N. Boopalan, 
N. Praveenkumar, and S. Arulkumar 

1 Introduction 

An account of rollovers, factors used during this challenge, and their varieties, the 
variable alternatives of the climate unit are referred to beneath. Any greater structural 
strengthening inside the roll cage might sooner or later boom the weight of the overall 
automobile [1]. The automobile rollovers unit is divided right into an aggregate 
of categories: tripped and untripped. Tripped rollovers unit due to forces from an 
accomplice outside item, the form of a curb, or a collision with every other automobile 
[2]. Untripped crashes unit the results of guidance input, speed, and friction with the 
bottom. Untripped rollovers arise as soon as cornering acting forces destabilized the 
automobile sector. As an automobile rounds an area, three acting forces act on it
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and tire forces, herbal phenomenon effects (the centrifugal pressure), and gravity 
[3]. The required forces from the tire push the automobile toward the center of the 
curve. This pressure acts at floor level, beneath the center of mass [4]. The pressure 
of inertia acts horizontally through the middle of the automobile of mass off from 
the center of the flip. This aggregate of forces builds the automobile to roll toward 
the surface of the curve. The pressure of the weight of the automobile acts downward 
through the center, the most, not unusual place reasonably tripped amendment occurs 
as soon as an automobile is slippery sideways, and at the same time the tires strike a 
curb, penetrate the tender floor, or a steady occasion occurs that finishes up at some 
point of an upward thrust in lateral pressure [5]. The physics sq. measures almost like 
cornering rollovers. Another reasonably tripped amendment occurs as a consequence 
of a collision with every other automobile or item. These arise as soon as the collision 
reasons the automobile to grow to be unstable, like as soon as a narrow item reasons 
one issue of the automobile to boost up upwards, but now no longer the choice [6]. 

Turned-down railing end sections are proven to try and strive for this. An issue 
effect will boost up an automobile sideways. The tires face up to the amendment, and 
at the same time, the coupled forces rotate the automobile [7]. Crash assessments 
confirmed that lightweight vehicles had been vulnerable to rolling over as soon as 
colliding with certain early varieties of the manual rail. Factors vessel than 30 third 
(one vertical unit upward thrust or fall in line with three horizontal units) unit declared 
as “critical slopes” because of which may also motive maximum automobiles to 
various and might place alongside arise as an automobile crosses a ditch or slope 
[8]. Slopes overturn. An automobile may also roll over for numerous reasons, like 
as soon as touching an accomplice’s outsize impediment with one in every one 
of its wheels or as soon as maneuvering over an accomplice’s choppy tract. All 
automobiles unit is vulnerable to rollovers to several extents. Generally, amendment 
tendency will boom with the height of the center of mass, the narrowness of the 
shaft track, guidance sensitivity, and enlarged speed. The amendment threshold for 
non-public automobiles is over one g of lateral acceleration [8]. The Tesla Model 
S contains an unusually low amendment risk of 5.7% as a consequence of its low 
middle of mass. Lightweight vehicles can roll over at lateral accelerations of 1.2 g. 
commercial enterprise quarter vehicles can roll at lateral accelerations as little as 
0.2 g. Trucks unit any probably to roll over than non-public automobiles because they 
on occasion have taller bodies and higher floor clearance [9–11]. This increases the 
center of mass. SUVs units are significantly vulnerable to amendment, significantly 
the ones geared up with long-journey cross suspensions. The enlarged suspension 
peak for enlarged clearance cross increases the center of mass. Amendment crashes 
unit appreciably lethal for the participants of an automobile as compared to frontal, 
facet, or rear crashes because, in historic character automobiles, the roof might be 
attending to crumble in toward the occupants and motive severe head injuries. The 
employment of roll cages in automobiles might construct them extravagantly safer, 
but, in maximum character automobiles, their use might cut product and character 
region maximum that their use isn’t sensible [12]. The automobile that is temporary, 
narrow, and designed for use at the choppy track, is uncommon at some point of this 
it comes with a roll bar as historic instrumentation. The decline in high-satisfactory
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of convertibles inside the U.S. become an element due to difficulty bearing on to 
loss of safety in amendment accidents, as a result, maximum convertibles don’t have 
any safety at the maximum facet of the display frame [13, 14]. Some convertibles 
provide amendment safety exploitation an aggregate of sticking bowed bars at the 
back of the head rests. Some Mercedes-Benz convertibles have a retractile roll bar 
that deploys simply definitely in case of an accomplice accident. Race automobiles 
almost continuously have roll cages, because the game is extraordinarily probably to 
influence an amendment. To boot, the roll cages chassis-stiffening effect is normally 
visible as an income to the motorcar [15]. 

1.1 Arduino UNO 

The Arduino could be an easy microcontroller used for academics and has an open 
offer digital platform for hardware and coding device shown in Fig. 1. The board 
is supplied with units of virtual and analog input/output (I/O) pins which can be 
interfaced to numerous increased forums (shields) and extraordinary circuits. The 
board has fourteen digital pins, analog pins, and is programmable with the Arduino 
IDE (Integrated Development Environment) through USB cable. It is going to be 
powered with the aid of using the USB cable or with the aid of using AN outside 
9-V battery, even though it accepts voltages among seven and twenty volts [16]. 

A worldwide network of designers, artists, college students, programmers, hobby-
ists, and specialists has gotten this open delivery stage, their donations have extra as 
much as an outstanding number of sizable records which may be of large facilitation 
to novices and experts alike. It is composed of every microcontroller and a district 
of the code or Integrated Development setting (IDE) that runs for your PC, want to 
write & switch code to the bodily board. The platform of AN Arduino has grown to 
be extraordinarily wonderful with designers or college students starting with physics, 
and for a fabulous motive, indifference to the maximum in advance programmable 
circuit forums, the Arduino wouldn’t really like a separate place of hardware accord-
ingly on software a substitute code onto the board you’ll use a USB cable. As well, 
the Arduino IDE makes use of a primary model of C++, growing it less complex 
to discover the software. At last, the Arduino board gives a typical type of problem 
that breaks out the features of the microcontroller into an extra provided bundle. The

Fig. 1 Arduino UNO
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Arduino board has been used for growing fully extraordinary engineering comes and 
extraordinary applications. The Arduino code is highly easy to apply for novices, 
but flexible sufficient for superior customers. It runs Windows, is a working device 
bundle, and is waterproof. The lecturers and college students inside the faculties put 
it to use to style low-fee clinical gadgets to affirm the concepts of physics and chem-
istry. Their unit’s numerous extraordinary microcontroller structures are available in 
the marketplace for bodily computing. The Arduino collectively makes the operative 
approach of a microcontroller, but it offers a few advantages over absolutely extraor-
dinary structures for lecturers, college students, and novices. Arduino is AN yank 
normal code for records Interchange file physics area supported for hardware and 
code. You can inform your board what to try and to adapt and deal with causing a 
group of commands to microcontroller. For long time the Arduino board is used from 
normal gadgets to superior clinical gadgets. The Arduino board began out dynami-
cally to conform to new requirements and differentiate it from easy 8-bit forums to 
final products for Internet of Thinking (IOT) applications, embedded environments, 
and 3-D printing [17].

Servo motors as shown among Fig. 2 unit nice devices which can communicate a 
nearby position. Normally, they are having servo arm that can flip 180°, victimization 
of the Arduino, It tends to be ready to tell information to a servo to travel a nearby 
position and it will reach there. Initially, the servo motor is used in the remote areas 
and their applications were transferred to RC cars to control the steering [18]. 

Figure 3 shows the Interfacing of servo motor and Arduino. The 1st motor that 
was connected to the Arduino, seven years ago, was a servo motor, unhappy moment 
over, back to work as a result of servo motors mistreatment feedback to work out the 
position of the shaft, you’ll manage that position exactly. As a result, the servo motors 
unit is accustomed to management the position of objects, rotate objects, move legs, 
arms, or hands of robots, move sensors, and so forth with high preciseness. Servo 
motors unit size, and since they have inherent equipment to manage their movement 
[19]. 

Fig. 2 Servo motor
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Fig. 3 Interfacing of Servo with Arduino UNO 

2 Design and Fabrication 

2.1 Design Process 

The process sequence is described with the use of design layout shown in Fig. 4. 
The steps which were followed for the execution of the project is given below 

as methodology. Collection and study of literature/patent of similar projects and 
identification of problem is done after which the mathematical modeling for rollover 
to occur and steering torque calculation is derived, then the development of working 
model layout and selection of microcontroller and sensor as per the requirement is 
completed. The study of patents gives a broad view of the concepts related to the

Fig. 4 Design layout
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rollover prevention system and the similar methodologies adapted in order to prevent 
the rollover of the vehicles. From the patent study, a clear view on the problem 
is obtained which results in identification of single specific problem, after which 
the procedures need to be followed is sorted out. Mathematical modeling is done 
assuming the vehicle is in beginning of its rollover and taking moments and reaction 
forces with one wheel lifted off gives the clear condition for the rollover, the arrived 
equations are the threshold lateral acceleration and threshold roll angle. Coding 
is done using Arduino IDE software in which the deciding equations are coded 
and burned to the microcontroller in order to actuate the servomotor in a particular 
direction in accordance with the direction of the occurring rollover. Selection of 
servo motor is done based on the steering torque calculation. Prototype is made of 
sheet metal and toy car wheels and the components are assembled on board. Finally, 
generation of the program and the prototype testing is done [20].

2.2 Fabrication Process 

A prototype is made with sheet metal and toy car wheels. The servomotor, sensor, 
and the Arduino are fixed onboard of the prototype shown in Fig. 5. 

The connections are given to interface the sensor, LCD display, and the servomotor 
to the Arduino by using jumper wires and components are fixed on board to the

Fig. 5 Prototype model
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prototype. The steering system is made with simple four-bar linkage made out of 
sheet metal and steel rods. The linkage is then connected to the servomotor [21].

3 Result and Discussion 

The double lane modification maneuver at 80 kph was performed victimization the 
instrumented vehicle. For simulation, the steering angle input as shown in Fig. 6 was 
taken from the handwheel detector. 

The double lane change maneuver at 80 kph was performed using the instrumented 
vehicle. For simulation, the steering angle input as shown in Fig. 7 was taken from 
the steering wheel sensor [22]. 

The roll angle result of the body and center of gravity in vehicle for the 1800 step 
steer take a glance at speed of 50 km per hour for passive system, Proportional, Inte-
gral, and Derivative control (PID) rejection loop without the roll moment and Propor-
tional, Integral and Derivative control (PID) rejection loop with the roll moment is 
given in Fig. 7. As shown within Fig. 7, Proportional, Integral, and Derivative control 
(PID) roll moment without rejection loop reduces the body moving motion whereas 
Proportional, Integral, and Derivative control (PID) with the roll moment rejection 
loop drastically reduces the roll angle of the vehicle body. Reduced body leans 
throughout cornering decreases the tendency for amendment. The event of the roll

Fig. 6 Graph of steering wheel angle against time
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Fig. 7 Graph of steering wheel angle against time 

motion additionally reduces the load transfer from the inner wheels to outer wheels 
and thus will increase the road holding throughout cornering [23].

For double lane modification maneuver, the handwheel angle input was taken 
from CarSimEd software at vehicle speed of 80 km/h. Figure 7 shows the roll rate 
result at the body and center of gravity in vehicle for the double lane modification 
check at a speed of 80 km/h for passive system, Proportional, Integral, and Deriva-
tive control (PID) roll moment without the rejection loop and Proportional, Integral 
and Derivative control (PID) with roll moment rejection loop. A double lane modi-
fication is usually utilized in avoiding obstacles in an emergency. As shown among 
Fig. 8, the inflammatory PID control without roll moment rejection loop shows slight 
improvement in roll rate response and PID control with roll moment rejection loop 
shows important improvement in reducing the roll rate response compared to passive 
system [24]. 

The impact of the active roll management in rising the roll rate and roll angle 
for step steer and double lane modification maneuvers were studied. For each 180° 
step steer check at 50 km/h and double lane modification check at 80 km/h, PID 
control with roll moment rejection loop shows terribly important improvement in 
terms of roll angle and roll rate responses and followed by PID control without roll 
moment rejection loop that shows slight improvement compared to passive vehicle. 
It is verified that the active roll management has the ability in reducing the roll motion 
of the vehicle and thence reduces the tendency to alter as shown the Fig. 9. ARC  
additionally reduces the load transfer throughout cornering thus improves the road 
holding to a lower place through steering input [25].
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Fig. 8 Roll angle response for ARC performance during 1800 step steer test at 50 kph 

Fig. 9 Roll rate response for ARC performance during double lane change test at 80 kph
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4 Conclusion 

A prototype for a rollover prevention system using a counter steering mechanism 
was developed. The system successfully detects the roll angle when the vehicle is 
maneuvered aggressively during cornering or during a collision with an obstacle 
on the road and actuates the steering electronically when the roll angle reaches the 
threshold value and avoids the eventual rollover of the vehicle. Thus, the prototype 
was tested successfully and the following objectives are accomplished. 

1. The roll angle was monitored by the 3-axis accelerometer. 
2. The angle was read and processed successfully by the controller. 
3. The roll angle was displayed by the LCD display. 
4. The signal for stepper motor was sent corresponding to the direction of eventual 

rollover. 
5. The stepper motor was actuated to steer the vehicle in the direction of rollover. 
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Experimental Investigation Towards 
Enhancement of Catalytic Converter 
by Modifying the Elements 
of Honeycomb Section 

B. Saravanan , N. Natarajan, S. Deepankumar, S. Dhayaneethi, 
K. Vinithkumar, and S. B. Kumaragurubaran 

1 Introduction 

The air pollution posed a serious threat to the health. Poor air quality raises the risk 
of diseases such as asthma and bronchitis, as well as the chance of cancer. Every 
year, 30,000 people die as a result of air pollution [1]. Private vehicles have become a 
major source of pollution. Nitrogen oxides (NO—a harmful gas), carbon monoxide 
(CO—a source for acid rain and smog), and hydrocarbons are the main contaminants 
(HC—a cause of smog). Recent vehicles are fortified with a component known as a 
catalytic converter to minimize air pollution. 

A chemical component that minimizes depleted emissions by catalyzing an oxida-
tion reaction that converts toxic particulate emissions to less hazardous pollutants is 
called catalytic converter. 

Although it is a pollution control device, it has been used in the exhaust systems 
of vehicles and lean-burn engines, electronic power systems, naphtha heaters, manu-
facturing stoves, and heavy machinery [2]. Its use is directly dependent on specific 
government responses to environmental, or health and safety laws. Carbon monoxide 
(CO), oxygen (O2), and other hydrocarbons (HC) are mixed in these converters 
producing water (H2O) vapors and carbon dioxide (CO2). Catalytic converters also 
reduce the oxides of nitrogen (NOx).

B. Saravanan (B) · S. Deepankumar · S. Dhayaneethi · K. Vinithkumar 
Department of Automobile Engineering, Bannari Amman Institute of Technology, 
Sathyamangalam, Erode, India 
e-mail: bsaravana2010@gmail.com 

N. Natarajan 
Department of Mechanical Engineering, Excel Engineering College, Komarapalayam, Namakkal, 
India 

S. B. Kumaragurubaran 
International Centre for Automotive Technology, Chennai, India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
B. B. V. L. Deepak et al. (eds.), Recent Trends in Product Design and Intelligent 
Manufacturing Systems, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-4606-6_27 

281

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4606-6_27\&domain=pdf
http://orcid.org/0000-0001-5048-1349
mailto:bsaravana2010@gmail.com
https://doi.org/10.1007/978-981-19-4606-6_27


282 B. Saravanan et al.

There are two types of catalytic converters.

● Two-way catalytic converter
● Three-way catalytic converter. 

1.1 Advantages of Catalytic Converter 

The approximate decrease in HC emission by 87% and NOx emission by 62% for 
an entire span of an average vehicle is executed by the catalytic converter. 

The aim of this project is to investigate alternative catalysts in order to improve 
catalytic converter emission conversion at the lowest cost. In catalytic converters, 
cerium (Ce), iron (Fe), manganese (Mn), and nickel (Ni) are also used. Modifications 
in the material of the catalyst used in a catalytic converter would be utilized to test 
emissions of different pollutants from a CI engine in this study. By undertaking these 
experiments, we will enhance engine performance by lowering pollutants like NOx, 
CO, and HC, resulting in reduced air pollution than the current catalytic converter 
model. 

The materials that replacing the noble are listed below

● Titanium dioxide (TiO2).
● Cupric oxide (CuO).
● Calcium oxide (CaO). 

The goal of this study was to eliminate NOx, CO, and HC out of a diesel engine’s 
exhaust gas. This was achieved by enabling exhaust gas to pass through a coated 
catalytic chamber with aluminum meshes layered in stacks coated with titanium 
dioxide, cupric oxide, and calcium oxide. The primary goal was to figure out how 
the catalytic converter performed, while the secondary goal was to see how the exper-
iment’s outcome and development comparison to earlier results. When compared to 
conventional catalytic converters, MCC is low cost, wide substrate area, and domestic 
availability that claims it be more competent in oxidizing/reducing pollutants. 

2 Review of Literatures 

The literature review has been done on the papers which is regarding to the exhaust gas 
emission using catalytic converter with different types of noble catalyst in accordance 
with their performance compared to the existing model of catalytic converter. So, the 
idea for the project work has been obtained by referring the different papers. 

Warju et al. [3] analyzed the impact of a TiO2-based metallic catalytic converter 
(MCC) in a four-stroke motorbike engine. When the TiO2-based MCC is compared 
to traditional MCC Ph&Rh exhaust, it results in higher vehicle power and less fuel 
usage.
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Shah et al. [1] implemented Cu2O has been used in catalytic converters alongside 
noble metals like rhodium, palladium, and platinum, which resulted in a significant 
reduction in CO and HC emissions compared to the conventional system. 

Reji et al. [4] evaluated the reduction of HC, CO, and NOx pollution by means of 
exhaust gas recirculation (EGR) and catalytic converter; EGR has drastically reduced 
NOx pollutants while the catalytic converter has reduced the level of HC and CO 
emissions. 

Dey et al. [2] explored the reduction of carbon monoxide (CO) using a catalytic 
converter that uses the non-noble metal copper to substitute noble elements. CO 
oxidation is strongly controlled by the crystal size of catalysts and reduces as the 
crystallite size of the catalyst decreases. Increasing the temperature of the catalyzed 
reaction improves CO conversion rates unless the catalyst sinters. 

Manojkumar et al. [5] have substituted the noble catalysts and tested the VCR 
engine under various loads. In comparison with the conventional catalytic converters, 
the catalytic converter having copper oxide characterizes both reduction and oxida-
tion operations utilizing copper oxide only. Its major benefit over traditional catalytic 
converters is that the abundant obtainability of copper oxide and its cost-effectiveness, 
which eliminates the need for rare earth materials. 

Hossain et al. [6] studied about reducing the amount of carbon oxides utilizing 
copper metal braced on titanium oxide nanotubes (TNT) catalysts was studied. In 
order to examine the activity of their proposed materials for ideal copper loading 
and ERC, the tests were made in home-made H-cell for the catalysts produced using 
0.5 M Na-HCO3 aqueous solution. Their improved oxidation stability, higher CO2 

adsorption capability, and stabilization of the reaction intermediate, layered titanates, 
are all factors. 

Gadlegaonkar et al. [7] investigated the characteristics of the catalytic exchanger 
and engine efficiency after replacing noble catalysts with copper and modifying the 
catalytic converter architecture to lower backpressure in the engine without compro-
mising engine efficiency. When alterations are made to the design, it allows the honey-
comb to spread evenly and decreases backpressure while maintaining a consistent 
profile and enhancing the absorptive capacity of the honeycomb. 

Atzl et al. [8] studied photocatalytic oxidizing, which includes using TiO2 and UV 
light to convert NOx to nitrates. The rates fluctuate immediately and are influenced 
by humidity levels, with a comparatively higher humidity indicating a improved 
adaptation. There was a notable change in irradiance likewise; when the brightness 
was raised, the conversion rate decreased. 

Venkatesan et al. [9] developed a program that utilizes chemical reactions to 
reduce the intensity of harmful exhaust fumes to a more acceptable level. The noble 
catalyst is replaced by copper oxide in this system, which is installed in the engine 
exhaust. As an outcome, at 100% load, the highest reductions for HC, NOx, and CO 
are 32%, 61%, and 21%, respectively. 

Davis et al. [10] were studying the exhaust gas for the engine, investigated the 
effect of TiO2 in lowering dangerous and poisonous gases and their effect on the 
environment. By studying the exhaust gas for the engine, they investigated the effect 
of TiO2 in lowering dangerous and poisonous gases and their environmental impact.
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Royer et al. [11] analyzed the catalytic reduction of carbon monoxide on metallic 
nanoparticles was investigated. It is necessary to catalyze CO oxidation in order to 
eliminate CO. The most active materials appear to be those comprising elements 
with very active single oxides (e.g., Cu and Co). 

Kalam et al. [12] studied a novel catalytic converter for hydrocarbon engines that 
is built on catalyst materials that include metal-ions like cobalt oxide (CoO) and TiO2 

with a substrate of wire mesh. In comparison with the OEM catalytic converters, an 
estimation of decrease in CO and NOx and increase in HC emissions was found in 
TiO2/CoO-based catalytic converter. 

Lanje et al. [13] copper oxide nanoparticles were synthesized and studied. CuO 
nanoparticles are made using copper acetate and NaOH in a fluid precipitation 
process. The rectangular morphology of CuO nanoparticles as synthesized was 
revealed by scanning electron microscopy (SEM). CuO nanoparticles as synthesized 
were 5–6 nm in size, according to electron microscopy (TEM). 

Jang et al. [14] have studied the influence of size of particles, and elemental 
composition of TiO2 nanoparticles on the characteristics of photocatalysts was inves-
tigated. The photocatalysts characteristics of TiO2 nanoparticles, such as breakdown 
of methylene blue and bacteria and dissolution of ammonia gas, were studied in 
terms of anatase mass fraction and particle size. 

Neeft et al. [15] have studied impact of interaction among catalyst and soot, as in 
the reactivity with a gas (oxygen) of a solid (soot) over another (the catalyst). The 
goal of their research was to test candidate catalysts for their activity in the oxidizing 
of soot in a systematic manner. CaO can also be converted to an assorted calcium 
oxide or calcium hydroxide or calcium carbonate, while PbO can be converted to a 
mixed oxide/carbonate. According to TGA mass loss, CaCO3 is generated first by 
the reaction of CaO with soot deposits that decays at higher temperatures to CO or 
CO2 and CaO. 

3 Objective 

The main objectives of our project are to understand the concept and working of 
catalytic converter and overcome the negative aspects. To determine pressure and 
velocity analysis of catalytic converter. To minimize the backpressure effect on the 
engine. To examine the value of the exhaust gases after changing the materials.
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Fig. 1 Cut section of 
catalytic converter 

4 Experimental Setup 

4.1 Designing of Catalytic Converter 

The designing of catalytic converter for changing noble catalysts with nanocatalysts 
and reducing the backpressure has been made using SOLIDWORKS is shown in 
Fig. 1. The honeycomb section was replaced by using the aluminum meshes. For 
that, the aluminum baffle plates are cut into circular pieces in 4 in. diameter. The 
thirty set of coated aluminum baffle plates which are coated with TiO2, CuO, and 
CaO, respectively, in the distance of 3 in. 

4.2 Material Selection 

The materials selected for the study of enhancement of catalytic converter are listed 
in Table 1. 

Table 1 Materials selection Materials selected Purpose 

Nanocatalysts Titanium dioxide (TiO2) 
Cupric oxide (CuO) 
Calcium oxide (CaO) 

Insulator Glass wool 

Serpentine chamber/converter 
chamber 

Aluminum wire mesh/baffle 
plate 

Housing PVC pipe
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Fig. 2 Aluminum wire 
mesh—substrate 

4.3 Material Selection 

4.3.1 Catalyst 

Many standard solutions with diversified weight ratios and aqueous molar ratios were 
made use in our work. CuO, TiO2, and CaO were implemented as a catalyst of metal 
oxide. The reducing agent was identified as CuO, while the oxidizing agents were 
identified to be CaO and TiO2. The inertness to form sulfate and properties of surface 
that makes it favored transporter in chosen catalytic reduction reaction of CO, NOx, 
and from the still sources of pollution. 

4.3.2 Substrate 

Aluminum is the chosen material for substrate and is shown in Fig. 2. It ismostwidely  
implemented in vehicle exhaust, because it has more advantages comparing other 
metals and it also low-cost metal. The substrate to be used for the catalytic converter 
must have high-physical properties and high-melting point. Aluminum is selected 
for its betterment in its physical and chemical properties which has the melting point 
of about 600 °C. 

4.4 Substrate of Wire Mesh—Treatment 

To remove all the impurities from the substrates of wire mesh, they were dipped for 
half-an-hour into a dilute solution of 10% hydrochloric acid (HCl). Before drying at 
100 °C in an oven, the substrates were rinsed in distilled water. It takes almost one 
hour for the drying process before it is coated with the catalyst.
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5 Nanocatalysts 

Nanocatalysts aid in the scientific problem of catalysis in the field of nanotech-
nology. Exploration of efficient catalytic processes, particularly nanocatalysis, is one 
of the main areas for reaching this goal. Alternative activation methodologies, such 
as mechanochemical mixing, microwave and ultrasonic irradiation, and the use of 
nanocatalysts with magnetic cores, could all be part of the desired approach; environ-
mentally friendly applications in catalysis could be best addressed via magnetically 
recoverable and recyclable nanocatalysts for oxidation reduction and condensation 
reaction. 

In this study, a catalytic converter based on TiO2/CuO/CaO materials was created 
to oxidize, decrease, and absorb NOx, HC, and CO emissions. As oxidizing catalysts, 
pure TiO2 and CuO are employed, whereas CaO is used as a reducing catalyst. 

5.1 Titanium Dioxide, Calcium Oxide, Copper Oxide 

TiO2, as a bulk substance, is a food additive. Small sized main particle may benefit 
TiO2, and the percentage of TiO2 produced in or near the nanorange is predicted to 
rise significantly. CaO nanoparticles are easier to work with than homogenous base 
catalysts. In this cyclization reaction, CaO nanoparticles are the most effective cata-
lyst. The larger surface area of nanomaterials accounts for the improved catalytic 
activity of CaO nanoparticles over commercially accessible bulk CaO. Because 
of their surface characteristics, CaO nanoparticles have a highly effective catalytic 
activity. The nanoparticles of CuO are seen as product of high interest because of 
their efficacy in heat transfer applications a nanofluids. Recent reports have been 
made regarding the nano-chemical approach, one-step solid-state reaction method 
at ambient temperature, technique of sol–gel, pre-cursors thermal deposition, and 
co-implementation of oxygen ions and metal among others. 

5.2 SEM Test of TiO2, CaO, CuO 

In the presence of UV light, a sample of the TiO2 mixed paint coated tile was collected 
in a sample vial and sealed. The particles are rectangular in shape and range in size 
from 25 to 75 nm. In the sample bottle, a sample of the CaO coating mixture was 
collected and sealed. The particles in this sample are spherical in shape and have a 
size of 30–40 nm, according to the analysis. In the sample bottle, a sample of CuO 
coating mixture was collected and sealed. The SEM image of the materials used in 
metallic catalytic converter as shown in Fig. 3 demonstrates that the particles in this 
sample are rectangular in shape and have a size of 5–6 nm, according to the analysis.
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Fig. 3 SEM image of a TiO2, b CaO, c CuO 

Table 2 Properties of 
materials for metallic 
catalytic converter (TiO2, 
CaO, and CuO) 

Properties TiO2 CaO CuO 

Purity (%) 98.5 96.5 96 

Particle size (nm) 25–75 30–40 5–6 

Color White White Brownish black 

Thermal conductivity 
(W/m K) 

4–11 2.5 33 

Density (g/cm3) 4.23 3.3 6.31 

The properties of TiO2, CaO, CuO used in this process have been shown in Table 
2. 

6 Result and Discussion 

6.1 NDIR Analyzer and Exhaust Gas Analyzer 

An NDIR analyzer and an exhaust gas analyzer were used to examine the catalytic 
converter. The non-dispersive infrared (NDIR) analyzer is a gas detecting sensor that 
measures gas concentrations in the surrounding atmosphere and examines CO and 
CO2 emissions from engine exhaust, whereas the exhaust gas analyzer tests NOx 

and HC emissions. The production of the emissions studied is quantified in parts per 
million (ppm). 

The emission characteristics of a CI engine are investigated at different speeds 
with constant loads, and hence, the following efforts have been reported. 

1. For various loads, the engine was run without a catalytic converter. 
2. For various loads, the engine is equipped with a conventional and metallic 

catalytic converter. 
3. For various speeds, the engine is equipped with a conventional and metallic 

catalytic converter. 
4. Different speeds were achieved without the use of a catalytic converter.
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Fig. 4 Emission results. a NOx, b CO, c HC, d smoke analysis 

6.2 Study of NOx, CO, and HC Emission 

The concept is based on the response of a water–gas shift-fuse and the responses 
of steam transforming. Figure 4a shows that the usage of a CuO-based catalytic 
converter results in a 61% reduction in NOx. NOx is broken down into nitrogen (N2) 
and carbon dioxide (CO2). With the use of a catalytic converter, CO is reduced by 
around 21% which is illustrated in Fig. 4b. CO2 is formed when CO is oxidized. 
When the nanocatalysts in the catalytic converter react with CO, they reduce it to 
carbon-di-oxide and cause Cu and Cl to be deposited due to CO’s reduction property. 
The reduction of hydrocarbons by a conventional catalytic converter is because of 
the fact, a small amount of fuel in a big volume of air results in lower CO and HC 
emissions. H2O and CO2 are produced when HC is oxidized as represented in Fig. 4c. 

6.3 Smoke Analysis 

The reduction of smoke emissions utilizing a catalytic convertor is seen in Fig. 4d. 
Soot or smoke consisting of µm in diameter particles. Particulate matter has a variety 
of severe health impacts, including respiratory disorders and cancer. Smoke has a 
density of about 38 kg/m3. The use of a catalytic converter with nanocatalysts reduces 
smoke by roughly 32%.
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6.4 Speed Analysis 

For each attempt, engine metrics like as HC, NOx, and CO, and the efficiency of 
the conversion are plotted for various speeds. Figure 5a depicts the variance in NOx 

emissions as a function of engine speed. It is clear that reduced NOx emissions are 
achieved only slightly with the help of a catalytic converter. With the application of 
a catalytic converter, the NOx level does not change significantly. This is because 
the CO and HC emissions are oxidized by a copper-coated catalyst. The emissions 
of HC and CO from an engine without a catalytic converter are significantly higher. 
Due to the decreased bed temperature of the catalytic converter, CO emissions are 
first reduced only somewhat. The CO level drops by roughly 2.5% by volume after 
30 km/h as shown in Fig. 5b. This is owing to the significant influence of higher bed 
temperature, which is caused by the metal-supported catalyst converter’s ability to 
achieve the temperature of the light faster. The catalytic converter bed’s temperature 
rises as a result of the converter’s resistance to the chemical activity in the bed and 
the flow of exhaust gases. When compared to a regular engine, the catalytic converter 
reduces HC levels uniformly, resulting in a reduction of around 100 ppm when the 
engine speed is maximum as represented in Fig. 5c. 

A reduction in NOx , HC, and CO is achieved as a result of the appreciable reduction 
in NOx emissions as summarized as a decreased value of about 300 ppm at the 
maximum engine speed. 

Fig. 5 Emissions versus speed. a NOx, b CO, c HC
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7 Conclusion 

The most important findings of the experimental study are summarized here. The 
following observations were made as a result of the aforesaid analysis. When a 
catalytic converter is installed on an engine, CO and HC emissions are dramatically 
reduced. In comparison with an engine without a conventional catalytic converter 
(CCC), the volume CO, 300 ppm NOx, and 100 ppm HC are reduced by 2.5%. 
When the engine is permitted to operate with a metallic catalytic converter (MCC) 
at complete loads, NOx levels are dramatically decreased. When the emissions are 
compared without a catalytic converter and conventional catalytic converter (CCC), 
the result reveals an extreme reduction of 61% in NOx emissions in maximum 
operating condition of 8 kg load. 

When the emissions are compared of a metallic catalytic converter (MCC) with 
nanocatalysts to that of a catalytic converter without nanocatalysts at all loads, that 
is clear that hydrocarbon emission is reduced. At full load, the highest reduction 
in HC is recorded to be 32%. A significant reduction in smoke and CO emissions 
where achieved when analyzed with those engines without a conventional catalytic 
converter (CCC) and nanocatalyst-based catalytic converters demonstrates. At full 
load, the highest drop in smoke and carbon mono oxide (CO) is measured to be 32% 
and 21%, respectively. 

As a result, we may conclude that the catalytic converter with nanocatalysts outper-
forms current OEM catalytic converters. In comparison with the OEM catalytic 
converter, the catalytic converter with nanocatalysts emits less, is less expensive, 
and has lower backpressure. As a result, a catalytic converter including titanium 
oxide, cupric oxide, and calcium oxide as catalysts will reduce NOx, HC, and CO 
emissions to an acceptable level. 
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Analyzing Wear Resistance 
Characteristics of Al 5052/Al2O3/Gr Stir 
Cast Hybrid Composite 

Balakrishnan Rajeswari, Chinnachamy Manikandan, 
and Koduvayur Sankaranarayanan Amirthagadewaran 

1 Introduction 

Aluminum metal matrix composites (AMMCs) have been enroll main role in the 
usage of agricultural, marine, military, automotive, and aircraft applications. Gener-
ally, it is having the following mechanical properties: higher corrosion resistance, 
hardness, tensile strength, and compression strength. The AMMC’s recorded benefits 
over than unreinforced aluminum materials like good fatigue strength, wear resis-
tance damping property, electrical and friction coefficient, and good wear resistance 
[1, 2]. 

Hybrid composites include more than one reinforcement or one matrix. Hybrid 
metal matrix composites, the new development of materials, discover various appli-
cations in several industrial fields and perform as substitute for various materials 
[1, 3]. 

In the composite fabrication technology, the aluminum preferred as matrix mate-
rial majority, whereas boron carbide (B4C), silicon carbide (SiC), alumina (Al2O3), 
cubic boron nitrate (CBN), and graphite (Gr) are considered as reinforcement because 
of its physical and mechanical characteristics [4, 5]. 

Powder metallurgy, deposition techniques, and diffusion bonding are all used 
to prepare the aluminum composites, but liquid metallurgy exemption is the most 
popular because it is a commercial one that allows for uniform reinforcement 
distribution in the liquid metal, bulk fabrication of components with less time [6].
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In stir casting method, composition elements and melt temperature and stirrer 
speed, pouring temperature, number of blades and die material and die preheating 
temperature were taken into account as input process variables. To assign these 
input process parameters to fabricate composites, Taguchi method has been followed 
effectively. It reduces the experimental designing duration as well as provides better 
combinations on assigned input parameters [7]. 

In the present study, hybrid composites fabricated in stir casting route with the 
composition of Al5052 (matrix), Al2O3, and graphite (Reinforcements) at different 
percentages of composition to enhance mechanical properties. The optimal process 
parameters for improving the wear resistance of composites have been investigated 
by Taguchi optimization and compared with base matrix. 

2 Material Selection 

The composites elements are selected based on applications requirements and 
cost and bonding characteristics during fabrication. The aluminum alloy Al5051 
has chosen as matrix material owing to its better mechanical characteristics and 
economical status. The alloys composition of Al5051 is given in Table 1. 

The aluminum oxide and graphite are used as reinforcement in hybrid composites 
fabrication through stir casting method. The Al2O3 having the properties of better 
wettability with aluminum and thermal stability, it improves the fabrication stability 
with the evident bonding with aluminum. Graphite having a solid lubricant can 
improve the machinability the composites. Furthermore, the conducting capabilities 
of aluminum composites were improved by graphite because of its excellent thermal 
and electrical conductivity [8, 9]. 

3 Experimental Work 

3.1 Composite Composition 

The mechanical properties of hybrid composites with ceramic and graphite increase 
up to 2.5% and then reduced. The adding of graphite powder lowers the hardness 
value due to the raise in porosity [10]. So, the reinforcement elements Al2O3 (2%, 3%, 
and 4%) and graphite (2%) are added with metal matrix Al5052 aluminum alloy. The 
reinforcements were preheated about 300 °C and matrix melted at the temperature 
of 800 °C. The different compositions of the hybrid composites are shown in Table 
2.
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Table 2 Composite 
composition 

Sample No. Matrix composite 
Al 5052 (%) 

Reinforcement (%) 

Al2O3 Graphite 

1 96 2 2 

2 95 3 2 

3 94 4 2 

3.2 Hybrid Composites Fabrication in Stir Casting 

The stir casting machine to fabricate hybrid composite of Al5052-Al2O3-graphite is 
shown in Fig. 1. It has electric furnace with the capacity of 2 kg and a mechanical 
stirrer which has the speed variation of 100–1000 rpm. 

The furnace hearth temperature and stirring speed are monitored through digital 
display and controlled by the switched availed in the panel board. 

The ingots of Al5052 were sectioned as small pieces and loaded into the furnace 
crucible for melting. About 1–2 h, the aluminum alloy heated to attain the semi-
liquidus state (600 °C). Further, the reinforcement of Al2O3 was preheated in the 
muffle furnace about 300 °C to make their surface oxidized. Figure 2 shows the 
muffle furnace used for the reinforcement preheating. The EN8 steel die is preheated 
about 200 °C to retain fluidity of the liquid metal. Again the aluminum alloy heated 
at 800 °C, the reinforcements were added at the pre-determined proportions. The 
composition at the highest temperature mixed with the stirrer mechanism at a speed

Fig. 1 Stir casting setup
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Fig. 2 Reinforcement 
preheater 

Fig. 3 Casted samples 

of 600 rpm about 3 min. To eliminate the soluble gases present in the molten, the Ar 
gas was into the melt.

The elements of the hybrid composite attain the liquid state at 850 °C and trans-
ferred as composite with the better wettability. The liquid state of the composite 
poured into the metal mold to cast the specimens as shown in Fig. 3. The metal die 
replicates cast specimens with its dimension 30 mm diameter and 250 mm length. 
The fabrication procedure was preceded for three specimens as per the experimental 
design. 

3.3 Wear Test Machine and Specimens 

From the stir-casted samples, the wear test specimens were preferred as per the 
ASTM G99 standard of dimension Ø10 mm and 30 mm length as shown in Fig. 4. 
The wear resistance is important one for the dynamic components of the machineries. 
To pertain wear resisting nature of the hybrid composites, the Ducom POD TR 20 
wear tester machine is used to conduct the wear tests (Figs. 5 and 6).
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Fig. 4 Wear test specimens, 
diameter: 10 mm, length: 
30 mm 

Fig. 5 Ducom pin-on-disk 
wear tester 

Fig. 6 Digital controllers 

The responses of the wear test such as frictional force and wear rate were recorded 
as digital and graphical modes. The rotating disk made of EN32 steel disk with 
hardness 65 HRC is used for the rubbing action of the wear tests.
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Table 3 Wear test experimental results 

S. No. (%) of 
reinforcement 

Load (N) Sliding speed 
(RPM) 

Wear rate (µm) Friction force (N) 

1 2 10 500 116 4.9 

2 2 20 600 107 9.4 

3 2 30 700 1372 9.8 

4 3 10 600 132 6.2 

5 3 20 700 617 13.2 

6 3 30 500 146 11.7 

7 4 10 700 377 6.4 

8 4 20 500 451 7.7 

9 4 30 600 939 20.6 

3.4 Wear Test 

Taguchi method orthogonal array of L9 design matrix was followed to design wear test 
experiment trials [11]. The percentage of reinforcement rate in the hybrid composites, 
applying load, and sliding speed were considered as input variables for the wear test 
experimentation. The percentage of reinforcement in the range of 2, 3, and 4, the 
applying load (10–30 N), and sliding speed of 500 rpm, 600 rpm, and 700 rpm were 
used in the wear test experiments [12, 13]. The sliding distance 100 m was taken as 
constant factor. Experimental design matrix based on L9 trials are shown in Table 3. 
The wear test specimen is held vertically against the rotating disc to perform the wear 
test. At the constant sliding distance with the variation of wear test input variables, 
the wear rate and the frictional force extracted are accounted and tabulated in Table 
3. 

4 Results and Discussion 

4.1 Microstructure 

The dispersion of ceramic particles in the matrix alloy is analyzed by means of 
inverted microscope. Specimens were prepared creating flat surfaces by facing, well-
polished by fine-grade ceramic particle pasted paper and then cleaned with etching 
solution as per test reference. 

Figure 7 shows the microstructure of the hybrid composite samples. The micro-
graph evidently relates that the dendritic pattern is neutral in all the samples under 
study. 

In the microstructure analysis, the structure indicates the alumina and graphite 
particles are dispersed evenly in the composite material. The structure denotes fine
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Sample:1(100X) Sample2:(100X) Sample 3:(100X) 

Fig. 7 Microstructure of composite materials 

attachment between the reinforced powders and the base alloy where the porosity 
occurred in lowest level, and it is not noted by the microstructure, and also, clustering 
can be viewed at some of the spaces in the matrix alloy. 

4.2 ANOVA for Wear Rate and Frictional Force 

The wear rate and friction force values at the different input variables are found and 
analyzed to obtain optimal functional parameters for the sliding composite elements. 
The MiniTAB-16 was used to analyze the wear test investigational results such 
that the analysis of variance (ANOVA) and signal-to-noise ratio (S/N ratio) defines 
the significant contribution of individual input variables on output responses and 
percentage of accuracy of the test results, respectively. 

From the result, smaller is better in the wear rate that the reinforcement 3%, load 
10 N, and sliding speed 500 rpm are the optimal process parameter settings found in 
Taguchi optimization as shown in Fig. 8. 

From the result, smaller is better in the frictional force that the reinforcement 
percentage 2%, load 10 N, and sliding speed 500 rpm are the optimal process param-
eter settings found in Taguchi optimization as shown in Fig. 9. The wear resistance 
and sliding force are minimized through the addition of moderate reinforcement and 
minimum sliding speed and applied load. 

Figure 10 shows a screen shot wear rate for the operating parameters of 20 N 
load, 700 rpm speed of the disk, and 3% composition. The optimal parameters setting 
produce less wear rate comparing to other process factors settings. 

5 Conclusion 

The aluminum alloy hybrid composite (Al 5052/alumina/graphite) was casted in stir 
casting process with varying percentage of alumina and 2% graphite. The stir casting 
route enhanced the uniform distribution of reinforcement particles with the matrix
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Fig. 9 SN ratio-frictional force

element. The examination of wear test reveals that the composite of 3% Al2O3 and 
2% Gr and 95% Al alloy combination with load of 10 N and 500 rpm sliding speed 
is having superior wear resistance compared to other combinations. The addition of 
percentage of graphite contributes significant effect on wear resistance and frictional 
load of the composites. The higher wear resistance components can be fabricated 
with this hybrid composite. 
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Fig. 10 Load 20 N, sliding speed 700 rpm, and 3% composition 
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Analytical Hierarchy Process Strategy
for Assessment of Overall Equipment
Effectiveness

Dillip Kumar Biswal, Kamalakanta Muduli, and Jitendra Narayana Biswal

1 Introduction

Customers in the present day have high expectations from procedures to produce
excellence products on time and a reasonable price. This necessitates the use of
extremely reliable production machines and processes. In today’s industrial and
production environment, increasing demands to cut costs, achieve a zero-tolerance
policy, and optimize resource allocation needs a progressive producer to continuously
look up and raise productivity and quality, as well as to measure what hinders them
from doing so on a daily basis. OEE is a measure used in Total Productive Mainte-
nance (TPM) to accurately predict and decrease/eliminate the six major losses that
take place in a production practice for continual equipment improvement.

The notion of Total Productive Maintenance provides a standardized framework
for measuring manufacturing productivity termed Overall Equipment Effectiveness.
The Overall Equipment Effectiveness is determined by calculating the equipment’s
availability, performance efficiency when it is in action, and the rate of quality items
manufactured [1–3]. With the use of analytic hierarchy methodology, A. N. Madu
proposes a constrained regression meta models [4]. The OEE is implemented as a
metric of TPM’s objective of maximizing equipment effectiveness [5]. Production
losses, as well as numerous other indirect and hidden expenses, account for the
majority of overall production costs [6]. As a corollary, Nakajima summarized OEE
as “a measure that aims to identify these hidden costs” [1].
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RichardOechsner et al. demonstratesmodelingmethodologies, for estimating and
monitoring OEE in a semiconductor production plant [7]. The relationship between
Value Stream Mapping (VSM) and OEE, as well as a method for determining the
benefits of VSMand their impact on theOEEmeasurewas investigate [8]. A program
that incorporates a simulation tool and OEE measurements to make it easier to eval-
uate a manufacturing system was created [9]. Raouf in 1994 introduced a novel
approach for determining OEE that used different weights for different parame-
ters, concluding that elements impacting OEE are not all equally essential in all
circumstances and that alternative weights should be assigned [10].

Fuzzy AHP was used to determine the best maintenance plan for the best selec-
tion of equipment [11]. In cases where there are numerous choices with various and
inconsistent criteria accessible, Multi Criteria Decision Making may be employed
to make a decision [12, 13]. The AHP can be used for effective priority ranking of
potential failure causes [14]. For the criticality analysis of a paper mill’s forming
unit, AHP methodology was employed [15]. Fuzzy AHP was used to identify essen-
tial components in the distribution of power networks [16]. AHP was used to rate
power plant equipment based on a set of multiple criteria [17]. Combination of goal
programming and fuzzy-AHP was employed to find the best mix of maintenance
procedures [18]. A modified two-step decision making process was proposed by
employing AHP to identify important equipments [19].

All of the multiplication essentials are given equal weightages in the traditional
OEE computation, as explained and promulgated by Nakajima [1]. This is a rare
instance when a one percentage reduction in downtime seems to have the similar
commercial or beneficial economic influence as a one percentage reduction in effec-
tiveness or a one percentage reduction in quality. In reality, giving equal weight to
all of the OEE aspects may not be appropriate. According to the nature of their job,
the weighting factor is likely to differ from one organization to the next. Analytic
Hierarchy Process (AHP) can be used to determine these weightages for the OEE
performance factors. Saaty [20, 21] proposedAHP, amathematical strategy formulti-
criteria judgments. When both qualitative and quantitative components of a proposal
must be addressed, AHP is a strong and adaptable decision making technique that
reduces complex problems to a series of one-to-one matched comparisons to help
individuals define personal preferences and choose the optimal option. AHP not only
assists decision makers in arriving at the best option, but also gives them a strong
sensation that it is the best option.

2 The Purpose of This Study

Because the Kneader Buss Mixer is such an important piece of equipment in the
aluminum manufacturing sector, it is important to understand the aspects that influ-
ence its production and how to acquire the best return. The goal of this investigation
is to determine the OEE of a Kneader Buss Mixer that is used to make paste for
aluminumpots anodes. The study also provides anAnalyticHierarchyProcess (AHP)
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technique for assigning varying weightages to distinct OEE elements, resulting in a
normalized OEE that is mainly useful to the interest group.

3 Overall Equipment Effectiveness

“Overall Equipment Effectiveness (OEE)” is the key TPM metric for identifying
and quantifying important process-related losses, as well as a performance indicator
for measuring the effectiveness of the equipment, by acquiring data on equipment
availability, performance, and quality. “It is a metric used in TPM to measure how
well a company’s production process or individual piece of equipment performs
against its full capacity,” according to the definition of OEE [8]. It is a percentage
calculated by multiplying the equipment’s availability, the performance rate while in
use, and the quality rate at which a product is manufactured over a period. The link
between OEE and performance factors is depicted in Fig. 1.

Fig. 1 Link between overall equipment effectiveness and performance factors
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4 Assessing OEE When Performance Metrics Contain
Different Weights

The computed rating of OEE is not totally correct. It is presumptively assumed that
the fundamental elements of availability, efficiency and quality losses are all equally
important. It is an uncommon occurrence when a 1% loss of productivity or quality
seems to have the commercial or beneficial economic influence as a 1% efficiency
or quality loss.

4.1 Estimating Relative Weights Using AHP Methodology

The AHP methodology can be used to assign weightages to performance indicators.
The following is the AHP methodology for determining weightages.

The decision problem’s structure: Implementing Analytical Hierarchy Process
to develop multi-criteria decision making involves four basic phases [22].

Model Specification: The specification of feasible alternatives comes first,
followed by the creation of criteria for evaluating alternatives.

Comparison of categories and criteria in pairs: Pairwise comparisons employing
a square matrix structure are used to determine the relative importance of criteria
within each category and within each category within the group of categories. The
important values are based on Saaty’s 1–9 scale [20].

Rating of decision alternatives: Each chosen alternative is assessed to every
criterion in the assessment method.

Rankings for making decisions: Finally, the alternative ratings are added to the
criteria ratings to get an overall rating for each investment option.

4.2 Pairwise Comparison Matrix

The scales of comparison used to create the various pairwise comparison matrices.
A matrix, consisting of three rows and three columns, is developed to determine
the priorities for the three performance factor in terms of performance, quality, and
availability as shown in Table 1.

Table 1 Pairwise
comparison matrix

Performance Quality Availability

Performance

Quality

Availability
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4.3 Formulation

Following the development of the matrix, the relative importance for each of the
performance elements is estimated using the procedures below.

Step 1: Add the values in each pairwise comparison matrix column.
Step 2: Divide each column’s element by the matching column totals. The
normalized pairwise comparison matrix is the output of this process.
Step 3: In the normalized matrix, compute the average of the entries in each row.
These averages provide an assessment of each performance element’s relative
priority in relation to the criterion.

4.4 Weighted OEE Calculation Algorithm

Raouf’s Methodology: Raouf [10] outline a methodology for calculating OEE that
involved different weights. He came to the conclusion that not all factors impacting
OEEare highly relevant in all circumstances, and they should be given variedweights.

If Availability (P1) has a weight of w1, Performance (P2) has a weight of w2, and
Quality (P3) has a weight of w3, where 0 ≤ wi ≤ 1 and

(
wi = 1, OEE can be

computed as follows:

OEE = (
Pw1
1

) × (
Pw2
2

) × (
Pw3
3

)
(1)

All of the performance elements, i.e.,P1,P2, andP3, are assigned identicalweights
(wi = 1) in the traditional OEE calculation presented by Nakajima, and the sum of
the weightages is equal to three.We can deduce the following using a common-sense
approach:

• If all performance elements are given equal weighting, the adjusted OEE value
should not differ from the conventional OEE number.

• If the performance element with the highest value is given more weight and/or the
performance element with the lowest value is given less weight, the normalized
OEE value should increase when compared to the conventional OEE value.

• If the performance element with the lowest value is given more weight and/or the
performance element with the highest value is given less weight, the modified
OEE value should be lower than the conventional OEE value.

However, whenRaouf’smethod (Eq. 1) is examined, it is discovered that the value
of modified OEE increases in every situation when compared to conventional OEE.
When compared with the traditional OEE value, it is clear that OEE has becoming
more. Similarly, it can be seen that the OEE value is increasing in each of the three
scenarios listed above.
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In this research, a method is proposed for using the Analytic Hierarchy Process
(AHP) to assign different weights to distinct OEE performance criteria and then
determining a modified OEE that meets the aforementioned three conditions.

Proposed Methodology:

WF = (
P1 P2 P3

)
⎡

⎣
wP1

wP2

wP3

⎤

⎦

= (P1 × wP1) × (P2 × wP2) + (P3 × wP3) (2)

⇒ Nw f = WF × n

(P1 + P2 + P3)
(3)

OEEmodified = Nw f × OEEconventional (4)

where the observed values of specific performance elements are P1, P2, and P3. The
weightage of the respective performance elements is represented by wP1, wP2, and
wP3, where

(
wi = 1 and WF is the weighting factor. Nwf stands for the Normalized

Weightage Factor (NWF). The number of performance elements is denoted by the
letter n.

5 Collection of Data

In order to achieve accurate results that are useful to plant management, overall
equipment effectiveness analysis normally requires the collection of trustworthy and
sufficient data on down time, total production, rejection, and so on. The data gathered
in the field is regarded to be the most accurate. Field data, on the other hand, is costly
and longer period to obtain. Information must be gathered over a length of time
in order to provide a satisfactory depiction of the machine’s genuine operational
characteristics.

Over the course of 28 weeks, the newly installed Buss Mixer in the carbon plant
was monitored. The operation is divided into two shifts of eight hours each, six days
a week. Each shift had one hour of planned downtime for task like inspecting the
machinery and its associated equipment, cleaning of the machine, and completing
paperwork, among other things. During the twenty-eight-week observation period,
the machine was either left idle or operated under a different set of parameters to
produce paste for sale to outside organizations for thirty days. As a result, the OEE
computation excludes the data from the previous two weeks.
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Table 2 Rating for the
factors of performance

Performance Quality Availability

Performance 8

Quality

Availability 7 4

5.1 Rating of Performance Factors Through Questionnaire

A questionnaire was created to gather feedback and rate performance factors using
the Saaty’s scale. The following is the completed questionnaire.

Howdoyou think youwill rankavailability in termsof quality andperformance?

• Availability to Quality [ ]
• Availability to Performance [ ]

How will you rank the performance in terms of quality?

• Performance to Quality [ ]

Table 2 contains the numerical rating (Saaty’s scale) details rated by Hindalco
managements.

6 Analysis of Data Collected

By recording machinery statistical information, a cause-and-effect graphic is created
to illustrate the key failures for organized enhancement. The success of organized
enhancement efforts and countermeasures put in place to reduce severe losses or
problems can then be measured and communicated using OEE data.

6.1 Estimating the Overall Equipment Effectiveness

The six major losses that prohibit effective operation have an impact on the equip-
ment’s capability. Faulty operation, equipment failure, and support equipment failure
are the main causes of these losses. These losses must be discovered and corrective
action done to enhance the equipment’s performance. Figure 2 depicts the losses that
occur regularly in a Buss Mixer.

Calculation of OEE

From thedata collected from theKneaderBussmixture, total production and rejection
was calculated for different months as shown in Table 3.

By using the formulas shown in Fig. 1, availability, performance efficiency and
quality rates are calculated as shown in Fig. 3.
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Fig. 2 Cause-and-effect diagram for a buss mixer

Table 3 Total production and Rejection for different months

Planned
production
time (min)

Actual
down
time
(min)

Operating
time (min)

Total
production
(kg)

Rejection
(kg)

Good
production
(kg)

Potential
output at
rated speed

January 8040 2154 5886 896,725 11,600 885,125 980,960.76

February 19,920 2621 17,299 2,840,940 13,700 2,827,240 2,883,051.34

March 18,120 1315 16,805 2,781,405 11,800 2,769,605 2,800,721.3

April 17,760 2980 14,780 2,428,300 17,600 2,410,700 2,463,234.8

May 17,220 468 16,752 2,740,085 17,800 2,722,285 2,791,888.32

June 17,220 673 16,547 2,756,750 19,500 2,737,250 2,757,723.02

July 16,800 750 16,050 2,694,720 23,300 2,671,420 2,674,893

OEE = Availability × Performance Efficiency × Quality Rate

= 0.90475 × 0.98769 × 0.99327

= 0.887607 i.e. 88.76%

To assess the relative significance of the criteria in relation to one another
Using theAHP technique, theweightages of each of the three performance compo-

nents can be computed by using the different steps as discussed in Sect. 4.4, i.e.,
weighted OEE calculation algorithm. Table 4 displays the weightages (wi) for the
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Fig. 3 Calculated availability, performance efficiency, and quality rate

Table 4 Weightages of the
performance elements

Criteria Weightage Value

Performance (P2) wP2 0.28

Quality (P3) wP3 0.09

Availability (P1) wP1 0.629

availability, performance, and quality performance criteria, which were determined
using the AHP method on data from interviews and a pairwise comparison matrix.

Determination of Overall Equipment Effectiveness employing Raouf’s Method-
ology

Using Eq. (1) and by employing equal weightages to all the OEE elements,

OEERaouf’s = 0.9597 = 95.97%

Determination of OEE using Proposed Methodology
Using Eqs. (2, 3, 4) and employing different weightages to all the OEE elements

OEEm = 0.9719 × 0.8876 = 0.8626 = 86.26%

Testing of the Developed Framework

• As previously noted, the OEE value should fluctuate rationally based on the
weighting applied to performance elements.

• If this proposed model is given equal weight, the updated OEE value should
remain constant.

By giving the performance factors equalweight, i.e.,wP1 =wP2 =wP3 = 0.333333

OEEm = 0.9999 × 0.8876 = 0.8875 = 88.76%
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When we provide equal weightages to the performance elements, we observe that
the modified OEE value remains unchanged, whereas it increases in Raouf’s model.

7 Conclusion

In general, when calculating OEE, all elements are given equal weightage, but this
is a rare circumstance in which a one percentage reduction in downtime seems to
have the similar commercial or financial influence as a one percentage reduction in
effectiveness or quality. In practice, giving equal weight to all of the OEE aspects
may not be appropriate. According to the nature of their job, the weighting factor is
likely to differ from one organization to the next. Analytic Hierarchy Process can be
used to determine these weightages for the OEE performance factors (AHP). In this
research, a modified AHP methodology is utilized to calculate the weighted OEE by
measuring and allocating relative priority weightings to each performance parameter.
When different weightages can be given to the performance factors, the suggested
model can be used to determine updated OEE.
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Plant Layout Improvement Using 
CRAFT: A Case of Food Packaging Unit 

Dillip Kumar Biswal, Kamalakanta Muduli, and Jitendra Narayan Biswal 

1 Introduction 

Due to recent technological advancements, all types of sectors have seen significant 
growth in the previous several decades throughout the globe, and Papua New Guinea 
is no exception. In particular, Ramu-Agri Enterprise Limited (RAIL) is an agricul-
turally based industry in Papua New Guinea that produces sugar and distributes it to 
the country’s strong demand for the commodity. In addition to the various expenses 
associated with the industry, certain costs are incurred as a result of a layout design 
fault in the RAIL sugar packing section layout, which may be reduced. Layout design 
engineers are required to develop industries such as RAIL in Papua New Guinea in 
order for them to be successful in their endeavours. The fact that industries invest in 
their operations implies that the government receives a considerable amount of tax 
revenue from them to operate the nation. It is thus necessary to enhance the packaging 
part of RAIL by using CRAFT. 

When it comes to manufacturing, plant layout is the arrangement of facilities in 
a systematic framework that ensures long-term efficiency of operation. Determine 
and arrange a detailed floor plan for designing equipment and machinery of a plant, 
whether it is already operational or is under consideration, in the best location to 
allow for the best and most efficient material flow at the lowest possible cost while 
requiring the least amount of ability to handle the product from raw material receipt 
to finished product shipment. It is a time-consuming and expensive process. Layout,
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according to Deshpande [1], is the science of determining the most efficient way 
of organising facilities in manufacturing industries, which has an impact on the 
efficiency of operation and the minimization of material handling costs, primarily 
through the optimization of plant layout using ALDEP and CRAFT approaches, 
among other things. In 1963, Armour and Buffa [2] developed a technique of using 
CRAFT, which was not officially recognised until then. When Prasad et al. [3] used  
the CRAFT algorithm to build their manufacturing plant layout design, they came 
up with what has come to be recognised as a “typical manufacturing plant layout 
design using the CRAFT approach.” Gia Elizabeth Abraham was the first person 
to employ the CRAFT algorithm for plant layout design and development [4] in  
the United States. In accordance with the CRAFT approach, Hombal and Shobha 
[5] developed an improvement plan for the metro coach manufacturing process and 
factory architecture. Singh and Singh [6] employed CRAFT to perform a literature 
review on assembly line balancing and plant facility design, and they found it to 
be quite useful. According to Naik and Kallurkar [7], they conducted a literature 
survey on plant layout design, in which they found that an efficient plant layout 
design allowed for a well-ordered physical arrangement of various facilities in a 
manufacturing industry such as departments, workstations, machines, equipment, 
storage areas, and common areas. With the help of AHP, Pinto and Shayan [8] 
conducted experiments on a variety of heuristic strategies in order to apply them 
to a real-world facility problem at a furniture manufacturing business, where the 
types of models are contrasted [9]. In a research conducted by Okpala and Chukwu-
muanya, the authors looked at plant layout designs that enhance labour utilisation 
efficiency, ease of production, and simplicity of maintenance. Patil and Sagare [10] 
conducted a case study on selecting the most effective method of organising plant 
physical facilities that allows for greater efficiency in an industry’s operation, using 
an improvement algorithm for plant layout design that was based on the CRAFT 
algorithm, and presented their findings in a paper. It has been demonstrated that the 
systematic placement of various types of facilities in the industry, such as machinery, 
production facilities, and people, results in the most efficient use of plant facilities 
and increases output rates, thereby increasing the overall efficiency of the industry’s 
operation. 

For the purpose of this study, CRAFT will be used to re-allocate the placements 
of the departments (machines) inside RAIL’s packaging division in order to reduce 
overall expenses associated with its current arrangement. This is done to save money 
on material handling and enhance the layout. 

2 Methodology 

The method employed here to achieve the objective of this paper is the imple-
mentation of CRAFT algorithm to improve the initial layout of the sugar packing 
section.
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2.1 Selection of an Industry and Data Collection 

In order to achieve the objective of this paper, we first have selected an existing 
industry in the country that is Ramu-Agri Industry Limited (RAIL) in Madang 
Province. The selection of the industry was based on the fact that CRAFT algo-
rithm is best recommended to be applicable to a manufacturing industry. Auto-
mated Layout Design Program (ALDEP), Computerized Relationship Layout Plan-
ning (CORELAP) and Plant Layout Networking (PLANET) are also used to solve 
the plant layout-related problem in construction. However, these techniques give 
better performance while developing initial layout. In contrast CRAFT gives better 
result while employed to improve existing layout. Further, CRAFT algorithm is a 
widely known technique used in manufacturing industry because of its advantage in 
minimising the material handling costs [10]. The industry has seven major depart-
ments. They are pre-milling, milling, process, boiler, distillery, packing and stores 
departments. The survey was conducted primarily on packing department taking 
into consideration the packing machines, workstations, feed tables, workers and so 
forth of the packing section facilities layout. There were ten machines in the packing 
section. Eight of them are vertical packing machine (VPM), a controlled packing 
machine (CPM) and a new packing machine. The flow data of each machine that 
the sugar travels from one machine to another was obtained. The cost of the initial 
layout was on unit cost per ton basis. 

2.2 Types of Layout Identified 

The type of plant layout of the packing section was identified based on the way the 
machines and the workers are arranged. The VPMs and the CPM were arranged in a 
straight line, and the workers are also in a line manner arrangement that makes the 
flow of the sugar material easy. Thus, it is seen that the layout of the packing section 
is a product layout. 

2.3 CRAFT Algorithm Implementation 

CRAFT typically begins with the basic arrangement and then enhances it by swapping 
around the paired departments in order to reduce the transportation costs as much as 
possible. The operation continues until there is no more pairwise exchange feasible 
to be performed. The answer provided by CRAFT is not the optimal solution, but it 
is quite near to the optimal solution. 

Procedures for CRAFT implementation: There are a total of 12 phases involved in 
implementing CRAFT in order to enhance the current layout. Each stage is detailed 
in further detail below:
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Step 1: Input parameters 
The following are the prerequisites for CRAFT: initial layout, flow data and test 

data. Cost per unit of miles travelled. The total number of departments is shown as 
the number and placement of established departments, as well as the area occupied 
by the departments. 

Step 2: Computation of centroids of the departments 
Centroids of all departments are computed and plotted on the X and Y axes in the 

following manner: 
Step 3: Formation of distance matrix using the centroids 
Distance between two departments is represented by the rectilinear distance 

between the centroids of their respective departments. The distance matrix may be 
calculated with the help of the following formula: 

Di j  =
(
Xi − X j

) + (
Yi − Y j

)
(1) 

where 

Dij is the distance matrix from department i to department j. 
(Xi, Yi) is the centroid of the department i. 
(Xj, Yj) is the centroid of the department j. 

Step 4: Calculation of total handling costs 
Assuming that information on the flow of goods, the distance between goods and 

the cost of goods is available, the total handling cost may be calculated using the 
following formula: 

Total cost = 
1(

n=1

(
Fi j  × Di j  × Ci j

)
(2) 

where Fij, Dij and Cij represent flow, distance and cost per unit distance from 
department i to j. 

Step 5: Pairwise interchanges of departments 
The departments are examined for pairwise exchange based on two criteria that 

they share, namely a shared boundary and an equal area, and an estimated cost is 
calculated based on these considerations. 

Step 6: Determining the pairwise interchange that gives minimum handling costs 
It is possible to identify the pairwise exchange department that has the lowest 

handling expenses possible. 
Step 7: Comparing the cost of present layout with that of the previous 
If the former layout’s cost is less than the new layout’s cost, go to step 8. If the 

new layout’s cost is less than the prior layout’s cost, proceed to step 11. 
Step 8: Interchange of selected pairs of departments 
Interchange selected pairwise departments, and take this as the new layout. 

Calculate the distance matrix, the centroids and the total costs of the new layout. 
Step 9: Evaluate the new layout in terms of cost with the initial layout.



Plant Layout Improvement Using CRAFT: A Case of Food Packaging … 319

Evaluating and comparing the costs of the new layout with the costs of the original 
arrangement is essential. If the cost of the new layout is larger than the cost of the 
original configuration, then go to step 10 of the process. It is necessary to go to step 
11 if it is less than the original arrangement. 

Step 10: Evaluate the costs of the new layout and initial layout again 
When you have evaluated and verified that the centroids, distance matrix and cost 

of the revised plan are the same as those of the original configuration, return to step 
5 and continue. If it is less than the original layout, the new layout is referred to as 
the PRESENT LAYOUT, and the process continues to step 11. 

Step 11: Final layout 
The industry’s final layout should be printed in this form. 
Step 12: STOP. 

3 Calculation and Results 

From the case study conducted on Ramu-Agri Industry Limited (RAIL) in Madang 
Province, we have found that the industry is made up of seven departments, and these 
are Crop Service, Harvesting and Transportation (HNT), Research and Develop-
ment (RND), Sustainability, Central Workshop, Human Resource (HR) and Factory 
Departments. 

3.1 Data Analysis 

We have selected the packing section of the department and focused our survey on 
its layout. We have collected the following types of data available at the industry 
that could help us to implement CRAFT algorithm to improve the layout. According 
to the sugar packing section layout, the manufactured sugar packets travel from one 
department (VPM) to another in three separate lines in the way they were arranged 
in a typical product layout.

● Sugar packets travel from VPM 1 to 2 and then to 3, and sugar packets from VPM 
2 also travel to 3 in a straight line. VPM 3 is the end of the flow of sugar packets 
in that line of departments (VPMs) and the sugars are piled in pallets and picked 
up by forklifts to the warehouse.

● Next the sugar packets travel from VPM 4 to 5 and then to 6, and sugar packets 
from VPM 5 also travel to 6 in a straight line. VPM 6 is the end of the flow of sugar 
packets in that line of departments (VPMs) and the sugars are piled in pallets and 
picked up by forklifts to the warehouse.

● The sugar packets from VPM 7 travel to CPM 8 and then to VPM 9, and the sugar 
from CPM 8 also travel to VPM 9. VPM 9 is the end of the flow of sugar packets
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in that line of departments and the sugars are piled in pallets and picked up by 
forklifts to the warehouse. 

The new packing machine is a complete system of its own that it is automated 
that the raw materials enter at one end of the machine and give out the product at 
the other end. Therefore, we consider it a fixed machine because it is separated from 
the 9 machines, and it has neither equal area to one of the departments nor sharing 
common border with them. The CPM 8 is also considered a fixed department though 
it is included in the layout where the sugar from VPM 7 travels to it or sugar from it 
travels to VPM 9 because it has neither equal area to the VPMs nor sharing common 
borders with them. Therefore, the careful analysis of data was made on the 8 VPM 
machines based on the fact that they all have equal areas. 

3.2 Calculation of Existing Layout 

The initial layout of the sugar packing section is given here with the vertical packing 
machines, VPM numbered from 1 to 9 being referred to as departments as shown in 
Fig. 1. 

Compute the centroids of the departments of the initial layout 
Determine the centroids 
The X and Y coordinates are the coordinates of the centroid of each department 

from the reference point (0, 0). Table 1 shows the initial packing layout departments 
X and Y values of their centroids.

Determine the rectilinear distances 
The distance from one department to another is measured in a rectilinear distance 

from one centroid to the other by using formula (1)

Fig. 1 RAIL initial packing layout departments being plotted on grids determining their centroids 
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Table 1 RAIL initial 
packing layout departments x 
and y values of their centroids 

Departments X Y 

1 1.3 0.9 

2 1.3 2.9 

3 1.3 4.9 

4 5.6 0.9 

5 5.6 2.9 

6 5.6 4.9 

7 9.3 0.9 

8 9.5 3.0 

9 9.3 5.0

The rectilinear distance for flow of sugar from department 1 to 2 as denoted in 
from-to matrix is calculated using the centroids: 

Di j  =
(
Xi − X j

) + (
Yi − Y j

) = (1.3 − 1.3) + (2.9 − 0.9) = 2m (3) 

The rectilinear distance for flow of sugar from department 1 to 3 as denoted in 
from-to matrix is calculated using the centroids: 

Di j  =
(
Xi − X j

) + (
Yi − Y j

) = (1.3 − 1.3) + (4.9 − 0.9) = 4m (4) 

Determine the cost matrix 
The cost matrix comes from the cost that the initial layout consumes in relation to 

the layout. That is the unit cost of the material handling in the sugar packing section 
as shown in Fig. 2. 

The total cost (TC) of the original layout is calculated as follows: 
For the calculation of the TC, we use the formula (2) that has been provided.

Fig. 2 a From–to matrix, b reward matrix (cost matrix) of initial packing layout 
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Total cost =(2 × 121.05) + (4 × 121.05) + (2 × 121.05) + (2 × 360.66) 
+ (4 × 360.66) + (2 × 360.66) + (2 × 203.18) + (4.1 × 203.18) 
+ (2 × 203.18) = K5, 519.80 (5) 

The cost that we have considered for the above calculation is the unit cost per ton 
for unit flow of sugar from one department to another. 

To determine the total cost for the target production of packing section per day, we 
used the production rate of the machines. Though the production rate may alter due 
to the fluctuation in demand, we consider this calculation base on constant demand 
and constant production target to meet that demand per day. 

250 g sugar production details per day 
There are 3 machines, VPM 4, 5 and 6 with sugar packaging rate at 38 packets/min. 
Minutes per day = 24 h × 60 min = 1440 min. 
Target number of sugar packets per day = 38 pcts/min × 1440 min = 54,720 

packets. 
Target number of bales per day = 54,720 packets/40 packets/bale = 1368 bales. 
Target numbers of pallets per day = 1368 bales/126 bales/pallets = 10.8 pallets. 
Target tonnes of sugar per day = 54,720 packets × 250 g = 13,680,000 g = 

13.68 tons. 
Target tons of 250 g sugar packets for 3 VPM = 13.68 tons × 3 = 41.04 tons. 

3.3 Calculation to Propose a New Layout 

Determine the possible pairwise exchanges. There are four possible pairwise 
exchanges.

● 1 and 6: These two departments can be exchanged for they have equal areas as 
shown in Fig. 4.

● 3 and 5: These two departments can be exchanged for they have equal areas.
● 2 and 7: These two departments can also be exchanged for they have equal areas.
● 4 and 9: These two departments can be exchanged for they have equal areas. 

The department 8 cannot be exchanged with one of the other departments because 
it does not have equal area or sharing common border with them as shown in Fig. 3 
(Fig. 4).

(i) Departments 1 and 6 pairwise exchange 

Determine the centroids of the new pairwise exchanged layout (Table 2).
Determine the rectilinear distances 
The distance calculated will be same as discussed in Sect. 3.2. 
Determine the cost matrix
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Fig. 3 RAIL initial packing layout showing possible pairwise departments exchanges 

Fig. 4 Layout showing departments 1 and 6 exchanged being plotted on grids indicating their 
centroids

Table 2 Layout showing 
departments centroids X and 
Y values after departments 1 
and 6 exchanged 

Departments X Y 

6 1.3 0.9 

2 1.3 2.9 

3 1.3 4.9 

4 5.6 0.9 

5 5.6 2.9 

1 5.6 4.9 

7 9.3 0.9 

8 9.5 3.0 

9 9.3 5.0

The cost matrix comes from the cost that the initial layout consumes in relation to 
the layout. That is the unit cost of the material handling in the sugar packing section 
as shown in Fig. 5.

Calculate the total cost of new layout from switching departments 1 and 6.
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Fig. 5 a From–to matrix, b reward matrix (cost matrix) of new packing layout

We use the given formula (2) for computation of the TC for the initial layout. 

Total cost = (2 × 360.66) + (4 × 360.66) + (2 × 121.05) + (2 × 360.66) 
+ (4 × 360.66) + (2 × 360.66) + (2.1 × 203.18) + (4 × 203.18) 
+ (2 × 203.18) = K6957.40 (6) 

This pairwise exchange is not feasible because the cost is greater than the initial 
cost. 

In the similar way, all the pairwise exchange matrix was calculated. 

(ii) Departments 3 and 5 pairwise exchange 

% Savings = Initial total cost − New total cost 
Initial total cost 

= 5519.80 − 5204.80 
5519.80

= 5.7% (7) 

(iii) Departments 2 and 7 pairwise exchange 

% Savings = Initial total cost − New total cost 
Initial total cost 

= 5519.80 − 5174.80 
5519.80

= 6.25% (8) 

(iv) Departments 4 and 9 pairwise exchange 

% Savings = Initial total cost − New total cost 
Initial total cost 

= 5519.80 − 4052.10 
5519.80

= 26% (9)
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In terms of the target production of 301.68 tons per day for the 3 shifts in the oper-
ation of the packing section, the company can save 26% of total cost, K1,665,213.30 
of the initial layout which is calculated as: 

%Savings = 26% of K1,665,213.30 = K432,955.50 (10) 

The four different total costs calculated from the three different pairwise 
exchanges can be used to propose the new layout of the sugar packing section based 
on its feasibility that it can help the company save much. This means that the new 
layout total cost of the new layout from a pairwise exchange must be less than the 
other pairwise exchanges attempted and the total costs of the initial layout for it to 
be the feasible proposed layout.

● The initial cost of the layout as was calculated is K5519.80
● The first pairwise exchange of departments 1 and 6 cost is K6957.40. This is not 

feasible because it is more than the initial cost.
● The cost of the second pairwise exchange of departments 3 and 5 is K5204.80. 

This saves about 5.7% which is equivalent to K315.00.
● The cost of the third pairwise exchange of departments 2 and 7 is K5174.80, and 

this saves about 6.25% which is equivalent to K345.00.
● The cost of the fourth pairwise exchange of departments 4 and 9 is K5174.80, and 

this saves about 26% which is equivalent to K1437.70. 

Comparing these results, we have selected the new layout for the sugar packing 
section to be one that the departments 4 and 9 have been pairwise exchanged because 
it saves 26% of the initial cost. 

4 Conclusion 

The importance of CRAFT is that it uses the data of the initial layout and allows 
pairwise exchanges to improve the initial layout. The space utilisation by the initial 
layout was unchanged. The total distance travelled by the sugar packets was constant 
because the interchanges between departments were based on the fact that they have 
equal area and not sharing common borders so their centroids remain the same. Once 
they were exchanged, they also exchanged the centroids and distance matrix so it did 
not affect the total distances the sugar travels in the new layout. Everything remained 
the same except that the flow of one type of sugar from one department to another 
was regulated with their varying unit costs in the new improved layout. 

The sugar packing section of RAIL was improved by 26% savings from the 
initial total cost of K5519.80 on unit-based calculation. The other pairwise exchanges 
that gave the saving of 5.7% and 6.25% were less than 26%, so they were not 
recommended for the new layout because the reduction of the cost of the initial 
layout is less so we have to select the layout that when pairwise exchanged gives the 
most savings. When we consider the target production of 301.68 tons sugar packets
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per day by RAIL, the total cost for this was calculated to be K1,665,213.30. The 26% 
of this total cost that can be saved by the industry with the new layout is K432,955.50. 
Such savings by the industry can help it extend the business and build the lucrative 
nature of the company. 
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Finite Element Analysis of Gas Turbine 
Blade 

R. Rudrabhi Ramu, K. Leela Kumar, B. Gangadhar, and P. H. J. Venkatesh 

1 Introduction 

Gas turbine plant is one of the power generation unit works on Brayton cycle. It 
consists a rotary compressor which is connected to a turbine, as well as a combustion 
chamber or region, known as a combustor, in the middle [1]. The basic operation of 
a gas turbine is similar to that of a steam power plant, but instead of water, air is 
employed [2]. Fresh ambient air passes through a compressor, which increases its 
pressure [3]. The energy is then added by spraying fuel into the air and lighting it, 
resulting in a high-temperature flow from the combustion [4]. This high-temperature 
and high-pressure gas rush into a turbine and expand to exhaust pressure, by gener-
ating shaft work through this process [5]. The compressor, electric generator, and 
other auxiliary devices that are linked to the turbine shaft are driven by the work 
produced by turbine shaft [6, 7]. The surplus energy that is not participated for shaft 
work is released through the exhaust gases, which are either very hot or very fast 
[8]. The design of a gas turbine is determined by its objective, which is to maxi-
mize the most desirable energy form. Aircraft, trains, ships, electricity generators, 
and tanks all employ gas turbines for propulsion [9]. The present study is carried 
out by considering various blade geometry and material properties. By make use of 
ANSYS, a profile is generated with necessary assumptions, and it is meshed and 
analyzed by a tetra mesh 16,150 nodes and 80,300 elements with a growth rate of 
1.2 and an average aspect ratio 1.89 [1]. Under all working conditions, two different 
materials stainless steel and chromium have been tested, and the best results were 
noticed after completion of successful trials [10] (Fig. 1).
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Fig. 1 Brayton cycle P-V and T-S diagram 

1.1 Gas Turbine Blade 

The major component of gas turbine unit is its turbine section which is made by 
series of blades based upon the power requirements. Each blade plays an important 
role to transmit power. The blades are arranged in such a manner that the charge 
of extracting energy from the combustor’s gas is being absorbed spontaneously to 
produce power. In both steam and gas turbines, blade fatigue is a primary cause of 
failure. The stress created by vibration and resonance caused during its operation 
results fatigue [11]. Friction dampers are utilized to protect blades from these high-
dynamic loads. Wind turbine and water turbine blades are designed to function in 
various environments, with lower rotating speeds and temperatures (Fig. 2). 

Fig. 2 Gas turbine blade
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2 Methodology 

Modeling, meshing, and simulation analysis: 
In this paper, a standard gas turbine blade profile is designed using ANSYS soft-

ware, and the geometry is imported and meshed using CFX preprocessor. The defor-
mations subjected to standard boundary conditions against different materials are 
shown below (Figs. 3, 4, 5, 6, 7, 8, 9, 10 and 11). 

Similar way, all other values are determined using ANSYS and tabulated for the 
comparison.

Fig. 3 Gas turbine blade designed in ANSYS 

Fig. 4 Gas turbine blade meshing
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Fig. 5 Deformation of stainless steel 316L 

Fig. 6 Stress value of stainless steel 316L 

Fig. 7 Strain value of stainless steel 316L
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Fig. 8 Deformation of chromium stress 

Fig. 9 Stress value of chromium steel

3 Results 

See Tables 1 and 2.

4 Conclusions 

In this project, the analysis is made by considering several models such as turbine 
blades with and without holes, internal cooling, exterior cooling, and internal– 
external cooling. In this project, a turbine blade is numerically simulated using two 
distinct materials. It is concluded that stainless steel 316L with an internal–external
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Fig. 10 Strain value of chromium steel 

Fig. 11 Internal and external cooling

Table 1 Static analysis values 

Cases Material Deformation (mm) Stress (N/mm2) Strain 

Without holes Chromium steel 1.1897 227.16 0.0011601 

Stainless steel 316L 1.2058 225.45 0.001772 

Internal cooling Chromium steel 1.1335 223.54 0.0011314 

Stainless steel 316L 1.1485 220.42 0.001159 

External cooling Chromium steel 0.85002 218.22 0.0011088 

Stainless steel 316L 0.87911 217.56 0.0011452 

Internal and external 
cooling 

Chromium steel 0.78297 204.26 0.0010376 

Stainless steel 316L 0.80993 203.55 00.0010713
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Table 2 Thermal analysis 
values 

Cases Material Temperature 
(°C) 

Heat flux 
(W/mm2) 

Without 
cooling 

Chromium steel 650.26 15.05 

Stainless steel 
316L 

650.25 19.056 

Internal 
cooling 

Chromium steel 651.12 16.002 

Stainless steel 
316L 

651.04 20.685 

External 
cooling 

Chromium steel 651.66 17.583 

Stainless steel 
316L 

651.56 22.722 

Internal and 
external 
cooling 

Chromium steel 650.45 19.805 

Stainless steel 
316L 

650.42 25.594

cooling system produces positive outcomes in all areas. Thermal flux is higher for 
stainless steel 316L and chromium steel, according to the thermal data. As a result, 
stainless steel 316L is preferable over chromium steel. The major advantage which 
possesses is its weight. The same procedure may be carried out with modal analysis 
which gives the better results and mechanical properties. 

5 Future Scope 

With reference to the above results, same profile can be tested under different oper-
ating conditions with different alloying elements. Nowadays, so many smart materials 
and advanced materials with latest technology have been introduced, the same thesis 
can be extended to test the same, and there is a lot of scope to improve the results 
further with optimum parameters. 
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Static and Fluid Analysis of a Marine 
Propeller 

Gill Santosh Kumar and Boddapalli Mahesh 

1 Introduction 

A large boat travels deep around bodies of water carrying passengers or goods for 
colorful purposes such as defense, exploration, and fishing [1]. Various ships include 
high-speed vessels, tugs, planters, dry-weight vessels, liquid weights, passenger 
ships, ocean liners, luxury cruise yachts, and warships. However, no matter how light 
marine propellers become, conventional marine propellers will continue to be the 
standard propulsion medium for face boats and aquatic vehicles for the foreseeable 
future [2, 3]. Variations of introductory propeller shape into water spurt propulsions 
and alternate style thrusters on aquatic vehicles haven’t significantly changed [4], 
how we determine and dissect propeller performance [5]. We still need propellers to 
induce acceptable thrust to propel a vessel at some design speed with some care taken 
in icing some “reasonable” propulsive effectiveness [6]. Nowadays the composite 
materials are gaining much interest among researchers as it show enhanced prop-
erties with lightweight structures [7]. The main advantages are strength to weight 
ratios is high when compared to other conventional materials [8]. The objective of 
the work is to analyze to compare the three-blade and four-blade propellers for static 
structural and CFD analysis using NX and Ansys software tools.
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1.1 Geometry Definitions 

Geometry definitions apply to the overall propeller geometry and area function of 
radius. Pitch: The pivotal distance went by the segment whenever turned on insur-
gency insect interpreted along the part nose-tail line (bend) Mid chord line: line 
delivered from the mid harmonies (for example Midpoint of segment nose-tail line) 
of each segment along a propeller sharp edge [9]. Rake: Axial separation from the mid 
harmony point at the center segment and the segment of interest [10]. Slant or Skew 
Angle: Tangential part of the point framed on the propeller between an outspread 
line going through the center segment mid harmony point and a spiral [11]. 

2 Methodology 

2.1 Theoretical Calculations 

Geometric specifications of the Propeller and model is INSEAN E779A 

Diameter of the Propeller = 227.2 mm 
Number of blades = 4 
Type of propeller = Controllable pitch propeller 
Materials considered = Aluminum and CFRP 

Calculate Pitch, Total area of the circle, Total blade area 

Given ratio of Pitch/Diameter = 1.1 
Total Area of the circle = π r2 
Total blade area = total area of the circle × disk area ratio 
Where Disc area ratio = 0.51 

Calculate Boat Speed, Mass flow rate, 

speed = RPM 

RATIO 
×

[
Pitch 

c

]
×

[
1 − S 

100

]
(1) 

[Assume Ratio = 1/2; gear ratio (c) = 1; slip (s) = 0] 
Mass flow rate per hour (m) = total blade area × speed of the boat 

Calculate Advance Velocity, Thrust, the thrust (T ) is equal to the mass flow rate (m) 
times the difference in the velocity 

T = m × [Vb − Va] (2) 

where Advance Velocity Va = Vb × (1 − w) [w = wake fraction]
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Determine variation of Pitch and Thickness along the radius: 
Pitch at 25%, 50%, 60%, 70%, 80%, and 90% of radius, represented by P0.25, 

P0.5, P0.6, P0.7, P0.8, P0.9, was computed using the method shown below to estimate 
the pitch along the radius of the propeller blade [12] (Table 1) 

p(x) = (x) × (Radius of the propeller blades × pitch/diameter) (3) 

Similarly, using the blade thickness fraction = 0.05 = (t0/D), the thickness of the 
blade is determined for the radius, which means 

t0 = D × 0.05 (4) 

Hence, along the radius of the propeller, the thickness is estimated from Eq. 5 
(Tables 2, 3 and 4), 

t0 = 0.05 × (R in percentage)12 (5)

Table 1 Variation of pitch 
along the radius 

S. No. Pitch % Radius of propeller Variation of pitch 

1 P0.25 113.6 31.24 

2 P0.5 113.6 62.48 

3 P0.6 113.6 74.98 

4 P0.7 113.6 84.47 

5 P0.8 113.6 99.97 

6 P0.9 113.6 112.48 

7 P1.0 113.6 124.96 

Table 2 Variation of 
thickness along the radius 

S. No. Thickness % Radius of the 
propeller 

Variation of the 
thickness 

1 T0.1 113.6 0.568 

2 T0.2 113.6 1.136 

3 T0.3 113.6 1.704 

4 T0.4 113.6 2.272 

5 T0.5 113.6 2.84 

6 T0.6 113.6 3.408 

7 T0.7 113.6 3.976 

8 T0.8 113.6 4.544 

9 T0.9 113.6 5.112 

10 T1.0 113.6 5.68
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Table 3 Properties of 
aluminum 5052 [4] 

Parameters Values 

Young’s modulus 69.3 GPa 

Poisson ratio 0.33 

Mass density 2.68 g/cc 

Damping coefficient 0.03 

Table 4 Properties of CFRP 
[4] 

Parameters Values 

Young’s modulus 116.04 GPa 

Poisson ratio 0.28 

Mass density 1.6 g/cc 

Damping coefficient 0.018

3 Results 

Results based on Stress and Strain: The graphs of Stress versus Strain have been 
drawn by taking into account the results obtained in that particular propeller’s Static 
Analysis. All propellers of both the materials are seen to follow Hooke’s Law and 
while the blade won’t immediately fail; it gradually might crack due to fatigue when 
it crosses the value of Yield Stress (Figs. 1, 2 and 3).

From the CFD analysis, the following behavioral patterns were observed for the 
three-blade and four-blade propellers (Figs. 4, 5, 6, 7, 8 and 9).

4 Conclusions 

As per the values of stress, strain, and deformation, the boundary conditions were 
taken correctly. The behavior of the propeller was assumed to be like that of a 
cantilever beam, and hence, the deformations were maximum at the tip of the blade 
and zeroed at the blade-hub intersection. The edge was supposed to be a cantilever 
beam fixed at the hub end. The stress created in the four-bladed aluminum propellers 
was roughly 0.34% more than that originated in the CFRP propeller, according to 
static structural analysis. The strains and deformations were seen though they were 
0.60% less in the CFRP propeller when compared to the aluminum propeller. The 
Stress versus Strain plots proved that the curves were linear and that both the mate-
rials obeyed Hooke’s Law until they eventually failed due to fatigue. The aluminum 
propeller was seen to be heavier than the CFRP propeller by 40.3%. For boats or ships 
where higher pressures and speeds are the requirements, the four-bladed propellers 
perform better than the 3 blade propeller. If lesser deformation and strain are the 
requirement, then the four-bladed propellers of CFRP material act better than the 
aluminum propeller. Hence, CFRP is seen to outperform aluminum on both counts.
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i. Equivalent (von-misses) stress 
ii. Velocity    Contour of 4 blade 

aluminum propeller 

iii. Pressure Contour of 4 blade 
aluminum propeller iv. Velocity contour of 3 blade propeller 

v. Pressure contour of 3 blade propeller 
vi. Streamline velocity of 3 blade 

propeller 

Fig. 1 Velocity and pressure contours of three-blade and four-blade propellers

Future Scope of Work 

Only Static Structural analysis and CFD analysis are used in this project. It can also 
be used for Modal analysis, with different materials such as aluminum and CFRP 
being used to minimize noise and even capitalization. Different materials like GFRP, 
Epoxy Resin reinforced with different kinds of reinforcements can also be tested.
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Fig. 2 Stress versus strain of aluminum propeller 

Fig. 3 Stress versus strain graph of CFRP propeller

Fig. 4 Comparison of pressures created
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Fig. 5 Comparison of velocity created 

Fig. 6 Comparison of stresses developed (MPa) 

Fig. 7 Comparison of strains developed
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Fig. 8 x-velocity, y-velocity, k-epsilon, and time/iteration of four-blade propeller 

Fig. 9 x-velocity, y-velocity, k-epsilon, and time/iteration of three-blade propeller
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Analytical Estimation of Power 
for a Fabricated Power Generating Train 
Using Rack and Pinion Mechanism 

L. Daloji, M. Venkatesh, Narasinga Rao, and M. Venu 

1 Introduction 

The extensive usage of the energy resulted in energy crunch, due to that there is a need 
in developing new techniques of energy generation. New method of energy generation 
is not only solving the crunch but also saving the environment [1]. The increase in 
population and decrease in conventional methods for electricity generation shows 
the importance of nonconventional energy resources. In order to reduce the shortage 
of energy crunch, the need of implementing the methods of optimal utilization of 
conventional sources for conservation of energy. Also, identify the new source for 
producing renewable energy [2]. The focus is toward renewable sources of energy 
because fossil fuels are polluting the environment and nuclear energy needs careful 
controlling of raw material. Nonconventional technologies have been discovered 
to improve various energy generation methods and also to ensure they are more 
sustainable. 

Non-conventional energy sources generated by wind, tides, solar, geothermal 
heat, and biomass including farm and animal waste are natural, renewable, or inex-
haustible and do not cause environmental pollution and are eco-friendly [3]. The 
energy produced from railway tracks is an unconventional energy. Whatever the 
energy generated, will be stored into the battery and used to station appliances [4]. 

Chahande et al. [5], explained about a new design mechanism which carries load 
and generates power using hydraulic press and chain drive. This is another way to
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store the energy which is produced using trains when passing over the railway tracks. 
Raj et al.  [6] investigated the generation of power by using crank mechanism method. 
When a train goes over the railway track, by application of load, the spring intercon-
nected with the track gets compressed. Therefore, motion starts in rack and pinion 
setup including chain drive. This motion, when it passes through the flywheel, recti-
fier, and DC motor, will lead to the generation of electricity. Kaur et al. [7] proposed 
a new technique to generate electricity from railway tracks using simple gear drive 
mechanisms. The generated power can be used in trackside infrastructure and has a 
range of 8–10 W power. Agenjos et al. [8] explained diesel-electric traction by using 
non-regenerative braking. This system reduces consumption of diesel and CO2 emis-
sions which are economically feasible. Abramovich et al. [1] developed an apparatus 
for energy harvesting by using piezoelectric generators where the setup comprises 
multiple numbers of piezoelectric sensors and fixed in the system to generate the 
power. Jiang et al. [9] explained about the generation of energy from railway cars 
by applying a regenerative braking system. Dong [10] proposed a fully automatic 
control system for high-speed railway applications. The objective of this work is 
modeling and analysis of train operated systems for generating power. De Pasquale 
et al. [11] studied the design procedure for energy harvesters. From the coupled 
study, output power of the system is calculated and compared both experimental and 
simulation tests. 

The proposed method will save a lot of electricity which is produced from power 
plants. It is having various advantages like maximum utilization of energy, pollution 
free power generation, uninterrupted power generation during day and night, easy 
construction, emerging technology, and low maintenance. 

2 Methodology 

2.1 Design of the Model 

The present work aims to show how energy can be used for a common system. Design 
of each component in the assembly has been carried out using standard procedure. 
The proposed model was fabricated and showed the power generation, which can be 
used to run the signal light, lights and fans in the train. Whatever the power generated 
is stored in the batteries and can be used when the train is in off condition. 

The frame structure shown in Figs. 1 and 2 for the total assembly is made of mild 
steel.

Both rack and pinion are fabricated using Duracon M90 material, where the rack 
is joined to the railway track arrangement and the pinion has thirty-six teeth is fitted 
on the shaft at the starting and then fastened. Pinion tooth was exactly designed to 
mate with the teeth of the rack. The pinion wheels are welded to the shafts. 

The principle of this research work is the “Conversion of mechanical energy into 
electrical energy.” In the proposed method, the train carriage and railway track are
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Fig. 1 Pinion 

Fig. 2 Rack

fixed with rack and pinion arrangement. Whenever the train starts moving on the 
railway track, the pinion on the carriage meshes with the rack on the railway track, 
and then, the pinion gets rotated. In the similar way, when the rack on the carriage 
comes in contact with the pinion on the railway track, the pinion gets rotated because 
of the impact load that was created between the two gears because of meshing. Both 
the pinions which are connected to the carriage and the railway track are equipped 
with 12 V DC dynamo. When the pinion gets rotated, the power is generated by 
means of DC dynamo as shown in Fig. 3. The energy generated is stored in the 
battery and can be used for running the lights and fans when the train is in stationary 
condition. 

Block Diagram: 

Fig. 3 Block diagram of power generation
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2.2 Assembly Process 

The main components of this method are as follows: railway track, carriage, rack 
and pinion arrangement, DC generator, battery, medium-density fiberboard. 

In the first step, required dimensions of the square inch pipes are welded using 
oxyacetylene gas welding to make the original railway track. Cut the square inch 
pipes according to the dimensions and weld them by using oxyacetylene gas welding; 
therefore, original railway track is obtained. The pinion is connected to a 12 V DC 
dynamo such that it acts like a DC generator with which the LED bulbs will glow. And 
also, rack is connected to the railway track with the help of high-tension strings. In 
the second step, medium-density fiberboards are taken according to the dimensions 
and then fixed on a standard rack to that board such that it contacts the pinion which 
is connected to the railway track, and therefore, this arrangement gets rotated, and 
power is generated. 

After assembling all the components, input power supply is provided to the geared 
motor so that the train moves on the railway track. Therefore, two-way power gener-
ating trains by using rack and pinion mechanisms are achieved. The modified railway 
track and assembly of the prototype is shown in Figs. 4 and 5, respectively. 

Fig. 4 Modified railway 
track 

Fig. 5 Assembly of 
prototype



Analytical Estimation of Power for a Fabricated Power … 349

3 Experimental Results and Discussions 

Fabrication of a two-way power generating system is done by assembling all the 
components, where production of electricity was done from both railway track and 
carriage. The generated power is used for lightening the LED bulbs which is shown 
in Fig. 7. 

Figure 6 represents the pinion which is connected to the railway track and gets 
rotated by means of a rack that is fixed to the carriage. The contact of rack and pinion 
results in the rotation of pinion. The rotational energy of a pinion is converted into 
electrical energy by connecting a DC dynamo to the pinion. Figure 7 represent the 
pinion which is connected to the carriage gets rotated by means of a rack that is fixed 
to the railway track. The contact of rack and pinion would result in the rotation of 
pinion. This method produced a very high amount of energy when compared to the 
other where the pinion is connected to the railway track. 

Angular speed is measured by a tachometer for power calculation. The power 
generated is directly proportional to speed and torque. In this proposed method, the 
power produced at different speeds and torque is calculated and shown in Table 1. In  
the real-world applications, a very high amount of power can be produced as torque, 
and speeds are very high. There is a loss of energy due to friction, drag n thrust force, 
and impact of this phenomenon is very less. Drag thrust force is negligible, whereas 
loss of energy due to friction is calculated (Fig. 8 and Table 2).

Fig. 6 Generation of power 
when contact with pinion 

Fig. 7 Generation of power 
when contact with rack 



350 L. Daloji et al.

Table 1 Calculation of power at different speeds 

S. No. Speed in RPM Angular velocity in rad/sec Torque in N m Power in W 

1 70 7.33 1.22 8.9426 

2 90 9.43 1.22 11.5046 

3 130 13.61 1.22 16.6042 

Fig. 8 Graph between speed and power 

Table 2 Energy generated after neglecting losses 

S. No. Power in W Time to cover 1 km in s Loss of energy in J Eg in J Ef in J 

1 8.9426 5456.7 8422.2 48,794 40,372 

2 11.504 4244.6 8422.2 46,829 38,407 

3 16.604 2939.2 8422.2 49,967 41,545 

Enormous amount of energy is produced from simple rack and pinion arrangement 
by installing the rack gear throughout the track and also by installing the pinion gear 
to each and every carriage. Power calculated for spur gear arrangement at 70, 90, 
and 130 rpm is 40,372, 38,407, and 41,545 J; this is done by analytical calculations. 
Very high amount of energy is obtained when train is running at medium speeds. 
While calculating generation of energy, there is a loss of energy due to friction and 
drag and thrust force. Drag and thrust force is negligible, whereas loss of energy due 
to friction is calculated (Fig. 9).

The energy losses are of two types called major and minor loss, where major loss 
is the energy lost in friction when our railway carriage is moving on railway track. 
Minor loss is neglected in the system. Initially, calculated the energy generated and 
energy lost in friction for 1 km travel of train, and in the next stage, calculated the
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Fig. 9 Graph between Eg and Ef

effective energy developed (for 1 km travel of train) by subtracting losses from the 
energy that has been actually generated. Analysis can be done at any speed; sample 
speeds were taken to calculate energy. The increase speed results in producing more 
power. 

4 Conclusion 

The present work deals with generation of electricity from railway tracks and trains, 
where this system used is reliable and this finding will help to conserve our natural 
resources. In the proposed method, the rack and pinion are directly connected to 
railway carriage and track which enables production of more energy from the system, 
which is not possible by existing methods. It impacts the economy of the country 
in a positive way. The generated power supplied for railway station appliances like 
lights, fans, and signal lights. 
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1 Introduction 

Advanced smart manufacturing with innovative strategies is now a global motivation 
that pushes toward wining in the competitive market that it is today. Such innovation 
is basically with the core values to achieve sustainable development and efficiency 
in all aspects of business, production, and manufacturing [1–4]. While innovations 
in a competitive market move a IFC company one step ahead of its competitors, 
efficiency measures (i.e., OEE) can be regarded as the power behind the benefits 
and success in the development of the product through each challenge and variant 
[5]. Manufacturing industries around the world established OEE, nevertheless, some 
use it as the key measure toward their performance has been widely used by various 
manufacturing industries. Factors used under OEE are of three and are measured with 
time; they are availability ensure the availability of equipment meaning are available 
to be used for its intended purpose when needed, performance is the production speed, 
and it assures that the productions run at the average speed or faster depending on 
the availability, and the last factor is quality that covers all from raw materials to 
finished products [5, 6]. 

This paper’s objective is to study the can-manufacturing data and procedure of 
the can-making department [7–10]. 

Data management and organization on a can production basis motivates an effec-
tive production line performance in the can-making department in the International 
Food Corporation IFC. The production line to achieve the transformation tin cans to 
finished profitable food packaging goods, and this is as a benefit of time management,
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precise positioning function of the can-producing equipment or machines from line to 
line toward the entire production line. The production line of the can-manufacturing 
production line at CMD-IFC includes employers’ poor maintenance strategies that 
would facilitate for higher break downtime which more or less adds to higher produc-
tion time (overtime included), less available time that will all contribute toward higher 
production cost. However, the tracking of time by incorporating smart data entering 
technique toward the production line identifies losses encountered, and energy usage 
and wastage can also be monitored and controlled under the surveillance of data 
so to achieve sustainable manufacturing [11–14]. Each equipment performance can 
optimize which will subsequently enable adjusting each machine to achieve better 
productivity. 

2 Literature Review 

IFC-CMD presently witnesses so much pressure to increase the production line effi-
ciency to uphold the needs of its customer demand or in whole the market. This 
cannot be sustained unless the production line performance improvement is impec-
cable; therefore, it should and must be improved to bring the utmost performance; 
this is achieved by checking and eliminating faults on each system on the line that 
may have an impact on the production line directly or indirectly. Hence, to succeed in 
developing and improving the efficiency of line productions, it is important to have 
data that give a crystal perspective of the performance [1–3]. 

In doing so, to achieve quality products, each piece of equipment and the behavior 
of each system of the production line are kept in surveillance to collect data and 
observe [15]. By the authors, to improve the equipment and production line, data 
must be analyzed properly since it is essential to identify faults and setbacks toward 
the efficiency of performance. 

Out of the many methods used in analyzing the performance of production lines, 
one of the methods used is the analytical method that is established with mathemat-
ical modeling that can be done either experimentally by stopwatch, pen, and paper or 
with computer aid. Analytic methods can be hybrid of the mentioned two methods 
as well; nevertheless, in any of the three ways, the interpretations can be put into a 
mathematical model of real production line systems that would result in approxima-
tions or exacts. As elaborated by Jarrhai, mathematical modeling can be programed 
linearly that can have broken down into individual workstations to measure the time 
cycle of production, yet each station has a probability to fail [15–19]. On the other 
hand, Kosters stated that a continuous process flow production line can also be estab-
lished within a multi-staging model that would explain why some machines are more 
unreliable and why there are buffers repeatedly to achieve better efficiency. In addi-
tion, Conway carried out an experimental investigation of the buffered machines in 
the line and concluded with a discovery of synchronizing the buffers along the line 
[20].
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2.1 Key Indicators of OEE 

The key indicator of OEE is time; the study and understanding of time play a vital 
role in the performance rate of a production line such as in CMD-IFC. Decision 
basics can be made to conclude whether the performance needs improvement is time 
dependent within the 8 h shift. A time behavior tracking of individual equipment can 
be identified with a time study along the process, and to do this, breaking the entire 
production line into parts helps the evaluation to easier approach. Henceforth, each 
performance can also be identified by measuring the actual individual performance 
and then later added onto one another to achieve the overall entire production line 
performance. Such conduct helps in reducing unnecessary production stops and time 
waste due to bottlenecks along the production line or process [14]. 

According to Fredrick W. Taylor, the application of a stopwatch with the use of a 
paper and a pen can give an actual performance readout for a simple small production 
line [13] but cannot be effective enough for a more complex line; therefore, moni-
toring software’s and program are required for detailed analysis. In addition, the 
author describes that errors and faults are more likely to occur when in production, 
which is why it is more important to check the individual performance of machines 
in the production line to identify failure and minor delays. 

First, the production line should be familiarized, and then set beginning and 
endpoints which would allow breaking the production line into parts. These parts 
from end to end with all the machines and equipment involved are identified with 
brief descriptions which would allow easy understanding of time parameters for both 
complex production line or simple production line when time study is carried out. 
The second step would be to pay attention to identifying each failure, bottlenecks, 
minor frequent line stops, and errors while collecting data from one point to the 
other successively. In all, the final step is analyzing the data from one point to the 
other and from the most important to the least important with the intended purpose 
of comparing actual recorded time to the standard operating time. The following 
steps pursued will help optimize and improve the individual system and in all the 
production lines for better performance as well as quality [14]. 

2.2 Overall Equipment Effectiveness 

In manufacturing industries such as the Industry 4.0, application of OEE is firm and 
carried out entirely for its intended purposes that helps in less rejections and higher 
productivity [7]. The current trend today in sustainable manufacturing toward being 
competitiveness reliability and OEE is the fundamentals of increasing performance 
of equipment in turn favoring profitability [3]. On the other hand, OEE can also be 
defined as a method used for evaluating performance [11]. Further defining OEE, 
it is the ratio of the time of operation to the loading time and as elaborated by 
Iannone, operation time, the time where actual quality product is being produced,
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and loading time is the time required of an equipment to run [12]. In the evaluation 
of the production line in a manufacturing system, several parameters are considered 
to improve productivity [17]. Each of the parameters is known for their input toward 
performance, and they are for instance as inventory, quality, profitability, or flexibility. 
However, OEE is one of the parameters that gives the percentage of the time of 
productivity, and there are three aspects considered in such, and they are quality, 
performance, and availability. 

Thus, in relation to time studying, OEE eliminates any form of time that can be 
considered as waste from present to none as fast as it can; true production time with 
OEE nearly 100% is promised to be of world-class with a more productive production 
line [4]. 

Furthermore, OEE is not only limited to time studying or studying time to get 
the best output of performance; it also is providing a well-integrated sophisticated 
process that identify losses so that necessary plans and steps can be taken toward 
eliminating losses identified as well as increasing the life of equipment [1]. The main 
objectives that drive OEE in all aspects such as performance, availability, quality, 
and identifying losses are to increase profit of a company, reduce unnecessary costs, 
and establish a relationship of ownership toward each machine in a production. 
The relationship of calculating the percentage of OEE with their aspects as with 
availability, performance, and quality is mathematically modeled as in Eq. (1) [5]. 

OEE = Availibility × Performance × Quality (1) 

The availability can be defined as the ratio of time, i.e., the run time is to the 
planned time of the entire production line taking into consideration all the downtime 
(the loss of availability), which is the time when the machines and the production 
are down during the production time or the time the line should be running. Also, in 
addition, several unplanned minor stoppages can be encountered during production 
due to small faults and failures, and they can also be identified as availability loss or 
down time. On the other hand, the run time can be defined as the when the machine 
or the line is up and running after the downtime, unplanned and planned stops [17]. 
The mathematical modeled Eq. (2) of availability and if that equals to 100%, then 
it simply means there was no stop or down time encountered during the production 
time. 

Availability = Runtime 

Planned Production Time 
(2) 

Performance is the second parameter of OEE which also is a ratio of time, i.e., 
the net runtime is to the run time; here is the parameter that pays attention to the 
speed of the production line while taking into consideration that may cause the 
performance loss that in sense would mean minor stoppages and slow line cycles. 
The mathematical model of identifying performance is as Eq. (3), where the total 
count is the total count produced
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Performance = Ideal Cycle Time × Total Count 
Run Time 

(3) 

The first two parameters of OEE consider time, but the final parameter is quite 
different; the final parameter takes into consideration quality products manufactured 
in a particular production while taking into consideration every aspect of quality 
loss. Quality loss can mean the final product not meeting quality requirements and 
standards, or in other words, the final product that has defects present and needs 
rework. The mathematical model of quality is as describe in Eq. (4) where good 
count describes the number of quality products produced. 

Quality = Good Count 
Total Count 

(4) 

2.3 Improving Sustainable Manufacturing 

Sustainable manufacturing in accordance with the organization of economic and 
department is a reorganized formal an id not legalized in some countries for business 
that challenges individuals toward new exciting implementation that can be valuable 
toward manufacturing. One of the key forces behind achieving green manufacturing 
processes and of finished products that were of higher concern in the past is manu-
facturing sustainably, hence praised for the achievement for an exciting new way 
of doing business and creating value [8–12]. To further simplify in more simplified 
sense, the initiation of practice of sustainable manufacturing is all about uniting all 
business strategies by giving them one purpose that minimizes all possible disastrous 
practices, initiating challenges for new innovations of improvement toward products 
and process. Table 1 [18] is the seven sustainable manufacturing requirements setup 
steps, and with the organization of economic and department, the eight highlighted 
factors in Fig. 1 are considered when considering sustainable manufacturing.

So far, the discussion carried out has narrowed the attention that OEE of an 
equipment or if for the whole production line begins as time as the key factor toward 
sustainability. So far, to fully assess and achieve sustainability only, time cannot 
cut it in terms of energy; hence, Lai-ling suggested that efficiency of energy cannot 
only be achieved with only the perspective of time [21]. Moreover, energy perfor-
mance is indicated by the consumption of energy in a period such as KWh/week and 
KWh/equipment. Hence, a relationship between the consumption of energy and time 
is possible to achieve [21]. 

The author proposed that, putting time and energy in to a specific period that can 
be discrete or continues with the state of energy in watts, then a relationship can be 
achieved by studying the studying the cause and effect of the input and the output 
taken. Both energies consumed with the time spent which enable reduction of both 
factors to achieve efficiency.
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Table 1 Seven sustainable manufacturing requirements setup steps and with the organization of 
economic and department [9] 

Factors Steps Description 

Preparation Identifying and mapping the 
impacts and setting priorities at 
hand 

All the environmental impacts of 
manufacturing industries, small or big, 
are all interviewed, assessed and revised, 
while setting priorities and sustainable 
manufacturing objective are defined as 
well 

Choose promising useful key 
productive indicators 

Purposely for continues improvement, 
indicators are placed in order to increase 
performance for collection of data 

Measurement Measure the input scales of the 
line 

The measure of how raw material is 
turned into useful products, measure of all 
the input that adds to environmental 
influence 

Asses the manufacturing faculties The intensity of efficiency and 
environmental impacts in manufacturing 
industries should be identified in all 
faculties; some parameters may include 
emission, energy usage intensity, and 
green effects 

Improvement Product evaluation Identifying faults at where that is 
addressed with sustainable manufacturing 
is required in manufacturing industry with 
regards to energy consumptions reduction 
and recycling of hazardous products 

Establish a relationship by 
understanding the results from 
measurement 

Paying attention to the indicators in order 
to understand the trends of performance 

Actions suggestion toward 
performance improvement 

Taking necessary action steps toward 
implementing plans to establish 
opportunities to improve the production 
line performance production line should 
be executed

The German University of Technology has carried out this experiment toward 
analyzing performance with time with a significant method of handling equipment 
in a supply of auto-part. Notes taken from such a method, it can be defined as 
a manufacturing of a smaller scale system in functionality of limited period [22]. 
Hence, it is in a small-scale educational background, implementation of this method, 
and collecting data should be from a short-length period so that to prevent any further 
damages, and then moving on, the period can be expanded slowly. 

For the implementation of such practices described, the challenges faced are high-
lighted in detail when evaluating the practices. In this study, a detailed methodology 
for small production line is targeted together with it. The describe case study is an 
example of a small production line with a simple manufacturing practice. The data
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Sustainability 

Waste intensity 

Residual intensity 

Energy intensity 

Renewable proportion of energy 

consumption 

Green house gas intensity 

Intensity of residual releases to 

Surface water 

Intensity of residual releases 

to Air 

Natural cover 

Fig. 1 Eight factors when considering sustainable manufacturing

used were collected and implement a smooth and efficient sustainable can manu-
facturing. For such achievement to be possible, all OEE standards and practices are 
evaluated and proposed, the data used here in order to aim, achieve, and maintain 
sustainability, with the utilization of time as the key performance indicator measure-
ment. Moreover after, the energy consumption with the effect and their relationship 
time can also be investigated. 

3 Can-Making System Description 

3.1 Droplet Deposition 

In terms of quality and marketing, the tin is designed with its own decoration for 
advertisement purposes and for their own unique color that differentiate them from 
all other same products. Nevertheless, for quality, the tin cans are given a clean weld 
and are coated both inside and outside to protect from rust. The production line is 
mainly continuing, and any disturbance in the line could cause a disturbance along 
the entire line. 

The production line can be defined as a simple manufacturing production line, 
and it is not a complex production line as describe in Fig. 2. The production line 
starts from tin sheets placed into the Soucan machine. The Soucan machine is a 
highly integrated advanced welding machine; it is easy to use with a control panel 
attached to it, and it is well engineered, with high performance welding capabilities. 
The Soucan capabilities as a result of well-engineered highly integrated circuits that 
do most of the work in the production, its efficient, fast, and easy to use that od which 
has high productivity having maximum efficiency. It also equipped with automatic 
rejects, a cooling system, and a control system that is capable to read any stoppages
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Fig. 2 Process involved in Soucan machine 

or failure in the entire line. The Soucan machine uses copper for the welding, and it 
also has a powder compacting system for that coats the internal welded area, liquor 
system that coats external area for the can and all another system as entire production 
line of CMD-IFC as shown in Fig. 2. 

The tin can is cleaned and wiped before they are fed into the Soucan machine, 
while compressed cleaned soft yet clean air enters the machine through the valves and 
are blown across the plates to make them separable from one another which makes 
them easier to flow through the welding machine one after other. The machine auto-
matically transfers plates to welding and to coating. The coating is simply described 
as the barrier against oxidation and rust of the can that may cause food poisoning 
for most cases. The last part of the Soucan machine is the rejection; every can is 
identified and scanned, any faults found such as, no powder, less liquor applied, and 
welding faulty are all identified and rejected at this point before the cans are conveyed 
to the curer. Table 2 identifies some of the properties of the can making in terms of 
energy and performance or speed of the machine. 

After tins plates are welded into round tin cans in the Soucan machine, this same 
goes through a process of heat treatment in a curer. The welded three-piece cans 
are conveyed into blazing fire that use propane gas that keeps the fire burning in 
the burners. The burners are initially ignited by an external spark and are kept in a

Table 2 Some parameters of 
Soucan machine 

Model Soucan 650 

Production max 300 cpm 

Sheet specifications Electrolytic alloy tinned sheets 

Copper wire specification ∅1.24, 1.38 or 150 mm 

Welding speed un tool 9–70 m/min 

Welding speed standard tool 9–60 m/min 

Welding current 2.1–6.0 kA 

Connected load 18.1 P(kW) 

Welding frequency 100–760 Hz 

Cooling requirement 21 kW 
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standard required heat by manual adjustments before the productions. The conveyer 
belts are made of magnetic metals with higher melting point than those of the burning 
flame; the conveyers because of their magnetic property do hold the cans steadily 
through the process with a perfect alignment. Throughout the entire process of curing, 
the pressure of process is disturbed evenly to the burner at a pressure of 360 mmH2O. 
For a clearer visual, the heat treatment is by far done in order to melt the powder 
around the welded area to coat the welded area which prevents bacteria, corrosion, 
food poisoning as well as giving the weld strength. 

From the curer, the can bodies headed to the combine, and along the production 
line, the cans are cooled down by ambient. 

A short description of the combine machine is that it consists of the flinger, nicker, 
and the beaded, all three are designed in such a way to work vertically for acquiring 
the tins in a best way possible required standard as possible as it can. All the cans 
also have eight heads that per revolutions, for the first mechanism in the combine 
machine is the nicker, the nicker is defined by its principal and work in accordance 
with it; it gives the necks of the tin making; after the necks are made the flinger 
comes into play, the flinger bends the neck given to the tin cans by the nicker so that 
it can be made easier for the seamer to attach lids into the tin cans; the nicker and 
the flinger give the shape both at the bottom and at the top of the tin cans. After they 
are done, the beaded makes the tin cans a little harder to bend by giving it a ring-like 
shaper. This ring-like shape gives the tin cans their strength. 

After the tin passes through combine machine, the tin cans go through the seamer 
machine with six heads that in one revolution. The seamer machine works as a 
synchronizing device. The device synchronizes the lid with the tin can body, with 
an automated interlocking system. The seamer machine is designed perform closing 
cylindrical can bodies, by centering the lid and mounting it onto the can body as 
one. The seeming is done to withstand pressure from both within and outside. The 
process is also known as double see process because of the two-seaming roll in use. 
The final and last transfer in the can-making department is from the seamer machine 
to the palletizer where it stores the tin cans in pallets where the layers of each pallets 
are separated by sheets of boxes. The mechanisms of the palletizer start with the 
finish tin cans are placed in hopper of 3–4 m high that rests slightly above two, one 
on the left and the other on the right chains that give a lift mechanism. Layers are 
achieved through mechanism; the stack is raised by the lift mechanism, while the 
second bottom pallet is held by the holding mechanism from the pallets stack. 

4 Methodology 

Can-manufacturing process is set to a time study that will evaluate each part of 
the machine in order to estimate and evaluate individual equipment or machine 
in the production line. The objective toward the time study is to analyze the time 
utilized by resources; then, a compression is made between the records done at can-
manufacturing data provided as a cross-check to give a functionality of the record.



362 A. Mohamed et al.

The results obtained would light to each machine performance as well as the overall 
performance as well as identifying limitations, faults, and production layout limits 
that can be addressed to achieve efficiency in performance. 

To carry out the investigation utensils used were a pen, stop watch, and paper 
was used to investigate the time taken for a can production one tin plate placed into 
the Soucan machine toward the end of the line where it is packed in the palletizer 
in order to get a clear picture of the production performance of each machine with 
time. Hence, as already mentioned, the production line was divided into 4 points 
in the production line, time calculated mentioned the above methodology from the 
individual point which gives the performance for of the machine in each line and 
the production line as one. Several readings were taken, and results were recorded 
down and put in range from the lowest probable time and the highest probable time 
for each machine (Table 3). 

The observed data from time study are generated in each conveyers, machine, 
and motors individually. This data collected from each between each point are later 
combine to give a time study compressive for the whole system or line. In addition, 
from Table 3, the activities done in the time constrains can also be identified and

Table 3 Shows the data and results obtained in the line 

Production lines Machine and 
conveyers 

Motor type RPM Production, s/tin 

Point 1 Soucan 
machine motor 

3-phase induction 
motor, AEVF 

1370 
1430 

2.5–4 
2–2.5 

Point 2 Curer motor 
(2x) 

3-phase induction 
motor, AEVF 

1350 
1370 

39–40 
3.9–4.27 

Momentum NA NA 4.26–4.46 

Motor (2x) 3-phase induction 
motor AEAP 

1420–1720 44.74–46 

Point 3 Combine 
machine 

Mitsugi 3 phase 1400 2.75–2.85 

Motor 3-phase induction 
motor, AEVF 

1370 2–2.5 

Momentum NA NA 2.13–2.23 

Motor 1 
Motor 2 

3-phase induction 
motor AEAP 

1420–1720 
1420–1720 

30.37–31 
10.20–11 

Point 4 Seamer 
machine 

3-phase breaker 
motor, BBFO 

1440 5.95–6 

Motor 3-phase induction 
motor, AEVF 

1370 2–2.5 

Momentum NA NA 1.9–2.2 

Motor 3-phase induction 
motor AEAP 

1420–1720 30.37–31 

Overall can line NA NA NA 187.71–195.01 



OEE in Sustainable Can-Making Manufacturing 363

describes, such as it takes about 3.5 s average for the Soucan machine to weld; it 
takes the combine machine 2.8 s and 5.975 for seamer machine to complete each 
task describe in the process or system description above. Even though the values of 
time may vary, they are approximately close in their value, which would tell that 
there are minor problems such as sensor delay or small setbacks in the performance 
that can be addressed. 

In all the time measured, one factor that cannot be changed is the idle time, and 
they can be treated as constant for which is for 300 cans/min is for the Soucan 
machine, but in cases where the idle time is reset, it would be important to adjust 
and optimize speeds of each point of conveyer as well. Some conveyers are belts, 
and some are of magnetic metals alloys such as the conveyer in the heat treatment 
has magnetic and heat resistance properties. 

From the data collected, it can be noticed that for overall performance the conveyer 
lines from curer to the combine machine, point 2 has the highest passing time that is 
which is reasonable because the cans are heated in the curer and passed through the 
line and cools down using the ambient air temperature of the room but of how much 
heat needs to be cooled and of how much time is a question. Followed by point 4, 
the conveyer from the seamer machine to the palletizer, which is unreasonable but 
however if necessary the plant layout can be questioned and if possible addressed 
to get the ultimate performance of the production. In all to get an efficient better 
overall performance, the time contribution that add no value to the production line 
can all be reduced by doing, so increasing an overall reliable performance time can 
be achieved (Fig. 3). 

Fig. 3 Representation of time study in each point along the production line
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5 Data Analysis and Findings 

From the data analyzed with compression to the data provided from is CMD, we will 
analyze and establish better ways in terms improvement and efficiency. Below is Table 
4, showing the products produced in a day for the month of February 2021. From the 
data shown in Table 4, CMD data analysis in plain and unclear, the production time 
study is confused; however, a corrective and analytic approach is assured toward 
estimating the OEE for CMD plant. The total shift is 8 h from Monday to Friday and 
4 h every Saturday that is about 44 h of production time in a week. Hence, below is 
the time analysis for CMD, leading to OEE. 

The main downtime in CMD is generally due to the lack of planning, inadequate 
data analysis, and poor maintenance strategies. Break down is the most likely and 
occurs more frequently; in other words, break down is defined as the unplanned down 
time in a production. This unplanned downtime or down time in CMD daily 4 h but 
from the results provided is 6.58 h. Another time factor that contributes to the loss 
of production time in CMD is the setup time; the setup time is about 30 min every 
day. The available time or manned time per day is, followed by the operating or run 
time, 

Manned Time = Total Time − Unused Time 

= (8 × 60) − 30 min = 450 min (5) 

Operating Time = Actual Production Time − Breakdown Time 

= 450 − 394.8 = 55.2 min (6) 

There are other time factors that need to be considered for a most sustainable effi-
cient production but are never considered can be time such as the operating working 
time; this categorized under aspects of down time that are unplanned and can be 
regarded as loss such as, power outage, meetings, refuel, operators unavailable, etc. 
Also, in terms of the measurement of performance in the production line, small minor 
stoppages other recordings along the line are not clear because of poor documen-
tation and data analysis but with from observation powder recycling readjusted in 
5 min every other 30 min, and new tin plate insertion takes up to 30 min every day 
maximum one exchange every day; small can stuck in Soucan machine consumes 
15 min for new calibration every other hour. However, they are not recorded properly. 

From the experiment of time study conducted, the can produced in the line 
is recorded as 3.2min/can. Taking that into consideration, if there are 300 cans 
produced per minute, then the cans produced at the end of the production line, i.e., a 
constant can be used to determine the relationship between can produced ideal time 
of the Soucan machine and the overall production ideal time. 

K = 300 
3 

= −100 can2 /min2 (7)
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There for if Soucan machine produces 500 cans, then if the production line is 
running smoothly, one would tell that if the ideal time is changed to 500 cans/min, 
or it is turned down to 200 can per minute than one should tell that the finish product 
approaching the palletizer is at the rate of; 500/100 = 5min/can or the entire 
production line is producing at 200/100 = 2min/can. This relationship can also 
be used to understand the ideal time of Soucan machine if the end product at the 
production time is also predicted. 

Moreover, the OEE would be calculated as; from Eqs. 1–7. 

Availability = Runtime 

Planned Production Time 
= 55.2 

450 
= 0.1227 (8) 

From sufficient information given from data, the performance of the line cannot 
be clearly investigated by the provided data; however, using the raw data calculated 
in Table 3, we can achieve a glimpse of the performance. The target daily collected 
as shown in Table 4 gives 28,175 cans, and it also shows that the target was met 
but how? If the operating time was 55.2 min that is less than an hour, either the 
breakdown time report is incorrect or the target met is incorrect. However, there is 
one possible explanation and that is overtime expenses, unless there was overtime; 
then, the target was met, but it comes with a cost of the company. Since OEE measure 
does not extend toward overtime, performance will be based upon data in Table 3. 
Therefore, the total time a single can is produced from the Soucan to the palletizer 
187.71–195.01 s that is an average of 191.36 s (3.2 min). Hence, if the run time is 
55.2 min, that means; 

Performance = Ideal Cycle Time × Total Count 
Run Time 

= 
300 can 
min × 55.2 
28,205

= 0.587 (9) 

Now, let’s calculate the quality; 

Quality = (Good Count)/(Total Count) 
= 28,175/28,205 = 0.998 (10) 

Therefore, the OEE = 0.1227 × 0.587 × 0.99 = 0.066. 
The above information is illustrated as shown in Fig. 4.
The OEE has studied from the given result shows how poorly OEE is achieved 

in CMD; however, it makes it easier to identify and eliminate faults and issues 
arising in the production line. The availability should be checked, availability of 
resources, spare parts, and machine should be paramount importance in order achieve 
an effective OEE which would have a positive impact on the overtime and the 
resources/equipment downtime as well as idle and production time. The performance 
on the other hand if based on Table 3, time study, a precise performance target would
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Fig. 4 Showing OEE for the IFC data

be achieved which would also have an impact on the planning of maintenance as 
well as overtime and resource available, idle time, and quality resource control. 

The relationship of performance also shows that because the idle time has less 
idle time and more run time leading to imbalance and producing as slow as possible 
which should be matched in terms of production target, production time, customer 
satisfactory, and resource availability. At CMD, the performance is mostly dependent 
idle time of Soucan machine, the run rime, and the total number of product count. 

6 Achieving Sustainability 

As mentioned and actioned, a time study has been achieved and in terms have perused 
OEE; hence, the sustainability of can production will be investigated, and to achieve 
sustainability, different step by step aspects will be identified. Figure 5 shows a visual 
explanation on what will be mentioned accordingly. 

Increases performance & availability 

Decrease idle time 

Optimized production time Decrease energy consumption Sustainable Manufacturing 

Increase utilization 

Fig. 5 Showing OECD, measuring sustainability with OEE
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The outmost impact on the environment results in relation to manufacturing is the 
consumption of energy that in terms could be the only highest priority in considera-
tion. Reason being can be connected to in proportional to the type of equipment and 
machine used in the particular production line. In terms when the energy source of 
electricity is not categorized in the common electricity, then the only impact with no 
other is energy intensity. 

The next step after would be to select a most effective indicator, with the current 
work objective being time as a performance indicator; the other necessary indicators 
are ignored in the manufacturing system. In this paper, the sustainable manufacturing 
aspect to be investigated to pursue the influence of material components toward 
manufacturing and environmental impacts. 

Time having an impact in OEE with the methodology used in the research, the 
possible relationship with time and energy collaboration is analyzed and investigated. 
The efficiency of the production line as proven with the time study is dependent 
on time meaning any enhancement done to the production line will directly have 
an impact on the time aspects of manufacturing. However, with individual machine 
utilization time, may it be idle time or other also have a direct impact energy consump-
tion. The OEE analysis has proven that if an increase in run time while decrease in 
is revived and engaged in the production line then, there is also increase in both the 
availably and performance would be expected consequently. The concept understood 
is the idle time is somehow proportional to energy consumption; further, elaborating 
the concept is that if runtime is kept under constant and the idle time decreased, then 
the energy consumption decreases in proportion to the idle time. 

The organization for economic corporation and development (OECD) ruled that 
time is the utmost effective factor for analyzing performance in a manufacturing 
system. Therefore, electricity being the only aspect of energy intensity that potentially 
has an impact sustainable manufacturing is to be tamed and to do so is to increase 
run time and decrease idle time. 

7 Conclusions 

A well-integrated intelligent approach in terms of analytic skills in CMD for the 
differentiation of product and object has been designed and established. The devel-
oped is proposed to CMD but also can be regarded for other simple production line for 
obtaining efficiency and effectiveness. A purposeful identification has been observed 
to control the production line, and it is reassured techniques that can be used it identify 
faults and eliminate for a better manufacturing system. If the approach proposed is 
taken seriously and is implemented, then CMD would reduce cost through a sustain-
able effective and efficient CMD for the evaluation purposely covers all aspects of 
CMD with time being the effective key factor. 

OEE is selected for the production to be a standard measure that exposes the 
influence time has in manufacturing productivity through time being able two aspects 
of OEE being availability and performance as well as OEE itself in percentage with
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a time study being properly executed. The results from analyzing OEE together with 
the time study carried out have brought forward some faults, limitation, and errors 
with in CMD. 

The obtained results in the analysis of OEE and time study can be used in means 
of optimizing and improving CMD productivity. To simply put it, overtime cost 
and expenses can be reduced, and higher capital investing can be adjourned, down 
time being reduced as well as idle time and machine operator’s performance are 
more likely to be polished with the establishment of OEE. In terms with OECD, 
sustainable manufacturing can be achieved in term of OEE with selecting time and 
electricity, respectively, as the main effective factors. 

All in all, to sum it all up this research study, the study tried providing a solution 
for CMD to achieve a smooth sustainable can manufacturing by trying to meet one 
aspect of sustainability. The case study in this paper can be put as a simple production. 
Hence, in regards to complex production lines, the methodology and results cannot 
be entertaining or results as expected than it would in a simple production line such 
as of CMD. 

The simple study deals with a small number of machine equipment and lines, 
and so is limited to a shorter length period. Therefore, considering a more complex 
production line with longer period of time study with more equipment to work with 
can be proposed for future work in reference to this paper. 
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Preparation and Characterization 
of Eggshell Particulate Pellet: As a Future 
Prospect for Wastewater Treatment 

Manoj Panchal, G. Raghavendra, M. Omprakash, and S. Ojha 

1 Introduction 

Eggshells and eggshell membrane are often used in the removal of impurities; they 
used as catalysts for biodiesel production, as reinforcing materials in composites, and 
use of eggshells is also common in the medical field due to the high percentage of 
calcium carbonate for the synthesis of hydroxyapatite and as a calcium supplement 
[1]. 

In earlier days, calcium carbonate was the usual choice for water purification. 
It is generally observed the water flowing through capillary cracks in the rock is 
filtered water; these rocks generally contain calcium carbonate. Calcium carbonate is 
a major constituent of eggshells beside calcium carbonate; it contains small amounts 
of organic protein and other chemical compounds (calcium phosphate, magnesium 
carbonate) [1, 2]. Eggshell generation is huge every year [3], therefore, the environ-
mental aspects should be taken into consideration in order to add value to eggshell 
and avoid their dumping in an open atmosphere [3]. Moreover, the use of eggshells 
as a substitute for calcium carbonate may reduce the burden on nonrenewable natural 
sources of calcium carbonate. There are a few examples found in the literature where 
research work has been carried using eggshells for water treatment. 

For instance, Vijayaraghavan et al. [4] used eggshells for the elimination of copper 
from wastewater. Tsai et al. [5] had tested adsorption of dyes (blue 9 and orange 51)
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from wastewater using eggshells. Köse and Kıvanç [6] used eggshells for adsorption 
of phosphate. Eggshells have also been used for the elimination of heavy metals 
from contaminated water [7–9]. Use of eggshells for the removal of pharmaceuticals 
wastes also found in literature [10, 11]. Based on the literature, it may be concluded 
that the eggshells could be a potential material for water filtration application. This 
investigation is an effort to discover the prospects of eggshell particles as a filtering 
agent for wastewater. In this study, the capability of eggshells as filtering agent for 
wastewater is examined. 

2 Materials and Method 

2.1 Raw Materials 

The following are materials used for preparation of eggshell nanoparticles and its 
pellet. 

1. Eggshell flakes. 
2. Polyvinyl alcohol. 

2.2 Eggshell Nanoparticle Synthesis 

The eggshell was collected from native market. The collected eggshell was thor-
oughly rinsed with water and subsequently with ethanol to get rid of foreign contam-
ination and bacterial or viral impurities. Then, the flakes were sundried for a period 
48 h. Then, dried flakes converted into power form in mechanical grinder. The 
powdered eggshell was further milled in a Retsch-PM100 planetary ball mill to 
synthesize the nanoparticles. 

The parameters used for milling are following a ball to weight ratio-20:1, rotational 
speed of stainless steel jars containing 100 balls: 400 rpm, and milling time: 8 h 
[12]. The morphology of eggshell particles was observed through high-resolution 
transmission electron microscope (JOEL 3010). The surface characteristics and size 
of can be noticed from TEM image as illustrated in Fig. 1.

It is noticed from TEM image that the particles fall within range of 1–20 nm. The 
surface analysis proposes that particles are irregularly shaped. 

2.3 Preparations of Eggshell Pellet 

Eggshell nanoparticulate pellet was prepared using compression molding. Polyvinyl 
alcohol (PVA) was used as a binding material. Polyvinyl alcohol solution prepared
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Fig. 1 TEM image of eggshell nanoparticle

from 4 g of PVA in 100 g of water. Eggshell nanoparticles were mixed with PVA 
solution and then compression molded using 40 kN load at a strain rate of 1 mm/min. 
the dwell period was 5 min. The green sample was further sintered carbolite tube in 
inert atmosphere. The sample was sintered at 150 °C at a heating rate of 10 °C/min for 
a period of 1 h. The hardened pellet sample is then taken out of furnace and stored for 
further testing. Figure 2 shows the process of fabrication of eggshell nanoparticulate 
pellet.

2.4 Characterization of Pellet 

The microstructural assessment of the eggshell nanoparticulate pellet was performed 
on Vega 3 Tescan SEM at Center of advanced instrumentation facility, NIT Warangal. 
For dye adsorption test, eggshell nanoparticulate pellet was put in to 500 ml of dye 
solution of methylene blue, prepared with various initial dilutions ranging from 50 
to 500 mg/L of methylene blue. The dye adsorption experimentation was conducted 
on Beckman UV–vis spectrophotometer. The sample was put into a 500 ml solution 
into a beaker and stirred 300 rpm for a period of 4 h to reach the equilibrium. 

Adsorption ability of pellet was calculated using Eq. (1) [3], and Eq. (2) was used 
for kinetic analysis to quantitatively assess the rate of adsorption of dye. 

qe = (Ci − Ce) × v 
m 

(1)
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Fig. 2 Preparation process of eggshell nanoparticulate pellet

Adsorption rate of dye at time t, qt (mg/g) was quantified using Eq. (2) [3]. 

qt = (Ci − Ct ) × v 
m 

(2) 

Further, the total dissolved solid (TDS) value of wastewater was evaluated prior 
to the filtration and after the filtration through the pellet. A portable TDS meter was 
utilized for the evaluation of TDS value. The pH value of water was also assessed 
before and after the experimentation. A portable pH meter was used to assess the pH 
value.
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Fig. 3 Morphology of the eggshell nanoparticulate pellet 

3 Results and Discussion 

3.1 Microstructural Assessment of Eggshell Nanoparticulate 
Pellet 

Figure 3 shows SEM image of prepared eggshell nanoparticulate pellet. The image 
shown in 3 distinctly shows development of pores on the surface of the sample. The 
enlarged image shown in Fig. 1 shows that the pores are clear and strong. The pores 
also deep into thickness of pellet as shown in enlarge image in Fig. 1. The pore size 
ranges from micrometer to nanometer. The formation of pores could be attributed to 
burning of binder during the sintering of pellet. The pores visible on surface make 
the way filtration of impurity. 

3.2 Adsorption Test 

Influence of interaction time: Fig.  4 highlights the influence of interaction time on 
adsorption capability of eggshell nanoparticulate pellet for various initial concentra-
tions of methylene blue ranging from 50 to 500 mg/L of dye in dye solution. It is 
gathered from Figure 4 that there upward trend in dye adsorption with rise in inter-
action time. The equilibrium was achieved after 4 h of interaction time. The graph 
illustrates the quick adsorption rate the beginning due to numerous easily accessible 
open pores results high rate of diffusion, however, as the time increases, the pores are 
inhabited with ions of methylene blue. Once pores are occupied, the equilibrium is
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Fig. 4 Influence of interaction time on adsorption ability for various initial dilutions 

reached, and there no further adsorption of ions. Figure 4 also portrays that adsorp-
tion increases with increase in initial concentration of dye. This may be due high 
amount of initial concentration of dye behaves as propelling force to overcome the 
barriers between solid mass and aqueous phase, which further results in upsurge in 
dye adsorption. 

Adsorption studies. Langmuir isotherms [13] and Freundlich isotherms [14] were  
obtained by fitting experimental values by Eqs. (3) and (4). 

qe = qm × KL × Ce 

1 + KL × Ce 
(3) 

qe = KFC
1/n 
e (4) 

Langmuir constant KL is correlated to RL by Eq. (5) [15]. 

RL = 1/(1 + KLCi ) (5) 

It is perceived from Fig. 5 that the Langmuir isotherms provide best fit for exper-
imental values of dye adsorption with R2 value of 0.9967. The Langmuir isotherms 
suggest the monolayer adsorption of methylene blue dye ions by eggshell nanopar-
ticulate pellet. The Langmuir and Freundlich parameters are shown in Table 1. RL 

was calculated from Eq. (1) was turn out to be 0.0602 (0 < RL < 1, favorable), which
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Fig. 5 Adsorption isotherms 

Table 1 Isotherms parameters 

qm RL R2 KL KF n R2 

277.084 0.0602 0.988 0.03121 38.19 2.86 0.957 

propose fact that the pellet is suitable for dye adsorption. The results of dye adsorp-
tion were compared with earlier research. It was found this method of fabrication 
better result compare to earlier ones [5, 16–18]. 

3.3 TDS Concentration and pH 

TDS test results revealed that the contaminated, which was having TDS value of 
800 ppm, the ppm value, was reduced to 467 ppm. This significant reduction in TDS 
may be attributed to adsorption of impurities and filtration though the large number 
of pores available on the pellet. Further, the test results of pH value indicate that the 
pH number was improved from 6.5 to eight. The increase in pH was clearly noticed, 
the pellet makes the water alkaline, and this may be attributed to presence of CaCO3 

eggshell nanoparticles.
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4 Conclusion 

The experimentation leads to following concluding remarks. 

1. It can be concluded from TEM analysis suggest that eggshell nanoparticles were 
in nanorange ranging from 1 to 20 nm. 

2. The pellet of eggshell nanoparticulate was successfully prepared, and it was 
observed from SEM analysis that there were plenty of pores in the surface of 
pellet. The deep, strong, and transparent pores were observed. 

3. The highest dye adsorption was noticed for 500 mg/L of initial dilution of 
methylene blue dye. The highest adsorption was turn out to be 277.084 mg/g. 
significant adsorption though pellet makes it a potential option for treatment of 
textile run-off. The TDS value was also observed to be significantly reduced with 
an improvement in pH, making this pellet a suitable candidate for wastewater 
treatment. 

4. This research can be further extended to include few water quality checks such 
as hardness, total suspended solid, bacterial analysis of water sample, turbidity 
test to further verify the ability of pellet for water treatment. 

5. Pellet could be combined with activated carbon pellet to further enhance the 
filtration capacity 
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11. Mutavdžić Pavlović, D., Ćurković, L., Macan, J., Žižek, K.: Eggshell as a new biosorbent for 
the removal of pharmaceuticals from aqueous solutions. Clean Soil Air Water 45, 1700082 
(2017) 

12. Panchal, M., Raghavendra, G., Reddy, A.R., Omprakash, M., Ojha, S.: Experimental investi-
gation of mechanical and erosion behavior of eggshell nanoparticulate epoxy biocomposite. 
Polym. Polym. Compos. 29(7), 897–908 (2021). https://doi.org/10.1177/0967391120943454 

13. Langmuir, I.: The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. 
Chem. Soc. 40, 1361–1403 (1918). https://doi.org/10.1021/ja02242a004 

14. Freundlich, H.M.F.: Over the adsorption in solution. J. Phys. Chem. 57, 385–471 (1906) 
15. Hall, K.R., Eagleton, L.C., Acrivos, A., Vermeulen, T.: Pore- and solid-diffusion kinetics in 

fixed-bed adsorption under constant pattern conditions. Ind. Eng. Chem. Fundam. 5, 212–223 
(1966). https://doi.org/10.1021/i160018a011 

16. Liang, Z., Zhao, Z., Sun, T., Shi, W., Cui, F.: Enhanced adsorption of the cationic dyes in 
the spherical CuO/meso-silica nano composite and impact of solution chemistry. J. Colloid 
Interface Sci. 485, 192–200 (2017). https://doi.org/10.1016/j.jcis.2016.09.028 

17. Liu, S„ Wei, J., Chen, X., Ai, W., Wei, C.: Low-cost route for preparing carbon-silica composite 
Mesoporous material from coal gasification slag: synthesis, characterization and application 
in purifying dye wastewater. Arab. J. Sci. Eng. 45, 4647–4657 (2020). https://doi.org/10.1007/ 
s13369-020-04383-z 

18. Ye, J., Nyobe, D., Tang, B., Bin, L., Li, P., Huang, S., Fu, F., Cai, Y., Guan, G., Hao, X.: 
Facilely synthesized recyclable mesoporous magnetic silica composite for highly efficient and 
fast adsorption of methylene blue from wastewater: thermodynamic mechanism and kinetics 
study. J. Mol. Liq. 303, 112656 (2020). https://doi.org/10.1016/j.molliq.2020.112656

https://doi.org/10.1177/0967391120943454
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1021/i160018a011
https://doi.org/10.1016/j.jcis.2016.09.028
https://doi.org/10.1007/s13369-020-04383-z
https://doi.org/10.1007/s13369-020-04383-z
https://doi.org/10.1016/j.molliq.2020.112656


Performance of Automobile Engine 
Radiator by Using Nanofluids 
on Variable Compression Diesel Engine 

K. Leela Kumar, R. Rudrabhi Ramu, and P. H. J. Venkatesh 

1 Introduction 

Nanofluids are yet another type of liquid by scattering nano-meter-sized materials 
(nanoparticles, nano-fibers, nanotubes, nano-wires, nanorods, nano-sheet or beads) 
in base liquids. As such, nano-liquids are nanoscale colloidal suspensions containing 
consolidated nano-materials. They are two-stage frameworks with one stage (strong 
stage) in another (fluid stage). Nanofluids have been found to have upgraded ther-
mophysical properties like warm conductivity, warm diffusivity, consistency, and 
convective hotness move coefficients contrasted with those of base liquids like oil or 
water. It has shown incredible expected applications in many fields history about 
composites [1]. These nano-molecule liquid suspensions are named nanofluids, 
acquired by scattering nano-meter-estimated particles in a traditional base liquid 
like water, oil, thylene glycol regular liquids like glycols, refrigerants, polymeric 
courses of action, bio-fluids, oils, and other ordinary liquids. Overall, the size of these 
nanoparticles varies from 1 to 100 nm. Nanoparticles of materials like metallic oxides 
(Al2O3, CuO), nitride ceramics (AlN, SiN), carbide stoneware (SiC, TiC), metals 
(Cu, Ag, Au), semi-conductors (TiO2, SiC), single, twofold, or multi-walled carbon 
nanotubes (SWCNT, DWCNT, MWCNT), and alloyed nanoparticles (Al70Cu30) 
have been used for the preparation of nanofluids. These nanofluids have been found to 
have an overhauled warm conductivity similarly as additional created hotness move 
execution at low groupings of nanoparticles [2]. The nanofluid is most certainly
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not a direct liquid solid blend [3]. The primary premise while cultivating the nano-
liquid [4] is a sans agglomerate long stretch stable suspension. Robustness of the 
nano-liquid is huge for its conceivable application as a hotness move fluid. 

2 Methodology 

Figure 1 shows schematic chart for trial setup which comprises of shut circle circuit. 
The exploratory test rig incorporates repository and warming component, lowered 
siphon, radiator fan (speed control DC engine), and automobile radiator. Attractive-
drive siphon gives the streams 16–18 LPM; the stream speed of the test region is 
constrained by two globe valves which is fitting versatile to the reuse line as shown 
in diagram [5]. The functioning fluid fills 30% of the limit tank whose total volume 
is 35 L. The outright volume of the surrounding liquid is reliable in all of the tests. 
The circuit consolidates 0.30 m distance across pipeline which is made of the steel 
pipe. 

This engine has a volume of 1761 cc. The four-chamber engine has a strain extent 
of 9.25:1 and produces a power of 97 drives at 6000 RPM and a biggest power of 
148 N/m at 3500 RPM. It has 8 valves and has a standard Euro II release limit regard. 
Stimulus PGM20 is used to confine exhaust tainting. The volume of oil gobbled up 
is 4.4 L (4.75 L if a channel is used). The volume of water and coolant is 6.6 L [6]. 
The particular information for this engine is cooling game plan of XU7 engine. In 
this assessment study, the cooling structure of the XU7 engine is mulled over. The 
cooling course of action of this engine is a closed circuit with an electric fan that is 
shown in Fig. 1. The nuances of the cooling system are introduced. The radiator has 
been made of aluminum. It is of a level kind, so the working fluid streams inside the 
even radiator from the right to the left [4].

Fig. 1 Four-cylinder engine 
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3 Results 

To look at better hotness retaining limits of various cooling substances like water, 
water + ethylene glycol, 0.02% volume part of SiC, 0.05% vol. part of SiC, 0.08% 
vol. part of SiC from motor cooling coat at various stacking conditions, and at various 
pressure proportions, variable pressure diesel motors are utilized 

(a) Heat carried by cooling water, 

Qc = mc ∗ cp ∗ (Tout − Tin) (1) 

mc = mass flow rate of cooling water 

Cp = specific heat of water 
= 4180 kj/kg-k 

T out = outlet temperature of cooling substance 

T in = inlet temperature of cooling substance 
(b) Mass of fuel consumed per minute, mf : 

m f = (pipette ∗ ρd ∗ 60)/(t ∗ 1000) (2) 

ρd = density of diesel 
(c) Total fuel consumption (TFC): 

TFC = m f ∗ 60, kg/h 

where mf is in kg/min 
(d) Heat carried away by exhaust gases: 

Qeg = meg ∗ cpg ∗
(
Tg − Tair

)
(3) 

Cpg = 1.05 kj/kg-k 

meg = m f + ma 

(e) Heat equivalent to break power: 

BP = (2�NT)/60,000, KW (4) 

where N = speed of the engine, rpm 

T = Torque applied on drum 
(f) Heat input:
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HI = (TFC/3600) ∗ Cv, kw (5) 

Cv = calorific value of diesel 
(g) Mass flow rate of air 

ma = ρa ∗ A ∗ Va (6) 

ρa = density of air 

Va = [2 * 9.81 *  hm * ((ρw/ρa) − 1)]1/2 

(h) Un-account losses = [
HI − (

Qc + Qeg + BP
)]

(7) 

(see Tables 1, 2, 3 and 4).

3.1 Air Fuel Ratio Graphs 

See Figs. 2, 3 and 4.

3.2 BSFC Versus BP at Different Compression Ratios 

See Figs. 5, 6, 7, 8 and 9.

4 Conclusion 

From the above outcomes, it is inferred that at 15:1 pressure proportion EG+ distilled 
water + 0.05% volume part SiC blend nanofluid exhibits greatest air fuel proportion 
at 1/3 and 2/3 burdens, and at 17:1 pressure proportion, EG + distilled water + 0.08% 
volume division SiC combination nanofluid shows most extreme air fuel proportion 
at 1/3, 2/3, and full loads. Greatest air fuel proportion prompts admit maximum air 
into the burning chamber during pull stroke and complete ignition of hydro carbons 
is happened. Eventually, the exhaust gas emissions are diminished. The outcomes it 
is inferred that at 15:1 pressure proportion EG + distilled water + 0.05% volume 
part SiC blend nanofluid exhibits greatest air fuel proportion at 1/3 and 2/3 burdens, 
and at 17:1 pressure proportion, EG + distilled water + 0.08% volume division 
SiC combination nanofluid shows most extreme air fuel proportion at 1/3, 2/3 and 
full loads. Greatest air fuel proportion prompts admit maximum air into the burning 
chamber during pull stroke, and complete ignition of hydro carbons is happened.
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Fig. 2 AFR versus load at 15:01 compression ratio 

Fig. 3 AFR versus load at 16:01 compression ratio

Eventually, the exhaust gas emissions are diminished. The 17:1 compression ratio 
EG + distilled water + 0.08% volume fraction of SiC nanofluid is having break-
specific fuel consumption is very less compared to other volume fractions of SiC. 
Performance of radiator is tested with various coolant mixtures ranging of different 
nanofluids concentrations. Heat enhancement of coolant fluid is reported in terms
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Fig. 4 AFR versus load at 17:01 compression ratio

Fig. 5 BSFC versus BPat 15:01 compression ratio

of dimensionless Nusselt number. Heat transfer coefficient of fluids improved at 
lowest compression ratio with increase in volume concentration of nanofluids. At 
intermediate load, a steep increase in heat enhancement is observed. 

Air Fuel Ratio
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Fig. 6 BSFC versus BPat 16:01 compression ratio 

Fig. 7 BSFC versus BPat 17:01 compression ratio

1. At 15:1 compression ratio as SiC volume fraction increases, the air fuel ratio 
mixture is increasing up to 0.05% volume fraction of SiC. 

2. At 17:1 compression ratio as SiC volume fraction increases, air fuel ratio mixture 
decreases up to 0.05% volume fraction but suddenly increases at 0.08 volume 
fraction of sic.
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Fig. 8 Nusselt no. versus % vol. concentration at 15:01 compression ratio 

Fig. 9 Nusselt no. versus % vol. concentration at 16:01 compression ratio

3. A maximum air fuel ratio result in maximum air is admitted into the combustion 
chamber during suction stroke, and complete combustion of hydro carbons is 
occurred. So finally minimizing the exhaust gas emissions. 

Break Thermal Efficiency 

1. At 17:1 compression ratio, EG + distilled water + 0.08% volume fraction of SiC 
nanofluid is having maximum break thermal efficiency at 1/3, 2/3, and full load.
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2. At 15:1 compression ratio, BTE increases as SiC volume fraction increases up 
to 0.05% at 1/3 and 2/3 loads. 

Unaccounted Losses 

1. At 17:1 compression ratio, percentage of losses increases up to 0.05% volume 
fraction of nanofluid and suddenly deceases at 0.08% volume fraction of SiC 
nanofluid, and at the same time, break power at 0.08% volume fraction of SiC 
nanofluid increases at every load. 

2. Hence, the utilization of input power is more at 0.08% volume fraction of SiC 
nanofluid. 

Break-Specific Fuel Consumption 

1. At 17:1 compression ratio, EG + distilled water + 0.08% volume fraction of 
SiC nanofluid is having break-specific fuel consumption is very less compared 
to other volume fractions of SiC. 

Effects of Particle Concentration on Nusselt Number 

1. Heat transfer coefficient of fluids improved at lowest compression ratio with 
increase in volume concentration of nanofluids. At intermediate load, a steep 
increase in heat enhancement is observed. 

2. Overall better heat enhancement is observed through convective heat transfer of 
nanofluid of 0.08% concentration. 

3. At higher volume concentration, tube has attained near values of coolant bulk 
mean temperature. Thus, nanofluids can be recommended as coolants in radiator 
at optimum compression ratio at intermediate loads. 

5 Future Scope of Work 

The splendid future for nano-liquids as a class of incredible material needed for 
different applications in automobiles. But, a great deal of exploration work is expected 
to investigate its other potential spaces of uses in this specific field of designing, so the 
future creating vehicles will be more efficient, smaller, and eco-friendly. The potential 
warm conductivity ought to be accordingly taken advantage of in the cutting edge heat 
transfer fluid. Changing petroleum products with elective energizes for controlling 
outflows and expanding the exhibition of motor.
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Comparative Performance Analysis 
of R134a/CuO and R134a/SiO2 
Nanorefrigerant-Based Refrigeration 
System 

Rajneesh Kaushik and Rajeev Kamal Sharma 

1 Introduction 

With the advancement of technology, there is continuous work going on to find 
energy-efficient systems. So, conventional systems are being replaced with more 
power-saving alternate systems. One such alternate field is the use of nanoparticles 
in the existing conventional systems. From the start of the twenty-first century, uses 
of nanomaterial in different technical fields have gained lots of traction, and it has 
been prevalent in many research areas [1–3]. So the focus has been to identify the 
use of nanoparticles in various applications and what challenges it brings to intro-
duce them in larger fields by removing the obstacles [4]. Subsequently, different 
kinds of fluids can be used which have better thermophysical properties and that 
can replace conventional fluids [5, 6]. Nanoparticles are very small particles of the 
size ranging between 1 and 100 nm, and nanofluids are the emulsions of nanoparti-
cles and primary (base) fluid. Generally, the base fluids are refrigerants, lubricants, 
biofluids, organic fluids, and fluid such as water whereas nanoparticles are metal, 
oxides/carbides/nitrides of metal. The mixing of the nanoparticles in the previous 
researches has shown moderate to significant improvement in the fluids heat transfer 
characteristics which also enhances fluids thermophysical properties [7, 8]. It has 
been found in the previous research studies that the increment of the weight % 
of the nanoparticles in the base fluid improves the heat transfer properties up to a 
certain value and after that, it may not change or negatively affects these properties 
[9]. Nanorefrigerants still hold lots of curiosity because many of their aspects still 
need to be explored such as the complexity observed during the phase change of

R. Kaushik (B) · R. K. Sharma 
Chitkara College of Applied Engineering, Chitkara University, Rajpura, Punjab, India 
e-mail: rajneesh.kaushik@chitkara.edu.in 

R. K. Sharma 
e-mail: rajeev.sharama@chitkara.edu.in 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
B. B. V. L. Deepak et al. (eds.), Recent Trends in Product Design and Intelligent 
Manufacturing Systems, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-4606-6_37 

397

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4606-6_37\&domain=pdf
mailto:rajneesh.kaushik@chitkara.edu.in
mailto:rajeev.sharama@chitkara.edu.in
https://doi.org/10.1007/978-981-19-4606-6_37


398 R. Kaushik and R. K. Sharma

the nanorefrigerants, nanofluids, and nano-lubricants. It has been also observed that 
with the increase of the nanoparticles concentration, the stability of nano-lubricant 
decreases substantially whereas this had a positive impact on evaporator temperature 
gradient [10]. There is a considerable amount of energy saving by using nanofluids 
in a refrigeration system. It has been an important factor that impacts energy effi-
ciency in a significant way because of the phase change heat transfer properties of 
nanorefrigerants in the evaporator. So it is important to understand the heat transfer 
characteristics of nanorefrigerants flow during the boiling to find out its true effect on 
the performance of the evaporators of refrigeration systems using nanorefrigerants 
[11]. From the past experimental research, it has been found that carbon nanotubes are 
among the ones that have very high-heat transfer capabilities because of their typical 
geometry and their thermophysical properties [12]. Because of this behavior, multi-
walled carbon nanotubes, which tremendously enhance heat transfer characteristics, 
have been largely used by researchers [13]. Nanoparticles also help to reduce the 
frictional coefficient of the nano-lubricants which results in a considerable reduction 
in viscosity and helps to reduce the power consumption of the compressor [14]. It has 
been noted that nanorefrigerants improve the pool boiling heat transfer compared to 
the pure refrigerant which improves overall evaporation and condensation character-
istics of any vapor compression-based refrigeration system [15]. It has been found 
that even hybrid nanoparticles have been used in the fluid, and there have been mild 
to moderate improvement in overall heat-carrying characteristics by changing the 
concentration of the nanoparticles. The improvement in heat transfer characteristics 
is because of the presence of Brownian motion between base fluid and nanoparticles 
which acts as a heat carrier through convection between nanoparticles and base fluid 
[16]. These improved heat transfer properties help to reduce power consumption 
significantly in the heating, ventilation, and air conditioning field. There has been a 
constant challenge of the suspension of nanoparticles in base fluid for all the time, 
and it was achieved to a certain extent by the addition of a compound of sodium 
(C18H29NaO3S) [17] which leads to a remarkable improvement in coefficient of 
performance [18]. The research carried till now brings us to a logical conclusion that 
nanoparticles may be applied to different combinations of refrigerant and lubricant 
which enhances the efficiency substantially of a cooling system. This infers that there 
is a remarkable improvement in the performance measuring parameters such as an 
increase in refrigeration effect, better heat rejection in the condenser, and enhance-
ment in subcooling. Hence, it has been observed that colloidal fluids can enhance 
various thermophysical properties which help to work refrigeration systems more 
efficiently. However, some points require further detailed investigation to bring the 
research in a forward direction. First, the procedure of charging nanorefrigerant is not 
streamlined, which may influence the thermophysical properties of the nanofluids in 
a big way. Second, the suspension of nanoparticles in refrigerants for long durations 
should be evaluated. In the vapor compression cycle, refrigerant works in two phases 
while nanoparticles do not change their phase. So it may improve individual compo-
nent performance and that should be explored. Hence, the present study is carried out 
by dispersing two types of nanoparticles (CuO and SiO2 individually) nanoparticles 
into the refrigerant R134a, and their comparative analysis has been also done. Due
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to the very good thermophysical properties of the R134a and a popular refrigerant 
in refrigeration makes it a suitable choice to check the effect of nanoparticles on 
its properties. On other hand, because CuO has very good thermal conductivity and 
silica has comparatively low-thermal conductivity, so these nanoparticles give us a 
broad range of data to see its effect on the performance of the refrigerant. 

2 Experimental Setup 

To carry out an investigation, a vapor compression cycle-based refrigeration system 
is designed and fabricated in the refrigeration lab as given in Fig. 1. The current 
system is of capacity 170 L along with components like the hermetic reciprocating 
compressor, naturally convection condenser, manual expansion valve, and water dip 
evaporator. To control the heat input, a heating element (2000 W) is used in a water 
dip evaporator insulated with foam and digital temperature control. An energy meter 
(600 revs/KWh, 0–20 A) is incorporated into the system to measure heat load and 
compressor power consumption. To run the system at a constant mass flow rate, a 
rotameter (4 LPH–35 LPH) along with two manual refrigerant control valves is used. 
Data of pressure are recorded by pressure gages at compressor suction and discharge 
end, and temperature is noted with the help of a mercury glass thermometer at the 
suction of all basic four components. In addition to this, a voltmeter (0–310 V) and 
an ammeter (0–20 A) are used to measure the overall voltage and current of the 
refrigeration system. The detailed parts of the experiment setup along with their 
specifications have been given in Table 1.

2.1 Nanoparticles Structural Analysis 

Nanorefrigerants can be made by mixing the nanoparticles in the refrigerant which 
should be chemically compatible and does not show any anomaly in the behavior of 
the mixture. The fundamentals of the cooling process in any vapor compression-based 
refrigeration cycle are the heat extraction from the product by phase change, and so, 
the nanorefrigerants should not deviate in the basics of the heat transfer process. So 
the structural compatibility and chemical stability have been of the utmost importance 
in its study and how miscibility and dispersion of the nanoparticles change its perfor-
mance in the system. The general properties of the copper oxide nanoparticles and 
silica nanoparticles have been depicted in Tables 2 and 3, and refrigerant (R134a) 
properties have been shown in Table 4. To check nanorefrigerants compatibility 
structurally, nanorefrigerant is put into the refrigeration system with nanoparticles in 
proper proportions of copper oxide (CuO) nanoparticles and another case with silica 
nanoparticles (SiO2). The typical size of nanoparticles which have been used in the 
current research is 0–40 nm. The CuO nanoparticles of size 0–40 nm having a density 
of 6.3 g/cm3 and SiO2 nanoparticles of size 0–40 nm having a density of 2.63 g/cm3
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Fig. 1 Experimental testing unit 

Table 1 Components list used in VCC refrigeration system 

S. No. Component Qty Description 

1 Hermetic reciprocating compressor One 4.56 cc 

2 Condenser One 0.2632 m2 

3 Throttling valve One Manual 

4 Evaporator One 0.145 m2 

5 Heating element One 230 W 

6 Condenser side—pressure meter Two 0–290 lb/in.2 

7 Evaporator side—pressure meter Two −25 to 145 lb/in.2 

8 Flowmeter One 0–35 L/h 

9 Mercury-based temperature sensor Four −15 to 95 °C 

10 Digitally controlled temperature meter One −35 to 55 °C 

11 Power recorder Two 600 revs/KWh 

12 Ampere meter One 0–20 A 

13 Voltmeter One 0–310 V



Comparative Performance Analysis of R134a/CuO and R134a/SiO2 … 401

Table 2 Properties of CuO nanoparticles 

Primary 
particle 
size 
(nm) 

Thermal 
conductivity 
(w/m k) 

Molecular 
weight (g 
mol−1) 

Density 
(g 
cm−3) 

Purity 
(%) 

Crystal 
phase 

Appearance Melting 
point 
(K) 

Boiling 
point 
(K) 

0–40 33 78.9245 g/mol 6.31 98 Quartz Black 
powder 

1474 2273 

Table 3 Properties of SiO2 nanoparticles 

Primary 
particle 
size 
(nm) 

Thermal 
conductivity 
(w/m k) 

Molecular 
weight (g 
mol−1) 

Density 
(g 
cm−3) 

Purity 
(%) 

Crystal 
phase 

Appearance Melting 
point 
(K) 

Boiling 
point 
(K) 

0–40 1.2–1.4 60.0843 2.634 98 Quartz White 
powder 

1986 2503 

Table 4 Properties of R134a refrigerant 

Chemical 
formula 

Molecular 
mass (g 
mol−1) 

Normal 
boiling 
point 

Critical 
temperature 

Critical 
pressure 

Density 
(kg 
m−3) 

Thermal 
conductivity 
(w/m k) 

Dynamic 
viscosity 

CH2FCH3 102.03 −26.1 101.1 4.06 1199.7 0.09208 0.1905 

are procured from an America-based company (Sigma-Aldrich Chemicals) and are 
used for analysis in the present experimental study. 

2.2 Structural Characterization 

To analyze characteristics of CuO nanoparticles, XRD technique is being used to 
check the peaks of intensity at 2 points, and no further other characteristic peaks are 
observed in the samples while the size and shape of the nanoparticles are observed 
with the TEM technique as shown in Fig. 2a. Similarly, silica nanoparticles peaks 
are checked with the help of the XRD technique as depicted in Fig. 2b.

3 Result and Discussion 

The experimental analysis of the vapor compression refrigeration system was done 
with eight types of nanorefrigerants. (i) Pure refrigerant R134a, (ii) 5 types of nanore-
frigerant with a weight percentage of CuO nanoparticles (0.1, 0.2, 0.3, 0.4, 0.5 g) 
in 100 g of R134a, and (iii) 5 types of nanorefrigerant with a weight percentage of
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Fig. 2 a XRD of nanoparticles (CuO). b XRD of nanoparticles (SiO2)

SiO2 nanoparticles (0.1, 0.2, 0.3, 0.4, 0.5 g) in 100 g of R134a and to find out the 
effect on performance. This parameter in the cooling system can be evaluated by 
calculating COP which is the ratio of the desired effect to the total work input as 
shown in Eq. (1). 

COP = Desired refrigerant effect 
Compressor work 

(1) 

It has been found that COP of the system improves significantly with the addition 
of CuO nanoparticles in R134a, whereas with SiO2 nanoparticles, COP of the system 
improves marginally.
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Fig. 3 Coefficient of performance with nanoparticles (CuO/SiO2) 

3.1 Coefficient of Performance 

COP is the performance parameter of any refrigeration system which helps to check 
its efficiency to cool the product. Understandably, a higher COP depicts the better 
performance of the system, and emphasis is always to work on achieving the higher 
COP for the refrigeration system. It can be improved by either changing the working 
conditions or parameters of COP. COP is the ratio of the cooling effect produced to the 
consumed power by the compressor. To find out the COP, the refrigeration effect has 
been measured by the heating load given to the evaporator, and power consumption is 
measured by the energy meter to bring the desired temperature to the evaporator. The 
COP is found for varying concentrations at constant load which is depicted in Fig. 3. 
It has been found that COP of the refrigeration system is consistently increasing with 
the addition of CuO nanoparticles, while this trend is there with SiO2 nanoparticles 
but it has less impact on the performance of the system. 

3.2 Power Consumption 

Energy consumption is total power consumed by the refrigeration system in a single 
day. It has been calculated once the system achieves the steady-state conditions. 
Energy consumption of the cooling is lowest if it works with maximum efficiency, 
and that is the best condition to work a system. From the present study, it has
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Fig. 4 Power consumption 
with nanoparticles 
(CuO/SiO2) 

been observed that nanorefrigerants have been reasonably effective to reduce energy 
consumption compared to the pure refrigerant, and it consumes the lowest energy 
if the CuO nanoparticles concentration is 0.5 g in the base refrigerant R134a as 
shown in Fig. 4. The same kind of trend has been observed with SiO2 nanoparticles, 
but overall; the power consumed is lowered in all concentrations, but it is relatively 
higher compared to CuO nanoparticles. 

3.3 Cooling Speed 

Cooling speed is defined as the rate of temperature drop at a particular time. Faster is 
the drop, and better cooling speed of the system is considered. It has been an important 
parameter to check the cooling rate of the refrigeration system. Less cooling time is 
considered as a desirable characteristic, and in the present experimental work; cooling 
speed has been measured by noting the time taken to bring down the evaporator 
temperature from 40 to 25 °C with testing outer conditions of 30 ± 2 °C. It has been 
found that cooling speed increases directly with the addition of nanoparticles in base 
refrigerant till 0.5 g of CuO nanoparticles concentration as depicted in Fig. 5. While 
pure refrigerant took 60 min to bring the cooling from 40 to 25 °C, whereas CuO 
nanoparticles-based nanorefrigerants took the same temperature drop in 41 min, and 
SiO2-based nanorefrigerants have taken 57.5 min to observe the same temperature 
drop. So to achieve the same temperature, CuO is considered a better nanoparticle 
than silica nanoparticles due to better thermal conductivity.
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Cooling speed chart of Pure refrigerant & Nano 
refrigerants (R134a + CuO/Silica nanoparticles) 
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Fig. 5 Cooling speed of pure refrigerant (R134a) and nanorefrigerants (CuO/SiO2 nanoparticles) 
between time and temperature 

4 Conclusions 

The present experimental work titled “comparative performance analysis of 
R134a/CuO and R134a/SiO2 nanorefrigerant-based vapor compression system” was 
done, to use check the effect of copper oxide nanoparticles and silica nanoparti-
cles with R134a refrigerant. The CuO/SiO2 nanoparticles of 0–40 nm size have been 
used. To analyze the performance, different combinations of nanoparticles by varying 
concentrations were mixed with R134a refrigerant. 

(i) Overall, a maximum of 15% of cooling speed has improved with R134a + 
Silica at 0.5 g, while almost 32% of improvement in cooling speed has been 
found with R134a + CuO at 0.5 g. 

(ii) Overall, a maximum of 8% of COP enhancement has been observed with R134a 
+ Silica at 0.5 g, while almost 32% of improvement has been found with R134a 
+ CuO at 0.5 g. 

(iii) There is around 9.3% of power consumption has been saved with R134a + 
Silica at 0.5 g, while almost 20.3% of power consumption reduction has been 
found with R134a + CuO at 0.5 g.
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An Experimental Study on Plaster 
of Paris Composite Reinforced 
with Multi-form Rice Husk for Thermal 
Insulation 

Gurdyal Singh , Prabhjot Singh, Anoop Aggarwal, Sunil Kumar, 
and Gaurav Jain 

1 Introduction 

Thermal insulation is ability of any material or medium to prevent the passage of heat 
energy through it. It may be required to contain the heat within a particular system 
to prevent its escape or to act as a barrier from surrounding environment to create a 
comfort zone. Thermal insulation is measured in form of thermal conductivity, which 
denotes the ease with which, heat energy can flow through a material or system by 
conduction principle. Hence, the determination of thermal conductivity will help in 
analyzing insulation effectiveness of any part or material and its further use as an 
insulator. 

Conventionally, inorganic materials such as asbestos-sheet, fiber-glass, rock-wool, 
mineral-wool, are used as an insulating material in various applications. The produc-
tion route of these materials is generally associated with excessive energy consump-
tion and the subsequent disposal can cause the environmental pollution [1]. Addi-
tionally, their use has shown undesirable effect on human health too [2]. The minute 
size fiber-glass and glass-wool particles are skin-irritant and can cause respiratory 
problems upon direct exposure [3]. Most inorganic materials contain formaldehyde 
resin that can cause asthma [4]. Cellulose insulators have boric-acid to inculcate fire-
retarding properties, but on the other hand, it has shown toxicity effect on human 
health [3]. Since the currently used insulation materials have shown adverse effects 
on human health along with expenditure occurred on their production until their 
after-life disposal, the quest to explore eco-friendly materials with better insulating 
properties is today’s demand. An ideal insulation material must have low thermal 
conductivity, fire resistance, low moisture absorbance and ease in production in
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addition to being harmless for human as well as environment. Hence, the alternative 
materials with comparable or superior properties need to be investigated to offer 
viable replacement. 

A lot of attention has been given by the researchers for the development of green 
composites by using different agro-based wastes along with conventional matrix and 
reinforcement materials. Agro wastes such as rice husk, corn-cob, rice-straw, wheat-
straw sugarcane-stalks, coconut-husk, palm-shell, palm-leaves and straw from cereal 
crops are rich in fibrous content due to lingo-celluloses and can be suitably used as 
reinforcements in manufacturing of composite materials for insulation [5]. These 
bio-composites consumes comparatively less energy for their production, de-grade 
naturally upon disposal and can be termed as green materials [6]. For the agriculture 
based country like India, abundant source of agro-wastes is available directly from 
fields or agro-processing units at cheap price. This will not only help in generating 
revenues for farmers, but also help in tackling safe disposal of agro by-product, which 
otherwise is considered as burden and burnt in the fields, causing pollution. 

This paper reports the potential of RH (agro-waste) as insulating material. It is 
produced as a by-product from rice processing and is available in abundance in 
rice producing regions in India. Conventionally, RH has been used by rice mills as 
energy source in boilers as well as in some cases in making concrete blocks, bricks for 
construction work [7, 8]. Despite it, the quantity of RH production is in excess then its 
economic utilization at local level and thus creating dumping problems. Researchers 
have been exploring various ways to utilize RH, which will not only beneficial from 
economic point of view, but also will provide a safe and environment-friendly way 
for its disposal. Muthuraj et al. [5] fabricated bio-composites comprising RH, textile 
waste fibers, wheat husk and wood fibers. The evaluation of thermal and mechanical 
properties of it displayed promising results. Among these, Sutas et al. [7] explored 
use of RH as fiber and as an ash form for making bricks and found reduction in density 
as well as in compressive strength of specimens due to porosity after RH inclusion. 
The inclusion of RH ash reinforced with different volume proportions (10, 20, 30, 
40, 50%) in POP matrix were investigated by Ochang et al. [9] and found reduction 
in thermal conductivity, diffusivity and density with increase in ash content, whereas 
specific heat capacity and thermal resistance increased with ash content. Alaneme 
et al. [10] used RH ash as a reinforcing element along with alumina in making Al– 
Mg–Si hybrid composites and reported increase in friction as well as wear-rate of the 
composites with the increase of RH ash proportions. Kishore et al. [11] mixed the 
RH ash with cement and investigated the mechanical properties of resultant concrete 
mixture. Masoud et al. [12] employed RH for treatment of drain water and found 
excellent results in removing iron and manganese. These studies established that 
the use of RH in various forms has great potential. Its use as an insulating material 
will not only reduce the insulation cost, but also assists in converting discarded item 
into a beneficial product, leading toward a healthier environment. The novelty of 
presented work is in terms of testing of different particle forms of RH as insulating 
material as well as eco-friendly solution to its disposal problem. The authors have not 
found any related work in open literature regarding inclusion of RH as fiber, powder 
and fly ash form into POP matrix and their effects on the insulation capability of
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resultant composite. Hence, present paper will help in exploring the beneficial use 
of Rice Husk as bio-degradable reinforcement in promoting manufacturing of green 
composites. 

2 Experimental Details 

2.1 Materials 

The materials consist of RH as reinforcement and POP as matrix material to fabricate 
composite specimens. RH was incorporated in three different form as Rice Husk Fiber 
(RH-F), Rice Husk Grinded (RH-G) and Rice Husk Ash (RH-A). RH as raw material 
mainly comprises 75–90% organic matter in form of cellulose, lignin, etc. with silica, 
alkalis and other trace elements as mineral components [13]. The raw RH fiber was 
grinded and then sieved with 300 µm sieve to obtain RH-G. The RH-A with mesh 
size under 50 µm was prepared from complete burning of the RH, followed with 
thermal processing and sieving as per the procedure mentioned in the references [14, 
15]. POP, chemically known as calcium sulfate hemihydrate (CaSO4 · 2H2O) and is 
generally available in form of while powder with fine particle size. POP is prepared 
by heating gypsum or calcium sulfate dehydrate in temperature range of 120–180 °C. 
and possessed 0.1185 W/mK of thermal conductivity and 8.4388 mK/W of thermal 
resistivity [16]. 

2.2 Sample Preparations 

Samples were prepared in form of board or slabs by manual mixing the reinforcement 
with POP powder followed with hand lay-up technique. 

The size of each sample board was 400 mm × 400 mm × 10 mm and final weight 
was controlled as 2000 g. Figure 1 shows the sample preparation and finally prepared 
specimen boards. The RH was mixed into POP matrix in three different forms with 
varying proportions. The samples nomenclature along with mixing proportions have 
been listed in Table 1.

2.3 Experimental Set-Up 

An experimental set-up was prepared to measure the thermal conductivity by 
measuring the temperature across the sample board. The schematic and actual exper-
imental set-up is shown in Fig. 2a, b, respectively. The set-up consists of two boxes 
to confine the heat within enclosed space and to avoid the heat energy loss to the
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Fig. 1 a POP powder, b RH mixing and c prepared samples 

Table 1 Sample designation as reinforcement type and percentage 

Reinforcement 
type 

Sample designation RH concentration 
(wt%) 

RH weight (g) POP weight (g) 

Pure-POP POP-0 0 0 2000 

Rice husk fiber 
(RH-F) 

RH-F1 1 20 1980 

RH-F3 3 60 1940 

RH-F5 5 100 1900 

Rice husk grinded 
(RH-G) 

RH-G1 1 20 1980 

RH-G3 3 60 1940 

RH-G5 5 100 1900 

Rice husk ash 
(RH-A) 

RH-A1 1 20 1980 

RH-A3 3 60 1940 

RH-A5 5 100 1900

surroundings. The sample boards were placed in between the open-end of two boxes 
to expose them to heating. A heating coil with a capacity of 1000 W was placed in 
one of the boxes. Two thermocouples (K-type) were placed in each box, at a distance 
of 10 mm from the sample board to measure the temperature T 1 on heat source side 
and T 2 on other side of sample. The thermocouples were connected to the control 
panel with digital temperature display. Both the temperatures were recorded at start 
of experiment (t1 = 0 min) and after set duration (t2 = 45 min) for each of the sample. 
This difference of temperature over the given duration was further used to measure 
thermal conductivity.

2.4 Thermal Conductivity Evaluation 

Fourier’s Law of heat conduction was used to measure the thermal conductivity of 
the fabricated specimens. It states that the rate of heat transfer through a material
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Fig. 2 a Schematic of experimentation. b Experimental set-up

is proportional to the section area at right angles to the heat flow direction, and to 
the temperature-gradient across heat flow path. The relationship for one-dimensional 
heat conduction in steady-flow is given in Eq. (1): 

Q = −k A  
dT 

dx 
(1) 

where Q is heat transfer rate in watts, A is the area of heat transfer surface in m2, k 
is the thermal conductivity of material in Watt/meter Kelvin, dT is the temperature 
differences in between two boxes in Kelvins and dx is the thickness of insulating 
boards in meter. 

2.5 Strength Evaluation 

The strength to the prepared samples to withstand the loads was carried out by 
subjecting the samples to static transverse weights. The applied weights were started 
with load of 20 kg and were increased gradually in step of 1 kg until visible cracks 
appear on the surface of the samples. 

3 Results and Discussion 

The recorded value of temperatures by thermocouples on both sides of samples 
at over the set time duration is listed in Table 2 along with the calculated values of 
thermal conductivity. The graphical interpretation of calculated thermal conductivity 
is presented in Fig. 3.

As we are aware that lower the thermal conductivity of the material, better is its 
thermal insulation capability. It is evident from the results listed in Table 2 and also
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Table 2 Experiment readings for temperature and calculated thermal conductivity for samples 

Reinforcement 
type 

Sample 
designation 

Reading time = 
0 min (initial) 

Reading time = 
45 min (final) 

Thermal 
conductivity, k 
(W/mK)T1 (°C) T2 (°C) T1 (°C) T2 (°C) 

Pure-POP POP-0 35 35 426 97 0.103652 

RH-F RH-F1 35 35 426 97 0.103794 

RH-F3 38 38 443 85 0.099025 

RH-F5 38 38 432 95 0.102433 

RH-G RH-G1 35 35 425 86 0.097324 

RH-G3 38 38 442 74 0.091023 

RH-G5 38 38 432 79 0.096692 

RH-A RH-A1 37 37 426 97 0.102892 

RH-A3 37 37 443 85 0.101987 

RH-A5 36 36 432 95 0.099553 

Fig. 3 Comparison of thermal conductivity for different Rice Husk types

depicted from Fig. 3 that incorporation of RH in different forms have different effect 
on thermal conductivity of the samples. Among the proportions, addition of 1 wt% 
of RH in fiber and ash form (RH-F and RH-A samples respectively) barely had any 
influence on thermal conductivity in comparison with the control sample (POP-0), 
whereas grinded form had shown some effect in terms of reduction in thermal conduc-
tivity. As concentration of RH content was increased to 3 wt%, better insulation was 
observed with grinded form sample (RH-G3) shown least thermal conductivity of 
0.091023 W/mK followed with ash form (RH-A3) and fiber form (RH-F3). The use 
of 5 wt% proportions had shown further increase in thermal conductivity or reduction
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in insulation for all the three forms. Among the different forms of reinforcement, 
grinded form (RH-G) has provided maximum potential as heat insulating reinforce-
ment, followed with ash form (RH-A). The order of effectiveness in terms of thermal 
insulation as shown in Fig. 3 can be listed as RH-G > RH-A > RH-F. The superior 
insulation exhibited by RH-G samples may be due to reason that rice husk in grinded 
form consist of fine particles, that blend well with POP matrix, resulted into compact 
and denser structure, which provided resistance to heat conduction. Inclusion of RH 
as fiber form (RH-F) caused the porosity in structure with pores acted as micro-
channels for heat flow, leads to poor thermal insulation. The insulation ability of RH 
in ash form (RH-A) lied in between of two reinforcements forms. Thus, RH-G3 with 
3 wt% proportions proved to be optimal concentration in terms of thermal insulation 
capabilities. Further, it was observed from the results that the thermal conductivity 
value of all RH reinforced samples are comparable to the corresponding values of 
commercially available inorganic insulating materials [13]. But contrary to the side-
effects associated with inorganic insulators, the use of these green composites may 
result in reduced insulation costs as well as cleaner environment. 

The strength evaluation results for different samples are shown in Table 3. It  
is evident from the results that the RH in fiber form (RH-F) has least strength for 
different proportions due to porous structure caused by bigger size fiber particles. The 
strength provided by RH grinded form samples (RH-G) was better than fiber form 
(RH-F) samples, but lower than ash form (RH-A) samples. The reinforcement of 
RH in ash form (RH-A) has shown superior strength in terms of better load carrying 
capacity before rupture, with RH-A3 having 3 wt% of ash content showed the ability 
to sustain 44 kg before visible cracks appeared on surface. It may be due to better 
dispersion and filler-effect between ash and POP molecules [17]. 

Table 3 Strength evaluation 
samples in terms weight 
sustained 

Reinforcement type Sample designation Weight sustained 
(kg) 

Pure-POP POP-0 35 

RH-F RH-F1 34 

RH-F3 32 

RH-F5 30 

RH-G RH-G1 37 

RH-G3 40 

RH-G5 41 

RH-A RH-A1 38 

RH-A3 44 

RH-A5 42
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4 Conclusions 

The potential of RH as an insulating material was explored by combining it as 
fiber, grinded and ash form into POP matrix. Their effect on thermal conductivity 
as well as strength was analyzed and compared. The experimental results showed 
that all the three forms of RH offered good insulation by restricting the heat conduc-
tion through composite material, wherein RH in grinded form (RH-G) offered least 
thermal conductivity or better thermal insulation, followed with RH in ash form (RH-
A) and then RH fiber (RH-F). Among the three tested proportions of wt% inclusion, 
RH-G3 with 3 wt% proved to be optimal content which offered least thermal conduc-
tivity of 0.091023 W/mK. The strength evaluation of reinforced samples against 
transverse loading revealed that inclusion of ash form (RH-G) formulated better 
bonding with POP matrix resulting into increased strength as compared grinded 
form (RH-G) or fiber form (RH-F). These findings established the capability of RH 
to provide the insulation and strength comparable with existing inorganic industrial 
insulators. It will further support their utilization in manufacturing of sustainable 
green composites to offer a viable replacement for interior thermal insulation. 
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An Analysis of the Behavior of Peepal 
Fiber Reinforced Polyester Composites 
for Tensile, Flexural and Impact 
Strengths 

Obulasu Tapela, G. Dilli Babu, and Ginka Ranga Janardhana 

1 Introduction 

In recent years the polymer composite material has been playing a dominant role 
in many engineering applications like Aerospace, Automobiles, Food Packing, elec-
tronic cabinets, etc. Therefore, lot of interest is being taken by manufacturing indus-
tries, scientists, and researchers in the development of natural-based materials to meet 
the requirements of disposal, clean environment, green engineering, and various other 
aspects of sustainability [1, 2]. Usually, synthetic polymer products produce adverse 
effects during the end of its life [3, 4]. There are so many polymers-based products 
available in our daily life as utilities. Disposal of these polymer-based products is a 
severe concern toward our environment. 

On the other hand, fiber reinforced polymer composites have some specific char-
acteristics like low density, higher stiffness-weight ratio, etc. Polyester is a polymer-
based material widely being used as fibers, composites, plastics, and in coating 
applications, etc. [5]. Researchers have tried to improve the properties of Polyester 
with different reinforcements. Some of those reinforcements are, polyester and sisal 
and glass fiber [6], polyester and Alfa fiber [7], polyester and coconut shell and Palm 
fruit particles [8], polyester and Nano-based graphene oxide and graphite [9]. 

In recent decades most research works have been carried out on natural fiber 
and polymer-based composites due to the low cost of production as compared with 
synthetic fibers [10]. But, in recent year’s researchers are showing more interest
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in natural-based fiber combination for the polyester reinforcement [11–13], due to 
the green engineering requirements. Moreover, nature has abundant raw source of 
natural fibers like coir, bamboo, banana, sisal, etc. 

Peepal is a natural material [14] that has been used in different applications such 
as, biomedical, pharmacy, [15]. Furthermore, few researchers have made an attempt 
to enforce the material with peepal fibers [16]. Unfortunately, Knowledge related 
to peepal fiber reinforcement to a polyester matrix remains blank in the literature. 
The current study is to understand the behavior of peepal fiber reinforcement to 
a polyester matrix in terms of mechanical properties such as tensile, flexural, and 
impact strengths. In this regard, peepal fiber reinforced polyester composite samples 
have been prepared with different fiber fractions. Then, the samples are tested for 
tensile, flexural, and impact strengths. The subsequent part of this article discussed 
the procedure of the sample preparation, the materials used and the testing methods 
applied in detail. 

In recent decades most of the researchers, industrialists, and scientists are striving 
to accommodate the polymer products in terms of thermoplastic and thermoset 
polymer for most of the engineering applications due to the strength to weight require-
ments, thermal insulation, cost concern, etc. Numerous research works have been 
carried out to improve the mechanical performance of the polymer products. The 
literature reveals that different materials such as synthetic fibers, natural fibers, nano 
materials are used as a reinforcing element to the polymers to enhance the mechanical, 
thermal, and tribological properties. Daniel et al. [17] have discussed the more infor-
mation related to syntactic polymers and composites in his book regarding; Phases 
of composite, the significance of thermoset and thermoplastic, macro mechanics, 
micromechanics, and mechanical characterization. Since the present research work 
is on natural fiber reinforcement to a polyester matrix, the discussion will be focused 
on different natural fiber’s reinforcement to the polyester matrix in terms of the 
mechanical properties. Durowaye et al. [8] have fabricated the composite samples 
of natural coconut shell reinforced polyester and Palm fruit particles reinforced 
polyester matrix. The polyester strength is improving with the palm fruit particles 
reinforcement in terms of tensile and impact up to the 20% fiber fraction. Also, found 
some improvement of the polyester matrix on the addition of coconut shell particles 
for lower fiber fractions. Brahim and Cheikh [7] have evaluated the tensile properties 
of Alfa fiber reinforced polyester composites based on the fiber fraction. The experi-
ment results concluded that the Alfa fibers play a major role in the polyester matrix to 
improve the tensile strength, and also the stiffness of the composite. Prasad and Rao 
[18] worked on rice straw reinforced polyester composites. The samples are investi-
gated for the tensile, impact properties. The polyester strength is improving with the 
rice straw reinforcement in terms of tensile and impact for the fiber fraction of more 
than 20% volume fraction. Prasad et al. [19] have presented the mechanical perfor-
mance of banana empty fruit bunch fiber reinforced polyester composites. The exper-
iment results reviled that the tensile and impact properties were increased for higher 
fiber fractions, which are greater than 20% of the volume fraction. Also, concluded
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that the low-density banana (EFB) fiber can be used, is tough and lightweight engi-
neering applications. Ahlawat et al. [20] have investigated the mechanical perfor-
mance and tribological properties of walnut shell powder doped polyester composites 
and found higher wear resistance and coefficient of friction for all doped polyester 
composites compared to a pure polyester. Concluded this by saying that all favorable 
factors gained by the walnut shell powder can be a potential filler, where the fric-
tional properties are greatest desirable. Example, the research article presented by 
Marian et al. [21] have investigated the influence of Graphene Oxide and Graphite 
filled Polyester composites based on varying weight proportions of nanofillers. The 
experimental results concluded that the both additives are value added in, improved 
glass transition temperature and decreased coefficient of linear thermal expansion, 
but greatest influence was obtained with the graphene Oxide polyester composite 
compared to graphite polyester composite. 

It was found in the literature that the usage of natural fiber is of two kinds; 
one is as direct substitution and another one as chemically modified. The literature 
reveals that usage of chemically treated or modified fibers gives better strengths 
compared to the untreated fibers. The present paper focus is on alkali-treated fibers, 
i.e., chemically modified fibers with a NaOH solution. Because the NaOH solution 
is used for alkali treatment in many research articles. For example, Benyahia et al. 
[22] have compared the sodium hydroxide (1, 3, 5 and, 7 wt%) alkali-treated Alfa 
reinforced polyester composites with untreated Alfa fibers to analyze the properties in 
terms of tensile, flexural strengths, and concluded the increased performance in terms 
of the mechanical properties after the treatment. Negawo et al. [23] have compared 
the NaOH treated Ensete stem fibers for various fiber fractions (2.5, 5.0, and 7.5% by 
weight) and found the improved properties in terms of mechanical, morphologica, l 
and dynamic-mechanical analysis. Akhtar et al. [24] have used the NaOH at 6 wt% 
concentration for the kenaf (Hibiscus cannabinus) fibers reinforced polypropylene 
composites with 10, 20, 30, 40, 50 wt% fiber fraction to suite for different applications 
such as automotive, sports equipments, and other engineering purpose in terms of 
physical and mechanical properties. After performing the tests, it was concluded that 
40 wt% treated fiber into polypropylene composites exhibited higher mechanical 
performance. Researchers proved that the alkali treatment is also a function of time. 
For example, Rokbi et al. [25] have reported the effect sodium hydroxide treated Alfa 
fiber reinforced in a polyester matrix at varying weight percentages (1, 5, 10 wt% of 
NaOH) over different timings (0, 24, and 48 h) changes the flexural strength. 

Apart from the NaOH solution, usage of some other chemical treatment methods 
also improves the quality of the fiber surface modification for better interaction 
with the polymer matrix and this has been demonstrated by some research articles. 
For example, Sreekumar et al. [26] have presented the various chemical solutions 
(mercerization, permanganate treatment, benzoylation, and silanization) to treat the 
sisal fibers to reinforce in a polyester matrix to enhance mechanical properties, water 
absorption capacity, and improve fiber-matrix interfacial bonding. 

Chaudhary et al. [27] have characterized the natural (Jute, Hemp, and Flax) fiber 
reinforced epoxy composites respectively and their hybridization followed by Hand 
Lay-up method for the tensile, flexural, impact, and hardness properties as well as an
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interfacial bond adhesion. Srinivas and Dilli Babu [28] have presented the fabrication 
of calotropis gigantean fruit fiber reinforced polyester composites followed by Hand 
Lay-up method to evaluate the mechanical and machining properties. The scientific 
name of the peepal is Ficus Religiosa [14]. Its bark looks as light gray, Moreover, can 
be peeled off easily. Prasad et al. [29] have made a new composite by peepal, banyan 
and Copper foil fiber reinforced epoxy matrix composite followed by Hand lay-up 
method on basis of 0°, 45°, and 90° orientation to evaluate hardness and flexural 
properties and found some improvement in the mechanical properties. 

The overall conclusions on the hand literature are that peepal fiber reinforced 
polyester composites is a unique combination, there is a possibility of improving the 
polyester properties through peepal fiber reinforcement. Since peepal is a natural fiber 
and commonly available, the peepal fiber reinforcement to polyester can meet the 
requirements of green engineering and sustainability. The objective of present work 
is to fabricate the peepal fiber reinforced polyester composites by using Hand lay-up 
method and to evaluate the mechanical performance in terms of tensile, flexural, and 
impact strength. 

2 Experimental Procedure 

2.1 Materials 

Materials used to make the peepal fiber reinforced polyester composite are; Peepal 
fibers and Polyester resin as the base material along with the MEKP Accelerator and 
cobalt naphthenate catalyst, NaOH and distilled water for fiber treatment and Rubber 
sole material for molding purpose. 

The peepal tree and its nativity, characteristic and fiber extraction have been 
discussed in the literature review. Polyester is a synthetic polymer, belongs to the 
thermoset group. Here, Methyl ethyl ketone peroxide (MEKP) has been used as a 
curing agent, which is a catalyst as well cobalt naphthenate is used as an accelerator 
[28]. Moreover, Sodium hydroxide (NaOH) and distilled water have been used for 
the treatment and washing of fibers, respectively. 

2.2 Methodology 

The test sample of peepal fiber reinforced polyester composite has been prepared by 
using Hand lay-up method discussed by Srinivas and Dilli Babu [28]. The sample 
preparation or fabrication part is divided into two parts—one is fiber treatment (i.e., 
Alkali treatment) and other is composite molding (i.e., fabrication part). Fibers can 
be purchased from some potential suppliers. These purchased fibers are cleaned and 
chemically treated with a NaOH solution during the fiber treatment. Initially, the
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Fig. 1 Soaking of Peepal 
fibers in NaOH solution and 
Verifying the PH value 

purchased peepal fibers must be combed and rubbed gently to remove dust particles. 
Then the fibers were placed in sunlight for a few hours. When fibers get dried, they 
must be treated with a NaOH solution. 5% by weight of the NaOH was added to the 
water to make the NaOH solution. After stirring, the NaOH particles get dissolved 
into the water properly. The dried fibers are dipped into NaOH solution for three 
hours (i.e., soaking Fig. 1) then washing was done with distilled water to eliminate 
impurities. To this concern, the fibers were cleaned to such level that pH value was 
maintained to 7 (Fig. 1). Then the cleaned fibers were dried in the sunlight on a hot 
summer day. 

2.3 Fabrication of Specimens 

The composite sample preparation (i.e., fabrication part) is carried out by using the 
Hand lay-up technique. Here, peepal fiber is reinforcement in the polyester matrix. 
The accelerator and the catalyst are used as reactive agents for good adhesive bonding 
between the peepal fiber and polyester matrix. The Hand lay-up technique is one of 
the simplest methods compared with the other manufacturing methods, in terms of 
tooling and cost. Molds are prepared according to the sample sizes. The sample sizes 
are taken according to the ASTM D 638M for tensile, ASTM D790M-86 for flexural, 
and ASTM D256-97 for impact samples. 

Petroleum jelly is applied on the mold surface to avoid the sticking of the polymer 
matrix to the edge surface. One milliliter of each accelerator and catalyst is thoroughly 
mixed into the polyester resin before it is poured into the mold cavity (Fig. 2). Before 
filling the polyester resin into the mold, the weight fraction of fiber must be calculated 
based on the mold cavity size. After pouring the polyester resin into the mold cavity, 
the hand roller was used to spread uniformly into the mold cavity. The process was 
repeated for each layer of fiber until the required thickness is attained. 0.5 KN load 
is applied on the tile plate and kept for 24 h for curing at the room temperature. After 
the curing time, the mold is opened and composite samples are taken out. Finally, the 
grinding process is done to ensure the standard dimensions. Grinding of specimens 
and a set of finished samples were shown in Fig. 2.
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Fig. 2 Pouring of polyester solution into the mold cavity, grinding of samples and final test samples 
of the composites 

3 Results and Discussion 

The molded samples are tested for tensile, flexural, and impact strengths. Figure 3 is 
showing the image of a set of broken samples during the tensile, flexural, and impact 
test, respectively. 

Table 1 represents the results of the experiment for tensile, flexural and impact 
strengths of the samples based on the fiber fraction. The properties of pure polyester 
have been referred from the articles [18, 29]. Figures 4 and 5 shows the behavior 
of peepal fiber reinforced polymer matrix composite samples for tensile strength 
and tensile modulus respectively. Figure 3 is evident that the peepal fiber reinforced 
polymer matrix composite exhibits better tensile strength as a function of fiber frac-
tion loading. This happens, only because the polyester matrix has a better ability to 
transfer the load stress to the peepal fibers. Thus, the composite samples sustain the 
maximum external load before failure.

Fig. 3 Fractured test sample 
specimens 
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Table 1 Experimental results of tensile, flexural, and impact strengths 

Fiber 
weight 
fraction 

Density 
(g/cc) 

Tensile 
strength 
(MPa) 

Tensile 
modulus 
(GPa) 

Specific 
tensile 
strength 

Flexural 
strength 
(MPa) 

Flexural 
modulus 
(GPa) 

Impact 
strength 
(KJ/m2) 

0 1.20 31.5 0.63 26.23 55.08 1.71 6.30 

10 1.21 67.94 1.96 56.57 – – 22.05 

15 1.26 60.54 1.80 50.41 187.60 6.77 33.07 

20 1.24 107.11 1.89 89.18 229.13 11.01 36.22 

25 1.30 75.30 2.51 62.70 238.00 8.61 37.80 

30 – 116.26 2.19 – 270.20 9.92 62.99 

Fig. 4 Tensile strength versus fiber fraction 

Fig. 5 Tensile modulus versus fiber fraction 

In Fig. 4, it is observed that the 30 wt% peepal fiber fraction reinforced polyester 
composite exhibited the maximum tensile strength (σ u) of 116.26 MPa, which is 
higher, compared to those of the other weight fractions. And, it is also noticed 
that there is an increment of tensile strength about 72.90% compared with the pure 
polyester material.
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Similarly, the tensile modulus (E) of peepal fiber reinforced polyester composite 
for 10, 15, 20, 25, and 30% of fiber fraction has been shown in Fig. 5. The results in 
the figure represent an increasing trend of tensile modulus with respect to the fiber 
fraction up to 25 wt%, but, there is some slight decline of tensile modulus at the fiber 
fraction at 30 wt%. The maximum tensile modulus is found as 2.51 GPa at 25 wt% of 
fiber, which is 74.9% higher as compared to pure polyester matrix. It was observed 
that there is no fiber pullout during the testing. It is considered a good sign for a good 
composite, as there is a good interfacial bonding between the fiber and matrix. 

Figure 6 shows that the outcome of a specific tensile strength of peepal fiber 
reinforced polyester composite with respect to the fiber fraction. The experimental 
results stated that the specific tensile strength of polyester is increased with the peepal 
fiber fraction loading. Here, at 20 wt% of fiber fraction, the specific tensile strength 
has attained a maximum of 89.18 MPa/(g/cc). Which is 70.58% higher than pure 
polyester. 

Figures 7 and 8 show the variation of peepal fiber reinforced polyester matrix 
composite’s flexural strength and flexural modulus, respectively. The flexural strength 
(σf ) and flexural modulus (Ef ) are calculated based on the Eqs. (1) and (2), 
respectively [29].

Flexural strength σ f = 3PL  
2bt2 

(1) 

Flexural Modulus E f = L
3m 

4bt2 
(2) 

where ‘P’ is maximum applied load, L is the length of the span, ‘b’ means breadth, ‘t’ 
is the thickness of the beam and ‘m’ represents the slope of the load versus deflection 
curve. Figure 7 gives evidence that there is an effective increment of flexural strength 
of the peepal fiber reinforced polyester composite for the percentages of 10, 15, 20, 
25, and 30 of fiber loading. Moreover, a positive linear trend is seen. The maximum

Fig. 6 Fiber fraction versus specific tensile strength 
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Fig. 7 Flexural strength versus fiber fraction 

Fig. 8 Flexural modulus versus fiber fraction

flexural strength is found as 270.20 MPa, which is obtained at 30% of fiber loading. 
In overall, there is 79.61% of increment of flexural strength as compared to a pure 
polyester’s flexural strength. Similarly, the flexural modulus of peepal fiber reinforced 
polyester composite at the percentages of 15, 20, 25, and 30 fiber weight fraction is 
shown in Fig. 8. According to the experiment results, the flexural modulus is noticed 
as incremental behavior. The maximum flexural modulus of 11.01 GPa is attained 
at 20% of fiber loading. This flexural modulus is 84.46% higher compared to pure 
polyester. 

Figure 9 shows that the variation of impact strength of peepal fiber reinforced 
polyester matrix composite with respect to the fiber loading at the percentages of 
10, 15, 20, 25, and 30. Figure 9 shows that the impact strength of peepal fiber 
reinforced polyester matrix composite with respect to the fiber fraction. The behavior 
of impact strength is increasing w.r.t. fiber fraction. The maximum impact strength 
of 62.99 kJ/m2 is obtained at 30% weight of peepal fiber fraction polyester matrix 
composite. This impact strength is 89.99% higher compared to a pure polyester 
matrix.

Since the experiments are done with the Hand lay-up method, there are some 
chances of manual defects such as fiber straightness along the sample length and
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Fig. 9 Impact strength versus fiber fraction

fibers distribution across the sample cross-section and some variation in measuring 
instruments. The results are presented based on the best efforts and skills of the 
experimenter. For better results in terms of accuracy, advanced machine tools and 
DOE techniques (ANOVA) must be implemented. The research work to investigate 
the behavior of the polyester with the peepal fiber reinforcement and feasibility 
of peepal fiber addition to a polyester material has attained its objective and the 
experiment is successful. 

4 Conclusions 

The present study depicts the effect of alkali-treated peepal fiber reinforced polyester 
composite in terms of mechanical performance have been studied. 

The mechanical properties of peepal fiber reinforced polyester matrix composite 
in terms of tensile, flexural, and impact are tested. The mechanical strengths increased 
with respect to the fiber fraction. Fiber fraction loading polyester composites exhib-
ited higher mechanical properties in terms of tensile, flexural, and impact strengths 
than the pure polyester behavior. Among the all treated peepal fiber weight fractions, 
the 30 wt% peepal fiber weight fraction loading polyester composite has better perfor-
mance in tensile, flexural, and impact aspects. The impact strength also observed 
continuous improvement with increased fiber fraction. It is a good sign that the 
peepal fiber reinforced polyester composite has the potential capacity to take the 
sudden higher applied loads. The results with the aid of alkali treatment and fiber 
fraction are more authentic key factors in improving mechanical performance. By 
observing the overall results one can understand that the specific strengths in terms of 
tensile have increased. So that, the peepal fiber is value added potential reinforcement 
with the thermoset polyester matrix composite. 

Finally, all these considerable factors are summarized to tell that the peepal fiber 
is also a promising material to reinforce the polyester matrix. The addition of 30% 
of peepal fibers will improve the mechanical properties of the polymer and also
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improves the sustainable character. Even though the results are satisfactory in terms 
of mechanical and environmental aspects, still, there is a need to explore more on 
peepal fiber reinforcement in the polyester application for a variety of engineering 
products/ applications individually. 
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Preparation of Cellulose Nanofibers 
(CNFs) from Cajanus cajan (Pigeon Pea) 
and Acacia arabica (Babul Plant) 

R. Mrudhula, P. Dinesh Sankar Reddy, and G. B. Veeresh Kumar 

1 Introduction 

The cellulose biopolymer is the abundant resource in the world. With increased 
awareness about environment, natural polymers are gaining maximum importance 
in day-to-day life. Of all this, cellulose is the most abundant biopolymer, which 
is present in almost all plants, animals, bacteria, etc., which has attracted many 
researchers to work on various aspects of this biopolymer. Cellulose biopolymer 
structure is established by fibrils, which is surrounded by lignin and hemicellu-
lose. Cellulose is composed of 1-β, 4D-linked glucose chains with glucose units 
grouped in 6-membered rings (pyranoses) and linked by a single atom of oxygen 
(acetal linkages) between the C-4 of the next ring and the C-1 of one pyranose ring 
[1]. Due to their unique features and applications in various industries, the cellu-
lose nanofibers (CNFs) development has significant attention in recent decades. For 
commercial applications, isolating cellulose nanofibers from the cellulose matrix 
necessitates a lot of energy. Their usage has been limited in the previous decades. 
After the discovery of a strong impact of pretreatment methods aimed at facilitating 
mechanical disintegration, such as 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO)-
mediated oxidation [2] or enzymatic hydrolysis [3–5], CNFs are more interesting in 
commercial applications.
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Charreau et al. patent studies [6], book chapters from Chauve and Bras [7], Bardet 
and Bras [8] and Lindstrom et al. [9], studies focusing on industrialization and market 
issues, show that it is widely available as a commercial product and that interest in 
industrial applications is growing [10]. 

Nanocellulose fibers from different agricultural products have been extracted such 
as banana [11], mulberry [12], cotton [13], wheat straw [14], bamboo [15, 16], 
pea hulls [17], hemp [18], coconut husk fibers [19], bacterial cellulose and kenaf 
core [20], palm [21], pinecone biomass [22]. The extraction techniques consist of 
mechanical treatments, like cryocrushing [23, 24], high-pressure homogenization 
[25, 26], acid hydrolysis [27] enzyme-assisted hydrolysis [5, 28, 29], electro spinning 
methods [3], and ultrasonication [30, 31]. Depending on the cellulose, all these 
processes produce distinct types of nanofibrillar materials. 

Acacia arabica species are frequently known in India as “Babool” and have got 
long been utilized ethnomedicinally for skin treatment, stomach, genital, and dental 
disorders. In India, Cajanus cajan (pigeon pea) branches are utilized as a natural 
fence, and Cajanus cajan (pigeon pea) branches are classified agricultural waste 
and were used to extract nanocellulose fibers. In the current study, alkali treatment 
was used to extract cellulose fibers from the branches of these two plants, which 
were then hydrolyzed by sulfuric acid to yield cellulose nanofibers. Using sulfuric 
acid and an ultrasonic technique, nanofibers from Acacia arabica and Cajanus cajan 
were isolated. Scanning electron microscope (SEM), X-ray diffraction (XRD), and 
thermogravimetric analysis were used to examine the morphology, crystallinity, and 
thermal properties of the isolated nanofibers (TGA). 

2 The Materials of Fiber and Methods Followed 

2.1 Materials 

Cajanus cajan (received from Kadiri, Andhra Pradesh), Acacia arabica (collected 
from Anantapur, Andhra Pradesh), sodium chlorite, sodium hydroxide, sulfuric, and 
acetic acid. All analytical grade chemicals were used without any purification. 

2.2 Extraction of Cellulose Fibers 

The branches are cut into a length of 3 cm and washed using distilled water to remove 
dust on the surface and ground. The test samples were 1st dewaxed in a Soxhlet device 
with 2:1 (v/v) mixture of benzene and ethanol for 6 h. The test samples were later 
treated with 2 wt% NaOH solution at 90 °C for 2 h and next samples treated with 
sodium chlorite 0.3 g and 0.1 ml acetic acid per gram of dry test sample, and the 
reaction temperature was maintained at 75 °C for 1 h [32]. Subsequently, the chemical
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treatment of the test samples was filtered and washed using distilled water till the 
samples were neutral. 

2.3 Acid Hydrolysis 

Acid hydrolysis of nanocellulose fibers for 2 h at 55 °C in 64 wt% sulfuric acid 
with continuous stirring resulted in an aqueous suspension of nanocellulose fibers. 
The flask was chilled in ice-cold water once the hydrolysis was completed. The 
aqueous solution of fibers was diluted and centrifuged many times before being 
neutralized with 1.0 wt% aqueous NaOH. After 30 min of sonication treatment, drop 
of chloroform is added and stored in refrigerator at 4 °C. 

2.4 Chemical Composition Estimation 

Chemical analysis of stalk samples at different stages was carried out in accordance 
with the standard methods of TAPP1, 2002, New York. 

2.5 Scanning Electron Microscopic Analysis 

A Zeiss DSM 960 microscope was used to study the morphology of each fiber. With 
an accelerating voltage of 10 kV, a drop of aqueous dispersion suspension of each 
fiber was dried and inspected without any sputter coating. 

2.6 Crystallinity Measurement 

XRD examination was done utilizing a Bruker D8 Advance, Germany with Kα Cu 
radiation (λ = 1.54 Å) at scan speed 0.04 s−1 for crystallinity measurement. XRD 
patterns of cellulose test samples were recorded over a 2θ range of 10–35°. 

2.7 Thermogravimetric Analysis 

Thermogravimetric analysis (TG) were used to inspect the cellulose fibers’ properties 
of degradation at each step up from the two sources. A thermogravimetric analyzer 
(Perkin Elmer, Diamond) was used to investigate the thermal steadiness of each 
sample over a range of temperature from 25 to 700 °C with 10 °C/min heating rate.
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Table 1 Plant materials 
chemical composition at 
different stages 

Raw material Cellulose (%) Hemicellulose 
(%) 

Lignin (%) 

Cajanus cajan 47.31 32.5 18.6 

Acacia 
arabica 

36.2 22.3 25.7 

Bleached CC 
fibers 

85.2 8.26 1.7 

Bleached AA 
fibers 

83.4 13.6 4.2 

3 Results and Discussion 

3.1 Chemical Composition Estimation 

The chemical composition of two samples at different extraction stages was as shown 
in Table 1. The initial Cajanus cajan bark contains of cellulose—47.31%, lignin— 
18.6%, and hemicellulose—32.5%, and Acacia arabica consists of 37.2% cellulose, 
22.3% lignin, and 25.7% hemicellulose. Due to the elimination of lignin and hemicel-
lulose following chemical treatments, the percentages of cellulose in the two samples 
have increased. The cementing elements in plant materials, hemicellulose, and lignin 
form a matrix around the cellulose fibers. Lignin and hemicellulose must be removed 
to isolate cellulose efficiently. 

3.2 Scanning Electron Microscopic Analysis 

The SEM micrographs in Figs. 1 and 2 show that sulfuric acid hydrolyzed fibers of 
Cajanus cajan (pigeon pea), Acacia arabica (Babul plant) which triggered break-
down of fibers into rod-like structures. The crystalline sections were unharmed, 
whereas the amorphous parts were selectively hydrolyzed. Individual cellulose fibers 
were measured to have an approximately average diameter of 20 and 40 nm length, 
respectively. SEM revealed no significant differences in length or diameter among 
the nanofibers. The hydroxyl esterification groups by sulfate ions happens when 
sulfuric acid treated cellulose. When sulfate groups are introduced along the surface 
of crystallites, the surface takes on a negative charge. The anionic stabilization of the 
crystallite colloidal suspensions is most likely owing to the attraction/repulsion forces 
of the electrical double layers at the crystallites [33]. The crystalline particles, on 
the other hand, were rod-like and clumped together after drying to some extent. The 
micro-sized cellulose fibers did, in fact, include strong hydrogen bonding nanofibers 
[34]. After ultrasonic treatment, separate or individual nanofibers were obtained.
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Fig. 1 Cajanus cajan 
nanocellulose fibers SEM 
images

3.3 Crystallinity Measurement 

Studies of XRD treated, untreated cellulose fibers, and their respective fibers of 
nanocellulose were conducted to investigate the fibers crystalline behavior. Table 2 
and Fig. 3 presented with the XRD diffraction patterns and crystallinity percentage. 
In Fig. 3a, all the peeks are observed at 2θ = 22.7° and in Fig. 3b, 2θ = 22.4° which 
characterize the representative cellulose I structure [35]. The crystallinity percentage 
was showed in table, where it is observed that crystallinity of original Cajanus cajan 
and Acacia arabica was 53.8% and 47.6%, respectively, and their nanofibers are 
73.6% and 62.5% which is undoubtedly due to the removal of hemicellulose and 
lignin during chemical treatments.



434 R. Mrudhula et al.

Fig. 2 SEM images of 
Acacia arabica 
nanocellulose fibers

Table 2 Crystallinity of 
Cajanus cajan and Acacia 
arabica at different stages 

Material Crystallinity (%) 

Cajanus cajan 53.8 

Acacia arabica 47.6 

Bleached CC fibers 65.2 

Bleached AA fibers 53.8 

Nano-CC fibers 73.6 

Nano-AA fibers 62.5

3.4 Thermogravimetric Analysis 

Cajanus cajan and Acacia arabica raw, bleached, and nanocellulose fibers are 
subjected to thermogravimetric analysis to compare their degradation characteris-
tics. Figure 4 shows the TGA curves of both. In these curves, initial drop was started 
from around 50°–150 °C which corresponds to moisture present in the sample. Due 
to the presence of different components in the untreated plant materials, degradation 
starts from 220 °C, but in bleached and nanocellulose fibers, degradation starts at the 
temperature above 300 °C. And in the figures, the broad peek from 200 to 500 °C
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Fig. 3 X-ray diffraction patterns of a Cajanus cajan and b Acacia arabica (a) nanocellulose fibers, 
(b) bleached cellulose fibers, (c) original cellulose fibers

represents the degradation of lignin, but the degradation temperature in the nanocel-
lulose fibers of Cajanus cajan and Acacia arabica is increased to 356 and 337 °C due 
to the fact that lignin and hemicellulose are removed by different chemical treatments 
[36], even though the enhanced weight residue of the cellulose whisker was for the 
reason that the sulfate groups acting as flame retardants [37]. 

From the observations, the fibers of Cajanus cajan and Acacia arabica are 
extracted with best quality, and the method followed in this fabrication process is 
very effective in producing quality nanofiber when compared with works on plant 
cellulose fibers [14], pea starch, and cellulose nanowhiskers [17].

Fig. 4 TGA curves of a Cajanus cajan and b Acacia arabica 
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4 Conclusions 

Nanocellulose fibers were extracted from Cajanus cajan and Acacia arabica fibers 
using chemical treatments followed by ultrasonication. Chemical analysis of the 
fibers revealed that hemicelluloses and lignin were removed in part during the 
chemical procedure. These threads were successfully split into nanofibers with 
sizes ranging from 20 to 40 nm. Cajanus cajan crystallinity was greater than 73 
percent, while Acacia arabica crystallinity was 62.5%. The thermal properties of 
the nanofibers were also improved, with high-thermal degradation temperatures 
exceeding by 330 °C, compared to 210 °C for their untreated counterparts. These 
findings suggest that the nanofibers produced have better thermal properties, making 
them ideal for use as reinforcing components in the manufacture of bio-renewable 
composite materials. 
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Investigation and Assessment 
of Mechanical Properties of Al-Fly Ash 

K. Chinna Maddaiah and G. B. Veeresh Kumar 

1 Introduction 

The blend of two or more materials known as composite material exhibits improved 
properties than the individual constituents when used alone. Individual materials 
in metallic alloys, on the other hand, retain their unique physical, chemical, and 
mechanical properties. Reinforcement and matrix, on the other hand, are two distinct 
elements of MMCs. Composites have stronger strength, stiffness, and low density 
than bulk materials, allowing for weight reduction in finished parts. Researchers have 
extensively investigated composites’ unrivalled the performances [1–3]. The wear-
resistant particulate-filled MMCs are used in applications such as vehicle segments 
such as piston blocks, cylinders, cylinder rings, calipers, impellers, space struc-
tures, contactors, and vibrator segments [4]. Al-based composites shown exceptional 
mechanical characteristics among MMCs [5, 6]. The wear resistance of Al6061 and 
Al6061-TiO2 MMCs is influenced by sliding distance, weight % of reinforcement, 
and normal load [7, 8]. Prakash Rao [9] experimental results presented that the 
increasing content of fly ash as reinforcement content in the composites reduces 
cutting tool failure by reducing built up edge formation. Ankush Sachdeva [10] 
checked possibility by means of using different reinforcement materials fly ash, 
silicon carbide (SiC), and the graphite (Gr) to empower properties of A15020 alloy. 
Different test specimens were fabricated using Al with different reinforcements and 
studied mechanical properties such as strength and hardness. Udaya Prakash [11] 
fabricated the hybrid composites using Al as matrix material, boron carbide (B4C)
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and fly ash as the reinforcement materials. They have investigated the effects rein-
forcements like surface roughness, gap voltage, and pulse on and off time, by means 
of wire electro-discharge machining process. Ramachandra et al. [12] fabricated the 
MMCs using liquid metallurgy route with Al–Si 12 wt% alloy as matrix material 
and 15 wt% fly ash fine particulates-reinforced composite. Results exhibited that the 
resistance to wear of the composite reinforced with fly ash material increases with 
increasing fly ash content but declines with the increasing applied sliding velocity 
and normal load. Manoj Singla et al. [13] fabricated MMCs using Al as base metal 
and reinforcement with varying weight fractions of SiC from 5 to 30% in the steps of 
5%. The results showed that as the weight percent of SiC increases, so does the hard-
ness and impact strength. At 25 wt% SiC, the extraordinary results (maximum impact 
power of 36 nm and maximum hardness of 45.5 BHN) were achieved. Yigezu et al. 
[14] used a full factorial design plan to evaluate abrasive wear of in-situ produced Al– 
12% Si/TiC MMCs. The percentage of TiC in the coating and the sliding distance had 
a bigger impact on coefficient of friction (COF), according to findings. Considering 
the aforementioned, the current research effort intends to develop and test AA1050-
fly ash-reinforced MMCs. In this study, fly ash particles were used to strengthen 
the Al-1050 matrix material at varied weight percent. The mechanical and tribolog-
ical characteristics of Al-fly ash composites that have been manufactured have been 
characterized and investigated. 

2 Materials and Fabrication 

2.1 Material 

The material being Al-1050 ingots from was supplied by Fenfe Metallurgical, 
Bangalore, India. 

Al alloy AA1050 because of its low density, limited capacity to be strengthened via 
precipitation, strong thermal and electrical conduction, superior corrosion resistance, 
and good damping capacity, was chosen as the metal matrix in this investigation. 
The chemical compositions of AA1050 alloy are shown in Table 1. The properties of 
AA1050 and the reinforcing fly ash are shown in Table 2. Reliance Industries Limited 
provided injection grade HDPE (M60075), and NTPC of West Bengal, India provided 
fly ash. Fly ash was selected as a reinforcement alloy because it is a byproduct of 
coal combustion and is inexpensive, as well as having high electrical resistivity, poor 
thermal conductivity, and low density. In the current work, three different proportions 
of fly ash (1, 2, 4%) are taken. For 1%, 500 gm of Al and 5 gm of fly ash are taken. 
For 2%, 500 of Al and 10.5 gm of fly ash are taken, and finally, for 4%, 500 gm of 
Al and 21 gm of fly ash are taken.
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Table 1 Chemical composition of AA1050 [15] 

Element Cu Mg Si Fe Mn Zn Ti Al 

Percentage 0.001 0.003 0.123 0.259 0.004 0.008 0.01 Balance 

Table 2 Physical and 
mechanical characteristics of 
the base alloy AA1050 [15] 
and reinforcement fly ash 

Materials Hardness 
(HB500) 

Density (g/cc) Tensile strength 
(MPa) 

AA1050 34 2.71 78 

Fly ash 500 2.17 450 

2.2 Fabrication and Testing 

The fabrication of Al-fly ash MMCs via stir casting procedure was selected; crucible 
is heated up to 720 °C, and then, Al is placed in crucible; the temperature was 
maintained till the Al is melted. The fine powder particles of fly ash were selected 
as the reinforcement material and were added in molten Al after effective degassing 
with hexachloroethane degassing tabled, and it will be mixed continuously by stirring 
continuously at 400 rpm for about 10 min simultaneously about 5 g of Mg chips were 
added to molten mixture to improve the wettability of reinforcement in the matrix 
material. In the meanwhile, the molds were cleaned and preheated up to 300 °C. 
After effective stirring of the molten mixture of AA1050 and fly ash MMCs can be 
poured into the preheated circular-shaped permanent mold box made of cast-iron. 
After solidification, specimen should remove from the molds, and the excess material 
from the specimen will be removed by using filling and by using emery papers. Using 
a CNC lathe machine, the cast MMCs obtained from stir casting were machined to 
the requisite specifications in accordance with ASTM standards. Mechanical qual-
ities are tested, such as tensile strength, hardness, and wear resistance. The UTM 
model TUE-C-600 was used according to ASTM standard E8M-04, at JNTU Hyder-
abad. Hardness test machine model VH-1, SR. No: 27497 was used specimens were 
prepared according to ASTM standard E384-11. Hardness test is made by using 
Vickers micro-hardness tester. ASTM-G99 standards were used in this wear experi-
ment. The sliding speed is maintained at 3.14 ms−1. The pin-on-disk device is used 
to perform the wear test. The pin-on-disk tribometer is used to simulate friction as 
well as investigate and investigate wear mechanisms under sliding circumstances. 
The speed was selected from 0 to 500 rpm, temperature control, normal force, wear 
rate, number of turns, frictional coefficient, speed, and other parameters are regis-
tered and then displayed. The weight of the specimen will be carried out by using 
digital microscope weighing machine. Then, the pin will be rotated on the disk at 
given speed for 5 min. Wear test is carried out at four different loads (9.81, 19.62, 
29.43, 39.24 N). After conducting the test, obtained values are tabulated as below 
(Figs. 1, 2 and 3).
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Fig. 1 Wear characteristics of Al-flyash 1 wt% composite 

Fig. 2 Wear characteristics of Al-flyash 2 wt% composite
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Fig. 3 Wear characteristics of Al-flyash 4 wt% composite 

2.3 Factorial Design Methodology 

In this case, a 22 factorial design was employed to investigate four components. 
Compression, hardness, bulk density, and permeability were the four parameters 
chosen. Investigational work based on two levels and two factors was evaluated and 
carried out to assess the influence of factors studied on Al castings. The weight loss 
has an impact on the wear rate, as shown by the ANOVA technique. Table 3 shows 
the corresponding design parameters. The 22 designs for weight loss are shown in 
Table 4 (Figs. 4 and 5). 

Factors : 2 Base designs : 2, 4  

Runs : 4 Replicates : 1

Table 3 For design 
parameters 

S. No. Factors Low (−) High (+) 

1 (Al-fly ash%) 2 4 

2 Load 9.81 39.24
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Table 4 For 22 design for weight loss 

A B Replicates Total Avg. Labels 

I II 

− − 0.0843 0.0890 0.1733 0.466 (1) 

+ − 0.0859 0.0850 0.1709 0.0854 A 

− + 0.2224 0.1970 0.4194 0.2097 B 

+ + 0.2200 0.1870 0.4070 0.2035 AB 

Total 1.9293 0.9646 

Fig. 4 Variation of hardness for Al-fly ash%

3 Results and Discussion 

3.1 Tensile Strength Test 

The AA1050 and fly ash MMCs were subjected to evaluate tensile, yield strength, 
and percentage elongation shown in Table 5. The reduction in mechanical properties 
of the MMCs is attributed to the decrease in solid solution strengthening.
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Fig. 5 Variation of tensile strength for Al-fly ash%

Table 5 Tensile test results S. No. Al-fly ash% (%) Tensile strength 
(MPa) 

Yield strength 
(MPa) 

1 0 100 − 
2 1 117.955 93.357 

3 2 132.090 108.731 

4 4 100.599 79.346 

3.2 Hardness Test 

Hardness test has done for 3 different proportions of Al-fly ash%. From those, 
different values are obtained for hardness values as mentioned in Table 6. 

Table 6 Shows the results 
for hardness test 

S. No. Al-fly ash% (%) Hardness values HV 

1 0 30HV 

1 1 45.0HV0.5 

2 2 51.4HV0.5 

3 4 37.3HV0.5
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Fig. 6 AA1050-flyash results for wear rate 

3.3 Wear Test 

Pin-on-disk wear tests were performed for three different amounts of Al-fly ash 
percent. The results of the testing for wear rate are given in Fig. 6. 

3.4 Factorial Design 

The estimated effect and coefficient of weight loss will be R-sq. = 98.31% and R-sq. 
(pred) = 88.00%. The estimated and coefficient of the design matrix were shown in 
Table 7 

The predicted values of pipe volumes are determined from the formula given 
below. 

Weight loss (Y1) = 0.14575 – 0.002775A + 0.0659B + 0.000125AB (Table 8).

Table 7 Shows the estimated and coefficient of design matrix 

Term Effect Coefficient SE coefficient T P 

Constant 0.146325 0.004591 31.87 0.0000 

Block 0.006825 0.004591 1.49 0.234 

A −0.003700 −0.001850 0.004591 −0.40 0.714 

B 0.120550 0.0620275 0.004591 13.13 0.001 

A * B −0.002500 −0.001250 0.004591 −0.27 0.803 
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Table 8 Shows ANOVA of variance 

Source DF Seq SS Adj. SS Adj. MS F P 

Blocks 1 0.0003726 0.0003726 0.0003726 2.21 0.234 

Main effects 2 0.0290290 0.290290 0.0145460 86.26 0.002 

A 1 0.0000274 0.0000274 0.0000274 0.16 0.714 

B 1 0.0290646 0.0290646 0.0290646 172.36 0.001 

2-way interactions 1 0.0000125 0.0000125 0.0000125 0.07 0.803 

Residual error 3 0.0005059 0.0005059 0.0001686 

Total 7 0.0299830 

3.5 Main Effect Plots and Interaction Plots 

3.5.1 Main Effect Plot 

The principal effect is a plot of the means at each level of a component. When the 
mean response changes across values of a factor, the main effect plot is used to 
analyze the relative strength of the effects across the components. When the line is 
horizontal (parallel to the x-axis) in this graph, there is no major effect; nevertheless, 
there is a main effect when the line is not horizontal. Al-fly ash% (A) climbs from 
low to high levels in the principal impact graph, whereas loads (B) decrease. The 
load has the biggest influence on lowering the wear rate of all the factors (Fig. 7). 

Fig. 7 Main effect plot
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Fig. 8 Interaction plot 

3.5.2 Interaction Plot 

For two variables, it creates a single interaction map. Interaction plots can be used 
to determine whether there is interaction; if the interaction plot has a parallel line, 
there is no interaction (Fig. 8). 

3.5.3 Residuals Plots 

In regression and ANOVA, residual plot is used to measure the degree of goodness of 
model. The probability plot, histogram, versus fits, and versus order are all available 
in Minitab (Fig. 9).

3.5.4 Residuals Versus Fitted Value 

This graphic should show a random distribution of residuals on both sides of 0. An 
outlier is a point that deviates significantly from most other points. In the residual 
plot, there should be no noticeable patterns. 

3.5.5 Histogram of the Residual 

General residual attributes such as typical values, distribution, and shape are 
displayed with this exploration tool. A skewed distribution could be indicated by 
long tail on one side. Outliers are points that stand out from the rest of the bars in 
some way.
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Fig. 9 Residuals plots

3.5.6 Residual Versus Order of Data 

This is a plot of all residuals in the order in which they were collected, and it may 
be used to identify non-random errors, particularly time-related effects. This graph 
serves in the verification of the uncorrelated residuals assumption. 

3.6 Discussion 

The results of this study indicate how reinforcing affects the mechanical character-
istics of stir-cast Al alloy composites. The results of mechanical parameters like as 
hardness and ultimate tensile strength are provided in Table 9. 

Table 9 Shows the results 

S. No. Al-fly ash% Tensile strength (N/mm2) Hardness HV Wear rate (mg/cm2-m) 

Al (AA1050) 100 30 9.81 

1 1 117.955 45.0 0.2186 

2 2 132.090 51.4 0.2224 

3 4 100.599 37.3 0.2200
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Hence, from the above table, we can clearly say that there is a higher value at 2% 
reinforcement. 

4 Conclusions 

In this work, Al-MMCs test samples were prepared using fly ash as reinforcement in 
various weight percentages 1, 2, and 4 into the AA1050 base metal and performed 
various tests. From the tests carried out, it may be concluded that the tensile strength 
can be increased with adding fly ash in aluminum metal matrix. The hardness of 
MMCs of Al-fly ash increased by adding the fly ash. Wear rate decreased by adding 
fly ash in the wear melt. Up to 20% of weight, fly ash can be used in stir casting 
to produce composite. It may be concluded that fly ash may be used to produce 
Al-MMCs which can be used to turn industrial waste to wealth. 
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Investigation on Wear Characteristics 
of a PLA-14% Bronze Composite 
Filament 

P. Sneha and K. Balamurugan 

1 Introduction 

PLA material plays a significant role in the 3D printed samples, and the effect of 
printing orientation and infill density depends upon the layer thickness and layer 
height. It increases the strength of the mechanical properties, and percentage depends 
on the infill density which implies the ductility property [1]. The effects of the 
wear behaviour have been evaluated using pin-on-disc apparatus where the load and 
speed can be varied and performed on coefficient of friction. The speed performs 
the capability of the friction in all static loads, and the rate of change of load plays a 
major significant [2]. 

PLA reinforced material is obtained for 3D printed specimens where biocarbon 
material can be used for mechanical applications and improved the performance of 
the structured material. The particle distribution of the material are in homogenous 
and while extrusion through nozzle was highly imparted in 3D printing. The surface 
of the PLA material has many advantages and increases the volume of the printed 
biocarbon material [3]. The formation of the phase composition of a wear character-
istics has a fragment structure, layers depend upon the pressure of the nozzle friction 
and speed intensity of the flow material, and the printing conditions of a specimen 
are observed. Using the low-carbon and copper materials in the printing, the wear 
samples have observed the friction and magnitude of the printed sample and explain 
the surface nature [4]. Polymer materials such as PLA produce the prototyping of 
the samples using Fused Deposition Method (FDM) technology and depend upon 
the infill density. The samples are printed by varying the infill density and Amer-
ican Society for Testing and Materials (ASTM) standard; the mechanical properties
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were evaluated and improve the printing condition [5, 6]. The orientation of the 3D 
printed samples can be manufactured with mechanical behaviour and layer thickness 
to investigate the layer thickness and layer orientation [7, 8]. The possibilities of rein-
forcement material imply in various engineering fields. By varying the parameters 
such as load, track diameter and speed with a sliding distance in an apparatus, the 
wear rate and friction rate were investigated. It indicates the reinforcement material 
has a significant improves the behaviour of the wear in a polymer composite and 
analyse the wear mechanism for different composite [9]. 

The matrix nature of the 3D printed samples is reinforced with polyester material. 
By varying the load and distance, the wear characteristics were performed [10–15]. 
Orientation of the sample is predominated and compared by varying the load, speed 
and distance. 

This study explains the extrusion process in 3D printing using FDM conditions, 
PLA-14% Bz material characterized the performance of load, track diameter and 
speed getting the wear behaviour, and the properties of the material are studied and 
documented. 

2 Materials and Methods 

2.1 Wear Set-Up Description 

To analyse the friction and wear behaviour, a pin-on-disc tribometer T-201was 
employed, and the printed parameters on PLA-14% Bz composite filament were 
used. The schematic apparatus is shown in Fig. 1a, and detailed observation is shown 
in Fig. 1b. 

The disc is made up of EN31 hardened steel to 60 Hardness Rockwell C scale 
(HRC), and surface roughness is 1.6 Ra of maximum wear length of 80 mm with a 
thickness of 8 mm. The specimen was placed in the specimen holder and a stationary 
pin clammed with a rotating disc. The load, track diameter and speed were varied 
and concluded the coefficient of friction and wear.

Fig. 1 a Pin-on-disc tribometer set-up. b Specimen set-up 
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2.2 Experimental Procedure 

As per the ASTM G99-95 standard was considered to perform the wear character-
ization. The requirement of the wear specimen is rectangular shape, of size 30 × 
8 mm2. They were cut and performed the printed composite specimen. As shown 
in Fig. 2, the PLA-14% Bz specimen is clammed with counter face sliding motion. 
Before performing the wear, first the specimen is checked with the required dimen-
sion and the surface of the specimen was cleaned with the emery papers of different 
sizes such as P220 as coarse grain and 2/0 as fine grain to check the surface and to 
maintain the constant roughness of the specimen. The rotating disc is cleaned with 
acetone and dried before starting the experiments, and the specimen is clammed to 
check the contact surface of the rotating disc in counter face direction. 

As the observation starts between the rotating disc and specimen, the sliding 
friction occurs tangentially to the specimen where the track diameter, speed and the 
load are varied. The values of frictional force and wear were plotted in the graph to 
evaluate the coefficient of friction as stated below: 

Coefficient of friction: 

μ = Ff 

Fn 

where 

Ff = “frictional force” (N) and 
Fn = “normal force” (N). 

While measuring the initial and final values of the required specimens, changing 
the track diameter is in mm (40, 50, 60), speed is in rpm (400, 500, 600), and load is 
in N (20, 30, 40); the material removal rate is calculated. By calculating the material
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Table 1 Printing conditions of a FDM parameters 

S. No. Factors Levels 

1 2 3 

1 Load (N) 20 30 40 

2 Track diameter (mm) 40 50 60 

3 Speed (rpm) 400 500 600 

removal rate (MRR), the rate of wear and frictional force was obtained. For each 
and every observation, the disc is cleaned with acetone and dried. The surface of the 
specimen was machined fully, so as to complete contact with the disc; the specimen 
was stable to the apparatus perpendicular to the disc. By an electronic balance with 
the least count of ±0.01 mm, weight of the specimen was calculated before and after 
the working condition where the load, track diameter and speed can be varied by the 
conditions. Table.1 shows the printing conditions of a FDM for a wear. 

The frictional force of a PLA-Bz filament was printed at various conditions to 
optimize the values by considering the three different levels and to determine the 
orthogonal network (L27) to get the output response as stated in Fig. 2. The overall 
performance of the frictional force results that the values are particularly sizeable and 
decrease the friction. The impact of the frictional force is depending on the surface 
contact of the specimen and sliding distance. By increasing the number of levels, the 
friction force is reduced with respect to speed. At different experiment conditions, 
the maximum friction force is occurred, in between 22 and 24 where the material 
property was highly influenced with the effect of sliding speed. 

The wear rate of the PLA-Bz matrix material was performed as shown in the 
Fig. 2; the rate of wear is consequently changed by varying the track diameter and 
speed. The maximum wear rate can be occurred at 27 levels, and the condition of the 
specimen progressively changes by sliding the surface and depends upon the load 
applied on the disc. To optimize the conditions, L27 network is considered by varying 
the variables and number of levels. The formation of the matrix can be analysed by 
considering the track diameter and speed. 

3 Result and Discussion 

3.1 Grey Relational Analysis (GRA) 

The GRA technique is obtained for analysing the complexity and the multi-input 
response. The correlation between the factors, level of geometry which is known as a 
grey relation degree and the correlation degree between the (S/N) signal to noise ratio 
and normalization. This results, quality of a response and describes the behaviour 
of the material and the inter-correlation between the wear and friction factors and



Investigation on Wear Characteristics of a PLA-14% … 457

to optimize the characteristics and ranking the grey relation coefficient. The steps 
involved for the estimation of the grey correlation degree are given below. 

3.1.1 Normalization and S/N Ratio 

Smaller the better: 

S 

NSB 
= −10 log 10

[
1 

n

(
n∑

i=1 

y2 i j

)]
(1) 

where yij is the ith value analysed of the jth test, and ‘n’ is the overall value. 
The process of grey relation analysis is associated with data recorded and the 

‘n’ value is among ‘0’ and ‘1’ to normalize; the wide variety of number of objects 
are eliminated, and the observation values are minimized. Consistency explains the 
better results. 

Smaller the best 

Xi j  =
[
max j yi j  − Xi j

]
[
max j yi j  − min j yi j

]
The calculation of the S/N ratio and normalization is shown in Table 2.

3.1.2 Grey Relation Coefficient and Grade 

The grey relation coefficient explains the experiment’s actual levels, and the results 
show that the objective feature is emphasized. 

δi j  = mini min j
∣∣X0 

i − Xi j

∣∣ + ζ maxi max j
∣∣X0 

i − Xi j

∣∣∣∣X0 
i − Xi j

∣∣ + ζ maxi max j
∣∣Xo 

i − Xi j

∣∣ (3) 

For output performance, the grey relational coefficient is calculated from the 
relation given below: 

Y j = 1 
m

∑
ζi j (4) 

The grey relation coefficient is calculated from Eq. (4) and tabulated in Table 3; 
accordingly, the grey grade and rank are tabulated.
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Table 2 Normalization and S/N ratio 

Exp. No. S/N ratio Normalization 

Wear (mm) μ (N) Wear (mm) μ (N) 
1 −17.942039 −1.249387 0.091157 −0.71591 

2 −18.355731 −2.588323 0.111158 −0.65118 

3 −18.750613 −3.748162 0.13025 −0.5951 

4 −17.507654 −4.771213 0.070155 −0.54564 

5 −17.050397 −2.588323 0.048047 −0.65118 

6 −16.056641 −2.588323 0 −0.65118 

7 −18.355731 −1.249387 0.111158 −0.71591 

8 −18.555416 −3.748162 0.120812 −0.5951 

9 −18.355731 −2.588323 0.111158 −0.65118 

10 −25.510884 −7.269987 0.4571 −0.42482 

11 −25.421797 −7.965229 0.452793 −0.39121 

12 −25.510884 −6.514216 0.4571 −0.46136 

13 −31.442397 −4.771213 0.743881 −0.54564 

14 −31.487055 −5.686362 0.74604 −0.50139 

15 −31.575687 −7.965229 0.750325 −0.39121 

16 −19.311187 −4.771213 0.157353 −0.54564 

17 −19.490284 −5.686362 0.166012 −0.50139 

18 −19.12832 −5.686362 0.148512 −0.50139 

19 −22.833012 −7.965229 0.327629 −0.39121 

20 −23.070997 −7.269987 0.339135 −0.42482 

21 −23.187588 −7.269987 0.344772 −0.42482 

22 −29.876663 −9.768762 0.66818 −0.30401 

23 −29.930114 −9.768762 0.670764 −0.30401 

24 −30.036041 −10.295341 0.675886 −0.27855 

25 −36.690929 −6.514216 0.997641 −0.46136 

26 −36.666428 −7.269987 0.996456 −0.42482 

27 −36.739727 −6.514216 1 −0.46136

3.1.3 Analysis of Grade Relationship 

Grade relation grade (GRG) settings are used to determine the orthogonal network. 
GRG with a greater value is thought to be more efficient. The multiple responses 
lead to provide the network of the second experimental state. The values are plotted 
in the Table 4.

The input parameters for machining conditions for load at level ‘3’, the track 
diameter at level ‘3’ and speed at level ‘1’ based on GRG are displayed in Fig. 3. All  
observations have the necessary values to calculate the final responses. The maximum
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Table 3 GRA and ranking 

Exp. No. Grey relation coefficient Grey relational grade (GRG) Rank 

Wear (mm) μ (N) 
1 0.523877 0.368201 0.446039 25 

2 0.529425 0.377191 0.453308 22 

3 0.534831 0.385342 0.460086 19 

4 0.518176 0.392829 0.455503 21 

5 0.512307 0.377191 0.444749 26 

6 0.5 0.377191 0.438596 27 

7 0.529425 0.368201 0.448813 24 

8 0.532145 0.385342 0.458743 20 

9 0.529425 0.377191 0.453308 22 

10 0.64813 0.412401 0.530266 11 

11 0.646326 0.418198 0.532262 10 

12 0.64813 0.406279 0.527205 12 

13 0.796103 0.392829 0.594466 7 

14 0.797474 0.399778 0.598626 5 

15 0.800208 0.418198 0.609203 4 

16 0.542698 0.392829 0.467763 18 

17 0.54526 0.399778 0.472519 16 

18 0.540106 0.399778 0.469942 17 

19 0.597953 0.418198 0.508076 14 

20 0.602096 0.412401 0.507249 15 

21 0.604146 0.412401 0.508274 13 

22 0.750852 0.434026 0.592439 9 

23 0.752312 0.434026 0.593169 8 

24 0.755222 0.438875 0.597049 6 

25 0.997646 0.406279 0.701963 3 

26 0.996469 0.412401 0.704435 1 

27 1 0.406279 0.703139 2

Table 4 GRG response table 

Annotations Printing parameters Response Table Delta 

L1 L2 L3 

A Load (N) 0.4510 0.4970 0.5058 0.0548 

B Track diameter (mm) 0.5336 0.5471 0.5598 0.0262 

C Speed (rpm) 0.6018 0.5423 0.5208 0.081 

Error 0.1507 0.0501 0.0540 0.0967 

Higher the level value shows significant effect. Here the bold letters means, at level 3 of load and 
track diameter; level 1 of speed is the optimum machining conditions
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Fig. 3 Grey relations grade versus levels 

load is significantly higher than the remaining loads which have greatly influenced 
on the printing condition of the specimen. 

Coefficient of friction is highly influenced on the wear rate of the required 
machining conditions [13], and the GRG approach is considered for the optimizing 
levels in the response table as shown in the Table 4. 

4 Conclusion 

The wear behaviour of the PLA/bronze composite is printed using FDM technique. 
The maximum load imparts the high efficiency of the track diameter with respect 
to speed. The sliding distance can be varied and plays a key role, for finding the 
composite properties of a material, and layer height and layer thickness depend 
upon the printing condition and the structure of a specimens. The significance of the 
material is improved by the strength of the layer thickness and temperature resistant. 
It improves the properties of a composite material, and structure is more effective. 

Future Scope of Work 

1. Study the wear characteristics by varying the different percentages of bronze 
with the combination of PLA. 

2. Prepare the material by changing the manufacturing techniques to check the 
suitable method. 

3. Adopting different optimizing techniques to get a better wear rate with good 
accuracy. 
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Tribological Properties of Metal 
Particulate Reinforced Polymeric 
Functionally Graded Materials 

Vasavi Boggarapu, Raghavendra Gujjala, Shakuntala Ojha, 
Rakesh Kanakam, Somaiah Chowdary Mallampati, 
and Praveen Kumar Jatothu 

1 Introduction 

Polymer composites play a significant role in various engineering applications owing 
to their superior mechanical and tribological characteristics [1–3]. Metallic compo-
nents such as gears, bearings and seals are now being replaced by reinforced compos-
ites due to their self-lubricating property [4, 5]. However, composites have a delam-
ination failure where the fibers detach from matrix at elevated temperatures. To 
overcome this, researchers have introduced advanced composites which are referred 
as functionally graded materials (FGMs). The composition or microstructure of 
constituents varies gradually in specific directions to achieve unique material prop-
erties as opposed to homogeneous composites [6]. Variation in properties enables 
FGMs to withstand coarse environmental conditions with reduced failures during 
service. Hence, it is essential to study the tribological characteristics. Materials 
having poor tribology properties generate wear during operating conditions which 
reduce the performance of machinery components. In a tribosystem, friction and wear 
are the responses and with coefficient of friction (COF) represent the state of contact 
between the bodies. Different types of wear such as adhesive, corrosive, abrasive, 
fatigue and erosion were reported in the materials. Among them, abrasive wear is 
responsible for 63% of total wear cost. Therefore, it is necessary to evaluate abrasive 
wear properties [7]. This wear can be classified as two-body and three-body abrasive 
wear depending on contact medium. When a harder body removes material from the
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surface of softer body, then two-body abrasive occurs. The removed material in the 
form of wear debris acts as an abrasive between contacting surfaces in three-body 
abrasive wear. This wear is identified by grooves and scars on the worn-out surfaces, 
and wear mechanism was characterized as micro-plowing, cracking and cutting. 

Researchers have developed polymer FGMs with various filler particles like TiO2, 
Al2O3, CNT’s, fly ash, SiC, etc. [8–12]. On the other hand, polymers in combination 
of electro-conducting fillers like aluminum, silver, nickel and copper were being 
practically used in several applications [13]. Among the thermoset polymers, epoxy 
resin is most popularly used polymeric matrix in advanced composites due to its 
high stiffness, adhesion strength, chemical resistive and least shrinkage. Mechanical 
characteristics of epoxy components depend on curing time and temperature [14]. 
Inclusion of different reinforcements enhances the strength and wear resistance of 
pure epoxy. Processes like centrifugal casting, compression molding, stir casting, 
hand lay-up and hot isostatic pressing were adopted in manufacturing of polymer 
FGMs [15]. Owing to low cost and fabrication ease, hand lay-up is extensively used. 
However, to obtain layer homogeneity and good interfacial bonding between the 
layers, curing temperature must be provided. 

Concerning this, the aim of present research is to fabricate epoxy-based FGMs 
reinforced with aluminum (Al) and copper (Cu) particles using hand lay-up technique 
for tribological applications. The study was carried out at dry sliding and coarse 
environment to evaluate wear rate and coefficient of friction (COF) of two different 
FGMs. Dominant wear mechanisms on worn-out surface of samples were observed 
using Scanning Electron Microscopy (SEM). 

2 Experimentation 

2.1 Raw Materials 

Metallic fillers like copper and aluminum of 99% purity having 44 µm particle size 
each, purchased from SRL Chemicals Pvt. Ltd., India, were used as reinforcement. 
Morphology of filler particles was observed using SEM. Al shows spherical shaped, 
while Cu particles have dendritic structures as represented in Fig. 1. Epoxy resin 
(LY 556) was used as polymeric matrix and Aradur (HY 951) as a hardener. To 
obtain gradation along thickness direction of PFGMs, four different layers with 
varying filler content from 5 to 20% were chosen in the study. Thickness of each 
layer was maintained constant to achieve layered homogeneity. Table 1 presents the 
composition of elements and thickness of each layer. For the ease of understanding, 
two types of FGMs samples were represented as FG-Al and FG-Cu.
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Fig. 1 Morphology of a aluminum particles b copper particles 

Table 1 Composition of 
PFGMs at individual layers 

No. of layer FG-Al FG-Cu Thickness of 
layer (mm)Vol % of 

Al/epoxy (%) 
Vol % of 
Cu/epoxy (%) 

4 (top) 20/80 20/80 7.5 

3 (middle) 15/85 15/85 7.5 

2 (middle) 10/90 10/90 7.5 

1 (bottom) 05/95 05/95 7.5 

2.2 Fabrication of Samples 

Using hand lay-up methodology, the PFGM samples were fabricated in a cylindrical 
molds made up of polypropylene. The weight of constituents for each layer was 
measured and mixed in individual containers using mechanical stirrer to achieve 
uniform distribution. Initially, bottom layer having 5% filler was poured in the mold 
and thermally cured in autoclave at 60°. Similarly, the subsequent layers were impreg-
nated into a mold and cured successively. The cured samples were removed from the 
molds to obtain final specimens as shown in Fig. 2b.

2.3 Tribological Testing 

Following ASTM G99-17 standards [15, 16], abrasive wear testing was performed 
on pin-on-disk test rig as depicted in Fig. 2a. The test apparatus consists of stationary
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Fig. 2 a Pin-on-disk test apparatus. b Fabricated samples

pin on which normal load is applied with the help of lever and is pressed against 
rotating disk (counter surface). The pin sample is having diameter of 10 mm and 
height of 30 mm. Here, disk was made of EN 31 steel material with diameter and 
thickness of 165 mm and 8 mm, respectively. The apparatus mainly comprises testing 
unit, controller and display unit. Testing unit includes lever, pin holder and Linear 
Variable Differential Transformer (LVDT) sensors to measure wear and frictional 
force. Controller unit helps to control the motor speed, and display unit presents 
the readings of friction coefficient, wear and frictional force through a computer. 
Experiment was carried out in room temperature to minimize environmental effects. 

To study the abrasive wear behavior of PFGMs on coarse surface, samples were 
tested against P320 grit silicon carbide paper pasted onto the rotating disk. Samples 
were rotated at fixed speed of 300 rpm and constant sliding distance of 500 m by 
adjusting the corresponding test duration. Experiments were conducted at 5 and 10 N 
loading conditions. After every test, acetone was used to clean sample in order to 
wipe out wear debris from the surface. A well-calibrated analytical balance having 
least count of ±0.0001 gm was used to measure the weight loss. Each experiment 
is repeated on five identical samples, and their average values were recorded. Wear 
rate was estimated as △w/ρL , where △w represents the weight loss of sample (in 
gm), ρ is density (gm/cm3), and L denotes sliding distance (m). As the samples were 
graded along the direction of thickness, the test was conducted at top (layer 4) and 
bottom (layer 1) layers only, rather than at layers 2 and 3 to evaluate tribological 
characteristics. 

3 Results and Discussion 

Figure 3 shows the wear rate of FG-Al and FG-Cu at layers 1 and 4 subjected to 
constant sliding distance of 500 m and different loading conditions. Due to variation 
in filler content, samples exhibit different wear rate at individual layers. Irrespective 
of loading conditions, the wear rate of FG-Cu was higher than FG-Al samples. This
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Fig. 3 a–b Wear rate of FG-Al and FG-Cu at layers 1 and 4 for 5 N and10 N loading conditions, 
respectively 

may be due to the hardness of copper which is greater than aluminum. Besides, 
the test was performed on 320 grit abrasive paper which comprises coarse particles. 
Sliding of harder particles on coarse paper resulted in greater wear loss. Moreover, 
presence of coarse abrasive grit leads to inadequate contact with the Cu particles by 
developing high stresses which resulted in greater wear. Wear rate of FG-Cu was 
40% higher than FG-Al at first layer in 5 N loading condition. Effect of load on 
abrasive wear of FGMs samples was shown in Fig. 3a, b. 

It was observed that wear loss tends to decrease with an increase in load from 
5 to 10 N. As the filler particles are ductile in nature, they undergo large plastic 
deformation with increase in applied pressure during test. Thus, wear rate decreases 
with an increment in applied load. Furthermore, wear rate at layer 4 was lower 
than layer 1 for all the test samples. At high filler content, particles form clustering 
within the matrix, and during loading, these particles detach from the surface and 
get accumulated on counter surface. These wear debris may act as lubricating layer, 
thereby decreasing the wear loss. Wear rate of FG-Al at layer 4 was 12.5% and 
8.69% lesser as compared to layer 1 for 5 N and 10 N loading, respectively, whereas 
abrasive wear of FG-Cu at layer 4 was reduced by 33.3% and 17.39% than layer 1 
at 5 N and 10 N load, respectively. Variation in the abrasive wear rate at different 
layers of individual test samples confirms the filler gradation. The obtained results 
followed a similar trend as reported by Srivastava et al. [17] and Suresha et al. [18]. 

The opposing frictional force between pin sample and counter surface was also 
measured during experimentation. Coefficient of friction between sliding surfaces 
was obtained by dividing frictional force with the applied load on sample. COF of 
FG-Al and FG-Cu samples at different loading conditions was shown in Fig. 4a, 
b. At high filler loading (layer 4), COF was observed to be lower as compared to 
low filler content (layer 1). This may be due to the formation of softer wear debris 
which act as lubricant at contact surfaces resulting in less COF. There exists only 
little variation in COF among different layers indicating no inclusions or defects at 
the surfaces. Furthermore, frictional coefficient gets increases with an increase in 
applied pressure. At higher loading condition, filler particles were pressed against
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Fig. 4 a–b COF of FG-Al and FG-Cu at layers 1 and 4 for 5 N and10 N loading conditions, 
respectively 

the coarse grit which may result in heat generation and thereby increase COF. The 
average COF for FG-Cu was reported to be lower than FG-Al samples. Thus, Cu 
particles were more efficient in reducing friction than Al. 

Figure 5a, b represents the worn-out surfaces on P320 grit abrasive paper at 
5% filler loading of FG-Cu samples. Formation of deep grooves was observed on 
the surface which signify the greater material loss. When the samples slide against 
abrasive surface, the coarser particles get penetrated into the pin samples causing 
plowing as seen from Fig. 5c. Due to cutting action, abrasive lines were clearly 
visible on the surfaces. At 20% filler loading, narrow grooves were seen on surface 
of FG-Cu samples (see Fig. 5d). The broken filler particles detach from the matrix 
and stick to the abrasive paper acting as a lubricant which reduces the wear rate. 

Fig. 5 SEM micrographs depicting the failure mechanisms of FGMs samples
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4 Conclusions 

In the present research, polymeric functionally graded materials were fabricated 
using epoxy matrix and aluminum and copper as filler particles (FG-Al and FG-
Cu). Gradation along thickness direction was achieved in conventional hand lay-up 
methodology by providing the curing temperature of 60°. Tribological characteristics 
such as wear rate and coefficient of friction at different layers were evaluated, and 
comparison is made among the test samples. From the experimental results, following 
conclusions were drawn.

● Wear rate of FG-Cu samples was higher than FG-Al due to hardness of copper 
particles. Furthermore, the COF of FG-Cu was lower than FG-Al indicating the 
capability of Cu in reducing friction as compared to Al.

● Irrespective of loading conditions, wear rate at layer 4 was lower than layer 1 due 
to the presence of high filler loading, which acts as a lubricant between sliding 
surfaces.

● Worn-out surface examination revealed the abrasive wear mechanism caused by 
coarser counter surface on the PFGM samples. 
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Comparative Study on Microhardness 
of the Electroless ZnO and SiC 
Reinforced Ni–P Coatings 

Vinod Babu Chintada, Sudhakar Uppada, and M. Vykunta Rao 

1 Introduction 

Surface coating is the process in which surface of the material is coated partially or 
fully for the functional and decorative purposes. In this, the surface is coated with 
film-forming materials along with additives, pigments, and solvents to fulfill the 
preferred mechanical properties. Electroless nickel coatings (EN) are extensively 
used in various fields of engineering because of their excellent tribological and 
mechanical properties, since it is introduced by Brenner and Riddell in 1946. In 
this, without the electric current nickel alloy is coated on the substrate by using an 
aqueous solution. Electroless nickel coating is an auto-catalytic process, Ni2+ gets 
oxidized and reduced, and nickel ions are coated on the substrate. Among the several 
surface deposition techniques, electroless Ni–P coatings gain more interest due to 
low cost and uniform thickness generated over complex geometries. Hypophosphite 
reducing agent reduces the Ni ions from the metal source to produce the Ni–P coat-
ings. Reports confirm that Ni–P coatings enhance corrosion resistance and hardness 
of steels [1, 2]. The heat treatment method significantly alters the mechanical prop-
erties of electroless nickel coatings. Hard crystalline Ni3P phase developed up to 
400 °C temperature, which enhances the properties of the deposit. Above 400 °C, 
the growth of coarse structure impedes the coating’s characteristics. To create Ni–P 
composite coatings, a soft and hard secondary particle is impinged into the Ni matrix 
[3, 4]. The tribological and mechanical characteristics of Ni–P coats are improved by 
introducing secondary phase particles of macro-, micro-, and nanosizes to the Ni–P 
lattice. The wear, resistance to corrosion, and hardness of coatings are enhanced by 
the co-deposition of diverse ceramic hard second-phase particles. The reduction in

V. B. Chintada (B) · S. Uppada · M. Vykunta Rao 
Department of Mechanical Engineering, GMRIT, Rajam, A.P. 532127, India 
e-mail: vinodbabu.chintada@gmail.com 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
B. B. V. L. Deepak et al. (eds.), Recent Trends in Product Design and Intelligent 
Manufacturing Systems, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-4606-6_44 

471

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4606-6_44\&domain=pdf
mailto:vinodbabu.chintada@gmail.com
https://doi.org/10.1007/978-981-19-4606-6_44


472 V. B. Chintada et al.

surface tension and increase in the wettability of the particles with increasing surfac-
tant increase the deposition rate of the secondary particles [5, 6]. The dispersion rate 
of the PTFE particles is maximum in the presence of polyoxyethylene nonyl phenyl 
type non-ionic surfactant. PTFE particle deposition rate increases with an increase 
in the surfactant (fluorinated alkyl quaternary ammonium iodides) concentration up 
to 200 µmole/L [7, 8]. 

Ni–P-coated mild steel microhardness is increased by 13% by incorporating nano-
Al2O3 particles into the nickel lattice [9]. Intermetallic products such as Al3Ni2, 
Al3Ni, nickel silicide, and crystalline Ni3P are formed at 400 °C/h, which improves 
the hardness, wear, and adhesion of Ni–P/Al2O3/SiC coatings [10, 11]. The hardness 
of Ni-W-P-Al2O3 (6 g/L) coatings is slightly equivalent to Ni-P-W coatings in as-
plated circumstances, according to Balaraju et al. [12]. Up to 400 °C, annealing 
temperature improvement in microhardness is noticed in Ni-P-W coatings, whereas 
hardness is enhanced in Ni-W-P-Al2O3 coatings up to 500 °C annealing temperature. 
The addition of copper to a Ni-W-P deposit increases the size of the grains from 2.5 
to 8.8 nm, lowering the coating hardness. Copper co-deposition reduces the Ni-W-P 
coating’s microhardness by 7% [13]. The optimal number of reinforcing particles to 
generate a homogeneous Ni-P-SiO2-MoS2 coating was determined to be 7 g/L. The 
wear resistance of the annealed sample has been increased by combining hard Ni3P 
and SiO2 phases, where activating the sliding mechanism by MoS2 phase reduces the 
friction coefficient of the non-heat-treated sample [14]. The wear loss in Ni-P-SiC-
Gr coatings increases as Gr concentration increases. The Ni-P-SiC-Gr coating has a 
maximum wear loss of 25.69 × 10–6 g/m at a Gr concentration of 12 g/L [15]. After 
CNT [16] inclusion to the coating matrix, the Ni-P-Cu coating microhardness was 
enhanced by 140%. The formation of Ni3P and Cu3P phases at 400 °C improves the 
coating microhardness even further. Most of the researchers focus on the influences 
of various oxide and carbide particles reinforcement on the characteristics of the 
EN coatings. Only a few studies have been done on ZnO and SiC reinforced Ni– 
P coatings. Literature is very limited on comparative analysis among the carbide 
and oxide particle reinforced EN coatings. Present investigation EN coatings are 
formed by reinforcing one oxide (ZnO) and carbide (SiC) particles into the alloy 
matrix individually. This research aimed to compare the microhardness of SiC and 
ZnO reinforced Ni–P coatings prior to and after annealing. Comparative analysis 
is conducted between the coatings to know the good hardness resistive particles to 
achieve better Ni–P composite coating with superior microhardness. 

2 Experimental Procedure 

Mild steel plate with surface area 15×15 mm2 was considered a substrate material for 
the fabrication of electroless coatings. To achieve a mirror polished surface, substrate 
material was abraded using 100, 220, 320, and 420 grades of SiC grained sheets. To 
remove unwanted oil and dust particles, substrate surface was rinsed with acetone and 
deionized water. Pretreated substrate was activated in diluted HCl solution for 60 s
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Table 1 Electroless solution 
elemental composition 

Coating bath elements Concentration (g/L) 

Nickel chloride (NiCl2) 40.0 

Sodium hypophosphite (NaPO2H2) 20.0 

Ammonia chloride (NH4Cl) 50.0 

Trisodium citrate (Na3C6H5O7) 25.0 

SDS 0.60 

Zinc oxide/silicon carbide (ZnO/SiC) 1.0–3.0 

Temperature 88 ± 2 
pH 4.50–5.50 

before immersion into the electroless solution to achieve better adhesion. Suitable 
chemical bath, as shown in Table 1, was selected from past literature to develop Ni–P 
composite coating [17, 18]. 

Pretreated substrate is immersed into the EN solution alone for 60 min to create 
Ni–P film, which enhances the adhesion strength of Ni-P-SiC/ZnO coating. The Ni– 
P-coated surface is then submerged in a solution containing ZnO/SiC nanoparticles 
for 120 min to generate a Ni-P-SiC/ZnO film. The coating solution was heated 
using a constant temperature oil bath apparatus. Throughout the deposition process, 
solution volume was upheld at a fixed value of 150 ml. Pen-type pH meter is used to 
monitor the solution pH value at regular intervals. To know the result of annealing 
process on microhardness of the developed deposit, thermal process is carried out 
at 400 °C temperature. The deposit microhardness was determined before and after 
heat treatment by means of a Vickers microhardness tester at a 100 g load and dwell 
duration of 10 s. An average of 5 readings are carried out at various locations on the 
coating to quote the microhardness value. Schematic representation of experimental 
setup is shown in Fig. 1.

3 Results and Discussions 

Individual incorporation of ZnO and SiC particles to the Ni lattice enhances the hard-
ness of the deposit. The microhardness of Ni-P-ZnO/SiC coatings made at various 
ZnO and SiC particle concentrations is represented in Fig. 2.

Reinforcement of nano-SiC particles into Ni–P coatings has a considerable impact 
on microhardness when compared to ZnO nanoparticles. In comparison with ZnO 
nanoparticles, silicon carbide particle reinforcement into the Ni–P lattice is minimal 
at 1 g/L concentration. As a soft metal oxide, ZnO nanoparticles cause the Ni-
P-ZnO coating to flex more plastically under load [19, 20]. As a result, even at 
lesser concentrations of SiC particles (1 g/L), microhardness of coating Ni-P-SiC is 
approximately equivalent to the Ni-P-ZnO coating. Microhardness of Ni-P-ZnO/SiC



474 V. B. Chintada et al.

Fig. 1 Schematic representation of experimental setup

Fig. 2 Microhardness of the composite coating (Ni-P-ZnO and Ni-P-SiC)

coatings increases with the increase of particle concentration. The maximum micro-
hardness value was found in both the deposits generated at a nanoparticle concentra-
tion of 2 g/L. The hardness of the Ni-P-SiC coating created at the amount of 2 g/L 
SiC is 713 HV. This value is 12% larger than the Ni-P-ZnO coating created at the 
similar level. Because SiC nanoparticles are more resistant to load transfer than ZnO 
nanoparticles, the Ni–P matrix has the highest resistance to plastic deformation and 
the Ni-P-SiC coating has the highest microhardness [21, 22]. At 3 g/L concentration, 
ZnO nanoparticle deposition in the Ni alloy matrix is greater than SiC nanoparticles.
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Fig. 3 Microhardness of the coatings after the annealing process 

Because of the softening property of ZnO particles, the Ni-P-ZnO coating becomes 
softer at higher concentrations [23]. As compared to Ni-P-SiC coating, the Ni-P-ZnO 
coating has a 24% lower microhardness. 

Many studies show that heat treatment at temperatures ranging from 350 to 450 °C 
has a noteworthy impact on the characteristics of EN coatings [24, 25]. Therefore, 
the thermal process, which is conducted at a temperature of 400 °C, increases the 
microhardness of both coatings. After the thermal process, the microhardness of both 
coatings produced at various amounts of ZnO and SiC particles is greater than the 
as deposited conditions. The heat treatment approach converts the amorphous nickel 
phosphide coating phase to crystalline nickel phosphide [26, 27]. The phase shift 
of the material after heat treatment coatings formed at 1 g/L SiC and ZnO particle 
concentration is the same, resulting in similar microhardness of both coatings. At 
2 g/L nanoparticle concentration, the microhardness of the Ni-P-SiC coating after 
heat treatment is 29% greater than that of the Ni-P-ZnO coating. Annealed Ni-P-SiC 
coatings generated with 3 g/L SiC nanoparticle concentration have microhardness 
value of 25% greater than Ni-P-ZnO coatings. Figure 3 depicts the hardness of both 
the coatings after the heat treatment process. 

4 Conclusions 

At all nanoparticle proportions, microhardness of Ni-P-SiC coating is superior to the 
Ni-P-ZnO coating. SiC and ZnO particles of nanosize are spread more uniformly in 
the coatings generated after electroless immersion containing 2 g/L SiC and ZnO 
nanoparticles compared to the 1 and 3 g/L concentrations. Ni-P-SiC coating with 
homogeneously dispersed hard SiC particles generated at a particle concentration of 
2 g/L in the coating bath provides the strongest resistance to plastic deformation. As 
a result, the Ni-P-SiC coatings as deposited had a maximum microhardness value of 
713 HV. During the heat treatment procedure, hard nickel phosphates are formed,
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which improve the microhardness of all coatings. The hardness of the Ni-P-SiC 
film produced at 2 g/L SiC nanoparticles increases up to 68% after annealing. Post-
heated Ni-P-SiC (2 g/L) coating microhardness is 28% more than thermal processed 
Ni-P-ZnO coating made using 2 g/L zinc oxide nanoparticles. 
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Application of Process Capability 
and Design of Experiments to Improve 
Quality Parameters 

Deepak Kumar, B. N. Vinay Kumar, M. C. Vinay, H. M. Yogesh, 
and Ashmitha Prabhu 

1 Introduction 

The granular form of the needed material is filled into the container during the 
injection moulding process, from which it will be transferred to the high-temperature 
zone. The granules will be converted into a semi-fluid form at the high-temperature 
zone and the semi-fluid will then be injected into the casting and filled in. The mould 
component holds together for the stipulated time after the semi-fluid is filled in the 
cast. The mould is then chilled, with the cooling period defined. This results in the 
desired outcome. 

In 1939, Shewhart [10] the first sophisticated statistical process control (SPC) to 
measure exceptional and variability at a manufacturing system’s point of origin. 
Every procedure, according to this system, is subject to two types of variation: 
version from a regular motive that is clearly present in any natural system is innate 
in the process and it is expected to be present; variation from special reasons is the 
version that arises from the fact that an incredible event has occurred. Stages of the 
SPC regime are used. Phase I aims for a deeper understanding of the approach and 
an assessment of method stability. The goal of Phase 2 is to find an assignable 
motivation of variation to keep the system under control [4]. Capability studies 
commonly observe the so-called ‘strong processes’, i.e. techniques showing unifor-
mity of behaviour. Variability measures the uniformity of the function feature of the 
outgoing product and it could be of sorts: herbal variability, relating to a particular 
moment (additionally on the spot variability) and variability in preference to time 
[7]. As previously anticipated, it’s miles now greater evident that Process Capability 
assessment is vital for any software aiming at improving nice [2]. In this paper, the 
theoretical assessment has been evolved with Normal information; that is to say,
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the Normality hypothesis for the distribution of the method output, because, while 
carried out to non-normal information, statistical indices may want to turn out to 
be unreliable [3]. By the usage of Capability Indices, Process Capability Analysis 
compares the output of a robust technique to the specification limits and it’s miles a 
length with respect to inherent precision of a production procedure. Process Capa-
bility may be calculated via several Process Capability ratios and indices. There-
fore, it identifies possibilities to decorate excellent and operational performance [8]. 
Process Capability Index (PCI) shows the quantity to which the way can produce 
the output that conforms to high-quality requirements. It is decided through the 
usage of evaluating the natural variability of a way to the purchaser or engineering 
specs [5]. Cp, additionally called precision index is the primary Process Capability 
Index acting in literature and it is described because the ratio of specification width 
(US–LSL) over the technique spread (6σ), with US and LSL, stand for Upper and 
Lower Specification Limits. The specification width represents client and/or product 
requirements [4]. The primary gain of SPC is that it detects a faulty process, which 
is corrected, prevents the producing of defective merchandise. This is in assessment 
to standard first-rate manipulating workout that identifies faulty merchandise after 
they have been produced. The conventional strategies of perfect control outcomes in 
a luxurious manufacturing process [9]. 

The objective of the work is to 

1. To lessen the variety of rejections. 
2. To lessen the quantity of components that calls for transform through decreasing 

the flash defects. 
3. To discover most fulfilling values for procedure parameters to obtain the suitable 

component weight the use of DOE. 
4. Use the DMAIC approach to outline and resolve the trouble, in addition, to make 

certain the adjustments make certain sustained fine improvement. 
5. To enhance the cost of procedure functionality index, i.e. to lessen the range of 

the procedure. 

1.1 Methodology Adopted 

. 

1.2 Define 

The first step of solving a problem according to DMAIC method is to define it. This 
phase is aimed at defining the scope and goals of this project.
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1.3 Measure 

This is the second step of the DMAIC procedure which focuses on measuring the 
initial state of the system or the process. This can be done using control charts. 
To plot the control charts, each process parameter was measured using the real-
time HMI monitor present on the Engel 220t machine, following a pre-determined 
schedule. The schedule was as follows, following a pre-determined sampling plan. 
The sampling plan was as follows: 

1. All parameters measured once after every five shots of the machine. 
2. 5 measurements taken every hour. 
3. Measurements taken for 15 subgroups of 5. 

1.4 Analyze 

With all the main process parameters identified in the ‘Measure’ phase, factors that 
are easier to control are chosen to conduct the Design of Experiments method to deter-
mine their optimal values as well as the magnitude of effect they have on the output 
or yield of the process. Thus, the experiments were designed to determine optimal 
settings for the process, i.e. determining optimal values for the process parameters 
will be designed taking Injection Pressure, Nozzle Temperature and Injection Speed 
as the factors. For designing the test, Taguchi Technique with the use of orthogonal 
arrays is used to reduce the quantity of experiments in a normal factorial design (27) 
to just nine. An L9 orthogonal array was used that can accommodate four factors at 
three levels each. Since only three factors were considered, the orthogonal array was 
modified by leaving out the last column. The modified orthogonal array is given in 
Table 1. The resulting experimental design with the values of the levels is given in 
Table 2. 

Table 1 Modified L9 orthogonal array 

L9 (33) 1 2 3 4 5 6 7 8 9 

1 1 1 1 2 2 2 3 3 3 

2 1 2 3 1 2 3 1 2 3 

3 1 2 3 2 3 1 3 1 2 

Table 2 Experimental design 

Factors L9 (33) 1 2 3 4 5 6 7 8 9 

Injection pressure 1 119 119 119 122 122 122 125 125 125 

Nozzle temperature 2 228 230 232 228 230 232 228 230 232 

Injection speed 3 75 80 85 80 85 75 85 75 80
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Table 3 Experimental design with response column 

S. No. Injection pressure Temperature Injection speed Part weight 

1 119 228 75 54.6 

2 119 230 80 55.2 

3 119 232 85 55.2 

4 122 228 80 55.0 

5 122 230 85 54.8 

6 122 232 75 55.2 

7 125 228 85 54.4 

8 125 230 75 54.8 

9 125 232 80 56.0 

Each of the nine treatment combinations for Injection Pressure, Nozzle Temper-
ature and Injection Speed was run on the machine and the weights of the resulting 
parts were recorded against every treatment. The part weight data was introduced 
as the response column of the Taguchi design, as in Table 3 and then the ‘Analyze 
Taguchi Design’ option was used to analyze and get results of analysis. 

Results of analysis of a Taguchi design include response Table for means, plots 
of main effect of the factors, ANOVA Table and regression analysis and the residual 
plots for means. 

The effects of analysis are mentioned in the following segment. The main effect 
plot (Fig. 1) shows that the factors Injection Pressure and Nozzle Temperature have 
a positive correlation to the response, i.e. an increase in the value of the factor will 
cause an increase in the value of the response for the range of levels considered. The 
factor Injection Speed has a positive correlation to part weight from the first level 
to the second and a negative correlation to part weight from the second level to the 
third.

The Response Table for Means (Table 4) gives estimates of the effects of the 
factors and Minitab assigns them ranks in descending order of their effect on the 
response. The ranks of Injection Pressure, Nozzle Temperature and Injection speed 
are 3, 1 and 2, respectively, suggesting that the Nozzle Temperature is the factor that 
has the largest impact on the part weight followed by Injection Speed.

1.5 ANOVA 

Null Hypothesis—H0 

All factors and their interactions are not significant. Alternative Hypothesis—H1: 
Factors and their interactions are significant. The ANOVA for Means, Table 5, lists 
an F-value for each term. The F-value is the test statistic used to determine whether 
the term is associated with the response. A sufficiently large F-value indicates that
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Fig. 1 Main effects plot

Table 4 Response table for 
means 

Level Injection pressure Temperature Injection speed 

1 55.00 54.67 54.87 

2 55.00 54.93 55.40 

3 55.07 55.47 54.80 

Delta 0.07 0.80 0.60 

Rank 3 1 2

the term or model is significant. To decide whether or not to reject the null hypothesis, 
the F-value is in comparison to the critical value. The critical value can be determined 
using F-distribution Table under the selected confidence level. The confidence level 
is selected to be 0.10 at which the critical value α = 9.00. Thus, the factors having 
F-value above 9.00 are significant terms to the model.

Thus, the factors Nozzle Temperature (F-value 16.00) and Injection Speed (F-
value 10.43) are significant with Nozzle Temperature being the most significant. 
Since the factors are significant, we reject the Null Hypothesis H0. The four-in-one 
plot (Fig. 2) of residuals shows that the residuals are randomly distributed.

Taguchi Results Prediction 

Given a model of a process through Taguchi Design, Minitab offers a module to 
predict the mean value for a chosen level of each factor. This function was used to 
find the optimum settings of the factors to produce parts with a mean equal to the 
target part weight. By trial and error, the levels of 122 bar for Injection Pressure,
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Table 5 Analysis of variance of means 

Source DF Seq SS Adj SS Adj MS F P Predicted values 
Prediction 

Inj. pressure 2 0.00889 0.008889 0.004444 0.14 0.875 Mean = 55.0222 
Temperature 2 0.99556 0.995556 0.497778 16.00 0.059 Settings 

Inj. speed 2 0.64889 0.648889 0.324444 10.43 0.087 Inj. pressure: 122 

Residual error 2 0.06222 0.062222 0.031111 Temperature: 228 

Total 8 1.71556 Inj. speed: 80

Fig. 2 Residual plots for means

228 °C for Nozzle Temperature and 80 mm/s for Injection Speed were found to 
result in a mean of 55.02 g for part weight. Thus, optimum settings of factors for the 
process to produce acceptable parts were found. 

1.6 Improve 

With the optimum levels of each of the considered factors determined and the extent 
and nature of their effects known, ‘Improve’ phase of this project was implemented.
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Table 6 Data collected of injection pressure 

Subgroup No. 1 2 3 4 5 6 7 8 

X1 118.8 121.5 118.7 119.7 121 118.2 119.5 118.5 

X2 120.4 118 121.9 118.5 118.5 119.8 119.1 119.8 

X3 121.2 119.5 121.5 118.9 122 118 121.7 120.1 

X4 120.6 118.6 118.5 118.3 119.9 118 118.1 119.7 

X5 121 119.3 118.9 121.5 120.4 118.3 121.4 119.9 

Subgroup No. 9 10 11 12 13 14 15 

X1 119.3 120.1 119.9 120.8 119.6 119.7 121.6 

X2 119.8 120.4 119.9 121.1 118.2 118.6 118.2 

X3 119.4 118.2 119.9 119.1 121.8 120.5 121.3 

X4 118.8 119 118.2 119.1 118.9 120.1 119.6 

X5 121.1 121.1 120.2 118.5 118.9 119 121.9 

1.7 Control 

The aim of the ‘Control’ phase is to provide means and methods to hold the gains 
reported in the ‘Improve’ phase. 

2 Data Collection 

2.1 Injection Pressure (in bar) 

The nominal value set for injection pressure on the machine was 120 bar. The data 
and control chart plotted are given in Table 6 and Fig. 3.

As observed in the control chart, no data point plotted has fallen above the upper 
control limit or below the lower control limit which indicates the process is in statis-
tical process control. The eight control chart tests performed by Minitab on the data 
find no presence of special or identifiable causes. 

2.2 Nozzle Temperature (in °C) 

The nominal value set for nozzle temperature on the machine was 230 °C. The data 
and control chart plotted are given in Table 7 and Fig. 4.

As observed in the control chart, no statistical point plotted has fallen above the 
UCL or below the LCL which indicates the system is in statistical manner. The eight
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Fig. 3 Xbar-R chart of injection pressure

Table 7 Data collected of nozzle temperature 

Subgroup No. 1 2 3 4 5 6 7 8 

X1 229.7 228.5 230.5 229.6 231 229.1 229.9 229.3 

X2 229.7 230.6 228.8 230.7 228.6 228 228.2 229.1 

X3 231.6 228.9 228.7 228.1 228.8 230.8 231.5 230.3 

X4 228.1 229 228.3 230.3 232 231 229.9 228.7 

X5 228.3 231 231 228.4 231.4 229.7 228.1 230.6 

Subgroup No. 9 10 11 12 13 14 15 

X1 229.5 229.3 229.7 231.2 228.2 230 228.9 

X2 228.4 229.8 230.3 228.6 231 228.4 230.3 

X3 229.2 231.5 228 228 229.5 229.9 228.8 

X4 229.1 230.7 231.6 229.8 231.3 231.2 229.1 

X5 231 229.2 230.5 230.9 230 231.8 228

control chart tests performed by Minitab on the data find no presence of special or 
identifiable causes. 

2.3 Injection Speed (in mm/s) 

The nominal value set for nozzle temperature on the machine was 75 mm/s. The data 
and control chart plotted are given in Table 8 and Fig. 5.
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Fig. 4 Xbar-R chart of nozzle temperature

Table 8 Data collected of injection speed 

Subgroup No. 1 2 3 4 5 6 7 8 

X1 73.6 73.4 76.3 76.2 75 75.1 73.8 73.9 

X2 77 77 76.2 75.9 76.4 74.6 75.6 76.1 

X3 76.6 75.8 73.2 76.7 74.1 76.6 76.2 75.3 

X4 75.7 76.6 74.3 73.5 73.5 73.6 74.3 73.7 

X5 73.4 73 73.5 73.9 75.7 75.4 73.4 73.9 

Subgroup No. 9 10 11 12 13 14 15 

X1 76.3 75.4 75.5 76.6 74.1 73.3 76.2 

X2 74.7 75.6 76.7 75.6 75.4 73 75.8 

X3 75.2 73.5 76.8 74.2 76.2 75.7 74.2 

X4 76.5 76.5 74.3 76 76.7 76.5 76.2 

X5 76.2 74.4 74.1 73 76.7 74 74.7

As observed in the control chart, no statistical point plotted has fallen above the 
UCL or below the LCL which indicates the system is in statistical manner. The eight 
control chart tests performed by Minitab on the data find no presence of special or 
identifiable causes.
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Fig. 5 Xbar-R chart of injection speed

2.4 Cooling Time (in Seconds) 

The nominal value set for cooling time on the machine was 25 s. The data and control 
chart plotted are given in Table 9 and Fig. 6. 

Table 9 Data collected of cooling time 

Subgroup No. 1 2 3 4 5 6 7 8 

X1 28 28 25 21 29 24 22 21 

X2 27 28 29 25 25 24 21 24 

X3 28 23 25 25 22 25 22 28 

X4 23 25 23 25 21 21 26 25 

X5 29 26 25 24 30 25 22 23 

Subgroup No. 9 10 11 12 13 14 15 

X1 29 25 20 28 23 28 22 

X2 20 22 20 28 30 30 28 

X3 23 29 30 20 29 24 22 

X4 24 27 28 20 30 28 24 

X5 27 23 24 28 22 25 26
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Fig. 6 Xbar-R chart of cooling time 

2.5 Holding Pressure (in bar) 

The nominal value set for holding pressure on the machine was 50 bar. The data and 
control chart plotted are given in Table 10 and Fig. 7. 

As observed in the control chart, no statistical point plotted has fallen above the 
UCL or below the LCL which indicates the system is in statistical manner. The eight

Table 10 Data collected of holding pressure 

Subgroup No. 1 2 3 4 5 6 7 8 

X1 52 48 47 48 51 53 47 53 

X2 47 52 52 48 47 47 51 48 

X3 53 53 52 53 49 50 51 47 

X4 50 52 48 49 53 51 51 53 

X5 49 49 49 53 52 52 49 47 

Subgroup No. 9 10 11 12 13 14 15 

X1 52 51 51 50 47 51 53 

X2 47 48 50 50 48 51 50 

X3 47 53 49 50 50 49 50 

X4 48 47 49 49 48 51 48 

X5 48 52 51 53 49 53 51
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Fig. 7 Xbar-R chart of holding pressure

control chart tests performed by Minitab on the data find no presence of special or 
identifiable causes. 

Recording number of rejections and reworks 

The wide variety of parts that had been rejected and the number of components that 
needed rework was recorded in line with the sampling plan. The data was then used 
to create a pie chart to visually represent the fractions of parts produced that were 
accepted, rejected or needed rework. The data as in Table 11. 

After plotting control charts, an initial process capability study was conducted 
on weight of the parts produced during the same period in order to determine the

Table 11 Rejection-rework data of part 

Subgroup 1 2 3 4 5 6 7 8 9 

Number of 
defectives 

1 0 0 1 0 2 0 0 0 

Rejection/rework Rew Nil Nil Rew Nil Rew-rew Nil Nil Nil 

Subgroup 10 11 12 13 14 15 Rework 6 

Number of 
defectives 

2 1 1 0 0 0 Rejection 2 

Rejection/rework Rej-rew Rew Rej nil nil nil Accepted 67 

Total 75 
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initial value of the process capability index, Cpk. For this, the process capability 
tool of Minitab was used where the part weight data was fed along with the target 
value (55 g) and tolerances (±2 g). Minitab estimates the various process capability 
indices as well as plots a histogram for the data. 

It also plots an Xbar-R control chart. The data collected of weight of pats is shown 
in Table 12. The results from the initial process capability study are as follows.

The Xbar-R chart of part weight (1) is shown in Fig. 8. From the process capability 
report, Fig. 9, the process capability index Cpk is found to be 1.56 which translates 
to approximately two parts per million produced falling outside specification limits. 
The histogram accompanying the report has a single mode at 55.8 g which indicates 
that the most frequently occurring value for part weight in the given data is 55.8 g. 
To prove this hypothesis, the optimal values of the process parameters must be 
determined theoretically and then must be proven physically. This can be achieved 
by setting the optimal values on the machine and a process capability study similar 
to the initial one conducted to ascertain the improvement due to the optimal settings 
of the process parameters.

The process capability (Table 13) was collected, Xbar-R chart of part weight (2) 
is shown in Fig. 10 and Minitab was used to generate the Process Capability Report 
(Fig. 10).

The data for the number of parts rejected and needing rework are given in Table 
14. Also, a comparison of the initial and final number of rejections and reworks is 
made in Fig. 11 (Fig. 12).

3 Result and Discussion 

1. The optimal levels of injection pressure, nozzle temperature and injection speed 
were found to be 125 MPa, 230 °C and 80 mm/s, respectively. 

2. The Cpk of the process improved from 1.56 to 1.76 as a result of implementation 
of the optimal levels for the factors found using DOE. 

3. Number of accepted parts increased from 89 to 95%. 
4. Number of parts rejected reduced by 50%. 
5. Number of parts needing rework reduced by 50%. 
6. The Cpk improvement can be stated in terms of defects per million as 4 ppm 

initially to less than 0.5 ppm finally. 

4 Conclusion 

Key parameters for injection moulding were identified and their behaviour was 
studied. DMAIC approach for problem-solving was successfully applied to produce 
quantitative results. Design of experiments and Taguchi technique were used success-
fully to determine the optimal levels of the process parameters to result in ideal
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Fig. 8 Xbar-R chart of part weight 

Fig. 9 Process capability report-1
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Fig. 10 Xbar-R chart of part weight

Table 14 Rework-rejection-accepted part data 

Subgroup 1 2 3 4 5 6 7 8 9 

Number of defectives 0 1 1 0 0 0 0 0 1 

Rejection/rework Nil Rej Rew Nil Nil Nil Nil Nil Rew 

Subgroup 10 11 12 13 14 15 Rework 3 

Number of defectives 0 0 0 0 0 1 Rejection 1 

Rejection/rework Nil Nil Nil Nil Nil Rew Accepted 71

part weight. The factors injection pressure and injection speed were found to have 
the largest impact on the mean of the part weight. Process capability studies were 
successfully conducted to determine Cpk of the process both before and after the 
implementation of the solution to act as a direct indicator of quality improvement.
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Fig. 11 Process capability report 

Fig. 12 Comparison of defects of before and after
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Numerical and Experimental 
Investigation of the Finite Life 
of Low-Carbon Steel Cylindrical 
Notched Specimens 

K. Durga Hemanth Kumar, L. Daloji, J. Chandra Sekhar, and I. Ramu 

1 Introduction 

Methods which increase the surface strength (e.g., surface hardening) and those 
which introduce compressive residual stresses improve the fatigue strength signif-
icantly. It is common practice to shot peen steam-turbine blades for this reason. 
The effects of environment on fatigue strength are complex, although in most cases, 
fatigue strength is reduced by aggressive environments. In certain circumstances, 
the filling up of the crack with corrosion products can decrease crack growth rates. 
The basis of the stress-life method is S–N curve, where alternating stress, S, versus 
cycles to failure, N. 

Marines-Garcia [1] fatigue test conducted on HSLA steel, at load ratio, R = 0.1 
and −1, under 20 kHz and 35 Hz, it was noticed that the test frequency does not have 
impact on fatigue data. Fatigue endurance is decreasing with increasing number of 
cycles for R = −1, whereas fatigue failure was not happened at R = 0.1. Liu and 
Mahadevan [2] proposed a general methodology for fatigue life prediction under 
variable amplitude loading condition. This methodology is combination of nonlinear 
fatigue damage accumulation principle and a stochastic S–N curve representation. 
Subramanyan [3] developed a simple method for estimating the fatigue limit, based 
on the convergence of damage lines at the knee point of an S-log N diagram. By 
conducting a high-low (two levels) step test, the fatigue limit is estimated. The exper-
imental data obtained on unnotched C35 steel specimens and other reported data on
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steel in rotary bending confirm the validity and reliability of the method proposed. 
Zhang et al. [4] summarized various methods available for characterization of fatigue 
properties of thin metal films. 

Kokavec et al. [5] estimated that the fatigue behavior of a specimen is mainly 
dependent on the material and their surface condition. This work describes the influ-
ence of the surface roughness on the fatigue behavior of nodular cast iron. Identified 
fracture surfaces were to determine the micro-mechanisms associated to the various 
fatigue lives. 

1.1 Novelty of the Work 

The present work is related now a day’s work is notched steel specimens find finite 
life of materials in low-costing methods. So many experiments on this way find the 
finite life in experimental and analytical way. 

2 Experimental Study 

The present work is to find fatigue life by using stress-life method for low-carbon 
steel specimens, which are with and without burnishing. To verify the proposed stress 
fatigue life relation, tension-impact fatigue tests are conducted on drop hammer type 
equipment fabricated in the laboratory. The intensity of impact stress was altered by 
changing the weight of the falling mass. Tensile-impact stresses are developed in the 
specimen due to sudden application of the attached load which is made to fall from 
a controlled height. The drop height was kept constant, and the attached weight is 
varied for changing the stress level. By reciprocating the process of impact a number 
of times, the specimen is made to fail under fatigue. All the tests are conducted on 
carbon steel specimens. The experimental studies include the design and fabrication 
of tension-impact fatigue testing machine with necessary relay circuit arrangement 
to feed the required electric power to the electromagnet, selection of material and 
properties of the test specimen, development of a simple and inexpensive burnishing 
tool. 

2.1 Fabrication of Tension-Impact Fatigue Testing Machine 
Comprises of the Following Steps 

The four columns are welded over a base in such a way that enough space is provided 
between the stop shoes so that the weight attached to the specimen could move freely 
through this space and columns are parallel to each other. A sliding block is made
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Fig. 1 Fabricated diagram of a tension-impact fatigue testing machine 

to which a vertical galvanized iron pipe is welded for the up and down movement 
through the slots provided in the columns. The upper end of the sliding block consists 
of a cylindrical rod is lifted with the help of an electromagnet which is placed over a 
platen and is controlled by a relay circuit. A check ring was provided for controlling 
the minimum height of the sliding block above the stop shoes. As soon as the current 
was cut off, the iron core falls freely under gravity and the sliding block struck back 
over the stop shoes. Since the specimen suddenly came to rest, it gave rise to an 
impact leading situation. The attached weight acted as if at it was being applied with 
certain velocity and a fatigue stress developed moment all over a cross section at 
plane portion of the specimen. Due to reputation of impact, after each one second 
interval, the specimen underwent a process of impact fatigue. Fabricated machine is 
as shown in Fig. 1. 

2.2 Selection of Material and Properties of the Test Specimen 

All the test specimens were made of low-carbon steels. The engineering properties of 
this steel were determined from tension test conducted on universal testing machine 
of 40 ton capacity. Hardness value was determined on Rockwell hardness testing 
machine. The chemical composition and engineering properties of this specimen 
material are given in Table 1.

Figure 3 shows test specimens are made of 100 mm long and 8 mm in diameter. 
A 4 mm radius circular notch is provided at the middle span of the specimen with a 
minimum diameter of 4 mm at the notch root as shown in Fig. 2 line diagram with
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Table 1 Chemical composition (% wt) and engineering properties of low-carbon steel 

Material C S P Si Yield strength 
(MPa) 

Ultimate tensile 
strength (MPa) 

Rockwell 
hardness 

Low-carbon 
steel 

0.77 0.16 0.26 1.49 391 710 66

Fig. 2 Line diagram of the specimen with dimensions 

Fig. 3 Test specimen 

dimensions. Notch is provided mainly to make sure that the failure always occurs at 
the middle of the specimen. 

Before conducting the experiment, the weight of the attached mass and the weight 
of the specimens are determined on an electronic balance. A high ratio between these 
two weights is maintained to minimize the effect of stress waves. Five weights of 
100, 200, 300, 400, and 500 g are selected for varying the peak stress levels. The 
number of impacts for specimen failure is obtained by keeping the height of drop 
fixed at a level of 60 mm. The fatigue life is obtained for five different weights. 

2.3 Development of Burnishing Tool 

A simple and inexpensive ball burnishing tool was fabricated due to the flexible 
design of the tool holder; the ball can rotate freely with the work piece rotation. 
The ball has the following composition: High-chromium carbon steel of 1% carbon, 
1.4% chromium, and 0.2% vanadium with surface roughness varies between 0.05 
and 0.09 μm. In each case of the experiments, a fresh ball was used for burnishing 
operation [6]. To ensure that the surfaces are free from stress concentration, both plane 
and notched portions are sufficiently polished to eliminate the scratches leftover due 
to machining.
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The experimental work was conducted on a turn master lathe. A specifically 
designed burnishing tool is the main element in the burnishing process. It accom-
modates a bearing steel ball of various diameters. The ball is located in position by 
means of rod and screw. The tool was held stationary and rigidly on the tool post of 
the lathe machine. 

The values of the burnishing parameters used in the present investigation based 
on the availability are ball diameter 16.5 mm, speed 22.62 m/min, feed 0.085 m/rev, 
burnishing force 25 kgf. 

3 Results and Discussion 

The tension-impact fatigue test is conducted on drop hammer type equipment fabri-
cated. Five different weights 100, 200, 300, 400, and 500 g are taken, respectively, 
for varying the peak stress levels. Before carrying the experiment, the weights of 
the attached mass and weight of the specimens were determined using electronic 
balance. 

The numbers of impacts for specimen failure were obtained by keeping the weight 
of drop fixed at 60 mm of pre-adjusted level. The fatigue life was obtained for five 
different weights (five stress levels). The fatigue lives of unburnished and burnished 
specimens for different weights are as shown in Fig. 4 and Table 2. 

The values of impact stresses were calculated on the basis of strain energy distri-
bution using FEM applied to the notched specimen. In this approach, a complete 
shape of stress has been considered in the notched portion of the specimen, and 
complete energy balance has been satisfied. 

An expression of specific deformation work can be written as 

U = USD = constant 

N k U = USD 

where

Table 2 Fatigue life of burnished, unburnished specimens at different weights 

S. No. Weight (gmf) Fatigue life, N (cycles) % improvement of fatigue life 

Unburnished Burnished 

1 100 19,384 23,618 21.80 

2 200 18,612 23,014 23.65 

3 300 18,336 22,592 23.21 

4 400 17,798 21,998 23.59 

5 500 17,387 21,519 23.76
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Fig. 4 Fatigue life of burnishing, unburnished specimens at different weights

N = number of impacts, 
U = deformation work in single impact, 
USD = specific deformation work. 
Also U = Wh 

V . 
Therefore, 

N =
/
USD × 

V 

Wh

/ 1 
k 

where k = constant, which depends on the loading conditions and material of 
specimen. 

It has been shown using the wave propagation approach, that the maximum stress 
is related to the axial impact load (W ) by the relation 

σ = σ0

//
W 

Vρg 
+ 1

/

where σ0 = u0 
√
E × ρ. 

Hence, 

σ =
//

2E 

V

/
(Wh)

/
1 +

/
W 

w

/

where 
W = weight on the specimen, gmf, 
w = weight of the specimen, gmf, 
u0 = √

2gh, velocity of impact, m/s, 
E = modulus of elasticity, N/m2, 
ρ = density of the material, kg/m3.
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3.1 Computational Analysis of the Specimen 

In order to find the stress, the computational analysis is carried out in ANSYS soft-
ware. The boundary conditions are taken in such a way that one end of the specimen 
is fixed, and force is taken at the other end (as shown in Fig. 5) for different weights 
100, 200, 300, 400, and 500 gmf, respectively. The force applied on the specimen in 
ANSYS is shown in Table 3, and stresses obtained are as shown in Figs. 7, 8, 9, 10 
and 11 (Fig. 6). 

The values of impact stresses for different weights are shown in Table 4.
Figure 13 shows the relation between the impact stresses and the corresponding 

experimentally observed fatigue lives plotted on log scale. It can be observed that all 
the experimental points almost lie on a straight line. Therefore, impact stress fatigue 
life relation can be of polynomial form similar to Basquin’s equation (Fig. 12; Table 
5).

Using least square approximation, an equation of straight line in Fig. 13 is obtained 
as (Table 6)

Fig. 5 Boundary conditions on the specimen in ANSYS 

Table 3 Different forces 
applied on the specimen in 
ANSYS 

Weight (g) Force applied (N) 

100 1591.14 

200 1687.77 

300 1777.88 

400 1862.82 

500 1943.37
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Fig. 6 Mesh on the specimen in ANSYS 

Fig. 7 Stress for 100 g weight on the specimen

N σ a = C (required curve to be fitted)

ΣY = AΣX + nB (1)

ΣXY  = AΣX2 + BΣX (2)

Substituting the values ofΣX,ΣY,ΣX2,ΣXY in Eqs. (1) and (2), we get equations 
in A, B solving, then we get values of A and B (Table 7)
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Fig. 8 Stress for 200 g weight on the specimen 

Fig. 9 Stress for 300 g weight on the specimen

10.7382 = 21.3109A + 5B (3) 

45.7654 = 90.8319A + 21.3109B (4)

This provides a Basquin’s type relation between the stress σ and fatigue life N. 
Hence, the experimental results support the peak stress and fatigue life relation under 
the impact loading situation.
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Fig. 10 Stress for 400 g weight on the specimen 

Fig. 11 Stress for 500 g weight on the specimen

Table 4 Impact stress 
variation according to the 
weight 

Weights (gmf) Impact stress, σ (MPa) 

100 126.53 

200 134.16 

300 141.27 

400 147.97 

500 154.32
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Fig. 12 Stress versus no. of 
cycles curve 
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Fig. 13 Impact 
stress-fatigue life relation 

lo
g 
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Table 5 Logarithmic values 
of stress and no. of cycles 

Stress, σ (MPa) Log σ No. of cycles, N Log N 

126.53 2.1021 19,384 4.2874 

134.16 2.1276 18,612 4.2697 

141.27 2.1500 18,336 4.2633 

147.97 2.1701 17,798 4.2503 

154.32 2.1884 17,387 4.2402

Table 6 The constant values found by least square approximation method 

S. No. No. of 
cycles, N 

Stress ‘σ ’ 
(MPa) 

X 
Log10 N 

Y 
Log10 σ 

X2 Y2 XY 

1 19,384 126.53 4.2874 2.1021 18.3817 4.4188 9.0125 

2 18,612 134.16 4.2697 2.1276 18.2303 4.5266 9.0842 

3 18,336 141.27 4.2633 2.1500 18.1757 4.6225 9.1660 

4 17,798 147.97 4.2503 2.1701 18.0650 4.7093 9.2235 

5 17,387 154.32 4.2402 2.1884 17.9792 4.7890 9.2792/
X = 

21.3109

/
Y = 

10.7382 
90.8319 23.0662 45.7654
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Table 7 The values of A and 
B 

1 A = −2.6862 

2 B = 13.5967 
3 Therefore, the values A = −2.6862, B = 13.5967 

a = −1/A 
a = 0.3722 
C = (a B)10 

C = 11,015,903.21

4 Conclusions 

The present work deals with experimental investigation on notched low-carbon steel 
specimens emphasize that the relation between fatigue life and impact stress which 
obeys Basquin’s law. It is observed that burnishing as a beneficial cold working 
process in order to improve the fatigue life during normal and overstress working 
conditions. Relation between impact stress and fatigue life has been derived which 
comes out in the form of Basquin’s law. Impact-tension fatigue equipment was fabri-
cated, and experiments were conducted for low-carbon steel specimens. The impact 
stresses obtained from finite element method have been plotted and compared with 
experimentally observed fatigue lives, drawn a relation between two methods. The 
fatigue performance of steel specimens is greatly improved by 23% by ball burnishing 
process. The beneficial effects like induced macroscopic compressive residual stress, 
work hardening, and increased hardness serve to retard or inhibit the surface crack 
initiation and propagation and result in fatigue performance enhancement. 
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Mechanical and Tribological Study 
of Bioactive Borosilicate Glass 
Fabricated Partially from Natural Waste 

Satish Jain, Raghavendra Gujjala, Sushil Patel, Raj Kumar Samudrala, 
P. Abdul Azeem, and Shakuntala Ojha 

1 Introduction 

The deterioration of human body parts is inevitable. It can occur as a result of 
natural occurrences like aging or any unnatural trauma. As a consequence of these 
events, demand for synthetic organs, prosthetics, and other biological materials has 
continued to rise. The first generation of biomaterials emerged in the early 1970s with 
the objective to achieve physical compatibility and biological inertness [1]. Later, 
in the decade, Prof. L. L. Hench introduced revolutionary bioactive glasses that set 
the tone for second-generation biomaterials. A bioactive material is one that elicits a 
distinct physiological response at implant tissue interface resulting in bond between 
them [2]. Some of the examples of bioactive materials are hydroxyapatite, dense 
calcium phosphate ceramics, bioglass, etc. 

A vast amount of research has already been conducted out on bioactive glasses 
and glass ceramics for applications in therapeutic, orthopedic, and dental fields due 
to their unique properties of quick bone bonding, tunable degradation, and triggered 
proliferation [3, 4]. The most popular of these glasses is 45S5 or bioglass which 
consists of 45% SiO2, 24.5% Na2O, 24.5% CaO, and 6% P2O5 all in wt.%. It is  
in vivo study revealed incredible bonding strength between bioglass and host. It was 
nearly impossible to separate them without breaking the bone [5]. However, their
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slow rate of degradation and weak mechanical properties limit their applications in 
load bearing applications [6]. 

Silica-free borate glass has been fabricated which showed relatively higher rate of 
degradation and quicker formation of HCA layer in SBF fluid [7]. Hence, borosilicate 
glass was synthesized with the goal to optimize the degradation rate in order to match 
tissue formation rate in vivo. Also, study of mechanical and tribological properties 
and optimizing the same with tailored compositions is important for expanding its 
application domain. 

In a study conducted by Samudrala et al. [8], a borosilicate glass was proposed 
with base composition synthesized by pure chemicals. In vitro bioactivity and cell 
culture studies were conducted on glass with SBF and MG-63 cells, respectively. 
The results suggested formation of HCA layer after 5 days of immersion in SBF 
and its cytocompatible nature. Even though there has been a lot of biological studies 
conducted, there is insufficient data about their mechanical and tribological behavior. 
Hence, the current study investigates the mechanical and tribological properties of 
Borosilicate glass synthesized partially from natural waste. 

2 Materials and Methods 

2.1 Materials 

Boric anhydride (B2O3, 99.5%, Himedia), sodium carbonate (Na2CO3, 99.9%, 
Merck) along with silica (SiO2) and calcium oxide (CaO) are used to fabricate glass. 
Silica and calcium oxide have been extracted from natural waste, i.e., rice husk and 
egg shell, respectively. 

2.2 Extraction of Calcium Oxide from Egg Shells 

Eggshell counts as one of the highest waste products in the food processing industry. 
Some of the researchers have also remarked about its hazardous nature in our envi-
ronment. The eggshell weighs approximately 11% of the total weigh of the egg, and 
it consists of calcium carbonate (CaCO3). The extraction of CaO from eggshells has 
been done by Palakurthy et al. [9], and it is pictorially represented in Fig. 1. Eggshells 
were collected from NIT Warangal canteen and washed thoroughly to get rid of dust 
and dirt. It was boiled later for 20 min to remove egg’s inner membrane and then 
washed again with distilled water to separate both. The eggshells were then kept in 
oven overnight at 60 °C to eliminate all its moisture content. The dried eggshells 
were then transferred to pestle and mortar and hand ground into fine particles. The 
ground particles were then kept in furnace, and heating was conducted in 2 stages. 
First stage heating included heating up to 450 °C at rapid heating rate (5 °C/min)
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Fig. 1 Pictorial representation of calcium oxide extraction from eggshell 

with holding time of 2 h to get rid of organic residuals, and second stage heating 
included heating up to 900 °C at slow rate (0.5 °C/min) and holding for another two 
hours to eliminate carbon dioxide from calcium carbonate and leave pure calcium 
oxide. 

2.3 Extraction of Silica from Rice Husk 

ice husk is the outer most protection layer of rice and weighs almost 23% of the rice 
production in agriculture. It is biodegradable substance but acts as an air pollutant 
when burnt. It consists of more than 85% silica (SiO2). The extraction of silica from 
rice husk has been done by Srinath et al. [10] and is pictorially represented in Fig. 2. 
The rice husk was procured from a rice mill in Warangal. It was washed rigorously 
with normal water to separate dirt and dust. It was then HCL treated under continuous 
stirring for 2 h. The rice husk was then filtered, washed, and rinsed in DI water to 
let go of all the acid. It was then dried in an oven at 100 °C and left overnight. 
The dried rice husk was then heated in furnace at 600 °C with holding time of 4 h 
followed by furnace cooling. The color change of rice husk to white color confirmed 
its transformation to silica (SiO2).

2.4 Fabrication of Borosilicate Glass 

Borosilicate glass has been fabricated successfully with 31% B2O3, 20% SiO2, 24.5% 
CaO, and 24.5% Na2O all in wt.% using melt-quench technique. Respective compo-
sitions were taken and hand ground using pestle and mortar to reduce the particle size 
and get rid of any trapped air within particles. The ground powder was then trans-
ferred to platinum crucible and kept in furnace at 1200 °C. The holding time was 
30 min, and it was stirred in between to get proper uniformity. The melted powder 
was then poured in preheated mold and quickly transferred to another furnace at
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Fig. 2 Pictorial representation of silica extraction from rice husk

Fig. 3 Schematic representation of borosilicate glass through melt-quenching technique 

300 °C for 2 h. The glass was then furnace cooled to relieve its internal stresses. A 
schematic of glass fabrication technique is shown in Fig. 3. 

2.5 Mechanical Studies 

The theoretical density (ρ t) of borosilicate glass had been calculated using the 
formula: 

ρt =
⎲

i 

xi ρi (1) 

where xi and ρ i are the mole fraction and densities of individual oxides present in 
glass, respectively.
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The actual density of glass (ρa) was measured using Archimedes principle. 
Distilled water was used as the buoyant medium. The void fraction of glass was 
calculated from the equation given below: 

Void Fraction (%) =
(
1 − ρa 

ρt

)
× 100 (2) 

Hardness test of glass specimen was performed by Vickers microhardness tester 
(S MATSUZAWA). A load of 200 g was applied with holding time of 15 s. 

Compression test of glass specimen was performed on universal testing machine 
(UTM) having maximum working load of 3000 kg (Advance equipment). The sample 
was cylindrical in nature with 11 mm bore diameter and 15 mm height. Samples were 
tested at a speed of 2 mm/min. 

2.6 Tribological Studies 

The wear behavior analysis of borosilicate glass was performed on pin-on-disk 
tribometer (Magnum Make) as per ASTM G99-05. The samples were cylindrical 
in shape with bore diameter of 11 mm and height of 35 mm. An emery paper with 
grit size of 180 was used as counter surface. All the tests were carried out at room 
temperature and humidity. Tests were carried out taking speed and load as variable, 
while distance covered by each sample was kept constant. 

The specific wear rate of each sample was calculated using formula written below: 

Ws = △W 

ρ · d · F . (3) 

where △W , ρ, d, and F represent wear (loss in weight) after performing test (kg), 
density of the sample (kg/m3), sliding distance (m), and load (N), respectively. 

The debris particle of the most worn out sample was collected and analyzed using 
field electron scanning electron microscopy (FESEM) (Model–Quanta 200FEG, 
FEI). 

3 Results and Discussions 

3.1 Mechanical Studies 

The theoretical and actual density of borosilicate glass synthesized using natural 
wastes were found to be 2.667 and 2.56, respectively. The lesser actual density is 
due to presence of voids which may have been caused due to air entrapment or glass
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Fig. 4 Typical indentation 
imprint on borosilicate glass 
during hardness test 

shrinkage during cooling. The void content in the sample was found to be around 
~4%. The presence of voids may interfere in mechanical and tribological properties 
of glass. 

The hardness value of prepared glass specimen was found to be 534 ± 10 HV 
which came in line with study conducted by Samudrala et al. [11] who synthesized 
the glass using pure chemicals. An indentation imprint under Vickers microhardness 
tester is shown in Fig. 4. 

The load–displacement graph for borosilicate glass is shown in Fig. 5. The glass 
being brittle in nature ruptured at peak load of 8237.59 N. The sudden failure of glass 
specimen took place by rapid crack formation and its propagation. The compression 
strength and modulus of elasticity of the glass specimen was found to be 86.72 
and 891.53 MPa, respectively. The strength of borosilicate glass has been found in 
between the strength values of pure silicate glass and borate glass as indicated by 
a study conducted by Deliormanlı et al. [12]. The variation in compressive strength 
value is a result of difference in strength of Si–O and B–O bonds.

3.2 Tribological Studies 

The cylindrical specimens of borosilicate glass were polished using a grinder and 
emery paper to get a mirror-like finish. The samples were then operated on emery 
paper with 180 grit size. Testing was done taking 3 different loads (5, 10, 15 kg) and 
three different speeds (200, 300, 400 rpm). Figure 6a shows the variation in wear as 
a function of time at 3 different loads keeping speed of 200 rpm. It is clear that wear 
is directly dependent on load (at constant speed). After 180 s, maximum wear was 
observed at 15 N (670 μg), and minimum wear was observed at 5 N load (590 μg). 
This may be due to higher frictional force generated as result of higher normal load 
applied at 200 rpm. The value of wear rate at 10 N was found between 5 and 15 N. 
The variation is similar in case of other speeds (300 and 400 rpm) too.
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Fig. 5 Load versus displacement graph of borosilicate glass conducted via UTM

Fig. 6 a Variation of wear rate at 200 rpm b specific wear rate vs load at different rpms for 
borosilicate glass 

Figure 6b shows a plot of specific wear rate vs load at different rpms for borosil-
icate glass. The specific wear rate is decreasing with increasing load and speed, 
respectively. Maximum specific wear rate was observed at 5 N load and 200 rpm 
(5.921 × 10–5 mm3/N m), while minimum value was observed for 15 N load and 
400 rpm speed (2.854 × 10–5 mm3/N m). The specific wear rate graph showed 
similar trends at all 3 speeds. The debris of specimen with maximum specific wear 
rate was collected and observed under scanning electron microscope under different 
resolutions to study its nature.
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Agglomeration 

Void 

a) c)b) 

Fig. 7 Debris particle of specimen with maximum specific wear rate at different resolutions of a 
200 μm b 50 μm and  c 10 μm 

The agglomeration of different particles and voids after abrasive wear can been 
in Fig. 7. The agglomeration may have happened due to bonding between particles 
as a result of heat produced during sliding. 

4 Conclusions 

From various studies conducted on Borosilicate glass, following conclusions have 
been drawn: 

1. Borosilicate glass have been successfully synthesized using natural wastes like 
egg shell and rice husk. 

2. The theoretical and actual density of Borosilicate glass synthesized using natural 
wastes were found to be 2.667 and 2.56 respectively. 

3. The hardness value of prepared glass specimen (534 ± 10 HV) was in range with 
the similar glass fabricated by pure chemicals. 

4. The compression strength and modulus of elasticity of the glass specimen was 
found to be 86.72 and 891.53 MPa respectively. The inclusion of Boron weakened 
the glass structure and hence the strength. 

5. Maximum specific wear rate was observed at 5 N load and 200 rpm (5.921 × 
10–5 mm3/N m) while minimum value was observed for 15 N load and 400 rpm 
speed (2.854 × 10–5 mm3/N m). 
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Computer Aided Analysis of Involute 
Gear Tooth for Minimization of Bending 
Stress 

Rapeta Sundara Ramam 

1 Introduction 

The most efficient way of delivering power from the source to the driven part is 
through gear drives. They are very effective in transmitting torque when the centre 
distance between the driver and the driven members is very close. The designs of these 
gears for various industrial applications are over a century old. Many researchers have 
contributed to the development of materials, modified geometry, analyzed the gears 
for various applications, and have proposed developments over those of the existing 
ones in the past. 

Cavdar et al. [1] devised a method for estimating the bending stress minimization 
of an involute spur gear. A computer programme was used to analyze the variation 
of bending stress and contact ratio dependent on the pressure angle on the driving 
side. Kapelevich [2] presented a method for boosting load capacity while lowering 
weight, vibration, and size, and his research shows that asymmetric tooth geometry 
allows for increased load capacity while reducing dimensions and weight for specific 
gear types. Litvin et al. [3] developed a redesigned geometry to allow them to more 
easily localize and stabilize the bearing contact while obtaining a more advanta-
geous form of transmission errors. Shekhtman and Kapelevich [4] discussed how to 
reduce bending stress by adjusting the fillet radius. By optimizing the fillet profile, 
the maximum bending stress in the gear tooth root area is lowered by 10–30%. Direct 
gear design, introduced by Kapelevich and Kleiss [5], allows for the assessment of a 
wide range of parameters for all feasible gear combinations to discover the optimal 
solution for a given application. Direct gear design with an asymmetric tooth profile 
opens up new sources for development in gear drives with unidirectional load cycles,
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such as those present in many mechanical gearboxes. According to McNamara and 
Kapelevich [6], when compared to traditionally made gears, direct gear design leads 
to a 15–30% reduction in stress. This translates to greater load capacity (15–30%), 
smaller and lighter size and weight (10–20%), longer life, lower costs, increased 
dependability, lower noise and vibration, higher gear efficiency, and lower main-
tenance costs. Karpat et al. [7] presented innovative gear designs that are required 
due to rising performance demands such as long life, high endurance, high load 
capacity, quick speed, and low cost. Deng et al. [8] discussed the newly developed 
and modified gear models that could be used for mating analysis. According to the 
findings, the involute modification of the produced gear helped improve transmis-
sion performance. Senthil Kumar et al. [9] investigate the use of an asymmetric tooth 
edge that can be used to improve the bending capacity of symmetric involute gears 
constructed using a standard technique since the tipping development limits the load-
bearing capacity at higher pressure angles. Masuyama and Miyazaki [10] presented 
the asymmetric tooth profile gear strength when the load-sharing ratio is taken into 
account and the performance of the gear is compared to the torque transmission 
capacity. The researchers looked at tooth pressure angles ranging from 20° to 45°. 
Vaghela and Prajapati [11] addressed how to lessen the bending stress of asymmetric 
involute spur gear teeth by optimizing the root shape. The Von Mises stress of the 
optimized root profile is investigated and compared to the regular asymmetric gear 
fillet profile. The root profile is optimized, and the Von Mises stress is lowered by 
16.68%. The stress concentration of the improved asymmetric spur gear has been 
considerably reduced. According to Olguner and Filiz [12], asymmetric gears with 
a bigger pressure angle on the driving side contribute significantly to boosting load-
bearing capacity and flow rate, as well as lowering flow rate volatility, which is 
detrimental to the gear pumps’ dynamic behaviour. Mallesh et al. [13] examined 
bending stresses and how they decreased with the increasing number of teeth and 
pressure angle on the drive side. When all gear teeth are subjected to the same load, 
the one with the most teeth will be stressed less. According to research, bending 
stress reduces when the pressure angle on the drive side increases. Prabhu Sekar [14] 
proposes that asymmetric teeth can be used to enhance gear efficiency by increasing 
contact force and load carrying capacity, as well as improving wear resistance. He 
analyzed the load shared by a tooth pair, frictional power losses, wear resistance, fillet 
and contact stresses, and respective mechanical efficiencies to conduct comparative 
performance research of symmetric and asymmetric spur gears. 

An asymmetric gear tooth profile and modifying the root fillet radius are consid-
ered in this work to reduce bending stresses. The advantages of reducing the bending 
stress are increased life, a reduction in cost, and increased efficiency. 

2 Materials and Methods 

The material used to make gears is determined by its strength and service conditions 
such as wear, noise, and so on. Metal or non-metallic materials can be used to make
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the gears. Commercially available metallic gears with cut teeth are made of cast 
iron, steel, and bronze. Non-metallic materials including wood, rawhide, compressed 
paper, and synthetic polymers like nylon are used in gears to reduce noise. 

Because of its outstanding wear qualities, excellent machinability, and ease of 
manufacturing intricate geometries using the casting method, cast iron is commonly 
used in the production of gears. Where a smooth motion is not required, cast iron 
gears with chopped teeth might be used. Plain carbon steel or alloy steel may be 
utilized for high-strength gears. To achieve a good balance of toughness and tooth 
hardness, steel gears are frequently heat-treated. Worm gears are commonly made 
of phosphorus bronze to decrease wear, which would be extreme with steel or cast 
iron. 

2.1 Geometric Modelling and Analysis of Gear Tooth 

The bending stresses of the gear tooth have been reduced in this study by either 
utilizing an asymmetric tooth or modifying the root fillet radius of the tooth. The 
next two sections go over these two options in detail. 

2.1.1 To Minimize the Bending Stress in the Gear Tooth, 
the Asymmetric Gear Tooth is Considered as the First Alternative 
Design 

The following are the specifications for a single reduction spur gear. 

Gear ratio = 10:1, 
Centre to centre distance = 660 mm, 
No. of teeth on gear = 150, 
Module (m) = 8 mm, 
Pitch circle diameter = 1200 mm, 
Addendum = Module (m), 
Dedendum = 1.25 m, 
Tooth thickness = 1.5708 m, 
Minimum clearance = 0.25 m, 
Fillet radius = 0.4 m. 

The values of the theoretical bending stresses and percentage reduction in bending 
stresses are calculated for various angles of pressure on the drive side and are given 
in Table 1.

Input parameters for analysis of gear tooth using in a software package 

Thickness of gear = 40 mm, Force applied (W ) = 50 N. 
Properties of material: E = 3e6, μ = 0.24.
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Table 1 Percentage 
reduction in bending stress 

S. No. Pressure angle 
(Ø) in degrees 

Stress (σ ) in  
kgf/mm2 

% reduction in 
σ b (%) 

1 20–20 1.091 – 

2 20–25 0.975 10.5 

3 20–30 0.874 20.18 

4 20–35 0.814 25.32 

5 20–40 0.756 31.19 

6 20–45 0.629 42.29

Figure 1 shows the involute profile of the gear tooth for the selected pressure 
angles of 20–20°, 20–25°, 20–30°, 20–35°, 20–40° and 20–45° respectively.

For comparison, the bending stresses obtained from ANSYS software along with 
theoretical values are given in Table 2.

Figure 2 shows the distribution of bending stresses in the gear tooth with respective 
numerical values for the pressure angles of 20–20°, 20–25°, 20–30°, 20–35°, 20–40° 
and 20–45° respectively.

The bending stresses are found to be decreasing from 1.091 to 0.629 kgf/mm2 as 
the pressure angle on the drive side increased from 20° to 45°. Further, to investigate 
the bending stresses in the tooth, a modified root fillet radius is also considered. This 
is discussed in the following section in detail. 

2.1.2 Minimization of Bending Stress in the Gear Tooth by Modifying 
the Root Fillet 

It is proposed to study the effects of the bending stresses concerning modified fillet 
radii. Keeping all parameters of alternative 1 except the fillet radii, an attempt is 
made to explore the possibility of obtaining better bending stresses by a suitable 
curve fitting method. (Best curve fit method). 

The concept is given below: 
Bending stress minimization is achieved by designing a fillet profile that has a 

low bending stress concentration and meets specific requirements (e.g., manufac-
turability). This problem can be solved in a variety of ways. They are based on a 
curve-fitting technique in which the trochoid fillet profile, which is common in rack 
or mating gear generating methods, is substituted by an ellipsis, parabola, chain line, 
or other curves to decrease bending stress. 

The trace of the mated gear tooth is the initial fillet profile. This profile is the 
top-level boundary that limits the optimization search area to avoid interfering with 
the mating gear. The start and last fillet positions on the form diameter circle cannot 
be changed throughout the optimization process. In the random search approach, the 
fillet nodes (save the first and last) are relocated along the beams that pass between 
the fillet centre and the initial fillet profile nodes. The fillet’s centre corresponds to the 
centre of the best-fitting circular. For each new fillet point combination, the bending



Computer Aided Analysis of Involute Gear Tooth … 527

Fig. 1 Involute profile of gear teeth when pressure angles on coast side and drive side are a 20–20° 
b 20–25° c 20–30° d 20–35° e 20–40° f 20–45° respectively
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Table 2 Comparison of theoretical and ANSYS software calculated stresses 

S. No. Pressure angle (Ø) in 
degrees 

Theoretical stress, σ Bending 
(kgf/mm2) 

Stress has shown by 
ANSYS (kgf/mm2) 

1 20–20 1.290 1.090 

2 20–25 1.117 0.975 

3 20–30 1.027 0.875 

4 20–35 0.904 0.814 

5 20–40 0.762 0.756 

6 20–45 0.638 0.629

stresses are calculated, and the figures and results for each of the adjusted fillet radii 
are as follows: 

Table 3 shows the bending stresses at different root fillet shapes of 20° involute 
symmetric teeth.

Figures 3, 4, 5 and 6 show the involute profile of the gear tooth for the designed 
fillet, circular root fillet, and elliptical root fillets, respectively.

Figures 7, 8, 9 and 10 show the distribution of bending stresses in the gear tooth 
for different root fillet shapes.

The best-fit curves at root are tried to study the trend of the bending stresses right 
from the designed fillet radius to an elliptical2 shape. The obtained stresses and the 
percentage reduction in bending stresses are given in Table 3. 

3 Results and Discussions 

The goal of this study was to reduce the bending stresses in the gear wheel teeth by 
considering the asymmetric tooth and modifying the root fillet radius. The values for 
the above two cases are given in detail in the above section. The discussions about 
these results are given in the following sections. 

While considering the asymmetric teeth to explore the possibility of reducing the 
bending stresses, the theoretical values of 20° pressure angle symmetric teeth are 
compared with asymmetric teeth of different pressure angles on the drive side, and 
the percentage reduction in bending stresses is also given in Table 1. 

From the above table, it is found that as the pressure angle varied from 20–20° to 
20–45°, the reduction in bending stresses was found to be 42.29%. 

Table 2 shows the comparison of theoretical and ANSYS software calculated 
values. The decreasing trend of the theoretical values of bending stresses due to the 
use of asymmetric teeth is further confirmed by using ANSYS software. 

While considering the modification of the root fillet radius according to the best-fit 
curve technique, the resulting bending stresses for various alternative best-fit curves 
are given in Table 3. From the table, it is found that as the root fillet profile is modified
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Fig. 2 Analysis of Involute profile of gear teeth when pressure angles on coast side and drive side 
a 20–20° b 20–25° c 20–30° d 20–35° e 20–40° f 20–45° respectively

from the design fillet to an elliptical shape, the reduction in bending stresses is found 
to be 48.51%.
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Table 3 Bending stresses at 
different root fillet shapes of 
20° involute symmetric teeth 

S. No. Root fillet shape Obtained stress 
in kgf/mm2 

% reduction in 
bending stress 

1 Designed fillet 1.091 – -

2 Circular root 0.7287 33.20 

3 Elliptical1 0.6728 38.33 

4 Elliptical2 0.5617 48.51

Fig. 3 Involute profile of 
symmetric gear tooth with 
designed fillet 

Fig. 4 Involute profile of 
symmetric gear tooth with 
circular fillet
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Fig. 5 Involute profile of 
symmetric gear tooth with 
elliptical1 root fillet 

Fig. 6 Involute profile of 
symmetric gear tooth with 
elliptical2 root fillet

4 Conclusions 

In the first suggested consideration, in which the asymmetric teeth are considered 
with an increased pressure angle on the drive side from 20–20° to 20–45°, it is noted 
that the bending stresses in the gear teeth are going to be reduced to a maximum 
value of 42.29%. As the pressure angle on the drive side is further increased beyond
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Fig. 7 Analysis of Involute profile of symmetric gear tooth with designed fillet 

Fig. 8 Analysis of Involute profile of symmetric gear tooth with circular fillet

45°, the top land of the tooth is going to narrow and finally result in a single line 
because of the intersection of the two involute profiles on either side of the tooth. 

In the second consideration, it is observed that the bending stresses are reduced 
by up to 48.51% for the modified fillet radius employing an elliptical profile. 

From the above two, it is found that modifying the root fillet radius is the better 
option to employ in the manufacture of gears for reduced bending stresses. Longer
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Fig. 9 Analysis of Involute profile of symmetric gear tooth with elliptical1 root fillet 

Fig. 10 Analysis of Involute profile of symmetric gear tooth with elliptical2 root fillet

life, reduction in size and weight, application with a higher load, reduction of noise 
and vibration, cost reduction, and increased efficiency are all benefits of bending 
stress reduction.
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A Review on Fabrication, Mechanical 
and Tribological Behaviour of Polymer 
Functional Graded Material 

K. Prudhvidhar, K. Vamshi, B. Rohith Kumar, Y. M. Manjunath, 
Shakuntala Ojha, K. Raja Narendar Reddy, and Raghavendra Gujjala 

1 Introduction 

Human quest for finding a novel material which can sustain under specific environ-
mental condition is never ending. In the history of the novel materials, composite 
materials are one of the most significant materials which offer excellent properties 
which are homogenous over entire surface. Still, composite materials cannot be used 
to achieve required gradient in the various applications such as aerospace, automotive 
and power generation [1]. 

The overall thought of functionally graded materials (FGMs) were formerly antic-
ipated in 1972 keeping composites and polymer-related materials in perspective 
[2]. 

In 1984 during the design of space craft research project, this functionally graded 
materials (FGMs) were first applied by Japanese to fulfil these requirements [3]. The 
foremost purpose to develop FGMs that can withstand in high-surface temperature 
of 2000 K and a temperature gradient of 1000 K across a 10 mm section [4]. The 
novel concept was applied to produce such type of material which have varying 
composition from one end to another, and also one side of the material can withstand 
in high-temperature environment, similarly other side of the material can have better 
thermal conductivity. Anyway, the notion of FGMs is available in nature as the human 
bone and cellulose. Human bone developed with the combination of collagen and
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hydroxyapatite. Collagen is acting as a ductile protein polymer, and hydroxyapatite 
is a brittle calcium phosphate ceramic plying an important role inside human bone. 

FGMs offered incredible potential in various applications, subjected to high wear 
and friction because FGMs minimize interfacial stresses between the different mate-
rials which is occur due to temperature variation and also it acts as a better adherence 
of a protective layer against corrosion. 

Initially, many researchers classified FGMs depending upon the used of 
constituents to produce FGMs. Beforehand, combination of metal and ceramic mate-
rials mainly used to develop FGMs which is utilized either in structural or transport 
field. Recently, FGMs concept has been applied in the area of polymer composite. 

2 The Concept of Functionally Graded Composite 
Materials 

Figure 1 shows the clear difference between the conventional composite and FGMs. 

Fig. 1 Difference between the conventional composite and FGMs
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Fig. 2 Example of possible material combination used in FGMs 

The concept of functionally graded hybrid polymer composite (FGHPC) or dual 
filler used in functionally graded polymer composite became one of the most inno-
vative perceptions introduced into the FGMs era. The most common combinations 
of material than can be used to develop FGMs are shown in Fig. 2. 

In various literature, many researchers focus on the details portrayal about the 
various production methods of FGMs and their advantages, limitations and their 
future applications in various industry [5, 6]. 

3 Fabrication Techniques of Polymer-Based FGMs 

There are several no. of well-known fabrication techniques such as physical, chemical 
and combination of both physical and chemical which are applying for the manu-
facture of functionally graded polymer composite or dual filler functionally graded 
polymer composite. 

Naebe et al. [7] present an overview on development of manufacturing process 
and characterization of functionally graded materials with their future prospects in 
various scientific and technological fields. Functional graded materials are fabricated 
using various manufacturing methods. Presently, researchers are using enormously 
vapour deposition methods, powder metallurgy methods and centrifugal casting 
methods for manufacturing of functional graded materials. 

According to fundamental principle, FGMs manufacturing method can be summa-
rized as physical combination method, chemical combination method and physical
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and chemical synthesis method are shown in Fig. 3a–c. From 2000 to 2021, various 
manufacturing techniques are used in the production of functional graded materials 
is shown in Fig. 4. 

Even if the beginning of FGMs in the mid of 1980s, but the real launch was in 
the early 1990s. Subsequently in the past 20 years, the number of publications has 
been increasing in this area. Figure 5 portrays the number of publications annually 
published based on FGMs during the year of 2000–2021.

Fig. 3 a–c Various fabrication methods of FGMs
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Fig. 4 Presents the various fabrication techniques in the production of FGMs in the duration of 
2000–2021

Fig. 5 Number of publications published annually based on (FGMs)
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4 Mechanical and Tribological Behaviour 

In most recent literature, it is clearly viewed that most researchers focussed on the 
mechanical, tribological and thermal characterization of FGMs materials. It is also 
revealing from the literature survey that various natural or synthetic reinforcements 
drastically improve the mechanical, tribological, physical and thermal properties of 
the engineered composite. 

A comparative study was drawn by Radhika et al. [8] evaluated mechanical 
and tribological properties between functionally graded A359/10 wt% B4C and 
homogenous A359/6 wt% B4C composite. It was observed from the stud, as weight 
percentage increases the wear rate, and coefficient of friction decreases. Mishra et al. 
[9] fabricated functionally graded epoxy-based alumina nanocomposite and compare 
the mechanical properties with non-filled epoxy composites. The flexural strength 
and modulus are 11% and 22% higher in comparison with non-epoxy composi-
tion, respectively. Tables 1 and 2 provide overview of recent works performed on 
mechanical and tribological behaviour of FGMs composite. 

Table 1 Different filler percentages and its effects on the mechanical properties of FGMs polymer 
composites 

Filler/fibre and polymer 
used 

Results Conclusion References 

Wollastonite and epoxy 
with different filler 
percentage 

Filler of 0 wt%, the 
fracture toughness is 
200 MPa, whereas the 
6 wt% of filler 
percentage increase 
the fracture toughness 
of 250 MPa. Filler 
weight of 0 wt% has 
flexural modulus of 
3000 MPa, whereas 
the 4 wt% have the  
flexural modulus of 
2000 MPa. The 
different (0, 2, 4, 6, 
8 wt%) filler is used to 
fabricate the FGM 

Fracture toughness of the 
graded polymer-reinforced 
composite is higher than 
that of nongraded and 
unreinforced epoxy 
Flexural modulus found to 
be lower in reinforced 
composite than that of the 
nongraded composite 

[10] 

Glass fibre along with 
epoxy resin 

30% of filler has 
flexural stress of 
758.96 MPa, whereas 
50% have the flexural 
stress of 969.28 MPa 

Flexural stress increases 
with increase in weight 
percentage of filler 

[11]

(continued)
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Table 1 (continued)

Filler/fibre and polymer
used

Results Conclusion References

Alumina-epoxy graded 
composites 

The flexural strength 
and modulus are 11% 
and 22% higher in 
comparison with 
non-epoxy 
composition, 
respectively 

Flexural strength increases 
with increase in filler 
percentage, and flexural 
modulus also increases 
with alumina filler 
percentage 

[12] 

Hydroxyapatite-reinforced 
poly (vinyl alcohol) gel 

(0/3/6) wt.% in each 
layer and 20% of PVA 
shows 2.73 MPa of 
compressive strength, 
whereas the filler 
percentage of (3/6/9) 
wt.% in each layer, 
20% PVA has 
3.25 MPa of 
compressive strength 

Compressive strength 
increases with increase of 
HA content, but decreases 
with increase of 
interlaminar gradient 
composite 

[13] 

Glass and silica as fibre and 
unsaturated polyester resin 

As the filler content 
increases 
(0/3/6/9 wt%), the 
glass filled composite 
withstand high load 
than the silica filled 
composite 

Glass filled PFGM has 
more variation in 
properties than the silica 
filled FGM 

[14] 

Table 2 Coefficient of friction and wear rate of the different filler/fibre % of FGMs polymer 
composites 

Reinforcement Results Conclusion References 

SV94 graphite and PV 
60/95 with epoxy resin 

Coefficient of friction for 
PV60/95 is 0.2 for 4 min of 
time lap, whereas the 
coefficient of friction for 
SV94 is 0.25 for the same 
time 

Coefficient of friction for 
SV94 is higher than PV 
60/95 

[15] 

Marble dust, short glass 
fibre and vinyl ester 
resin 

As the filler content 
increases from (0, 2, 4, 
6 wt%), the wear rate 
decreases from (3.91E−06 
to 1.56E−06) 

Increase with the filler 
percentage of marble dust 
increases the tribological 
property 

[16]

(continued)
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Table 2 (continued)

Reinforcement Results Conclusion References

Kevlar fibre, carbon 
fibre, silica along with 
epoxy polymer 

Pure epoxy resin shows 
coefficient of friction 0.7, 
whereas centrifuged 
sample shows coefficient of 
friction 0.5 

Addition of Kevlar fibre, 
carbon fibre and silica 
decreases the coefficient 
of friction 

[12] 

Graphite/glass 
microspheres, 
polytetrafluoroethylene 
and polymer include 
phenol novalac epoxy 
resin (NPPN-638) and 
triglycidyl phosphate 

As graphite weight% 
increases from (0 to 30%), 
the wear rate decreases 
uniformly from (0.7 to 
0.2).If (NPPN-638 and 
TGP) were added, the 
sudden decrease of wear 
rate takes place 

High concentration of 
graphite on top layer 
provides less friction and 
wear resistance. The 
bottom layer due to vary 
in density and viscosity 
provides heat protective 
coating due to triglycidyl 
phosphate 

[17] 

5 Conclusions 

Functional graded materials (FGM’S) were essential in order to enhance the char-
acteristics of a respective material or component and to yield the respective func-
tional properties of it. FGMs are considered as effective and efficient amongst other 
modern materials with respective to their enormous range of applications in today’s 
world. The applications of functional graded composite materials (FGCM) include in 
aerospace, automobiles and are also developed as resistant materials in a particular 
parameter (ex: temperature) and other engineering applications. Polymeric FGMs 
are recently developed grade of materials having unique and progressive variety in 
practical properties and use certain techniques to develop polymer graded composite 
materials. 
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Analysis of an Emission and Performance 
Characteristics of Single Cylinder 4 
Stroke VCR Engine by Using Palm 
Biodiesel Blends and Comparison 
at the Compression Ratio 18:1 

Savadana Venkataramana and N. Ramanaiah 

1 Introduction 

The deficit of fossil fuels, abnormal increase in demand from transport and subse-
quent severe detrimental effects in pollution. Modern trend in lifestyle paves the 
way to deploy transport to the largest extent, which necessitates retention of fuel 
supply. Biodiesel is found to be best option to get rid of bottlenecks of fuel stock. 
Prominent researchers worked out works with biodiesel for its suitability with current 
model of diesel engine in the absence of engine alterations. M. Suresh, P. Jawahar, 
Arun Richard et al. analyzed a synthesis of biofuels from different available sources 
of fried oil, palm oil, cooking oil, jatropha biofuel and Engine performance along 
with emissions in case of variable compression ratio engine. It is also studied with 
the combination of blends. The work supported the option of variable compression 
ratio engine with better outcome of fuel efficiency, reduction in the fuel consump-
tion and emission control comparatively with diesel engines [1]. Ambarish Datta, 
Bijan Kumarmandal et al. presented synthesis, performance and emission trends with 
immense discussion of comparison from the different alternative fuels. It also illus-
trated different case studies in the form of graphical representation. It was emphasized 
about deterioration of engine with biofuels compared to diesel, but with better envi-
ronmental effects [2]. Pali Rosha and Saroj Kumar Mohapatra studied the role of 
compression ratio in the emission and performance analysis for the palm biodiesel 
blend with 20%. It shows that the ignition delay was decreased at the peak pressure 
along with thermal efficiency when the compression ratio is increased from 16 to 
18. It is also shown that there was average reduction in the HC, CO by 47.8% and
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41.0%, respectively, while NOx is found 41.1% increase. Therefore it was concluded 
that the 20% biodiesel shows better performance at the maximum compression ratio 
[3]. Supriya B. Chavan, Rajendra Rayappa Kumbhar et al. carried out the emission 
analysis for the variable compression ratio engine by fuelling with chosen blends 
dealing with synthesis of Jatropha biofuel. It is considered the blend with 10, 20 and 
30% along with pure diesel and Jatropha at 40 °C. NOx, CO and HC were compared 
with diesel with the results CO is reduced by 43%, HC is by 50% while NOx is 
increased by 20% and 30% biodiesel is found optimum at the lowest compression 
ratio of 15:1 [4]. Obed M. Ali, Rizalman Mamat et al. performed experimentation to 
characterize properties for the blends with different ratios to analyze engine perfor-
mance. It is also identified optimum blend based on the test result, which is up to 
30% biofuel. It is concluded that there is reduction of energy by 1.4% for every 10% 
increase and found that no significant reduction in brake thermal efficiency for tested 
blended [5]. Hariram, N. Balakarthikeyan et al. worked on the palm stearin wax 
which was extracted as a residue which is further processed for the extraction of the 
Palm biofuel transesterification with the blending of sodium hydroxide and methanol 
along with PSBD. In this engine performance and emission analysis was also carried 
out under the change in the compression ratios for the stipulated biodiesel blends. 
An experiment was conducted with 17, 17 and 18 compression ratios. Among all the 
fuel blends 20% is found to be optimum [6]. K. Srinivas, Balu Naik et al. analyzed 
dual fuel blends of Palm and Eucalyptus oils in the variable proportions of 15 and 
10% of Eucalyptus oil. It is studied. In the performance analysis, Exhaust Tempera-
ture, Brake Thermal and Mechanical Efficiency were analyzed and found to increase. 
Whereas emission analysis dealt with NOx, CO2 and HC with exhaust gas analyzer 
and were found mitigated with an increase in compression ratio and also with amount 
of blend [7]. Savadana Venkataramana and N. Ramanaiah carried out experimenta-
tion in order to assess the brake specific fuel consumption (BSFC) and also Brake 
Thermal Efficiency (BTE). In case of Exhaust Emission, it was analyzed HC, CO, 
CO2 and NOx for the 4 Stroke Single cylinder Variable Compression Ratio Engine 
by using diesel and palm biofuel at the compression ratio of 18. At a maximum load, 
thermal efficiency of an engine with palm biofuel is 29.01% and brake-specific fuel 
consumption (BSFC) is 0.292 kg/kWh which are nearby values as correlated with 
diesel fuel. Referring to emission analysis, NOx from the biofuel is 415 ppm indicated 
50%less and others like CO2% and CO% were recorded as 2.6 and 0.024, respec-
tively, at the peak load condition in case of palm biofuel. Results display that, Brake 
thermal efficiency is increased with the increase in the load [8]. A. Sajith et al. carried 
out the emission and performance analysis for the set of biofuels from their respec-
tive stocks. It is carried out to evaluate performance and emission analysis. Analysis 
considered BSFC, BTE for the engine performance, while HC, CO, CO2 and NOx 

in case of emission analysis. Outcome depicts variation of parameters for different 
types of biofuels. There are supporting pragmatic conditions for the biodiesel and 
it is concluded that the diesel can be deployed in place of diesel. Therefore there is 
a need to go for optimization as future scope [9]. Ganesh S. Warkhade et al. evalu-
ated engine performance by considering the effect of supercharging and compression 
ratio for a single cylinder direct injection CI engine. The compression ratios 14, 16,
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Table 1 Properties of diesel and palm biofuel 

Parameters of the process Units Palm biodiesel Diesel 

Percentage of ash % 0.00178 0.09 

Carbon residue % 0.516 0.1 

Pour point °C 4 −1 

Flash point °C 187 68 

Kinematic viscosity at 40 °C CST 8.41 2.76 

Sedimentation % 0.08 0.05 

Density (at 15 °C) Gram/cc 0.85 0.82 

Sulphur content % 0.69 0.1 

Content of water % 0.0139 0.051 

Calorific value (gross) kcal/kg 10,100 10,000 

17.5 and 18 were considered while centrifugal blower type supercharger. Results 
thus obtained are compared with standard condition at 17.5:1 and observed that the 
BTE and BSFC higher at minimum load and maximum compression ratio. It is also 
shown that BSFC and BTE were increased by 25% and 15%, respectively [10]. 

Motivation of the present study 

From the foregoing research work done on the palm biofuel and other biofuels reveals 
that the performance of IC engines with these fuels is comparatively closer to the 
diesel fuel. In this context, it is important to consider the trends of BSFC and NOx 

with respect to brake power. Economy and availability are also play role in the 
usage of palm biodiesel as they are available abundantly. Most of the properties 
of palm biodiesel are closed to the conventional fuel and also confined to standard 
testing methods. Hence current work deploying palm biodiesel in the test engine 
to study characteristics of performance and emission. Palm biodiesel was prepared 
with the transesterification method. Experiment was conducted on the test engine 
with specifications shown in Table 2 and results reveal that the test engine operated 
with palm oil performed closed to the conventional fuel performance representing 
reliable efficiency and emission characteristics. Therefore it is immensely important 
to consider palm biodiesel as alternative fuel even though there were several studies 
existing so far.

2 Materials and Methods 

2.1 Methodology 

Figure 1 shows the extraction of palm biodiesel as the palm biodiesel is transformed 
into biodiesel from stock by the process of transesterification. It has undergone
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Table 2 VCR engine 
specifications 

Make Kirloskar Oil Engines (Ltd) 

Model Single cylinder four stroke 
water cooled and naturally 
aspirated 

Dia of bore 87.5 mm 

Length of stroke 111 mm 

Cylinder volume 661 cm3 

Compression ratios waked out 12:1–18:1 

Injection timing 25° before botton dead 
centre 

Injection pressure 0.2 MPa 

Max. power 5.2 kW at 1500 rpm 

Nozzle 1 Hole

sequence of operations sterilization, stripping, etc. Followed by secondary opera-
tions to pressers for biofuel. Finally, purification is applied by dryers for the further 
followed by the process of refining [08]. 

Fig. 1 Transesterification process
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2.2 Experimental Setup 

It is a single cylinder four-stroke water-cooled direct injection engine. It consists of 
block for the compression ratio adjustment. Engine is connected with eddy current 
dynamometer for the load application provided with water cooling effect. The erec-
tion has a provision to support fuel tanks for diesel and biofuel, manometers and 
controls. Manometer is used for the measurement of air into the engine, and fuel 
consumption with the sensor. 

2.3 Pollutant Metering System 

It is to study the composition of emissions by adopting the principle of Non-
Dispersive Infra-Red where infra-red is applied to the gas, then based on the 
amount of absorption, NDIR principle is used to measure CO, HC and CO2, while 
Electro-Chemical (EC) sensors are meant for O2, NOx, SOx (Table 3). 

3 Analysis of Experimental Outcomes 

The totality of experimentation depicts extent of utility in an engine and conversion 
of chemical energy into brake power along with characteristics of combustion. It 
generates intuitive perception of influence on environment. As a whole influence of 
a brake power on the functional fitness and properties of exhaust gas is depicted as 
below.

Table 3 Specifications of the exhaust gas analyser 

Measured exhaust gases CO2%, CO% and NOx in ppm 

Operating mechanism Infrared sensors for CO, CO2 

Electrochemical sensors for NOx 

Set of readings Table 1: properties of biodiesel 

Start uptime <2 min 

Re set time 24 min with auto intake of air supply 

Gas discharge 500–l000 ml/min 

Handling system S. S. Probe, P-U detachable tubing connectors, water filter, particulate 
fine filter 

Boundary conditions Temperature: 5–45 °C 

Pressure: 13–1060 mbar 

Humidity: 0–90% 
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Fig. 2 BP versus BSFC at compression ratio 18 

3.1 Discussion of Results Pertaining to Engine Operation 

3.1.1 Brake Specific Fuel Consumption (BSFC) 

The BSFC is the rated consumption of the fuel to generate 1 kW power which can be 
treated as the engine performance index to measure the fuel supply for the rated power 
output. Figure 2 reveals effect of brake power on the brake-specific fuel consumption 
at the different blends at the ratios 18:1. The BSFC was kept minimum for diesel, 
which was increased when the amount of blend is increased for the blends P20, P40 
and P60 at the various operating loads due to the lower heating value of the biofuels 
and poor combustion process. At the maximum load, brake specific fuel consumption 
of P100 is 0.293 kg/kWh at 18:1 compression ratio. At the maximum load P60, P40 
and P20 were recorded as 0.26, 0.230 and 0.20 kg per kWh, respectively. It is also 
observed that BSFC was closed to diesel at the lower blends and is increased at higher 
loads. 

3.1.2 Brake Thermal Efficiency (BTE) 

The BTE is the ratio between the amount of chemical energy and energy generated 
at the crankshaft. Figure 3 shows that the change in BTE with the BP for the various 
palm biofuels blends at the 18:1 compression ratio. Brake thermal efficiency (BTE) 
rises as the brake power increases at the given compression ratio. Reduction in the 
power lost at increased loads. It also presented effectiveness of conversion system 
from fuel energy into mechanical power [08, 09], which represents tally of brake 
thermal efficiency of engine with diesel and palm biodiesel and found higher value 
with palm biodiesel preset loading at this compression ratio 18:1. At the maximum 
load, performance of an engine with palm biodiesel is 29.01%, whereas diesel is of 
39.15%. BTE is decreased as the percentage of blend increases due to viscosity and 
calorific values.
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Fig. 3 Effect of brake power (BP) on BTE for the Diesel fuel and biodiesel fuel at compression 
ratio of 18 

3.2 Emission Characteristics 

3.2.1 CO Emission 

Figure 4 shows effect of brake power on CO% for diesel fuel and biodiesel fuel at 
compression ratio of 18:1. At given compression ratio palm biodiesel emits compar-
atively less CO pollutant at the maximum load by 0.006% less than that of diesel due 
to incomplete combustion heterogeneous mixture with diesel [08]. It also exhibits 
decreasing trend of percentage CO on par with increasing trend of brake power at 
opted loads due to complete combustion and increase in the prevailing pressure and 
temperature which is valid for the diesel, blends and biodiesel also. It is found that 
0.006% by volume CO% emission for diesel and 0.010% by volume that of palm 
biodiesel at the maximum load. The condition of prevailing elevated temperature is 
found to be much more favourable for oxidation and hence further reduces emissions 
of CO [08]. 
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Fig. 4 Effect of brake power on CO% for diesel fuel and biodiesel fuel at compression ratio of 18
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Fig. 5 Effect of brake power on NOx for diesel fuel and biodiesel fuel at compression ratio of 18 

3.2.2 NOx Emission 

Figure 5 reveals the influence of load on the NOx when the test diesel engine is 
operated by using diesel fuel and palm biofuel at the compression ratio of 18:1. Palm 
biodiesel releases fewer NOx comparatively at the opted loads. As the load increases 
NOx was increased due to increase in prevailing pressure and temperature. As the 
percentage of blends increases NOx increases due to viscosity and calorific value. As 
the prevailing temperature is maximum in the chamber makes a reasonable condition 
for NOx outflow. NOx discharge at maximum load is observed as 92 for diesel and 
153 ppm for biodiesel at pressure ratio of 18:1 [5, 8]. Rate of increase of NOx is less 
comparatively at the lower loads than the higher load. 

3.2.3 CO2 Emission 

Figure 6 influence of brake power on CO2 emission in VCR Engine with diesel, 
palm biodiesel and different blends. First of all, at each load increase in percentage 
blend increases CO2 emission as palm biodiesel is oxygenated one comparatively. It 
is valid for all the opted loads as shown. It is also observed that CO2 increases as the 
load increases due to increase in prevailing temperature in turn complete combustion 
[5, 8]. Apart from above said effect it is evident numerically that there is only 2.09% 
of CO2 at maximum load for the biodiesel at compression ratio of 18:1.

4 Conclusions 

Palm Biodiesel sample was tested for the assessment of properties to judge the 
suitability for the test engine. From the test fuel, properties mentioned in Table 1 were 
closer to standard fuel. The experiment was done on the 1 cylinder-4 stroke water-
cooled, naturally aspirated VCR Engine using palm biofuel and conventional fuel 
by varying compression ratios. At the peak load, the BSFC of palm biofuel is more 
than that of standard diesel by 31.7% due to viscous nature of the palm biofuel and
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Fig. 6 Effect of brake power on CO2 for diesel fuel, biodiesel and different blends at the 
compression ratio of 18:1

calorific value. Higher viscosity makes the combustion incomplete due to improper 
blending of air–fuel mixture and weak atomization causing an increasing BSFC. 
At full load, BTE for the palm biofuel was 26% due to the complete combustion 
of palm biodiesel. Palm biofuel releases less CO% pollutants as the palm biodiesel 
is the oxygenated fuel comparatively by 40%. Palm biofuel releases fewer NOx 

compared to a standard diesel engine. At each load increase in percentage, blend 
increases CO2 emission as palm biodiesel is oxygenated one comparatively by 48%. 
Emission of NOx is 40% less at the maximum load with the palm biofuel [08]. 
By considering the experimental evidence from the research carried out, the palm 
biodiesel is required to be considered as alternative fuel in the diesel-operated engine 
without any modification in the engine. The resultant combinations possess good 
oxidation stability, better properties which increase engine performance while engine 
run with palm biofuel as it leads to complete combustion of the fuel. In future works, 
alternative measures are to be applied to refine fuel so as to produce better properties. 
And also EGR to control the emission characteristics. 
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Designing an Experience for Conducting 
Online Exams, Evaluation, and Feedback 

Jaison K. Thomas, M. Vishnu, Sarvesh Tripathi, and Tripti Singh 

1 Introduction 

Online education has always been debated for quite a long time. Research on the 
growth of online education and the factors leading to its full-scale adoption had 
shown that wild-cards like natural calamities and man-made disasters could largely 
accelerate the full-scale adoption of online education [1]. The studies proved right, 
as the relevance of online education increased hugely during the Covid-19 pandemic 
[2]. The United Nations Education, Scientific, and Cultural Organization (UNESCO) 
has officially declared that the Covid-19 has affected the education of about 87% of 
the students globally. The organization also acknowledges the need for innovative 
technologies that aid the improvement in online education and help make it acces-
sible to all [3]. Across the country, 15 lakh schools were closed down, affecting 
the education of about 28.6 crore students [4]. The only alternative for the halt in 
education was about going completely online. This push led to a digital revolution 
in the educational sector [5]. Although there are a number of platforms to conduct 
online classes, the lack of a specialized platform for conducting exams is adding to 
the difficulty in online education. Our work focuses on this unexplored area, where 
the teachers can effectively conduct online examinations and provide feedback to 
students. The solution also helps tackle the issues like low network connectivity, 
need for multiple devices, and management of documents.
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2 Literature Review 

The major reasons for transition to online education included increasing the acces-
sibility, improving skills, making education more cost-effective, increasing the 
capacity, and adding a universal element to the educational system [6]. However, 
there are quite a lot of challenges during this transition to online education. 

A study conducted during the pandemic, identifies the difficulties faced by the 
stakeholders during online education [7]. In this, 87% of students was not comfortable 
with the current online exams, due to multiple issues. The difficulties included non-
familiarity, complicated processes, and connectivity issues. Current online exams 
also have huge usability issues [8]. Apart from usability issues, the factors such as 
need for support, options for feedback, options for scheduling, and need for reliability 
were the major issues that were acting as barriers for wider adoption. Research on 
the impact of Covid-19 on the education system in developing countries, showed 
that during online exams, teachers find huge difficulties in conducting examinations, 
and evaluating the answer sheets in mobile devices [2]. Limited access to computers 
and low network connectivity was the other issues faced by them. Students too face 
several issues such as need for devices, poor network, and the need to stay connected 
during examinations. A study conducted on the effect of Covid-19 on students in 
Afghanistan showed that students faced issues like limitations in resources required 
for online learning [9]. Many students lacked access to devices, and those with 
devices faced issues with Internet connectivity. The research paper also suggests 
the government to come up with an online educational platform that can work with 
limited Internet connectivity. 

Research on the issues during the transition from offline to online, found out 
that a majority of students are concerned about learning without exams [10]. Exams 
play a crucial part in the learning process, and challenges regarding the conduct 
of examinations have to be addressed. While the effects of the pandemic on higher 
education, and the ways to its securitization were analyzed, suggestions included that 
the transition to e-learning should be seen as a new normal which can be implemented 
post-pandemic along with the offline classes, rather than defining it as an emergency 
response [11]. 

3 Methodology 

The problem was approached using the design thinking methodology. The steps 
involve empathize, define, ideate, prototype, and test. The ‘empathize’ phase 
consisted of both quantitative and qualitative research. Quantitative research was 
conducted using surveys, while interviews and contextual inquiries were conducted 
for getting qualitative data. The ‘define’ phase consisted of developing user persona 
on the basis of data from the previous step. The problem statement was defined, 
which led to the ‘ideation’ phase. Various concepts were ideated, and a final list of
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concepts was prepared for the ‘prototype’ phase. Once low-fidelity prototypes were 
built, they were tested among users, and the final prototype was built. 

3.1 Empathize 

Understanding Situation 

The pandemic created new needs in the educational sector. As people realized that 
the halt in education cannot be further continued, education started going online, 
without even considering the needs and issues faced by teachers and students [2]. 
But, several teachers not even having a smartphone had no option, other than to adapt 
to the situation. 

There were several platforms to conduct online classes; however, platforms to 
conduct examinations were limited and did not meet the needs of a major section 
of people who had just entered the tech space. Tools like Zoom, Google Meet, 
WhatsApp, Google Classroom, and Google Forms were the major options available 
for educational needs [12]. In most schools, WhatsApp groups were created by 
teachers, and students were added, which then served as an official platform for 
discussions [13]. WhatsApp was the most popular platform, followed by Google 
Classroom and Google Forms, to conduct online examinations, and both teachers 
and students faced many issues which are being discussed in detail in the further 
sections. Several parents also faced difficulties such as providing facilities for all 
their children when exams happen for all of them simultaneously [14]. Working 
parents, as well as parents with low IT skills, also faced bigger problems of time 
management and less skills for helping out their children. 

Understanding Users through Quantitative Research 

User Survey. The survey was conducted using Google Forms, among teachers. 
A total of 24 teachers participated in the survey. A pilot survey was run among 
2 teachers, and then, questions were refined so that teachers understood it more 
properly. After this, the survey form was circulated. 

Among the participants, 62.50% conducted exams in mobile devices, mostly due 
to not having a computer. This shows the importance of mobile friendly platforms 
for conducting examinations. Among the applications used, WhatsApp was the most 
popular, with 46.70% users conducting exams in WhatsApp, mostly due to its ease 
of use. Though there were a lot of difficulties faced, the difficulty in giving feedback 
to students was the most negative aspect in the current examination system. 

Understanding Users through Qualitative Research 

User Interviews. Ten user interviews (3 students, 4 teachers, and 3 parents) were 
conducted online. All the teachers were high school teachers, who had started 
conducting online examinations during the pandemic and were adapting to the new 
situation, but had a lot of difficulties in the process. Among students, 2 were class 7
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Fig. 1 Evaluation of a class 9 answer sheet using Google Classroom 

students (twins), and one was a class 10 student. Among parents, 2 were the parents 
of the above-mentioned students, and 1 was the mother of a class 3 kid. 

Contextual Inquiry. Contextual inquiry was performed during the evaluation of an 
answer sheet (Class 9) using Google Classroom (Fig. 1). 

The evaluation was done by a high school teacher (37, Female) for Class 9 Math-
ematics. She conveyed her comfort with using Google Classroom on a computer. 
However, she mentioned about the difficult learning curve and the reluctance of her 
peers in using Google Classroom in mobile devices. Students had to upload images 
of each answer in a subjective test. Teachers have the option to highlight the areas, 
and she mentioned about not using the type feature for giving feedback since she 
faced difficulty in typing. 

3.2 Define 

The insights gained in the empathize phase were used to pinpoint specific issues and 
goals that the users have. Teachers and students both faced difficulties during online 
examinations. 

Among teachers, the most prevalent problems were as follows:

● Difficulty in giving feedback to students
● Difficulty in typing
● Poor network connectivity
● Managing documents
● Fear of technology in extreme users. 

The most prevalent problems among students were as follows:
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● Poor network connectivity
● Limited number of devices in a family
● Not getting enough feedback from teachers. 

3.3 Ideate and Prototype 

On the basis of the problems defined, various concepts were ideated, and three among 
them were selected for prototyping. 

Concept 1—The Exam Model 

We tried to closely relate this concept with the real exam halls in schools. The rooms 
created would only be valid during exams, and the data may be stored for a short 
time period. Exams would be created, and students would be added. After the final 
export of the marksheet, exams get deleted. Although students can see the file icons 
of other students, these would be password protected. Password protection could be 
disabled for teachers (Fig. 2). 

Concept 2—The Class Model 

In this concept, classes would be created, and students would be added to each 
class. Different exams could be created inside a class. Student portals would be 
present, where documents of students remain stored, and could be analyzed. Although 
students would see the file icons of other students, they will not be able to access 
those files since they are password protected (Fig. 3).

Password protection can be disabled for teachers. Data may be stored for a longer 
time period.

Fig. 2 Mid-fidelity wireframes of concept 1: teachers can create exams, wherein they can share 
the question paper to students. Students can upload their answer sheets, and teachers can use the 
tools provided for evaluation and feedback 



562 J. K. Thomas et al.

Fig. 3 Mid-fidelity wireframes of concept 2: teachers create classes where students are added. 
Exams are created inside the classes; students can upload their answer sheets, and teachers can use 
the tools provided for evaluation and feedback

Concept 3—The Evaluation Model 

This concept would only be meant for evaluation, where teachers can upload answer 
sheets, evaluate them, and then download these documents. No option would be 
provided to share answer sheets. Sharing has to be done through other external 
platforms (Fig. 4). 

Fig. 4 Mid-fidelity wireframes of concept 3: teachers can only perform evaluation and feedback 
using the tools provided
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3.4 Testing 

The initial prototypes were tested among 12 users. Zoom meetings were set up 
individually. Links for the prototypes were shared, and participants were asked to try 
on their own to conduct an exam. The prototype was screenshared during testing. 

Prototype 1 was found the easiest. Prototype 2 was preferred by eight teachers. 
Although the rest four teachers found Prototype 1 as the easiest, they preferred the 
Prototype 2 since it had more features. None of the participants opted for Prototype 
3 having the minimum features. Considering the insights from user feedback, the 
final prototype was designed as the solution. 

3.5 High-Fidelity Prototyping 

See Figs. 5, 6 and 7. 

Fig. 5 Teacher schedules a new exam and shares question papers by either uploading from phone 
storage or by taking photos using the scanning tool. After this, students are invited to the exam 
using the link generated in the app. The link may be shared over other mediums such as WhatsApp 
or Email
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Fig. 6 Students enter the link and get access to the question paper, only at the scheduled time. 
After writing the answers in the answer sheet, students take photos of the answer sheets and upload 
them 

Fig. 7 Teacher sees the answer sheets uploaded and evaluates using the tools provided. Pen tool 
allows the teachers to mark their feedback. Customizable sticker packs help teachers to allot scores 
for answers and in automatically calculating the overall score. The voice sticker feature enables the 
teachers to give voice feedback to the students
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4 Conclusion 

The final high-fidelity prototype was tested among three teachers (secondary school 
level) for subjects English, Science, and Mathematics. All of them found the product 
to be significantly easier and comfortable than a conventional online exam through 
the competitors. The option to give feedback was appreciated the most, and the 
interface was found to be having a less learning curve. The positive feedback from 
the teachers indicated a demand for the product and pointed toward desirability of 
the solution. 

5 Discussion 

On further development, the product could also have features that help the teachers 
to handle classes as well, as it would make it convenient for the teachers and students 
to have a single app for all of their educational needs. 
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Clubhouse—A UX/UI Case Study 
on the Audio Social App 

M. Vishnu, Jaison K Thomas, Sarvesh Tripathi, and Tripti Singh 

1 Introduction 

Founded during the time of the COVID19 pandemic in March 2020, Clubhouse is a 
social media app that makes use of the human voice as the basic key for information 
sharing [1]. The popularity of the app among tech giants like Mark Zuckerberg, Elon 
Musk, etc., and the ability to involve in discussions in the rooms through audio, 
without switching on the cameras gave the app quick popularity. Initially, the app 
was released only on the iPhone Operating System (iOS) platform, which also gave 
it a larger-than-life image in the beginning unlike other social media apps [1]. It was 
the first social media app that would allow users to interact with each other through 
audio only, without a need to show their faces, which added on to the privacy factor 
for the users, which in turn became another major reason for the exponential growth 
of the app in a very short span of time, the primary reason being the pandemic related 
shutdowns [2]. In a span of 8 months after its release, the app was having almost 10 
million downloads across the world, and its valuation increased from $100 million 
to $1 billion, making the app to be nicknamed the ‘Silicon Valley’s hottest start-up’. 
Clubhouse bridges the social gap that people lacked due to the isolation caused by
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the COVID19 pandemic. It allowed users to express themselves and interact only 
through voices rather than focusing on their appearance [1]. 

Through this research paper, the issues related to the User Experience of the 
platform which would affect user retention are being analyzed and discussed. 

2 Literature Review 

The Clubhouse is a social audio app founded by Paul Davison and Rohan Seth, 
both having solid previous experience in running a tech company. Paul Davison 
was the Chief Executive Officer (CEO) of Highlight (now under the ownership of 
Pinterest) and Rohan Seth was the CEO of Lydian Accelerator and Memory Labs 
(currently owned by Open Door). With the release of Clubhouse, it became one of 
the first social networking apps to incorporate a setting where users could listen 
and speak in discussions without switching on their cameras, which was a matter of 
privacy to a large population of users [3]. Furthermore, Clubhouse is an app that does 
not have any recorded sessions. Whatever the app hosts are live, just like a group 
discussion. Initially, when the app was launched, it was an invitation-only app that 
worked only in iPhones which were having iOS platforms. But later on, due to the 
sudden surge in popularity, the Android versions of the app were developed. The 
working model of the Clubhouse resembled a lecture session and surfing through 
Clubhouse reminded a group therapy session that is often used in psychology for 
treating mental disorders and chronic pain [4]. They also introduced the ‘rotating 
app icon’ that features photographs of its community members with an interesting 
story behind it, which also increased the curiosity factor among the new users, which 
pushed them to try it out [5] (Fig. 1).

The clubhouse was launched during a time when the world was having a tough 
time dealing with the pandemic. It emerged as a new medium where people were 
able to express themselves through their voices, and still maintain their privacy intact 
up to a great extent. These features lead to the sudden growth of the app, making it 
a billion-dollar evaluation startup in around 8 months [2] (Fig. 2).

But, statistics show that the user engagement capacity of Clubhouse is slowly 
decreasing (Fig. 3). The pandemic situation and the salient features made the app 
attain an initial attraction across demographic boundaries in a very short span of 
time [2]. But as per the reports by Google, the Clubhouse app is slowly losing its 
initial popularity. Even after launching the android version and allowing uninvited 
user entries, the graph is going down [2]. The scarcity of content and the inability 
of the app to provide insights on active room discussions, finished discussions etc. 
make the user reluctant to use the app again, adversely affecting user retention [7]. In 
this research, Strength-Weaknesses-Opportunity-Threats (SWOT) Analysis is being 
carried out to deeply understand Clubhouse (Table 1).
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Fig. 1 Clubhouse app page in the app store

Fig. 2 Months on the x-axis and user count on the y-axis. Clubhouse app users from November 
2020 to March 2021 [6]

3 Research Question 

The research also aims to find out what are the issues which might have hindered the 
exponential growth of the app in terms of User Interface/User Experience (UI/UX) 
and will be suggesting some solutions to overcome these UI/UX issues which could 
assist the platform in having a better User Retention.
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Fig. 3 Months on the x-axis and monthly app downloads on the y-axis. User’s interest over time 
on Clubhouse (as per internet monthly downloads) [6]

4 Research and Methodology 

A SWOT Analysis is being carried out by secondary research. Furthermore, a quan-
titative survey through a customized questionnaire is carried out to understand the 
collective opinions of the users. Also, a few direct interviews are carried out as a part 
of the qualitative survey user personas. 

4.1 SWOT Analysis 

The SWOT Analysis is carried out by secondary research to understand deeper 
insights about the sustainable growth of Clubhouse App [8, 9], by referring through 
various journals, websites, web blogs, reviews, etc. 

Strengths. Clubhouse’s major strength is to act as a learning platform. As per the 
research conducted by Whistle Wise in March 2021, 87% of the users consider Club-
house as a learning platform where they are able to learn and also enable knowledge 
sharing on various topics like Tech, Business, and Sports, etc. 

Weaknesses. As per the survey by Whistle Wise, only a mere 40% of users finds the 
app highly engaging; which is even lesser than the number of users listening to other 
podcasts daily. Hence, serious efforts to understand the problems in terms of User 
Experience need to be taken care of to improve User Engagement. 

Opportunities. Brand endorsement and Ads are the major opportunities lying ahead 
of Clubhouse as 69% of the users are open to accommodating ads in the app, and 
70% of the users want brands to join Clubhouse [8].
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Table 1 SWOT analysis overview [8, 9] 

Strengths Weaknesses Opportunities Threats 

• Learning platform 
• Knowledge 
sharing 

• Inclusivity 

• Less user engagement 
• UX issues 
• Inability to hear 
finished room 
sessions 

• Lesser average than 
podcasts 

• Brands entry to 
app 

• Ads  
• Promotions 
• Paid  events  

• Existing segment 
leaders like Facebook, 
Twitter etc. 

• Users finding 
competitors more 
engaging over long 
durations due to 
variety of content 

Threats. Competitors like Facebook, Twitter, and Instagram, etc. post a major threat 
to Clubhouse as they are the segment leaders, and more than half a population of 
users of age between 18 and 34 years still finds the competitors more engaging and 
interactive due to the availability of more variety contents [8] (Table 1). 

4.2 Dichotomous Survey Questionnaire 

A modified Dichotomous Questionnaire [10] was created and shared through various 
social media platforms like WhatsApp, Gmail, etc. to get insights on how the user 
experience of the app was. The questionnaire was formulated in such a way that 
relevant insights on the UX side of the app were availed from the survey. 

5 Results 

5.1 Demographic Characteristics 

Of the 33 clubhouse users that participated in the online survey, 66.7% of the users 
were male, and 33.3% of the users were female (Table 2). 

Table 2 Demographic 
characteristics 

Parameters Categories N (%) 

Gender Male 22 (66.7%) 

Female 11 (33.3%)
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Table 3 Dichotomous 
survey results with conditions 
on the left, number of inputs 
and percentage on the right 

Dichotomous survey 

Conditions N (%) 

Felt anxious while on-boarding 21 (63.6) 

Hesitant to enter room discussions 22 (66.7) 

Found it hard to understand room discussions 24 (72.7) 

Observed unwanted notifications 20 (60.6) 

Missed desired room discussions 19 (57.6) 

Use clubhouse regularly like other social media apps 6 (18.2) 

Wish to have a better user experience 28 (84.8) 

5.2 Dichotomous Survey 

From the 33 Clubhouse users who took part in the online Google survey, 63.6% of 
participants stated that they felt anxious during the initial onboarding process. 66.7% 
of participants found it hesitant to enter the ‘room’ discussions initially. 72.7% of 
participants found it confusing to understand the functioning of the room discussions. 
60.7% reported that unwanted notifications which were not related to their following 
or interests were observed after the onboarding process. 57.6% stated they had missed 
discussions that they wished to be a part of. A majority of 81.8% admitted that they 
do not use Clubhouse as regularly as they use other social media apps like Facebook, 
Instagram, etc. More importantly, 84.8% suggested a better user experience of the 
app would help them in using the app more often (Table 3). 

6 Discussion 

From the survey done among 33 Clubhouse users, it is quite evident that more focus 
should be given to the User Experience to increase User Retention for the platform. As 
per the reports, the Clubhouse app download numbers have been showing a decline 
post the month of February 2021 [6]. Several reasons for the decline can be observed 
from the secondary data research. As per the reports by ‘mint’, Clubhouse was 
launched during the time of a lockdown and isolation period. During such a period, 
it gave a new communication platform to the users which was a new experience for 
everyone. But over time when the restrictions were reduced, people got much easier 
ways to have direct communications and discussions possible. Hence, the novelty of 
Clubhouse slowly got reduced [11]. More than 50% of users are of the 18–34 age 
group and around 40% are of the 35–54 age group [3]. A large user base of the app 
is taken over by the Generation Z (Gen Z, a common term for the generation born 
between 1997 and 2012 [12]) category. As per the studies, the Gen Z population is a 
population that is more prone to the technological era and hence their brains perceive
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visual content more effectively than other types, whereas Clubhouse was inherently 
an audio-based social media platform [3]. 

From the online survey carried out, the respondents clearly show difficulties they 
faced while using the Clubhouse app which in turn makes the users reluctant to 
use the app regularly. This shows light on the drawbacks the current UX of the app 
is having. A good User Experience is an unavoidable factor in the success of any 
product, whether digital or tangible [12]. The usability of a platform determines its 
long-term success [12]. For a worldwide product like Clubhouse, a large demographic 
user base has to be taken into account to make the experience of the user better 
and hence trustworthy. To build a platform that offers a great User Experience, 
usability heuristics should be taken into account [12, 13]. The usability heuristics 
allow troubleshooting the problems in digital problems and help in resolving them. 
This enables to make the experience better for the user. 

In Fig. 4, a design suggestion is being shown in comparison with the existing 
design. Unlike the current design, in the landing screen after onboarding, the user is 
greeted with a pop-up that directs the user to the rooms at the same time assuring 
the user that they will be on mute by default when they enter. This follows the 
initial usability heuristics principle of ‘Visibility of System Status’ [12]. It assures 
the users upfront that they are on mute and can confidently navigate across the room. 
This allows the user to predict the next steps, which will build trust in the platform. 
This increases the usability factor and urges the user to explore more through the app 
[12].

In Fig. 5, the existing design of the room section is compared with the design 
recommendation. In the redesigned layout, the users can access a ‘highlights’ section, 
which would have the necessary highlight recordings of that discussion. The users 
will be able to access those recordings and get an idea about the discussion, and then 
speak if interested or move to the other room if needed.

Such UX-related changes can be incorporated to make the UX better for the 
Clubhouse App. This would help the stakeholders achieve the desired business impact 
[12] by increasing User Engagement and User Retention in the platform. The research 
gives initial insights on the fact that even though Clubhouse is an audio social platform 
that is very different from other social media apps of the Gen Z category [3], a regular 
and structured UX enhancement would increase the user footprint for the app. 

7 Conclusion 

The above-discussed screens are a few preliminary low fidelity UI recommendations 
to improve the UX for the two scenarios of screens in the app only based on the 
survey results. The research was conducted among 33 participants due to various 
limitations. If the research topic addressed can be conducted on a broader scale, 
much more relevant insights on improving the User Experience of the Clubhouse 
platform can be availed. And hence, a broader UX redesign strategy can be derived. 
This derived strategy would assist in creating a better experience for the user, and
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Fig. 4 Current landing screen layout versus redesigned low fidelity landing screen recommendation

Fig. 5 Current room screen layout versus redesigned low fidelity room layout recommendation
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hence, increase user retention, in turn assisting the stakeholders to achieve or move 
closer to the targeted business goal of the company. 
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Effect of Learning Environment 
to Create Empathy and Learning 
Outcomes Among Design Students 

Vikram Mathur and Anirban Chowdhury 

1 Introduction 

The age group of 18–25 year olds ordinarily find themselves in rather confusing 
scenarios for themselves. On one hand they get congratulated and hailed as the 
youngest adult set of society but then as soon as they begin to exercise their rights 
in their new found status, they are often snubbed and criticized by the older lot for 
speaking their mind. They are kept from taking decisions and often the behavioral 
patterns of their elders continue to nag and bully them. These scenarios leads to 
frustration and a sense of rebellion within this group. They mostly tend to retaliate 
by silently avoiding any kind of involvement, engagement or discussion as they feel 
they will be belittled and again bullied into doing as per the wishes of their elders 
[1]. Thanks to technological advancements, this group finds its escape through the 
various avenues of social networks, search engines and derive enormous pleasure by 
indulging into the different sections of the virtual world and seeking out opportunities 
which they cannot access in their physical world. Such interludes with the virtual 
world provide for learnings and exposure to opportunities and information [2]. 

The world is getting smaller for the young adult learners as they dapple with 
technology and come aware of so much that is on offer. Pursuing their ambitions, 
they develop high expectations of achieving their aspirations in the most meaningful 
manner. They crave qualitative support, advice and resources to do this [3]. Unfor-
tunately, many of them face so much pressure, criticism and opposition from their 
family, friends and teachers (see Fig. 1) that they withdraw into their cocoons and 
leave their future to fate.
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Fig. 1 The mental state of a young adult learner [4] 

The education system up to secondary school completion, is meant to provide a 
basic level of awareness, learning and understanding of the various facets of life. 
It provides for an overall understanding under the umbrellas of subjects such as 
Science, Social Studies, Language and Mathematics. Unfortunately, with time the 
syllabi for each of these subjects has grown though the learning period remains the 
same. This has resulted in an acute pressure build-up on the learner as well as the 
teacher [5]. The syllabus being vast, the teacher is forever fighting to complete the 
course on time and therefore is mostly challenged to match-up with the grasping pace 
and capacity of his learner. Thus the pressure now passes onto the learner. Alongside, 
the parents of the learner who remain anxious for the future of their ward, want their 
ward to score high to remain ahead of the competition. They panic and unwittingly 
pass-on their anxiety to their ward. Finding himself cornered, this young learner 
resorts to shallow learning methods like rote. Continual practice of rote makes him 
habituated to this unhealthy method of progressing through school [6]. By the time 
he completes secondary school and enters higher secondary school, rote is a way of 
life. This technique rewards him with a high score and helps him secure admission 
to university. 

Again, family, friends and teachers at school become the deciders of which field of 
study, choice of program and institute will be best [7]. The non-assertive and placid 
ones among these young adults land up in study programs which are not aligned with 
their personal goals. They have only one way to get through the undesirable situation 
they now face, the rote method. 

Unfortunately, a study program in design education does not facilitate progression 
by rote. It is an intense process of experiential learning which calls for reasoning, 
interpretation and analysis and then application of the assimilated learnings to 
find/devise solutions for the realized problem [8]. The process being extremely 
derivative in nature does not necessarily lead to the same solution each time. So,
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learners who have not selected the design program after due diligence, find the going 
excruciatingly challenging. 

An effective education in design can only be achieved by training the mind to 
sensitively identify, relate and respond to the need. In order to develop the sensitivity 
capacities of the learner, intensive sessions of discussions, brainstorming and honest 
exchange of opinions and ideas become very necessary. 

Nature is impartial and creates equally. Circumstances, situations and life expe-
riences create variants within us apart from culture, race, traditions, beliefs, etc. But 
aptitude is defined by nature. Aptitude is the only aspect design schools can examine 
when aspirants seek admission [8]. Once the aspect of aptitude is found present, 
building the correct attitude becomes necessary. All fields need their own attitudinal 
build-up; for example, the defense forces build for discipline as they need their team 
members thinking and executing their work in the least amount of time and to perfec-
tion. Even the slightest lapse could cause total failure. This aspect of training falls 
under the theory of Behaviorism Instructional Design. As instructors of design, we 
need to achieve this in our own way. 

1.1 Comparison of Teaching in Face to Face, Online 
and HBO Modes 

The learning process comprises two phases—teaching and self-learning. These are 
also referred to as contact (synchronous) and non-contact (asynchronous) learning 
[9]. The ‘teaching’ or ‘contact’ phase of learning includes all the learning that happens 
when the learner receives direct instruction from the instructor or teacher. The self-
learning/non-contact/asynchronous learning provides for the learner to spend time 
in research and effectively forming his/her learning outcomes through recollection, 
assimilation and reflection [9]. 

The contact learning phase is thus critical and needs to be delivered with care. At 
this point in time, with advancements in technology, teaching can be facilitated in 
many more modes other than the customary old school method of ‘blackboard and 
chalk’. There are of course the physical classrooms where face to face instruction 
is administered, but then there is the online mode, wherein technology provides for 
remote instruction between teacher and his learner(s) using the virtual classroom. 
Then there is the Hybrid Online (HBO) mode which comprises both the face to face 
as well as the online modes. In this mode, the learner receives instruction in the face 
to face (physical classroom) mode as well as the online (virtual classroom) mode 
[10]. 

The HBO mode seems to produce best results as it facilitates some learning to 
the learner that s/he can learn at a personally suitable pace. It also facilitates some 
physical interaction between the learner and the teacher which helps in the learning 
process. Online lessons can be recorded and played/re-played to suit the learning 
pace of the learner [11].
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For design instruction, the HBO mode works best as it helps to provide for teacher-
learner physical and virtual interaction as well as allows the teacher to provide for 
well-directed asynchronous activities/self-learning exercises for the learner [12]. 

1.2 Why Empathy-Based Teaching Pedagogy? 

Today’s design learner is a young adult (see Fig. 1), who has just finished school 
and expects to receive the requisite learnings to make the transition into the field of 
design thought and processes. Each learner comes saddled with mental baggage of 
the past comprising his/her own peculiar experiences, thoughts and interpretations 
[13]. Their minds are so busy with these that in many cases, there is no room for 
new thought or fresh interpretations. The teacher needs to leave behind the old school 
methods of knowledge transfer that assumes that the student will capture the teaching 
and interpret the same as his/her learnings. Improvising on his methods, the teacher 
needs to ensure the creation of enough opportunity and space in the learning minds, 
for new interpretations [14]. 

An understanding of where the learner is positioned and beginning the instruction 
from there has been found to yield better learning outcomes as the learners begin to 
add their new learnings to their existing knowledge structures [15]. 

2 Aim and Objectives 

This paper aims to examine the effectiveness of empathy-based mentoring pedagogy 
in creating better learning outcomes by observing differences in two available modes 
of instruction: Online mode versus Hybrid Online mode. 

3 Methods 

Two student cohorts Cohort 2019–23 (10 students) and Cohort 20–24 (13 students), 
enrolled at the program of Interior Design, University of Petroleum and Energy 
Studies, Dehradun, pursuing the course of Domestic Interiors were considered for 
the research purpose of this paper. For the sake of convenience, this paper will now 
refer to Cohort 2019–23 as ‘Batch 1’ and Cohort 2020–24 will be referred to as 
‘Batch 2’. Batch 1 was administered the course in online mode, in September 2020 
when the COVID-19 pandemic had forced everything into lockdown, whereas Batch 
2 was taught the course in September 2021 when the classes were being conducted 
in the Hybrid mode.
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3.1 Development of Empathy-Based Pedagogy for Teaching 
Design Students 

Empathy can be categorized into three types—Cognitive, Emotional and Compas-
sionate. Cognitive empathy deals with understanding how our students feel and what 
they think. This can help us communicating with them. Emotional empathy (or affec-
tive empathy) deals with the ability of sharing the other person’s feelings. It helps in 
building an emotional connection with them. Compassionate empathy (or empathic 
concern) is about taking action and helping out in any manner [16]. 

Design being a subject that deals with understanding and converting intangible 
aspects into tangible values, requires it is learners to be conditioned and prepared to 
delve into matters with a five sensing approach. The educators need to ensure that 
their learners are available in this frame of mind. 

Talking to students from the very start and engaging with them on topics of their 
interest creates a rapport. Once the ice is broken, formalities and hierarchies take a 
backseat and conversations begin to happen. These conversations should be directed 
at identifying career and life goals. Encouraging students to share their visions and 
constraints can open the doors to forming strategies to subject matter deliveries and 
meaningful discussions. The teacher can thus step up his game by being the mentor 
instead of just being the knowledge provider. 

Cognitive empathy helps in building the rapport and affective empathy helps 
to innovate on effective learning styles that will bring creativity into the learning 
outcomes. A learner yearns to share ideas and is excited by the thought of receiving 
feedback on his effort. This feedback provides stimulation for betterment and the 
will to excel. 

3.2 Conditions of Empathy Treatment (Online vs. HBO) 

The Online platform facilitates visual and voice communication in the digital 
medium. The HBO platform facilitates the Online mode and face to face interac-
tion. Learnings would happen on both platforms but perhaps the empathy factor 
would be more contributive in case of HBO. 

There were mixed feelings about how the course would proceed. Students had 
been confined to their homes for 6 months and were attending classes on their laptop 
screens. Online mode does curtail interaction in certain ways. Though the internet 
would facilitate an audio-visual communication, the Internet signal playing truant, 
would break the mental connections the teacher and his students would be trying to 
establish. Visual connection being limited the strength of body language would not 
be utilized optimally. Also, the slightest disruption at their homes would completely 
distract the students making the teacher’s job all the more challenging. In addition 
to all this, this course is the first interior design project experience for the student at 
the program.
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4 Results and Discussion 

Batch 1 submitted their summative assessment work on time and their work had all 
the deliverables as per the stipulations mentioned in the Assessment Brief provided at 
the start of the course. The learning outcomes are shown in Fig. 2. Student feedback 
was great and honestly provided. They were very enthusiastic as this was their first 
design project course at the design program. 

Batch 2 also submitted their summative assessment work on time containing all the 
deliverables (as mentioned in the Assessment Brief) but also supplemented their work 
with many more supporting documents like free-hand sketches, physical models and 
detailed drawings. The learning outcomes are shown in Fig. 3. The student feedback 
was far beyond great and their honest joy was wholesomely communicated through 
their work and dedication to prove their worth to themselves and their teachers. 50% 
students were attending classes in face to face mode whereas the rest continued to 
attend online mainly due to travel issues.

4.1 Teacher–Student Interaction (Attendance 
and Participation) 

Being pandemic lockdown times, both cohorts (particularly Batch 1) were a frustrated 
lot due to their confinement at home and so the learning set spent the first few sessions 
with their teacher talking about their lives at home. There was a barrage of rants and 
exclamations of self-pity. The teacher was patient and empathetic to their issues even 
though they were communicating online. Gradually steering the conversation away 
and into their individual domestic areas, they began discussing how different areas in

Fig. 2 Learning outcomes in the online mode of instruction 
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Fig. 3 Learning outcomes in the HBO mode of instruction

their homes serviced their needs. The teacher was gradually succeeding in growing 
their interest in what had to be taught to them. Showing empathy had worked well and 
there was good attendance in the class (Fig. 4.). Engagement grew at every session 
as the teacher continued the practice of empathy in personal as well as class related 
work. 

In the case of Batch 2, empathy worked much better in terms of engagement 
and learning outcomes. As the lockdown had ended and students were returning to 
the university during that time, the attendance record (Fig. 5) could not remain too 
accurate. However, maximum students attended physical class.

Fig. 4 Student attendance in 
the online mode of 
instruction 
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Fig. 5 Student Attendance 
in the HBO mode of 
instruction 

4.2 Student Satisfaction 

In both batches, students have engaged very well and given very positive feedback 
for the instruction and support they received. They felt that they enjoyed the course 
and felt very confident about doing more such interior design project work in the 
future. They were specific to mention that their first time experience of working on 
an interior design project had been very reassuring and enlightening. The faculty 
conducting the course for both batches has had these students come for advice and 
guidance even after the completion of the course on other courses and issues. 

The scores show that Batch 1 scored much lower than Batch 2 even though the 
content, teacher, instruction, empathetic support remained the same. Though there is 
one case of a high score (75marks) in Batch 1, the average score across the cohort is 
65 marks. Batch 2 on the other hand, the scores are all above 70 marks barring one 
case. The cohort that was taught in the hybrid mode seems to have performed much 
better and secured 9% higher (on an average) as compared to their senior cohort. 

4.3 What Kind of Empathy Is Involved? 

Cognitive and emotional empathy were used to develop strong relationships for long 
term learning and open discussion. The learner feels supported when the teacher 
begins the instruction after locating the learners understanding level. This measure 
reassures even the slowest learner in the learner set. 

The teacher felt that the connection with the students physically in class was 
way stronger than with the ones online. The online sessions are always recorded and 
available to students for reference. Beyond the class sessions, the online students only 
referred to the recordings whereas the ones attending physically, would also reach
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out to their teacher in person or call for doubt clarifications on many occasions. The 
empathy approach worked out much stronger in the ‘face to face’ mode. Student 
engagement, involvement and learning outcomes were very much better than the 
‘online’ mode, though the modus operandi remained constant. 

Other faculty members at the department have reported that students of these 
cohorts have been actively engaging with them in meaningful discussion and seem 
to find their self-motivation to indulge more holistically in their academic pursuits. 

5 Conclusions 

In today’s time and age, the distractions are enormous in scale as well as number. As 
their teachers in design, the teacher needs to catch their attention (and arrest it) by 
creating the ideal learning environment to generate empathy and learning outcomes 
among our students. 

Since design as a subject has hardly any text books, most of the learning is meant 
to happen through interaction, immersion in self-thought and self-interpretation. Of 
these, the self-thought and self-interpretation needs to be done personally, whereas 
interactions need to happen with the rest of the world around. Interaction should be 
interpreted as a dialog that the learner has with just any and everything s/he can find 
access to. The teacher/guide/mentor in design is only meant to give direction and 
ensure free flow of thoughts for the learning mind. As a designer, one needs to interact, 
familiarize and form intimate bonds with any and everything. In short, s/he needs 
to five sense the world. The deeper these understandings, the better s/he will prove 
as a designer. Appreciating the kind of sensitive person, the ‘future designer’ needs 
to be, the teacher’s role becomes very clear too. This ‘learning’ mind needs to be 
conditioned to become a mature sensing mechanism capable of sensing, interpreting, 
analyzing, concluding and storing information in a systematic manner for effective 
recall and precise application. As stated earlier (and illustrated in Fig. 1), these young 
learners arrive at the program with so much pre-loaded mental baggage that there is 
hardly any mental space for what we want to achieve with them. It therefore becomes 
necessary for design educators to develop an ideal learning environment to create 
empathy and learning outcomes among the design students. 
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Strategizing Total User Experience 
Design for Better Business Outcome 

Anirban Chowdhury 

1 Introduction 

A designer generally considers principles of human factors engineering to provide 
different design solutions as a good ergonomics leads to good design. For example, 
if the dimension of a backpack to carry a laptop does not fitting with human body 
dimensions (anthropometric parameters), does not have proper cushioning on the 
belt and back support, this backpack might not be comfortable and usable as there 
is a probability of back and shoulder pain if carrying laptops in such backpack 
and thus user dissatisfaction. Hence, usability and comfort factors are important for 
product design and ultimately for the better user experience. From this example, it 
can be argued that human factors have direct influence on user satisfaction about 
a product use. Therefore, is now acceptable fact that “Good Design means Good 
Ergonomics” [1–3]. As a science of interaction, application of ergonomics/Human 
Factors Engineering (HFE) is not only limited to the product user experience but 
also service experience, brand experience and the experience at organizational level 
because the key focus of HFE is human well-being. 

On the contrary economics is the subject which is also focused on human well-
being through channelizing the money flow, tangible and intangible assets in a 
systematic way. Tangible assets might be a product (e.g., a car); whereas, intangible 
assets are human skills in form of a service. The HFE is important for manage-
ment of experiential aspects of both of these tangible and intangible assets. Hence, 
Ergonomics/HFE is related to the economics. In addition, it is evident that people 
love to purchase and use products which are ergonomically designed. Therefore, it 
is now established that “Good Ergonomics means Good Economics”.
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Schema Activation => Construction => Application 

Fig. 1 Steps in schema construction method (SCM) 

It is observed that current job entry level UX designers are unable to relate UX 
strategies with the business strategies, in India. Often, they only focus on usability 
and esthetics (beautification) of a user interface. They also ignore the service part of 
a product or a software. Another, crucial facts about Indian startups and newly estab-
lished UX consultancy providers are—UX awareness at Organizational level and 
UX maturity level is comparatively lower (hostility stage according to UX maturity 
model [4]). Often, these firms also ignore service system aspect for their UX design 
solution. Long back, H. Daly (1974) argued that ultimate effectiveness/stability of a 
business or economy is depending on the ration between the service and throughput. 
Throughput stands for the inevitable cost of maintaining the stocks of people and 
artifacts. The throughput should be minimized subject to the maintenance of a chosen 
level of stocks. Goal of all services is satisfaction. Services are yielded by the stocks 
of artifacts (product/software) and people. Therefore, aim of this paper is to develop 
a framework which will help to young designers to correlated Business, UX design, 
and underlying human factors to achieve a better business outcome. 

2 Methodology 

This paper covers literatures and secondary data collected from online resources 
such as Google Scholar, Science Direct, JSTOR. A systematic literature review has 
been conducted to filter out to important resources and data as per objectives of 
this study. Then, all the data were presented in the form of literature and a Schema 
Construction Method (SCM) (see Fig. 1) [5] has been applied to derive a framework 
which allows young designers (Indian) to related their design to UX strategies and 
Business Outcomes with examples from current business cases. 

3 Concept of Total User Experience (TUX) 

According to Xu [6] (Intel Corporation, USA), UX ecosystem is important rather 
than the UX at individual level (either product or service or organizational level). 
He has highlighted about different touchpoints in product or software UX lifecycle. 
These are—marketing information, order process, app/product entry point, installa-
tion information, workflow, functionality (backend/frontend), system performance, 
UI and Usability, Online help, content service, content delivery process, user manual, 
user training, user support, upgrade process and end of life process [6]. Hence, the 
Total User Experience (TUX) is an end-to-end process for proving design solutions.
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Fig. 2 The TUX and UX 
lifecycle 

The consumer journey mapping approach helps in identification of these above-
mentioned touchpoints and reinforcing the TUX practices [6]. However, in current 
practice, all firms are not focusing on TUX approach (Fig. 2). 

The TUX process has six distinct steps. 
Build a UXD team (should be inter disciplinary to handle all the touch points and 

members should have ability to communicate UXD to non-designers). 

1. Conduct TUX gap and needs analysis (based on competitive analysis of existing 
products or services but not only usability and user interface; and organizational 
requirements) 

2. Define a UXD scorecard and a tracking process (scorecard is required 
benchmarking of business success across all the TUX touch points) 

3. Execute and collaborate on UXD (interdisciplinary team work together and take 
necessary actions) 

4. Conduct an integrated end-to-end TUX test (checking whether all the TUX touch 
points in a simulated environment are represented like the real UX ecosystem) 

5. Improve TUX and make end users ready for release (the project team needs to 
make it a high priority to fix identified issues and ensure end user readiness).
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There is a novelty of idea of TUX lies on 3 steps in TUX process. The Conduct 
TUX gap and needs analysis are important as it helps to identify gaps in current use 
of products or services not only just not just in UI and usability. The Execute and 
collaborate on UXD and Conduct an integrated end-to-end TUX test are the stages 
very crucial as a UX designer needs to collaborate with business analyst, operation 
personnel, software architect, service designers, back-end tech-support providers, 
communication and marketing experts in addition to all other touch points of UX 
lifecycle. Therefore, to execute and follow the TUX process following aspects are 
very important: 1. Collaboration among TUX owner; and, Organizational Culture 
and Management Support. 

4 UX Strategies and Human Factors 

At the initial stage of UX practice, one school of experts thought that usability is the 
most factor that ensures user satisfaction and thus the good user experience [3, 4]. 
Sanders [7] talked about the role of esthetics in user experience. Jordan [8, 9], Desmet 
[10] and Norman [11] strongly agreed and established the role of hedonic needs, 
attitudes and emotions for in contribution to the user experience. In this context, 
usability standard ISO 1941 (1998) is important where there was emphasis given on 
effectiveness, effort and satisfaction of the users, to provide the basis of usability 
testing and technology acceptance [6]. 

The most of the UX strategies are depending on five key values related to the 
product choice such as functional, social, conditional (love, personality, etc.), epis-
temic (usability: safety + trust + utility + ease of use + comfort) and emotional 
(pleasure and any other affective state) [12]. Among these personality, usability 
and emotion (e.g., the reward points redemption causes happiness/to customers at 
Pantaloon or Big-bazaar) are directly related to Psychological Human Factors. The 
socio-economic values (e.g., discounts in massage services in massage parlor or 
saloons in India or any other cost-effective solutions to target bigger marker) are 
related to social human factors. On the other side, functionality (e.g., back-end server 
fault causes data acquisition error and thus dissatisfaction to end users of a software) 
is indirectly related the human factors via usability (as system error is a usability 
factor in this example). 

5 Good UX Strategy Means Good Business 

Balance between UX strategies and business process/requirements is very crucial for 
implementation of UX strategies. A good UX designer should have understanding 
of market, value propositions, business model and revenue streams; they should 
have a clear idea on the impact of application of a UX strategy in the business 
outcome context. Therefore, the UX strategies should ensure value addition to the
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product/service/software, a good brand experience, helps to improve business model, 
improve money flow and returns on investments but not only improves/ensures the 
esthetics and usability of an interface. If the UX strategies aiding the business in this 
manner the it could be argued that “Good UX Strategy means Good Business”. 

UX strategies—A good UX designer should have understanding of market, value 
propositions, business model and revenue streams; they should have a clear idea on the 
impact of application of a UX strategy in the business outcome context. Therefore, 
the UX strategies should ensure value addition to the product/service/software, a 
good brand experience, helps to improve business model, improve money flow and 
returns on investments but not only improves/ensures the esthetics and usability of 
an interface. If the UX strategies aiding the business in this manner the it could be 
argued that “Good UX Strategy means Good Business”. 

6 UX Strategy-Based Business (UXSBB) Framework 

According to UXSBB framework (see Fig. 3.), identification of HF related needs 
is important at different levels/touchpoints of UX lifecycle. Considerations of HF

Fig. 3 UXSBB framework: propagation of HF to Business Outcomes using UX strategies
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leads to a better UX strategies and thus it helps in consumer value creation in various 
ways such as values related to the marketing and sales, distribution, supply chain, 
consumer service and operations. Table 1 represents the case studies on UX strategies 
that were useful for better business outcomes considering HF. Support for value 
chain activities (in the contexts of finance, information technology/other technology, 
human resource, and infrastructure) are required to implement consumer values in 
terms of product/service. In addition, campaigning and communication to UX team 
members and other cross functional team members are important to ensure all the 
practices related to TUX process. The UX campaigning is also helpful for building 
of UX awareness and UX culture development at organizational level.

Table 1 Examples of propagation of HF to UX strategies to business outcomes 

Human factor(s) UX strategy Business case 

Motivation and persuasion Continuous sale of apparel 
using discount coupons 

Treands, Pantaloon, etc. 

Emotion Making Happy to Customers 
Scratch Cards for Lottery 

Honda Bikes 

Personality and social status Matching cars with user’s 
personality through providing 
the car customization at high 
cost 

BMW 

Esthetics and visual pleasure Appeal of the Bose Speakers Bose India 

Functionality, usability and 
ambitiousness 

3 AI Cameras for HQ 
photographs with 
improvement of depth 
perception and 3D capture 

Apple iPhone 11 

Socio-economic Dual AI camera phone with 
HQ images and depth 
perception in low price 

MI 7 mobile phone 

Emotion/pleasure Good quality boarding and 
after boarding services along 
with timely departures and 
beforetime arrivals 

IndiGo Airline 

Trust and satisfaction Authentic user reviews for 
online purchase of products, 
logistic services (timely 
delivery and home door 
product return) and secure 
transactions (money back in 
case of product damage) 

Amazon 

Safety Regaining customer base 
using free of cost product 
damage/insurance service) 

Airtel

(continued)
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Table 1 (continued)

Human factor(s) UX strategy Business case

Empathy Adaptive AI-based voice user 
interface solution 

Amazon Alexa 

Excitement Birthday cake, surprise 
photograph in photo frame 
and birthday songs when dine 
in a restaurant 

Barbeque Nation 

Love (intimacy) Word of mouth behavior of 
friends often influence 
purchase of gadgets for VR 
games, e.g., InMind VR 

VR box, Google Cardboard etc 

Ethnocentrism Non-Indian brand of shoe 
created a brand image of 
Indian corporate 

Bata 

Emotion and trust Fear of death secures afterlife 
responsibilities and thus 
satisfaction and trust to the 
customer 

Life Insurance Company 

Emotion Disease/disorder awareness 
campaign generates fear to 
people without have medical 
knowledge and thus goes for 
medical check ups 

Fortis Hospital 

7 Conclusions 

The fact of the matter is designers should consider the human factors to opt better 
user experience strategies in all kinds of design deliverables; and, sensibly relate 
and apply UX strategies with business outcomes using the proposed UXSBB frame-
work. Proposed framework also enables knowledge on application of different UX 
strategies for different business context. 
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Predictive and Behavioral Analytics 
for Big Data Architecture 

N. Sudhakar Yadav, N. Ravikanth Motupalli, K. Jamal, and Y. Usha Rani 

1 Introduction 

Big data analysis has come to the top of the list of issues of interest to both profes-
sionals and academia in recent years. The rapid expansion of digital devices, internet 
usage, tablet, and smartphone use, and other types of data generation generate massive 
amounts of data all the time. Big data, in contrast to conventional data, is derived 
from a range of sources and presented in a variety of ways [4]. The volume, diver-
sity, and speed with which this data is generated provide significant difficulties for 
data center managers. Computer, storage, and analytical capabilities, on the other 
hand, have addressed these issues. Large datasets may now be stored in a simple and 
cost-effective manner. 

Given the peculiarities of Big Data, particular consideration must be given to it 
throughout the data extraction and ingestion process from a variety of sources. Any 
framework should be capable of efficiently processing massive amounts of data, 
as well as assimilating and processing organized, semi-structured, and unstructured 
data. Batch and real-time processing should be supported by the software.
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2 Literature Survey 

Research method recommends that a comprehensive A literature review should be 
conducted to aid in the identification of the research environment and issues. That 
is how we are able to comprehend the solution that has been previously provided 
by other academics. Extensive study of the literature and consideration of possible 
research avenues are required to fully comprehend the flaws in the approach provided 
[2]. We will look at the many different dimensions of bigger ones that exist. Science 
and information technology (ICT). This research also looks at how experts and the 
ability to upgrade big data processing systems may help. Increasing the effectiveness 
of the decision-making process. This is a goal that is often taken into consideration. 
Each industry’s decision-making process must be transformed as a result. The big 
data study we provide is extensive, encompassing some of the different huge data 
frameworks that may be used to cope with future data analysis and decision-making 
situations. Large-scale use and effect of Big Data Analytics have been proven in a 
variety of sectors. In this part, we looked at the literature on big data tools, approaches, 
and methods, among other things. In addition to this, ZigBee, NFC, and Bluetooth 
were widely used for intra-communication [3]. The upsides and downsides based on 
application needs are briefly discussed [1, 21]. 

Academics and information technology experts are united in their belief that big 
data is increasing. The majority of data analysis and decision-making processes have 
been in place for just a few years during the past few years. Keep in mind that there 
is a lot of information and its structures. Available in a number of locations help us 
better grasp the direction and direction of the research across various disciplines in 
the future. In this particular area, we are discussing literature. A thorough analysis 
of the current and upcoming technologies in the area of big data educational domain 
is discussed [5]. Zwolińska et al. [22] proposes a manufacturing execution systems 
system that connects the world machines and business systems while taking into 
account the specific approaches of production systems, as well as the personalization 
of software for such production system automation. 

Investigate several tools and methods for large-scale data analysis to see which 
ones work best. Specific to a domain are the difficulties [4]. Doug Laney, in the 
2011 Gartner Data Management Report, highlighted the importance of three charac-
teristics: volume, variety, and speed. It was determined if Hadoop and MapReduce 
were suitable for various distributed applications created by Fernández et al. [5]. 
The advantages and disadvantages of the MapReduce model were evaluated, and 
the results were compared to the results of the existing traditional versions of this 
new model. Additionally, a few alternative frameworks for addressing the disadvan-
tages of MapReduce programming are suggested. Enhanced software engineering 
schematic design techniques to aid in the design and implementation of software-
based applications with a focus on data management [7]. In the food and beverage 
industry, a method for automation based on the integration of MES with other manu-
facturing systems is presented, which simplifies design and implementation [13]. A 
study conducted by paper [8] in Big Data Analytics is looking at the use of Semantic
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Web technology. They examined the importance of large-scale data analysis in the 
field of life sciences. 

Paper [9] performed extensive research and analysis of the big data environ-
ment. Big data improvements are being driven by advances in hardware, software, 
techniques, and frameworks. It investigated the effect of two growing areas, cloud 
computing, and big data, on one another and on one another’s impact. They introduced 
the fundamental concept of big data. Paper [10] investigation of the instruments, tech-
niques, and approaches used in the big data ecosystem is another excellent source of 
knowledge. Big data analysis was used by Wang and Krishnan in clinical data [11]. 
Kevin Ashton originated the term Internet of Things (IoT) in 1999 in the context of 
supply chain management [16]. The breakthroughs, as well as creative applications, 
are extremely encouraging and point to a bright future for IoT on the one hand, 
but various hurdles on the other. Security, big data analytics, scalability, Quality of 
Service (QoS), and energy management are just a few of the problems [15]. This study 
extends on and completes a preliminary proposal to address these issues, focusing on 
the design of an architecture for industry 4.0 that accompanies better software engi-
neering architectural design procedures to expedite the design and implementation 
of software-based solutions with an emphasis on digital management [18]. Archi-
tectural design requirements were gathered using an attribute-driven design (ADD) 
technique based on smart production scheduling, manufacturing process manage-
ment, and active inspection and maintenance, repair, and overhaul (MRO) eventu-
alities [17]. A generic approach based on machine learning methods is provided in 
[19] for strongly correlating errors observed in historical process log data with the 
upcoming log file, according to a prediction limit. They offered a detailed overview 
of machine learning algorithms for big data analysis in the healthcare sector in their 
paper [20]. 

They presented a small number of algorithms and techniques that are often utilized 
in clinical analysis of large amounts of data. The drawbacks of these techniques have 
been investigated in detail. The study also looks at hypothesis testing and statistical 
techniques, as well as the software tools that are used to put these approaches into 
action. Chen et al. [13] conducted a study of the data analysis space. 

For Big Data Analytics, the performance and accuracy of different data mining 
techniques are compared. They concentrated on identifying extra value in data mining 
issues via the utilization of large amounts of data. Several researchers, including paper 
[14], have addressed the problem of data variety and heterogeneity in the context 
of big data. Many difficulties have been discovered, including concerns with data 
intake, data management, intrusion detection, and data privacy, all of which have 
been addressed [12]. With regard to a variety of industries. These MapReduce-based 
data processing frameworks were put through their paces. He suggested a model in 
which declarative programming would serve as an interface to data [16]. Reduce the 
processing foundation on which decisions are made.
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3 Proposed Work 

Big data were characterized in many ways. Big data [17] define datasets as those that 
are too big for conventional data processing methods and thus need the management 
of new technologies to be effective. The term “big data” is defined as applications 
that need sophisticated and one-of-a-kind storage, administration, analysis, and visu-
alization technologies in order to deal with such large and complicated data sets and 
analytics technology. Big data is not only defined by its amount, but also by its rapid 
speed, diversity, breadth, and connection with other things in the natural world. In a 
nutshell, big data refers to large amounts of data. 

Data generated in a matter of hours with terabytes and petabytes of storage. 
Traditional database management systems can’t keep up with the needs of storing, 
analyzing, and administering vast amounts of data from a wide range of sources. 
Figure 1 shows the simplified architecture of big data and analytics and shows how 
enormous volumes of data are generated from many sources, as well as how insights 
may be used to help in decision-making. 

Fig. 1 Architecture of big data analytics
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3.1 Different Types Data 

All different kinds of data are generated by different sources, and these data types 
may be generally categorized as structured, unstructured, and semi-structured data. 
Information that is structured: Information that has been categorized Retail outlets, 
batch processing, Enterprise systems, and extended business systems like supply 
chain and customer relationship management systems are all examples of structured 
sources of data [21, 22]. In a relational database, the data is organized into well-
defined table structures that are easy to navigate. ETL tools and procedures are used 
by traditional relational database management systems to retrieve, convert, and store 
data into a warehouse. 

3.2 Characteristics of Big Data 

Big Data, for example, in terms of volume, pace, and variety, may be mainly described 
by the three Vs. Terabytes or petabytes of data are gathered over several hours in 
commercial or social media systems, indicating that big data is very enormous in 
volume. Every 40 months, the amount of data is doubled (Davenport 2014) [14]. 
Increases in the number of mobile devices are occurring at an unprecedented pace. 
More than 40 billion wireless gadgets are expected to connect to the internet during 
the next five years, according to John Chambers of Cisco. Apple’s John Sculley, a 
well-known CEO, and business leader, wants to usher in the digital age of the next 
generation by using four high-speed technologies: cloud computing, the internet, 
data, and mobile. The confluence of these four major technologies will result in 
increased data speed at an exponential pace in the near future. 

3.3 Traditional Data in Their Entity 

Traditionally, corporate data is stored in a database management system that has 
been well-defined. In recent decades, several major corporations have adopted enter-
prise resource planning (ERP) systems to improve operational efficiency and reduce 
costs [10]. These enterprise resource planning systems (ERP systems) or individual 
applications gather huge quantities of transaction data around the clock. There have 
been circumstances when massive volumes of data were obtained, such as the govern-
ment’s official statistics collected every decade. Furthermore, because these incidents 
were rare, there has been no pressing need to analyze the real-time data. This massive 
data set has been gradually transferred to the data warehouse in order to be processed 
further. The data landscape has altered substantially on a variety of fronts since the 
internet entrenched itself as the backbone of communication and information:
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1. The advent of the internet has expedited the process of globalization and devel-
opment of multinational corporations, owing to the fact that communication is 
now fast, inexpensive, and easy throughout the globe. 

2. A variety of new kinds of semi-structured data have developed, including 
websites, and emails, among others. The inclusion of information on social media 
platforms has resulted in an exponential rise in the volume, speed, and variety of 
data. 

There is a constant flow of information from a variety of sources when it occurs 
in large data. In the absence of a dependable data source or organization, Every hour, 
Facebook receives hundreds of posts, as well as millions of picture uploads, which 
are collected in a database. 

4 Big Data Analytics 

Big Data Technology is based on previous data analysis methods and employs statis-
tical methodology such as regression, principal component analysis, and other similar 
techniques. It provides real-time analysis by combining high-speed data retrieval with 
sensor information. The subjects of information science, data science, statistics, and 
mathematical models are all multidisciplinary fields that may be studied together or 
separately. Statistical methods such as regression, multivariate statistical, and multi-
dimensional statistical, as well as mathematical knowledge and experience, are used 
to construct equations. 

The test on bog data revealed that increased technology has resulted in a massive 
amount of big data and that academics are in the process of finding new paths of 
evaluating this data in order to extract valuable information. Investigators and users 
are no longer interested in learning what occurred and why it occurred (descriptive 
analytics), but rather in learning the answers to questions like what is occurring now 
and what is anticipated to occur in the future (predictive analysis). As a result, business 
analysis can be separated into three areas, as indicated in Fig. 2: descriptive, predic-
tion, and prescriptive insights. In the next section, we will build predictive analysis, 
taking into consideration the significance of this technique for many stakeholders in 
society and business.

4.1 Analytics for Prediction 

Predictive analytics uses data mining, pattern identification, statistics, deep learning, 
machine intelligence, and information gathering to find relevant patterns in data 
[1]. It also refers to the straightforward application of data analysis tools to solve 
issues or answer questions. Cutting-edge analytical approaches are used. Business 
intelligence (BI) and big data, when integrated with statistical methodologies, are
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Fig. 2 An existing study of Predictive analytics

making tremendous progress. Business intelligence methods aid in the study of data 
from multiple sources, allowing managers to make well-informed decisions. Experts 
in the field of research design the questions and variables, however in predictive 
analysis, the model and association decisions are made based on the data [1]. It’s a 
method of systematic analysis in which a computer program searches for patterns 
and inherent relationships among variables of the study in a dataset. It is proposed to 
select the optimal connection regression coefficients for each link in order to reduce 
model errors. The technique makes considerable use of complicated information 
systems and requires numerous iterative cycles for best results. 

4.2 Social Analytical Media (Social Media Analytics) 

Text messages, music, pictures, and videos, among other things, make up the bulk of 
social media data. Text, videos, pictures, music, and other forms of communication 
are used to share information. The typical process that consumers undertake while 
purchasing items is shown in the following figure. They also share their thoughts and 
social media posts on the product both before and after it has been bought. Companies 
may use technology to help them achieve their business objectives and make tactical 
decisions in support of those objectives. The processing ability based on predictive 
study is depicted in Fig. 3. Next that, we will discuss various ways in which social 
media analysis may be beneficial to businesses in the following part.
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Fig. 3 Processing based on predictive study 

5 Opportunities and Difficulties in Big Data Analytics 

Our goal is to establish an open source Big Data enabling technology solution archi-
tecture, and the following are the primary principles for developing a strong Big Data 
Analytics platform. Data Archiving: A centralized solution for analytic archiving that 
allows data to be kept online for analytics rather than being moved offline, as well 
as seamless data lifecycle management and cataloging of information assets. 

5.1 Efficacy in Relation to Time 

Individuals who are able to extract value from a particular data source in real-time may 
benefit from data from organized or unstructured sources. There are many examples 
of real-time data being used to address problems. Natural disasters may disrupt vital 
supply networks. In nations like India, where the logistics system is fragmented, the 
infrastructure is weak, and many large and small companies are engaged, the impact 
is larger [8]. There is a need to proactively monitor supply chain risks in real-time 
in order to avoid, react and prevent future disruptions and occurrences. 

5.2 Difficulties with Huge Amount of Data 

Because of its enormous scale and scope, big data presents some particularly difficult 
problems. The vast majority of companies are overwhelmed by the amount of data 
being generated at such a fast pace. The toughest challenges are measurement inac-
curacies, as well as size and quality issues. The tremendous volume of data collected 
and stored every day at lower costs drives big data. It is an efficient statistical method.
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Noise, heterogeneity, correlation, and inefficiency are all issues associated with big 
data that must be addressed. 

5.2.1 Data Size and Quality 

Due to the expansion of the data, handling large amounts of it is problematic. Tradi-
tional databases can be managed with Excel or even other ETL software, but big data 
necessitates the use of a specialized technology framework such as Hadoop. 

5.2.2 Bigger Space 

With so many variables, it’s easy to create a misleading correlation, allowing some 
variables to mislead you about their relationship to the model outcome. Nonessential 
variables are likely included in the model. Large sample sizes result in high processing 
costs and algorithmic instability. 

5.2.3 System Reliability 

Data dependability is another element to consider. Unstructured data is notoriously 
untrustworthy, prone to errors and data loss. The information is gathered through 
social media, smartphones, emails, and text messages [12]. Data is gathered from a 
variety of sources, including computer systems and industrial sensors (Le and Pang 
2013). To extract tiny amounts of valuable information, data mining takes a long 
time and requires a lot of unlinked data. As a result, it’s really taxing. Hunting for a 
needle in the haystack could be difficult. 

5.2.4 Data Precision and Adequacy 

Although the dataset is vast and multidimensional, it does not reflect the entire 
population. When using social media as a source of huge, unstructured data, only 
those who connect or participate in the online conversation are included in the data. 

Similarly, platforms such as Twitter restrict access to restricted data sets based on 
pre-defined requirements. Any biases in data interpretation should be controlled for 
by researchers. 

5.2.5 Analytics Setup 

Like any other IT project, Big Data Analytics has its own set of problems that must 
be handled inside an organization. With analytics comes increased starting expenses, 
changing business trends, and providing qualified information specialists.



604 N. S. Yadav et al.

Implementing Big Data Analytics may be difficult due to many factors like data 
quantity and completeness issues, a lack of business support, insufficient personnel 
and knowledge, and technological issues in the database, to name a few. There are a 
variety of additional problems associated with big data, including data cycle manage-
ment, data redundancy, analysis, data secrecy, energy management, collaboration, 
and data confidentiality. A memory statistics structure enables you to do the following 
search operations on triples in a single memory: Return the set (s, o)|s, p, o Di that 
contains the members of the input set p, given the input p. (s, o). Please enter the set 
o | s, p, o Di for both the s and the p parameters, as well as the set o|s, p, o Di for 
the o parameter. For each of the three values of o and p, the  set  s|s, p, o Di must be 
returned as a result. The fact that all of the aforementioned inquiries need a predicate 
that is well-known results in a threefold increase in the number of workers who use 
the predicate in question. It is necessary to calculate a predicate-base based on the 
resulting predicate index (abbreviated P-index). 

6 Conclusion 

Big Data’s provenance delivers a different mixture of challenges and opportunities. 
As previously stated, a systematic approach may be used to collect, store, and analyze 
large amounts of data. The interdisciplinary field of analytics requires years of experi-
ence and skill in order to extract meaningful insights from a sea of data. Data quantity 
and completeness, a lack of corporate support, a shortage of people and expertise, 
as well as database software problems, are just a few of the challenges that must be 
overcome in order for Big Data Analytics to be successfully implemented and used. 
Big data brings with it a slew of new issues, including data life cycle management, 
data redundancy, analysis, data confidentiality, energy management, collaboration, 
and data secrecy, to name a few examples. 
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IoT and Machine Learning for Traffic 
Monitoring, Headlight Automation, 
and Self-parking: Application of AI 
in Transportation 

Anurag Sinha, Abhishek Singh, Prince Shubham, Vivek Raj, 
and Md. Ramish 

1 Introduction 

Governments give significant attention to road infrastructure in emerging and indus-
trialized nations. You think that the road infrastructure will improve your economy in 
numerous ways. The car industry has also improved its vehicles, notably in vehicle 
speed, in many respects. The road accidents have significantly high-detrimental 
impacts compared to older times because of modern high-speed cars. Many studies 
worldwide have shown that the percentage of accidents is high at night compared [1]. 
It is no less typical for accidents to be high during the day and in the worst weather 
conditions like different weather condition. It has many components assuming signif-
icant part during these mishaps, however, the top most justification behind these 
mishaps are helpless deceivability of the drivers. The light emanates from automo-
biles that blind the drivers for a few seconds in the other direction. Only after a few 
seconds of normal light can the motorist see things well again. There are also many 
blind spots in the roadways that are not straight and with many curves, which cause 
crashes in mountainous areas or on roads with multiple turns. The government of 
nations is more focusing on road infrastructure as well as road safety. The automobile
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industry is also putting their effort to improve vehicles in numerous characteristic, 
mainly in safety of the vehicles and the speed of the vehicles. One of the most popular 
branches of AI is machine learning. There are other classes of AI which include prob-
abilistic models, deep learning, game theory, and artificial neural network systems. 
They are applied in wide range of sectors. In recent, it has been the leading research 
area in transportation engineering, especially in traffic monitoring, automatic smart 
head light system, and self-parking in cars. One of the major issues of developing 
countries is traffic congestion, which harms the economic and social development 
as well as daily lives of people. Today, the major challenges of traffic congestion are 
estimation of traffic and monitoring. As the development in transportation sector by 
collecting traffic information, authorities are putting more effort on traffic congestion 
monitoring. For the smooth journey of travelers, traffic monitoring provides with the 
required time to plan in the distribution of resources [2]. Traffic monitoring discussed 
in this paper can be define as a valuation of factors related to traffic congestion into 
the short-term future by applying different machine learning methodologies. 

As the technology is developing so much, we have reached at a point where we 
can control our car without touching it or sitting in it, in past and present, we have 
this technology but in RC cars. In today’s era, we are running the vehicles as we 
used to run our RC cars in childhood. There are automation features in existing cars 
which are insufficient to allow cars to drive itself. But with the self-driving car, we 
can make the presence of cars on the road constantly. Today, self-driving is no longer 
a high-tech dream, but it is becoming a reality. Autonomous car can be dangerous 
to some but also has its advantages. Drivers give a lot of consideration in changing 
the high shaft to low radiate as well as the other way around, which makes part of 
the issue to the drivers who are in the inverse direction. Barely, any extravagance 
vehicles have programmed brilliant headlights framework that changes high bar to 
low radiate at whatever point required, however, the economy vehicle is not given 
this innovation. This paper attempts to plan a solitary programmed savvy front lamp 
framework which can satisfy all the requirements for the front light and the tail light 
of the vehicle [3]. 

Problem Statement and Paper Organization 

The major concern of the transportation during nighttime is path clearance in high-
ways during rainy and foggy days. So, automation in daylight may counter the specific 
problem during nighttime by automating the headlight controlling system using IoT 
and machine learning. This chapter is organized in mainly four sections. The first 
section of the chapter discusses about the identification with relevant literature study 
and the rest part of the paper contains methodical survey of the technology used. 

2 Related Work and Research Gap Identification 

In this chapter, we have analyzed several techniques for headlight beam automation 
by taking reference from several paper from regulated journals like Wiley, Hindawi,
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Table 1 Paper used for comparative study and survey 

Reference number Survey 

[4] Management system to avoid accidents due headlight glaration 

[7] Proposed vehicle detection method for nighttime 

[8] Nighttime vehicle detection by image and sensor-based approach 

[9] AdaBoost and SVM Blob Learning-based approaches 

[10] Sensor-based approaches to headlight controlling and obstacles alerting 
system 

IEEE, Conference papers out of which we have selected few paper for comparative 
study and research gap identification. Same is mentioned below in Table 1. In paper 
[4], author has introduced technique to tackle accidents due to glare lighting on 
highway, however, the concept is good but more precise IoT technology should 
have been introduced. In paper [5], authors have provided technique for vehicle 
detection during nighttime using computer vision but the more precise technology 
should have been introduced using deep learning for object identification during 
nighttime. In paper [6], authors have shown significant amount of work to detect 
vehicle by sensor base technology, however, vehicle to vehicle node technology can 
be developed for better enhancement of algorithm. In paper [4], authors have shown 
several ML algorithms for classification of objects and headlight control system. But 
some more innovative system can be developed using deep learning. In paper [7], 
authors have shown sensor-based approaches to headlight controlling and obstacles 
alerting system, however, objects detection system can be developed using computer 
vision for detecting minute obstacle on road. In paper [4], it is shown “approaches 
based by IoT, Arduino, and sensor on smart headlight to avoid accidents”, however, 
more sensor can be used to detect proximity. 

Problem Identification 

Problem recognition-driving at night with main beam of headlight on this is one of 
the normal shortfalls of our drivers in evening driving, extraordinarily on dim or 
gravely lit streets that we by and large have in rustic regions and furthermore along 
a significant number of the streets in our urban communities and towns. Driving 
civility forces a unique obligation on the driver that the approaching driver is not 
impeded by the stun of headlights. Driving Vision and Glare: The natural eye, one 
of the most intricate organs and the best endowment of nature, is outfitted with an 
assortment of transformation capacities. Nonetheless, it is weakened by glare. The 
natural eye’s powerlessness to deny glare sources in the typical visual field during the 
long development interaction may be on the grounds that nature was unconscious of 
man’s capability to make incapacitating sources-the most genuine of which is vehicle 
front lamp glare. 

Fog Light Dazzle—The amaze impact is one of the serious issues looked by a driver 
in evening driving. So one needs to stop the extreme focus light from the eyes of 
the approaching driver or street clients to forestall the astonish impact. Programmed
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Fig. 1 Glare in highway 

dipper is one such component, which is utilized for wellbeing late evening driving 
without the extraordinary astonishing impacts. Current problem faced by motorists 
are dealing with an immense issue because of this high-light emission falls straight-
forwardly onto their eyes during driving. There are numerous clinical statistical data 
points which support their issues of late evening driving. 

Troxler Effect—Troxler effect is a phenomenon where the optical in means is 
affecting the vision site of a person’s at a particular point of time, and it creates the 
illuminations when something’s arrives in front of your eye side and the unchanging 
stimulus of the reflections is taken away from the fixation point, will meet things 
disappear. In highways, the Troxler effect comes in a blurring way where the eyes 
introduced with the impressive light which is coming in the 10,000 lemons which 
experiences via glare on highways. The multiple vehicles lighting on the highways 
open the over repetitiveness of the bars and the lights which is coming at later effect, 
it makes the reflection more complex in the clear side during high-beam environment 
in night [11] (Fig. 1). 

Mishaps Because of Troxler Effect—As talked about before, there are numerous 
mishaps caused because of Troxler impact. Numerous mishap cases are seen where a 
huge vehicle, cinfronting a sluggish more modest vehicle while the last is attempting 
to go beyond. However, in comprehensive and conventional vehicle lighting system, 
the automation is not done but in upcoming self-driving cars and vehicle are coming 
with embedded automated (i.e. computer vision based) lighting system to overcome 
this problem statement. The nearby object detection in computer vision and Internet 
of vehicle things (IoVT) is being proven as cutting edge technology in new of 
vehicle system. Because of inordinate splendor, the driver of the huge vehicle is 
dazed (Fig. 2).
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Fig. 2 Statistics of accident on highway 

3 Application of AI in Smart Parking and Traffic 
Monitoring 

3.1 Artificial in Traffic Monitoring 

The most well-known strategy which we ran over during our exploration is LoRa 
long range wide area network. It is the innovation utilized for low-power wide area 
network (LPWAN). Savvy sensors are utilized to gather information, then it is moved 
to the LoRa cloud stand, then, at that point, the stand goes through an information 
investigation process, which is utilized as a contribution for intelligent transport 
management system (ITMS). ITMS incorporates traffic expectation through LoRa, 
the executives of stopping, and so on. The most extreme issue nowadays is traffic, 
practically every one of them of all shapes and sizes urban communities are dealing 
with the issue of traffic. There is two major issues behind the blockage of traffic are 
dynamic traffic stream and static traffic light. Consequently, for tackling this issue, 
this paper centers on traffic checking utilizing LoRa (long range wide area network 
technology). LoRa is an innovation that is associated with low-power wide area 
networks (LPWANs), which is a remote media transmission-wide region organiza-
tion. This innovation gives solid traffic checking to the savvy urban communities 
just as creating urban communities. Figure 3 shows the working of the proposed 
framework. The information which is gathered from the sensors is moved to the 
proposed LoRa cloud stand. Then, at that point, the stand runs AI and information 
investigation calculation, which are utilized as a contribution of ITMS. Here, the 
ITMS work includes controlling the progression of traffic through LoRa introduced 
signals, designating leaving to the vehicles, providing clinical benefits, and ensuring
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Fig. 3 System overview of LoRa-based intelligent traffic management system the below points 
proposed how the mechanism run above the method 

the urban areas. Subsequently, it is important to gather information, and the legiti-
mate observing of information is done as such ITMS ought to be in touch with the 
LoRa cloud stand [11]. The two introduced traffic lights on each roadside will move 
the information to the cloud server, then, at that point, the information is shipped off 
the AI calculation, and the further, forecast is made that whether or not the street 
is blocked. According to the review done before this strategic relapse calculation 
depends on that main, this code made our framework safer. It is one of the most 
controlled and oversaw machine learning calculations. The calculation predicts the 
genuine and esteemed result dependent on the two significant sources of info that is 
thickness and voyaging time. With this proposed arrangement of traffic observing, 
there will be a decrease in contamination and fuel utilizations. It can likewise give 
most brief way to the driver in a crisis. 

3.2 Machine Learning in Self-Parking System in Cars 

Components used in proposed system:-

I. Arduino UNO Board: It consists the microcontroller for the program to read 
the steering action. 

II. Ultrasonic Sensors: Sensor identifying the object or vehicles near by the car. 
III. Raspberry Pi: It is used to collect data from Pi camera and ultrasonic sensors. 
IV. Pi Camera: It is portable camera that supports Raspberry Pi, for collecting the 

image. 
V. Acceleration Detectors: It is a sensor for measuring the steering rotation and 

speed. 
VI. Buzzer [4]: It is audio device which is used to beep sound. 

In Fig. 4, it is aim to develop automatic parking system by lane detection and 
object detection. The system consists of three unit, first is input unit containing a Pi
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camera and ultrasonic sensors, the second is processing unit or server, and the third 
is Arduino. 

Firstly, in the input unit, the Raspberry Pi board is connected with the Pi camera 
and ultrasonic sensors to stream input data. And a program will be running in the 
Raspberry Pi to stream images collected by the Pi camera and to send sensor data 
through a Wi-Fi connection [8]. Then, the processing part will take place in which 
the data will be collected from the Raspberry Pi, and steering prediction, object 
detection, distance measurement using monocular vision and signal detection, and 
then, all these command will be send to Arduino. A multithread TCP server program 
will run on the Raspberry Pi to receive image frames and sensor data. The neural 
network will be trained to make steering prediction based on object detection. For 
safety, a buzzer will be also used in the car if by chance the prediction gone wrong, 
the buzzer will start beeping loudly, and the driver will be allowed to stop the car 
manually by applying the brakes as shown in Fig. 5a 

Fig. 4 Block diagram of proposed system 

Fig. 5 a Flowchart for object detection, b making use of sensors for parking
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In Fig. 5b, the project work is done on automatic parking system in cars. Further, 
it can be simulated on hardware equipmnts and be implemented on prototype. 

4 Proposed Conceptual Model for Machine Learning 
and IoT in Automatic Smart Headlight System 

Components used in Proposed System 

i. Arduino UNO Board: This kind of sensors comprises as they are regulated 
programmable chip-based system which use for the contribution of the intact 
piece of lighting in the film. 

ii. Light Detecting Sensors: This kind of sensors use for state estimating the ray 
of light in a constant plane. 

iii. Radar Sensor: This kind of sensors is used for estimating precipitation level. 
Fog Sensors: Sensor for estimating mist and precipice specification of the fog. 

iv. Video Imagining Sensors: Kind of sensors is used for identifying the right in 
front of vehicles, and left and right side of the vehicle passing through. 

v. Speed Increase Detectors: Kind of sensors is used to identify the total distance 
of the contrast vehicle coming from opposite side. 

vi. Loop Detectors: Kind of sensors is used for differentiating between the diverse 
of the street planes. 

This section of the paper is intended to propose the architectural model for self-
parking system, where we are using different kind of senses in which the preliminary 
stage of the model shows that Adriano board is placed in between the electronically 
free chess small controller which are connected with it and to identify the level of 
light into outer of the vehicle during the nighttime. The light detecting senses are 
being used where the outer drove lights will be turned on when it is turned turnout to 
be darker, and the architectural board shows that the low light will be on during the 
distance measuring sensor signifies that there is no vehicles coming backside of the 
vehicles in front of the column and thus it will be on and the other lights will be off. 

To make this system useful to the sensors on the most noteworthy mark of the 
vehicle observe whether the vehicle is in the open space or inside a construction, if 
it is in a design, then the high-column lights will not be ON regardless, when there 
are no vehicles the converse way [12]. The side light will get enacted when there is 
a vehicle recognized by the sensors, the lights will rely upon the specific point of 
controlling development. This movement will consequently turn as an afterthought 
marker dependent on the revolution heading, assuming it is not actuated by the driver. 
At the equivalent in more tasteful vehicles, the camera of that side will be initiated, 
and the data will be shown on the screen of the car. The side lights will likewise 
get turned ON and OFF consistently with a blaring sound assuming the vehicle goes 
near the track lines, and for the driver data, it will be shown on the screen of the 
vehicle as shown in Fig. 7 (Fig. 6).
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Fig. 6 Automated controls needed for vehicles 

Fig. 7 Circuit diagram 

The main front light of the vehicle is connected with 2 of the bulbs, which is used 
in the system and one shows the high and other shows low when it comes to the 
commonplace. In India, the need of the frontline, it is one of the significant thing. 
After the evening time and this is generally comes when the vehicles are traveling on 
the highways. IoT smart lighting uses wireless switches, eliminating the need to wire 
light switches directly to fixtures. The shocking mode of the system is used, where 
the light of a city to hell when the driving for the long distance is totally independent 
on this lights when you are traveling during the nighttime. To come across with one 
city to another city in the red in swift mood is a bit typical, so the low are the less of 
the segment is incredible in terms of its segmentations off the light, so it is utilized
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under the normal night conditions where this first segment is positive day slow at the 
street. And the high segment has more expended vision of the lies on the highways 
where this shows the beam of 128 100 lumens, which is categorized on the basis of 
the 2 balls which is defected and depicted in the Fig. 8. And here, we have utilized 
the upper fiber of the light for the scoop segment where. The front light is connected 
with the vision and required Asian silly in the evening time, and it connects with the 
both of the launch of the system and this upper segment of the scope bar is utilizing 
the manual switching which is available in the vehicles [9]. 

Similarly, when the power is on on the specific timing, it shows the total connection 
between the. Radar system of the high-level beam and the lower level be of the same 
system and it total invoke the vehicle in the closeness of the other vehicles based on 
this distance measurement sense and this SDR sensors assets the total age level in the 
position of the vehicle is observed and this will send a senses West conductions to 
the switch, and it connects in like a manner that no context is opposed with the flow 
of the Barbie games get turns on and positive as it exchanged with the terminal of the 
dialled conditions of the vehicle. There for the low light invokes LED with turned 
on regularly, shown by the different LED bulbs and the left half of the elimination 
of the. Senses are to copy the presence of progressing vehicle is displayed in Fig. 9. 

Fig. 8 Assortment of dipper beam (a) and higher beam (b) of a vehicle  

Fig. 9 Positioning of the gadget
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The discovery rate, bogus positive per picture, and midrate for the recommended 
approach are significant execution boundaries. Discovery rate is determined as a 
proportion of vehicles appropriately recognized to the all-out number of realities on 
the ground. Nonetheless, bogus up-sides per picture are processed as the proportion 
of all-out bogus up-sides got to the all-out number of tests in assessment dataset. The 
missed rate is determined as a proportion between the absolute number of missed 
identification and the quantity of information tests. The consequences of the trial 
examination are introduced in [13]. Nonetheless, 94.84% of bogus up-sides in each 
picture is 0.156 and 0.617 is missed [10, 14]. 

5 Results and Discussion 

5.1 Classifier Performance 

For each feature extracted, classifier training was carried out. 450 photos with positive 
and negative content were presented for each classificatory in order to find classi-
fication accuracy where SVM gives 98% of accuracy, AdaBoost 76%, edge hog-1 
87%, neural network 90.8%, respectively [13]. Weights for each feature shall be 
computed to be used during the testing phase, depending on the accuracy of each 
feature. Detection performance is as follows for each classifier. In Fig. 10, the total 
accuracy of classification accuracy is given, and in Fig. 11, total testing samples used 
in testing validation are given in which out of 450 samples, 230 is used for ground 
truth sample detection, and 70 is for true and false positive [15, 16]. 

Fig. 10 Classification accuracy
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Fig. 11 Number of samples used in testing and validation 

6 Conclusions and Future Scope 

In this proposed research paper, we have introduced that how Internet of things and 
artificial intelligence can be a prominent application area for the transportation where 
we can monitor the traffic based on the GPS using machine learning and tracking 
system. Also based on the object detection and self-parking system can be made 
where the self-parking cars can automatically detect the lodge and parking area 
on the basis of these latest technologies. Indeed, we have proposed the headlight 
automation based on the object detection using deep learning and Internet of things 
where the headlight can be automated to reduce the beam and to reduce the accident 
during the nighttime on the highways. For which we have used the four different 
classifiers, support vector machine, AdaBoost, Edge horse, and neural networks, 
which has been compared with the different accuracy based on the training and 
testing validation samples. As per the future scope for this particular research, the 
simulation of the headlight automation can be done using different kind of senses 
such as Arduino and LoRa sensor. Moreover, the simulation can be tested using the 
IoT simulation framework and based on the machine learning algorithm, it can be 
tested by computer vision technology for the object detection in the vehicles. Indeed, 
the self-parking and traffic monitoring system can be simulated using the surveillance 
camera and Internet of things framework based on the requirement of the types of 
vehicle and traffic system.
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Speckle Image-Based Surface Roughness 
Parameter Characterization of Milled 
Surfaces 

J. Mahashar Ali, H. Siddhi Jailani, and M. Murugan 

1 Introduction 

The machined parts surface finish is one of the important quality metric of any 
machining operation. Conventionally, a contact stylus type instrument is used. A 
stylus instrument has a sharp stylus traversing over the surface being measured 
along a line. The vertical motion of the stylus is magnified electronically and the 
surface profile along the line of measurement is recorded. The required parameters 
are then computed by suitable signal processing technique. The main limitation of 
the stylus measurement of surface roughness is twofold (i) It is an offline process and 
(ii) The tip radius of the ‘sharp’ stylus intrudes the measurement. Besides the stylus 
measurement, a range of other non-contact methods [1] has evolved for measuring the 
surface texture with varying accuracies. These methods include white light interfero-
metric (WLI) microscopy, confocal microscopy speckle interferometry, laser speckle 
contrast, speckle correlation, profiling and optical interferometry [2]. The compar-
ison of the optical and the stylus method of surface roughness measurement is also 
reviewed. Jiang and Whitehouse [3] documented various challenges in their review, 
posed by surface metrology in the past decade. In recent years, surface roughness and 
its defects has been evaluated using the following methods like ANNs, through sub 
pixel edge detection, through the colour distribution statistical matrix [4, 5]. Though 
there are many works that were carried out in this direction of surface roughness
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measurement the reliability and accuracy requirements remain far from the indus-
trial requirement. But the developments of image processing technology in remote 
sensing and biometrics have established the possibility of obtaining a simple, fast, 
economical and reliable online/on-site image-based surface roughness measuring 
system [6, 7]. 

1.1 Image-Based Surface Roughness Measurement 

The unaided human estimation of surface roughness is either by running ones figure 
over the surface or by visually examining it. While the stylus instruments mimic 
the human figure ‘having a feel’ of the surface, many attempts were made in the 
past to determine the surface roughness using a vision system handling images of 
the surfaces. Cuka et al. [8] prepared specimens with different roughness and their 
surface images were obtained using a special fixture and a microscopic camera. Using 
the captured images of the surfaces, the distribution of the distance between the tool 
marks was also computed and used for determining the nature of the tool condition. 
Mahashar and Murugan [9] used the white light image distribution parameters of 
turned surfaces to predict the surface roughness. Tian et al. [10] in their review on  
surface roughness measurement using active vision and light scattering present a 
comprehensive review of various methods to capture and use the light scatterings for 
surface roughness characterization. The review also predicts the possibility of, an 
active vision system with a laser source throwing a pre-set pattern on the workpiece 
and capturing the image, measuring online, surface characteristics like roughness, 
waviness and form error through suitable image processing. 

1.2 Speckle Image Based Surface Roughness Measurement 

When surfaces are illuminated by a coherent, monochromatic light source, the 
unevenness of the surface leads to constructive and destructive interference of the 
reflected light. This, in turn, leads to speckle image formation. Hence speckle image-
based surface roughness evaluation has been an active line of research. Hamed 
et al. [11] used an arbitrary threshold to convert the grayscale speckle image into 
a binary black and white image. The degree of agglomeration was quantified from 
the binary images and the same correlates well with the roughness measured using a 
stylus instrument. Pearsson [12] captured two different speckle images using a video 
camera, one by a laser beam and the other by changing the incident angle to 0.5°. 
From the two images the correlation was carried out. This characterization approach 
is suitable for Ra, lesser than 1 µm. Mahashar et al. [13] compared the milled spec-
imens roughness through the monochromatic laser are illuminated speckle images 
and white light images. They found that the correlation are better with the speckle 
images.
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1.3 Wavelet Transform and Surface Texture 

In wavelet analysis, a signal is decomposed to many levels, which are then rescaled 
and translated to form the original signal. 1-D continuous wavelets are written [14] 
thus:

�a,b(x) = 
1 √
a

�

(
x − b 
a

)
(1) 

where Ѱ(x) is indeed the wavelet operator, ‘a’ denotes the scale variable, and ‘b’ 
denotes the translation variable. Wavelet analysis of a surface profile involves decom-
posing the signal into a family of wavelets. Pour [15] used time-series Fourier trans-
form and wavelets to estimate surface roughness. Wavelet transform facilitated the 
extraction of variations on the surface profile at various frequencies, so that undesired 
frequencies, which contribute for the noise, can be eliminated. 

Roughness measurement using vision-based methodology has also received larger 
attention in the manufacturing industry, as this opens up the possibility of automating 
the inspection process also. It had become a standard industrial practice to have 
100% dimensional inspection of critical parts using vision-based systems. In our 
investigation, the primary objective is to develop a speckle image-based surface 
roughness parameter that is reliable and economical for characterizing the surface 
roughness of milled surfaces. 

2 Specimen Preparation and Surface Roughness 
Measurement 

In this work, it is proposed to (i) Measure the various roughness parameters using a 
conventional stylus-based instrument and (ii) Capture the speckle images of surfaces 
and evolve various image-based metrics. The correlation between conventional 
roughness parameters and image-based parameters is being studied with the objec-
tive of evolving a robust image-based metric. A 50 mm square flat medium carbon 
steel of 10 mm thickness were prepared by using the end milling operation. A 50 mm 
diameter end milling cutter with single carbide insert was used to perform the milling. 
By varying the feed, different specimens with different roughness were obtained. The 
other cutting parameters like depth of cut (0.1 mm) and cutting speed (190 m/min) 
were kept constant. The feed rates used are between 0.211 and 2.223 mm/tooth. 
Figure 1 shows the photograph of milled specimens.

Surface profile of all the nine specimens was taken using Taylor Hobson Talysurf 
surface roughness tester as shown in Fig. 2. Each profile along a straight line in the 
middle region of the specimen was taken for a 6 mm measuring length with a stylus 
tip radius of 2 µm.
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Fig. 1 Milled specimens

Fig. 2 The Talysurf—surface roughness tester 

For processing the roughness parameters a 0.08 cm cut-off length was used. 
Roughness parameters Ra, Rda and Rdq were computed and tabulated in the Table 
1.
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Table 1 Roughness values of 
the specimen at various levels 
of roughness 

Specimen No. Stylus parameters 

Ra (µm) Rda Rdq 

1 1.8 9.2 12.7 

2 2.1 10.7 14.2 

3 2.4 11.5 15.2 

4 5.7 10.2 13.8 

5 7.5 12.8 17.0 

6 9.5 14.2 21.4 

7 10.6 9.4 12.8 

8 12.8 12.0 16.9 

9 13.4 13.5 18.6 

3 Image Acquisition and Analysis 

The speckle images of these specimens illuminated by a line laser source were 
captured and processed. A separate camera stand designed used for holding the 
work piece and light source. Figure 3 shows the setup for experimentation. 

Fig. 3 The experimental 
setup of image acquisition
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Table 2 The CMOS camera 
specifications 

Description Specification 

Type of sensor Aptina MT9PO31 rolling shutter 
CMOS 

Sensor size (optical) 1 / 2.5” 

Resolution (H × V pixels) 2592 × 1944 
Data output format (8, 12, 12 Packed) 

Maximum frame rate 14 frames per second 

Containment of exposure The camera API allows for 
programming 

Synchronisation Using an external trigger or an 
Ethernet connection 

Power requirement 2.5 W/2.2 W 

Camera size 42 × 29 × 29 mm 

Weight of the camera Approximately <90 g 

The laser source utilized was the ‘Quarton Laser Module VLM-635–27 LPT-10 
Redline’. Basler high end CMOS camera with zoom 45× was used to capture the 
image. The specification of camera is given in Table 2. Surface line speckle images 
with image resolution of 2592 × 1944 pixels was captured by keeping the camera 
normal to the milled surface. Figure 4 shows the sample of a captured speckle image. 

Image normalization to eliminate the lighting variations was done by the following 
expression [16]. 

a(p, q) =
(
b(p, q) − min(b) 
max(b) − min(b)

)
× 255 (2)

Fig. 4 Image of a specimen 
taken by Line laser source 
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Fig. 5 Wavelet transformed signal vectors [MATLAB] 

a(p, q) is the image matrix’s standardized pixel intensity, whereas b(p, q) is the  
intensity of each pixel in the image matrix, and min(b) and max(b) are the minimum 
and highest values of the image matrix’s pixel intensity, respectively. From each 
normalized speckle image, a one-dimensional three-pixel row band image signal is 
considered in the middle region. The one-dimensional image vector is generated by 
averaging the pixel intensity values in the respective columns of the three-pixel row. 
The choice of averaging three-pixel values was to align the width of a band to that of 
the stylus radius of the stylus instrument. This alignment is to facilitate subsequent 
correlation with the roughness values obtained using a stylus instrument. MATLAB 
programme modules were developed to generate the one-dimensional signal vector 
for each of the nine images. 

In the literature, bi-orthogonal wavelets (bior 1.1) were employed to quantify 
surface roughness [14, 17]. Figure 5 depicts a signal vector that has been wavelet 
processed. 

The surface roughness details are contained in the 4th and 5th order detail coef-
ficients [17, 18]. This is due to the matching wavelengths syncing with the stylus 
instrument’s cut-off values. The 4th and 5th level detailed coefficients would be 
further analyzed, as well as the distribution characteristics of these detail coeffi-
cients, such as RMS and variance, are calculated and tabulated. The obtained image 
parameters are shown in Table 3.

4 Results and Discussion 

The correlation between the image parameters as well as the numerous stylus-based 
roughness parameters are being investigated. The trends in Fig. 6a, b show that the
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Table 3 The specimen image parameters 

Specimen No. Image parameters 

4th order detailed coefficients 5th order Detailed Coefficients 

RMS VAR RMS VAR 

1 11.2510 126.6449 14.4783 209.7229 

2 10.7675 115.9956 8.7225 76.1181 

3 09.5210 90.6927 9.3754 87.9413 

4 16.8795 285.0514 19.1856 368.2663 

5 20.3880 415.8726 26.1126 682.1991 

6 19.0277 362.2277 26.4843 701.7582 

7 23.5327 560.1188 21.6281 468.0037 

8 20.9392 438.6336 24.0098 576.7510 

9 21.5431 464.3209 24.1713 584.5360

RMS and Variance of the image signal intensity vector’s 4th level detail coefficient 
values are extremely well associated with the roughness parameter Ra, with high R2 

values of 0.8442 for RMS and 0.8355 for variance.
The following words can be used to explain how the RMS and Variance values 

increase as the surface roughness increases. A higher Ra value implies a rough 
surface, which generates more light scattering when lit with a line laser source, 
resulting in a speckle image with more variance in image intensity values. When 
these images are analyzed through the wavelet transform and when the analysis is 
focused on wavelengths pertaining to the roughness values of the surfaces, this varia-
tion in intensities are further magnified leading to higher values of RMS and variance. 
There is also a linear link between the two, with R2 values of 0.6976 for RMS and 
0.6804 for variance on 5th order detail coefficients.
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Fig. 6 a, b RMS and Variance of the 4th level detail coefficient versus Ra

5 Conclusion 

The author presents a non-contact and in-situ evaluation of surface roughness based 
on images. When the material was irradiated with a line laser source, the speckle 
picture was captured. The 4th and 5th level detail coefficients were retrieved after 
wavelet transformation of the speckle image. The stylus parameter was calculated 
to confirm the hypothesis. As picture parameters, the RMS and Variance of the 4th 
level detail coefficient vector were determined. The following is the conclusion: 

• The image parameters RMS and Variance correspond strongly with the stylus 
parameter, as can be seen from the trends of Ra. 

• Especially, the correlation graphs of 4th level detail coefficient shows a strong 
linear relationship with R2 values of 0.8442 for RMS and the R2 value of 0.8355 
for the variance.
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• The primary reason for the strong correlation between speckle based image param-
eter 4th level detail coefficient and stylus parameter is the cut-off values of the 
stylus instrument are aligned with the wavelength of the 4th level detail coefficient 
vectors. 
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Influence of Mechanical Vibrations 
on Impact Strength of 1018 Mild Steel 
Butt-Weld-Joints 

Bade Venkata Suresh, Y. Shireesha, and P. Srinivasa Rao 

1 Introduction 

Welded joints can be lightweight and durable than bolted or riveted joints. Welding 
variables in the weld zone affect the quality of the finished product as well as the 
existence of the weld joint. Weld bead reliability is greatly influenced by parame-
ters such as electrode size, weld-current, arc length, travel speed and weld-voltage. 
Aside from being popular and effective joints, almost any fabrication process has 
advantages and disadvantages. Welding does have a substantial heat affected zone 
because of the accumulation of a large amount of heat generated during the welding 
process over a small region; there is a possibility of residual stresses being generated 
throughout the weld. Even more research is being done because residual stresses 
are a major issue throughout welding. One of most frequently used stress-relieving 
strategies are heat-treated and mechanical refining. However, both are costly and 
time-consuming, as well as requiring a significant amount of effort. The vibrational 
stress relief process, which would be adapted after welding, with resonance frequency 
and non-echoing dynamic loading behaviours of limited steel alloy, is being consid-
ered to enhance mechanical characteristics such as strength and toughness, but there 
is still a decrement in the fatigue-strength performance of test samples with non-
echoing dynamic loading weld with the pulsation aided joining [1]. “VSR” has been
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used for SS-weld samples with an overall mass of more than 34 tonnes that are 
tested for cyclic stress–strain. The plate was treated for around 15 min at a resonance 
frequency of 47.83 Hz. The number of cycles and the magnitude of dynamic stress are 
used to assess the effectiveness of VSR. The Differences are around 11% reduction 
in the longitudinal residual-stresses [2]. The “Vibratory Stress Relief” approach is 
explained and compared to heat treatment in order to determine the vibration energy 
impact on stress concentration in heat affected and weld zone. The results of this 
study’s X-ray diffraction show that vibratory stress relief can be employed to lessen 
residual strains generated during the welding process [3]. 

Throughout the VSR technique the result of residual stresses on surface stress 
scattering were examined. The “VSR” technique is most commonly used to diminish 
residual defects in manufacturing method, and their differences in the microstructures 
were clearly visible where mechanical characteristics are enhanced, and also this 
technique is useful for high end applications for suitable results [4]. In nuclear-
reactor the SS-plate specimens were considered for VSR technique. The outcomes 
are exposed that there is reduction in residual stress about 56% of the hoist-machine 
and around 31% for SS-plate after execution with the VSR technique [5]. Simulation 
of the VSR technique was performed on SS-304-L weld samples by the analysis 
process to observe the repeated strain–stress. The dynamic strain possesses cyclic 
creep characteristics, according to the experimental data. Creep and its speed were 
influenced by cyclic loading. The greater the loading, the greater the creep and its 
speed, and the longer the strain took to stabilize. After a variety of cyclic stress 
amplitudes, the residual stresses at the weld zone were determined using the X-ray 
diffraction method. The cyclic creep mechanism during VSR processing was depicted 
as a reduced residual stress, according to the experimental data [6]. The stresses in the 
direction of transverse and longitudinal were decrease and increase with any trend at 
low frequency. Residual stresses remained constant at high frequencies. As a result, 
the rigid body motion effect at above frequencies is originated to be unproductive 
in terms of residual stress reduction [7]. Shafts of different shapes were considered 
to assess the variation in residual stresses produced during welding. The results 
of this study show that torsional shear-stresses can moderately diminish residual 
stresses in shafts that shear stress aids in the transformation of retained austenite to 
subsequent phases, and that this influences residual stresses caused by interphase 
effects [8]. Whilst the specimens were cooling, the influence of vibration on residual 
stresses caused by the welding process was investigated. Vibration was imparted 
to them throughout a temperature range that was specified. There are three batches 
under investigation, each with a different temperature range. Residual stresses were 
observed to be improved all three batches, with no discernible movement. The results 
of the actions appear to be undesirable, and it is concluded that vibration at 400 and 
320 °C did not significantly alter the ultimate state of residual stresses, as these are 
not significantly changed with the vibration curve [9]. 

The effect of vibratory stress on microstructure of the weld and stress-distribution 
was investigated. The residual stress perpendiculars to weld line were measured. 
The results of the stress levels reveal that they are diminished around 60–75 MPa 
at very initial stage that is at initial 5 s of excitations. During post-weld vibratory
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treatment, the escalation of excitations does not result in the further reduction in stress 
intensities, and optical microscopy reveals no differences in crystal-structure. The 
crystals grow in a predetermined direction during welding due to vibratory treatment. 
The weldment’s hardness improved by 25% as a result of the grain refining. The 
orientation of the crystals is linked to this rise [10]. 

2 Experimental Structure 

2.1 Methodology 

Welding is a metal or non-metal joining procedure that can be done with or without 
the use of heat, pressure, or filler material. Welded joints are lighter than bolted or 
riveted joints. The superiority of weld and lifetime of joint are determined by welding 
parameters in the process. Weld bead quality is heavily influenced by variables such 
as electrode size, weld-current, arc length, travel speed and weld-voltage. Aside from 
being commonly used and effective joints, every fabrication process has advantages 
and disadvantages. Welding has a significant heat affected zone because the huge 
quantity of heat created during the welding process is concentrated over a small 
region; there is a risk of residual strains forming in the joints. Due to the fact that 
residual stresses are a key issue during welding, a lot of study is being done. The most 
prevalent stress-relieving treatments are heat treatment and mechanical processing. 
However, these are both costly and time intensive, as well as requiring a great deal 
of effort. Offering of mechanical excitations throughout welding process, increases 
mechanical and metallurgical characteristics of any material. 

2.2 Chemical Composition 

Weld joints were prepared with and without inducing vibrations by using a consum-
able electrode. The Filler material ER4111 is chosen for welding process. Compo-
sition of ER4111 filler metal is in terms of weight % is Carbon (C)—0.12 (max.), 
Manganese (Mn) 0.30–0.60 (max.), Silicon (Si)—0.40 (max), Phosphorus (P)—0.04 
(max), Sulphur (S)—0.04 (max.) and Ferrous (Fe) is the base material shown in Table 
1.

2.3 Vibratory Welding Equipment Setup 

In this experimentation, new vibratory-setup is developed for inducing vibrations 
during the weld process. The vibrations are transferred mainly through table and
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Table 1 Chemical 
composition of Mild Steel 
[11] 

Chemical composition 

Element Composition 

Iron 98.81–99.26% 

Carbon 0.18% 

Manganese 0.6–0.9% 

Phosphorous 0.04% max 

Sulphur 0.05% max

electrode with “vibration-motor & D.C-motor”, respectively. The main parts include 
in this setup which are producing vibrations is “Vibration-motor & D.C-Motor”. The 
line diagram of the vibration setup is shown in Fig. 1. The vibrating table consists of a 
10 mm thickness flat surface plate of cast iron which is supported with four springs at 
each corner. These springs are placed in a solid rod connected rigidly to the plate and 
legs of the table. These springs are used to observe the deflections produced due to 
un-even vibrations caused by vibration-motor to avoid damage to the system. Along 
with the specimen vibrations, the electrode is also vibrated with different D.C-Motor. 
This D.C-Motor rotor is physically in contact with the electrode by fixing the motor 
to an electrode holder with a clamp. The Speed of the D.C-Motor rotor is controlled 
by a pulse width modulation device [11]. The power supply altered from AC to DC 
with an adapter. 

Fig. 1 Experimental setup of vibratory welding
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Fig. 2 Specimen preparation of mild steel 1018 

2.4 Preparation of Weld Joint Specimens 

In this experimentation, the shielded metal arc welding-(SMAW) process is consid-
ered to prepare weld joints and for analysis 1018 mild steel material is considered. 
Single ‘V’ butt joints are considered for preparing weld joints. Mild steel plates with 
dimensions of 200 × 100 × 5 mm are connected rigidly over the vibration platform 
with fixtures shown in Fig. 2. 

2.5 Vibratory Welding Parameters 

In this type of welding technique, various parameters will affect the weld joint 
strength. Those parameters are current, speed, voltage, spark, and size of the elec-
trode which are stationary at 100A, 0.35 mm/s, 23 V, 3 mm, and 3.15 mm diam-
eter respectively. The current work consists of vibration parameters that are the 
voltage of “vibration-motor, D.C-Motor and constant vibration time” is chosen for 
investigation. 

Vibration time denotes the vibrating time of specimens during welding. Here 
vibration time-limited to 100 s at a voltage of “vibration-motor and voltage of D.C-
Motor”, because for mild steel 25,000 °C is fusion temperature during arc welding 
and at 5400 °C it crystallizes according to the mild steel phase diagram. Dropping 
temperatures are observed with the “Digital Infrared Thermometer” from 25,000 to 
5400 °C. The average period is 100 s for attaining 5400C to 25000C. Therefore, 100 s 
constant vibration time is taken at each voltage of “vibration-motor and voltage of 
D.C-Motor” for observation of welded joint mechanical properties. The mechanical 
properties improvements in welded joints were negligible after crystallization so, 
100 s vibrations time is restricted. And considered the vibration-motor maximum 
voltage is 230 V and D.C-Motor’s maximum voltage is 20 V. Whenever the vibration-
motor crosses 230 V, the amplitude exceeds 0.5 mm the arc gap will increase. In such 
a typical situation welding process is impossible. Therefore the voltage higher bound 
is restricted at 230 V and 20 V of “Vibration-motor and D.C-Motor” respectively.



638 B. Venkata Suresh et al.

And the lower bound is taken for the Vibration-motor and D.C-Motor does not work 
at a voltage which is less than 50 V and 12 V, respectively [12]. 

2.6 Impact Test 

The impact is carried out for welded specimens on the Charpy impact testing machine. 
Figure 3 shows the specimen inserted in the testing machine. As per ASTM (E23) the 
specimens were prepared and the dimensions are shown in Fig. 4 [13]. A specimen 
with notch is inserted in machine and the heavyweight pendulum is permitted to 
strike the workpiece from a stationary height. The specimens after impact test are 
shown in Fig. 5. 

Fig. 3 Specimen on Charpy 
impact testing machine 

Fig. 4 Dimensions of 
impact test specimen
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Fig. 5 Specimens after impact failure 

3 Results and Discussion 

The impact strength is conducted for all the samples at vibration-motor voltage range 
from 50 to 230 V at an interval of 20 V, D.C-Motor voltage from 12 to 20 V at an 
interval of 2 V, and 100 s of specimen vibration. The test is executed on Charpy 
Testing Machine to measure the impact strength of the vibratory welded specimens. 
Totally 50 experiments for all combinations of different levels of the parameters 
are conducted and the amount of energy observed by the specimens is noted and 
compared with each other. 

It can be observed that the change of vibration parameters has a significant effect 
on impact strength. By observing the graphs below it is identified that the difference 
in impact strength at different vibration input variables on the weld joint. 

The change of Impact strength with the chosen variables is shown in Fig. 6a–f 
exhibits a comparison which indicates that the voltage of vibration-motor and D.C-
Motor with a constant time of vibration has more influence on impact strength and 
the max values were observed at 190 V of vibration-motor and 18 V of D.C-Motor. 
And also, the impact strength of the non-vibratory welded joint is 45 J and it is less 
compared to weld joints made with 190 V of vibration-motor, 18 V of D.C-Motor, 
and 100 s of the time of vibration. So, it concludes that a 17% improvement in impact 
strength obtained when it is compared with joints made without vibration.

4 Microstructure Analysis of Mild Steel 1018 Specimens 

Figure 7 depicts the microstructure analysis performed on weldments made at various 
frequencies. By looking at the microstructure, we can see that the 0 Hz frequency 
weldments, which are free of vibration, have massive dendrites and a larger grain size, 
as seen in the Fig. 7a. Whenever the range of vibrational frequency is significantly 
expanded, the grain structure improvement is recognized; the grain structure enhance-
ment occurs because dendritic diameters are shrinking as frequency increases. The 
continual improvement is evident as the frequency of welding increases. Figure 7c
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a. Impact strength of specimen at 190V, 12V, and 100 secs.    

b. Impact strength of specimen at 190V, 14V, and 100 secs. 

Fig. 6 Impact strength at different vibration input parameters

shows a fine grain structure due to fine filler material distribution at 190 V of vibration-
motor and also 18 V of the D.C-motor. Due to the fine dissemination of filler mate-
rial the fine grain-refinement occurring, this result is due to molten pool refining.
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c. Impact strength of specimen at 190V, 16V, and 100 secs       

d. Impact strength of specimen at 190V, 18V, and 100 secs. 

Fig. 6 (continued)
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e. Impact strength of specimen at 190V, 20V, and 100 secs. 

f. Comparison of Impact strength with Voltages. 

Fig. 6 (continued)
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Fig. 7 Microstructures of the Mild steel weldments with and without 

Increases in vibrations, more than 190 V for vibration-motors and 18 V for D.C-
Motors results in an increase in dendritic size. This is because the arc gap widens as 
the frequency rises. 

5 Conclusion 

Mechanical-vibrations throughout the welding confirm an influence on 1018 Mild 
Steel material impact strength. The weld-specimens impact strength with mechan-
ical excitations has significantly increased, when compared conventional welding 
process. The test-specimens devoid of mechanical excitations were originated to 
record low impact strength, when it is related with specimens prepared with mechan-
ical excitations. Mechanical vibration has more influence on impact strength and the 
best results are observed at 190 V of vibration-motor and 18 V of D.C-Motor. And 
also, impact strength of the normal weld joint is 45 J and it is less compared to weld 
joints made with mechanical vibration. With this it is concludes that a 17% improve-
ment in impact strength obtained when it is compared with joints made without
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vibration. The microstructure examination exposes the reason for enhancing impact 
strength. The fine refinement of grain arrangement is the main reason to enhance 
impact strength and refines molten pool before solidification. Due to refinement 
in molten state some of the weld-defects get minimized. Conventional weld process 
contains large size dendrites, leads to weld-defects, which are minimized by breaking 
down to small dendrites size with the insistence of vibrations. 
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DEMATEL Approach to Prioritizing 
the Critical Factors of PAT Affecting 
Manufacturing System 

Vikram Singh and Somesh Kumar Sharma 

1 Introduction 

In the present era, the manufacturing sector is facing competition to satisfy the 
consumer’s desire. All this requires a flexible manufacturing system to be emerged. 
Therefore, research is going on in full swing in the manufacturing sector to meet the 
requirements of production system. The focus of every manufacturing organization 
is to rapidly increase its efficiency, performance, production and wealth. To achieve 
all this, the manufacturing system is adopting digital production which is driven by 
agent based technology. 

Agent technology is very modern, on which every scientist and researcher is 
keeping eyes and its role in the manufacturing system is commendable. The agent 
makes the system fast, flexible and secure by exchanging data across the manufac-
turing system. The agent system works from production to maintain whole life of 
products. Maintenance is very important in the manufacturing system which remains 
a challenge for the entire manufacturing sector as industrialists are spending more 
than 50% of their income on it. It is playing its role in improving the productivity, 
performance, safety, security and economy [1–5] of the organizations. Rapid research 
into maintenance systems is leading to the emergence of modern terms such as e-
maintenance [6] which provide information through online and offline modes as well 
as scheduled maintenance, monitoring, fault identification Prognosis and diagnosis. 
In maintenance, the term prognosis means to predict the life of product [7–10] and 
collect right information at the right time [11]. 

The merging of prognosis and agent technology works effectively in manufac-
turing system to reduce investment on maintenance and improve overall performance
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and efficiency of manufacturing organizations. PAT is the latest recognized term in 
manufacturing and research on the application of PAT has been little explored so far. 
Keeping this in mind, we have made a small effort to work in this area. The aim of 
this work is defined below. 

1.1 Objective of the Research 

The objective of our study is to enumerate the key factors for the initiation and 
execution of PAT on scheduling, operation, and maintenance to enhance the overall 
performance of manufacturing organizations. In order to achieve the defined objec-
tive, first of all, variables associated with PAT have been identified from the literature 
and based on the knowledge of experts. Secondly, the identified variables of PAT 
are grouped as principal variables and governing variables. Then, current research 
utilized the DEMATEL approach to prioritize the key variables of PAT influencing 
manufacturing organizations’ performance. In this research, we are talking about the 
system that is generated in nature and that complies with multiple manufacturing 
organizations in the country of different industrial backgrounds. 

The remaining articles in our paper are organized as follows: In Sect. 2, a literature 
review was performed, identifying, reorganizing, and categorizing variables of PAT 
and in Sect. 3, methodology, which has the design of rating Performa, the introduction 
of DEMATEL. In Sect. 4, Analysis and Discussion and at last, Sect. 5 completes the 
paper with conclusion, limitations and future scope. 

2 Literature Review 

As PAT has gained fame in the manufacturing sector, scientists and researchers are 
consistently striving to innovate in this field. But research in this field is going very 
slowly due to the wide range of agent technology. Along with the development 
of agent technology, some other technologies are also developing, such as cloud 
computing and information technology. These are used for internet based mainte-
nance. Therefore, cloud computing is used interchangeably with a model in a produc-
tion system [12]. Keeping in mind the role of PAT in manufacturing systems and our 
research objectives, we have studied the literature in various fields as listed in Table 
1.

Going through this literature and on the basis of data collected from the experts, 
we have identified five major variables and 21 governing variables [38] of PAT  and  
they are grouped as shown in Table 2.



DEMATEL Approach to Prioritizing the Critical Factors … 647

Table 1 Literature reviewed 

S. No. Domain Reviewed papers References 

1 Manufacturing 14 [2, 3, 14, 17–19, 26, 27, 33–38] 

2 Maintenance 12 [1, 6, 8, 11, 13, 21–24, 28, 29, 31] 

3 Prognosis 4 [8–10, 38] 

4 Planning and scheduling 3 [15, 16, 30] 

5 Other 5 [4, 5, 12, 25, 32]

Table 2 Hypothetical Domain of PAT 

S. No. Principle variables Governing variables of PAT References 

1 Manufacturing process (F1) ● Production planning (A1) [14, 34]

● Production scheduling (A2) [16]

● Manufacturing disturbances (A3) [17]

● Virtual manufacturing (A4) [35]

● Decision support tool (A5) [13, 19, 20]

● Distributed digital manufacturing 
(A6) 

[3, 21] 

2 Fault identification (F2) ● Integration of monitoring, 
diagnosis, and prognosis (A7) 

[21]

● Internet-enabled predictive 
maintenance (A8) 

[22, 23]

● Diagnosis (A9) [7, 21]

● Prognosis (A10) [38]

● Proactive maintenance (A11) [14, 24] 

3 Integration of Manufacturing 
system with maintenance (F3)

● Integration of manufacturing 
system (A12) 

[5, 27, 35, 38]

● Machine down time (A13) [28]

● Inventory expenses (A14) [29]

● Setup time (A15) [30] 

4 Organizational productivity 
(F4)

● Cycle time (A16) [31]

● Organizational input (A17) [32]

● Organizational output (A18) [33] 

5 Organizational control (F5) ● Control system architecture (A19) [21, 34–36]

● Networking between agents (A20) [3, 28]

● Just in time (A21) [37]
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Table 3 List of experts 

S. No. List of companies Numbers Position of experts 

1 Academicians 1 Professor 

2 metal industry 1 Shift Manager 

3 Hygiene, health and nutrition 1 Executive Engineer 

4 Home care and beauty and personal 
care 

1 Electrical and Instrumentation 
Executive 

5 Stainless steel industry 1 Manager 

6 Oil and gas industry 1 Associate Manager 

3 Research Methodology 

3.1 Questionnaire Design 

In the previous section, we identified five major variables and twenty-one governing 
variables of PAT, grouped in Table 2. A performance questionnaire was designed 
to collect information from the experts. While designing the questionnaire, we have 
assured the presence of each selected variable [38] as per the requirements of the 
DEMATEL approach. The designed Performa is prepared in MS Office Word and sent 
to the experts listed in Table 3. Experts were requested to give responses to variables 
of PAT which help to increase organizational overall performance. Therefore, the 
performa was prepared accordingly. 

3.2 DEMATEL Approach 

The Battle Memorial Institute for Science and Human Relations Program in Geneva 
developed an approach in 1972–1976 to study complex group problems [39]. It 
helps in analyzing the key variables and drives the interrelation among these vari-
ables. The study of the DEMATEL approach also shows that it is used to build 
the digraphs to present causal and effect relationships and classify interdependence 
between the variables. In view of this, we have applied the DEMATEL approach 
in this research. Stepwise implementation of the DEMATEL approach is shown in 
Fig. 1 and discussed below:

3.2.1 Collection of Data 

Data is collected on the designed performa and the detail of respondent is given in 
Table 3.
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Step-1, Collection of 
responses from the 

experts on the 
designed rating 

performa 

Step -2, Compute 
direct relation matrix, 

X 

Step-3, Drive the total 
relation matrix, T 

Step-4, Calculate the 
sum of row and 

column to calculate R 
and D 

Step-5, Calculate 
threshold value 

Step-6, Direct relation 
matrix to measure 

D+R & D-R 

Step-7, Create casual 
and effect group to 
determine direct & 
indirect effect of 

variables on system 

Step-8, Is 
casual and 

effect 
diagram is 
accepted 

Final Results 

Yes 

No 

Fig. 1 Research flow chart

3.2.2 Construction of Direct Relation Matrix Using Comparison Scale 

After the collection of data from experts, they analyze the effect of one and all rows 
on the column elements present in the matrix. The direct effect of one on other 
variables is rated as 0, 1, 2, and 3, which define zero influence, less influence, inter-
mediate influence, and great influence, respectively. The direct relationship matrix 
was derived from responses collected from the experts. Then the average of these 
responses was calculated to a generate direct relation matrix and is shown in Table 
4. 

Table 4 Direct relation matrix 

F1 F2 F3 F4 F5 

D F1 0 2.5 2.17 2 2.5 

F2 2.33 0 3 2 1.5 

F3 2.83 2.83 0 2.83 2.67 

F4 2 2.33 1.83 0 1.83 

F5 1.5 0.33 1.17 2.17 0
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Table 5 Normalized matrix 

F1 F2 F3 F4 F5 

X F1 0 0.24 0.18 0.17 0.23 

F2 0.23 0 0.27 0.15 0.15 

F3 0.24 0.27 0 0.26 0.23 

F4 0.17 0.21 0.20 0 0.18 

F5 0.14 0.05 0.11 0.18 0 

Table 6 Total relation matrix 

F1 F2 F3 F4 F5 D 

T F1 0.56 0.75 0.71 0.69 0.76 3.47 

F2 0.76 0.58 0.78 0.70 0.72 3.54 

F3 0.87 0.89 0.66 0.86 0.87 4.14 

F4 0.68 0.71 0.69 0.52 0.70 3.30 

F5 0.46 0.40 0.43 0.50 0.35 2.14 

R 3.33 3.32 3.27 3.27 3.38 

3.2.3 Measure the Normalized Matrix, X. 

The normalized matrix is determined by dividing every element of the direct relation 
matrix by the highest value computed after computing the sum, row wise and column 
wise. The normalized matrix ‘X’ is as follows in Table 5. 

3.2.4 Total Relation Matrix, T 

‘T ’ matrix is computed from the normalized matrix by subtracting ‘X’ with identity 
matrix ‘I’, calculating the inverse of this result as ‘(I − X)−1’, and multipling (I − 
X)−1 with the ‘X’ matrix. Calculate the sums of matrix T ’s rows and columns. The 
sum of rows and columns in the total relation matrix ‘T ’ is expressed by the term D 
and R respectively, as in Table 6. 

3.2.5 Calculation of Row and Column Sum 

The row and column sum are calculated in Table 6 to measure Term R and D.
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Table 7 Matrix based on threshold value 

F1 F2 F3 F4 F5 

F1 0 0.75 0.71 0.69 0.76 

F2 0.76 0 0.78 0.70 0.72 

F3 0.87 0.89 0 0.86 0.87 

F4 0.68 0.71 0.69 0 0.70 

F5 0 0 0 0 0 

Table 8 Final relation matrix 

D R D + R D − R 
F1 3.47 3.33 6.79 0.14 

F2 3.54 3.32 6.86 0.22 

F3 4.14 3.27 7.41 0.87 

F4 3.29 3.27 6.57 0.02 

F5 2.14 3.38 5.53 −1.25 

3.2.6 CalculateThreshold Value 

This is determined by calculating the average of ‘T ’ matrix and our research calcu-
lated threshold value of 0.664. It helps to determine the internal relationship matrix. 
The elements of ‘T ’ matrix are compared with the threshold value. Number above 
threshold value remains as it is in the matrix and lower number is marked ‘zero’ as 
shown in Table 7. 

3.2.7 Final Relation Matrix 

It is calculated by adding and subtracting D and R to determine ‘D + R’ & ‘D-R’. 
The terms ‘D + R’ and ‘D - R’ the degree of importance and net effect caused by the 
variables of PAT on the system, and the final relation matrix is shown in Table 8. 

3.2.8 Diagram for Cause and Effect Relationship. 

Figure 2 presents the casual and effective as well as interrelated relationship between 
primary variables of PAT.
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Fig. 2 Causal and effect with Interrelations between primary variables 

4 Analysis and Discussion 

The DEMATEL approach is used to measure the degree of importance, interrela-
tionship, as well as direct and indirect effects of the variables. Each is represented in 
the final relation matrix Table 9 in which the term ‘D + R’ represents the degree of 
importance and the ‘D − R’ effect generated by variables on production.

Table 9, In the  F1 group, we can see that A1 and A4 are the important variables due 
to obtaining the larger ‘D + R’ values, i.e., 11.36 and 10.73, and the least importance 
goes to A5 by obtaining a 9.88 minimum value of ‘D + R’. If we talk about the Casual 
and Effect groups, then after achieving the positive value of ‘D − R’ A1, A2 and A5 

come in the Casual group and due to the negative value of ‘D − R’, A3, A4 and A6 

come in the effect group. Based on Fig. 3, A1, is the most important variable and 
has a direct effect on the remaining five variables. Nevertheless, A2 and A5 also have 
effects on A3, A4 and A6, and all six variables are related to one another.

Table 9, In the  F2 group, we can see that A7 and A9 are the important variables due 
to obtaining the larger ‘D + R’ values, i.e., 8.185 and 7.99, and the least importance 
goes to A11 by obtaining a 7.093 minimum value of ‘D + R’. For the Casual and 
Effect groups, variables A7, A9, and A11 after achieving a positive value of ‘ D − R’ 
come in the Casual group and due to the negative value of ‘D − R’, A8 and A10 come 
in the Effect group. Based on the Fig. 4, A7 is the most important variable and has 
a direct effect on the remaining four variables. Nevertheless, A9 and A11 also have 
effects on A8 and A10 and all five variables are related to each other.

Table 9, In the  F3 group, we can see that A13 and A14 are the important variables 
due to obtaining the larger ‘D + R’ values, i.e., 11.224 and 10.619, and the least 
importance goes to A12 by obtaining a 7.465 minimum value of ‘D + R’. For the 
Casual and Effect groups, variables A12, A13, and A14 after achieving a positive value 
of ‘D − R’ come in the Casual group and due to a negative value of ‘D − R’, A15 

comes in the Effect group. Based on the Fig. 5, A13 is the most important variable 
and has a direct effect on the remaining three variables. Nevertheless, A12 and A14 

also have effects on A15, and all four variables are related to each other.
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Table 9 Impact of governing 
variable on principal variables 

Principal variable PAT governing 
variable 

D − R D + R 

F1 A1 0.81 11.36 

A2 0.96 10.9 

A3 −0.39 10.24 

A4 −0.56 10.73 

A5 0.23 9.88 

A6 −1.03 10.37 

F2 A7 0.597 8.185 

A8 −0.898 7.597 

A9 −0.301 7.999 

A10 1.44 7.913 

A11 −1.44 7.093 

F3 A12 0.71 7.465 

A13 0.381 11.224 

A14 0.594 10.619 

A15 −1.685 10.238 

F4 A16 1.639 7.009 

A17 0.369 7.784 

A18 −2.007 7.505 

F5 A19 1.677 5.603 

A20 −0.39 6.261 

A21 −1.286 5.129
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-0.5 
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0.5 

1 

1.5 

9 10 11 12 

A1 A2 A3 A4 A5 A6 

Fig. 3 Causal and effect with Interrelations between variables of F1
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Fig. 4 Causal and effect with Interrelations between variables of F2
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Fig. 5 Causal and effect with Interrelations between variables of F3 

Table 9, In the  F4 group, we can see that A17 and A18 are the important variables due 
to obtaining the larger ‘D + R’ values, i.e., 7.784 and 7.505, and the least importance 
goes to A16 by obtaining a 7.009 minimum value of ‘D + R’. For the Casual and 
Effect groups, variables A16 and A17, after achieving a positive value of ‘D − R’, 
come in the Casual group, and due to the negative value of ‘D − R’, A18 comes in 
the Effect group. Based on the Fig. 6, A17 is the most important variable and has a 
direct effect on the remaining two variables. Nevertheless, A16 also has an effect on 
A18, and all three variables are related to each other.

Table 9, In the  F5 group, we can see that A20 and A19 are the important variables due 
to obtaining the larger ‘D + R’ values, i.e., 6.261 and 5.603, and the least importance 
goes to A21 by obtaining a 5.129 minimum value of ‘D + R’. For the Casual and 
Effect groups, variable A19, after achieving a positive value of ‘D − R’, comes in 
the Casual group and due to negative value of ‘D − R’, variables A19 and A21 come 
in the Effect group. Based on the Fig. 7, A20 is the most important variable and has
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Fig. 6 Causal and effect with Interrelations between variables of F4
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Fig. 7 Causal and effect with Interrelations between variables of F5 

a direct effect on the remaining two variables. Nevertheless, A19 also has effects on 
A18 and A21, and all three variables are related to each other.

5 Conclusions, Limitations and Future Scopes 

As per the current scenario, demand for hybrid products is increasing day by day. To 
achieve this desire, manufacturing organizations are enhancing production process 
configuration by replacing the hardware with software systems. Due to technolog-
ical advancement, organizations are facing a lot of challenges, which reduce the 
performance of manufacturing organizations. This research tries to introduce PAT 
in the manufacturing sector to increase its overall performance. In which, after a 
detailed study of literature and resonances collected from the experts, twenty six
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total variables of PAT are selected. A DEMATEL approach has been applied to 
prioritize the importance and determine the interrelation between the variables of 
PAT. This approach also helps to analyse the variables of PAT through casual and 
effect diagrams. 

Results show that, the integration of manufacturing system with maintenance has 
great importance, as it obtains the higher value of ‘D + R’ calculated in final relation 
matrix Table 9, followed by manufacturing process, fault identification, organization 
productivity, and organization control. This study also shows that not only the prin-
cipal variables influence the manufacturing system, but the governing variables have 
a similar impact on the system. This paper advises industrial organizations to focus 
more on the prioritized variables which have evolved in our research. Apart from 
this, the industrial organizations will also have to focus on the other selected vari-
ables, as each variable has its own importance. Today industrialists, claim they spend 
more than 50% of their profit on maintenance. This can be reduced by integration of 
manufacturing with maintenance, as suggested in this research. This will monitor the 
functioning of manufacturing activities as well as perform the maintenance simul-
taneously, reducing the risk of shutdown, production delay and equipment life. This 
will ultimately not only help to increase the performance but also reduce the mainte-
nance time and cost. This research has its own limitations as its results are based on 
human knowledge, some of which is incorrect due to misjudgement. Future studies 
could use other multi-criteria decision-making approaches to validate the results, 
and the number of responses would be enhanced by connecting more experts from 
different domains. 
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Deep-Drilling of SS-316L on Orbital 
EDM with Copper Electrode Tube 

Anoop Aggarwal, Gurdyal Singh, Prabhjot Singh, Gaurav Jain, 
and Sunil Kumar 

1 Introduction 

With the continuing downsizing of component components in contemporary indus-
tries, a strong tendency has emerged to develop efficient techniques for producing 
high-quality products featuring the drilling of small holes. It creates a cylindrical 
hole in the substance being drilled. It is a complicated machining method in which a 
hole is created by spinning a tool against a solid material. Deep drilling means to drill 
a hole ten times deeper than the hole diameter. In industries that use electronics or 
computers, such as aerospace, medical, automotive, and micro-fabrication, a process 
for making small holes is required [1]. Deep-hole drilling is regarded as a diffi-
cult operation due to the restricted cutting space, poor cutting conditions, difficult 
chip-breaking, and chip-removal [2, 3]. 

Pharmaceuticals, medical implants, marine, biomedical, food processing, 
aerospace, and the automotive sectors are among the industries that employ SS-
316L. These materials have been carefully chosen for biomedical implants such as 
orthopedic, dental, and joint replacements [4, 5]. The SS-316L material was selected 
due to its suitability for a range of applications as shown in Fig. 1.

Deep-drilling is traditionally accomplished with a ram-type EDM. However, 
drilling holes is challenging due to the electrode tube’s smaller diameter and length, 
as well as the wide distance between the workpiece and electrode holder [6, 7]. As a 
result of this challenge, the experiment was moved to orbital EDM. It’s a machining 
process that allows to drill burr-free holes in a variety of materials, regardless of hard-
ness, as long as they’re electrically conductive. In orbital EDM, the electrode-tube 
rotates about its axis, as well as moves on an orbital trajectory. This creates a large
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Fig. 1 Applications of SS-316L material

gap between the workpiece and electrode tool that helps in promoting debris flushing 
from the machining area. This increased flushing aids in reducing tool wear, improves 
the surface finish, and increases the metal removal rate especially during drilling of 
deep-holes [8]. Wong et al. [9] investigated the consequences of flushing rates on 
surface finish and discovered an optimal flow rate for minimizing surface roughness. 
Singh et al. [10] investigated the graphite powder mixed dielectric medium on the 
surface properties of super Co-605 by using EDM with graphite tool electrode and 
found that surface characteristic were significantly affected by machining polarity, 
peak current, and pulse-on-time. In another study, Aggarwal et al. [11] used the brass 
electrode on EDM to machine stainless Steel-316L and analyze the effects of process 
parameters on MRR and EWR. 

This work uses Orbital-EDM to deep-drill SS-316L material with a copper 
electrode-tube. The effect of various governing parameters was discussed to deter-
mine their optimum level to achieve maximum MRR along with minimum EWR. 
As Brass and copper are good conductor of electricity. The experiments on brass 
electrode-tube had already been conducted by researchers. So, in the present work, 
copper electrode-tube has been selected for experimentation. 

2 Experimentation 

The experimental procedure adopted in the present study involved different steps 
as shown in Fig. 2. The detailed procedure followed has been discussed in the sub-
sections.

2.1 Selection and Purchasing of Materials 

The material substrate in the form of a circular cross-section with a diameter of 11 mm 
was procured. The certified list of chemical composition, physical and mechanical 
properties for the SS-316L as provided by the manufacturer has been listed in Table 
1. Optimum parameters are selected through Taguchi L-28 orthogonal array.
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Fig. 2 Steps of the 
experiment

Table 1 Physical, chemical, and mechanical characteristics of the substrate material as received 

Composition of chemicals Mechanical properties 

Chemicals % Properties Value 

C 0.08 Tensile strength (MPa) 485 

Mg 2 Brinell hardness (HB) max 214 

Si 0.75 0.2% proof (MPa) minimum yield strength 172 

Cr 16.00–18.00 Rockwell hardness B (HR B) max 93 

Ni 10.00–14.00 Minimum elongation (percentage in 50 mm) 41 

Mo 2.00–3.00 Tensile strength (MPa) 485 

P 0.045 

S 0.03 Physical properties 

N 0.1 Properties Value 

Fe Balance Melting Range 1390–1440 °C 

Specific heat 0–100 °C 500 J/kg K 

Density 8.027 g/cm3 

2.2 Sample Preparation 

The sample was produced in accordance with ASTM metallographic guidelines. The 
test specimens were cut from SS-316L substrate and then faced on a lathe machine 
on both sides to create a smooth surface. Figure 3 shows the final produced sample, 
which has a diameter of 11 mm and a thickness of 5 mm. Figure 4 depicts the 
microstructure of SS-316L as photographed by them.
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Fig. 3 SS-316L sample 

Fig. 4 Microstructure of 
SS-316L (500X) 

2.3 Machining Parameters Selection 

Copper electrode-tube was used as the tool and water was as di-electric fluid during 
machining. Straight polarity was set with the workpiece as an anode (+ve) and a 
cathode (-ve) tool. Power supply voltage, pulse duration, peak current are electrical 
parameters, while the rotational speed of the electrode and dielectric fluid flushing 
pressure are non-electrical parameters. During deep-drilling of SS-316L material, 
the effect of pulse duration, supply voltage, fluid flushing pressure and peak current 
on the output parameters Material Removal Rate (MRR) and Electrode Wear Rate 
(EWR) was investigated. 

MRR is the material removed from the workpiece during the machining process 
within a specified time interval [12]. It is defined as the ratio of the volume of metal 
removed volume with respect to time and expressed as mm3/min (Eq. 1). 

MRR = Volume of metal removed from specimen 

drilling time 
(1) 

EWR is the material removed from the electrode-tube during the machining 
process within a specified time interval [12]. The EWR was calculated in mm3/min 
as per the relation given in Eq. (2).
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Table 2 Factors that should be considered, along with their significance 

S. No. Parameters of machining Level 

1 2 3 

1 Peak current, Ip (A) 3 4 5 

2 Pulse-on-time, t-on(µs) 3 4 5 

3 Duty factor, t 50 60 75 

4 Pressure of flushing (kg/cm2) 0.1 0.3 0.5 

EWR = Initial volume of electrode − tube material removed during machining 

drilling time 
(2) 

The polarity or peak current had a greater effect on MRR and EWR as compared 
to non-electrical parameters. After a thorough examination of the literature, the 
machining parameters and their corresponding levels were chosen. Wang et al. used 
seven independent variables classified as electrical or non-electrical [13]. Table 2 
shows the machining levels and their parameters finalized for present study. 

2.4 Microstructure and Hole Geometry Examination 

2.4.1 Microstructure Examination 

The samples’ microstructure was analyzed to determine if it matched the character-
istics mentioned in different standard manuals (ASTM) and published articles. The 
substrate’s microstructure was evaluated in between cutting the specimen after the 
variables and their levels for experimentation were chosen. Everything was carried 
out under the supervision of a metallurgical microscope. 

2.4.2 Examination of the Drilled hole’s Circularity 

After conducting the experimentation on orbital EDM, the circularity, overcut, and 
ovalness of the drilled hole were examined with the tool-maker microscope’s (Metzer 
optical instruments Pvt. Ltd., Mathura, India) various testing of the drilled hole was 
examined. Dimensions of the holes were measured by using Dewinter Microcam 4.0 
software.
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3 Discussion and Conclusions 

The results of the experimentation work were analyzed, and graphs between various 
parameters were created in order to get the optimum MRR and EWR. The goal of 
the research was to figure out what the average values were for various parameters 
and electrode-tube materials. 

3.1 Process Parameters Effect on EWR. 

Figure 5 depicts the average effect on EWR decreases from 20.845 to 7.913 units 
as peak current increased from 03 to 05 A. According to the findings, the results 
at 05 amperes peak current was lesser for EWR. In EWR, lesser will be better, so 
concluded that the results at 05 A were best. 

Figure 6 shows that the average effect on EWR increased from 12.360 to 16.720 
units as pulse-on-time increased from 03 to 04 µs. From 04 to 05 µs pulse-on-time, 
there was a decrease from 16.720 to 16.253 units. According to the data, the outcomes 
at 03 µs were observed to be less for EWR. Less is better in EWR, therefore the 
findings at 03 µs were the best. 

Figure 7 depicts the average effect on EWR increased from 16.364 to 17.166 units 
as the duty factor increased from 50 to 60%. From 60 to 75% duty factor, there was 
a decrease from 17.166 to 12.134 units. According to the findings, the results at 75% 
duty factor were seen to be lesser for EWR. In EWR, lesser will be better, so the 
results at 75% duty factor were best.

Figure 8 depicts the average effect on EWR increased from 14.565 to 15.163 
units as flushing pressure increased from 0.1 to 0.3 kg/cm2. From 0.3 to 0.5 kg/cm2

Fig. 5 Peak current’s 
average effect on EWR 
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Fig. 6 EWR’s average 
effect of pulse-on-time 

12.360 

16.720 16.253 

10 

12 

14 

16 

18 

3 4 5  

A
v
er

ag
e 

E
ff

ec
t 

Pulse-On-Time (µs) 



Deep-Drilling of SS-316L on Orbital EDM with Copper … 665

Fig. 7 The average effect of 
the duty factor on EWR 
(percentage)

16.364 

17.166 

12.134 

10 

12 

14 

16 

18 

50 60 75 

A
v
g
. 
E

ff
ec

t 

Duty Factor (%) 

Fig. 8 The influence of 
flushing pressure on EWR 
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flushing pressure, there was a decrease from 16.163 to 11.130 units. According to 
the findings, the results at 0.5 kg/cm2 flushing pressure were determined to be lesser 
for EWR. Because less is better in EWR, the results at 0.5 kg/cm2 flushing pressure 
were the best. 

3.2 Process Parameters Effect on MRR. 

Figure 9 shows that the average effect on MRR increased from 52.687 to 52.761 units 
as peak current increased from 3 to 4 A. From 4 A peak current to 5 A peak current, 
there was a decrease in average impact. At 5 A, the average effect was 50.831 units. 
The results at 4 A peak current were determined to be greater for MRR, according 
to the findings. The results at 4 A peak current were best. 

Figure 10 shows that the average effect on MRR increased from 52.119 to 54.286 
units as the pulse-on-time increased from 3 to 4 µs. From 4 to 5 µs pulse-on-time,

Fig. 9 The average effect of 
peak current on MRR 52.687 52.761 
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Fig. 10 The influence of 
pulse-on time on MRR  
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there was a decrease in average impact. At 5 µs, the average impact was 50.441 units. 
The results at 4 µs were found to be high, according to the findings. As a result, the 
outcomes are the best at this stage. 

As shown in Fig. 11, the average effect on MRR increased from 52.655 units to 
54.489 units at 50–60%. From a duty factor of 60–75%, there was a decrease in 
average impact. The average effect at 75% was observed as 49.167 units. It has been 
concluded that the average effect value at 60% was high comparatively for MRR. As 
a result, the outcomes are the best at this stage. 

The average effect on MRR was increasing from 52.038 to 53.796 units at 0.1– 
0.3 kg/cm2, as shown in Fig. 12. Decrease in average effect was observed from 
0.3 to 0.5 kg/cm2 flushing pressure. The average effect at 0.5 kg/cm2 was observed 
as 51.094 units. It has been concluded that for MRR, the average effect value at 
0.3 kg/cm2 was high. As a result, the findings are the best at this point. 

Fig. 11 MRR’s average 
duty factor effect 
(percentage) 
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Fig. 12 Flushing pressure’s 
average effect on MRR
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4 Conclusions 

At 3-A peak current, the SS-316L workpiece was micro drilled using copper elec-
trode tube material. With 3-A peak current at 50% duty factor, the EWR of SS-316L 
and copper electrode tubes was greater than 75%, but the MRR of SS-316L and 
copper electrode tubes was lower. For milling SS-316L workpieces and copper elec-
trode tubes, a 3-A peak current at a duty factor of 75% was found to be optimum. 
Experiments at cryogenic temperatures using a dielectric other than water will be 
possible in the future. 
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Parametric Optimization of Nanopowder 
Blended Electrical Spark Machining 
AISI D3 DIE Steel Employing Grey 
Relational Analysis 

K. Santarao , C. L. V. R. S. V. Prasad  , and G. Swaminaidu 

1 Introduction 

In the last few years, amongst available unconventional machining techniques, Elec-
tric Spark Machining (ESM) has gained prominence due to its effectiveness in 
machining precise, complex shapes with special micro-features on difficult-to-cut 
tools, die and mould materials irrespective of their hardness [1–4]. This process 
relies on the restrained thermal erosive effect on the stock surface, wrapped up 
by a dielectric, due to inveterate sparks struck in the inter-electrode gap [5]. This 
approach is now widely implemented by tool as well as dies, motor, aerospace and 
surgical equipment manufacturers [6]. Despite astounding process capacities, low 
volumetric material extraction rates, as well as poor surface quality, are some of the 
limitations linked to conventional electrical discharge machining. To address these 
issues, researchers worldwide have implemented three methods. In the foremost 
approach, termed Powder Blended Electric Spark Machining (PBESM), fine powder 
either in micro or nano size is suspended in the dielectric, which enhances homo-
geneous sparking amongst powder particles, forming shallow craters on the work-
piece’s surface. Also, the ploughing action of conductive material in dielectric fluid 
enhances the material extraction rate [7]. In the second method, the tool is rotated, 
which flushes debris accumulated within the discharge gap, thereby improving the 
material withdrawal rate [8]. The third method is to vibrate the workpiece, which 
reduces the machining time [9]. The first method, out of the three, provides a higher 
quality machined surface and adds functional features to the machined surface [10].
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Unlike traditional Electric Spark Machining, Powder Blended Electric Spark 
Machining has a different machining technique [11]. Upon applying 80–320 V 
voltage in the gap of 25–50 μ present between the electrode and the workpiece, 
an electric voltage in the range of 105–107 V/m is generated. Due to this, the powder 
particles not only gain energy but also assemble themselves in a crisscross series 
fashion, forming an interlock among them [12]. This series configuration promotes 
linking the discharge gap. Also, the developed electric field accelerates the charged 
particles to behave like conductors, which not only props up the breakdown but 
also increases the spark gap. Owing to the linking effect, a diminution in dielectric 
insulating strength is observed. A premature explosion occurs in the gap due to a 
developed ‘short circuit’. In turn, the applied fine-grained powder changes (expands 
and broadens) the plasma channel. Thus, the sparks are consistently dispersed among 
the powdered particles, diminishing the spark’s electric density. As a result, craters 
up to a small depth are produced on the workpiece’s exterior surface. This enriches 
the surface finish [7]. 

Early in 1980 Erden and Bilgin [1] stated that intentionally added artificial impu-
rities to dielectric has a significant effect on EDM performance. Since then, several 
researchers focused on investigating the influence of artificial additives in dielectric 
when machining materials through electric spark machining. Baljinder Singh [2] 
deliberated the effect of 325 μm aluminium powder in the dielectric fluid along with 
other electrical parameters on H11 steel surface roughness employing L18 array and 
reported that polarity, suspended powder play a major role in the response. Abhishek 
Abrol [3] mixed 45–55 μm chromium powder in kerosene to examine the simulta-
neous influence of powder along with pulse on time, peak current and pulse off time 
when machining AISI D2 die steel and found that current is the momentous factor for 
MRR and TWR. Mohd. Junaid Mir [4] presented the discharge current, pulse time 
and aluminium powder (46 μm) concentration optimized levels for surface rough-
ness study on H11 steel and published that concentration and peak current are major 
influencing parameters targeting surface roughness. Suspending 37, 44 and 74 μm 
sized aluminium powder of quantities 0–12 g/L in EDM oil supplied by the manu-
facturer Anil Kumar et al. [5] fabricated circular holes on Inconel 718 using copper 
electrode. It is stated that powder concentration and size influenced EDM efficiency. 
It was also mentioned that highest Material Removal Rate (MRR) is obtained for 
44 μm powder at 6 g/L concentration. Kansal et al. [6] utilized 0–6 g/L quantity 
of 20–30 μm aluminium powder into kerosene available commercially to machine 
Al-10%SiCp material for 40 min time. MRR was reported to be increased by the 
addition of aluminium powder up to a particular concentration (3 g/L). Also, it was 
stated that most influential parameters on the performance of EDM are peak current 
and concentration of added powder. 

In another attempt by Kansal et al. [7] to optimize process parameters utilizing 
Taguchi design, 25 mm diameter blind holes were drilled on AISI D2 Die steel when 
dipped in kerosene doped with 0–4 g/L 30 μm silicon powder. It was highlighted that 
effect of nozzle flushing at inter-electrodes gap on machining efficiency is negligible. 
For SKD-11, Tzeng Yih-Fong et al. [8] claimed 70–80 nm powder blended Hercules 
ED 320H had better surface finish. MP Jahan et al. [9] machined cemented tungsten
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carbide with 55 nm Gr blended ELF EDM3 oil. GS Prihandana et al. [10] used  
ultrasonicated 55 nm Gr blended kerosene on silver-tungsten and reported improved 
surface quality. 40–47 nm SiC and 45–55 nm Al2O3 blended Idemistu Daphene cut 
oil on stainless mould steel reduced the average surface roughness, according to PC 
Tan et al. [11]. Houriyeh Marashi et al. [12] accomplished that 40 to 60 nm Ti powder 
mixed hydrocarbon oil led to an MRR improvement of D2 steels. 

An examination into literature accessible on PBESM, it is pragmatic that only 
elementary research exertion has been conceded in improving machining efficiency 
of PBESM. Hence, current research exertion concentrates on multi-characteristic 
optimization whilst machining AISI D3 steel by means of copper tool with and 
without ceramic nanopowder suspended in commercially available EDM oil using 
Taguchi Method coupled with Grey Relation Analysis. 

2 Experiment Set-Up and Method 

2.1 Machine 

The experiments were carried out on the Electric Discharge Machine S-50 ZNC 
of ELECTRONICA MACHINE TOOLS (Pvt. Ltd). In this machine, several input 
variables can be varied. This machine has a machining tank that holds 140 L of 
EDM oil. A new experiment set-up for Nano Powder Blended ESM (NPBESM) is 
developed to lessen the quantity of dielectric utilized and to avoid filtering system 
damage owing to nanopowder clogging in filters. For a detailed description of the 
same, the readers are encouraged to refer article published by the author [13]. 

2.2 Workpiece, Electrode and Powder Material 

AISI D3 die-Steel block of 45 mm × 32.5 mm × 12 mm is used as workpiece. Copper 
of dimensions 150 mm × φ9.5 mm is considered as tool in this experimentation. SiC 
(Conductive) of 50 nm size was obtained from SRL Pvt. Ltd., India for this study. 

2.3 Parameters and Experiment Plan 

Four quantitative process variables, each with three levels as listed in Table 1 are 
considered for experimentation. It could require a whole of eighty-one (34) sets of  
experiments to optimize the variables if a full factorial design is carried out [14] 
which remains a significant challenge.
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Table 1 Process variables and levels 

Process variable, technical form, (Units) Code Levels 

L1 L2 L3 

Powder concentration, PC, (g/L) N 0 0.5 1 

Gap voltage, Vg, (V) M 50 60 70 

Pulse on time, TON, (μs) X 50 100 150 

Peak current, Ip, (A) K 5 6 7 

Table 2 Actual values in L9 orthogonal array 

Experiment 
trail 

Ip (A) Ton (μs) Vg (V) PC (g/L) Decision matrix [D] 

MSR 
(mm3/min) 

EWR 
(mm3/min) 

SR (μm) 

1 5 50 50 0 0.45 0.074 6.575 

2 5 100 60 0.5 1.31 0.187 4.550 

3 5 150 70 1 0.77 0.374 5.105 

4 6 50 60 1 1.17 0.374 4.630 

5 6 100 70 0 0.70 0.299 4.555 

6 6 150 50 0.5 1.41 0.224 4.720 

7 7 50 70 0.5 1.60 0.112 4.975 

8 7 100 50 1 0.45 0.074 6.575 

9 7 150 60 0 1.31 0.187 4.550 

To overcome this issue, the Taguchi approach employs orthogonal arrays that are 
meant to consider the whole parameter space and its impact on response with a small 
number of tests [15, 16]. As suggested by Datta et al. [17] and Harmesh Kumar et al. 
[18] an L9 orthogonal array was used in this study. Throughout the experiments, 
positive polarity, 30 min machining time, 10% duty factor are fixed. The levels of the 
process variables are fixed after conducting pilot experiments. L9 orthogonal array 
with actual values is presented in Table 2. Each machining case was repeated three 
times to minimize the error. 

3 Machining Performance Assessment 

Material Subtraction Rate (MSR), Surface Roughness (SR) and Electrode Wear Rate 
(EWR) are selected as responses. The difference in weights of workpiece and tool, 
before and after experimentation are measured on SHIMADZU (AUX 200) analytical 
balance, respectively. Numerical values are then substituted in Eqs. (1) and (2) [19] 
to calculate MSR and EWR
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Fig. 1 AISI D3 die-steel 
workpieces after machining 

MSR = 
[(Wbm − Wam) × 1000] 

(Dw × t) 
(1) 

EWR = 
[(Ebm − Eam) × 1000] 

(De × t) 
(2) 

where MSR, EWR is in mm3/min, Wbm—workpiece weight prior to machining (g), 
W am—workpiece weight subsequent to machining (g), Dw—density of the workpiece 
(7.7 g/cm3), Ebm—weight of electrode/tool ahead of machining (g), Eam—weight of 
electrode/tool past machining (g), De—density of the electrode/tool (8.9 g/cm3), 
t—machining time (minutes). 

Surface Roughness (SR) is formulated as SR = 1 
S

( S 
0 |h(z)dz| where h(z) is  

the value of roughness profile, and S is evaluation length. It is measured along 
horizontal, vertical diameters on the face of blind holes by means of Mitutoyo make 
(SJ-201) surface roughness tester and the average value is considered for analysis. 
Experimental findings are shown in Table 2. Workpieces after machining with all 
sets of experiments are presented in Fig. 1. 

4 Results and Discussion 

4.1 Grey Relational Technique 

Grey Relation Technique (GRT) is an important technique that simplifies a complex 
multi-response optimization to optimization of Single Response Grey Relational 
Grade (SRGRG). This approach was initially established by Deng [20] and then has 
been efficiently employed in several disciplines of machining processes. 

B Satyanarayana [21] applied Taguchi procedure together with grey relational 
technique to find out effective levels of feed, depth of cut and speed when performing
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Fig. 2 Four steps involved 
to find GRG 

simultaneous minimization of cutting force, surface roughness and tool flank wear. 
Tamrin [22] employed grey relational technique to establish optimum levels of power 
consumed, stand-off distance and welding speed for multi-performance (mean weld 
width, mean kerf width, weld tensile strength) analysis in Carbon Dioxide laser 
unification of disparate materials. 

In an attempt to perform multi-response optimization of wear characteristics of 
a hybrid composite, Saravanakumar [23] used grey relational analysis. In another 
effort to model and optimize multi-response milling characteristics Murat Sarıkaya 
[24] implemented Taguchi coupled with Grey Relational Analysis. 

As a result, GRT was discovered to be used in a variety of machining appli-
cations. On the other hand, literature on multicriteria optimization of NPBEDM 
variables implementing GRT is still in developing stage. In the current experimental 
exploration, the grey relation method is employed to determine the most favourable 
process input variables that give high MRR with superior surface finish in NPBEDM 
of tool steel. Determining GRG (Grey Relational Grade) is the key point of GRT. 
Four steps involved to find out GRG for a multi-objective optimization are stated in 
Fig. 2 followed by a brief explanation of each step. 

4.2 Decision Matrix Formation 

In this stage, an m × n decision matrix [D] is constructed where m and n represent a 
number of experiment trails and performance response values, respectively. Here m 
= 9 and n = 3 (MSR, EWR and SR). [D] is shown in Table 2. 

4.3 Data Pre-processing 

Each numeral (yij) in Decision matrix [D] is normalized to scale down between 0 
and 1 incorporating strategies (3) and (4). 

Higher-the-better xi j  =
(
yi j  − min

(
yi j

))

(
max

(
yi j

) − min
(
yi j

)) (3)



Parametric Optimization of Nanopowder Blended Electrical … 675

Table 3 Normalized values and grey relational coefficients of responses 

Experiment trail Normalized values Grey relational coefficients 

MSR EWR SR MSR EWR SR 

1 0.000 1.000 0.007 0.333 1.000 0.335 

2 0.748 0.623 1.000 0.665 0.570 1.000 

3 0.278 0.000 0.728 0.409 0.333 0.648 

4 0.626 0.000 0.961 0.572 0.333 0.927 

5 0.217 0.250 0.998 0.390 0.400 0.995 

6 0.835 0.500 0.917 0.752 0.500 0.857 

7 1.000 0.873 0.792 1.000 0.798 0.706 

8 0.870 0.373 0.794 0.793 0.444 0.708 

9 0.652 0.980 0.000 0.590 0.962 0.333 

Smaller-the-better xi j=
(
max

(
yi j

) − yi j
)

(
max

(
yi j

) − min
(
yi j

)) (4) 

where yij = jth performance response for ith trail, max(yij) and min(yij) = maximum 
and minimum values of all jth performance responses. xij = normalized numeral. 
Table 3 depicts normalized values for the EWR, MSR and SR. 

4.4 Grey Relational Coefficient Calculation 

Using normalized SNR values found in the preceding stage, the Grey Relational 
Coefficients (GRCs) of performance responses are calculated after substituting in 
the Eq. (5) [25]. 

γ
(
x0 j , xi j

) = △min + ξ△max

△i j  + ξ△max 
for i = 1, 2, .  .  .  .,  m and j = 1, 2, . . . ..n (5) 

where x0j = reference value of jth response (x0j = 1), △ij = |x0j − xij |, △max = 
max{△ij, i = 1, 2, …., m; j  = 1, 2, ….. n}, △min = min{△ij, i = 1, 2, …., m; j  = 
1, 2, ….. n} and ξ = distinguishing coefficient, ξ ∈ (0, 1]. In common ξ = 0.5 is 
applied when calculating GRCs [19, 25]. Table 3 depicts GRC values for the EWR, 
MSR and SR.
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4.5 Grey Relational Grade Calculation 

Grey Relational Grade is the approach used to quantify grey relational interstice. A 
Grey Relational Grade, often known as a degree, is a partisan sum of Grey Relational 
Coefficients that is frequently computed using Eq. (6) [25]. 

ςi =
(
1 

n

) n⎲

k=1 

γ (k) (6) 

where ς i is Grey Relational Grade for ith experiment, k is experimental trial. Table 
4 depicts GRGs evaluated employing (6). 

A careful observation of Fig. 3 reveals that GRG for the 7th experiment is highest 
which equals to 0.835 indicating that the related experiment outcome is near to 
the best-normalized value and has the preeminent multi-performance characteristics 
amongst nine experiments.

The mean of the grey relation grade for a unique level of machining criteria is 
computed using MINITAB 17 software and listed in Table 5. Whilst the values in end 
row of Table 5 are collated, it is spotted that the variation amid the highest and least 
value of GRG for N is bigger than other factors. This stipulates that SiC nanopowder 
blending has a compelling effect on multi-performance characteristics. From Table 
5, it is also observed that K3X1M2N2 is the condition for higher GRG, i.e. optimal 
setting for higher MSR, lower Electrode Wear Rate and Surface Roughness (Table 
5).

Table 4 Grey relational 
grades of responses 

Experiment trail Grey relational grade Rank 

1 0.556 8 

2 0.745 2 

3 0.463 9 

4 0.611 6 

5 0.595 7 

6 0.703 3 

7 0.835 1 

8 0.648 4 

9 0.628 5 
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Fig. 3 Variation in GRG  for  
all nine trails

Table 5 Average GRG by parameter Level 

Machining parameters K X M N 

Average GRG by parameter level L1 0.5882 0.6672 0.6358 0.5931 

L2 0.6363 0.6628 0.6614 0.7608 

L3 0.7037 0.5982 0.6310 0.5742 

High-Low 0.1156 0.0690 0.0304 0.1866 

Higher GRG corresponding to a unique level for each parameter are highlited in bold 

Table 6 GRG results 
substituting initial and best 
favourable machining criteria 

Preliminary 
machining 
criteria 

Optimal machining criteria 

K1X1M1N1 Predicted 
K3X1M2N2 

Experimental 
K3X1M2N2 

Grey 
relational 
score 

0.556 0.865 0.866 

4.6 Affirmation Test 

As the most favourable machining criteria levels are identified, the concluding step 
includes verifying the enhancement in performance characteristics. The Grey Rela-
tional Grade involving best possible levels of the machining criteria can be estimated 
using Eq. (7) [23].
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α̂ = αm + 
q⎲

i=1 

(αi − αm) (7) 

Table 6 presents verification experiment results using optimal conditions. It is 
evident from Table 6 that multitude performance assessors in NPBESM process 
significantly enhanced employing Grey Relation Procedure. 

5 Conclusions 

The Grey Relational Analysis procedure is employed to attain optimized governing 
factors levels of NPBESM involving multifarious-performance assessors namely 
Material Subtraction Rate, Surface Roughness and Electrode Wear Rate. Taguchi 
L9 orthogonal arrangement was incorporated for the experiment work. Observations 
from the present work are as follows: 

The optimum levels of process parameters are peak current 7 Amp, Pulse On Time 
50 μs, Gap Voltage 50 V in addition to powder concentration 0.5 g/L. These are typi-
cally the endorsed levels of parameters for acquiring increased material amputation, 
a lesser wear on electrode and in addition, reduced surface roughness. 

It is instituted that nano powder blending has more substantial influence on 
performance assessors when compared with other considered parameters. 

Experiments executed with above stated optimal levels affirmed an appreciable 
enhancement not only in machining effectiveness but also on grey relation grade. 

The above study comprehends that the optimization of complex multi-functional 
properties can be simplified by Taguchi procedure coupled with Grey Analysis. 
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Study the Influences of Various Input 
Variables on Material Removal Rate 
During µEDM Machining of Super Alloy 
Material 

Sudhansu Ranjan Das and Anshuman Das 

1 Introduction 

In various industrial sectors, such as biomedical, defense, aerospace, space, automo-
tive, transportation and other production industries, micro-products are playing the 
vital role nowadays. There are mainly two reasons which are available for which the 
demand of micro-product in different industries are increasing day by day. One is 
industrial safety and other is pollution. As less energy is required in the production of 
micro-holes. So there is a chance of less pollution and more safety can be obtained. 
Various manufacturing processes are involved to produce the micro-products, micro-
EDM is one of them. The range of size involved in micro-products is varying from 1 
to 999 microns. There are basically two types of micro-machining processes, one is 
tool based and other is mask based. Surface roughness below 0.1 µ can be achieved 
with micro-EDM. Thermal energy which is generated through electrical energy is 
mainly responsible. The major restriction involved in micro-EDM process is only 
conductive material can be machined through micro-EDM process. It is a non-contact 
type machining process, there is a spark gap which is present between electrode and 
work piece. Hard to cut and difficult to machine materials are normally preferred 
to be machined through this process. Steels, graphite and conductive materials are 
normally preferred. The major difference between the EDM and micro-EDM is the 
radius of plasma channel which is developed at the time of spark. The intensity of 
peak energy during the spark is limited for the material removal. Small electrodes 
and wire used in this process. The efficiency, precision and spark energy depend 
upon the use. The dimensions considered for the test specimen, i.e. 30 * 30 * 2.6 mm
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are unique. The range of parameters selected is unique. After conducting the exper-
iments, electrode was ground to remove the taper part. By which with a minimum 
number of electrodes, we have cover up many experiments. By which tool cost was 
minimized. 

2 Literature Review 

The following literatures have been considered in the current experimental investi-
gations for the analysis of experimental outcomes. Sakpal [1] conducted the micro-
EDM machining operation on Titanium alloy using a Cu-W electrode. From the 
results, it was found that voltage, capacitance and rotation of electrode played a key 
role in MRR enhancement. Capacitance and pulse on time are found to be dominant 
for taper ratio. Moreover, capacitance and pulse on time are found to be domi-
nant for side gap. Bhosle et al. [2] analyzed the taper angle during micro-electro 
discharge machining-assisted drilling of Inconel 600. Capacitance was found to be 
the most dominating parameter rather than voltage and feed rate. Saxena et al. [3] 
examined the impact of three machining variables on several responses such as 
material removal rate (MRR), radial over cut (ROC) tool wear ratio (TWR), residual 
stress and surface roughness. All the input parameters are found to be significant 
on the responses. Dong et al. [4] examined the aspect ratio of micro-holes which 
was machined on C17200 Beryllium Copper. Machining was performed using two 
dielectric fluids. And machining was conducted with different current levels. Various 
responses are examined like machining speed, electrode wear, dia and taper angle. 
Results delineated that deionized water-based machining was more effective than 
kerosene based. Various machining characteristics like MRR, quality of micro-holes, 
electrode wear and machining time were studied by Plaza et al. [5] when Titanium 
alloy was machined. From the experiments, it was found that electrode at a helix 
angle of 45° and flute length of 50 µ, the machining time was reduced by 37% 
and hole of 800 µ dia was achieved. On Nitinol Titanium-based shape memory 
alloy, micro-EDM machining operation was conducted by Vijay Abu et al. [6]. The 
experimental outcomes showed that MRR was greatly affected by capacitance, tool 
material and voltage. Satyanarayana et al. [7] studied the effect of various machining 
parameters on different machining attributes while machining metal matrix compos-
ites. From the experimental results, some interesting outcomes are observed like 
MRR increased with current. When electrode was rotating at higher speed, responses 
like, MRR, TWR and surface finish increased. Polarity and tool materials are the 
insignificant parameters on MRR. The micro-structure of the machined surface was 
studied by Kim et al. [8] from the graphical analysis, it was confirmed that feed 
and depth of cut were inversely proportional to each other regarding the machined 
micro-morphology. Dillip et al. [9] predicted the material removal through a numer-
ical technique during micro-EDM of Inconel-718. Both numerical and experimental 
results are compared, and it was found both results are compatible to each other 
with a minimum error. Sivaprakasam et al. [10] experimentally investigated the
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nano-powder-assisted micro-wire EDM process on Inconel-718. Kerf width, material 
removal rate and surface roughness are considered as responses. Voltage, capacitance 
and powder concentration are the input parameters. With the presence of graphite 
nano-powder, better results are obtained. 

2.1 Research Gap 

The following three research gap was found: 

• Very few µ-EDM machining was observed on Inconel-718. 
• Response surface methodology (RSM) methodology has not been employed by 

the researchers in a large scale. 
• Cu-W (Copper and Tungsten)-based electrode has not been used in a large scale 

by the researchers particularly in micro-EDM. 

3 Experimental Details 

3.1 Selection of Work Piece Material 

In the current experimental work, Inconel-718, in the form of plates is considered. 
Because its application is quiet vital in the aerospace industries. This type of super 
alloy has adequate properties like thermal, mechanical and physical. That’s why it 
is used to manufacture various parts of a turbo jet or air craft. The dimension of the 
plate was 30 * 30 * 2.6 mm. The figure of the work piece before and after machining 
is shown in Fig. 1. 

(a) Before machining                                         (b) After machining 

Fig. 1 Work piece before and after machining
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Fig. 2 Electrode design and shape of electrode after machining 

3.2 Selection of Tool Material 

A Copper-Tungsten (Cu-W)-based electrode material was selected in this work, 30% 
Copper and 70% Tungsten utilized. In nonconventional machining, the selection of 
electrode material is quiet important. The cutting tool is shown in Fig. 2. 

After machining, particularly in micro-EDM, the tapering will be there in the 
electrode. So without changing the electrode, it is very difficult to conduct the second 
run. Maximum authors have changed the tools after each experimental run. And 
as we know tool cost significantly influences the total cost of machining. In the 
current experiment, after each run, the tool was removed by cutting and then ground. 
By which with the minimum numbers of electrodes, we are able to conduct 27 
experiments resulting minimizing the tool cost which is important in present scenario. 

3.3 RSM-Based Experimental Planning 

The experimental layout was framed according to response surface morphology 
(Box–Behnken design) using Minitab 17 statistical software. Four types of input 
variables are selected like “current, pulse on time, pulse off time and spark gap”. 
Each variable was differed at three levels like low (−1), medium (0) and high (1) 
given in Table 1 Das et al. [11]. Total 27 no. of experiments is conducted. The EDM 
machined used in the current experimental work shown in Fig. 3. 

Table 1 Machining parameters with their levels 

S. No. Process parameter Low level (−1) Medium level (0) High level (1) 

1 Current 2 4 6 

2 Pulse on time 10 15 20 

3 Pulse off time 5 10 15 

4 Spark Gap 40 50 60
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Fig. 3 Experimental setup 

4 Results and Discussion 

4.1 Measurement of Material Removal Rate (MRR) 

On the basis of mass, i.e. (gm/min), the MRR was estimated with the help of weight 
measuring machine as shown in Fig. 4. The least count of the machine was 0.001 
gm. Material removal rate was defined as the quantity of material removed from the 
surface of the specimen in a unit time under the given condition of machining. The 
MRR was tabulated in Table 2. The MRR was measured in the given formula shown 
in Eq. 1.

Before machining weight in gm = W1 

After machining weight in gm = W2 

Time required for machining, t (min) 

Material removal rate is given by gm/min. 

MRR = 
W1 − W2 

t 
(1) 

A second-order mathematical model was developed using both input and output 
variables to set a correlation between them which is shown in Eq. 2. The output 
parameter was taken as MRR and four machining variables are considered like
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Fig. 4 Weight measuring 
instrument

current, pulse on time, pulse off time and spark gap. The coefficient of determi-
nation was found as R2 = 96.12 for experimented and for adjusted, it were found 
as 91.59%. Regression analysis is done from the experimental data to obtain the 
quadratic model. The equation is given below for MRR. 

1.MRR × 10−4 = 19.1 + 3.42 ∗ Current − 2.472 ∗ Pulse on time 

− 0.420 ∗ Pulse off time + 0.081 ∗ Spark gap 
− 0.406 ∗ Curent2 − 0.0428 ∗ Pulse on time2 

− 0.0223 ∗ Pulse off time2 − 0.00788 ∗ Spark gap2 

+ 0.2432 ∗ Current ∗ Pulse on time 

− 0.2453 ∗ Current ∗ Pulse off time 

+ 0.0104 ∗ Current ∗ Spark gap 
+ 0.0565 ∗ Pulse on time ∗ Pulse off time 

+ 0.0465 ∗ Pulse on time ∗ Spark gap 
+ 0.0134 ∗ Pulse off time ∗ Spark gap (2) 

4.2 Analysis Variance (ANOVA) 

To check the variables affecting the output responses significantly ANOVA analysis 
was conducted, which is tabulated in Table 3.

Summary of the above model
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Table 2 Observation table 

S. No. Current (Amp) Pulse on time 
(µs) 

Pulse off time 
(µs) 

Spark gap 
(µmm) 

MRR × 10−4 

(gm/m) 

1 4 15 15 40 8.04 

2 2 15 10 40 6.161 

3 2 20 10 50 6.19 

4 4 20 5 50 12.42 

5 4 20 10 60 16.19 

6 2 15 10 60 10.22 

7 6 10 10 50 12.35 

8 4 15 10 50 14.83 

9 6 15 5 50 20.04 

10 4 10 15 50 10.517 

11 6 20 10 50 18.55 

12 4 15 15 60 12.71 

13 4 10 5 50 14.28 

14 2 15 15 50 9 

15 2 15 5 50 7.7769 

16 6 15 10 40 13.56 

17 4 20 15 50 14.31 

18 4 20 10 40 9.409 

19 4 15 10 50 14.33 

20 6 15 15 50 11.45 

21 4 10 10 60 10.73 

22 4 15 5 40 14.73 

23 4 15 5 60 16.73 

24 4 10 10 40 13.24 

25 2 10 10 50 9.72 

26 4 15 10 50 14 

27 6 15 10 60 18.451

S R-sq (Adjusted R-sq (Predicted) R-sq 

1.06331 96.12% 91.59% 77.99%
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Table 3 ANOVA analysis table (material removal rate) 

Source Degrees of 
freedom 

Adjusted sum 
of square 

Adjusted 
mean square 

F-value P-value Remarks 

Model 14 335.877 23.991 21.22 0.000 Significant 

Linear 4 240.632 60.158 53.21 0.000 Significant 

Current 1 171.257 171.257 151.47 0.000 Significant 

Pulse on time 1 3.236 3.236 2.86 0.116 

Pulse off time 1 33.167 33.167 29.33 0.000 Significant 

Spark Gap 1 32.971 32.971 29.16 0.000 Significant 

Square 4 15.978 3.994 3.53 0.040 Significant 

Current * 
Current 

1 14.089 14.089 12.46 0.004 Significant 

Pulse on time 
* pulse on time 

1 6.114 6.114 5.41 0.038 Significant 

Pulse off time 
* pulse off 
time 

1 1.663 1.663 1.47 0.248 

Spark Gap * 
spark gap 

1 3.308 3.308 2.93 0.113 

2-way 
interaction 

6 79.268 13.211 11.68 0.000 Significant 

Current * 
pulse on time 

1 23.668 23.668 20.93 0.001 Significant 

Current * 
pulse off time 

1 24.074 24.074 21.26 0.001 Significant 

Current * 
spark gap 

1 0.173 0.173 0.15 0.702 

Pulse on time 
* pulse off 
time 

1 7.989 7.989 7.07 0.021 Significant 

Pulse on time 
* spark  gap  

1 21.581 21.581 19.09 0.001 Significant 

Pulse off time 
* spark  gap  

1 1.782 1.782 1.58 0.233 

Error 12 13.568 1.131 

Lack of fit 10 13.218 1.322 7.57 0.122 Not 
significant 

Pure error 2 0.349 0.175 

Total 26 349.44



Study the Influences of Various Input Variables on Material Removal … 689

Fig. 5 Material removal rate 
versus current and pulse on 
time 

4.3 Effect of Input Variables on Material Removal Rate 

With the increment in both current and pulse on time, MRR increased which is shown 
in Fig. 5. Low MRR was observed, when pulse on time was at high level and current 
was at low level. But current was observed to be the dominating parameter for MRR 
as shown in the surface plot. The thermal loading is mainly depends upon the current, 
which influences the material removal rate. Higher the current, more temperature will 
be generated and from both the terminals, material removal rate will be increased. 
Spark generated between the electrode and work piece and the intensity of the spark 
mainly influenced by the carbon deposition. Inappropriate sparks mainly depend 
upon the carbon deposition. If pulse off time will be more, the carbon deposition will 
be less resulting more MRR. 

The material removal rate was enhanced with the increment of current and with 
decrement of pulse off time which is shown in Fig. 6. MRR was high when current 
was high and pulse off time was low. When current was low and pulse off time was 
low, low MRR was obtained. Because when current will be low, the flow of current 
will be also lower between the two electrodes resulting less thermal energy. Current 
was observed to be the most significant parameter for material removal rate from the 
graph.

Ehen current was increased and spark gap was increased, MRR was increased 
which shown in Fig. 7. When gap was at highest level and current was at highest 
level, maximum MRR was found. And with low current and low gap, low MRR was 
observed. Current and spark gap are two influential factors for the MRR increment. 
Because the flow of dielectric fluid mainly depends upon the spark gap. If spark gap 
will be proper, the flow will be proper and adequate thermal energy can be obtained 
between the two terminals.
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Fig. 6 Material removal rate 
versus current and pulse off 
time

Fig. 7 Material removal rate 
versus current and spark gap 

One interesting phenomena was observed regarding the pulse on and pulse off 
time. The MRR was found to be highest with the lowest value of both pulse on and 
pulse off time. However, minimum MRR was observed at lowest pulse on and highest 
pulse off time shown in Fig. 8. Regarding the MRR, both the pulse on and pulse off 
time were found to be the insignificant parameters.
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Fig. 8 Material removal rate 
versus pulse on time and 
pulse off time 

5 Conclusions 

In the current experimental work, the prime motive is to analyze the impact of four 
various types of machining variables on the material removal rate. Depending on the 
experimental results, the conclusions are given below:-

MRR increased with increment in current. Both pulse off time and gap influenced 
the MRR. Highest MRR was achieved with 6Amp current. More roughness was there 
with high MRR. However, heat-affected zone was less with highest MRR. 
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Artificial Neural Network Model 
for the Evaluation of Tensile Strength 
of Vibratory-Assisted TIG Welded 
Aluminium Weldments 

M. Vykunta Rao, Kothakota Purushotham, 
and M. V. A. Raju Bahubalendruni 

1 Introduction 

Magnesium and aluminium alloys are joined using tungsten inert gas welding 
process. Weld pool is protected from the atmospheric contaminants by the inert gas. 
Manual metal arc welding is completely replaced by TIG welding for the joining 
of aluminium and magnesium alloys. The generation of residual stresses during 
the welding process is a regular occurrence. This is because of different tempera-
tures maintained on the specimen. Residual stresses cause the material to deform, 
resulting in fatigue failure. By using vibration-assisted welding, residual stresses can 
be reduced. The specimens to be welded are vibrated in dual modes during vibration-
assisted welding. The first is to vibrate the specimen during welding at its normal 
frequency and the second is vibrating the specimen other than the natural frequency. 
P. G. Rao et al., created a prediction model using a generalized regression computa-
tional model to build a relationship with vibration parameters like input vibromotor 
voltage, vibration duration and vibratory weldment impact resistance and bending 
strength. A comparison is made with experimental data to validate the practicality of 
the created prediction tool [1, 2]. Soft computing techniques gained more attention in 
recent times. Compressive strength of fused deposition models has been estimated 
using two approaches one is general regression neural network (GRNN) and the 
other is multi-gene genetic algorithm by taking raster angle, thickness of layer and 
orientation as an input parameter [3]. GRNN-based estimation model was created
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Fig. 1 Outlook of neuron [7] 

to evaluate the tensile strength of aluminium 5052-H32 aluminium alloy weldments 
for the given vibromotor voltage input and the specimen vibration time [4]. 

Humans will have little effort in recognizing various objects from a vast amount 
of visual information in their surroundings. Pattern recognition is made possible 
through human intelligence. Computing systems will get benefitted if this human 
intelligence is transferred. The term ‘artificial neural network’ refers to computer 
systems whose fundamental concept is inspired by biological neural networks [5]. 
McCulloch and Walter Pitts (1943) proposed artificial neural network computation 
systems. Figure 1 shows the outlook of neuron. Computing networks in ANN are 
parallel that share some basic properties with biological neural systems. Similar to 
our biological neurons, multiple input signals are given to neurons. Each input has 
a certain relative weight that influences the output. Similar to the biological neuron 
systems, some inputs are more important than other inputs so these are combined to 
form an impulse. The intensity of the input signal is determined by weights, which 
are adjustable coefficients inside the network. The summation block, which approx-
imately corresponds to the actual cell body, produces the neuron’s output signal by 
adding all of the weighted inputs algebraically [6]. ANN has several applications, 
i.e. recognition of patterns, the prediction of parameters, optimization, associative 
memory and controls. 

ANN model was used to evaluate the safety of shiwalik slopes in the region of the 
Himalayan [8]. Slope stability analysis has greater importance in designing infras-
tructure projects in residual soil. Authors designed an ANN model for slope stability 
and observed the reliability of the model by considering several performance indi-
cators such as co-efficient of determination, root mean square error (RMSE) [8]. In 
India, pedestrian fatal crash frequency is more. ANN model developed to predict 
the pedestrian fatal crash frequency at the junctions. Three different learning algo-
rithms were used to develop ANN model. by the trial and error method, number of 
neurons was varied. Finally, sensitivity analysis conducted and found that motor-
ized vehicle speed has the most significant impact on fatal pedestrian collisions [9]. 
Researchers extended their work to estimate the wind power output, speed of the 
wind and direction of wind using multilayer feed-forward technique, support vector 
regression and adaptive neuro-fuzzy interference for a given pressure, temperatures,
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Fig. 2 TIG welding of 
aluminium welded joints 
[13] 

relative humidity and local time [10]. ANN was used as an intelligent system to 
review the performance and prediction levels of solar energy systems [11]. Previous 
studies reveal that artificial neural networks are thus helpful in building the relation-
ship between several input parameters and the output parameters with less cost. An 
attempt is made to develop an artificial neural network model for the prediction of 
the tensile strength of 5052 H32 aluminium alloy weldments for a given voltage of 
the vibromotor and time at which the specimen is vibrated. 

2 Experimentation 

For the experiment, Aluminium 5052 H32 alloy specimens are considered for vibra-
tion welding. Vibratory welding setup has a platform that is vibrated and unbalanced 
eccentric circulating vibromotor. Figs. 2 and 3 show the tungsten inert gas welding 
of aluminium welded joints. Vibrations are applied to the specimen via an unbal-
anced vibromotor, a surface plate and the springs that support the vibration platform. 
The voltage of the vibromotor is controlled to vibrate the specimens at varying 
frequencies and amplitudes. Vibrating the specimen causes the molten weld pool 
to oscillate, resulting in the production of reduced dendritic structure. Rao et al., 
discussed the complete experimentation in detail [12, 13]. The focus of this study 
is to create an ANN model to predict ultimate tensile strength (i.e. output) for a 
particular vibromotor voltage and the specimen vibration time.

3 Artificial Neural Network 

The ANN Learning algorithm is made up of three layers: input, hidden and output. In 
the input layers, there will be input nodes, which provide information to the network. 
Input layers pass the information to the hidden nodes. Other than passing the data 
to the hidden layer, computations are not performed on the input nodes. Every node 
in the following adjacent layer to another node and each connection has a given
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Fig. 3 Vibratory welding setup [12]

weight. A neuron’s weight was calculated by how essential it is in contrast to other 
impulses. Layers that are hidden between input and output are known as hidden layer. 
Hidden nodes achieve computations and transfer information to the output nodes. If 
the number of hidden layers increases, the longer time it takes to produce output so 
that complex problems can be solved. Output illustrates the response of input layer 
with respect to the hidden layer. 

3.1 ANN Training Process 

In this, ANN has been modelled to obtain the connection among the voltage input 
to the vibromotor and time of vibration to the ultimate tensile strength of aluminium 
alloy weldments. The time of vibration and voltages to the vibromotor are the input 
parameters and UTM is the output parameter for the ANN. ANN requires three sets 
of data sets, i.e. training, validation and testing data sets. With the 57 experimental 
data sets, 47 random data sets are considered for training and validation and the 
remaining 10 sets are for testing. 

Feed-forward back propagation algorithm used for ANN model is shown in Fig. 4. 
In the feed-forward network, the signals only travel in one direction, i.e. toward the 
output. Backpropagation is the method in which the weights are fine-tuned based 
on the rate of error in the previous iteration so that reliability of the model will 
enhance. Levenberg-Marquardt method (L-M method) selected as a learning algo-
rithm. Trainlm is a network training function that updates weight and bias values 
based on L-M method [14]. Any network may be trained using the Trainlm function 
as long as its weight, net input and transfer functions include derivative functions. 
Tansig is a function of transfer. Transfer functions compute the output of a layer 
based on its net input.

The feed-forward is the most often used approach for neural network training is 
backpropagation algorithm. It is a best method for prediction. In this, the difference 
between the desired and actual output is propagated back to the layers, i.e. from the
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Fig. 4 Feed-forward back propagation algorithm [9]

output layers to hidden and hidden layers to input and the corresponding weights are 
changed. An epoch is a cycle that progresses from input to output and from output to 
input. Network model is trained by giving known input and output data. The network 
continues through several epochs like this until the error is within a given tolerance. 
This training procedure provides weights to all of the neurons in all of the layers. 
As a result, the weights produced from a trained network are utilized to calculate the 
network’s output to unknown data. 

Bias function (bq) is added to the product of weight (Wpq) between the neuron 
‘p’ to the hidden layers neuron ‘q’ and input layers each input to obtain the net input 
(Iq) is given in eq. (1). 

Iq = 
n∑

p=1 

xpWpq + bq (1) 

Tansig activation function (eq.(2)) passes net input to hidden layer to create output 
yq in Eq. (3). From the hidden layer, the output signal yq is sent to all ‘r’ neurons 
in the output layer Or and calculates the input to the r neurons of the output layer 
is O ′

r in Eq. (4). Weight w′
qr is the connection between the ‘q’ neuron in the hidden 

layer to the ‘r’ neuron of the output layer and the bias is b′
r . It calculates the output 

layer signals using Eq. (5) [7]. 

f (I ) = 2 

1 + e−2I 
− 1 (2)  

yq = f
(
Iq

)
(3)
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Fig. 5 Training data set 
percentage deviation 
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O ′
r = 

h∑

q=1 

yq w
′
qr + b′

r (4) 

Or = f (O ′
r ) (5) 

4 Results and Discussions 

The ANN estimate model for estimating the tensile strength (UTS) of weld joints has 
been built in the training. From the literature the experimental data is considered as 
input for the ANN model. Training data percentage deviations are shown in Fig. 5. 47  
number of experimental used as training data. The prepared ANN model shows the 
maximum percentage deviation as −1.765, i.e. prepared model is 98.23% accurate 
for training data. Figure 6 shows the testing data set percentage deviation. From 
Fig. 6 the maximum percentage deviation in the testing data is 2.22%. As a result, 
the created model can estimate ultimate tensile strength with 97.77% accuracy for 
an unknown voltage input to the vibromotor and vibration period.

5 Conclusions 

ANN model developed to understand the relationship between tensile strength (UTS) 
of vibratory-assisted aluminium weldments to vibromotor voltage input and vibration 
time during welding. ANN model was created among vibratory aided gas tungsten 
arc welding (TIG) parameters and tensile strength (UTS) of 5052 H32 aluminium
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Fig. 6 Percentage deviation 
of testing data set
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alloy weldments. The created ANN model is tested using results of the experiment. 
This trained ANN model can also predict the aluminium alloy weld joint ultimate 
tensile strength with an accuracy of 97.77%. 
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Process Parameters Optimization 
in Drilling Using Taguchi Method 

Bikash Banerjee , Anish Kumar Dhar, Soumyadeep Bhattacharjee, 
and Nischay Kumar Mahato 

1 Introduction 

To create or enlarge a hole into or through a workpiece material drilling process 
is used. One of the most important processes in manufacturing industry is drilling. 
Drilling covers around 28% of all machining processes. Burr is unwanted mate-
rials remain after machining process. Burr is produced by all traditional machining 
processes. During machining operation, plastic deformation is the main cause of 
formation of burr. The presence of burr on drilling workpiece creates a problem in 
both assembly line and handling. Dey et el. [1] studied an experiment using artificial 
neural network (ANN). Obtained result from this experiment stated that minimum 
burr height and burr thickness are produced at maximum drill diameter, higher point 
angle and minimum spindle speed. ANN model gives a very close matching to the 
experiment results but a small deviation. Kundu et al. [2] investigated that unwanted 
burr is present in the workpiece during drilling. To optimize burr height with backup 
assist is developed by controlling different process parameters. The obtained result 
shows that for better drilling processes backup support is more important. Hashimura 
et al. [3] investigate that to minimize burr in drilling process, process parameters play 
a vital role. In this paper a fundamental structure is presented depends on various 
work materials to minimize burr. Formation of burr is analyzed by finite element 
analysis. The result showed that by controlling process parameters like feed rate and 
cutting angle, burr formation is minimized. Sathiyamurthy and Ramamoorthy [4] 
developed a 3D model to optimize burr by finite element method. Burr is occurs in 
most of the drilling process. Additional cost is needed to remove the burr, which is 
cost-effective in manufacturing industry. Patil et el. [5] studied on deburring process
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to remove the burr completely. The result showed that burr size decreases with the 
increase of feed rate. At 39o burr point, angle burr height is minimum. Takazawa [6] 
and Glilliespie [7] investigated a deburring process for burr formation. Liu et al. [8] 
investigated on burr formation for composite material in drilling process. Chang and 
Bone [9] studied on burr formation optimization using ultrasonic drilling operation. 
Banerjee et al. [10] designed a new horn and analysis using ANSYS for ultrasonic 
machining. Banerjee et al. [11] investigated parametric optimization of AL/SiC metal 
matrix composites during ultrasonic machining process. 

The aim of this work is to measure the burr height and burr thickness under 
different machining parameters. Different parameters are point angle, spindle speed 
and drill bit diameter. Also to find out the minimal burr height and thickness produced 
in this drilling process. 

2 Experimental Details 

Total experiment is carried out under cooling conditions in a drill machine. Three 
different twist drill diameters were selected. The diameters are 8.62 mm, 9.42 mm 
and 11.35 mm. High-speed steel (HSS) cutting tool is used to drill aluminium bar 
workpiece of dimensions 152 mm * 40 mm * 15 mm. Burr height and burr thickness 
is found out, which is most important to characterize burr seize. 

3 Experimental Procedure 

The aluminium block was fixed in the vice. With the help of tachometer spindle speed 
was measured. To obtain correct spindle speed this process was used. Initially, bar 
was marked for making hole at a separate distance. A trial process was done before 
the final drilling process. First of all twist drill angles of three different diameters, 
8.62 mm, 9.42 mm and 11.35 mm had same point angle 115° was measured. Then 
total of nine experiments was done for each of twist angle (3) and corresponding three 
spindle speeds. Secondly, at drill bit angle 102° next set of experiment was done. For 
the final experiment drill point angle was set to 84°. Total 27 numbers of experiments 
were conducted. In every machining process cutting fluid was used. To measure the 
burr height digital vernier caliper was used. Four side burr height was measured 
and then average burr height was taken. Same steps were done for measuring burr 
thickness. Different parameters for conducting experiment are shown in Table 1.
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Table 1 Different parameters 
for conduction experiment 

Parameters Level 1 Level 2 Level 3 

Drill diameter in mm 8.62 9.42 11.35 

Point angle in degree 84 102 115 

Spindle speed in rpm 628 1265 2217 

4 Result Investigation and ANOVA Analysis 

Experiments result in drilling process by using Taguchi’s L27 orthogonal array has 
shown in Table 2. To determinate the output parameters like burr height and burr 
thickness, the input parameters like spindle speed, point angle and drill bit diameter 
were given in drilling process.

ANOVA has been used to determine the importance of machining parameters on 
burr formation. Some parameter of machining is more important than others’ process 
parameters. Percentage contribution has been done to establish the importance of 
machining parameters with the help of ANOVA. Minitab 18 software has been used 
to determine 3-away ANOVA. ANOVA results for burr height are shown in Table 3.

If F-test values are greater than F-table values, then process parameters would 
be significant. Table 1 in this paper shows drill point angle is most significant and 
gives 94% confidence level. Burr height contribution is 33.42%. Drill bit dia. and 
spindle speed have 20.97% contribution level whereas point angle and spindle speed 
has 18% contribution level. From this, it is stated that point angle plays a significant 
role during drilling process and gives maximum burr height. 

Table 4 shows the ANOVA result of burr thickness. It is clear that point angle acts 
a vital role during drilling process and which gives 94% confidence level. F-Test vale 
is 9.20 is greater than F-table value (2.8) = 4.56. Point angle gives burr thickness 
about 44.90%, where RPM and drill bit dia. gives 12.71% contribution level and 
point angle and drill bit dia. give 10.21% contribution level to burr thickness.

From Figs. 1 and 2 it is observed that by controlling process parameters like spindle 
speed, drill bit dia. and point angle, average burr height is shown. It is observed that 
average burr height shows when drill bit diameter is 9.42 mm.

Also, drill bit dia. at 8.65 mm and 11.45 mm average burr height shown. Average 
burr height is shown when point angle is 102°. If point angle is increased then burr 
height also increased. At 628 rpm in case of spindle speed, average burr height is 
shown. Spindle speed also varies from 626 to 1262 rpm to obtain average burr height 
(Table 5).

Figures 3 and 4 shows the mean effect plot and interaction plot for burr thickness, 
respectively. It was observed that value of burr thickness low at low-level drill bit 
diameter, i.e. 8.62 mm. Burr thickness will be increased up to intermediate value of 
drill bit dia. then it is decreased. Burr thickness is decreased with the increased of 
point angle. In case of spindle speed, bur thickness is increased with the increased 
of spindle speed (Table 6).
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Table 2 Obtained results of Burr height and Burr thickness 

S. No Drill bit 
diameter (mm) 

Spindle speed 
(r.p.m) 

Point angle (°) Height of Burr 
(mm) 

Thickness of 
burr (mm) 

1 8.62 628 84 5.66 0.782 

2 8.62 1265 84 3.41 0.486 

3 8.62 2217 84 6.62 0.653 

4 8.62 628 102 4.79 0.370 

5 8.62 1265 102 3.92 0.670 

6 8.62 2217 102 4.42 0.540 

7 8.62 628 115 2.89 0.420 

8 8.62 1265 115 4.56 0.380 

9 8.62 2217 115 4.29 0.510 

10 9.42 628 84 6.64 0.760 

11 9.42 1265 84 6.83 0.940 

12 9.42 2217 84 4.62 0.844 

13 9.42 628 102 4.61 0.402 

14 9.42 1265 102 3.35 0.443 

15 9.42 2217 102 3.66 0.750 

16 9.42 628 115 3.51 0.355 

17 9.42 1265 115 6.12 0.444 

18 9.42 2217 115 5.21 0.594 

19 11.35 628 84 5.76 0.834 

20 11.35 1265 84 6.99 0.680 

21 11.35 2217 84 4.70 0.784 

22 11.35 628 102 2.66 0.560 

23 11.35 1265 102 4.44 0.484 

24 11.35 2217 102 3.60 0.410 

25 11.35 628 115 2.45 0.408 

26 11.35 1265 115 6.35 0.702 

27 11.35 2217 115 3.25 0.289

5 Conclusion 

Burr is unwanted materials remain in the workpiece after machining. This experi-
mental work has been done to established burr optimization strategy. From this work, 
it has been concluded that,

● Point angle is most important parameter which gives 94% contribution level and 
burr height is 33.42%.

● Drill bit dia. and spindle speed has 20.97% contribution level whereas point angle 
and spindle speed have 18% contribution level.
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Table 3 ANOVA results of burr height 

Source DOF Adj. SS Adj. MS F-Value P-Value Percentage 

Drill bit dia. (D) 2 1.30 0.643 0.91 0.436 2.78 

Point angle (P) 2 15.762 7.880 11.07* 0.002 33.40 

RPM (R) 2 3.005 1.5030 2.10 0.181 6.42 

D * P 4 2.561 0.640 0.91 0.503 5.52 

D*R 4 9.890 2.4749 3.45 0.061 20.97 

P * R 4 8.965 2.2411 3.13 0.075 18.89 

Error 8 5.688 0.7101 12.02 

Total 26 47.171 

*Significant. F-value (2.8) = 4.56, F-value (4.8) = 3.81 at 95 at 94% confidence level

Table 4 ANOVA results for burr thickness 

Source DOF Adj. SS Adj. MS F- value P-value Percentage 

Drill bit dia. (D) 2 0.0120 0.006106 0.26 0.700 1.31 

Point angle (P) 2 0.4150 0.207441 9.20 0.007 44.90 

RPM (R) 2 0.0310 0.015594 0.68 0.526 3.40 

D * P 4 0.0945 0.023602 1.07 0.400 10.20 

D * R 4 0.1180 0.029541 1.32 0.342 12.77 

P * R 4 0.0730 0.018300 8.80 0.551 7.90 

Error 8 0.1798 0.022480 19.50 

Total 26 0.9235 100 

*Significant. F-value (2.8) = 4.56, F-value (4.8) = 3.81 at 95 at 94% confidence level

Fig. 1 Mean effect plot for burr height
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Fig. 2 Interaction plot for burr height

Table 5 Optimum level 
process parameters for burr 
height 

Process 
parameters 

Drill bit 
diameter 

Point angle Spindle speed 

Optimum 
levels 

11.35 mm 102° 628 rpm

● Feed also plays a vital role during machining. It is clear that alternation of spindle 
speed and point angle gives positive effect on burr formation.

● The best machining value of different process parameters for burr height are 
spindle speed of 628 rpm, drill bit diameter of 11.35 mm and point angle of 102°.

● The best machining value of different process parameters for burr thickness are 
spindle speed of 628 rpm, drill bit diameter of 11.35 mm and point angle of 115°.
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Fig. 3 Mean effect plot for burr thickness 

Fig. 4 Interaction plot for burr thickness 

Table 6 Optimum level 
process parameters for burr 
thickness 

Process 
parameters 

Drill bit 
diameter 

Point angle Spindle speed 

Optimum 
levels 

8.62 mm 115° 628 rpm
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Modeling of Inkjet-Based Micro-additive 
Manufacturing Process Performance 
Using Deep Learning Algorithms 

Tiasa Das, Adrija Biswas, and Shibendu Shekhar Roy 

1 Introduction 

The recent twenty-first century has brought forward an ample amount of changes in 
the manufacturing world. The most predominant among them was the introduction 
of additive manufacturing in the industrial sector. It is a revolutionary approach 
which focuses on formation of different components with layer by layer deposition. 
Basically, it obtains data from any computer software (usually CAD or 3D scanners) 
and instructs the hardware to produce an object by adding layers subsequently. With 
the establishment of Industry 4.0, more and more industries have started relying on the 
several advantages of the additive manufacturing processes. This method promises 
an accurate and precise product in less time. The entire process is quite eco-friendly 
as compared to its other competitors. 

There are a varied range of microproducts available nowadays that have a compli-
cated 3D microstructure with high aspect ratios [1]. 3D micro-additive modeling 
techniques have made it easier to build up highly accurate and precise microprod-
ucts. The ability of this process to fabricate products with an extreme high level of 
geometric exactness has intrigued many brilliant minds of the industry. It has opened 
up a whole new demographic for people to invest in the manufacturing world. Due 
to its numerous advantages, micro-additive manufacturing has proved to be a better 
alternative to other fabrication processes like lithography based or micro-machining 
processes. Inkjet printing is a type of 3D micro-additive manufacturing process [2]. 

Printed electronics is a very recent and developing field which is overcoming 
the complexities and difficulties faced by people worldwide. It is basically a set 
of printing methods used for printing several electrical components on certain 
substrates. It brings down the cost of fabrication, time taken for manufacturing,
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and several other factors [3]. Material handling has become very easy. For the prepa-
ration of printed electronics, nearly, all industrial printing methods are employed. In 
printed electronics, layer by layer deposition of ink approach is followed much like 
that of the traditional printing methods. Development of adequate printing materials 
and ink material is the major focus in this field. The inks used are commonly made 
from organic materials [4]. Inkjet printing can be of two types—piezo electric and 
drop on demand. 

Electrohydrodynamic (EHD) printing works on the ‘drop on demand’ mode of 
inkjet printing [5]. Nozzle clogging and inconsistency of the droplet frequency is 
one of the major drawbacks of inkjet printing [6]. This drawback can be overcome 
by the EHD printing technique as it easily produces nano-level droplet with a high 
resolution. At the time of printing, the droplet meniscus changes according to the 
shape of a cone, known as Taylor’s cone [7]. This cone allows a steady and continuous 
deposition of droplets which in turn stops clogging [8]. Advances in EHD printing 
technology have made possible some major breakthroughs in this field. In recent 
years, this technology has spread out in the printed electronics field and has been 
rampant ever since. 

Chen et al. [9] experimented and successfully printed droplets with less diameter 
than nozzle which can result in high resolution printing by conventional method. Kim 
et al. [10] investigated for the right selection of process parameters to get the desired 
droplet formation, droplet size, and frequency. Barton et al. [11] used e-jet frequency 
as response to design some control system for EHD inkjet printing. An. and associates 
[12] investigated the influence of ink material on e-jet droplet frequency. Li et al. 
[13] investigated the applied voltage effect on mode of droplet formation. Park et al. 
[14] used different nozzles to investigate the droplet diameter variation. Wang et al. 
[15] and other researchers [16] also had investigated the effect of process parameter 
on Taylor cone formation, droplet diameter, etc. 

It is extremely important that the droplet diameter and the droplet frequency 
are set at its maximum accuracy to get products with high level of precision. So 
in this study, both the parameters that is, droplet diameter and droplet frequency, 
are considered. These are modeled through different neural network systems which 
forms the backbone of deep learning algorithms and compared with each other to 
obtain the most accurate parameter. Such types of algorithms can be used as a tool 
for establishing smart manufacturing systems in several industries. The high level of 
accuracy and precision of this neural network system provides an optimistic solution 
for several 3D printing industries. 

2 Experimental Setup 

The experimental setup of electrohydrodynamic inkjet printing-based micro-additive 
manufacturing process was developed during this work which is shown in Fig. 1. 
This micro-additive manufacturing system contains following major subsystems; 
the substrate positioning system, ink delivery device, electrical/electronic control
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system, and droplet visualization mechanism. The ink used in the present study is 
PEDOT: PSS as a functional material during experimentation. It is a conducting 
polymer solution with water-soluble characteristics. This ink material can be used 
in a flexible and stretchable substrate like polyethylene terephthalate (PET). This 
combination of the ink and the substrate can be employed for manufacturing micro-
electrodes in the applications of flexible printed applications. The ink contains 1–5% 
ethanol, 5–10% diethylene glycol, (Sigma Aldrich 2019). Some other properties of 
the ink are density: 0.985 gm per milliliter, viscosity: 7–12 centipoise. The ink mate-
rial was delivered to the metallic nozzle with the help of a syringe pump [17]. This 
pump executes two purposes concurrently; it acts as the reservoir of material of ink 
and as a supply system for applying pressure by which the material was transferred to 
the nozzle. Among the substrate targeted and the nozzle, a function generator applied 
a high voltage. The analog pulse signal was generated by the function generator with a 
specific duty cycle and frequency. The created pulse width modulated signal has been 
provided to the amplified, and the voltage signal was amplified around 1000 times. In 
order to deposit the magnified voltage, it has to be supplied to the metallic zone. The 
electronic XY stage fitted the flexible polyethylene terephthalate (PET) substrate. 
Having a resolution of 0.1 µm and a velocity of 205 mm/s, the positioning was done. 
A motion controller controlled the position and speed of the stage. In case of Z-axis, 
the supported column was used to mount the print head which allowed the single 
linear axis movement of the stage. A command which is user defined is given along 
with a definite acceleration and velocity according to which the movement of the 
scanning stage happens in order to make an user-specified pattern. The needle made 
of stainless steel which has the length as 51 mm and internal diameter as 0.836 mm 
was utilized as an ejection nozzle. The optical microscope was used to visualize the 
droplets which were deposited. The microscope which has the capability of magnifi-
cation around 100 times captured the image. The features which were printed on the 
substrate were uniform. The processing software which was embedded within the 
microscope determined the deposited drop diameter and consecutive drop pitch. The 
experiments were carried out using different process parameter setting and ranges as 
mentioned in Table 1. In this study, three parameters are considered as input process 
parameters, which include the stand-off height, voltage, rate of flow. The responses 
were the droplet diameter and droplet frequency. Table 1 illustrates all the process 
parameters taken and their estimated value range.

3 Proposed Methodology 

For this study, two response parameters—droplet diameter and droplet frequency 
have been considered. This is mainly because these two parameters are key deter-
mining factors for the accuracy and precision of the products obtained from EHD 
printing. In order to develop a relationship between chosen input process parameters 
and output responses, statistical modeling and deep learning algorithms based on 
soft computing or computational intelligence techniques are taken into account.



712 T. Das et al.
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Fig. 1 Experimental setup 

Table 1 Process parameters and their working ranges 

Process parameters Unit Working range 

Low Medium High 

Stand-off height (A) mm 4.50 5.00 5.50 

Voltage (B) kV 3.80 4.40 5.00 

Rate of flow (C) µl/s 10.00 25.00 40.00

3.1 Second-Order Regression Analysis 

To attain a certain relationship between input and output parameters, regression 
analysis is done. According to the proposed DOE, levels of each input parameter 
are chosen. Some test cases are done to validate the correct percentage contribution 
of each input parameter over the chosen output parameter which are again obtained 
through some selective tests. In this paper, the following nonlinear second-order 
regression equation is used to get the approximate accurate relationship between the 
input and output factors [18]: 

y = β0 + 
k⎲

j=1 

β j X j + 
k⎲

j=1 

β j j  X2 
j +

⎲ k⎲

j<i 

β j i  X j Xi + ε (1) 

where the process response is given by y; the process control parameter is denoted 
by X; the regression coefficient is denoted by β; the experimental error by ε and the 
investigated process control parameters by j and i. 

As depicted in Eq. 1, the linear effect of i, j (process parameters) is captured by 
Xj, while its nonlinear effect is represented by X2 

j , and the parametric interaction 
is exhibited by Xi X j . Equation 1 can be expressed with one response variable and 
three control parameters as shown below in Eq. 2:
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y = β0 + β1 X1 + β2 X2 + β3 X3 + β11 X
2 
1 + β22 X

2 
2 

+ β33 X
2 
3 + β12 X1 X2 + β13 X1 X3 + β23 X2 X3 (2) 

β factors are can be determined by least square method by solving some normal 
set of equations. 

Here, forward mapping is done for droplet diameter and frequency with the help 
of three types of neural networks, namely back propagation neural network (BPNN), 
radial basis function network (RBFN), and recurrent neural network (RNN). The 
outcomes of all the three types are found out and compared to obtain the most 
accurate method. 

3.1.1 Back Propagation Neural Network (BPNN) 

Back propagation neural network is a form of an artificial feed forward neural network 
where multiple layers have been divided into an input layer, a hidden layer, and an 
output layer. It learns with training. According to the differences between the training 
and the output data, the initial weights are fixed arbitrarily and are modified later. The 
backward and forward methods are repeated until the differences between the output 
data and training data become accurate. A gradient descent algorithm has been used 
in case of the standard BPNN. Along the performance function gradient, the weights 
of the network are adjusted inversely. Thus, the real value and predicted value gets 
closer. 

3.1.2 Radial Basis Function Network (RBFN) 

A radial basis function network is a form of an artificial neural network which 
represents its own input patterns with the help of a layer in between, which is already 
given with a definite number of units. An activation function is used to characterize 
each and every unit of the intermediate layer which are defined intentionally. This is 
a three-layer forward network. 

3.1.3 Recurrent Neural Network (RNN) 

The recurrent neural network is a network having a memory function which can be 
used further for processing information sequentially. The RNN is having a memory 
which collects data about the calculations going on in the present state. The neurons 
of the hidden layers are linked through a chain. Along with the current input, the 
current output also depends upon the past network status. 

All the above three neural network systems are unique in its own ways. The BPNN 
is known for its speed and ease of programming. It does not need any prior knowl-
edge. For RBFN, all the hidden units are responsible for performing computations. It
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provides a huge advantage as here the first set of parameters can be derived indepen-
dently from the second set. The plus factor for the RNN system is its eidetic memory 
in which it can remember all its previous input data. This helps in expanding the 
datasets available for training. All these three neural networks boasts of extremely 
high accuracy which is why they are considered for our study. 

4 Simulation Result and Discussion 

In this study, the main concern is to model the response parameters, i.e., droplet 
diameter and frequency (Hz) of EHD printing in terms of its input parameters like 
nozzle substrate gap (mm), applied potential difference (kV), and ink flow rate (µl/s). 

The full-factorial DOE founded data have been utilized to accomplish the statis-
tical regression analysis [18]. Response surface methodology (RSM) was used to 
analyze the inter-relationship among three input process variables and responses. 
The quadratic regression equations for the width and height of the deposited layer 
were developed as follows. 

Droplet diameter = 3208.26 − 1310.25 × G + 140 × V 
+ 31.01 × F + 120.59 × G2 − 56.05 
× V2 − 0.0785 × F2 + 54.47 × G × V 
− 2.83 × G × F − 0.40 × V × F 

Droplet frequency = −15.3 + 8.64 × G + 4.7 × V − 0.0615 
× F − 0.862G × G − 0.418 × V × V 
− 0.000032F × F − 0.097G × V 
+ 0.01244V × F − 0.00093F × G 

where G is the nozzle substrate gap, V is the voltage applied, and F is the ink flow 
rate. 

Different parameters of neural networks (like the rate of learning, the amount 
of hidden layer neurons, the coefficient of the momentum factor and transfer func-
tion) have been examined parametrically. Attaining an optimum network giving the 
minimum deviations while predicting by using the learning in an incremental mode 
is the aim of the above investigation. In case of hidden layer neurons, the tan-sigmoid 
transfer function has been used. The input and output values are normalized before 
training the network. The following equation is used to normalize the input and 
output factors, 

zi = (△U − △L ) 
xi − xmin 

i 

xmax 
i − xmin 

i 

+ △L (3)
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Fig. 2 Absolute error percentage in prediction of droplet diameter 

where xi is first normalized to zi and the range is set in [△U , △L]. The maximum and 
minimum values of xi is xmax 

i and xmin 
i , respectively. 

After training, the experimental inputs are also normalized and sent to the networks 
to predict the droplet frequency and diameter. The predicted outputs are then denor-
malized. For testing purpose, 27 datasets have been considered in this study which 
in turn generates 503 datasets that were used to train the neural network systems. 
Experimental outputs and predicted outputs of three different networks, back prop-
agation neural network, recurrent neural network, and radial basis neural network 
have been compared graphically as shown in Figs. 2 and 3. When it comes to droplet 
diameter prediction, the error percentage obtained from back propagation network 
was 18.55%; from recurrent network, it was 8.4%, and from radial basis network, it 
was 5.05%. When it comes to droplet frequency prediction, error percentage from 
back propagation network was 2.09%; from recurrent network, it was 2.14%, and 
from radial basis network, it was 0.79%.

The RBFN system has universal approximation and regularization capabilities. 
Moreover, it has a simpler structure, higher robustness, and a much faster training 
process. That is why it can undoubtedly be considered as the best prediction tool. 

5 Conclusion 

Droplet diameter is a widely used index of deposit characteristics which is significant 
in case of the overall performance of the electrohydrodynamic micro-additive fabri-
cation method. To measure the efficiency of EHD inkjet printing in terms of printing 
resolution, droplet frequencies are very significant. Both the parameters are required 
to be modeled properly to get desired performance. To compare the accuracy in their
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predictions, three different networks have been chosen, namely back propagation 
neural network, recurrent neural networks, and radial basis neural network. From 
the comparison, it can be inferred that, in both the cases of droplet frequency and 
diameter, radial basis function network tends to outperform the other two in terms 
of modeling accuracy. 
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Additive Manufacturing Techniques 
in Fabrication of Soft Robotic Sensors 
and Actuators: A Review 

Baibhav Kumar, Vijay Kumar Dalla, and Aditya Haldar 

1 Introduction 

Additive manufacturing (AM), also known as 3D printing, combine materials with 
building items from 3D designs, generally formed layer by layer method. In contrast 
to subtractive production processes, which include machining. With technological 
advancements, 3D printing is becoming more widely used to manufacture end-use 
parts [1]. The additional design freedom afforded by AM might be used to improve the 
functioning of end-use items manufactured with AM. However, not all materials are 
printed, limiting their use in construction because several AM elements are not robust 
or resilient enough. As a result, the latest research emphasis in the AM industry has 
shifted to novel materials and methods developed to facilitate the printing of widely 
used industrial materials, including composites [2], ceramics [3], and elastomers. Soft 
robots may now be designed more complexly and manufactured more quickly thanks 
to advances in fabricating soft materials. Soft robotics, which takes its influence from 
the environment, is a fast-expanding new field of robotics. Robots are essentially 
soft and elastically adjustable, allowing them to alter their shape to environmental 
restrictions and impediments [4] depicted in Fig. 1. Conventional robotic systems 
are primarily composed of stiff mechanical parts like links and joints, allowing them 
to execute highly quick, accurate, efficient, and repeated motion control functions. 
On the other hand, robotic systems must be less stiff and more flexible to conduct 
more adaptable and flexible engagements with complicated unexpected situations 
and become more realistic and suitable with interpersonal interactions. Automated 
agriculture sector robots for handling raw food [5], medical equipment for surgery, 
wearable soft robots for rehabilitation, and robotic bin picking are a few instances 
of applicability.
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Fig. 1 A schematic diagram for the working principle of soft robotics [6–8] 

Soft robotics necessitates the utilization of flexible and soft substances such as 
polymers, elastomers that can be used to create highly flexible frameworks and to 
attain stiffness other substances are also required to attain desired modification, 
movement patterns, and/or positional control [6]. Nevertheless, achieving fully soft 
robotic systems is difficult. It needs collaboration among researchers and technolo-
gists to integrate soft and flexible transducers, detectors, controls, circuitry, and power 
supply into a single independent soft unit. In contrast, designing automated systems 
for modeling and manufacturing flexible structures poses certain hurdles to the soft 
robotics sector. Figure 2 illustrates the research scope related to the manufacturing 
process and application area for designing parts of soft robots. At different sizes, 
there are several current initiatives to fabricate soft robots. Some research works 
have reviewed 3D printing techniques and raw material for soft robotics in terms 
of material optimization, printer characteristic optimization, design of soft sensors 
and actuators using different printing materials [7] and their in-vitro and in-vivo 
applications. 

Fig. 2 A schematic diagram for manufacturing of soft robots for specific applications
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This paper explores a brief overview of soft sensors and actuators. This paper also 
focused major contribution of researchers to enlighten the appropriate additive manu-
facturing or 3D printing process for designing soft sensors and soft actuators along 
with their limitations. Then in further sections, this paper presented the discussion 
about the qualities of soft robotic materials and suitable AM processes. 

The remaining section of this paper is illustrated as follows: Sect. 2 gives an 
overview of soft actuators and sensors. Section 3 provides a brief discussion about 
the significant contribution of AM for manufacturing actuators and sensors in soft 
robotics. Section 4 gives discussions and limitations of different research. Finally, in 
Sect. 5 conclusion and future research scope of this paper are presented. 

2 Soft Actuators and Sensors 

Soft actuator/sensor was a more crucial part of a soft robotic manipulator [9–14]. 
The soft actuator should be bendable, fast, highly functioning in two directions, 
possessing the capacity to be compressed, extend, contract, and twist at relative preci-
sion while producing sufficient output strengths. Moreover, the soft robotic model 
involves highly sensitive, highly reliable, repeatable, bendable, as well as highly 
elastic soft sensors which withstand but also recognize various types of deforms such 
as deformation, state of being compressed, curving, and having to turn to complete 
as well as stabilize the operation of the soft actuators [15–20]. 

2.1 Soft Actuators 

The technological criteria for fabricating soft actuator are to design model using AM 
technologies. These technologies show the advantages over conventional manufac-
turing procedures. Specialized resources capable of achieving the desired attributes 
of the finalized output should be specifically chosen. The present soft actuators by 
3D printing are divided into two categories: First “semi 3D printed soft actuators”, 
second “3D printed soft actuators”. Having the capacity to operate even without 
additional assembly, this categorization illustrates the benefits of 3D printed soft 
actuators over partly 3D printed soft actuators. The main benefits of 3D printed soft 
actuators are that they will be created in a one-step, making them more cost-effective 
and accessible for customized requirements than partially 3D printed competitors, 
which need the expert operator and post-processing installation. Some common soft 
actuator are described as below: 

Shape memory polymer (SMP) soft actuators: These are similar as human 
muscular system, responding to such a variety of stimuli, including light, elec-
tricity, electromagnetic field, thermal, pH, and dampness fluctuations. The shape 
memory factor influences how SMP responds to external stimulation like tempera-
ture, dampness, electric inputs, lighting, or magnetic forces (SME). Little physical
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weight, excellent strain recoveries, tissue compatibility, and good biodegradability 
are among the benefits of Shape memory polymer [14]. 

Photopolymer/light-activated polymers (LAP) soft actuators: These are another 
form of SMP triggered by light stimuli. The LAP actuators may be usually operated 
with speedy reaction and no physical touch using simply light frequency and intensity 
variations. The fundamental disadvantage of these is that they need preloading that 
works in tandem with exposed for radiation to generate shape change or surface 
deviates [21]. 

Hydraulics and pneumatics soft actuators: As a consequence of their inherent 
compliance and capacity to induce muscular tension, Pneumatic soft actuators have 
motivated researchers to create softer, not-so-heavy, and tissue compatibility soft 
actuators for soft robots. A soft skin gripper was designed and built using a 3D 
printing machine to create most soft skin components [22]. 

Electroactive polymer soft actuators: Dielectric elastomers (DE), synthetic 
composite nanomaterials like ion-exchange polymer metal composites IPMC, ion-
exchange electroactive polymer, polyelectrolyte (PE) gels, as well as gel-metal 
nanoparticles composites are typical polymers used to create a three-dimensional 
layered structures that may be tuned to serve like soft actuator [23]. 

Magnetic soft actuators: Polymagnet actuator is among the most modern 3D 
printed soft actuators. The functionality saves fuel in specific engineering settings 
by replacing conventional mechanic springs with more efficient and precise [24]. 

Printed active composite soft actuators: To create soft actuators, the 3D printed, 
unique class metamaterial composite 3D printing process has created an opportunity 
to put multiple stages of a material into a composite construction. An advanced 
thermo-mechanical actuator produced by 3D printing was also designed using 
laminate layers, then lamina constructed of glass active composite materials [25]. 

2.2 Sensors 

In soft robotics, generally, soft sensors are used. These sensors usually measure 
strain and measure the robot’s position or stiffness. These sensors are integrated 
with actuators so that the measurements can be fed into the actuators and respond 
accordingly [26]. For better performance of soft robots sensing should be tactical and 
proprioceptive. There are a variety of sensors, but here, a brief classification based 
on the type of transducer used for sensing is presented below: 

Resistive Sensors and Piezoresistive Sensors: Resistive sensors and Piezoresistive 
Sensors work on change in resistivity due to strain produced in a conductive material. 
For making soft resistive sensors, conductive liquids like low-melting point metals 
and metal alloys and all kinds of ionic liquids are embedded in elastomers or conduc-
tive polymers (CP), and conductive polymer hydrogels (CPH) of good stretchability 
is used. The conductive liquid sensors (CLS) problems are their high density, temper-
ature restriction in conductivity, and high resistance in an ionic solution. Also, their 
fabrication is difficult as there are chances of leakage, despite being some advantages
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of CPs and CPHs over CLSs, their biodegradability, large hysteresis and nonlinearity, 
slow responses, long recovery time, sensitivity, and stretchability trade-off [26]. 

Capacitive Sensors: These sensors measure the capacitance change caused by 
geometry changes when an elastic body is strained. These sensors are made up of 
highly stretchy, conductive materials as their electrodes. Its drawbacks are that it is 
sensitive to dust, oil, water vapor, etc., shows proximity effect in conducting parts, 
and is sensitive to pressure and strain simultaneously. 

Optical Sensors: Optical sensors sense variations in components of light due to 
mechanical variation in the transmission medium. Its drawbacks are such as complex 
and expensive fabrication, less flexibility. 

Magnetic Sensors: These sensors work on the Hall effect. When a material’s 
relative position and orientation change accordingly to the permanent magnet, the 
output voltage changes; magnetic sensors are economical, compact, easily integrated 
into the system, and highly sensitive. The problem with magnetic sensors is that it is 
affected by environmental magnetic field variations and interact with ferromagnetic 
materials [27]. 

Inductive Sensors: These sensors work on inductance change by transducer 
mechanisms, such as Mutual inductance, Magnetic reluctance [28–30]. 

But these sensor shows restricted use due to complex signal conditioning 
electronics and requires certain characteristics. 

3 Major Contribution of AM for Manufacturing Actuators 
and Sensors in Soft Robotics 

The primary and most critical stage in the development of a soft robot is the selection 
and design of the soft actuation concept. Some of additive manufacturing techniques 
used for designing soft robotic actuators and sensors are briefly described in this 
section. 

A shape memory polymer (SMP) was manufactured by using modified fused-
deposition modeling (FDM) using optimum operating conditions Yang et al. [31]. 
However, the process has a speed limit and extruder temperature as at higher speed 
and temperature the surface roughness was increased. After conducting a calibration 
test on the sensors, it was found that there was a uniform change in the wavelength 
with respect to load change. A new technique for directly printing a readily avail-
able soft bellows-type actuator of complex geometry and a high degree of freedom 
(DOF) using the fluid deposition method (FDM) was discussed in Yap et al. [33]. 
The paper also puts light on pros and cons of three categories of techniques for fabri-
cating and the lost wax technique proposed by Marchese et al. [34]. There is a huge 
scope of research in this field due to a lack of study for the relationship between 
printing material hardness and printer parameters like temperature. A detailed study 
of graphene-based gas sensors was printed using direct ink writing (DIW) tech-
nology using pneumatic driven robotic deposition technique was presented in Loh



724 B. Kumar et al.

et al. [35]. The behavior of the sensor limits its application to low voltage. Devel-
opment of a light-responsive underwater actuator by using a modified untethered 
liquid crystalline (LC) ink was presented in Pozo et al. [36]. The major limitation in 
the experiment was the printing speed as the response of the actuator depends upon 
the molecular alignment of the material. Development of a photosensitive polypyr-
role formulation for printing a 3D conjugated polymer, an electroactive material, by 
using light-based additive manufacturing was presented in Cullen et al. [37] because 
conventional methods are limited to fabrication of transducers having which are 
restricted to only simply linear and bending modes operation. It was seen that the 
developed sensor possesses a small electromechanical behavior and piezoresistive 
properties. Also, it was seen that by the use of 3D printing technology, micro-scale 
conjugated polymer structures can be continuously developed with complex 3D 
geometries. Kamat et al. [38] have presented the fabrication and characterization of 
a polydimethylsiloxane (PDMS) cantilever flow sensor embedded with serpentine 
graphene nanoparticles (GPN) on the cantilever base as a piezo resistor strain gauge 
using high-resolution 3D printing, soft lithography, and drop-casting. However, the 
testing was limited to only compressive loading thus, there is a lack of data for 
the response of the sensor in tensile loading. Jabari et al. [39] demonstrated the 
development and characterization of a graphene silicone highly conductive struc-
ture printed by using piezoelectric pneumatic material jetting (PPMJ) system. This 
method is fabricated ten times faster than currently used extrusion-based methods as 
it prints using ink drops. This method used beads as a building unit of a 3D struc-
ture. Carrico and Leang [40] presented a novel method of printing ionic polymer 
metal composites (IPMC) which can be used in soft robots as actuators or sensors, 
especially in an underwater robotic system. The paper also discusses the drawbacks 
of printing IPMC with conventional 3D printing devices and changes made in the 
printing device to eliminate the issue. Valentine et al. [41] presented a novel hybrid 
3D printing method for producing soft functional and pressure sensors. The hybrid 
printer integrates the direct ink writing (DIW) technique with the automated pick-
and-place(P-P) technique to directly produce an electronic component of the dielec-
tric elastomeric material of specific layouts with different surface mounts. But this 
limited the number of integrated surface-mount elements. Lin et al. [42] presented a 
novel method to develop a human skin-compatible wireless charging electrocardio-
gram (ECG) device for using it in both sitting and standing positions by hybrid 3D 
printing technique using bottom-up process by a pressure-driven direct ink writing 
(DIW) with automated pick-and-place process (APP) controlled by software written 
by Qt. A complex circuit can be developed using this technique with high accuracy. 
The need for soldering was also eliminated as printable pads were used to connect 
electrodes at the desired point. Carranza et al. [43] presented a method to fully develop 
the world’s first three-dimensional (3D) electric circuit modeled in 3D modeling 
software using a hybrid 3D printing process. The hybrid 3D printing consisted of 
fused-deposition modeling 3D printer and micro-dispensing (µD) technology. 

According to the above study, key findings of researchers are presented in Table 
1 for manufacturing actuators and sensors in soft robotics.
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4 Discussion 

From the above literature reviews, it may be concluded that for printing a soft compo-
nent using 3D printing technologies, the selection of proper material is a must. The 
material chosen must be cheap and can be easily modified according to needs. For 
example, in [32], the FBG sensor was fabricated by the most commonly used soft 
material PLA, which is easily printable. Similarly, in [33], the material used is a ther-
moplastic elastomer. Thus, it can be seen that in the FDM process, the raw materials 
used as a filament were soft, and hence its application is limited to print components 
composed only from soft materials. Whereas the DIW technique use inks, which can 
be metal or nonmetal depending on need. For example, in [35], the gas sensor was 
developed with a metallic ink which was prepared in-house. Therefore, from here, it 
was observed that for the preparation of ink, the material chosen was so that it can be 
chemically treated, and the desired property was achieved. In [36], the whole sensor 
material was made separately and then printed. Hence, whichever method is used to 
print, the material must be chosen accordingly. 

Next, the printer should be chosen according to the component to be produced. 
For instance, if there is a need to print a pressor sensor that should be embedded 
with a bed [32], then the FBD method is best as suitable material is available which 
can be readily printed at the desired location. Again, in [37], there is a need for a 
specific purpose sensor that cannot be readily printed using FBD as no such material 
is available. Hence, it is essential to develop a material that can be printed. Therefore, 
here DIW technology is suitable. Again, in this competitive era, there is a need for 
fast and highly accurate products. So, the printer should also be chosen in such a way 
that it can print is as fast as possible with high accuracy. However, the accuracy is of 
less concern today as there are different design software that can be integrated with 
the printers so that they can directly print the whole component on a single platform. 
But this is not applicable to speed as different printing techniques have different 
printing speeds of printing a product at its level best. Further, it is very interesting to 
observe that these printers can be integrated, and there is a scope of integrating these 
printers with conventional subtractive manufacturing technologies. This advantage of 
coupling different manufacturing technologies is revolutionizing the manufacturing 
processes and bringing a revolution in soft robotics as these hybrid techniques can 
manufacture soft and hard components together on a single substrate. This hybrid 
manufacturing technique is now able to print to date impossible 3D circuits [43]. 

According to the above discussions presented, Fig. 3 represents the most trending 
AM techniques for designing and manufacturing soft robotics materials to achieve 
quality aspects such as surface finish, materials, design, printing speed, strength. 
Figures 4 and 5 show the timeline in advancements of 3D techniques for soft robotics 
fabrication in terms of accuracy and cost, respectively. Accuracy and cost are the most 
promising parameters that have been considered in past research [36–44].

At last, in every technique there are some drawbacks. Some of them are illustrated 
below [40–43]:

● A wide range of materials is not available commercially for printing purposes.
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Fig. 3 Trending AM techniques for soft robotics materials 

Fig. 4 Accuracy characterization of AM techniques soft robotics materials 

Fig. 5 Cost effectiveness of AM techniques for soft robotics materials
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● Only a few technologies like FDM and some hybrid printers are being commer-
cially used to print soft robots.

● Characterization of very few materials has been done yet.
● Chemical Treatment of some materials is done outside the printer.
● Proper cleaning and additional arrangement for pre-treating are needed where 

metallic ink is used because of their non-homogeneity.
● Limited integration of hard components with soft components due to strength 

issues.
● Optimization of the printer. 

5 Conclusion 

Nowadays, soft robots have emerged as a solution for the restricted application of 
hard robots due to their rigid components. This paper presents a short briefing of 
soft robots along with different types of soft actuators and sensors. Different 3D 
printing technologies have also been studied. It was observed that incorporating 
minor addition of components in the printer has eliminated various issues, such as 
an air-cooling arrangement that can be integrated into the printer to get a uniform 
temperature of nozzle during printing. This shows the modification has improved the 
printing quality. Similarly, the replacement of a conventionally used extruder with 
a plunger-based extruder controlled by a stepper motor has resolved the issue of a 
continuous supply of raw material to maintain the backpressure in the production 
process. The chemical treatment of IPMC raw material made it possible to directly 
print a soft actuator. The modification in the filament extruder gear eliminated the 
issue of slipping of the filament. To print ready to use sensors and actuators at a fast 
rate and with high accuracy, hybrid printers are used. However, and it was found 
that there is a wide range of research scope in the future for characterization and 
optimization of printing parameters for different materials used in soft robotics. 
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Fabricating Micro-Holes Through 
Micro-EDM Process and Their 
Circularity Testing 

Abhinav Kumar , Deepak Kumar , and Nirmal Kumar Singh 

1 Introduction 

Micro-EDM is useful for making microstructures, and devices for many applications 
in industry, robotics, and nowadays in the medical field like bio-implant [1]. The 
significant difference between macro and micro-EDM lies in the flow of discharge 
energy, tool dimension, and frequency of the pulse power generator [2]. The func-
tioning mechanism of micro-EDM is similar to that of traditional EDM in which a 
sequence of electrical discharge takes place between two electrodes i.e., tool elec-
trode and workpiece under some voltage potential. This applied voltage potential 
breaks the insulating strength of the dielectric at optimum confined gap and spark 
occurs with high heat, this high heat melts and evaporates both electrodes [3]. The 
main benefit of this type of machining process is that it can machine materials of 
any hardness without any mechanical stress, chatter, vibration. The only limitation 
is material should have minimum electrical conductivity [4]. Micro-EDM machines 
can generate any intricate shape and design that is a replica of the tool, by the 
application of orbiting, the thread can be also generated on the workpiece [5]. In 
micro-EDM, controlling the servo gap of less than 10 µm is a challenging task. 
Generally, the servo mechanism is used to maintain the constant spark gap. The 
well-defined servo control mechanism avoids bad signals like arching and short-
circuiting during discharge. Singh et al. [6] fabricated the microholes on titanium 
alloy (Ti-6Al-4V) through energy synchronization in the interelectrode gap in the die 
sink EDM process. They investigated the impact of energy synchronization on tool, 
workpiece, and dielectric under varying gap current and discharge on time. They 
achieved a high aspect ratio (17.4) of microholes. Xu et al. [7] fabricated the micro-
holes on copper foil layer-based printed circuit board (PCB) through the micro-EDM
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principle. They achieved the microholes without any burr formation near the edge 
at a rotational speed of the tool electrode (10,000 rpm). Maity et al. [8] fabricated 
the high aspect ratio microholes through the micro-EDM process and optimized the 
process variable for circularity, recast layer, and machining time using the Taguchi 
method. Similarly, Kumar et al. [9] made up the microhole of high aspect ratio (10.9) 
on carbon fiber reinforced plastics (CFRP) via the micro-EDM principle. They opti-
mized the process parameters for minimum tool erosion rate (TER) and maximum 
material erosion rate (MER) through the Taguchi method. 

In the current work, a micro-EDM system is used for fabricating the microholes on 
a thin nickel sheet. It was found that the microholes are well defined in shape and size. 
The morphology and elemental characterization of the microholes were examined by 
high-definition FESEM images and EDX spectroscopy technique respectively. The 
circularity tolerance of the fabricated microholes was found 62 µm, 98 µm, 124 µm 
for 650 µm diameter tool corresponding to set peak current 300 mA, 350 mA, 400 mA 
respectively. 

2 Materials and Methods 

2.1 Mechanism of Micro-EDM 

Micro-EDM is the thermoelectric machining process in which material is removed 
due to the thermal impact of electrical discharge. These discharges were created in 
the interelectrode gap by breaking the dielectric strength of the dielectric by applying 
some voltage potential. The voltage at which the dielectric strength breaks is called 
the breakdown voltage. The breakdown of dielectric creates a plasma channel which 
poses the minimum resistance to make the flow of current. The flow of current 
appears as electrical discharge. Moreover, this flow of current finally generates a 
large amount of heat and the material is removed in form of micro-scale debris due 
to the melting and evaporation of both electrodes. The removal of the micro debris 
particle forms the micro confined cavity which is called a micro crater. The schematic 
of the micro-EDM setup with their peripheral components is exposed in Fig. 1.

2.2 Materials and Machining Environment 

The workpiece was made of a nickel sheet with a thickness of 0.1 mm (Supplier: 
Sachin metals, Mumbai). Due to high corrosion/wear resistance at elevated tempera-
tures, the material is preferred in gas turbines blades, aircraft engines, and combustion 
chambers. The combustor elements are invariably subjected to significant thermal 
stress as well as a highly corrosive environment. As a result, in such a harsh envi-
ronment, the material must be able to retain appropriate mechanical and chemical
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Fig. 1 Schematic diagram of micro-EDM setup with their peripheral components

properties [10]. The created microhole on the treated nickel sheet is shown in Fig. 2a. 
The tool electrode material was chosen to be a circular tungsten rod having a diametral 
length of 0.65 mm (Supplier: Special metal, Bangalore) as demonstrated in Fig. 2b. 
Table 1 reveals the thermo-physical properties of the work material while Table 2 
indicates the machining condition applied for fabricating the microholes. 

Fig. 2 a Nickel sheet with fabricated microholes and b tungsten micro rod
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Table 1 Thermo-physical 
properties of nickel sheet 

Thermo-physical properties Value 

Composition 99.9% Ni 

Density 8.902 g/cm3 

Melting point 1455 °C 

Hardness 638 VH 

Electrical resistivity 69.3 nΩ·m 

Table 2 Specifications of 
materials and machining 
conditions 

a. Material selected 

Workpiece Nickel thin sheet (100 µm 
thickness) 

Tool Tungsten (ø 650 µm) 

Dielectric media EDM oil 

Polarity Straight 

b. Machining conditions Hole-1 Hole-2 Hole-3 

Open circuit voltage 24 V 24 V 24 V 

Set peak current 300 mA 350 mA 400 mA 

Discharge voltage 13.5 V 14 V 14.5 V 

Discharge current 245 mA 250 mA 255 mA 

Machining time 8 min 6 min 5 min  

3 Results and Discussions 

3.1 Morphological Characterization Through FESEM 

The morphological characterization of the fabricated microholes was carried out 
by high-resolution field emission scanning electron microscopy (FESEM, Supra-
55, Zeiss). The surface morphology of the fabricated microholes at varying peak 
current settings (300 mA, 350 mA, 400 mA) is represented in Fig. 3a–c. The figures 
denote that as the current intensity increases the amount of flow of discharge energy 
increases. The enhancement in the discharge energy deteriorated the circularity of the 
fabricated microholes. Moreover, it was noted that the formation of the recast layer 
increases near the edge interface region of the microhole surface and it is varying 
between 6.5–7.5 µm. The formation of the recast layer was due to the insufficient 
flushing pressure or due to the non-uniform splashing of molten material during 
the discharge time. Additionally, the edged unevenness can be easily detected when 
investigating the created micro-hole edges. Uneven edges are caused by irregular 
tool erosion and a lack of appropriate spark gap between the tool and the workpiece. 
Later on, the fabricated micro-holes circularity was measured by image processing 
software called Image J. It was found that lateral tool erosion contributes more
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toward circularity inaccuracy. The circularity of the microholes was defined in terms 
of the radial distance between the two concentric circles. The change between the 
outer diameter of the circumscribed microholes and inscribing circle denotes the 
circularity. Table 3 indicates the measurement of circularity and circularity tolerance. 
It was observed that the circularity tolerance varied between 62 and 124 µm for  the  
actual hole diameter of 650 µm. Figure 3d shows the calculation of circularity for 
microhole-1, and other holes’ circularity is calculated similarly. 

Fig. 3 a, b, c Morphological characterization of the fabricated microholes d circularity calculation 

Table 3 Dimension of tool 
and microholes and 
circulation tolerance 

Hole-1 (µm) Hole-2 (µm) Hole-3 (µm) 

Tool diameter 650 650 650 

Average hole 
diameter 

748 759 800 

Circularity 62 98 124
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Fig. 4 EDX spectrum of the interface region of the microholes 

3.2 EDX Analysis of Fabricated Microholes 

The elemental characterization of the microholes was investigated using energy-
dispersive X-ray spectroscopy (EDX). The presence of nickel in the EDX spectrum 
indicates that nickel is coming from its compositional part. Moreover, the availability 
of the tungsten on the machined surface indicates that there is a material migration 
and diffusion phenomenon happens. The EDX spectrum near the interface region of 
microholes with their compositional elements is shown in Fig. 4. 

4 Conclusions 

The followings are the conclusion from the above experimental investigation: 

1. The microholes of diameter 748 µm, 759 µm, and 800 µm have been successfully 
fabricated from a tungsten micro tool of diameter 650 µm. 

2. The circularity tolerance was found 62 µm, 98 µm, 124 µm for 650 µm tool 
diameter. 

3. FSESEM image indicates that the microholes are a little bit deviated from the 
actual dimension due to side spark. 

4. The presence of tungsten on the micro-hole interface region indicates the material 
transfer phenomenon that happens within the gap. 
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An Adaptive Neuro-fuzzy-Based 
Methodology for Prediction of Surface 
Roughness in Wire Arc Additive 
Manufacturing 

Arshia Biswas and Shibendu Shekhar Roy 

1 Introduction 

In this era of Industry 4.0, additive manufacturing (AM) is believed to have the 
potential of bringing about a revolution in the manufacturing arena for its numerous 
benefits like design liberty, reduced inventory costs, mass customization, increased 
material proficiency, the ability to build object with complicated geometric in a short 
period, as well as fast prototyping [1]. Out of seven different AM processes, robotic 
wire arc additive manufacturing (WAAM) has gained more importance. Wire arc 
additive manufacturing is an advanced metal 3D printing technology that has one of 
the most increasing interests in aerospace, automobile, and other engineering appli-
cations. This technique is also beneficial for its properties like higher material usage 
efficiency, maintainability, cost-effectivity, a greater rate of deposition, and energy 
efficiency [2]. In recent years, WAAM is also becoming most popular in the defense 
field because of its ability to build large metals [3]. The quality of the surface of the 
WAAM manufactured parts plays a very important role in their performances, as a 
better quality surface significantly improves corrosion resistance, fatigue strength, 
etc. [4]. Therefore, the desired deposition characteristics can only be obtained by 
the right selection of input parameters. In the present work, the input variables are 
welding speed, wire feed speed, and overlap ratio. But on the other hand, the deposi-
tion mechanism is dependent on numerous uncontrollable factors which makes the 
process almost impossible to get a proper right solution. Therefore, modeling and 
prediction of deposition characteristics, namely surface roughness, are a very impor-
tant parameter to define the WAAM process as WAAM has a vital role in advanced 
manufacturing since it is one of the promising additive manufacturing methods.
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However, this can contend that the deposited feature depends on controllable inputs 
such as voltage, current, standoff distance together with wire material properties, 
weld speed, and inert gas flow. But the exact contribution of each of the process 
variables on the response is difficult to evaluate. Therefore, the desired deposition 
characteristics can only be obtained by the right selection of input parameters, and to 
map these input–output parameters, a very thorough study has been done regarding 
multi-pass welding by Cao et al. [5]; by Fang et al. [6] and by Somlo et al. [7]. Promi-
nent contributions have been made by different authors for the past few years on such 
different deposition parameters. Van et al. [8] studied various process parameters that 
influence the geometrical, metallurgical, and mechanical consistency of the weld. Wu 
et al. [9] studied the influence of voltage, travel speed, and welding on the geometry 
of single weld beads in the wire arc additive manufacturing of stainless steel compo-
nents. Using the Taguchi method, Bharat et al. [10] studied the effects of welding 
parameters on the additively deposited layer width. Rai et al. [11] and Aykut et al. 
[12] have employed multilayer perceptron (MLP) or artificial neural network (ANN) 
approaches to anticipate various weld bead characteristics based on the input process 
parameter. Different machine learning models have been comprehensively evaluated 
by researchers all over the world to predict the surface roughness of deposited layers 
by WAAM, in order to enhance the surface integrity of deposited layers by WAAM. 
With the passage of time, more precise models incorporating various optimizers were 
produced. Yaseer et al. [3] used mainly two machine learning (ML) models, such as 
random forest and ANN, to predict surface roughness, with the random forest model 
being reported to be a comparably superior one. 2nd order regression models were 
also utilized to sketch the input and output connection of the WAAM process in a 
research report by Ma et al. [13]. Other researchers like Liang et al. [14], Martina 
et al. [15] have mentioned the use of 3rd order regression models to carry out the 
same task. Different ML models like ANFIS and SVR were analyzed by Xia et al. 
[16] to predict the surface roughness of the weld bead. 

This study proposes an application of adaptive neuro-fuzzy-based methodology 
for modeling and predicting the surface roughness of the depositing layer for three 
controllable process variables (welding speed, wire feed speed, and overlap ratio). 
The proposed method uses a hybrid learning method for supervised learning of 
the first-order Takagi–Sugeno-type fuzzy system. Several membership functions are 
present in the fuzzy interference system, among them three different MFs, namely 
trapezoidal, bell, and Gaussian, were used to compare the predicted response and 
experimental outputs. 

2 Proposed Adaptive Neuro-fuzzy-Based Methodology 

In this study, an adaptive neuro-fuzzy-based methodology is proposed to model 
surface roughness in the WAAM process.
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2.1 Fuzzy and Adaptive Neuro-fuzzy System 

A fuzzy inference system is operated based on some decision-making rule base 
systems like the ‘if-then’ rule. Without applying precise quantitative evaluation, a 
fuzzy system can model the reasoning process of the human being in qualitative 
form. This type of fuzzy modeling was explained by Takagi and Sugeno [17]. Fuzzi-
fication of the input parameters takes place before entering into the architecture, and 
defuzzification is done to the system outputs to convert it in a crisp set from a fuzzy 
set. The proper design of the number of fuzzy sets of input parameters, the type 
of membership functions, and the type and number of rules are very important to 
achieve the desired system. Though, it often uses trial and error procedures to work. 
The entry of fuzzy logic into the neural network systems makes it better for getting 
a significant response from the network. 

The Takagi–Sugeno fuzzy model is used to create the suggested neural-fuzzy 
system. It takes advantage of adaptive system design to make learning and adapta-
tion simpler. With two fuzzy rules, Fig. 1 depicts the adaptive neural-fuzzy system 
architecture [17]. 

1. If (p is P1) and (v is V 1) then g1 = r1p + r1v + t1 
2. If (p is P2) and (v is V 2) then g2 = r2p + r2v + t2 
where Pi and Vi represent the input fuzzy sets, gi represents the outputs, ri, si, and 
ti are the decision parameters that will be estimated during the supervised learning. 
The architecture of the proposed method consists of five layers of neurons. 

1st Layer-Fuzzy Layer: There is chance of adoption in every node of this layer. 
The nodes are defined as 

O1,i = μPi (p) where i = 1, 2 (1)

Fig. 1 Basic adaptive neuro-fuzzy architecture 
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O1,i = μVi (v) i = 3, 4 (2)  

where μPi (p) and μVi (v) are membership value for different fuzzy membership 
function (MF). 

For the trapezoidal MF, μVi (v) is given by 

μVi (v) = max

(
min

(
v − ai 
bi − ai , 1, 

di − v 
di − ci

)
, 0

)

For Gaussian membership function, μVi (v) is given by 

μVi (v) = e −(v−ci )
2 

2σ 2 (3) 

where and {ai, bi, ci,, di} and {σ , ci} represent the premise parameters. 
2nd Layer-Product Layer: Each node in the product layer is a fixed type node 

without any modification of the parameters. The output of the nodes of this layer is 
given as 

O2,i = wi = μPi (p) × μVi (v) i = 1, 2 (4)  

wi signifies the rule firing strengths. 
3rd Layer-Normalized Layer: No adoption takes place in this layer. The fixed 

parameter values can be normalized by the following relations: 

O3,i = wi = wi 

w1 + w2 
(5) 

4th Layer-De-fuzzy Layer: In every node of this layer, the parameters will be 
adopted with node function as 

O4,i = wi gi = wi (ri p + si v + ti ) 
(6) 

where ri, si, and ti are consequent parameters. 
5th Layer-Total Output Layer: This layer’s output may be written as 

O5,i = 
2∑

i=1 

wi gi (7)
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2.2 Supervised Learning of the Proposed System 

In the proposed adaptive neuro-fuzzy architecture, the first and fourth layer are adap-
tive layers. In the 1st layer, the premise parameters are related to the input MFs and 
can be modified by proper adoption. The consequent parameters in the 4th layer 
represent the first-order polynomial. The purpose of the learning method is to modify 
both premise and consequent parameters to obtain the optimal adaptive neural-fuzzy 
system. The supervised learning methodology is based on hybridization of the least 
squares and gradient descent method for tuning premise and consequent parame-
ters. Once the premise parameters evaluated, the least square approach is used to 
optimize the subsequent parameters. The gradient descent method is used to deter-
mine the ideal value of the premise parameters after acquiring the optimum values 
of consequent parameters. 

3 Simulation Results and Discussions 

Firstly, the suggested neuro-fuzzy system for modeling the surface roughness of 
the deposited layer under various operating circumstances must be constructed. To 
do so, a link must be formed between various training process characteristics and 
process performance. Xia et al. [16] used a robotic wire arc additive manufacturing 
system and 1.2 mm diameter mild carbon steel (ER 70S-6) filler wire in their trials. 
To investigate the impact of welding speed (S), wire feed speed (V ), and overlap ratio 
(F) on surface roughness, the input process variables of welding speed (S), wire feed 
speed (V ), and overlap ratio (F) were used. 

The setting of welding speed (S) includes 4, 5.5, and 7 m/min; those of wire feed 
speed (V ) include 5, 7, and 8.3 m/min; the overlap ratio (F) is set at 10, 20, and 25%. 
RSM was used to analyze the inter-relationship among three input process variables 
and responses. The quadratic regression equations for the surface roughness of the 
deposited layer were developed as follows. 

Surface roughness (Ra) = 0.635 − 0.198S + 0.137V + 1.01F + 0.007S2 + 
0.00061V 2 − 8.92F2 − 0.00315SV + 0.399SF − 0.341VF. 

In this study, welding speed (S), wire feed speed (V ), and overlap ratio (F) are  
inputs, whereas the surface roughness of the deposited layer is the output. After 
careful study, a 300 training data set is used from the above regression equations 
in adaptive neural-fuzzy system for modeling surface roughness. The membership 
function used for the input variables is trapezoidal, bell, and Gaussian shape. The 
fuzzy expressions for the welding speed are low speed (LoS); medium speed (MeS); 
high speed (HiS), for wire feed speed are slow velocity (SlV); medium velocity 
(MeV); high velocity (HiV), and for overlap ratio are low ratio (LoR); medium ratio 
(MeR); high ratio (HiR). 

The number fuzzy rules are fixed by the nos. of levels of input parameters which 
are divided. This each level of input parameters is called the fuzzy set of input
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parameters. In this study, three inputs such as welding speed, wire feed speed, and 
overlap ratio are subdivided further into 3 nos. fuzzy sets. Therefore, twenty seven 
rules can be exhibited in this proposed architecture. The ith rule for 1st-order Sugeno 
fuzzy system will follow: 

IF welding speed (Si) is high (HiS) AND wire feed speed (Vi) is high (HiV) AND 
overlap ratio (f i) is low (LoR) THEN width of the layer is (qiSi + riV i + sif i + ti), 
where qi, ri, si, and ti are the consequent parameters. The flowchart for modeling the 
process performance using adaptive neuro-fuzzy system has been shown in Fig. 2. 

The adaptive neuro-fuzzy system’s first 6000 learning cycles have been completed. 
The suggested system is then created using hybrid learning. The surface roughness of 
the deposited layer is compared in Table 1 between expected values and true experi-
mental output [16]. Figure 3 shows the absolute average error percentage of predicted 
surface roughness for test cases using ANFIS with three different membership func-
tions. The absolute average error percentage of predicted surface roughness has been 
seen to be equal to 9.86%, 3.51%, 2.25%, and 2.21% for a regression model, trape-
zoidal MF, Gaussian MF, and bell-shaped MF, respectively. In almost all the cases, 
the bell and Gaussian membership function show slightly more accurate value than

Fig. 2 Flowchart of 
proposed adaptive 
neuro-fuzzy system 
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parameters & MFs 

Adaptive Neural-Fuzzy 
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adaptive neural-

Test 
(Predictions) 

Testing of optimal 
adaptive neural-fuzzy 

Stop 



An Adaptive Neuro-fuzzy-Based Methodology for Prediction … 745

trapezoidal MF. This is because of the non-linear behavior of the response parameter 
concerning process parameters. 

Table 1 Predicted surface roughness for trapezoidal MF, Gaussian MF, and bell MF 

Welding 
speed 

Wire 
feed 
speed 

Overlap 
ratio 

Surface 
roughness 

Predicted surface roughness (mm) 

Regression Trapezoidal Gaussian Bell 

7.0 8.3 0.25 0.312 0.2737 0.3117 0.2933 0.2889 

7.0 8.3 0.2 0.406 0.4258 0.4056 0.3809 0.3783 

7.0 8.3 0.1 0.611 0.5961 0.6104 0.5853 0.5815 

7.0 7.0 0.25 0.185 0.2230 0.1841 0.1725 0.1724 

7.0 7.0 0.2 0.259 0.3529 0.2577 0.2423 0.2439 

7.0 7.0 0.1 0.504 0.4789 0.5015 0.4868 0.4879 

7.0 5.0 0.25 0.201 0.149 0.1963 0.1985 0.1984 

7.0 5.0 0.2 0.24 0.2448 0.2342 0.2366 0.2369 

7.0 5.0 0.1 0.318 0.3026 0.3104 0.3145 0.3147 

5.5 8.3 0.25 0.311 0.3291 0.3096 0.2988 0.2982 

5.5 8.3 0.2 0.603 0.5111 0.6002 0.5866 0.5877 

5.5 8.3 0.1 0.719 0.7412 0.7157 0.7022 0.7027 

5.5 7.0 0.25 0.291 0.2722 0.286 0.2832 0.2844 

5.5 7.0 0.2 0.419 0.4320 0.4116 0.4086 0.4111 

5.5 7.0 0.1 0.612 0.6179 0.6013 0.6013 0.6036 

5.5 5.0 0.25 0.213 0.1887 0.1985 0.2116 0.2118 

5.5 5.0 0.2 0.25 0.3144 0.2326 0.2481 0.2485 

5.5 5.0 0.1 0.416 0.4321 0.3874 0.414 0.4144 

4.0 8.3 0.25 0.36 0.4159 0.3557 0.3547 0.3549 

4.0 8.3 0.2 0.662 0.6278 0.6538 0.6549 0.6559 

4.0 8.3 0.1 0.852 0.9179 0.8416 0.8447 0.8456 

4.0 7.0 0.25 0.312 0.3529 0.2997 0.3088 0.3095 

4.0 7.0 0.2 0.64 0.5426 0.6139 0.6358 0.6371 

4.0 7.0 0.1 0.834 0.7883 0.8003 0.8297 0.8309 

4.0 5.0 0.25 0.271 0.26 0.2326 0.2705 0.2706 

4.0 5.0 0.2 0.382 0.4156 0.3268 0.3813 0.3815 

4.0 5.0 0.1 0.601 0.5931 0.5147 0.6003 0.6005



746 A. Biswas and S. S. Roy

Fig. 3 Percentage error in 
prediction of surface 
roughness in three MF 
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4 Concluding Remarks 

To characterize and forecast surface roughness of deposition, the WAAM technique 
employs an adaptive neuro-fuzzy structure based on a first-order Takagi–Sugeno 
fuzzy system. Hybridization of least squares and gradient descent method is used. 
An adaptive neuro-fuzzy-based methodology has been effectively generated optimal 
trapezoidal, bell, and Gaussian-shaped membership functions distribution and fuzzy 
rules. The predicted response of the proposed architecture is compared with real 
experimental response values. The adopted bell-shaped MF in the adaptive neuro-
fuzzy system has shown the most accurate output than the trapezoidal membership 
function. 
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Analysis of Productivity and Surface 
Characteristics of A356-TiB2 
Nanocomposites in EDM 

Shailesh Dewangan, Santosh Kumar Sharma, Amit Kumar Vishvakarma, 
and Chitrakant Tiger 

1 Introduction 

In recent times, the need of micro-components is increasing vigorously, partic-
ularly in aerospace, automobile, medicine, and biotechnology. Electric discharge 
machining (EDM) emerges as the most powerful non-traditional machining methods. 
It is successful and widely accepted processes for production of complicated shapes, 
brittle, and hard materials. EDM is an erosion technique through which rapid recur-
ring sparks are produced between the workpiece and tip of the tool in order to remove 
the later materials [1, 2]. Furthermore, EDM processes are effectively being used to 
machine composite materials into desired complex shapes. In EDM, conductive mate-
rials are suitable as the work piece. The sparks generated between tool and workpiece 
inside a dielectric fluid cause material removal. The principle behind the material 
degradation in EDM is anticipated by fusion and vaporization at localized region of 
the workpiece [3]. Recently, EDM has wide applications especially for high-strength 
alloys and composites [4]. The present era indicates that micromachining is quiet a 
challenging task for advanced materials such as superalloys and composites [5]. 

EDM is generally analyzed with multiple responses. Thus, parametric optimiza-
tion is one of the major research areas in EDM [6, 7]. Dewangan et al. [8] analyzed 
the optimization of µEDM of Ti–6Al–4 V alloy and suggested that it is capaci-
tance a significant parameter for MRR. In recent decades, composites have emerged, 
as a potential material for engineering applications [9]. Recently, in-situ aluminum 
metal matrix composites (AMMCs) have emerged as the most promising materials
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to eliminate the inherent defects of conventional composites. The key advantages 
these composites provide are their superior mechanical properties, hardness, wear, 
and rigidity. AMMCs, owing to their low density and low cost, have evolved promi-
nently. Machining these materials, however, becomes a challenging task primarily 
because of high abrasive properties of reinforcements. Matrixes, such as aluminum, 
magnesium, and steel, are preferred materials. The common reinforcements used are 
SiC, B4C, Al2O3, TiC, and TiB2 [10]. However, in-situ-formed Al-TiB2 composites 
have extraordinary properties which make them a promising for aero applications 
[11]. 

In last few years, domination of studies on conventional machining of MMCs over 
modern machining methods is witnessed. Thus, it is clear that an in-depth under-
standing is further required on non-traditional processes of MMCs [12]. Therefore, 
the current work is an effort to investigate machining of non-traditional process 
methods; the main purpose of this research is to deliver the innovative trends 
in modern machining aspects of metallic composites. The machining of EDM 
for making composite equipment overcomes the barriers and meets the aerospace 
industry’s needs. This article presents EDM characteristics A356-TiB2 nanocom-
posites and their potential applications in the industry. Thus, the aim of the current 
research is to investigate the effectiveness of non-conventional EDM as applied to 
A356-TiB2 nanocomposites. 

2 Experimentation 

The EDM experiments have been performed on Elektra CNC EDM with Model 
Company Electronica. The experiment setup of EDM is shown in Fig. 1. The dielec-
tric fluid used was common grade oil and a side pressure of 0.3 kgf/cm2. The  work-
pieces of square shaped 60 × 18 × 5 mm were machined from A356-TiB2 compos-
ites for performing the EDM experiments. Further details of composite synthesis are 
described in earlier reports [13]. A copper electrode tool of diameter (10 mm) was 
used. Table 1 presents the levels of parameters with their designation.

2.1 Electric Discharge Machining of Composites 

The responses considered was MRR and SR on composite material [14]. Response 
surface methodology was adopted to examine the responses over the entire factors 
and to locate interested regions where the responses reach optimum values. A total of 
30 experiments was accomplished and to investigate the various impact on machining 
parameter like Ip, T on, T au, and V on SR and MRR. Calculated MRR and SR values 
with different experimental settings are shown in Table 2. The weight loss method 
is used to measure the material removal rate. And this is the weight loss method.
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Fig. 1 Experimental setup of EDM machine 

Table 1 Levels of EDM machining parameters 

Factor designation Name of the factor Units Level 

Low (−1) Center (0) High (+1) 

A Pulse current (Ip) A 5 100 15 

B Pulse-on time (Ton) µs 50 100 150 

C Duty cycle (T au) % 80 85 90 

D Voltage (V ) V 40 45 50

And this is the ratio of the weight before and after machining of the workpiece to 
time with the density of the workpiece. This formula is demonstrated in Eq. 1. The  
surface roughness (Ra) was measured using portable style-type profilometer, and 
it is expressed in microns. The analysis was conducted using ‘Design Expert 11’ 
software, and the regression equations were obtained [15]. 

MRR = Wb − Wa 

tρw 
(1) 

where Wb = Before experiment weight of workpiece and W a = After experiment 
weight of workpiece. t denotes the machining time, and ρw symbolizes density of 
workpiece.

3 Result and Discussions 

3.1 Material Removal Rate 

The 3D plots for MRR connection to the input factors are demonstrated in Fig. 2. 
Referring to the 3D surface plots of MRR, it is noted that when the current and



752 S. Dewangan et al.

Table 2 Design model of experiments and results 

Run Pulse current 
(Ip) 

Pulse-on time 
(Ton) 

Duty cycle 
(T au) 

Voltage (V ) MRR 
(mm3/min) 

SR (µm) 

A B C D 

1 15 150 90 40 15.876 6.67 

2 5 50 80 50 3.786 2.56 

3 10 100 85 45 8.897 4.01 

4 10 100 85 45 9.876 3.98 

5 15 150 80 50 16.812 6.65 

6 15 50 90 50 18.987 7.98 

7 5 50 90 40 4.012 3.45 

8 15 50 80 40 19.786 8.76 

9 5 150 80 40 2.123 0.98 

10 5 150 90 50 2.001 0.87 

11 5 50 90 50 4.987 2.51 

12 15 50 90 40 19.876 7.23 

13 5 150 80 50 3.001 0.87 

14 10 100 85 45 8.675 3.87 

15 15 150 90 50 17.897 5.97 

16 10 100 85 45 8.987 3.67 

17 15 50 80 50 19.876 7.98 

18 5 50 80 40 4.789 2.87 

19 15 150 80 40 17.234 5.98 

20 5 150 90 40 2.562 0.76 

21 10 100 85 35 9.876 4.98 

22 10 100 85 55 9.765 4.89 

23 10 100 85 45 9.543 4.65 

24 10 50 85 45 12.897 5.98 

25 15 100 85 45 15.987 6.76 

26 10 100 85 45 10.879 5.14 

27 5 100 85 45 0.345 1.32 

28 10 100 75 45 11.987 5.89 

29 10 150 85 45 9.998 4.01 

30 10 100 95 45 10.001 5.56

voltage increase, the MRR increases drastically. Thus, pulse-on time and off time 
are identified as the critical parameters for MRR. This is anticipated due to an increase 
in discharge current produces a powerful spark of high temperature; as a result, the 
material melts and erodes away from the work piece. [16].
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Fig. 2 Surface plots for MRR a MRR versus IP and Ton, b MRR versus Ip T au and T au, c MRR 
versus T au and Ton, d MRR versus V and T au 

Referring to Table 3, F-value of 241.57 implies that model for MRR is signif-
icant. The predicted R2 and adjusted R2 are 97.9% and 99.22%, respectively. The 
mathematical models developed for output responses were evaluated using ANOVA 
and F test [17]. This shows that the regression model has a good link between the 
independent variables, MRR confirming the model to be statistically significant. The 
empirical models developed for output responses MRR are presented in Eq. 2. 

MRR = +9.20 + 7.48A − 1.19B − 0.22C + 0.036D 
− .018AB  − 0.058AC + 0.032AD − 0.029BC 
+ 0.17BD  + 0.13CD  − 1.07A2 + 2.21B2 

+ 0.43C2 + 0.13D2 (2)
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Table 3 ANOVA results for MRR 

Source SS DOF MS F P 

Model 1059.58 14 75.68 241.57 <0.0001 

A-Ip 1008.38 1 1008.38 3218.54 <0.0001 

B-Ton 25.66 1 25.66 81.91 <0.0001 

C-T au 1.12 1 1.12 3.57 0.0813 

D-V 0.031 1 0.031 0.100 0.7569 

AB 0.50 1 0.50 1.59 0.2301 

AC 0.055 1 0.055 0.17 0.6830 

AD 0.016 1 0.016 0.052 0.8230 

BC 0.013 1 0.013 0.042 0.8407 

BD 0.47 1 0.47 1.50 0.2423 

CD 0.25 1 0.25 0.80 0.3873 

A2 3.59 1 3.59 11.47 0.0049 

B2 15.29 1 15.29 48.80 <0.0001 

C2 5.00 1 5.00 15.96 0.0015 

D2 0.48 1 0.48 1.54 0.2363 

Residual 4.07 13 0.31 

Lack of fit 3.54 10 0.35 1.99 0.3111 

Pure error 0.53 3 0.18 

Cor total 1067.09 29 

SD = 0.56 
Mean = 10.33 
Coefficient of variation = 5.42 
Predicted residual error of SS (PRESS) = 22.36 

R2 = 0.9962 
R2 adjusted = 0.9920 
Predicted R2 = 0.9790 
Adequate precision = 45.678 

3.2 Analysis of Surface Roughness 

The depth of the craters created during sparking determines the roughness of the 
surface in machining. The high discharge between workpiece and tool creates crater 
wear. In Fig. 3, surface plots indicate that pulse current has most influences as 
compared to other factor because higher pulse current cause more energy released 
for melting, so later, cracks are formed resulting a poor surface finish [18]. So, it is 
essential to identify the optimum parameters to control the SR. Surface roughness 
value is directly effective on factors like pulse current and pulse-on time. Optimal 
setting of input parameters is thus crucial arrive at optimal responses of SR.

Similarly, referring to Table 4, F-value of 162.56 indicates that model for SR is 
significant. The experimental models developed for output responses SR are shown 
in Eq. 3.

SR = +4.15 + 2.69A − 0.96B − 0.051C − 0.089D + 0.036AB  − 0.074AC
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Fig. 3 Surface plots for SR a SR versus IP and Ton, b SR versus T au and Ip, c SR versus T au and 
Ton, b SR versus T au and b SR versus T au and V

+ 0.034AD + 0.0087BC + 0.12BD  − 0.056CD  

− 0.39A2 + 0.57B2 + 0.3C2 + 0.1D2 (3)

3.3 Surface Morphology of A356-TiB2 Nanocomposite 
Material 

The top surface morphology of EDMed surface was studied using optical micro-
graphs of A356-TiB2 nanocomposites. These optical images of different experi-
mental setting are shown in Fig. 4. When during the machining of EDM, the very 
high discharge energy established in single-point sparking zone, so the metal is 
melting and vaporized. Further, the surface of nanocomposite is re-solidified and 
destruct in the dampen state and not removed by flushing, so this layer is formed
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Table 4 Results of ANOVA for SR 

Source SS DOF MS f P 

Model 151.42 14 10.82 162.56 <0.0001 

A-Ip 130.36 1 130.36 1959.32 <0.0001 

B-Ton 16.45 1 16.45 247.32 <0.0001 

C-T au 0.062 1 0.062 0.93 0.3519 

D-V 0.19 1 0.19 2.87 0.1142 

AB 0.021 1 0.021 0.32 0.5836 

AC 0.087 1 0.087 1.31 0.2734 

AD 0.018 1 0.018 0.27 0.6095 

BC 1.225E−003 1 1.225E−003 0.018 0.8941 

BD 0.23 1 0.23 3.39 0.0885 

CD 0.051 1 0.051 0.76 0.3989 

A2 0.47 1 0.47 7.08 0.0196 

B2 1.01 1 1.01 15.13 0.0019 

C2 2.47 1 2.47 37.14 <0.0001 

D2 0.29 1 0.29 4.29 0.0587 

Residual 0.86 13 0.067 

Lack of fit 0.72 10 0.072 1.55 0.3973 

Pure error 0.14 3 0.047 

Cor total 154.61 29 

SD = 0.26 
Mean = 4.58 
Coefficient of variation = 5.63 
PRESS = 4.69 

R2 = 0.9943 
R2 adjusted = 0.9882 
Predicted R2 = 0.9692 
Adequate precision = 
40.585

micro-crack and pores [19]. The microcracks and micro-holes are evident in same 
figure.

4 Conclusions 

In this work, a brief review on modern machining aspects of A356-TiB2 nanocom-
posite with influence of machining parameter. The following conclusions may be 
drawn from the current study.

● According to the analysis material, removal rate is greatly influenced by pulse 
current and pulse-on time, and another factor does not affect as compare to pulse 
current.
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Fig. 4 Surface profiles of EDM-processed composites

● Analysis of surface roughness, when compared to other factors, pulse current 
has the greatest impact because greater pulse current causes more energy to be 
released for melting, resulting in later cracks, and a poor surface finish.

● In today’s world, EDM provides supreme prospects for design and production 
of functional parts. Thus, surface morphology is very accurate in machining of 
EDM in A356-TiB2 nanocomposites. 
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Interlaminar Shear Strength of 3D 
Printed PLA Material 

Chagam Manohar Reddy, B. Sharath Chandra, G. Sumithra, 
K. Raja Narendar Reddy, Shakuntala Ojha, Dheeraj Kumar, 
and G. Raghavendra 

1 Introduction 

Three-dimensional (3D) printing is renowned as an emerging technology for the 
customized manufacturing. By increasing in functional of 3D printed parts and 3D 
printing techniques had been broadly used in various applications like in cultural 
creativity, concrete technology, construction projects, drug delivery, bio sensors, 
aerospace engineering, biomedicine, automotive electronics, cloud manufacturing, 
manufacturing complex components, etc. 

The research on application of 3D printing were also discussed in various studies. 
Gargi Jani investigated on 3D printing technology in the forensic-science which is 
an advanced technology in the India and explained present current need by devel-
oping and incorporating 3D printing technology in the Indian-forensics [1]. Jian 
Hui Lim discussed about stress-cognizant for a 3D printing of free form concreting 
type structures and observed printing technique plan convincing improvement with 
mechanical attributes [2]. Jianzhuang Xiao investigated on huge scale 3D printing 
concreting type technology and its present status and coming opportunities and it 
showed that some guidance for the upcoming work were facilitated for the use of 
huge scale 3D printing concreting type technology in practise of constructing partic-
ular one [3]. Larissa A Melnyk investigated on combination of three-dimensional
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Table 1 History of 3D printing technology 

1984–86 Charles Hull invents 3D printing and coins the term “Stereo Lithography” 

1992 First 3D printer built by 3D systems 

1999 First application of 3D printing in the medical field–creating the human bladder 

2000 Miniature human kidney created through 3D Printing 

2006 The selective Laser sintering machine–printing multiple materials & fields 

2009 First usable prosthetic leg–this opens the door for customized products using 3D 
printing 

2011 3D printers start offering 14 K gold as printable material 

printed type technology in pharmaceutical compounding and its progress, prospects 
and challenges and found that power of 3D printing of remedy as a power planning 
by achieving personalized precision type curing [4]. Jiangping Yuan investigated on 
the precision and arithmetic and reviewing of colour reproducing in complete colour 
3D printing and showed future related viewpoint of the universal colour reproducing 
framework for precision complete colour 3D printing were explained, which will 
be prevented by the constraints of the printed type materials and together with its 
arithmetic boundary conditions [5]. 

The history of 3D printing gives the evolution of additive manufacturing with 
various technologies and equipment to produce efficient and effective products and 
it is clearly explained in Table. 1. 

There are three main methods that are used for developing a product Subtrac-
tive manufacturing, Injection moulding and Additive manufacturing. The subtrac-
tive manufacturing is a type of developing process of a product that mainly focus 
on continuous cutting away the raw-material from the solid block like as the metal 
producing process. It is done manually, or by using Computer Numeric Controlled 
(CNC) machinery process. The injection moulding is a type of product devel-
oping process which is mainly used and focussed for producing products in very 
large volumes. Since the name itself indicates, product parts were produced or 
manufactured to inject heating material into the mould. 

The additive manufacturing which is also known as 3D printing, 3D is an emerging 
technology which will be used to manufacture in a sequentially layering of mate-
rials to create three-dimensional objects with the help of computers. Since 35 years, 
Charies W. Hull framed a thought towards building components by 3D printing 
technology [6]. Additive manufacturing is currently being used in product design 
and manufacturing, consumer electronics, dental and medical applications, food and 
finally, construction on Earth. 

Many researches were done on 3D printing to study the characteristics of printed 
object. Tianyun Yao et al. investigated on the supreme tensile strength of 3D printing 
polylactic acid (PLA) materials by using various printing orientations from the 
surface of printing bed and showed that the highest tensile strength will be reduced 
when the print angle will become lower or if the layer will become thick [6]. Veronica 
Geraldine Zaragoza investigated on the manufacturing process of 3D printed plastic
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Fig. 1 Various 3D printing techniques 

tools for air bend applicable things and its performance and found that polymeric 
material printing-parameters will affect the production of the polymeric type tools 
and also PLA dies by printing by using a printing pattern of 45-90-45° will exhibit 
the best performance [7]. 

Products that are developed by using 3D printing follows four different types of 
3D printing type techniques are shown in Fig. 1. 

The stereo lithography (SLA) is a type of 3D printing technique, which will 
be known as optical-fabrication, stereo lithography apparatus, resin type printing or 
photo solidification. This technique is used to create models, patterns, prototypes, and 
the producing objects in a manner of layer-by-layer fashion by considering the photo-
chemical processes by which the light causes oligomers and the chemical-monomers 
by cross linking together for the formation of polymers. 

The selective laser melting (SLM) is also considered as a type of metal additive 
manufacturing technique, which was considered the bed of powder by using the 
source of heat by creating metal parts. The selective laser sintering (SLS) is type 
of 3D printing type producing technique, which will be used the laser to manufac-
ture products as the source of power to sinter the powder material and to aim the 
lasering automatically at the points in space by defining the 3D model and bind the 
material jointly by creating a solid type structure. 

The fused deposition modelling (FDM) is the extensively preferred and flexible 
3D printing technique used for developing products by fusing the material which is in 
solid form layer-by-layer deposition to get a final. This technique had been utilized in 
the automobile industry, lightweight tools to final functional components and ranging 
from testing models. It decreases the time it takes to create manufacturing tools by up 
to 85%. So many types of materials will be used with FDM techniques which includes 
the most common thermoplastics, pastes, chocolate, and even exotic materials like 
metal or wood infused thermoplastic. It is very cheap and fairly efficient.
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The various studies on FDM explained the effect of 3D printing products that 
were manufactured by FDM are, Mohammed Hikmat investigated on tensile prop-
erty basis of PLA parts which were fabricated by fused deposition modelling 3D 
printing technology and found that strength of part which was influenced by selecting 
processing parameters, where the only one of three like building orientation, diam-
eter of nozzle and density of infill analytically were important and greatly effect the 
outcome observed [8]. Tianyun Yao investigated on failure of tensile strength and 
division angle of FDM 3D printing PLA material and found the failure of tensile 
strength which will be high with the increasing in the print angle or by lowering of 
layer thickness [9]. 

In this work the specimens were printed as per standard dimensions by using PLA 
material. The specimens were printed by varying infill densities like 10, 20, 30, 40, 
and 100%. Later these specimens were tested for shear strength. 

2 Materials and Experiment 

2.1 Printing Material 

The printing material used for this study is Polylactic Acid (PLA), which is a thermo-
plastic material used as a filament to print the products in the 3D printing machine. 
PLA is comparatively easy to work with, usually requiring minimal effort to produce 
quality parts, especially on an FDM 3D printer. PLA material is also available in 
various colours as shown in Fig. 2. As it is created from natural or recycled mate-
rials, PLA is also embraced for its eco-friendliness, biodegradability, and many other 
characteristics. 

The purpose of using PLA in 3D printing is because of its versatile advantages like 
it is easy to print, inexpensive, wide range of colour and options, biodegradable and 
eco-friendly, non-toxic and less fumes whilst it is burning. PLA is not only used in 3D 
printing but also used in food-packing, medical, prototyping, structural applications, 
textiles, cosmetics. Material properties of PLA are strength, flexibility, temperature

Fig. 2 Different colour 
filaments of PLA material 
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Table 2 Properties of PLA 
filament 

Property Unit Value 

Density g/cm3 1.25 

Melting point °C 195–215 

Tensile strength Mpa 50 

Tensile modulus Mpa 3600 

Flexural strength Mpa 83 

Flexural modulus Mpa 3800 

Yield strength Mpa 60 

Impact strength IZOD J/m 9.61 

resistance, UV resistance, chemical resistance and strong mechanical properties and 
tribological properties as shown in Table 2. 

The performance of PLA material is primarily used for 3D printing, unlike other 
plastics such as ABS or polycarbonate that are predominantly used in other ways. 
Overall, PLA has a great printing performance, due to a few factors. First, PLA does 
not require a heated bed, enclosure, or direct drive extruder, so the equipment needed 
to print this material is not expensive, sometimes costing under $100. Materials 
like ABS, PETG, and TPU all require at least one of these things to create quality 
prints. Second, PLA is widely accessible, and the consumer 3D printing industry has 
grown enough that PLA filament is readily available online. It is also pretty cheap, 
starting from around $20 kg. Other filaments, like PETG, costs a few extra dollars per 
kilogramme, and there are fewer options. Third, PLA is quite tolerant of varying print 
settings (within reason), so achieving a good print is pretty easy without a lengthy 
testing process to perfect slicer settings. Most default slicer profiles will leave you 
with a satisfactory model right off the bat, and just a little bit of adjustment can 
improve your prints even more. In contrast, ABS, PETG, and TPU are all sensitive 
to slicer settings, so your slicer profiles for these materials need to be delicately 
tuned to produce good prints. Last, PLA can be printed more quickly than most other 
materials, and due to the desire for rapid prototyping, PLA is popular for quickly 
developing prototypes. No one wants to wait around for days until their first prototype 
is produced because, by then, they may have moved on to the next prototype. The 
effect of internal structure of a specimen printed by using PLA material was studied 
by Can Tang on effecting the process characteristics which will affect the mechanical 
properties of 3D printed of a PLA lattice structures and showed that plastic platform 
stress of lattice structures and yield strength showed a lower trend and densification 
strain showed the increasing trend [10].
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Fig. 3 Flash forge dreamer 
3D printing machine 

2.2 3D Printing Machine 

3D printing specimens that are used for testing in this research were printed by Flash 
Forge Dreamer 3D printer with filament of 1.75 mm diameter as shown in Fig. 3. 
The flash forge dreamer is a compatible 3D printer, which has ability to produce 
high quality prints constantly of resolutions as same as 100 µ and it also featured a 
versatility type printing chamber of different filament printing. The building plate of 
3D printer is made of 6.5 mm thickness alloy of type aluminium the same type of grade 
used in the aerospace industry and the excellent heat distribution and never deformed. 
The printing process parameters were controlled and specified by flash print 3D 
printing slicing software. The materials of Flash Forge Dreamer is compatible to 
PLA, ABS, PETG, and TPU95A filaments and thickness of printing layer of range 
from 0.05 mm to 0.4 mm, nozzle diameter of 0.4 mm. The print speed range of 
(30–100) mm/s and maximum extruder temperature of 240 °C. 

2.3 Dimensions of Specimen 

To determine flexural strength of 3D printed PLA material, specimens were produced 
by taking standard dimensions which are compatible to the testing machine. As our 
objective is to obtain how much load it can withstand and various stresses produced 
to cause failure. So, rectangle shape specimen of (100 × 20 × 4) mm was considered 
for the testing, as it is shown Fig. 4.
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Fig. 4 Specimen dimensions for flexural test 

2.4 Design and Printing of Specimens 

The process flow of 3D printing involves three segments Designing, Setting and 
Printing of a three-dimensional specimen or object as shown in Fig. 5. The 3D 
specimen was prepared by using CATIA software by taking standard dimensions. 
Then after the 3D model was saved in stereo lithography (STL) file format which is to 
be understandable from 3D printing software as shown in Fig. 6 which joint that slices 
the 3D model by selecting process parameters like layer height, infill density, speed, 
shape, supports and temperature of the filament. The 3D printing software used in 
this study is Flash Print which is especially applicable to Flash Forge Dreamer 3D 
Printing Machine and software used for setting the process parameters is different 
for different 3D printing machines. Finally, the sliced model is exported as a G code 
which is readable by the 3D printer for creating the 3D shape.

2.5 Printing Types of Specimens 

There were 5 different printing specimens. These were obtained by changing the 
infill densities 10, 20, 30, 40, and 100% in Flash Print printing software. Sample 
specimens of infill density 100% as shown in Fig. 7. The objects (specimens) were 
printed in a layer-by-layer fashion throughout the FDM type of 3D printing process. 
To study the flexural strength of PLA material, specimens of different infill densities 
were printed in this study.

2.6 Testing of Specimens 

The printed specimens of various infill density percentages of 10, 20, 30, 40, and 
100 were taken to find out the flexural strength of PLA material under Universal
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Fig. 5 Process flow of 3D printing 

Fig. 6 3D printed specimen in flash print software for setting the process parameters

Testing Machine of capacity 30 KN as shown in Fig. 8. Marking the specimens with 
a straight line at the centre (50 mm from any end), 25 mm away left and right from the 
centre was done to place the specimen in the correct position on the testing machine 
as shown in Fig. 9.
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Fig. 7 3D printed specimens of infill density 100%

Fig. 8 Specimen under flexural testing by using universal testing machine
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Fig. 9 Specimen removal after failure occurs in flexural testing 

3 Results and Discussion 

The flexural strength of 3D printed PLA material proceeded by the FDM method were 
studied and the failure (cracking) of specimens of different infill densities observed 
after testing as shown in Fig. 10. The peak load of different specimens of infill density 
10, 20, 30, 40, and 100 are 19 kg, 22 kg, 26 kg, 28 kg, and 55 kg, respectively. The 
relation between load and displacement was observed in the graph shown in Figs. 11, 
12, 13, 14 and 15 for different specimens. Area of failure and flexural strength was 
also observed.

From the above graphs, it is observed that maximum load was applied for 100% 
infill density specimen and the specimen is having higher strength compared to other 
specimens. 

4 Conclusion 

3D printing is an advanced and trending manufacturing technology to produce 
complex shapes and it has a vast applications. 3D printing is a multi-disciplinary 
technology, which involves in all types of things in the world like in medicine, 
construction, robotics, product development, aerospace, aeronautics, automobiles, 
etc., The PLA material, which is a thermoplastic and biodegradable used in this 
study gave better outcomes by testing 3D printed PLA specimens. Results showed 
that the increase in the infill density of 3D printed specimen increase the flexural 
strength.
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Fig. 10 Failure of 3D printed specimens of different infill densities, top view and bottom view 

Fig. 11 3D printed specimen of infill density 10% under flexural test
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Fig. 12 3D printed specimen of infill density 20% under flexural test 

Fig. 13 3D printed specimen of infill density 30% under flexural test
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Fig. 14 3D printed specimen of infill density 40% under flexural test 

Fig. 15 3D printed specimen of infill density 100% under flexural test
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Firefly Algorithm Established Economic 
Load Dispatch with Loss Coefficients 

O. Satya, Gummadi Srinivasa Rao, and B. Venkateswararao 

1 Introduction 

The chief objective of the electrical utility corporation is to offer continuous electrical 
supply to the customer without intermission. In such progression, economic opera-
tion of the system and entire demand fulfilment is essential to attain such that whole 
demand need be equally pooled among the units. Sharing the load among generating 
units reduces the load of generation. By doing this, fuel cost can be reduced. The 
reduction in the fuel cost further reduces the transmission losses. Foremost thoughts 
of fulfilling the objective function are loss minimization and fuel cost reduction. It 
can be obtained by economic load dispatch (ELD). It is established based on actual 
valued organization. In contemporary policy, only the cost function is assessed, and 
a global min. solution is figured self-sufficiently of the cost function [1]. It has also 
shared the generation among the different generating units, in this, less operating 
cost generating units utilized more effectively compared to the highest operating cost 
generating units. It is a constrained problem, and many methods have been estab-
lished to solve these problems. For example, mathematical approaches are used in 
solving the economic load dispatch problems such as Newton–Raphson scheme, and 
estimated Newton–Raphson way is well-organized method. Though mathematical 
approaches are used in solving the economic load dispatch problems, these methods 
slowly started falling back because of difficulty in calculations and large solving 
time. Thus, use of optimization techniques into this field of power system became 
necessary [2]. And many deterministic optimization approaches also used to solve
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ELD problem like lambda iteration method, linear programming, gradient method, 
dynamic programming, nonlinear programming and quadratic programming. The 
mathematical computation becomes easier with the introduction of these optimiza-
tion techniques. On the other hand, these approaches require enormous determina-
tions in terms of computation. Due to difficulties of computing, hence, developing 
well-organized algorithm to catch optimal solution becomes vital. Thus, advanced 
optimization techniques started evolution. Cracking economic load dispatch, viz. 
genetic algorithm, particle swarm optimization, artificial bee colony optimization, 
bacterial foraging and also their alternatives came into picture [3]. 

Optimization procedure genetic algorithms (GA) are used for cracking ED prob-
lems in the last decade [4]. Tabu search is the other optimization techniques that 
is used in resolving ELD problem [5]. In reference [6], details analysis of system 
constraints of economic load dispatch were explained. In detail explanation of meta-
heuristic, optimization techniques were explained in [7]. In reference [8], need of 
economic load dispatch was given thoroughly. In this reference, economic load 
dispatch and generating operating cost were explained thoroughly [9]. Importance 
of optimization techniques in power systems was discussed in detail in this reference 
[10]. The recent fast metaheuristic algorithms have revealed the efficacy in allocating 
best values for finding the optimal solution. In this paper, newly introduced bio-
inspired established optimization technique firefly algorithm (FA) is well-known on 
the blinking behavior of fireflies. It was accompanying that the FA is further healthy 
and effective. 

2 ELD Problem Structure 

Statistically, the ELD is denoted in Eq. 1 with: 

Min : O(x, u) (1) 

Focus to: I(x, u) ≤ 0. 
E(x, u) = 0. 
O(x, u): ELD objective function, I(x, u): set of disparity restrictions, E(x, u): set 

of likeness restrictions. 

2.1 Cost Minimization 

The goal of this is to reduce the cost. The total fuel cost function (F1) for a quantity 
of thermal generating units can be illustrated by the following Eq. 2:
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F1 =
(

NT  G∑
i=1 

αi + βi PTGi  + γi P2 
TGi

)
$/h (2)  

2.2 Constraints 

Equality OPF constraints are present in Eqs. 3 and 4 

PGi − PDi − Pl = 0 (3)  

QGi − QDi − Ql = 0 (4)  

Dissimilarity constraints 
The OPF inequality restrictions are 

(a) Generator restrictions given in Eqs. 5, 6 and 7: 

V min 
Gi ≤ VGi ≤ V max 

Gi ; i ∈ Ng (5) 

Pmin 
Gi ≤ PGi ≤ Pmax 

Gi ; i ∈ Ng (6) 

Qmin 
Gi ≤ QGi ≤ Qmax 

Gi ; i ∈ Ng (7) 

(b) Transformer restrictions given in Eq. 8 

T min 
i ≤ Tm ≤ T max 

i ; i ∈ Nc (8) 

(c) Shunt compensator restrictions provided in Eq. 9: 

Qmin 
ci ≤ Qci ≤ Qmax 

ci ; i ∈ Nc (9) 

2.3 Test System 

The data for six-unit system for an IEEE-30 system is as follows: 

• The data is on 100 MVA base. 
• For the analysis of this system, VPi min, VPi max, δPi  min, δPi  max for i bus is 0.9 p. 

u., 1.1 p. u., −45° and +45°, respectively. Here, VPi min, VPi max are minimum 
and maximum voltage for ith bus considered in per unit. Similarly, δPi  min, δPi  max
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are minimum and maximum degree of randomness considered according to the 
firefly algorithm for ith bus measured in degrees. 

• The total cost rate of the system for six thermal units is given as: 

FT = F1 + F2 + F3 + F4 + F5 + F6 (10) 

• Thus, the six thermal generating units deliberated are having dissimilar charac-
teristics, those are 

F1 = 0.00375P2 
G1 + 2.00PG1 + 0$/h (11) 

F2 = 0.01750P2 
G2 + 1.75PG2 + 0$/h (12)  

F3 = 0.06250P2 
G3 + 1.00PG3 + 0$/h (13) 

F4 = 0.00834P2 
G4 + 3.25PG4 + 0$/h (14)  

F5 = 0.02500P2 
G5 + 3.00PG5 + 0$/h (15) 

F6 = 0.02500P2 
G6 + 3.00PG6 + 0$/h (16) 

• Active and reactive power constraints are considered which are given below: 

50 MW ≤ PG1 ≤ 200 MW (17) 

20 MW ≤ PG2 ≤ 80 MW (18) 

15 MW ≤ PG3 ≤ 50 MW (19) 

10 MW ≤ PG4 ≤ 35 MW (20) 

10 MW ≤ PG5 ≤ 30 MW (21) 

12 MW ≤ PG6 ≤ 40 MW (22) 

−20 MVAR ≤ QG2 ≤ 100 MVAR (23) 

−15 MVAR ≤ QG3 ≤ 80 MVAR (24)
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−15 MVAR ≤ QG4 ≤ 60 MVAR (25) 

−10 MVAR ≤ QG5 ≤ 50 MVAR (26) 

−15 MVAR ≤ QG6 ≤ 60 MVAR (27) 

• Also, the B-loss coefficient matrix of six-unit system is given below. 

B = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎣ 

0.0017 0.0002 0.1522 −0.0001 −0.0005 −0.0002 
0.0012 0.0014 0.0009 0.0001 −0.0006 −0.0001 
0.0007 0.0009 0.0031 0 −0.0010 −0.0006 

−0.0001 0.0001 0 00.0024 −0.0006 −0.0008 
−0.0005 −0.0006 −0.0010 −0.0006 0.0129 −0.0002 
−0.0002 −0.0001 −0.0006 −0.0008 −0.0002 0.0150 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎦ 

(28) 

3 Firefly Optimization Algorithm 

Firefly algorithm is one of the swarm based, developed by Xin-She Yang, gained 
attractiveness because of less computation time, easy to implement and understand. 
FA is based on flashing behavior of lightning bugs [11]. It has several similarities with 
other algorithms like PSO, artificial bee colony optimization (ABC) and bacterial 
foraging (BFA) algorithms. The blinking lights obey certain physical rules, light 
concentration with the growth of distance. In general, the fireflies are a type of insects, 
having wings, living in tropical environment, producing cold light chemically, mostly 
yellow, green, pale-red lights are produced and their larvae are called glow-worm. 
Attraction of fireflies is shown in Fig. 1. The main crafty of firefly algorithm can 
be well-defined on 2 issues, those are variation of light intensity and formulation of 
attractiveness. Firefly algorithm can be employed on the distinct objective function 
[12]. In this ELD problem, generation bounds are stopping criterion of algorithm. 
Ease of implementation is its main advantage.

4 Simulation Results 

The metaheuristic, nature-inspired, optimization algorithm, i.e., firefly algorithm is 
applied to six-unit system for minimizing fuel cost function. The data of generator 
cost coefficients, generation restrictions and B-coefficient matrix of 6-unit system is 
considered from standard IEEE-30 bus system. The two test cases discussed those 
are:
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Fig. 1 Attraction of fireflies

(1). Economic load dispatch with 6 thermal unit system by neglecting losses. 
(2). Economic load dispatch with 6 thermal unit system by considering losses. 

4.1 Case Study-1: Six Thermal Unit System by Neglecting 
Losses 

In this process, the preliminary clarification is generated arbitrarily within achievable 
range. The factors of the firefly algorithm recycled in the delinquent are prearranged 
in Table 1. The consequences for best megawatt generation of six generators are 
given in Table 2, and the results for best cost calculation are given in Table 3. The  
convergence characteristic plot is shown in Fig. 2. From Table 2, it can be observed 
that best possible output is generated for each generator within the specified limits as 
provided above. From Fig. 2, it can be observed that the firefly algorithm converges 
in 10–20 iterations. Also, from Table 3, it can be observed that the best possible cost 
(i.e., optimum cost) is achieved. 

Table 1 Bounds recycled in 
firefly algorithm 

S. No. Stricture Bound value 

1 Overall no. of fireflies 20 

2 Extreme no. of iterations 100 

3 Randomness factor (α) 0.2 

4 Attractiveness bound at r = 0, (β0) 2 

5 Absorption quantity (γ ) 1
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Table 2 Results for ELD by 
neglecting losses using firefly 
algorithm 

Generator No. Power generation (MW) 

1 185.40 

2 46.87 

5 19.12 

8 10.00 

11 10.00 

13 12.00 

Table 3 Result for fuel cost 
and elapsed time using FA 

Description Using FA 

Fuel cost ($/h) 767.6021 

Elapsed time (s) 1.286669 

Fig. 2 Convergence characteristics plot of FA without losses 

4.2 Case Study-2: Six Thermal Unit System by Considering 
Losses 

In this way, the initial elucidation is made erratically within possible range. The 
constraints of the firefly algorithm charity in the delinquent are set in Table 4. The  
outcomes for best megawatt generation of generators are given in Table 5, and the 
results for best cost calculation and total losses are given in Table 6. The convergence 
characteristic plot is shown in Fig. 3. From Table 5, it can be observed that best 
possible output is generated for each generator within the specified limits as provided
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Table 4 Constraints recycled 
in firefly algorithm 

S. No. Factor Bound value 

1 Entire number of fireflies 30 

2 Extreme no. of iterations 50 

3 Randomness bound (α) 0.2 

4 Attractiveness factor at r = 0,(β0) 2 

5 Absorption coefficient (γ ) 1 

Table 5 Results for ELD by 
considering losses using 
firefly algorithm 

Generator No. Power generation (MW) 

1 186.40 

2 46.83 

5 19.72 

8 10.00 

11 10.00 

13 12.00 

Table 6 Result for fuel cost, 
total losses and elapsed time 
using FA 

Description Using FA 

Fuel cost ($/hr) 779.6898 

Total losses (MW) 1.56 

Elapsed time (s) 0.0357

above. From Fig. 3, it can be observed that the firefly algorithm converges in 5–10 
iterations. Also, from Table 6, it can be observed that the best possible cost (i.e., 
optimum cost) is achieved with minimum losses. 

4.3 Comparison of Fuel Cost for Dissimilar Methods 
for IEEE-30 Bus System by ignoring Losses 

From Table 7, it can be observed that the fuel cost is calculated for six-generator units 
for IEEE-30 system by using different methods by neglecting losses in the system. 
From this, it can be inferred that the fuel cost calculated by firefly algorithm is the 
best fuel cost.
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Fig. 3 Convergence characteristics plot of FA with losses

Table 7 Assessment of fuel 
cost for IEEE-30 bus system 
by ignoring losses 

Process Fuel cost ($/h) Elapsed time (s) 

Lambda iteration method 785 2.00271 

Nonlinear programming 777.6026 0.72594 

Quadratic programming 777.6026 0.168912 

Genetic algorithm 777.6024 1.374535 

Firefly algorithm 767.6021 1.286669 

4.4 Comparison of Fuel Cost for Diverse Methods 
for IEEE-30 Bus System by Considering Losses 

From Table 8, it can be observed that the fuel cost is calculated for six-generator units 
for IEEE-30 system by using different methods by considering losses. From this, it 
can inferred that the fuel cost calculated by firefly algorithm is the best fuel cost. 
Hereafter, the firefly algorithm is additional convergent and give optimal solution. As 
explained in the paper, every method has their way of solving and the results obtained 
from the firefly algorithm can explain that using the firefly algorithm provide the 
better optimization result, that is the best solution.
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Table 8 Relationship of fuel 
cost for IEEE-30 bus system 
by seeing losses 

Technique Fuel cost ($/h) Elapsed time (s) 

Lambda iteration method 783.27 2.105946 

Nonlinear programming 783.59 0.347736 

Quadratic programming 788.37 0.190577 

Genetic algorithm 784.28 1.87542 

Firefly algorithm 779.6898 0.0357 

5 Conclusion 

In this paper, ELD problem solved with firefly algorithm by considering two different 
cases those are without and with losses for achieving best generation. It was observed 
that without considering the losses to meet the load demand of 283.4 MW, the cost 
required with FA is 767.6021 $/h, in the second case, with considering the losses to 
meet the same demand, it is required to generate more power that was 284.95 MW, 
it indicates that losses were 1.56 MW and generation cost was also increased to 
779.6898 $/h. From the obtained results, it was observed that FA produces the better 
results compared to other methods like lambda iteration, NLP, QP and GA techniques. 
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The Application of TOPSIS Method 
for Optimization of Machining 
Parameters During Hard Turning of H13 
Tool Steel 

K. Anoop and Kalyan Chakraborty 

1 Introduction 

The machining process is one of the important production routes to manufac-
ture mechanical components. But for better machining performance, sometimes, it 
becomes essential to optimize the process parameters. The hard turning is beneficial 
in comparison with the grinding. The production rate and the economic produc-
tion improve due to hard turning. The selection of proper process parameters is 
an important requirement with the manufacturing shop floor. This is for higher 
machining performance. The response parameters, namely surface roughness, chip 
reduction coefficient (considered as a measure of cutting force), chip type, etc., can 
be considered to assess the quality of the manufactured component. 

Studies were performed on sustainable machining techniques. Sustainable 
machining techniques and parameters were identified on which sustainability of 
a process is evaluated. The fuzzy TOPSIS decoupled method was utilized to eval-
uate sustainable machining techniques. The cryogenic machining, dry machining, 
minimum quantity lubrication (MQL) machining, and high-pressure jet machining 
were selected for the study. The linguistic variables represented by fuzzy numbers 
are transformed in to crips numbers. Cryogenic machining was identified as the best 
alternative sustainable technique [1]. The effectiveness of the Taguchi-based simple 
additive weighting and Taguchi-based TOPSIS methodologies was analyzed. The 
AlMg3 (AA 5754) alloy was machined in the computer numerical control (CNC) 
lathe using the carbide tool. The metal removal rate and surface roughness were 
considered as process responses. Similar parametric conditions were identified in 
respect of speed, feed, and depth of cut by both the methodologies. In addition to this 
finding, both the methodologies indicated the DOC as the most significant and feed

K. Anoop · K. Chakraborty (B) 
National Institute of Technology, Silchar, Assam 788010, India 
e-mail: chakrabortykalyan623@gmail.com 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
B. B. V. L. Deepak et al. (eds.), Recent Trends in Product Design and Intelligent 
Manufacturing Systems, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-4606-6_72 

787

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4606-6_72\&domain=pdf
mailto:chakrabortykalyan623@gmail.com
https://doi.org/10.1007/978-981-19-4606-6_72


788 K. Anoop and K. Chakraborty

as the least significant parameters. Obtained percentage contributions by the DOC 
using T-SAW and T-TOPSIS methodologies were 65.22% and 65.35%, respectively. 
The T-SAW methodology was identified as the very simple effective method to 
identify proper parametric setting with reference to the other multi-criteria decision-
making approaches [2]. The fuzzy–TOPSIS decoupled methodology was used for 
the optimization. The machining was for twenty-seven different experimental condi-
tions. According to ANOVA, depth of cut was the most significant factor for cutting 
force and tool wear. The optimality condition was thereafter attained [3]. The poor 
productivity, higher manufacturing cost, and the problem with the cooling method 
have been reported for machining of 17–4 precipitated hardened stainless steel. The 
Taguchi gray relational and the Taguchi TOPSIS optimization method were applied 
to optimize the multi-responses during the turning of this steel. The Taguchi gray 
relational method optimized the machining conditions. The effects of the process 
parameters and the interaction on the machining performance have been studied 
[4]. Optimal parameter setting was obtained by applying multi-attribute decision-
making methods (MADMs). Ti-6Al-4 V alloy was turned following Taguchi’s L27 
DOE methodology under MQL conditions using Jatropha-carcass oil (JCO) bio-
based lubricant. The textured carbide tool was used for the machining. The analytic 
hierarchy process, TOPSIS, and simple additive weighting methods were used to 
optimize machining parameters. The response parameters were surface roughness, 
flank wear, force, and temperature. Optimal parameter setting was obtained at v = 
80 m/min, f = 0.05 mm/rev., doc = 0.10 mm. Finally, results of TOPSIS and SAW 
were compared [5]. The effect of DOC, cutting length, speed, and feed on surface 
roughness, flank wear, power consumption, and MRR was analyzed for high-speed 
machining of Ti-6Al-4 V alloy. BPNN along with TOPSIS fuzzy decoupled approach 
was used to optimize the machining performance. The predicted machining responses 
were in agreement with the experimental results at the optimal condition [6]. The 
metal matrix composite (90% magnesium and SiC%) was produced by stir casting. 
Turning was performed the following central composite design. The input parameters 
(three levels) and output responses (surface roughness, surface hardness, and out of 
roundness) were considered for the analysis. The weightage of the TOPSIS method 
was evaluated by using the entropy method. The multi-attributes were optimized 
using the TOPSIS method. The literature review shows the inadequate studies on 
the application of the TOPSIS method in hard turning process parameter optimiza-
tion. Optimal condition was obtained at the speed of 500 rpm, feed of 0.2 mm/rev., 
and doc of 0.2 mm [7]. The aim of the present study is to (I) optimize the hard 
turning parameters (H13 tool steel) using the TOPSIS method, (ii) analyze the signif-
icance and interaction of the hard turning parameters using the ANOVA and Taguchi 
methodology, and (iii) explain an approach to validate the optimization result.
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Fig. 1 Turned H13 tool steel 

Table 1 Machining 
parameters and levels 

Parameters/levels −1(1) 0(2) 1(3) 

Speed, v, (m/min) 64 80 100 

Feed, f, (mm/rev.) 0.07 0.10 0.14 

DOC (mm) 0.67 1.0 1.5 

2 Experimental Procedures 

H13 tool steel was procured in the form of a cylindrical bar. The workpiece was 
turned in the lathe using Tungaloy made tool insert (Fig. 1). 27 experiments were 
performed. The experiments were performed according to 33 factorial designs. 
Machining parameter levels and corresponding values are shown in Table 1. The  
experimental sequence is 1(−1 −1 −1), 2(−1 −1 0),  3(−1 −1 1),  4(−1 0  −1), 5(−1 
0 0),  6(−1 0 1),  7(−1 1  −1), 8(−1 1 0),  9(−1 1 1), 10(0 −1 −1), 11(0 −1 0), 12(0 
−1 1), 13(0 0 1), 14(0 0 0), 15(0 0 1), 16(0 1 −1), 17(0 1 0), 18(0 1 1), 19(1 −1 − 
1), 20(1 −1 0), 21(1 −1 1), 22(1 0 −1), 23(1 0 0), 24(1 0 1), 25(1 1 −1), 26(1 1 0), 
27(1, 1, 1). 

The surface roughness values were measured by using the 3D optical surface 
profilometer. The chip reduction coefficients were determined by using the Eq. (1) 

CRC  = t2 
t1 

(1) 

where t2 = formed chip thickness (mm) and t1 = uncut chip thickness (mm). Finally, 
chip surfaces were examined by the scanning electron microscope. 

3 The TOPSIS Methodology 

The multi-objective optimization of hard turning parameters was done by TOPSIS 
method. In this study, the surface roughness and the CRC were the objectives for 
optimization. The composite index was obtained by using the TOPSIS method. Usual 
steps of TOPSIS method were selected to convert the multiple responses to a single 
response [8, 9].
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4 Results and Discussion 

4.1 Topsis 

Respective values of Ra and CRC are 1(1.9880, 6.9613), 2(1.5900, 10.3480), 
3(1.5000, 11.5083), 4(1.1870, 9.8023), 5(1.2769, 11.0930), 6(1.2080, 10.9843), 
7(1.0720, 7.5994), 8(1.4640, 12.3784), 9(1.3630, 10.6629), 10(2.6770, 11.0055), 
11(1.6480, 8.8342), 12(1.6040, 9.8508), 13(1.4780, 9.0969), 14(1.7930, 7.5348), 
15(1.5600, 9.1007), 16(1.6880, 7.2569), 17(1.6030, 9.1878), 18(1.2020, 4.0386), 
19(1.8290, 2.2596), 20(2.2880, 9.2431), 21(1.2060, 9.2928), 22(1.6750, 7.4418), 
23(0.8720, 8.1318), 24(1.6800, 4.8139), 25(1.3520, 6.1713), 26(1.1090, 8.0469), 
27(1.5580, 8.3536). Respective normalized values are 1(0.2421, 0.1512), 2(0.1936, 
0.2248), 3(0.1827, 0.2500), 4(0.1445, 0.2130), 5(0.1554, 0.2410), 6(0.1471, 0.2386), 
7(0.1305, 0.1651), 8(0.1783, 0.2689), 9(0.1660, 0.2317), 10(0.3260, 0.2391), 
11(0.2007, 0.1919), 12(0.1953, 0.2140), 13(0.1800, 0.1976), 14(0.2183,0.1637), 
15(0.1900,0.1977), 16(0.2056, 0.1577), 17(0.1952, 0.1996), 18(0.1464, 0.0877), 
19(0.2227, 0.0491), 20(0.2786, 0.2008), 21(0.1469, 0.2019), 22(0.2040, 0.1617), 
23(0.1062, 0.1767), 24(0.2046, 0.1046), 25(0.1646, 0.1341), 26(0.1350, 0.1748), 
27(0.1897, 0.1815). Respective weighted normalized values are 1((0.1210, 0.0756), 
2(0.0968, 0.1124), 3(0.0913, 0.1250), 4(0.0723,0.1065), 5(0.0777, 0.1205), 
6(0.0735, 0.1193), 7(0.0653, 0.0826), 8(0.0891, 0.1345), 9(0.0830, 0.1158), 
10(0.1630, 0.1196), 11(0.1003, 0.0960), 12(0.0977, 0.1070), 13(0.0900, 0.0988), 
14(0.1092, 0.0818), 15(0.0950, 0.0989), 16(0.1028, 0.0788), 17(0.0976, 0.0998), 
18(0.0732, 0.0439), 19(0.1114, 0.0245), 20(0.1393, 0.1004), 21(0.0734, 0.1009), 
22(0.1020, 0.0808), 23(0.0531, 0.0883), 24(0.1023, 0.0523), 25(0.0823, 0.0670), 
26(0.0675, 0.0874), 27(0.0949, 0.0907). The closeness coefficients were obtained 
(after separation measures) as 1(0.4595), 2(0.4155), 3(0.4021), 4(0.5301), 5(0.4660), 
6(0.4834), 7(0.6512), 8(0.3897), 9(0.4610), 10(0.0931), 11(0.4620), 12(0.4305), 
13(0.4948), 14(0.4842), 15(0.4737), 16(0.5270), 17(0.4584), 18(0.8207), 
19(0.6758), 20(0.2654), 21(0.5474), 22(0.5214), 23(0.6514), 24(0.6440), 
25(0.6709), 26(0.6227), 27(0.5084). Subsequently, first rank was obtained by 
expt. no. 18, second rank was obtained by expt. no. 19, and third rank was obtained 
by expt. no. 25. The optimum process parameters were identified at experiment 
number 18 (Rank 1), i.e., at (011) using the TOPSIS method. 

4.2 The ANOVA and Interaction 

The results of the ANOVA for Ra and CRC are shown in Tables 2 and 3. It is seen 
that the feed is the most influential parameter (since F ratio = 4.11 > 3.4928) for 
surface roughness response (Table 2). From ANOVA Table 3, it is seen that speed is 
the most significant parameter for the CRC response (since F ratio = 3.58 > 3.4928).
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Table 2 The ANOVA for Ra Source for Ra F ratio % cont. 

v 2.14 12.16 

f 4.41* 25.11 

d 1.02 5.81 

Total 

error 56.92 

*Significant AT 95% Confidence level, F2, 20, 0.95 = 3.4928 (tabu-
lated F ratio in statistical table), F2, 20, 0.95 = 4.41 (obtained for 
surface roughness), F2, 20, 0.95 = 3.58 (obtained for CRC) 

Table 3 The ANOVA for 
CRC 

Source for CRC F ratio %cont 

v* 3.58* 23.04 

f 0.08 

d 1.88 0.54 

Total 

error 64.35 

*Significant AT 95% Confidence level, F2, 20, 0.95 = 3.4928 (tabu-
lated F ratio in statistical table), F2, 20, 0.95 = 4.41 (obtained for 
surface roughness), F2, 20, 0.95 = 3.58 (obtained for CRC) 

4.2.1 Average Surface Roughness Response 

At f = −1 and d = −1, Ra increases and thereafter decreases with increase of 
speed (Fig. 2a). At f = 0 and d = 0, the Ra increases and thereafter decreases 
with the increase of speed (Fig. 2a). At f = 1 and d = 1, the Ra decreases and 
thereafter increases with the increase of speed (Fig. 2a). At v = −1 and f = −1, Ra 
decreases with increase of DOC (Fig. 2b). At v = 0 and f = 0, the Ra increases and 
thereafter decreases with the increase of DOC (Fig. 2b). At v = 1 and f = 1, the Ra 
decreases and thereafter increases (Fig. 2b). At v = −1 and d = −1, the Ra reduces 
for the higher feed (Fig. 2c). At v = 0 and d = 0, the Ra increases and thereafter 
reduces for the higher feed (Fig. 2c). At v = 1 and d = 1, the Ra increases and 
thereafter decreases with the feed (Fig. 2c). Overall study indicates that feed is the 
most influential parameter for the surface roughness response as seen in Fig. 2c (v 
= −1 and d = −1). This is in agreement with the ANOVA result (Table 2).

4.2.2 Average CRC Response 

At f =−1 and d =−1, the CRC increases and thereafter decreases with the increase 
of speed (Fig. 2d). At f = 0 and d = 0, the CRC decreases and thereafter increases 
with the increase of speed (Fig. 2d). At f = 1 and d = 1, the CRC decreases and
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Fig. 2 Variations of Ra and CRC with reference to speed, DOC, and feed a X (v), Y (Ra), b X 
(DOC), Y (Ra), c X (f), Y (Ra), d X (v), Y (CRC), e X (DOC), Y (CRC), f X (f), Y (CRC). Legend 
solid line (−1 −1), dashed line (0 0), dotted line (1 1)

thereafter increases with the increase of speed (Fig. 2d). At v =−1 and f =−1, the 
CRC increases with the increase of DOC (Fig. 2e). At v = 0 and f = 0, the CRC 
reduces for the higher DOC (Fig. 2e). At v = 1 and f = 1, the CRC raises for the 
higher DOC (Fig. 2e). At v = −1 and d = −1, the CRC increases and thereafter 
reduces for the higher feed (Fig. 2f). At v = 0 and d = 0, the CRC decreases and 
thereafter raises for the higher feed (see Fig. 2f). At v = 1 and d = 1, the CRC 
decreases and thereafter raises for the higher feed (Fig. 2f). Overall study indicates 
that speed is the most influential parameter for the CRC response as seen in Fig. 2d 
(v = −1 and d = −1). This is in agreement with the ANOVA result (Table 3). From 
Fig. 2a–f, it is found that an effect of the interaction is always operating. 

4.3 The Validation Study 

Figure 3a–c show the results of surface roughness values from the 3D surface rough-
ness profilometer at (011), (−111), and (111). The best result is obtained at (011) 
(Fig. 3a) which is again in agreement with the results from the TOPSIS method.
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a) (011) (b) (-111) (c) (111) 

Fig. 3 Surface roughness images by the 3D optical surface roughness profilometer 

Figure 4a–c show the photo macrographs of obtained chips at (011), (−111), 
and (111) conditions. The collected chips at (011) (Fig. 4a) show that the chips 
are of tubular semicontinuous type (preferable). The chips at (−111) (Fig. 4b) are 
of smaller discontinuous type (not preferable). Figure 4c shows long ribbon type 
continuous chips at (111). Long continuous chip type is also not preferable because 
of the problem of chip disposability. This chip study also indicates that the best 
possible chip formation mode can be at (011) which is again in agreement with the 
result from the TOPSIS method. Thus, the optimization result by the TOPSIS method 
has been validated. The experimental chips were examined under the scanning elec-
tron microscope. The chip formation mode was found to be favorable only at (011) 
condition. The chip top surface (see Fig. 5a) indicated that the chip formation process 
occurred by the successive lamellar shear sliding mechanism. The surface (under) of 
the chip also showed the favorable chip formation mode. The chip (under) surface 
(Fig. 5b) showed the absence of material sticking action, absence of material side 
flow, absence of any crack, etc. Thus, an ideal chip formation mechanism is revealed 
at this machining condition. The chip at (011) showed the most favorable chip forma-
tion mode among all the experimental chips at various machining conditions. This 
finding is also in agreement with the result from the TOPSIS method. Thus, the 
results indicate that the TOPSIS method is appropriate for solving multi-criteria 
optimization of process parameters. 

(a) (011) (b) (-111) (c) (111) 

Fig. 4 Chip types at different levels
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(a) Chip (top) surface (011) X1000                    (b)  Chip (under) surface (011) X500     

Fig. 5 SEM images of chip surfaces at (011) 

5 Conclusions 

The TOPSIS method can be applied to optimize the process parameters. The opti-
mality condition was obtained at (011), i.e., at the speed of 80 m/min, feed of 
0.14 mm/rev, and DOC of 1.5 mm. The results on the average responses using the 
Taguchi methodology are in agreement with results from the ANOVA. The effect of 
interaction on the process responses is always operating. The optimization results 
using the TOPSIS method can be validated by the qualitative assessment. 
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Optimization of Process Parameters 
for Tribological Behaviour 
of AA7075+WC Metal Matrix Composite 
Using ANOVA 

Y. Phaneendra, B. N. Dhanunjaya Rao, R. Bammidi, Bh. Nagesh, 
and I. N. Niranjan Kumar 

1 Introduction 

Aluminium Metal Matrix Composites (MMCs) and their alloys are widely used 
in high-strength structural applications since they are part of family of high-
performance lightweight materials, highly conductive and ductile [1]. In the 
aerospace and automobile industries, Many structural applications are well-suited 
to aluminium-based alloys [2]. Aluminium is currently one of the most preferred 
matrix materials for metal matrix composites. In order to fulfil the global need 
for environmentally friendly, low-weight, high-performance, corrosion and wear-
resistant materials, research has transitioned from the materials of monolithic to 
composite materials during the previous two decades [3, 4]. The prepared specimen 
was subjected to a tribology test with a pin-on-disc apparatus. Due to their advan-
tageous properties that may be adjusted by adding certain reinforcements, MMCs 
are gradually becoming fascinating materials for advanced aeronautical applications 
[5]. Over the years, a number of composite materials have been used in a variety 
of functional applications [6], structural applications and non-structural applica-
tions in a variety of engineering fields [7]. In Aluminium MMCs, reinforcement 
can take the shape of particles, whiskers, continuous/discontinuous fibres in various 
volume/weight fractions [8]. Aluminium MMCs can be customised to meet the needs
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of various industries [9]. The properties of Aluminium MMCs can be tailored to 
the needs of diverse industrial applications by combining the suitable matrix, rein-
forcement and fabrication process [10]. MMCs are ideal for various applications 
that require a combination of mechanical strength properties, thermal properties 
and damping capabilities in a low-density material [11]. MMCs are more useful 
in aerospace and automotive applications related to the tribological behaviour of 
material along with strength properties [12, 13]. Because of its superior corrosion 
and wear resistance, MMCs are used in the automotive industry for pistons, brake 
drums and cylinder blocks [14]. The weight of the reinforcements ranged between 
1 and 2%. Concentration, mechanical characteristics and dry sliding wear were all 
evaluated on the composite [15]. Based on literature collected, many researchers 
are focused on findings on wear behaviour of MMCs but lacking in predicting the 
influencing factors by optimisation process. Here, the work is aimed at investigating 
the influencing parameters on its wear behaviour of nanoparticle reinforced MMCs 
composite. Aluminium is considered as metal matrix and WC is considered as nano 
reinforcement to fabricate MMCs through stir-casting metallurgy technique. It was 
discovered that the type of reinforcement and its volume percentage had a substan-
tial relationship. The findings indicated that the particle reinforcement is the most 
effective way to improve MMC wear resistance. 

2 Experimental Procedure 

2.1 Materials Required 

Because of its better characteristics the Al-7075 alloy is chosen as matrix and the 
percentage of chemical composition is as follows, that is Si (0.45), Fe (0.50), Cu 
(1.8–2.0), Mn (0.2), Mg (2.0–2.8), Cr (0.18–0.25), Zn (4.8–5.9), Ti (0.20) and others 
(0.05), respectively. The reinforcement chosen is 150 to 160 microns average-sized 
WC. Because of its high hardness and thermal conductivity, WC improves the wear 
resistance of the Al/WC metal matrix composite after being incorporated into a soft 
ductile aluminium base matrix. 

2.2 Metal Matrix Composite Preparation 

Significant interfacial adhesion (wetting) between the dispersion medium and the 
matrix is required to obtain good mechanical characteristics in the composite. Many 
researchers have used the stir-casting process to produce metal matrix composites 
because it is easy and inexpensive [13]. 

The Al 7075 alloy is first melted to a temperature of 800 °C in an electrical 
furnace, as illustrated in Fig. 1. As illustrated in Fig. 3, to make cylindrical samples,
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Fig. 1 Al 7075 alloy 
Melting in electrical furnace 

the liquified metal mixture is injected into a split piece die and then the desired 
components are prepared by machining for 10 mm diameter (Fig. 2). 

Fig. 2 As-Cast Al 7075 
alloy 

Fig. 3 Machined Al 
7075/WC composite sample



800 Y. Phaneendra et al.

Table 1 Process parameters 
and their levels 

Factors Levels 

1 2 3 

Load (N) 10 20 30 

Sliding Speed (m/s) 400 600 800 

Sliding Distance (m) 1000 1500 2000 

2.3 Wear Behaviour 

The exploratory approach aims to identify the critical elements and combinations of 
parameters that influence the wear process in order to reduce the wear rate and COF 
as much as possible. The studies were meant to determine the connection between 
the influencing parameters such as sliding speed, applied load and sliding distance 
using an orthogonal array. The sliding wear properties were evaluated for composite 
using the pin-on-disc apparatus as discussed before. The cast samples were machined 
to diameter of 10 mm and 25 mm lengths, after which the pieces were tested (Table 
1). 

2.4 Design of Experiments 

The number of components and their relations, the number of levels for the relations 
and the desired experimental precision or economic constraints all impact the choice 
of orthogonal array. The Taguchi model’s run sequence was used to conduct a total 
of nine trials. The signal-to-noise relationship (S/N), which condenses multiple data 
points throughout a test, is influenced by the type of feature to be analysed [16]. 
The properties of the S/N ratio may be classified into three groups: ’the nominal is 
better,’ ’the bigger the better’ and ’the smaller the better.’ Smaller the better’ features 
are used to assess the dry wear resistance. The ’smaller is better’ characteristic of 
Taguchi is utilised for calculating the S/N wear ratio and the friction coefficient. 

3 Result and Discussion 

In order to get the lowest wear rate (WR) and friction coefficient feasible, the exper-
imental method seeks to uncover essential elements and combinations of factors that 
impact our wear mechanism. These experiments were conceived using an orthog-
onal array to determine if the sliding speed, weight and sliding distance are related. 
Taguchi proposes a conceptual technique of analysing S / N ratios that involves 
diagramming effects and illustrating the essential components graphically.
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3.1 Results of Experiment Statistical Analysis 

The results were achieved by utilising an orthogonal array to conduct the experiment 
for different combinations of factors. MINITAB 20 tool, was used to analyse the 
measured data, which is designed for design of experiments (Tables 2 and 3). 

Figures 4, 5, 6 and 7 show a visual impact of 1% on wear rate and COF of process 
parameters whereas Figs. 8, 9, 10 and 11 show a 2% influence on rate of wear and 
friction coefficient of the process parameters in graphically.

Tables 4 and 5 demonstrate that the applied friction coefficient is most influenced 
by the load. Therefore, the load applied is an essential control element that has to be 
considered during the friction coefficient with a respective sliding speed and sliding 
distance.

Table 2 Results for Al-7075/ 1% WC of L9 Orthogonal array 

Experimental values S/N ratios 

Experiments COF WC 1% SWR WC 1% COF WC 1% SWR WC 1% 

R1 0.180 0.000471 14.8945 66.5396 

R2 0.270 0.0003297 11.3727 69.6376 

R3 0.300 0.000262975 10.4576 71.6017 

R4 0.345 0.000191017 9.2436 74.3786 

R5 0.360 0.000153075 8.8739 76.3019 

R6 0.335 0.000302225 9.4991 70.3934 

R7 0.263 0.000154383 11.5899 76.2280 

R8 0.287 0.000277367 10.8525 71.1389 

R9 0.257 0.000230267 11.8126 72.7554 

Table 3 Results for Al-7075/ 2% WC of L9 Orthogonal array 

Experimental values S/N ratios 

Experiments COF WC 2% SWR WC 2% COF WC 2% SWR WC 2% 

R1 0.410 0.0005181 7.7443 65.7117 

R2 0.520 0.0003506 5.6799 69.1029 

R3 0.320 0.0002747 9.8970 71.2212 

R4 0.325 0.0001962 9.7623 74.1438 

R5 0.355 0.0001629 8.9954 75.7622 

R6 0.340 0.0002630 9.3704 71.6017 

R7 0.297 0.0001099 10.5546 79.1800 

R8 0.343 0.0001622 9.2857 75.7972 

R9 0.313 0.0001308 10.0799 77.6656 
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Fig. 4 Main effect plots for 
S/N ratio—COF (1%WC) 

Fig. 5 Main effect plots for 
means—COF (1%WC) 

Fig. 6 Main effect plots for 
S/N ratio—WR (1%WC)
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Fig. 7 Main effect plots for 
means—WR (1%WC) 

Fig. 8 Main effect plots for 
S/N ratio—COF (2%WC) 

Fig. 9 Main effect plots for 
means—COF (2%WC)
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Fig. 10 Main effect plots 
for S/N ratio—WR (2%WC) 

Fig. 11 Main effect plots 
for means—WR (2%WC)

Table 4 Analysis of variance for means (specific wear rate) (1%WC) 

Source DF Seq SS Adj SS Adj MS F P % Contribution 

Load 2 0.000015 0.000015 0.000008 120.93 0.008 51.7 

Speed 2 0.000001 0.000001 0.000000 7.84 0.113 3.5 

Distance 2 0.000013 0.000013 0.000006 101.20 0.010 44.8 

Residual error 2 0.000000 0.000000 0.000000 

Total 8 0.000029 

Table 5 Analysis of variance for means (specific wear rate) (2%WC) 

Source DF Seq SS Adj SS Adj MS F P % Contribution 

Load 2 0.0000015 0.0000015 0.000000 1.50 0.400 15.32 

Speed 2 0.0000023 0.0000023 0.000000 0.87 0.535 23.46 

Distance 2 0.000006 0.000006 0.000003 53.55 0.018 61.22 

Residual error 2 0.000000 0.000000 0.000000 

Total 8 0.0000098
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3.2 Analysis of Variance (ANOVA) for Wear Test 

Analysis of Variance (ANOVA) was performed to analyse the effect of the wearing 
factors, namely load application, speed of sliding and distance of sliding that impact 
performance measurements considerably. From the analysis of variance of Al-7075/ 
1% WC reinforced composites, Highest impact on the specific rate of wear is 51.7% 
applied load, preceded by 44.8% sliding distance and applied load of 3.5% and for 
COF the applied load has highest influence of 64.6%, sliding speed of 12.7% and 
sliding distance of 10.2%. 

For Al-7075/ 2% WC metal matrix composites, the sliding distance has major 
impact of 61.22% on specific rate of wear, preceded by sliding speed of 23.46% and 
applied load of 15.32% and for coefficient friction the applied load is shown highest 
influence of 42.74%, sliding speed of 28.91% and sliding distance of 15.84%. 

3.3 Conformation Test 

The confirmation experiments are conducted with the arbitrary levels for the speci-
fied factors and the results (i.e. specific wear rate and COF) are compared with the 
predicted results from the developed regression equation for Al-7075/ 1 and 2% WC 
MMCs. Three experiments are conducted for each confirmation test of wt% of WC 
among which highest accuracy for 1 wt% WC is 95.83% for SWR and 97.9% for 
COF followed by the 2 wt% composite with 97.02% for SWR and 95.16% for COF. 

4 Conclusions 

Tribological behaviour of Al-7075 aluminium alloy enhanced by stir-casting method 
with tungsten carbide particles (1% to 2% weight to WC). Using a pin-on-disc wear 
test, wear & frictional characteristics of the reinforced AA7075+WC metal matrix 
composites were investigated. 

1. For Al-7075/ 1% WC metal matrix composites, the applied load has the major 
impact of 51.7% on specific wear rate, preceded by sliding distance of 44.8% 
and applied load of 3.5% and for coefficient friction the applied load has highest 
influence of 64.6%, sliding speed of 12.7% and sliding distance of 10.2%. 

2. The sliding distance has a maximum effect of 61.22% in the case of Al-7075/ 
2% WC metal matrix composites on the specific rate of wear, accompanied by 
23.46% of sliding speed and a 15.32% of applied load, with a maximum influence 
of 42.74% on the applied load and a sliding speed of 28.91% and a sliding distance 
of 15.84%. 

We predicted from the preceding findings that the applied load & sliding distance 
in both wt% of AA7075+WC composites had the largest effect in the specific wear
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rate. In the same way, the load used in both composites is essential parameter, which 
has a substantial effect on COF. The trials were therefore effectively designed using 
Taguchi to forecast the tribological performance of composites. 
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Experimentation for a Better Magnetic 
Force Microscopy Probe 

P. H. J. Venkatesh, Asit Kumar Meher, P. Sreenivasulu, Sumansekhar Takri, 
M. Tarun, and R. Rudrabhi Ramu 

1 Introduction 

The atomic force microscope lens (AFM) is a mechanical profilometer that recog-
nizes powers with the assistance of a cantilever. The significant motivation behind 
this magnifying instrument is to evaluate powers or associations between a sharp 
examining tip and an example surface, which made the way for the formation of 
extra filtering probe microscopes (SPMs) including the magnetic force microscope 
(MFM). This breakthrough enables AFM to characterize the surface properties of 
thin conducting and non-conducting films without exposing them to electron beam 
radiation [1]. At the molecular level, organic materials such as fragile thin sheets 
were photographed. Organic macromolecules, polymers, pottery, and glasses would 
all be able to be considered with AFM. The instrument is constantly being enhanced, 
in addition to being applicable to a wide range of materials [2–5].
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Fig. 1 MFM image of CoCr film 

An AFM utilizes a cantilever with an extremely sharp tip to examine an example 
surface. The tip moves toward the surface because of the short proximity, alluring 
power between the surface and the tip [6]. 

Magnetic force microscopy (MFM) is an atomic force microscopy (AFM) tech-
nique in which a magnetic-coated AFM tip is used to probe local magnetic fields 
with the standard AFM spatial resolution, allowing images representing the local 
magnetic characteristics of nanoscale objects to be recorded [1, 4, 7]. 

1.1 Different Modes of AFM 

The most imagnetic force imaging method involves scanning the sample two times. 
Figure 1 depicts MFM and AFM scans of a CoCr thin film (Courtesy–Park AFM 
Systems). Figure 2 depicts the SPM system that was used [8, 9].

1.2 Working Principle 

The sample (with magnetic properties) is mounted on a stage that moves along the 
Z-axis for this technique. The magnetic force between the tip/probe and the sample 
causes the cantilever to bend and the oscillations to be recorded, while the specimen 
is resting under the cantilever’s tip. In addition to the magnetic forces between the 
sample surface and the tip, van der Waals forces are at work in this setup [7, 10– 
12]. These are weaker forces that exist between the atoms of the tip and those of 
the sample surface (van der Waal forces). They are, nonetheless, more fragile than 
attractive powers relying upon the distance between the two. The cantilever sways 
as the tip goes (all over) across the example surface, causing changes in the rakish 
avoidances of the light bar reflecting off the cantilever’s surface.
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Fig. 2 SPM setup in the cryogenic engineering center

1.3 Sputtering 

Faltering is an actual peculiarity that happens when tiny particles of a strong mate-
rial are catapulted from its surface subsequent to being barraged by lively plasma 
particles. It happens normally on the external surface of the objective material and is 
removed. Its capacity to follow up on incredibly fine layers of material [11] (Figs. 3, 
4 and 5). 

Fig. 3 Sputtering block diagram [11]
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Fig. 4 Plasma generation during deposition 

Fig. 5 Sputtering chamber in cryogenic engineering center 

2 Methodology 

The main objective of the experiment to investigate an optimum deposition condi-
tion which will result the film having Hc < 100Oe and Ms < 300emu/cc and to coat 
Silicon based AFM cantilever tips with magnetic material using the optimum depo-
sition condition. Characterize the coated tip surface and magnetic properties and to
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Fig. 6 M-H plots of the Kanthal sample [11] 

magnetize the coated tip along the tip direction and to perform MFM scan with the 
developed tip and study its performance [2, 3, 6]. 

2.1 Selection of Material 

The main objective of this work was to coat the existing silicon-based AFM tip with a 
magnetic material having low coercivity (Hc ∼ 50Oe) and saturation magnetization 
(Ms ∼ 300emu/cc). Main motive of selecting FeGa as a magnetic coating material 
is that it has high saturation magnetostriction and has many applications in sensors, 
actuators, and energy harvesting devices. 

Amount of 7 mg kanthal and scanned it by using SQUID under 3 condition: 

6-T magnetic field at a temperature of 300° K 
6-T magnetic field at a temperature of 100° K 
0.1-T magnetic field at a temperature of 300° K. 

By taking the data points, we have plotted the curve of the magnetic field and 
saturation magnetization in origin (Fig. 6). 

2.2 Thin Film Deposition 

To obtain a thin film coating over the AFM probe, it was necessary to obtain an 
optimum deposition condition which will yield with a good surface adhesion to
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silicon, uniform grain structure, and desired magnetic properties. To obtain the opti-
mized condition, several trials were required with varying the parameters and check 
the deposition results to finalize a condition which will be suitable [6, 8, 13]. From the 
literature, it has been observed that substrate temperature while deposition plays an 
important role in controlling the surface and magnetic properties. In thin work after 
several trials, it was observed that while the RF power is kept at 100 W, with Argon 
flow rate 20 cc/min the plasma was stable and the target was not overheating. So, 
keeping these two parameters fixed, the substrate temperature was varied to find an 
optimum value. A sample area of 2.5 × 2.5 µm2 was chosen for filtering. Figures 10 
show the outer layer of the stored films. As it tends to be seen that each of the saved 
movies show uniform growth. The grain size was found to increment with expanding 
substrate temperature, with a base grain size of 2.60 nm at room temperature and a 
maximum grain size of 10 nm at 3500 °C. Further annealing the sample at 3500 C 
caused an increase in grain size [10, 11, 14] (Table 1; Figs.  7, 8 and 9). 

Magnetic measurement

Table 1 Surface roughness and grain size against deposition temperature 

Sample Deposition temp (°C) Annealing (min) Ra (nm) Grain size (nm) 

1 RT – 1.86 2.60 

2 150 – 2.16 4.85 

3 250 – 2.40 7.5 

4 350 – 2.57 10 

5 350 60 min 2.84 13.96 

Fig. 7 AFM image of FeGa deposited film at the various conditions
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Fig. 8 Deposition temperature versus surface roughness 

Fig. 9 Deposition temperature versus grain size

2.3 Coating of AFM Tip 

Commercial AFM tips (NT-MDT spectrum instruments) were used as a base tip 
for the preparation of MFM probes. The tips have a chip size of 3.6 × 1.6 × 0.45 
resonant frequency around 135–145 kHz. The tip cantilever length was 124 ± 5 µm, 
and the spring constant was 3.5 ± 0.2 N/m [8–10] (Figs. 11 and 12).
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Fig. 10 Variation of saturation magnetization with the applied field at the various condition [6, 7]

Fig. 11 SEM image of coated AFM tip

3 Results 

The tip was coated and characterized, and comparative scans have been carried out 
using standard tips and the sputter coated tip. A 500 nm nickel film is used as a 
sample on which AFM scan is performed with both coated and uncoated AFM tip. 
The AFM scan was carried out in non-contact mode extracting the height signal to 
image surface topography of the nickel film, commercially available uncoated AFM 
tips have a resonant frequency of around 150 kHz, but after mounting the coated 
tip, it was observed that the resonant frequency was increased to around 157 kHz. 
In present work for the same tip, the value of other terms was kept constant. As it 
can be seen that the linear frequency is then directly proportional to the moment of 
inertia. So, an increase in the linear frequency can be attributed to a change in the 
moment of inertia which is a clear sign of an increase in the tip thickness due to 
uniform deposition. The nickel film was scanned by both coated and uncoated tip
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Fig. 12 Magnetizing the coated tip

for comparative analysis. The scanned area of 2.5 × 2.5 µm was selected, linear 
scanned was performed at a line rate of 1 Hz. Both the coated and uncoated tip were 
kept at a constant height, and the input magnitude at both cases was kept the same 
by adjusting the photo diode and laser intensity. Figure 13 (right) and Fig. 13 (left) 
depict the compared scan using the coated and uncoated tip. It can be observed from 
the image that despite coating the standard AFM tip with FeGa alloy we get an image 
which is almost similar to what we get by scanning with an uncoated standard tip 
(Fig. 13 and 14; Table 2). 

Fig. 13 AFM image scanned by coated tip (right) and standard tip (left)
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Fig. 14 Magnetic domain of nickel film 

Table 2 Roughness and grain size comparison 

S. No. Tip Roughness Average Value (nm) R.M.S s(nm) Grain Size(nm) 

1 Standard AFM 4.56 5.79 22.4 

2 Coated AFM tip 4.57 5.86 22.54 

3.1 Comparison of Scan Done by MFM 

A smaller area is selected for the comparative scan. Figure 18 shows the comparison 
between the images obtained by the standard commercial MFM tip and the magnet-
ically coated AFM tip. As it can be seen from the figure that in the same area the 
larger domains are captured by the commercially available standard tip, in fact the 
coated tip also detects the magnetic domain, but it is smaller in size. As the inter-
action between the domain and tip was very less for the coated tip when compared 
to the standard one, the force signal is low, so the contrast is less. Before scanning 
the standard nickel film was magnetized along the parallel direction. Formation of 
domains was observed, while scanning with a standard MFM tip and the same area 
was again scanned by the coated tip. In both cases, two pass technique was used and 
in these condpass, the tip was lifted to a height of 100 nm to eliminate the effect 
of VanDer Waals forces so that only magnetic dipole interactions are made to be 
dominant. The scanned area of 2.5 × 2.5 µm was selected, and linear scanned was 
performed at a line rate of 0.6 Hz (Fig. 15).
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Fig. 15 Comparison of MFM image by the coated and uncoated tip 

4 Conclusion 

The experiment and analysis, the commercial AFM tip can be converted to MFM tip 
by using a sputtering deposition process, we can further enhance the resolution of 
the image that we get from MFM by assisting the deposition with a rotating substrate 
holder and focused ion milling to increase the sharpness which ultimately increases 
the contrast of the image. 
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Multi-objective Design Optimization 
of EV Battery Tray 

Anand Amrit, Mohit Bahl, and Suhant Ranga 

1 Introduction 

Electric vehicle (EV) battery tray is the most vital element of a battery system that 
provides structural integrity to the battery pack while providing protection against 
fluid ingress from the environment [1]. The major conflicting objectives of an EV 
battery tray are rigidity, weight, and cost. A rigid battery tray can survive severe 
vehicle accidents, preventing damage to the battery, while its weight can signifi-
cantly impact the range of the electric vehicle. These objectives can be analyzed 
early in the design phase using physics-based simulations like Finite Element Anal-
ysis (FEA). However, with the complexity of the engineering problem, these simula-
tions can be computationally expensive making it impossible to carry out design 
optimization which utilizes thousands of design evaluations. Hence an efficient 
multi-objective optimization technique is necessary that uses such high-fidelity 
physics-based simulations to provide optimal solutions cheaply. 

Multi-objective design strategies have been developed that utilize a combination 
of design space reduction, multi-fidelity and data-driven models to accelerate the 
optimization procedure [2–4]. A fast design exploration technique exists that utilizes 
sequential domain patching and multi-fidelity models to obtain an approximated 
Pareto front quickly [5]. Sometimes it is not necessary for the designer to obtain all 
the Pareto optimal solutions due to time and cost constraints. Hence a point-by-point 
Pareto set identification technique is available that provides optimal solutions at the
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vicinity of a target solution [6, 7]. Further, there are other accelerated optimization 
techniques [8] that can quickly generate the entire Pareto front. 

There have been several efforts in the past to optimize the battery tray for elec-
tric vehicles. A composite design optimization method is used to obtain trade-offs 
between mass, amount of deflection, and natural frequency [9]. A cold spraying 
additive manufacturing technique is utilized to obtain an efficient battery tray with 
minimum deformation during vibration and higher natural frequency [10]. In the 
present market condition, customers look for products that are low-cost but of 
high quality and reliability. Original Equipment Manufacturer (OEMs) demand their 
suppliers to be cost competitive while meeting all functional requirements. While 
innovative technology can be used to develop a smart expensive product that performs 
job efficiently, low-cost products that can do satisfactory job will always be prefer-
able as it gives profit (in dollars). This paper utilizes the methods described above 
[2–8] to develop a multi-objective optimization framework for design exploration on 
an EV battery tray. At the end, a design is obtained that beats market in price while 
satisfying most of the design constraints. 

2 Methodology 

This section describes an innovative multi-objective optimization process flow that 
has been specifically developed to generate a battery tray design that meets functional 
requirements and is manufacturable. Since the battery trays are made up of sheet 
metals by stamping and extrusion processes, it is important to arrive at an optimized 
design that is defined by gauge thicknesses. 

2.1 Pareto Front 

Multi-objective design exploration is important to solve problems pertaining to most 
engineering systems. Designers need to make design decisions based on multiple 
conflicting objectives. Applying optimization techniques on one objective/criteria 
can lead to a design with poor performances on other objectives. In such cases, 
no single solution exists that simultaneously optimizes all the objectives. Hence it is 
necessary to obtain non-dominated or Pareto optimal solutions that are a compromise 
between several conflicting objectives. The set of all the Pareto optimal solutions is 
known as the Pareto front in which none of the objective functions can be improved 
in value without degrading some of the other objective values [8].
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2.2 Multi-objective Optimization Algorithm 

The multi-objective optimization (MOO) algorithm is formulated in terms of two 
scalar design objectives, F1 and F2. The MOO algorithm produces a sequence of 
designs x(k), k = 1, 2, …, N, when the below algorithm is executed: 

Step 1: Design space reduction. We initially search for two extreme points of the 
Pareto (a set of optimal solutions of the trade-off). The two extreme points can be 
obtained by: 

x (1) = arg min 
x 

F1( f (x)) (1) 

x (2) = arg min 
x 

F2( f (x)) (2) 

where F1 and F2 are the two conflicting objectives. ‘x’ is the design vector and ‘ f ’ 
is the expensive FEA model. ‘x(1)’ and ‘x(2)’ are obtained by hands-on design explo-
ration using parameter sweeps guided by engineering experience or by performing 
single objective optimizations using a computer code. The designs of these two 
extreme points are used as the lower and upper bounds of the design space (reduced 
design space) where the multi-objective optimization process is executed as shown 
below: 

Lower bounds = min(x (1) , x (2) ) (3) 

Upper bounds = max(x (1) , x (2) ) (4) 

Step 2: Training data. By a rule of thumb 2n + 1 (n is the total number of design 
variables) designs of the battery tray are evaluated on high-fidelity FEA models to 
obtain the objective values. 

Step 3: Prediction Model. Using the information from the model evaluations in step 
2, a fast statistical model known as kriging interpolation model is constructed. The 
details of the kriging interpolant and its construction is described in Amrit et al. [8]. 
The kriging model is very fast and takes few seconds to predict the objective values 
for any design compared to FEA which takes several hours. 

Step 4: Optimization. The fast Kriging model constructed in step 3 is utilized in 
a multi-objective optimization algorithm to find a trade-off between the conflicting 
objectives. Genetic Algorithm (GA from Matlab), a population-based metaheuristic 
method is the multi-objective optimization engine used here [8]. It uses the kriging 
model to evaluate thousands of designs in the reduced design space within a few 
minutes.



824 A. Amrit et al.

Step 5: Results. Step 4 produces the Pareto front containing the optimal solutions. 
The designer needs to select the best design from this solution set and tune it to gauge 
thickness. The tuned design is then evaluated on FEA to obtain accurate performance. 

Step 6: Decision. If the designer is satisfied then terminate the process. Otherwise, 
the design is included in the training data in step 2 to construct a refined kriging 
model and the cycle continues. 

3 Results 

The multi-objective optimization process shown in Fig. 1 is applied on the battery 
tray design problem. This section describes the Pareto front generation, final solution 
selection, and comparison with baseline design. 

3.1 Problem 

A parametric 3D CAD model of baseline design for the EV battery tray is generated 
in CATIA as shown in Fig. 2a. The conflicting objectives of interest are: (1) weight 
(kgs), (2) intrusion due to side impact load (mm), (3) cost (dollars), (4) bending

Fig. 1 Multi-objective 
optimization process flow 
diagram 
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(a) (b) 

Fig. 2 a Baseline battery tray design, b child parts with part number 

displacement (mm) and (5) torsional displacement (mm). All the load cases involve 
applying a load of a specific amount (as shown in Fig. 3) to analyze the amount of 
resistance provided by the battery tray. This is quantified by the amount the battery 
tray deflects in the direction of load application. The battery tray is constrained 
(DOF = 0) in all 4 corners during the load analysis. The multi-objective optimization 
problem formulation is shown below: 

min 
l≤x≤u 

Weight, min 
l≤x≤u 

Intrusion (5) 

subject to 

Cost ≤ $1000, (6) 

Bending displacement ≤ 0.27 mm, (7) 

Torsional displacement ≤ 8.16 mm. (8) 

The battery tray consists of several child parts (see Fig. 2b) made from sheet 
metal of various gauge thicknesses. Since the shape of the parts cannot be altered 
due to manufacturing and design constraints, only the thicknesses of these child parts 
(parts numbered in Fig. 2b) are used as the design variable for the multi-objective 
optimization problem. The details of the ten design variables shown in Fig. 2b is  
given in Table 1. Further, steel and aluminum are also considered as design variables 
where in the child parts can be of either material (Table 1).
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Table 1 Comparison of baseline and optimized child parts 

Part. No. Description (baseline 
thickness) 

Baseline weight 
(kg) 

Optimized 
thickness (mm) 

Optimized weight 
(kg) 

1 Tray tub (1.2 mm) 13.86 1.52 29.5 

2 Side rail (1.2 mm) 16.44 1.37 18.19 

3 Front rail (1.2 mm) 3.04 1.06 2.10 

4 Rear closeout 
(1.2 mm) 

0.17 1.37 0.30 

5 Cross member front 
(1.2 mm) 

1.84 1.06 1.1 

6 Rear rail (1.2 mm) 3.89 1.06 2.51 

7 Striker (1.2 mm) 1.36 1.37 2.13 

8 Cross member 
(1.2 mm) 

2.20 1.06 1.77 

9 Tie down (1.2 mm) 0.29 1.37 0.55 

10 Side rail (1.2 mm) 3.5 1.37 5.5

 (a)                                                  (b)                             (c) 

Fig. 3 a Side impact load, b bending load, c torsional load 

3.2 Pareto Front Exploration 

The two extreme points of the reduced design space are obtained by minimizing each 
of the conflicting objectives separately (i.e., weight and intrusion) which later form 
the bounds of the reduced design space. The number of design variables utilized in the 
multi-objective design optimization of the battery tray is n = 12 (child parts shown 
in Table 1 + type of materials). Hence, 2n + 1, i.e., 25 designs are selected randomly 
within the reduced design space. Each of those designs is evaluated on an FEA model 
constructed in Abaqus (commercial software) and boundary conditions are applied 
to analyze the side impact load, bending load, torsional load, and weight. A training 
data set consisting of all design points and corresponding performance values is 
generated and the optimization algorithm is executed as discussed in Sect. 2.2.
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The multi-objective optimization did not provide any feasible solution using all 
the objectives (as shown in eqs. 5–8). Hence it is decided to perform two different 
optimizations: (1) minimize weight, minimize intrusion and (2) minimize cost, mini-
mize weight. All other constraints except the cost are involved in both optimizations. 
The compromise between the various conflicting objectives containing optimum 
solutions and the selected solution (made entirely of steel) are indicated in Fig. 4. 
The baseline design made entirely of aluminum is able to satisfy all the constraints 
except cost. Figure 4a indicates that the baseline aluminum design is far away from 
the Pareto front (optimal solutions shown in red dots). It means there are no solutions 
that can match the performance of the baseline aluminum design without increasing 
the cost. Similarly in Fig. 4b, it is found that the cost of the battery tray cannot be 
reduced without increasing the weight. This is evident as steel is 3 times cheaper than 
aluminum but at the same time, the former is 2.5 times denser than the latter. Hence, 
a solution is selected (shown in Fig. 4) that meets the intrusion performance and is 
very cheap. Table 1 indicates the effect of optimization on the thickness and weight 
of each child part. All the conflicting objectives of interest for baseline and optimized 
design are summarized in Table 2. It indicates the optimized design meets the side 
impact intrusion and torsional displacement constraints. The bending displacement 
constraints of the battery tray are off by 0.1 mm only which is acceptable. Although 
the weight of the optimized design is heavier than the baseline design (by 20 kgs), 
but is 7 times cheaper than the baseline design. The main reason behind selecting 
the steel battery tray design is its cost which beats the market competitors. Further, 
a steel battery tray is easier to manufacture than that of aluminum. Figure 4a shows  
the selected design is not from the Pareto front but slightly above it. This is because 
the solutions at the Pareto front have sheet metal thicknesses other than the gauge 
thicknesses. Hence a nearby solution is selected that had thicknesses as per the sheet 
metal gauge.

 (a) (b) 

Fig. 4 Pareto optimal solutions for a weight and intrusion b cost and weight
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Table 2 Comparison of 
baseline and optimized EV 
battery tray 

Baseline design 
(aluminum design) 

Optimized design 
(steel design) 

Weight (kg) 72.7 92.3 

Side impact 
intrusion (mm) 

5.63 5.65 

Torsion 
displacement (mm) 

8.16 7.76 

Bending 
displacement (mm) 

0.27 0.37 

Cost ($) 3000 400 

4 Conclusion 

An efficient multi-objective optimization method is developed to solve the EV battery 
tray design problem. Two different multi-objective optimization are executed for 
weight, side impact intrusion and cost with bending, and torsional displacement 
constraints. The design variables consist of thicknesses of all child parts and types 
of material (steel and aluminum). The target is to develop an inexpensive design that 
is able to beat the competitors in the market and is easy to manufacture. The Pareto 
front representing the optimum trade-offs solutions between multiple conflicting 
objectives has been explored and an innovative steel battery tray design is selected 
as the best design. The selected design is almost 7 times cheaper than the baseline 
aluminum design with some negative effects on the weight. Future work will deal 
with the generalization of the proposed optimization algorithm that can handle large 
number of conflicting objectives and many design variables. Further research is 
needed on the weight reduction of the battery tray while meeting other functional 
objectives. 
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Optimization of Cathodic Protection 
Design for Oil and Gas System 

Noel Martin and Aezeden Mohamed 

1 Introduction 

Corrosion is one of the major problems faced throughout Papua New Guinea and 
across the globe which profoundly contributes towards major losses in company’s 
income. It has been so far widely concerning for especially oil and gas industries 
that operate and extract such minerals from both onshore and offshore rigs where 
there is a continuous trend of corrosion from established structures from time to time 
which exert an enormous pressure on the extraction, distribution and ultimately profit 
margins [1]. 

Papua New Guinea faces similar problems which sometimes drastically hinder 
the progress of abstracting and processing natural oil and gas due to high concen-
trations of water vapour and dissolved chloride including other corrosive chemical 
compositions such as oxygen, carbon dioxide and hydroxides. 

There are few other ways of mitigating and reducing the rate of corrosion that can 
save companies time and money which has been considered to be important mecha-
nisms that can successfully control corrosion acceleration. The cathodic protection 
method of protecting steel structures is used to date and combat corrosion on oil and 
gas pipeline industries [2]. Corrosion protection engineers have vastly studied wide 
area in relation to cathodic protection notion, however only two methods of cathodic 
protection used today known as impressed current cathodic protection and sacrifi-
cial anodes or galvanic anodes protection system. Both play same role in protecting
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structure from corrosion with slight improvement or changes in methods in which 
they apply to protect the structure. Alotau is one of the provinces in the country 
where Puma Energy facilities are established and used sacrificial anodes method of 
protecting steel facilities [3]. 

2 Electrolytic Process 

The electrolytic process is the chemical composition in which the electrons (elec-
tricity) gain or loses depending on their potential. This involves anode, cathode, 
electrolyte and therefore ultimately referred to as electrochemistry. The same prin-
ciple is practiced in cathodic protection of structures from corrosion. Alotau terminal 
Puma Energy site is not different. 

2.1 Cathode 

Cathode is the electrode where it gains electrons or is protected from reducing in 
size. This is where reduction occurs, which the gain of hydrogen ions and releasing 
of oxygen electrons which then reacts with anodes metals to form metal oxides 
[4]. This is where the electrons are passed chemically and do not attract corrosive 
electrons and instead gain hydrogen ions to remain protected from reducing in size 
or corrosion. 

2.2 Electrolyte 

Electrolyte is the medium or place where transferring and gaining of electrons from 
cathode and anode occurs. It’s the place where ions flow. Thus, electrolyte is any 
area which in contact with anode and cathode to allow for transfer of electrons or 
electrons migrate where the chemical reaction is allowed to happened as designated 
in Fig. 1.

In order for the corrosion to occur, entire components of electrochemistry must be 
present for the reaction to provide chemical reaction as shown in Fig. 1. The absence 
of either of the members would mean that there will be no chemical reaction. The 
corrosion reaction occurs in the presence of cathode and anode in an electrolyte. The 
element proposed to be corroded is known as anode and the protected electrode is 
the cathode.
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Fig. 1 The metallic path for the electrolysis process which the same notion or principal is applied 
in cathodic protection [5]

2.3 Anodes 

In electrochemistry, anode is described as electrode which reduces in size during 
chemical reaction and ultimately has high potential (negatively charged ions). At 
anode, the negatively charged high potential ions are discharged and driven or forced 
towards less active elements known as cathode [6]. The oxidation reaction is immi-
nent at anode while reduction occurs at cathode. Ultimately, it is where exchange of 
electrons (electricity) in the cycle of electrolysis. 

Therefore, the most obvious part of the corrosion cell is the anode where it loses its 
electrons to combine with other elements where the resulting component for metals 
is normally iron oxide. 

2.4 Metallic Path 

Metallic path is another important component of the electrochemical circuits that 
completes the reaction to occur [7]. This path allows the electrons to flow through 
and importantly connects both anode and the cathode in an electrolyte. 

The electrochemical shell consists of components mentioned however, absence 
of either one of the members will mean that no corrosion reaction. 

Zn → Zn2+ + 2e− Cu2+ + 2e2+ → Cu (s) (1)
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2.5 Anode/Cathode Relationship 

As noted, an electrode becomes anode or cathode depending on the naturally elec-
trical potential it acquires in electrochemical corrosion cells in comparison with 
other electrodes. The potential (voltage) difference between anode and the cathode 
is known as the electromotive force of the cell. The electrode which is more elec-
trically active or more negative in potential undergoes degrading and corrosion is 
normally the anodes. This is where the naturally existing potential compared to 
others will be subject to immediate reaction by attracting electrons from cathode and 
as such, corrodes which happened to be normally anodes as specified in Fig. 2. 

The electrode which is more electrically inactive or Nobel is referred to as the 
cathode. By definition is cathode and does not corrode. This is where the electrical 
potentials are less and thus attracted by the anodes which give up its electrons and 
as a result, anodes corrode. 

3 Alotau CP Site 

Table 1 and graph explained are from Alotau Province cathodic protection (CP) site 
in PNG and reference electrodes used were copper/copper sulfate (Cu/CuSO4) and 
Silver/Silver Chloride (Ag/AgCl), respectively. Graphs are evaluated, analyzed and 
described separately depending on the portable reference electrodes used to collect 
raw data and results.

The table showing data collected using copper sulfate electrode in Alotau terminal. 
The results are as discussed and plotted, respectively. Note that all data collected are 
for sacrificial anodes only and not impressed current cathodic protection system.

Fig. 2 The combination of the electrochemical reactions is summarized by this diagram 
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Table 1 Results of potential 
difference using 
copper/copper sulfate 
(Cu/CuSO4) as reference 
electrode (RE) for both 
protected (P) unprotected in 
millivolts (mV) 

Location RE P (mV) UP (mV) 

Alotau site Cu/CuSO4 −1080 NA 

Cu/CuSO4 −0906 −0500 

Cu/CuSO4 −0920 −0528 

Cu/CuSO4 −1032 NA 

Cu/CuSO4 −0916 −0450 

Cu/CuSO4 −0916 −0460 

Cu/CuSO4 −0996 NA 

Cu/CuSO4 −0916 −0480 

Cu/CuSO4 −0900 −0490 

Cu/CuSO4 −1032 NA 

Cu/CuSO4 −0916 −0450 

Cu/CuSO4 −0916 −0460 

Cu/CuSO4 −1055 −1062 

Cu/CuSO4 −1035 −0427 

Cu/CuSO4 −0916 −0460 

Cu/CuSO4 −1021 −0522 

Cu/CuSO4 −1215 −0530 

Cu/CuSO4 −1109 −0535 

Cu/CuSO4 −1318 −1062 

Cu/CuSO4 −1270 −0427 

Cu/CuSO4 −1270 −0460 

Cu/CuSO4 −1318 −1062

3.1 Reference Electrode Used Copper–Copper Sulfate 
(Cu/CuSO4) 

Protected Structure: Figure 3 represents the data sent from Alotau as designated 
in detail on Table 1 which was recorded using copper/copper sulfate reference elec-
trode (Cu/CuSO4). The graph denotes that the potential protection has been rendered 
to the structure on sacrificial anodes protection areas. It has been observed that 
there are fluctuations on protective structure possibly due to formation of calcareous 
invisible materials being formed. The blue line has seen not steady because of the 
protective current sometimes becomes stray current in which it does not follow 
intended path and instead follow metal paths. The optimum protective voltage read-
ings against reference electrodes is considered to be −0.85 V or −850 to −880 mV 
as per AS2832.1.2015.

For the section of structures established in Alotau, it has been noted that portion of 
the structures protected by cathodic means has been protected significantly. However, 
some values went far greater than −1.2 V which is normally the values expected
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Fig. 3 Graph showing voltage discharge and data recorded from underground structures in Alotau 
terminal, PNG

from the impressed current protective method. As such, it is expected that according 
to Australian Standard AS2832.1.2015, the anodes used were believed to be zinc 
because it is economically viable and simple for instillation and is abundant in nature 
but the magnitude of protection is shallow compared to magnesium. 

Unprotected Structure: For the unprotected sections of the structure, there is an 
inconsistency in corrosion where portion of the structure is partly protected while 
some parts were poor and corrosion has already attacked the metal structure. This 
is because as far as the level of protection is concerned and amount of voltage 
and current discharged throughout the system, sacrificial anodes do not adequately 
protect the structure because of the weak supply of potential from anodes without 
external voltage reinforcement supply preferably from power supply source. This 
greatly weakens the system and some parts of the structure have been on consistent 
attack by corrosion. As per unprotected line (orange line) from Fig. 3, 95% of the 
line graph falls below −880 mV which denotes the adequate protection level [8]. 
This does not mean the pipe or steel tank is leaking but it is vulnerable to failure and 
damage soon. 

The Bunker Lines and wharf end ships have not been performing in accordance 
to standards and specifications. This is because the sacrificial anodes have been in 
short supply of energy to drive the protective current through or possibly due to stray 
current. This is vividly explained in Fig. 4.

For some days, the level of protection required was complete nil and zero as 
designated (Fig. 3). The corrosion has consumed much of the structure when the 
size of protection needed was nil and fell in zero lines. It was also concluded that 
the structure does not meet −850 mV standard for corrosion protection and is not 
in compliance with the international corrosion protection standards and Australian 
standards of cathodic protection. As such was not cathodic protection on the intended 
corrosive section and thus considered fail and deficiency or declining. 

Some possible notions from the orange lines are as follows but not limited to: 
No Cathodic protection on the structure; Adequate number of days/weeks/months
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Fig. 4 Six (6) monthly CP results of different terminals in Alotau

the metal has been exposed to corrosion; Vulnerable to failure; Level of protec-
tion rendered by sacrificial anodes system is considered inadequate and weak; 
Anodes maybe exceptionally short and inadequate and thus requires reinforcement; 
Polarization currently do not reach the structure. 

From Fig. 4, the different CP results have been obtained from (2016 to 2018) 
on designated structure locations named. Only Compound Milford and Pump pad 
have been protected by the sacrificial anodes system in accordance with Australian 
standards and specifications AS2832.1.2015 which denotes that the CP values within 
−850 mV or nearest and are considered to be protected. 

It is obvious that the amount of protective current has been hindered due to 
impedance on the metal’s paths and circuits. As such, the values signify signifi-
cant increase in its protective potential which resembles that of impressed current 
method though protected by sacrificial anodes system. 

There was no passivity or no barrier in which the corrosion had been halted and 
stopped. The deterioration has actively consumed the metals and as a result, the 
possibility of oxygen dissolved is at its peak [9]. 

This is also in conjunction with the type of backfill materials used. The elec-
tive backfill materials used result to better transfer of protective current within the 
electrolytic system. 

This is because the performance of all corrosion prevention systems is vastly 
determined by the type of backfill material used. Higher the electrolytic materials 
will mean the flow of current is less or clogged. In this case, there were no selective 
materials used because the values are way above standards specification manual 
as designated in Fig. 4. The performance of sacrificial anodes systems is not in 
compliance with standards and thus requires corrosion engineers to check the system 
immediately.
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Fig. 5 Potential recorded from submerged structure in Alotau terminal 

3.2 Reference Electrodes Used, Silver Chloride (Ag/AgCl) 

Protected Sections: According to Fig. 5, the level of protection given to the cathodic 
protection has been adequate and polarization effect seemed effective from the dura-
tion of sacrificial anode protection system installed. The protected graph maintained 
and emits its level of current discharge through natural potential difference prefer-
ably from buried zinc anodes. The stray current was considered minor because the 
line indicated is within the allowable range of protection and is in accordance with 
the standards and regulations specified. It is also noted that impedance did not bother 
because the potential supplied by installed electrodes effectively drove impressive 
current through electrolyte regardless of any magnitude of resistance encountered 
throughout the cathodic protection period. 

The polarization effect has ambient cover on entire targeted cathodes/structures 
substrate and thus performed its assigned duty to protect the structure without possible 
impedance. This has shown on the graph in which the values fall between−850 and − 
1000 mV which is also the effective cathodic protection in accordance with Australian 
standards and specification guidelines AS2832.1.2015. The protected structure has 
effectively been protected in sections of sacrificial anodic protection substrate/surface 
areas. 

It is also vivid that there is a possibility of stray current occurred because the 
protected graph has gone passed 1100 mV and further went up to 1200 mV. This 
clearly indicated that there are calcareous materials formed which defended and 
defiance cathodic protection. 

Unprotected Sections: For the unprotected portion of sacrificial anodic protection, 
the values were concurrently fall above −750 mV but below −850 mV as indicated 
on graph denoted by gray bars. As per Australian standards and specifications, it 
does not meet the regulation standards and is thus considered noncompliance and 
declining CP. However, this does not mean the protective current not reached the 
structure substrate but the level, magnitude and strength of potential emitted by the 
anodes do not effectively drive the current in full. There was loss of current along the
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Table 2 The silver/silver chloride (Ag/AgCl) reference electrodes (RE) potentials (mV) for 
protected (P) and unprotected (UP) structures 

Location RE P (mV) UP (mV) 

Alotau (PNG) 
Different locations as discussed in materials and methods 
sections 

Ag/AgCl −0850 −750 

Ag/AgCl −0980 −820 

Ag/AgCl −0980 −820 

Ag/AgCl −0916 −820 

Ag/AgCl −0980 −820 

Ag/AgCl −1065 −841 

Ag/AgCl −1206 −820 

Ag/AgCl −1206 −820 

way due to friction or electrolytic resistance and possible impedance while travelling 
via electrolyte. 

Few sections may be affected by joins and junctions which the hazards or obstacles 
are passed from instillation works. For cathodic protection to occur on both sides of 
the joins, there are certain criteria used to wield the structures together. This was what 
exactly happened when the joints have become obstacles and cathodic prevention to 
flow through entire structure (Table 2). 

Also noted from the two distinct graphs (Figs. 3 and 4) which have different 
portable reference electrodes and observed major differences in comparison and 
silver chloride has shown better results compared to copper sulfate. With respect 
to the standard hydrogen electrode, silver chloride electrode is +0.25 voltage in 
seawater [10]. Thus, it is possible that Fig. 5 indicated the measurement of cathodic 
protection data at submerged pipelines in seawater. The portable or permanent silver 
chloride electrode is useful in seawater where there’s a lot of chloride content. 

The copper sulfate portable electrodes have been used in underground with its 
electrode potential of 0.316 V at 25 °C with respect to standard hydrogen electrodes. 
Graph 4 designates the CP reading taken from underground structures and that’s the 
difference known. 

The CP system in Alotau terminal of submerged structures seemed to behave 
exceptionally and maintained the standards of cathodic system specifications in 
accordance with Australian standards as per both protected and unprotected structures 
indicated (Fig. 5). 

Protected line falls on the optimum margins which designate effective CP protec-
tion in compliance to regulations and guidelines AS2832.1.2015. However, for unpro-
tected structure, it still maintained good position and lies between −700 and − 
800 mV denoted as designated (Fig. 5). The CP protection on submerged pipelines 
is considered well protected compared to buried pipelines.
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4 Conclusion 

According to the data, it has been concluded that the magnitude of cathodic protection 
rendered to the steel structures in Alotau Puma Energy CP site is inadequate and thus 
considered decline in CP protection. Sacrificial anodes potential to transmit protective 
current have been exhausted and minimized due to lot of quantiles of steel being fed 
on certain few installed anodes for protection. As such, it is vigorously recommended 
that possible replacement option has to be open for immediate construction. 

The impressed current (ICCP) method of cathodic protection was prepared and is 
remain possible target for replacement as current sacrificial anodes no longer function 
and perform as anticipated. Impressed current cathodic protection is the best method 
of steel facilities from corrosion prevention because it has an external power supply 
that drives the impressive current from anode to cathode and in this way, it is more 
reliable and best than sacrificial anodes which only uses potential difference from 
anodes and cathodes. 
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Selection of Optimal Process Parameters 
for Electric Discharge Machining of 13/8 
PH Steel Using Genetic Algorithm 

V. Sindhuja, J. Laxman, K. Eswaraiah, and M. D. Sameer 

1 Introduction 

Electric discharge machining (EDM) consists of high maneuverability and preci-
sion which make its usage an ideal way to machine complex geometries with high 
accuracy. This machining process is also known as spark erosion, since electri-
cally conductive materials are machined by controlled sparks between electrode and 
work piece. The optimal parameters help in improving dimensional quality, reducing 
production time and cost [1]. Due to its high-thermal resistance and shear resistance, 
13/8 precipitation-hardening (PH) steel is used in the aerospace industry extensively 
[2]. The aim of the current research is to provide a comprehensive and detailed 
report on its machinability in a die sinking EDM. Optimization is performed for high 
MRR with optimal values of input parameters. Because of rapid industrialization, 
various materials are machined using EDM process. Many researchers had performed 
machining on various materials considering electrical and non-electrical parameters 
for optimization [3–5]. Laxman and Guru Raj [6] had performed experiment of EDM 
process parameters effect on titanium super alloy using Taguchi L27 array consid-
ering MRR, TWR, and SR as response parameters. Their research proved that the 
single objective technique Taguchi is more effective than performing all experiments. 
In 2017, Chandramouli and Eshwaraiah [7] performed optimization of 17-4 PH steel 
using Taguchi considering surface roughness and material removal rate as output 
response parameters in Minitab, using copper tungsten electrode. Rajmohan et al. 
[8] had performed optimization of machining parameters in EDM of 304 stainless 
steel. They used Taguchi for optimization on die sinking EDM machine. Rajesh and 
Anand [9] used response surface methodology and genetic algorithms for machining
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Al alloy HE9 grade. They have used different parameters such as current flow rate, 
pulse-ON, pulse-OFF, and gap to find the metal removal rate and tool wear rate. 
Ozkavak et al. [10] experimented on Inconel 718 using gene expressing programing 
(GEP) and artificial neural networks (ANN). They found that ANN was more accu-
rate in predicting the surface roughness when compared with GEP. From the literature 
survey, it is evident that lot of work was done on optimization of process parameters 
on different hardened steels using various techniques. In this study, the authors have 
aimed to improve the MRR of 13/8 PH steels by employing Taguchi and genetic algo-
rithm, at same time, the best possible MRR for to find the optimal process parameter 
combination. 

2 Experimental Details 

The experiments were performed on die sinking EDM of Askar microns model 
V3525 with servo head mechanism that has constant gap voltage of positive polarity. 
Commercial 30 grade EDM oil is used as dielectric liquid. Three phase AC supply of 
230 V power is supplied to machine. Manual side flushing is performed during 
machining. The electrode tool used was 10 mm diameter copper tungsten with 
composition of 70% copper and 30% tungsten. Copper tungsten electrodes have 
high-thermal conductivity, electrical conductivity, low-thermal expansion that results 
less tool wear rate. The work piece material is 13–8 PH steel with dimensions 
50 mm × 50 mm × 25 mm. Its mechanical properties are high strength, great corro-
sion resistance, and superior toughness. It is used in aerospace industries, injection 
molding equipment, petrochemical industries, nuclear industries, etc. Its relatively 
high strength compared to other variants of steel make it an extremely difficult 
machine material but in turn makes it a suitable test piece for an EDM machine 
that is perfectly adequate in such a scenario. Chemical composition of 13–8 PH steel 
is presented in Table 1.

Selection of Parameters: The effect of four parameters input current (IP), pulse-on 
time (TON), pulse-off time (TOFF), tool lift time (TLT) was investigated for 5 min 
of machining time with each experiment setup is given in Table 2. Manual flushing 
is performed for removal of debris from machining zone. Parameters are selected 
according to the experiment requirements. Initially, pilot experiments are conducted 
to know the trend of each input parameter with response parameters, then Taguchi 
orthogonal array was generated in Minitab, those experiments were performed.

Taguchi Method: Dr. Genichi Taguchi developed this method to evaluate mean and 
variance of the experimental data to determine the process effectiveness [12]. This 
method organizes input data of various levels in an orthogonal array of various sizes 
which include L9, L18, L27, L36, L54, etc. The orthogonal arrays have all levels of 
factors equally. The usage of these arrays depending upon the need of the user results 
to reduction time, resources and improve quality of experimentation. The quality of 
parameters in Taguchi method is determined by S/N ratio. For MRR, larger is better
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Table 1 Chemical 
composition of work piece 
[11] 

Element Composition 

Carbon (C) 0.05% 

Manganese (Mn) 0.10% 

Silicon (Si) 0.10% 

Phosphorous (P) 0.010% 

Nickel (N) 0.10% 

Sulfur (S) 0.008% 

Chromium (Cr) 12.25–13% 

Nickel (Ni) 7.5–8% 

Molybdenum (Mo) 2–2.5% 

Aluminum (Al) 0.90–1.35% 

Iron (Fe) Balance

Table 2 Levels of controlling factors 

Factor notation Factor Level 1 Level 2 Level 3 

IP Peak current 3 6 9 

TON Pulse on time 20 50 100 

TOFF Pulse off time 10 20 50 

TLT Tool lift time 3 4.5 6

characteristic is considered as more MRR is desirable property of experimentation. 
Using Minitab-19, L27 orthogonal array was developed using 4 factors and 3 levels 
by Taguchi method. S/N ratio is a logarithmic function of desired output that serves as 
an objective function for optimization in Taguchi method. According to this method, 
optimization signifies best levels of control factors. 

MRR is calculated from initial and final weights during experimentation on 
digital weighing balance of type AY220 with 0.001gm precision. The work piece is 
machined for 5 min with each set of combination in experimentation table (L27). 
The machined workpiece is shown in Fig. 1. MRR can be calculated using Eq. (1) 

MRR = (W 1 − W 2) 

T 
(1)

where W1 is weight before machining, W2 is weight after machining and T is 
machining time. 

Analysis of Variance (ANOVA): Contribution of each input parameter determines 
the output response. So ANOVA is performed to predict percentage contribution 
of each parameter on output response. ANOVA provides statistical data of sum of 
squares (SS), mean square (MS), Fisher ratio (F-value), P-value. The sum of squares 
determines deviation of experimental data from mean of data. F-value is the ratio of
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Fig. 1 Work pieces after machining

mean square of the term to mean square of error of a term. The term with more F-
value effects the output response with small changes only. P-value is the probability 
to get result as least as actual observed values. 

Genetic Algorithm: Genetic algorithm is an implicitly triggered evolutionary algo-
rithm that is based on the idea of an evolution tree in a living being with specific 
inclusions of words like genes, chromosomes, mutations, crossovers, genetic tree, 
population, and population growth [13]. It is used to create a solid foundation for a 
search strategy that envelops a vast area to include as many generations and as many 
mutations as possible in order to reach a viable solution to a problem that requires 
a lot of manpower and human effort. Initially, a pre-defined set of population values 
are considered to start the basis of the RNG growth. This population is in itself being 
implicitly developed by the algorithm when it is executed to maintain a high level 
of automation and self-reliance. The population generated has its range of values 
taken from the user with the process parameters as the input values. Once the initial 
population is generated, the algorithm takes the crossover percentage as well as the
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number of iterations to be performed, which is the number of times the generations 
formed should be crossed over. This ensures the creation of the fittest generation 
that can be achieved from the original population. Only the fittest values generated 
are the useful result parameters, and the others can be ignored. As the number of 
iterations increase, a drastic change can be observed, where the fittest values start 
becoming increasingly prominent, while the unfit values diminish. With the forma-
tion each new unique descendants, the strongest and fittest pairs are mated, to ensure 
the continuation of their hierarchy. In optimization toolbox of MATLAB, genetic 
algorithm is performed by increasing number of generations, change of fitness value 
becomes negligible, and the program terminates. Generally, optimization tool box is 
used for minimization. For maximization, we used objective function as by suitable 
transformations. 

3 Results and Discussion 

The out response, i.e., MRR for all the experiments using different process parameters 
in the current study is presented in Table 3. From response table of signal to noise ratio, 
i.e., Table 4, the most contributing factor to determine output response from their rank 
can be predicted. So IP, TON, TLT, and TOFF effect MRR in the respective decreasing 
order. IP effects MRR the most, and TOFF effects MRR the least. Regression equation 
is developed in Minitab for MRR. Regression analysis is used to estimate values of 
dependent variables from independent variables. This regression equation is used in 
genetic algorithm as a fitness function. 

MRR =−  30.3 − 16.83IP + 0.844TON − 0.109TOFF + 26.7TLT 
+ 2.184(IP)2 − 0.00345(TON)2 + 0.0040(TOFF)2 
− 3.20(TLT)2 − 0.0241(IP)(TON) − 0.0386(IP)(TOFF) 
+ 0.108(IP)(TLT) − 0.00124(TON)(TOFF) 
− 0.0240(TON)(TLT) + 0.0275(TOFF)(TLT)

The main effect plot for SN ratio is shown Fig. 2. It can be observed that increase 
in IP increases MRR. This phenomenon can be attributed to increase in discharge 
current leads to more melting and vaporization of work piece [14]. It can also be 
noted that from the mean effect plot increase in TON improves MRR as spark energy 
increase leading to more machining of workpiece. Similarly, as the TOFF increases, 
spark time decreases leading to reduced MRR. Furthermore, it also observed that 
as the tool lift time (TLT) increases, MRR increases initially then decreases. This 
phenomenon can be because initially oxygen causes more sparks in machining zone 
and then further increase in TLT leads to decrease in metal removal rate.

Fitness functions for MRR in MATLAB R2020: 
function f = MRR_OPT(r)
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Table 3 L27 input parameters and output result MRR 

S. No. IP (A) TON 
(µs) 

TOFF 
(µs) 

TLT 
(µs) 

MRR 
(g/min) 

1 3 20 10 3 5.54 

2 3 20 20 4.5 6.48 

3 3 20 50 6 2.28 

4 3 50 10 4.5 9.86 

5 3 50 20 6 5.92 

6 3 50 50 3 11.72 

7 3 100 10 6 18.72 

8 3 100 20 3 23.66 

9 3 100 50 4.5 32.62 

10 6 20 10 4.5 17.58 

11 6 20 20 6 7.88 

12 6 20 50 3 12.12 

13 6 50 10 6 9.78 

14 6 50 20 3 25.80 

15 6 50 50 4.5 22.26 

16 6 100 10 3 20.26 

17 6 100 20 4.5 19.90 

18 6 100 50 6 5.92 

19 9 20 10 6 48.67 

20 9 20 20 3 44.82 

21 9 20 50 4.5 51.02 

22 9 50 10 3 66.56 

23 9 50 20 4.5 69.20 

24 9 50 50 6 59.79 

25 9 100 10 4.5 69.78 

26 9 100 20 6 50.16 

27 9 100 50 3 56.02 

Table 4 Response table for signal to noise ratios 

Level IP TON TOFF TLT 

1 19.80 22.63 26.50 27.14 

2 23.01 26.74 26.14 28.06 

3 35.12 28.55 25.28 22.72 

Delta 15.32 5.92 1.22 5.33 

Rank 1 2 4 3
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Fig. 2 Main effect plots for SN ratio

f = −(−30.3 − 16.83r1 + 0.844r2 − 0.109r3 + 26.7r4 
+ 2.184r2 1 − 0.00345r2 2 + 0.0040r2 3 − 3.20r2 4 
− 0.0241r1r2 − 0.0386r1r3 + 0.108r1r4 − 0.00124r2r3 
− 0.0240r2r4 + 0.0275r3r4) 

The following commands are entered in optimization toolbox as shown in Fig. 3.
Solver: genetic algorithm (GA), 
Number of variables: 4. 
Variation of factors in the fitness function is as follows: 

3 < r1 < 9 

20 < r2 < 100 

10 < r3 < 50 

3 < r4 < 6. 

Setting of optimal parameters causes efficient machining. Genetic algorithm 
provides more accurate to obtain result of objective function, i.e., MRR. Taguchi 
provides accurate parameter values of IP, TON, TOFF, and TLT to optimize MRR. 
Comparison of Taguchi and genetic algorithm optimization is given in Table 5. 
Genetic algorithm uses a wide range of parameter combinations. Taguchi is single 
optimized, and it is robust optimization technique. Optimization assists to know the
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Fig. 3 Genetic algorithm toolbox in MATLAB

best values without manual experimentations that save time and cost of production. 
Further study of various other parameters of this material, i.e., 13-8 PH steel can be 
carried out to know other response parameters. 

Table 5 Comparison of 
Taguchi and genetic 
algorithm optimization 

Parameter Taguchi method Genetic algorithm 

Levels 
(IP, TON,  TOFF, TLT)  

9, 100, 10, 4.5 9, 73.051, 10, 4.092 

MRR (g/min) 69.78 71.066
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4 Conclusions 

Electric discharge machining of 13/8 PH steel was successfully carried out, and 
enhanced MRR was achieved with genetic algorithm. The following conclusions 
were drawn from the present study.

● Peak current is the most significant parameter affecting the MRR, and TOFF is 
least significant parameter affecting the MRR.

● As input parameters such as peak current, TON, and TLT were increased, the 
MRR was also increased.

● Metal removal rate was reduced with increase in TOFF.
● The highest MRR of 71.066 g/min was achieved when genetic algorithm optimiza-

tion technique was used, and 69.2433 g/min MRR was achieved when Taguchi 
technique was used.

● The optimal process combination of parameters for Taguchi technique was found 
to be 9 IP, 100 TON, 10 TOFF, 4.5 TLT whereas for genetic algorithm was 9 IP, 
73.051 TON, 10 TOFF, and 4.092 TLT. 
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A Review of Routing Algorithms 
for Intelligent Route Planning and Path 
Optimization in Road Navigation 

Noopur Tyagi, Jaiteg Singh, and Saravjeet Singh 

1 Introduction 

In the area of road navigation, finding a least-cost (time and length) path is an 
essential research topic. We prefer to use a navigation system even if we know the 
path. Digital navigation has revolutionized the way of path planning. GPS system 
is used to make it possible for outdoor navigation, but satellite signals are too weak 
to get inside constructions. Indoor routing needs a mobile base station and Wi-Fi. 
Signal breakups due to the high concentration of users could be responsible for 
the failure of these approaches. Due to technical issues like attenuation, signal loss, 
electronic equipment, navigation system requires more effort in indoor path planning 
[1]. The bio-inspired algorithm works fine for dynamically changing environments. 
These algorithms help to find out the effective and efficient path. The purpose of this 
study is to discover an efficient path having the least cost, time, and length. We have 
reviewed the best bio-inspired algorithms for the shortest pathfinding. 

This systematic review paper provides insight into the route planning algorithms 
that have been developed in the last few years (2015–2021) as described in Fig. 1. 
The review began with 146 potentially eligible papers, eventually resulting in the 
full inclusion of 35 papers. A total of 35 studies were considered in this review, and 
most of the cited papers are of recent years. To the best of our knowledge, this is the 
only paper that discussed recently used bio-inspired algorithms for path routing and
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Fig. 1 Year-wise citation including in this manuscript 

path optimization in road navigation. This study also highlighted the technologies 
and purpose of using the algorithms in both environments (indoor and outdoor). 

Few scholars have deeply researched the field and produced shortest path problem 
(SPP) algorithms. There are various algorithms used for finding optimal path such as 
Dijkstra, A*, hybrid algorithms, ant colony algorithm, and particle swarm optimiza-
tion. The first contribution in this paper is about the various algorithms for intelligent 
route planning. After the introduction, Sect. 2 highlights the area of related work. 
Section 3 covers the bio-inspired routing algorithms with case studies, and Sect. 4 
gives the concluding remark of this paper. 

1.1 Classification of Path Planning 

Path Planning: It is one of the crucial parts of the field of navigation. By proposing 
correct path planning, problems in various fields have been solved. It can be applied 
widely in unknown environments by applying the proper algorithm. Every decision 
in the path planning algorithm is selected according to the information available. To 
reach a particular objective from a simple trajectory to guide in an unknown environ-
ment, path planning has been applied in various fields. Based on the environment, 
algorithms, completeness, path planning can be classified as shown in Fig. 2.

Optimal algorithms guarantee to provide the optimal solution through exploration 
of a complete set of available solutions, whereas heuristic algorithms explore the 
available solutions and provide the approximately best solution that is close to the 
optimal solution. Hybrid approach-based algorithms combine the positive points of 
both approaches. 

2 Related Studies 

Over the years, researchers have suggested several types of routing algorithms for 
path planning. To simplify the problems associated with path planning, this article 
includes the recent work done in this area. The basic objective of this section is to 
look at the research activities in the field of road navigation for path optimization.
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Fig. 2 Classification of path planning

Liang et al. proposed an enriched ant colony optimization algorithm (ACOCA) 
for tourism route planning based on a context-aware mechanism [2]. It was observed 
that ACOCA has better optimization and convergence time as compared to the ant 
colony algorithm (ACO). ACO is a kind of swarm intelligent algorithm. Similarly, 
Miao et al. proposed an enhancement in adaptive ant colony optimization (IAACO) 
to overcome the limitations of ant colony algorithm (ACO) in indoor path planning 
for mobile robots [3]. IAACO also has better convergence speed and a stronger ability 
to find the optimization solution for path planning. Likewise, Wu et al. proposed a 
hybrid ant colony (HACO) algorithm to reduce the transportation distance and cost 
and solve the vehicle routing problem with a time window [4]. 

Yan et al. presented indoor traveling sales problem (ITSPs) path planning [5]. 
Dijkstra and branch and bound algorithm were used as general solutions to ISTP 
path and found that this algorithm can compute the shortest path. Asaduzzaman 
et al. [6] proposed an effective algorithm for multi-destination shortest path problem 
(EAMDSP). It was implemented in indoor applications and found more efficient for 
multi-destination search. 

Gao and Lu [7] presented an improved particle swarm optimization (PSO) algo-
rithm to improve the convergence speed and optimization speed. It reduced the 
complexity by adjusting the inertia weight in the iterative process of PSO. Equally, 
Jiang et al. proposed a hybrid ant colony particle swarm optimization by integrating 
particle swarm optimization into the ant colony algorithm to establish multi-objective 
vehicle logistics path optimization [8].  Krell et al.  [9] presented particle swarm opti-
mization (PSO) to develop autonomous robot navigation (ARN) that can navigate in 
an unfamiliar surroundings. Table 1 describes the literature we have studied.
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Table 1 Tabular form of literature studied 

Author Year Environment Proposed 
algorithm 

Major ground References 

Liang et al. 2021 Outdoor ACOCA Route planning [2] 

Miao et al. 2021 Indoor IAACO Mobile robot path 
planning 

[3] 

Wu et al. 2021 Outdoor HACO Vehicle routing 
problem with 
time window 

[4] 

Yan et al. 2021 Indoor Dijkstra and 
Branch and bound 

To solve ISTP 
path planning 

[5] 

Asaduzzaman et al. 2021 Indoor EAMDSP Multi-destination 
search 

[6] 

Gao and Lu 2021 Outdoor Improved PSO Logistic route 
optimization 

[7] 

Jiang et al. 2021 Outdoor Hybrid any colony 
particle swarm 
optimization 

Multi-objective 
vehicle logistics 
path optimization 

[8] 

Krell et al. 2019 Unknown PSO ARN [9] 

2.1 Challenges and Research Gap 

From the above literature studies, we have provided the vision on how to improve 
the efficiency in road navigation in this section. Several challenges and gaps are 
mentioned below: 

• Firstly, incorporate the input information such as road information, destination 
information, and mobile information (fuel, vehicle related conditions, etc.) to 
decide the algorithm. 

• Data availability and completeness of data. 
• Lack of GPS signals. 
• Vulnerability to GPS signal and spoofing attacks. 
• Exact address matching for both indoor and outdoor environment is a challenge. 
• Deployment of nodes is still a challenge to find initial point in route discovery. It 

may lead to inaccurate routing. 
• Designing a protocol is a challenge because it is assumed that sensors with GOS 

and other techniques are already given. 

3 Bio-inspired Algorithm for Shortest Path 

A number of algorithms are utilized in generating the shortest path; among these, 
particle swarm optimization (PSO), ant colony optimization algorithm (ACO), 
genetic algorithm (GA), A*, and Dijkstra are discussed below:
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Table 2 Fusion of PSO with different algorithms for indoor positioning 

Author (year) Year Algorithms Technology Purpose References 

Wang et al. 2016 Artificial neural 
network + PSO 
algorithm 

RFID Indoor positioning [15] 

Cai et al. 2017 Simulated 
annealing + 
PSO 

Visible light 
communication 
(LED) 

Indoor 
high-precision 3D 
positioning system 

[16] 

Chen and Zou 2017 Kalman filter + 
PSO algorithm 

Wi-Fi Indoor positioning [14] 

Guo et al. 2019 KNN algorithm 
+ PSO 
algorithm 

Zigbee Indoor positioning [13] 

Particle Swarm Optimization (PSO): Particle swarm optimization is an evolu-
tionary metaheuristic algorithm proposed by Kennedy and Eberhart in 1995 [10]. 
To solve the intelligent vehicle navigation problem, PSO is the best solution as it 
is easy to describe and has a fast converging speed [11]. It has been widely used in 
various areas such as neural network training, dynamic environment optimizations, 
and many applications. PSO is based on an intelligent swarm algorithm that simu-
lates the activities of organisms by using particle movement in the swarm [12]. To 
start the optimization, firstly, a random particle is initialized and then determines the 
optimum solution on the basis of the fitness function. Guo et al. proposed a PSO 
algorithm to attain more accurate model parameter estimation in indoor positioning 
systems because it is difficult to estimate the parameters of the path loss model 
by ordinary methods [13]. Similarly, Chen and Zou used the PSO algorithm with 
Kalman filter to get better results of indoor positioning based on Wi-Fi and reduce 
positioning error [14]. Integration of particle swarm optimization with algorithms 
for indoor positioning system is described in Table 2. Depicts the fusion of PSO with 
different algorithms for indoor positioning. 

Ant Colony (ACO) Algorithm: It is one of the evolutionary methods inspired by 
the behavior of “simulated ants” to solve the path planning problems [17]. It is 
similar to fingerprint matching, as fingerprint matching compares the geomagnetic 
attributes with the database to obtain an optimal solution similarly ant colony algo-
rithm finds that the current attribute belongs to a certain position or not with the 
help of pheromones (a substance left by ants). It doesn’t need any memory to store 
the nodes. ACO algorithm achieves a better path very quickly in an indoor environ-
ment. Wang et al. proposed a 3D high-precision indoor positioning based on visible 
light communication using an ant colony algorithm to solve optimization problems 
[18]. Moreover, Yang et al. improve the result for optimal spatial allocation by using 
multiple ant colony optimization algorithm (MACO) [19]. The fusion of ACO with 
various algorithms for indoor positioning systems is described in Table 3 represents 
the variation of the ACO algorithm for various purposes.
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Table 3 Variation of ACO algorithm for different purposes 

Author (year) Year Algorithms Purpose References 

Alani et al. 2020 ACO + A* Single-source shortest path [20] 

Gao et al. 2020 Enhanced heuristic ant 
colony optimization 

Mobile robot path planning [21] 

Husain et al. 2018 Inverted ant colony 
optimization 

For search and rescue [22] 

Genetic Algorithm (GA): It is an evolutionary algorithm that is based on the natural 
selection of populations, repeating the evolutionary process, and finding the optimal 
solution [23]. To find a better solution for single point-based magnetic positioning 
(SBMP), Sun at el. used deep learning (DL), extreme learning machine (ELM). 
Along this, GA is used for initial parameters to address the robustness problem [24]. 
Similarly, for Wi-Fi and cellular network, a hybrid indoor positioning algorithm was 
addressed by Guo et al. [25]. It consists of principal component analysis and interpo-
lation method for fingerprint database construction in offline mode. Adaptive genetic 
algorithm (AGA) to optimize backpropagation (BP) neural network positioning algo-
rithm Gozuacik et al. planned a route to prevent loss of time and determine the location 
by using visible light communication (VLC). To find the most suitable route, GA 
was used in a closed area [26]. Table 4 shows the purpose and algorithm fused with 
GA for the indoor positioning system. 

Dijkstra: It is a classic algorithm to find out the shortest path between two points. 
Due to its optimization capabilities, it is mainly used for path routing. AbuSalim et al. 
compared the Dijkstra with the Bellman–Ford algorithm on the basis of complexity 
and performance to discover the shortest path in various applications [27]. Ginting 
et al. solve the travel salesperson problem by using the Dijkstra algorithm, and clus-
tering value is applied in priority values [28]. Asaduzzaman et al. modified the algo-
rithm to multi-destination of Dijkstra algorithm for an indoor environment. Compared

Table 4 Fusion of GA with various routing algorithms 

Author Year Algorithms Proposed 
method 

Purpose References 

Sun et al. 2021 GA + DL + 
ELM 

SBMP Sequence-based 
geomagnetic 
positioning 
technique 

[24] 

Guo et al. 2021 BP neural 
network + AGA 

Hybrid indoor 
positioning 

To reduce the 
cost time and for 
indoor 
positioning 

[25] 

Gozuacik et al. 2021 VLC + GA Route planning 
and location 
determination 

[26] 
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Table 5 Hybridization of Dijkstra algorithm with several routing algorithms 

Author Year Algorithm Purpose Results References 

Kasantikul 
et al. 

2015 Dijkstra + 
k-nearest 
neigbor (KNN) 
+ particle filter 

Route the 
destination 

Increase the 
accuracy and 
robustness 

[29] 

Teh et al. 2021 Extended 
Dijkstra 
algorithm 

Vision-based patrol 
robot-surveillance 
purpose 

Capable to 
complete 
multiple cycles 
of testing with 
positive results 

[30] 

Zheng looi 
et al. 

2021 A*,Dijkstra, 
dynamic 
window 
approach, time 
elastic band 
algorithms 

Robot simulation 
and real 
environment 

Achieve the 
required 
performance for 
the application 
and avoid the 
dynamic 
obstacles 

[31] 

the single-source destination to multi-mode destinations of Dijkstra algorithm and 
found the increase in efficiency by using multi-mode destination [6]. Table 5 describes 
the hybridization of the Dijkstra algorithm with several routing algorithms for various 
purposes. 

A*: A* algorithm is a global planner and a variant of Dijkstra. It calculates the 
estimation distance by adding a heuristic function. As A* is fast, so it reduces the 
computational time. Alani et al. proposed a technique of hybrid A* and ant colony 
algorithm (ACO) to generate the shortest path [20]. Mujtaba and Singh introduced 
a new method of safe and shortest navigation by using a modified A* algorithm. 
This method reduced the probability of collisions with robots and obstacles [32]. 
Similarly, Guruji et al. proposed an A* algorithm with modifications for reducing 
the processing time. For this, he considered several cases and exhibit a 95% maximum 
[33]. Table 6 shows that different technologies can be used to search the shortest path 
by using the A* algorithm.

4 Performance and Analyzing of Path Planning 

When deciding the algorithm for deciding the path, the selection of path parameter 
is the prime task. A few parameters are as follows: 

No. of Nodes and Area: Understandably a “one size fits all” technique, algorithm, 
the method is a problematic decision because there is diversification in environments 
as shown in Fig. 3. Two different paths reach the destination node.
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Table 6 A* algorithm for shortest path in different environments 

Author Year Algorithms Purpose Technology References 

Guruji et al. 2016 Modified A* 
algorithm 

To calculate the 
path length and 
processing time 
of robot 
movement 

MATLAB 
simulation 

[33] 

Niu et al. 2021 Improved A* 
algorithm 

Path planning for 
intelligent 
driving 

Dynamic 
simulation 
environment 

Rachmawati and 
Gustin 

2020 Dijkstra and A* 
algorithm 

Shortest 
path/routing 

Pycharm [34]

Fig. 3 Graphical 
representation of parameter 
variations 

Angel of Arrival (AOA): Principle of measuring angular direction from a locator 
placed at an unknown location. 

Time of Arrival (TOA): It is a ranging technique based on knowing the exact time 
of the signal transmission and the arrival of the signal. By knowing these two points 
and the speed of light, distance from the reference point can be calculated. 

Accuracy: It is one of the important parameters of navigation. Estimated position 
and actual position differences can decide the accuracy level. 

5 Conclusion and Future Scope 

In this article, various routing algorithms for intelligent path routing to find out the 
optimized path have been reviewed. The most significant bio-inspired algorithms for 
the shortest path have been studied. The use of the A* algorithm and the Dijkstra 
algorithm both give the same output in a regional scale map, but on a large scale, A*
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will provide a faster solution than Dijkstra. Similarly, for the distance optimization 
problems, ACO provides a better result than PSO. Although PSO and GA both are 
evolutionary algorithms, still they do have disadvantages in that the usages are limited 
to a few problems. To overcome these problems, we believe that fusion algorithms and 
revised routing algorithms will improve the overall performance. Hybrid algorithms 
play a significant role in road navigation. In the future, on the basis of the research 
in this article, we will try to extend the research with a fusion of algorithms to get 
an optimized path. Precision and accuracy can be improved by the integration of 
algorithms. 
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Crack Detection in a Cantilever 
Composite Beam Using Fuzzy Logic 
System with Regression Analysis 

Monalisa Das, Sasmita Sahu, and Dayal R. Parhi 

1 Introduction 

From the past several years, advanced composite material has gained an active 
research area in various applications such as sports, automobile, marine, aerospace, 
and military sector. These materials are dominating other renowned conventional 
materials used prier for these above-mentioned applications because of their superior 
properties. Excellent strength-to-wait ratio at a reasonable cost makes the composites 
a big replacement for conventional metallic materials. Other distinctive properties of 
composite materials such as corrosion resistance, enhanced fatigue resilience, excel-
lent surface profile, and tailored performance caused hasty increase in the applications 
of composite materials [1]. 

Nowadays, applications of hybrid composites in different sectors are steadily 
increasing. Hybrid composites are formed by combine mixing of two or more-
reinforced fibers having different properties in a resin. These composites due to 
hybridization are owning combined advantages of the individual components and 
concurrently justifying their less desirable qualities [2, 3]. Synthetic fibers such as 
aramid fibers and carbon fibers have played a primary role in the production of high-
performance composites for a large variety of structural applications. Aramid fibers 
used for making composites which are taken as material for making sports acces-
sories, helicopter blades, naval vessels, and especially ballistic applications such as 
helmets, combat shields, and armored vehicles [4]. From many researches, it has been
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observed that aramid fiber-reinforced polymer composites exhibit amazing mechan-
ical characteristics, including high-strength-to-weight ratio, superb abrasion resis-
tance, excellent impact resistance, and high-energy absorption capacity. For above 
reasons, these composites have been greatly preferred for structures or machine parts 
work in high-impact loading environments [5]. Carbon fiber can have a quality to 
arrest crack propagation in composite structures. They have excellent tensile prop-
erties, large thermal and chemical stabilities, excellent creep resistance, and thermal 
and electrical conductivities. Carbon fiber-reinforced in polymer (CFRP) compos-
ites is mostly favored for structural applications as they are capable of bearing heavy 
loads and more durable [6]. In recent years, due to these reasons, CFRP compos-
ites are gaining demand in various industries including aerospace, medical, mili-
tary, sporting goods, lightweight cylinders and pressure vessels, automotive parts, 
turbine blades, civil structures etc., [7–9]. From the above, it is found that hybrid 
composites with aramid fiber or carbon fiber are mostly suitable for structural parts 
of aerospace, marine, and automobiles. The hybrid composite formed by combina-
tion reinforcement of carbon fiber and aramid fiber with polymer provides superior 
performance that the composites reinforced with either carbon fiber or aramid fiber 
(Kevlar). Hybridization of brittle carbon fibers with ductile Kevlar fiber remarkably 
promoted impact strength, energy absorption property, shear strength, and damage 
tolerance of carbon-Kevlar epoxy composite in compared to the corresponding 
CFRP and KFRP composites [10]. In this work for the damage analysis, a cracked 
carbon/Kevlar-reinforced epoxy hybrid composite has been considered. 

Although having large advantages, composites are prone to significant damage 
in their service life. Presence of damage leads alteration in dynamic properties of 
composite. When such damage in structure touches a perceptible level, a serious acci-
dent will be happened. Damage in many forms presents in a composite such as matrix 
cracking and delamination. Among those damages, crack type damage is the most 
important damage for composite structural elements. To avoid catastrophic failure, it 
is required to identify the incipient damage at very early stage and continuous moni-
toring of its growth in composite parts and structures. For that automatic damage 
inspections are made to identify the damage of in-service structures. Therefore, now, 
structural health monitoring is a great challenge both structural and aerospace indus-
tries [11, 12]. For structural damage detection, there are so many unconventional 
methods are available. But these methods are not more efficient because they are 
expensive and time consuming. Nowadays, artificial intelligence and soft computing 
methods are efficiently replacing unconventional methods in various industries. In 
recent years, vibration analysis method is mostly preferred for damage detection in 
machine components and structures [13–15]. It has been noticed that even if a very 
small hairline crack can make a catastrophic failure. The presence of minute damage 
in composite structures used for aerospace leads to hazardous human causality. So, 
the crack identification and localization in aerospace are being a vital subject for 
aerospace is being a vital subject for aerospace researcher. For those above reasons, 
regular and immediate health monitoring of materials for aerospace applications is 
necessary [16, 17].
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In this current research work, a novel structural health monitoring technique 
for fault identification has been suggested. A fuzzy logic system (FLS) has been 
constructed here. In big civil structures like bridges, buildings and in aircraft, space-
craft structures exact damage location identification, and prediction of its intensity is 
really difficult [18–20]. But existence of a minute hairline crack in these structures 
may cause a very serious failure, which could be harmful to human being. As so 
many research works have been done on FLS for crack identification, through the 
inclusive literature review, it has been noticed that FLS has some loopholes to be 
applied. Though most of the data from the field are given by a person where there is 
a chance that the data mining process may not be proper. It is known to all that due 
to the data mining process, there may be some un-clarified data, which may create 
problem to get a proper solution. To minimize the error data, one data mining method 
like regression analysis (RA) has been integrated to reduce the percentage of error 
[21–23]. 

In this work, to detect crack location and size of a cantilever composite beam, a 
distinctive NDT method is developed. This technique is based on fuzzy logic system 
with regression analysis. At the starting of the process, first, finite element analysis 
(FEA) has been conducted. Data are collected from this FEA. As it is shown that, 
initiation of crack in materials leads to alteration in its physical properties such as 
stiffness. Alteration in stiffness of material leads to change in dynamic properties 
such as the natural frequencies and the mode shapes. Here to keep this suggested 
methodology simple, only the natural frequencies of the first three mode shapes are 
taken as input variables, and the damage depth and damage location are taken as the 
output variables to this system. Collecting data from the FEA a data pool is generated. 
After that the values of all the input and output parameters are being normalized by 
dividing with the respective values of the undamaged composite beam. 

2 Finite Element Analysis of Composite Cantilever Beam 
With an Edge Crack 

In this work, finite element analysis (FEA) is applied for the vibration analysis of 
a composite cantilever cracked beam. In vibration analysis of this beam, natural 
frequency of considered damaged composite beam has been extracted. For this anal-
ysis, a carbon/Kevlar-reinforced hybrid composite cantilever beam element with an 
edge crack has considered. This cantilever beam is subjected to generalized loading 
condition as shown in Fig. 1a and its cross-sectional view is in Fig. 1b.

The dimensions of crack composite beam considered for this present work are 
mentioned as below. 

Length of composite beam (L) = 800 mm. 
Width of composite beam (W ) = 40 mm. 
Height of composite beam (H) = 6 mm.
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Fig.1 a Representation of force loading system on a composite cantilever beam with an edge crack, 
b cross-sectional view of beam

When a crack is developed in beam like elastic elements, their stiffness decreases 
lead to degradation of structure. It introduces local flexibility in the structure, whose 
effect is alteration in vibration characteristics such as natural frequency and mode 
shape. Damage detection and its severity calculation in a structural element will be 
done by finding its stiffness. By finding the stiffness of the damaged (like crack) 
beam, its natural frequency and mode shape will be calculated. To find stiffness 
matrix for cracked composite beam, first flexibility matrix is extracted. Then, inverse 
of flexibility matrix is taken. The process for finding out stiffness matrix and natural 
frequency for beam is expressed below. 

The additional elastic strain energy of the beam due to existence of crack is 
expressed as 

Ue 
c =

(

A 

E(a)dA (1) 

In the above equation, ‘E(a)’ represents function of strain energy release rate, and 
‘A’ represents cross-sectional area of rectangular cracked composite beam. 

The function of strain energy release rate for laminated composite beam with a 
crack, i.e., E(a) can be expressed as 
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where K Iq, K IIq, and K IIIq are the stress intensity factor of the three fracture modes I, 
II, and III, respectively, corresponding to generalized loading Sq. D1, D2, D3, and D12 

are the coefficients which are constants and their value depending on the material 
parameters [24]. 

D1 = −0.5B22Im

(
x1+x2 
x1x2

)
, D2 = −0.5A11Im(x1+x2), 

D3 = −0.5( 
√
y44 y55), D12 = B11Im(x1x2) 

(3) 

where x1 and x2 are constants. 
Generally, the flexibility coefficients are the function of the crack shape and stress 

intensity factor. 
Now, the flexibility coefficients are expressed as below by referring [25]. 
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∂ui 
∂ Si 

= 
∂2Uc 
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where ui represents the displacement of beam in i direction due to the application of 
load Si. 

Substituting the value of E(a) in Eq.  (4), we get 
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For the investigation of composite beam, there are three independent variables 
exist which need to be considered when calculating its flexibility coefficient. These 
variables are named as axial displacement, vertical displacement, and rotational 
displacement. In this situation, flexibility coefficient can be expressed as 
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The stiffness coefficient of the cracked laminated composite cantilever beam is 
expressed as 

kc = C−1 
i j (7)
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After calculating the stiffness of the cracked laminated composite cantilever beam, 
the natural frequencies of damaged cantilever beam can be calculated The natural 
frequency (f n) of cracked composite cantilever beam is calculated by using the below 
expression. 

fn= 
kc 
2π 

/
E I  g  

wL4 
(8) 

where ‘E’ represents the modulus of elasticity, ‘I’ represents the area moment of 
inertia, ‘g’ represents the gravitational acceleration, ‘w’ represents the uniform load 
per unit length. 

3 Fuzzy Mechanism for Fault Detection 

This suggested method is in general a process of data mining. Data mining is the 
method of revealing patterns and other precious information from huge data sets. For 
the extraction and discovery of hidden patterns from a large data set, data mining 
uses machine learning and statistical models. There is an alternate name for data 
mining which is called as knowledge discovery in data (KDD) [26]. In this data 
mining process, numerous natural frequencies of a cracked composite cantilever 
beam structure for various crack depth and crack locations are found by using finite 
element analysis (FEA). In case of conventional logic, a solution or result may 
be considered as either ‘true’ or ‘false’. But every system has some imprecision 
involved in it. Conventional logic cannot able to clear these vagueness or uncertainty 
associated with the considered system. Also there are certain amounts of haziness 
involved in structural damage identification. To watch out this problem, here, fuzzy 
logic has been recommended for damage detection. This unconventional logic is a 
step forward of conventional logic. In actual, fuzzy logic can accurately control the 
mathematical model of any real-life problem. FLS has an ability of taking human 
like decisions, but this strength of FLS sometimes acts as one of its weaknesses. 

A fuzzy controller with number of input parameters 3 and number of output 
parameters 2 has been developed. The usual linguistic representations for the inputs 
are expressed below. 

Normalized first fundamental frequency = ‘nfff’. 
Normalized second fundamental frequency = ‘nsff’. 
Normalized third fundamental frequency = ‘ntff’. 
Likewise, the usual linguistic terms used to express the outputs are 
Normalized crack depth = ‘ncd’. 
Normalized crack length = ‘ncl’. 
Based on above fuzzy subset, different fuzzy rules are outlined and defined in a 

generalized way. The general way of the fuzzy rules is expressed as follows:
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If
(
nfff is nfffiand nsff is nsff j and ntff is ntffk

(
then

(
ncd is ncdi jkand ncl is ncli jk

(
(9) 

where i = 1–12, j = 1–12, k = 1–12. 
Because ‘nfff’, ‘nsff’, and ‘ntff’ each have assigned by 12 membership functions. 
From the Eq. (1), two set of rules can be derived. Those set of rules are expressed 

as follows. 

If
(
fff is fffiand  sff is sff j and tff is tffk

(
then cd is cdi jk  

If
(
fff is fffi and  sff is sff j and  tff is tffk

(
then cl is cli jk

(
(10) 

According to the standard fuzzy logic control method [24], for the fuzzy rule, a 
factor Wijk is defined as follows: 

wi jk=μfffi (freqi ) ∧ μsff j (freq j ) ∧ μtffk (freqk) 

where freqi, freqj, and freqk are represent the 1st, 2nd, and 3rd relative natural 
frequencies of the cantilever composite beam with crack, respectively. 

Now, implementing the composition rule of interference. Then, values of the 
membership functions of relative crack location (location)ncl and relative crack depth 
(depth)ncd have been illustrated below [27]. 

μrcli jk  (loc) = wi jk  ∧ μrcli jk  (loc) ∀length ∈ rcl 
μrcdi jk  (dep) = wi jk  ∧ μrcdi jk  (dep) ∀depth ∈ rcd

(
(11) 

Then, the final outcome coming out after combining outputs of all the fuzzy rules 
can be written as follows: 

μrcl(loc) = μrcl1 1 1  (loc) ∨ . . .  ∨ μrcli jk  (loc) ∨ . . .  ∨ μrcl12 12 12 (loc) 
μrcd(dep) = μrcd1 1 1  (dep) ∨ . . .  ∨ μrcdi jk  (dep) ∨ . . .  ∨ μrcd12 12 12 (dep)

(
(12) 

Using the center of gravity method, the numerical results of normalized crack 
location and normalized crack depth are calculated [27] as  

Normalized crack location = ncl =
(
loc.μncl(loc).d(loc)(

μncl(loc).d(loc) 

Normalized crack depth = ncd =
(
dep.μncd(dep).d(dep)(

μncd(dep).d(dep) 
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⎭ (13)



868 M. Das et al.

4 Application of Regression Analysis to Construct 
Mamdani FLS Adaptive 

In the earlier section, already, it has been specified that there is some uncertainty lies 
in collection of data. This is happening because of involvement of human expertise 
in framing fuzzy rules according to the relationship within the independent and 
dependent variables of the real-life problems. For minimization of these uncertainty 
involved in the data collection, regression analysis is applied in FLS. Regression 
analysis is a technique of data mining which is applied to fit an equation to a data set. 
In this current paper, regression analysis plays a role as supervised learning. It creates 
a model between the independent and dependent variables using the statistical and 
mathematical modeling. This statistical modeling will develop the relationship in 
between input and output variables. 

The initial equation for the regression analysis is given below 

Q = a + bP  + c (14) 

where Q = Effect, 

P = Cause, 

a = Constant, 

b = Slope of the regression line, 

c = Error expression/residual factor. 
For this present analysis, Q = nfff, nsff, ntff, and P = ncd, ncl. 
This work is primarily associated with the dynamic responses given by the struc-

tural element with presence of damage. The schematic illustration provided in Fig. 2 
explained the use of regression analysis (RA) for the growth of adaptiveness of fuzzy 
logic system (FLS).

5 Result and Discussions 

Below two tables, i.e., Tables 1 and 2 represent a complete comparison of the results 
coming out from fuzzy logic system (FLS) without data training and fuzzy logic 
system (FLS) with data training using regression analysis (RA). For generation of 
data, the natural frequencies obtained from first three natural frequencies (FEA) as 
mentioned in introduction section are normalized. The first five columns offer the 
normalized or dimensionless values of the dependent and independent variables. 
After that the value of error percentage is estimated using the equation given below. 

Percentage of Error = {(data from FEA − data from the proposed technique)/(data from FEA)} 
× 100 (15)
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Fig. 2 Schematic representation of the proposed method

6 Conclusion 

Health monitoring of structures is being extremely important to prevent dangerous 
premature structural failure, by that maintaining sustainability and conserving the 
working life of structures. Many researchers have been investigated on it. As a result, 
various damage identification methods and significant techniques have been devel-
oped. Vibration signature-based NDT methods for the purpose of structural fault 
identification, localization, and quantification are more familiar among these. In 
this particular research work, a unique NDT technique has been suggested for crack 
identification and determination of crack size and location. Fuzzy logic system (FLS) 
and regression analysis (RA) both are associated in this proposed NDT method. In 
fuzzy control, during the data generation and rules framing in FLS, human errors are 
involved. To eliminate those errors, regression analysis (RA) is applied. It has been 
observed that use of RA in FLS, eliminate the errors in generation of data. Basing on 
the outcomes, it has been concluded that the constructed technique predicts the exact 
fracture (crack) site in form of normalized crack location (ncl) and finds its size in 
form of normalized crack depth (ncd) at a high accuracy. This adaptive fuzzy logic 
system gives superior result than the fuzzy logic system and also helps in reduction 
in significant quantity of computational time.
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Intelligent Manufacturing Systems: 
Robotics and Automation



A Literature Review on Application 
of Lean Manufacturing Techniques 

Sushil S. Mishra and Ravi Terker 

1 Introduction 

Lean manufacturing concept was first invented in Japan, and Toyota firms were some 
earliest firms that used lean practices. Lean manufacturing assists in up-gradation 
of production processes and also raises employees moral and job satisfaction [1]. 
Generally, lean means manufacturing of products without generation of excess [2]. 

There is difference among lean manufacturing and conventional manufacturing. In 
traditional manufacturing systems, main focus is on inventory of the system whereas, 
As far as lean manufacturing is considered it opposes the same. According to lean 
ideology, inventory is measured as waste in firm. Exploring the dissimilarity between 
conventional manufacturing and lean manufacturing is very indispensable for firms 
if they want to apply lean practices [3]. 

As complexity in the market is increasing day by day, so awareness about percep-
tion of market dynamics is necessary if firms want to implement better manufac-
turing systems [4]. Basically, lean manufacturing is of the opinion that customers 
will always pay for the quality of services which he gets rather than the mistakes, for 
which he will not pay anything [5]. Majority of the elements that were considered 
for application of lean techniques included Value stream mapping which requires 
to convert natural resources into finished goods by mapping of process and flow 
of information specific to production line [6], push and pull system is one where 
pull system depends upon customer requirements and push system depends upon

S. S. Mishra 
Department of Mechanical Engineering, Viva Institute of Technology, Mumbai, 
Maharashtra 401305, India 
e-mail: sushilmishra@viva-technology.org 

R. Terker (B) 
Department of Mechanical Engineering, NMIMS University, Mumbai, Maharashtra 51, India 
e-mail: Ravi.Terker@nmims.edu 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
B. B. V. L. Deepak et al. (eds.), Recent Trends in Product Design and Intelligent 
Manufacturing Systems, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-4606-6_80 

877

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4606-6_80\&domain=pdf
mailto:sushilmishra@viva-technology.org
mailto:Ravi.Terker@nmims.edu
https://doi.org/10.1007/978-981-19-4606-6_80


878 S. S. Mishra and R. Terker

fixed schedule [7], KANBAN which is workflow management method for defining, 
managing and improving services [8]. 

Introduction of lean manufacturing practices in any particular type of firm has 
direct impact on its manufacturing process. In present world, customers have distinct 
outlook on manufacturing process. They acknowledge that product value is defined 
by opinion of customer and not from manufacturing process used. Main aim of lean 
manufacturing is to reduce or rather dispose of wastes from the firms. Moreover, a 
waste in firms can be something that shall not enhance value of the product. Lean 
techniques when used along with SWOT analysis assist in removal of wastes from 
the organization [9]. Lean manufacturing techniques when applied successfully help 
firms to increase their production and reduces the inventory [9]. The conclusive 
aim of lean manufacturing system is to eliminate all waste within the firm. The 
fundamental aim of lean manufacturing system is to manufacture product of best 
quality and at lowest possible cost in less time by removing wastes [10]. Application 
of lean manufacturing techniques gives positive results by reducing waste through 
continuous and systematic improvements [11]. However, it is the internal desire from 
organizations to implement lean techniques that become inspiration for them [12]. 

1.1 Different Stages for Application of Lean Techniques 

1. Removal of wastes: One of the basic purposes of lean manufacturing is removal 
of waste; typically one can use value stream analysis to identifying waste full 
activities occurring at the plant. 

2. Reduce unnecessary inventory: Overstocking can be essentially problematic 
if some inventory becomes obsolete, Moreover cost of maintaining inventory 
exceeds the actual benefit which firm can get. 

3. Shorting product cycle: Presently the goods which used to take weeks for manu-
facturing can be manufactured within hours by using enhanced production capa-
bilities. Followers of lean manufacturing always support production in small 
batches. 

4. Speed up response time: Traditionally manufacturers depend upon forecast for 
market requirements, but this is not the best approach for fast-changing customer 
demand, Eventually, it will be preferable to develop system that can act swiftly. 

5. Seek customer feedback: After designing the features for core product a method-
ical method for customer feedback should be developed. The system should be 
supple enough to adapt to changes, Following this step can enable one to satisfy 
customer needs within firms basic framework. 

6. Stretch out to suppliers: This also helps strengthen existing relationships vital 
to your manufacturing operation. 

Most of the industries in undeveloped countries are using old and obsolete tech-
niques of manufacturing. According to Mahapatra and Mohanty [13], Companies 
in India use labor only physically and not intellectually. There was no customer
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opinion and proposal system whatsoever. According to study conducted by Singh 
et al. [1] in Indian automobile and manufacturing industries, they concluded that 
if any firms need to implement lean then main focus should be on management 
and market issues. Sharma et al. [14] established that for accurate application of 
lean manufacturing principles, supply issues are very crucial. Many big firms like 
M&M, TCS, and CUMMINS have effectively implemented lean manufacturing 
philosophies. Further companies, like ATLAS COPCO, Bajaj, L&T, and Boyce, 
have become more globally competitive. 

2 Methodology Used for Analysis 

Presently most economic method to do any research is either by using internet or 
database. But nowadays there is such a large propagation of information is there, 
whether effective or non-effective, authenticated or non-authenticated and mainly 
they are either useful or non-useful. Therefore, Scopus journals stood first to start 
the research for quality research papers, so initially “lean management”, “lean prin-
ciples” “lean manufacturing”, and “Toyota production system” were used as search 
keywords. During starting some books were also helpful and leading conference 
proceedings were also used for research. As an outcome of which a group of findings 
was recognized from the review. This paper will help in demonstrating better percep-
tion of lean manufacturing techniques and challenges faced by company during 
application of lean manufacturing. Initially, there appeared at least 5000 research 
papers related with the topic lean. This list was then reduced by using different 
keywords, by using different combinations of the words the list was reduced to about 
200 papers for lean application and about 100 papers for lean manufacturing and 
about 50 papers for lean application challenges. Generally, articles referred for this 
review are mostly which are published after 2005 however some important articles 
and papers which are published before 2005 were also concerned. Though, there 
were many deficiencies in methodology which was adapted. First was accessibility 
of the papers. Primary database included Emerald, Taylor & Francis, Elsevier, IEEE, 
and Springer publishing groups. Moreover, one thing what author wants to clear that 
all the papers that were reviewed may not contain this keyword and all the papers 
having these keywords might not have been reviewed. 

3 Literature Review 

Lean techniques are defined into several steps, they include firstly how to define 
customer values, second is about value streaming, and lastly seeking for excellence 
[15]. As stated by Wong et al. [16], the key characteristic of lean manufacturing 
could be defined by some sets of collective factors and areas, which are eventually 
indispensable for application of lean manufacturing techniques. However, there are
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a no. of techniques that are used while implementing lean manufacturing. According 
to Bayou and Korvin [17], manufacturing leanness is a technique where generally 
inputs are less and outputs are better. Singh et al. [18] concluded that lean deploy-
ment techniques, for example, lean tools, value stream mapping, kanban, etc. have 
benefited the industry. According to Bhasin and Burcher [19] lean is more like an 
attitude fairly than the strategy, if any firm or organization need to get rewards from 
lean application than supplier along with customer requirement are must. Moreover, 
lean manufacturing techniques are rather those which aim at unceasing improvement 
in order to get better results. According to Bhuiyan and Baghel [20] who studied the 
continuous improvement process from past to present, he stated that in continuous 
improvement there are few diverse techniques that are used to get better results such 
as six sigma, lean six-sigma, etc. Moreover, according to Hopp and Spearman [21] 
with respect to attain better levels of production, continuous improvement techniques 
are very important through removing variableness in the system and hence lowering 
the defects in any firm (Fig. 1). 

However, when we talk about lean manufacturing techniques the term waste 
becomes very important hence so as to study lean it is vital to distinguish between 
different types of waste one is evident and other one is non-evident. Evident waste 
are those waste that piles up due to excess production, more waiting time, more 
inventory, lethargic transportation, etc. and non-evident waste generally arises due 
to variability. Dhamija et al. [22] presented in their study that basically lean technique

Fig. 1 Lean manufacturing flowchart for literature review 
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implementing firms are those which uses fewer material for product manufacturing, 
minimum workforce for production, reduced time for design and development, and 
less resources as well energy. Lean firms are basically are those which focus on 
customer demand and hence produce goods that are of high quality in more efficient 
way. Rose et al. [23] in his study presented some lean techniques which are more 
practical and applicable to micro and medium-scale firms. They advocated that so 
as to get entire benefit of lean practices, firms should implement them regularly, or 
else inconsistency may not allow firm to achieve full success. 

According to study done by Yan-jiang et al. [24] he found that there are few 
distinguish factors that are indispensable for application of continuous improve-
ment activities. Malik et al. [25] in his study compared continuous improvement 
techniques between two countries. Where he stated that though continuous improve-
ment activities gave better results in both the cases, however, proportional impact 
was different. Mahapatra and Mohanty [13], also studied about adoption of lean 
manufacturing activities in micro and medium-sized firms which also showed good 
results. Kuo et al. [26] in his work showed the link among doing manufacturing using 
lean principles and performance of manufacturing where he stated that some issues 
such as relationships with customer, involvement with suppliers, and supply chain 
management have better effect on performance. 

Ferdousi and Ahmed [27], in their research with respect to garment industries 
in Bangladesh found there is certain improvement in performance through applying 
lean manufacturing techniques. Wong et al. [28] during his study stated that educa-
tion about waste management and continuous improvement techniques with respect 
to lean manufacturing are some methodologies that are easily understood by firms 
owners and organizations, he also found out that techniques such as 5S and kaizen 
remain few other significant lean tools which are additionally helpful for compa-
nies, he also concluded that application of lean practices on small along with 
large organizations and found that large firms have better application performance. 
Lyonnet et al. [29], developed certain methodologies and determined their penetra-
tion level regarding lean manufacturing technique and its application. He found that 
few methodologies for example value stream mapping, pull system are rarely used. 
Nordin et al. [30], in his study in Malaysian automobile industries, found that two 
lean techniques that is 5s and Kaizen are mostly used for getting better results from 
lean manufacturing techniques application. According to Eroglu and Hofer [31], 
where he studied the effect of inventory on the organization, his results concluded 
that almost more than 30% of companies showed no notable effect of inventory 
leanness in performance of firms. 

Santosh Kumar et al. [32] applied lean technique and reduced the cycle time in a 
lorry body assembly line and hence improved the efficiency of that product line. Also, 
according to him lean manufacturing is more like a business strategy that continuously 
improves the process involved in manufacturing. Also, Ratneshwar Singh et al. [33] 
who studied TPM application in machine shop found there is reduction in break down 
time and it improved overall efficiency. According to him tpm application depends 
upon various parameters such a 5s, planned maintenance, kaizen, etc. which can be 
applied one by one and which result in increase in overall efficiency.
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There is large no. of different techniques which are used in lean manufacturing. 
Various tools like value stream mapping (VSM) Kaizen, Kanban, 5S, TPM, etc. 
are used to remove numerous wastes that occurred during the manufacturing of the 
product. Many authors used different techniques to demonstrate the state of lean 
application technique. Bayou and Korvin [17] in their work proved that the manu-
facturing leanness is a smart technique accustomed to attain goals in fewer input to 
additional output. The measurement of leanness was considered by several features: 
relative, dynamic, long-term fuzzy logical, objective, integrative and inclusive. Singh 
et al. [18] showed a relationship between lean application and paybacks in industry 
with the aid of lean tools and value stream mapping (VSM). Paper presented to states 
of industry: current and future state. 

Generally, a technique that is applied for findings and eliminating various waste 
are recognized as lean manufacturing techniques, Now in this part, several case 
studies with respect to lean manufacturing are presented, however as we discussed 
already here are numerous tools which are used in organization for removal of waste, 
some of these tools are just in time, kaizen, mrp, Kanban, 5s, and VSM, etc. 

4 Case Studies 

Lean manufacturing is the name given to a team-based systematic approach for 
discovering and eliminating different kinds of waste [9]. This section is composed 
of various cases of lean manufacturing. There are numerous tools that are effectively 
used for removal of wastes from any manufacturing firm. These tools include just in 
time, value stream mapping (VSM), kaizen, material requirement planning, kanban, 
5s, etc. (Table 1).

4.1 Just in Time 

Just in time is considered as core of the lean manufacturing. It is linked with lean 
techniques. Just in time production gives correct part at the correct place at correct 
time. Karlsson and Ahlstrom [34] in their work showed that every event and process 
must be processed in accurate form and according to accurate necessity to produce 
goods at the appropriate time, final aim is to provide each event with one part at 
one point and at the matching time when it is required, it is this principle on which 
Jit works. According to the author, decreasing lead time, lot sizes, and decreasing 
buffer sizes are significant features of jit. Plant size, plant age, and unions are some 
important factors that are discussed by Shah and Ward [35]. According to them, Jit 
has positive effect on efficiency however TQM has less impact. Gunasekaran and 
Lyu [36] studied the application of jit in Taiwan in micro-scale industry, initially, 
training was arranged for workers, and eventually, after application of 5s tools Seiri, 
Seito, Seize, Seiketsu, and Shitsuke were carried out for the betterment of the quality
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Table 1 Some lean tools and their functions 

S. No. Lean tools Functions and benefits 

1 5s 1. Cost reduction by eliminating unnecessary tools or machine 
2. Simplify work and increase productivity by reducing search 
3. Prevention of breakdowns by inspecting tools or machines during 
cleaning 

2 Continuous flow Lower stock levels and shorter production cycle time 

3 Jit 1. Reduction in the number of products and parts outstanding 
2. Jit also contributes to elimination of losses 
3. Simplification and smoothing of production 

4 Kaizen Achieve visible and faster results than with the more traditional 
continuous improvement 

5 Kanban A visual method for planning an entire workshop without the need 
of expensive MRP software or planning staff 

6 VSM 1. In particular it makes it possible to visualize the total cycle time 
and to understand that it is share of production time in relation to the 
interoperation time 
2. It is an ideal basis for identifying areas to be investigated in more 
details to understand malfunction 

7 Waste elimination The identification and systematic reduction of waste is a major lever 
for simplifying processes and reducing their variability

of products and the manufacturing of the company. Workers were given training in 
preventive maintenance with respect to equipment on which they use and on machine 
on which they operate. Initially, the forecast system which was adopted was push 
system which was replaced by pull system so that goods can be manufactured at 
the appropriate time with right quantity. Gupta et al. [37] analyzed barriers faced by 
small-scale and mid-sized companies while implementing jit, according to him bigger 
problem with smes while implementing jit was absence of negotiating authority of 
smes with outside world. 

4.2 Kaizen 

Generally, in kaizen meaning of kai is change and Zen indicates betterment. So 
meaning of kaizen is to change unceasingly for improvement which involves each 
and every employee of the company [38]. Its main focus is on complete improvement 
of the product and satisfaction of the customer. Detecting, targeting, and eradicating 
waste (muda) in machine operations, and different approaches used to control labor 
and production refer to kaizen in manufacturing companies. Rawabdeh [5], stated that 
housekeeping, standardization, and removal of waste are the three factors on which 
the kaizen approach depends. Chandrasekaran et al. [39] used kaizen philosophy to 
find answer to the problem of part mismatching in assembly line of an automobile 
company, gradually kaizen approach was used to remove problems with the assistance
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Table 2 5s details 

First “s” Seiri or tidiness Sort Sorting out of the unnecessary parts 

Second “s” Seiton or orderliness Set All the parts should be arranged at proper 
place 

Third “s” Seiso or cleanliness Shine All working areas should be clean 

Fourth “s” Seiketsu Standardize Standardization means writing down what is 
being done, where and by whom 

Fifth “s” Shitshuke Sustain Maintain discipline 

of data and eventually finding and selecting one best solution from various other 
available. Some of the benefits which were achieved after implementing kaizen are 
complete removal of surplus and substantial savings in expenditure. 

4.3 5s 

5S is a methodology that is adopted from letters of Japanese words: Seiri, Seiton, 
Seiso, Seiketsu, and Shitsuke. This methodology is generally used to shape the work-
place and hence increasing the efficiency. In actual scenario, 5s was initially intended 
for manufacturing organizations only, however same methodology could be used in 
office or administrative environments for getting better results. Gunasekaran and 
Lyu [40] studied execution of 5s in Taiwan Company which were manufacturer of 
automobile lamps. Moreover Simmons et al. [41] while their study in medium-scale 
companies found that more lead times, bad quality, and lower efficiency to be the 
big problem. Basically, 5S as a tool is used by firms for standardization of their work 
and hence increasing the efficiency. Normally, 5S indicates clean housekeeping, 
standardizing and maintaining them effectively [42] (Table 2). 

4.4 Value Stream Mapping (VSM) 

Value stream mapping as name suggests is nothing but mapping of all the current 
production activities. In which generally key areas are identified, where upgrading is 
desired and to find unnecessary events as same could be discontinued as they don’t 
contribute in manufacturing of goods [43]. VSM is an excellent diagrammatical or 
a paper pencil tool that aids to find and analyses the workflow to differentiate the 
value added and non-value-added activities. Lean concepts and techniques are used 
collectively in VSM. In Value stream mapping generally, two maps are created where 
initial map shows present state of assembly and another one makes a futuristic path 
for the improvement of the operations [44]. Rother and Shook [45] have talked about 
VSM in which existing state of product is analyzed and after doing proper analysis of
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all the parameters a new map with improved futuristic stage of product is developed 
where main aim is to reduce waste, reduce lead times and improvement in mate-
rial flow. VSM particularly shows the inventory, process time, Lead time, waiting 
time, etc. According to Pattanaik and Sharma [46], all the production processes 
must be studied thoroughly to reduce activities that are unessential and which will 
contribute in decreasing lead time, cycle time, moving time, and other wastes. Gori-
wondo et al. [47] studied execution of VSM in bread making manufacturing firm 
and found certain advantages, i.e., after application of VSM defects were reduced by 
almost 23% excessive inventory reduced by 15% and unessential activities reduced 
by 30%. Singh et al. [1] implemented VSM technique in a manufacturing firm and 
found certain benefits after application, firm achieved reduction in process inventory 
almost by 80%, inventory of final goods was reduced to about 18%, lead time was 
condensed to about 80% and workers output was improved up to 17%. Rajenthira 
Kumar et al. [48] implemented VSM technique in a production line of a paint shop 
in manufacturing firm, throughout the study they found various processes which 
were adding to unnecessary activities of paint shop. Actual mapping showed almost 
70% of unproductive activities were present. Paranitharan et al. [49] in their study 
analyzed and redesigned assembly line in automobile company, Inspection of layout 
displayed that there is separate location for assembly and cylinder greasing operation 
and after doing proper analysis the layout was redesigned and trolley was arranged 
to overcome this problem Fawaz et al. [50] stated that simulation methodology can 
be applied to assess performance parameters before application of lean techniques, 
as prediction of levels throughout the assembly line is not feasible because in static 
modeling one cannot predict levels of inventory as scenarios can be different, so 
simulation technique is indispensable for accuracy of inventory levels [51]. Value 
stream mapping as name suggests is nothing but mapping of all the current produc-
tion activities where generally key areas are identified and where enhancement is 
required and to find unproductive activities so that they can be discontinued as they 
don’t contribute in production system values [52]. 

4.5 Kanban 

Kanban is a type of lean manufacturing system in which movements of materials in 
assembly line is carried through cards it was formed to manage inventory levels the 
overall production and components supply, In Kanban system generally, a supplier 
must supply parts to production lines only when required as a result there will no 
excessive storage near production facilities. 

Junior et al. [53] said that the implementer of Kanban can easily classify and anal-
ysis the variation in Kanban system with the knowledge which he acquired during 
application of diverse Kanban systems. According to Sipper et al. [54] Kanban system 
can be characterized by card system which is used for signaling production and 
transportation activities. Alvarez et al. [55] used VSM technique along with kanban 
system for application of lean manufacturing on assembly line, present state was
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studied about the production line, cycle time, lead time and all other activities were 
noted, and it was concluded that conventional push system was used for production 
lines, which created difficulty in assembly lines. And eventually, a Kanban system 
was proposed so that traditional push system can be replaced by pull system. Abdul-
malek and Rajgopal [56] made a simulation to demonstrate the condition earlier and 
afterward application of Kanban system. Excessive inventories, a no. of non-essential 
activities, are few of the shortcomings which were analyzed, and eventually Kanban 
system proved to be beneficial for better production flow. 

4.6 Waste Elimination 

A view from the study of various articles indicates that about 70% of unwanted 
waste in manufacturing systems generates due to inventories. The inventories might 
be categorized as raw material inventory, assembly line inventory, and final goods 
inventory. Inventories have a vital role in any organization’s turnover, A detailed 
literature from manufacturing companies indicated that about 30% of firms attempt 
to rise their inventory turnover [57]. Moreover, target of lean manufacturing firms is 
comprehensive removal of waste, as we already discussed with respect to customer 
view anything that doesn’t enhance quality of the product is termed as waste. As 
stated by Sakakibara et al. [58] excessive raw material inventory is due to poor 
production plans, in appropriate raw material availability, and needless transportation 
between different work stations. Waste from inventories can be reduced by reducing 
rejection rates, Lead time, quality levels, and delivery rates. However, this waste 
can be identified by using proper tools and lean techniques. Upadhye et al. [9] in  
their work claim to have perfectly executed lean philosophy in a company. Initially, 
lean philosophy approach was considered only for large and medium firms. Various 
lean manufacturing tools such as kaizen, jit, vsm, takt time, Kanban, etc. proved to 
be successful in sorting and removing unwanted waste from the firm’s production 
facilities. 

5 Barriers to Lean Application 

Unfortunately, many micro and medium firms didn’t show any interest in adopting 
LM [59]. Roslin et al. [60] stated that it is very simple to tell those lean practices can 
be implemented easily however practically it is not that simple. Just visualize how 
come organizations will be willing to overhaul their complete setup for implementing 
lean techniques as nobody wants to change their setup until it is extremely needed. 
Introduction of lean manufacturing methodologies in any firm will force them to 
change their work culture, now such things become barrier to lean application. Hence 
to let these changes in organization extra work should be done [61, 62]. As workers 
see some changes in work environment then it becomes difficult for them to responds
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to these changes. However, this barrier would be controlled by embracing a culture 
of effective conveying and training for everybody in the firm. 

Empowerment of workforce and their participation can be encouraged in lean 
manufacturing applications by assigning them a certain responsibilities [63]. Level 
of understanding would be increased if suitable education and communication will 
be provided and will help to develop motivating culture in any organization. Puvanas-
varan et al. [64], James [65], and Crute et al. [66] in their work recognized some 
barriers while implementing lean techniques. Some of them are lack of interest from 
seniors and middle management, improper management of lean methodologies, and 
attitude of labors and employees who are resistant to change. According to Achanga, 
Shehab, Roy, and Nelder [67] and Salaheldin [68] it is not possible to implement lean 
techniques if adequate support from top management is not provided. Achanga et al. 
[69] also said that un-adequate financial resources also act as barrier for execution 
of lean techniques in minor industries. Abdul-Nour, Lambert, and Drolet [70] and 
Salaheldin et al. [68] in their work concluded that absence of skilled workers and 
resources also acts as hindrance for lean application. Chong et al. [71] also stated that 
time management also works like a barrier in the application process. The premier 
aim is to preserve industry and machineries in good running conditions without any 
hindrance but it becomes difficult for both owners along with workers. According to 
Stanleigh [72], every small change will be judged whether good or bad. Although 
there are large no. of studies that shows various advantages associated with execution 
of lean techniques, some companies are also present which show failures in adoption 
of lean methodologies. As we know lean application has become important virtually 
for each and every firm but not all the organization have ability to implement lean 
this is because there is absence of proper framework for application of lean tech-
niques [42]. According to a particular study that was carried out in United States, it 
was found that only about 25% of organization were successful in lean application 
techniques and got benefited [73]. One of the reasons for the failure of application is 
that framework for lean adaptation is not available or mainly it is available only for 
large-scale firms [74]. But in spite of some effective execution of lean manufacturing 
in large industries smes still face the heat in application of lean methodologies [75]. 
But there are large no. of small-scale manufacturing firms rather than big organiza-
tion. However, till now very less no. of company owners have shown interest in lean 
application [76]. As execution of lean methodologies involves a proper road map and 
well-defined processes, Anvari et al. [77], which is absent for small-scale companies. 
Although it is well-proven fact that application of lean techniques is fruitful for any 
organization but still there are large no. of firms present which were unable to adopt 
lean techniques and are considered failure in lean adoption [78]. 

6 Paybacks of Lean Manufacturing 

Forza [79] stated that lean manufacturing is superior to traditional system. According 
to numerous writers for instance [80–86] application of lean techniques also helps
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firms to increase their competitiveness. Sohal and Eggleston [87], specified in their 
findings that almost two third of the industries are of the opinion that application of 
lean manufacturing techniques improves their strategical competitiveness by further 
improving customer relationships. For maintaining a productive customer feedback 
arrangement, effective and courteous, and obliging responses to customer queries 
will assist firms to avoid complication in future and helps in maintaining customer 
trust [52]. These activities can aid firms to increase their sustainability and profits. 
According to Lathin [88] conventional mass producers can get up to 80% a reduction 
in inventory, 92% in quality cost, 90% in lead time, and a 50% increase in labor 
productivity if lean technique are applied properly. Claudius Consulting [89] also  
said that lean technique application can aid companies to reduce costs by 18 and 65%, 
lowers waste by 46%, increase productivity up to 40%, and reduce floor area and 
inventory requirements by 64%. Nystuen [81] also conducted a study that showed 
that travel time can be reduced by 80%, inventory up to 80%, and product lead time 
by 13% by applying lean manufacturing methodologies in the firm. Bicheno e al. 
[90], Hines [91], Liker [92], and Womack and Jones [93] in their studies found that 
lean manufacturing practices are well-liked and used in the automotive sector as 
compared to other sectors (Table 3). 

Application of lean manufacturing practices always leads to positive enhancement 
in any firm. Besides having direct benefits of lean manufacturing some indirect 
benefits are also there that play important role in any industry’s success. Some of the 
benefits are: 

Development in quality and safety. 
Reduction of time for traceability. 
Positive variations in work culture. 
Decrease of fatigue and stress.

Table 3 Considerable dissimilarity among lean manufacturing and conventional manufacturing 
approaches 

S. No. Activity Lean manufacturing Traditional manufacturing 

1 Production Driven by customer demand 
(pull) 

Driven by sales forecast (push) 

2 Inventory levels Inventory are reduced High inventory level 

3 Cycle time Short cycle time Long cycle time 

4 Flexibility Good Bad 

5 Management layers Fewer layers of management Many layers of management 

6 Lead time Short Long 

7 Focus Value stream processes Products and cost 

8 Batch size Small Bigger 

9 Financial benefits More Less 
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7 Conclusion 

There is large amount of literature is available concerned with lean manufac-
turing which shows us different kinds of research and practices which are followed 
throughout the world, but as we all know lean technique is very broadly implemented 
in manufacturing firms hence still further research is required in lean manufacturing. 
Firms where positive execution of lean technique happened show that lean appli-
cation requires collective efforts right from the workers to middle management to 
top management. Moreover, if workforces of the organizations are aware about lean 
philosophy, various methodologies associated with lean and implementing strategies’ 
in various situations then it turns like an added advantage and plays an important role 
while implementing lean manufacturing. Various lean tools and techniques which 
are demonstrated here through various case studies exhibited that there are lot of 
advantages some of them such as decrease in inventory level, shorting of lead time, 
reduction of waste generation, financial benefits which are visible but some invis-
ible benefits are also there such as lowering of stress and fatigue, positive change in 
work culture of organization, and reduction in time which was used for tracing any 
problem. Various surveys were also taken to find the level of understanding of lean 
manufacturing tools within the organization. Nevertheless, despite of the circum-
stances that lean application has various advantages associated with them, but there 
are few barriers also which are becoming hindrance for proper application of lean 
techniques. Some of the barriers are financial problems, not ready to change, which 
is likely a psychological problem, lack of sense of responsibility, and finally lack of 
awareness regarding lean application, but it has been proved without any dilemma 
that if any firm or organization needed to increase their competitive edge then adop-
tion of lean attitude becomes almost indispensable in present scenario almost every 
industry has to leave conservative attitude and align their work practice which is 
more toward lean. In the similar way workers and employees also requires to change 
their attitude and embrace new changes for the sake of company and ultimately for 
themselves also. 
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Simulation of an Industrial Robot Using 
RobotStudio and RoKiSim 

Amit Talli and Arunkumar Giriyapur 

1 Introduction 

Industrial robots are responsible for transforming the landscape of manufac-
turing industries into smart and intelligent manufacturing. Researchers have clearly 
expressed the role of autonomous robots in smart factories [1]. In [2], the authors 
highlighted the growing interest in automation and robotics. The All India Council 
for Technical Education (AICTE) has identified robotics as one of the thrust areas 
for the Faculty Development Programme (FDP). These FDPs are intended to gain 
knowledge, skills and provide future directions to academicians, practitioners, and 
researchers [3]. 

Industrial robots have many roles in industries, health care, education, space, 
underwater, etc. Human–Robot Collaboration (HRC) is one of the emerging research 
areas in robotics [4]. However, the mathematical concepts of serial manipulators 
are crucial and challenging. Techniques to solve problems such as kinematics and 
dynamics are computationally demanding, time-consuming, and impractical [5]. 
Several studies, for instance [6–8], have reported the problem in visualization and 
understanding the kinematics of serial manipulators. One primary problem with 
robot kinematics is that the analytical technique is tedious and time-consuming. This 
poses some problems when developing equations for different robots due to calcu-
lation errors. One way to overcome this problem is to derive equations using the 
symbolic math toolbox and verify with a simulation tool. 

Several experts have developed software tools for simulation, such as RoboAna-
lyzer, RoKiSim, and Robotics Toolbox, to name a few simulation tools [9, 10]. These
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software tools can be implemented to solve the kinematics of industrial manipulators. 
The aim of the paper is to formulate the kinematic equations for a 6R (six revolute 
joints) industrial robot using the symbolic math toolbox. Then, simulation is carried 
out in RoKiSim and RobotStudio. This approach is intended to create awareness 
and generate interest among the students and teachers. A similar strategy can be 
implemented with other industrial robots regardless of any software tool intended 
for industrial robots. This method is viable due to the simulation tool without any 
hardware requirement. The overall structure of the paper is organized into six distinct 
sections. The methodology is described in Sect. 2. Section 3 describes the kinematics 
of the IRB 1600. Section 4 describes the kinematic of the IRB 1600 robot. Section 5 
highlights the results, followed by a conclusion in Sect. 6. 

2 Methodology 

The methodology section discusses the strategy adopted for a 6R industrial robot 
simulation. An industrial robot from ABB company is selected. In this study, we opted 
for IRB 1600, a six degrees of freedom (6-DoF) industrial robot for the simulation. 
The method is essentially the same as reported in the previous papers [5, 11, 12]. 
The current method adopted RoKiSim and RobotStudio to simulate and validate 
developed equations. We used a commercially available software package from ABB 
known as RobotStudio [13]. This software validates the kinematic solutions obtained 
from RoKiSim and analytical results. A free software package downloaded from 
www.parallemic.org/RoKiSim.html, known as RokiSim 1.7, was adopted for the 
simulation [14]. Figure 1 depicts the methodology. 

Fig. 1 Methodology

http://www.parallemic.org/RoKiSim.html
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Developing the kinematic equations analytically for 6R serial manipulators is 
tedious and computationally demanding. The equations were formulated using the 
symbolic math toolbox available in MATLAB. 

3 Description of IRB 1600 

Figure 2 presents the IRB 1600 industrial robot from ABB company used to simulate 
the robot using RoKiSim and RobotStudio. It consists of six degrees of freedom or six 
revolute joints used for industrial applications such as arc welding, material handling, 
cleaning, dispensing, and packing. The robot has seven links, excluding base and a 
payload of 6 kg. The Denavit–Hartenberg (DH) parameters describing the robot’s 
structure are presented in Table 1. 

Fig. 2 IRB 1600 

Table 1 DH parameters of IRB 1600 industrial robot [15] 

Joint/link θ i di (mm) ai (mm) αi (°) Joint limit (°) 

Link 1 θ 1 486.5 150 −90 180 to −180 

Link 2 θ 2 − 90° 0 700 0 90 to −90 

Link 3 θ 3 0 0 −90 65 to −245 

Link 4 θ 4 600 0 90 200 to −200 

Link 5 θ 5 0 0 90 115 to −115 

Link 6 θ 6 + 180° 65 0 0 400 to −400
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Table 1 illustrates the DH parameters consisting of the structural details of joints 
and links. 

The DH table has four parameters describing the mathematical representation of 
serial chain manipulators. 

4 Kinematics 

The present section describes the forward kinematics equations for IRB 1600. 

base 
1 T = 

⎛ 

⎜⎜⎝ 

cos(q1) 0 cos(q1) 0.15 ∗ cos(q1) 
cos(q1) 0 cos(q1) 0.15 ∗ sin(q1) 

0 −1 0 0.4865 
0 0 0 1  

⎞ 

⎟⎟⎠ (1) 

1 
2T = 

⎛ 

⎜⎜⎝ 

cos(q2 − pi /2) −sin(q2 − pi /2) 0 0.7∗cos(q2 − pi /2) 
sin(q2 − pi /2) cos(q2 − pi /2) 0 0.7∗sin(q2 − pi /2) 

0 0 1 0  
0 0 0 1  

⎞ 

⎟⎟⎠ (2) 

2 
3T = 

⎛ 

⎜⎜⎝ 

cos(q3) 0 −sin(q3) 0 
sin(q3) 0 cos(q3) 0 

0 −1 0 0  
0 0 0 1  

⎞ 

⎟⎟⎠ (3) 

3 
4T = 

⎛ 

⎜⎜⎝ 

cos(q4) 0 sin(q4) 0 
sin(q4) 0 −cos(q4) 0 

0 1 0 0.6 
0 0 0 1  

⎞ 

⎟⎟⎠ (4) 

4 
5T = 

⎛ 

⎜⎜⎝ 

cos(q5) 0 −sin(q5) 0 
sin(q5) 0 cos(q5) 0 

0 −1 0 0  
0 0 0 1  

⎞ 

⎟⎟⎠ (5) 

5 
6T = 

⎛ 

⎜⎜⎝ 

−cos(q6) sin(q6) 0 0  
−sin(q6) −cos(q6) 0 0  

0 0 1  0.065 
0 0 0 1  

⎞ 

⎟⎟⎠ (6) 

The forward or direct kinematics technique uses the homogeneous matrices with 
the help of DH parameters from Table 1. The simplification of transformation matrix 
is performed using symbolic math toolbox to arrive at the homogeneous matrices
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shown in Eq. (7). The solution to forward or direct kinematics is expressed as 

Base 
6 T = 

⎡ 

⎢⎢⎣ 

Px 
Orientation Py 

Pz 
0 0 0  1  

⎤ 

⎥⎥⎦ (7) 

where [Px, Py, Pz]T denote the position of link-6 with reference to base link. Equa-
tion (1) is obtained by matrix multiplication from base to link-6 [16]. The other 
contents of the matrix represent the orientation of link-6. 

5 Simulation 

Figure 3 shows the home position of IRB 1600 in RobotStudio. The home position 
refers to the initial configuration of the robot. In this case, the joint angles for the 
initial configuration are [0° 0° 0° 0° 30° 0°]T. Equations (8)–(10) are stored in the 
matrix form shown in Eq. (7). Substituting the joint angles in Eqs. (8)–(10) computes 
the position of link 6 as Px = 806.29 mm, Py = 0, and Pz = 1154 mm. The simulation 
tools reported similar values, as shown in Figs. 3 and 4. 

Px = 0.15 ∗ cos(0) − 0.065 ∗ (sin(pi/6) ∗ (sin(0) ∗ sin(0) 
+ cos(0) ∗ (cos(0) ∗ cos(−pi/2) ∗ cos(0) 
− cos(0) ∗ sin(−pi/2) ∗ sin(0))) +  · · ·  
+ 0.7 ∗ cos(0) ∗ cos(−pi/2) (8) 

Py = 0.150 ∗ sin(0)0.6 ∗ (cos(pi/2) ∗ sin(0) ∗ sin(0) 
+ cos(0) ∗ sin(0) ∗ sin(pi/2)) + 0.065 ∗ (sin(pi/6) 
∗ (cos(0) ∗ sin(0) +  · · ·  +  cos(0) ∗ sin(0) ∗ sin(−pi/2))) 

+ 0.7 ∗ cos(−pi/2) ∗ sin(0) (9) 

PZ = 0.4865 − 0.6 ∗ (cos(−pi/2) ∗ cos(0) sin(pi/2) 
∗ sin(0))0.065 ∗ (cos(pi/6) ∗ (cos(pi/2) ∗ cos(0) 

−  · · ·  +  cos(0) ∗ sin(−pi/2))) − 0.7 ∗ sin(−pi/2) (10)

RobotStudio database contains various industrial robots. The RobotWare and 
IRC5 controller should be installed to enable the virtual controller. The RobotStudio 
is also equipped with RAPID programming and virtual flex pendant functionality, 
which is helpful to train before working on the actual ABB industrial robot. Figure 3 
shows the home position of the IRB 1600 robot and the status of joint values using the
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Fig. 3 Home position of IRB 1600 in RobotStudio 

Fig. 4 Home position of IRB 1600 in RoKiSim

joint jog option. The RobotStudio tool is used to validate and correlate the kinematic 
equations and the pose of IRB 1600. 

Figure 4 shows the interface of RoKiSim software. RoKisim is freely available 
to download from the Web site directly [14]. The software consists of some popular 
industrial robots from various manufacturers. Figure 4 shows the home position of 
the ABB IRB 1600, and the position values correlate well with the RobotStudio 
presented in Fig. 3. 

Figures 5 and 6 show the similar pose of IRB 1600 and the position values in the 
software tools. Furthermore, the simulation is carried out for different joint angles.
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Figure 5 shows the position values in virtual flex pendant for joint values [28° −11° 
−19° 0° 30° 0°]T. 

Similarly, the joint values [28° −11° −19° 0° 30 0°]T are entered in RoKiSim to 
cross-check the values obtained in both the softwares. The position of IRB 1600 in 
RoKiSim is illustrated in Fig. 6. The pose of IRB 1600 is consistent in RoKiSim and 
RobotStudio.

Fig. 5 Position values in flex pendant 

Fig. 6 Position of IRB 1600 in RoKiSim for [28° −11° −19° 0° 30° 0°]T 
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Table 2 Position of IRB1600 

Joint value RobotStudio RoKiSim Pose 

[0° 0° 0° 0° 30°  0°]T 805.29, 0.0, 1154 806.29, 0.0, 1154 

[28° −11° −19° 0° 
30° 0°]T 

530.69, 282.18, 
1473.64 

530.69, 282.17, 
1473.63 

[−146° 46.53° −48° 
−68° 115° −137°]T 

−1055.59, −635.55, 
960.85 

−1054.02, −634.04, 
960.70 

6 Results and Discussions 

This section presents the data obtained from the RobotStudio and RokiSim of the 
IRB 1600 robot. Table 2 shows the position values and pose for three sets of joint 
angle vectors carried in RobotStudio and RoKiSim. These values correlate well in 
both softwares. 

7 Conclusion 

To sum up, our work shows the simulation process of the industrial robot using 
the commercially available software known as “RobotStudio” and the free software 
available directly known as “RoKiSim”. The kinematic equations are deduced using 
MATLAB. Furthermore, the simulations are performed using RoKiSim. Then, simu-
lation data obtained from RoKiSim is validated through RobotStudio. This approach
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will be helpful in expanding the growing body of literature in the simulation of indus-
trial robots and enhance our understanding of robot kinematics. The present study 
has only derived forward or direct kinematic expressions. Further work needs to be 
carried out to validate the values experimentally. 
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Mobile Robot Path Planning Using 
Neuro-Sugeno-Fuzzy Gravitational 
Technique in a Cluttered Environment 

S. Mohanty, Vikas, S. S. Dash, A. K. Behera, D. R. Parhi, and S. K. Pradhan 

1 Introduction 

Planning of optimum path is a major task for robotic engineers worldwide. Pandey 
and Parhi [1] in their work used fuzzy wind driven method for path navigation 
of the robot in both the static and dynamic environment. Parhi et al. [2, 3] used  
different hybrid techniques towards the path planning objective. They also introduced 
the different navigational technique for the path planning purpose. The results and 
experiments were carried in both simulation and experimental platform. Ma et al. [4] 
used multiple robots for the path navigation in different environments. The work was 
found to give acceptable results. Deepak et al. [5, 6] use the inverse kinematics for the 
mobile manipulator. The work gave promising results. Several similar works were 
done towards the path navigation objectives. Kumar et al. [7, 8] used the sine cosine 
technique for the path-based navigation in a cluttered environment. Aouf et al. [9] 
used wheeled-based navigation using the fuzzy algorithm to prevent collision in its 
path. Lamini et al. [10] used fuzzy-based reinforcement learning leaping algorithm 
for the navigation of robot. Mohanta et al. [11] used petri-GA algorithm for the path 
navigation of the mobile robot. Bailey [12] used different extensive techniques for 
outdoor arena. Murray and Little [13] used stereo-based vision technique for the path 
navigation of the mobile robots. Bhattacharjee et al. [14] used a similar approach 
where they used the ABC optimization technique for the navigation. Lidoris et al. [15] 
used the ACE-based explorer for a highly populated arena. Pandey et al. [16] used
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different AI technique for navigation of robots. Mataric [17] used a distributed-based 
model towards the navigational approach. Li et al. [18] used Mecanum-based wheeled 
robot for the path-based navigation of the robot in different workspace. Leonard and 
Durrant-Whyte [19] used sonar-based sensing techniques for navigation. Toufan and 
Niknafs [20] used different approach for the path-based navigation of the robot. The 
work was done on both the environments. Oriolo et al. [21] used perception-based 
mobile robot navigation for the navigation purpose. Das et al. [22] used NFSMC-
based technique for the robotic navigation. Tiwari et al. [23] used autonomous robot 
in a dynamic environment towards the path navigation objective. Jeddisaravi et al. 
[24] used different approach for the path navigation objectives. Nasr et al. [25] used  
a similar approach towards navigation. Fox et al. [26] used the dynamic window 
approach for the collision prevention. Chen et al. [27] used a similar approach. 
Savkin et al. [28] used the safe navigation technique for the locomotion. Chiang 
et al. [29] used a path guided technique for path optimization. Marques et al. [30] 
used different sensors for the path navigation in a complex environment. The novelty 
of this work is that it uses a hybrid method which consists of three algorithms neural, 
Sugeno-fuzzy, gravitational algorithm for path planning of robot. 

2 Fire Bird-V Robot 

The fire bird robot is used for the above experiment. It is a mobile robot. The top 
view and font view are given in Fig. 1. It has two wheels. Its top is circular in shape. 
In experiment, seven positions of robots are taken. It has 4 DOF robotic arm. The 
diameter of wheel is 51 mm. Its speed will not exceed 24 cm/s. It can carry 2 kg of 
load. 

Fig. 1 View of fire bird-V robot
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Fig. 2 Neuro-Sugeno-fuzzy gravitational search algorithm 

3 Neuro-Sugeno-Fuzzy Gravitational Search Algorithms 

Here, neuro-Sugeno-fuzzy-gravitational search method is implemented and 
analyzed. Various inputs are supplied to Sugeno-fuzzy controller, and accordingly, 
the output is obtained. There are two interim steering angle outputs from Sugeno-
fuzzy section and neuro section. During the analysis essence of Sugeno-fuzzy, neural 
network and gravitational search algorithm are combined to get the final steering 
angle from the corresponding input parameters such as FOD, LOD, ROD, and 
TA. In the Sugeno-fuzzy section, triangular membership functions are used. In the 
neural section, backpropagation algorithm is used. In gravitational algorithm, the 
corresponding algorithms are used (Fig. 2). 

4 Results and Discussion 

The mobile robot used for experiment is fire bird-V robot. Seven experiments have 
been done using Fire bird-V robot in seven different positions. Seven simulation 
figures have been drawn showing the exact position of robot in experiment. It has 
been calculated that the average deviation is within 5.5% between simulation and 
experimental data. In both the tables, 26 number of exercises have been given (Figs. 3 
and 4).

S. 
No. 

Simulation Experimental % 
deviation 

Simulation Experimental % 
error 

Simulation 

Path (m) Path (m) Time (ms) Time (ms) Time (ms) 

1 3.34 3.52 5.38 40,510 41,583 2.64 40,510 

2 3.59 3.87 7.79 43,630 45,854 5.09 43,630 

3 9.07 9.65 6.39 112,130 117,567 4.84 112,130 

4 5.11 5.36 4.89 62,635 64,367 2.76 62,635 

5 4.25 4.52 6.35 51,887 54,013 4.09 51,887

(continued)
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(continued)

S.
No.

Simulation Experimental %
deviation

Simulation Experimental %
error

Simulation

Path (m) Path (m) Time (ms) Time (ms) Time (ms)

6 8.07 8.40 4.08 99,630 107,238 7.63 99,630 

7 3.09 3.33 7.76 37,387 40,849 9.25 37,387 

8 6.21 6.73 8.37 76,385 83,829 9.74 76,385 

9 7.27 7.68 5.63 89,635 93,477 4.28 89,635 

10 3.23 3.34 4.02 39,135 41,091 4.99 39,135 

11 6.48 6.67 2.93 79,780 86,143 7.97 79,780 

12 2.16 2.33 7.87 25,780 29,301 1.36 25,780 

13 7.78 7.96 2.31 96,010 100,925 5.11 96,010 

14 4.88 5.10 4.50 59,760 62,918 5.28 59,760 

15 6.28 6.54 4.14 38,135 39,154 2.62 38,135 

16 6.48 6.69 3.24 79,780 83,092 4.15 79,780 

17 9.37 9.63 2.77 115,889 123,795 6.82 115,889 

18 3.48 3.65 4.88 42,260 44,400 5.06 42,260 

19 5.20 5.35 2.88 63,780 68,449 7.32 63,780 

20 4.79 5.16 7.72 58,635 60,894 3.85 58,635 

21 4.24 4.37 3.06 51,780 53,979 4.24 51,780 

22 6.83 6.98 2.19 84,135 86,827 3.19 84,135 

23 8.32 8.69 4.44 102,780 108,580 5.64 102,780 

24 9.26 9.63 3.99 102,760 108,585 5.66 102,760 

25 9.31 9.68 3.97 58,630 60,899 3.87 58,630 

26 9.36 9.73 3.95 84,130 86,232 2.49 84,130 

The given paper represents the path navigation experiment of fire bird-V robot. 
In this experiment, path length and time taken have been calculated by simulation 
as well as actual experiment. There is an average deviation about 5.5% between 
the simulation result and experimental result. This deviation occurred due to two 
reasons. First reason is that some assumptions have been taken during simulation 
which are not taken during experiment. The second one is slippage occurs between 
robot wheels and floor whilst moving. 

5 Conclusion 

The present work makes use of the neuro-Sugeno-fuzzy-gravitational search method 
for the path-based navigation. In the present work, the controlling strategy of fire bird-
V robot in a crowded environment has been discussed. Here, the different controlling 
parameters like the front obstacle distance (FOD), left obstacle distance (LOD), and 
right obstacle distance (ROD) were used as the input parameters, whilst turning angle
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(TA) is the output parameter. Using the above data, final steering angle is obtained. 
During comparison, the gap between simulation and experimental data is found to 
be within 5.5%. From above analysis, it is found that developed technique can be 
used effectively on robot navigation. This technique can be modified in the future 
for getting more robust navigational techniques. 

References 

1. Pandey, A., Parhi, D.R.: Optimum path planning of mobile robot in unknown static and dynamic 
environments using Fuzzy-Wind Driven Optimization algorithm. Defence Technol. 13(1), 47– 
58 (2017) 

2. Parhi, D.R.K., Kumar, D.A.: Analysis of methodologies applied for diagnosis of fault in 
vibrating structures. Int. J. Veh. Noise Vib. 5(4), 271–286 (2009) 

3. Parhi, D.R., Singh, M.K.: Navigational strategies of mobile robots: a review. Int. J. Autom. 
Control 3(2–3), 114–134 (2009) 

4. Ma, J., Liu, Y., Zang, S., Wang, L.: Robot path planning based on genetic algorithm fused with 
continuous Bezier optimization. Comput. Intell. Neurosci. 2020 (2020) 

5. Deepak, B.B.V.L., Parhi, D.R., Amrit, A.: Inverse kinematic models for mobile manipulators. 
Casp. J. Appl. Sci. Res.  1(13), 322 (2012) 

6. Deepak, B.B.V.L., Parhi, D.R.: Kinematic analysis of wheeled mobile robot. Autom. Syst. Eng. 
5(2), 96–111 (2011) 

7. Kumar, S., Parhi, D.R., Kashyap, A.K., Muni, M.K., Dhal, P.R.: Navigational control and path 
optimization of mobile robot using updated sine–cosine algorithm in obscure environment. In: 
Current Advances in Mechanical Engineering, pp. 989–996. Springer, Singapore (2021) 

8. Kumar, S., Parhi, D.R., Pandey, K.K., Muni, M.K.: Hybrid IWD-GA: an approach for path 
optimization and control of multiple mobile robot in obscure static and dynamic environments. 
Robotica 39, 2033–2060 (2021) 

9. Aouf, A., Boussaid, L., Sakly, A.: Same fuzzy logic controller for two-wheeled mobile robot 
navigation in strange environments. J. Robot. 2019 (2019) 

10. Lamini, S.B.C., Fathi, Y., Behlima, S.: A fuzzy path planning system based on a collaborative 
reinforcement learning. Int. Rev. Autom. Control 10(2) (2017) 

11. Mohanta, J.C., Parhi, D.R., Patel, S.K.: Path planning strategy for autonomous mobile robot 
navigation using Petri-GA optimisation. Comput. Electr. Eng. 37(6), 1058–1070 (2011) 

12. Bailey, T.: Mobile Robot Localisation and Mapping in Extensive Outdoor Environments. 
Australian Centre for Field Robotics, Department of Aerospace, Mechanical and Mechatronic 
Engineering, University of Sydney, Sydney, Australia (2002) 

13. Murray, D., Little, J.J.: Using real-time stereo vision for mobile robot navigation. Auton. Robot. 
8(2), 161–171 (2000) 

14. Bhattacharjee, P., Rakshit, P., Goswami, I., Konar, A., Nagar, A.K.: Multi-robot path-planning 
using artificial bee colony optimization algorithm. In: 2011 Third World Congress on Nature 
and Biologically Inspired Computing (NaBIC), pp. 219–224. IEEE (2011) 

15. Lidoris, G., Rohrmuller, F., Wollherr, D., Buss, M.: The Autonomous City Explorer (ACE) 
project—mobile robot navigation in highly populated urban environments. In: 2009 IEEE 
International Conference on Robotics and Automation, pp. 1416–1422. IEEE (2009) 

16. Pandey, K.K., Pol, M.S., Parhi, D.R.: Using an AI Technique Navigation and Path Planning 
for Mobile Robot on Webots Platform (2014) 

17. Mataric, M.J.: A distributed model for mobile robot environment-learning and navigation 
(1990) 

18. Li, Y., Dai, S., Shi, Y., Zhao, L., Ding, M.: Navigation simulation of a Mecanum wheel mobile 
robot based on an improved A* algorithm in Unity3D. Sensors 19(13), 2976 (2019)



912 S. Mohanty et al.

19. Leonard, J.J., Durrant-Whyte, H.F.: Directed Sonar Sensing for Mobile Robot Navigation, vol. 
175. Springer (2012) 

20. Toufan, N., Niknafs, A.: Robot path planning based on laser range finder and novel objective 
functions in grey wolf optimizer. SN Appl. Sci. 2(8), 1–19 (2020) 

21. Oriolo, G., Ulivi, G., Vendittelli, M.: Fuzzy maps: a new tool for mobile robot perception and 
planning. J. Robot. Syst. 14(3), 179–197 (1997) 

22. Das, M.S., Samanta, A., Sanyal, S., Mandal, S.: Support value-based NFSMC for wheeled 
mobile robot path tracking in unknown environments. Wirel. Pers. Commun. 119, 2991–3011 
(2021) 

23. Tiwari, A.K., Guha, A., Pandey, A.: Dynamic motion planning for autonomous wheeled robot 
using minimum fuzzy rule-based controller with avoidance of moving obstacles. Int. J. Innov. 
Technol. Expl. Eng. 9(1), 4192–4198 (2019) 

24. Jeddisaravi, K., Alitappeh, R.J., Guimarães, F.G.: Multi-objective mobile robot path planning 
based on A* search. In: 2016 6th International Conference on Computer and Knowledge 
Engineering (ICCKE), pp. 7–12. IEEE (2016) 

25. Nasr, S., Mekki, H., Bouallegue, K.: A multi-scroll chaotic system for a higher coverage path 
planning of a mobile robot using flatness controller. Chaos Solitons Fractals 118, 366–375 
(2019) 

26. Fox, D., Burgard, W., Thrun, S.: The dynamic window approach to collision avoidance. IEEE 
Robot. Autom. Mag. 4(1), 23–33 (1997) 

27. Chen, W., Wang, N., Liu, X., Yang, C.: VFH* based local path planning for mobile robot. 
In: 2019 2nd China Symposium on Cognitive Computing and Hybrid Intelligence (CCHI), 
pp. 18–23. IEEE (2019) 

28. Savkin, A.V., Matveev, A.S., Hoy, M., Wang, C.: Safe robot Navigation Among Moving and 
Steady Obstacles. Butterworth-Heinemann (2015) 

29. Chiang, H.T., Malone, N., Lesser, K., Oishi, M., Tapia, L.: Path-guided artificial potential fields 
with stochastic reachable sets for motion planning in highly dynamic environments. In: 2015 
IEEE International Conference on Robotics and Automation (ICRA), pp. 2347–2354. IEEE 
(2015) 

30. Marques, C., Lima, P.: Avoiding obstacles-multisensor navigation for nonholonomic robots in 
cluttered environments. IEEE Robot. Autom. Mag. 11(3), 70–82 (2004)



Gravity Search Algorithm-Based Path 
Planning of Single Humanoid Based 
on the Study of Different Artificial 
Intelligence Techniques 

Vikas, Dayal R. Parhi, Abhishek K. Kashyap, and B. B. V. L. Deepak 

1 Introduction 

With the advances towards robotic navigation, path optimization has emerged as 
a major requirement in the different areas ranging from industries to the medical 
field and has gained huge popularity worldwide. It has been a topic of research 
with greater improvement towards optimization for path optimization of the robots. 
Different artificial intelligent techniques have paved a way for a more optimum 
path planning navigation of the humanoids. The present work discusses the different 
classical and reactive approaches used by the different researchers towards the path 
planning of robots. The tabular representation shows the effectiveness of the different 
path planning approaches and how they can be used as per the different environmental 
scenarios. The tabular representation shows the effectiveness of the different path 
planning approaches and how they can be used as per the different environmental 
scenarios (Fig. 1).

Kumar et al. [1] in their work used the reactive path planning approach, i.e. linear 
regression model and merged it with the classical approach (AACO) to obtain the 
optimum path planning results. Huang et al. [2] have been carried out where the 
distance of the obstacle from the front (called FOD), from left (called LOD) and 
from the right (called ROD) are considered as the inputs and based on these input 
parameters, the output (turning angle (TA)) is obtained. Kashyap et al. [3] used  
different hybrid techniques towards humanoid navigation in a cluttered space. They 
found that the use of hybridized methods provides more accurate results as far as the 
optimum path planning is concerned. Parhi et al. [4] and Mohanty and Parhi [5] have  
used the hybrid controller for humanoid navigation in complex unknown terrain. Guo
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Fig. 1 Different path 
planning approaches [1]

et al. [6] used a neural network along with the deep learning technique to design an 
intelligent controller for the path optimization of different terrains. The simulation 
and experimental results were then compared and were within the acceptance limit. 
Several similar works [7, 8] were carried out towards the path planning of humanoids 
in a different environment. 

2 Different Navigational Techniques for Humanoid 
Navigation 

2.1 Classical Approach 

Linear Regression Model 

The method is a widely known forecasting method. Linear regression [9] is a statis-
tical attempt to model the independent variable in terms of the dependent variables 
using linear fitting. The independent variable is often called the explanatory variable 
and does not directly depend upon the dependent variables. The general equation for 
the simple regression technique follows as: 

y j = α + βx j + e, (1) 

where, j = 1,2,3… 
The controller based on the above approach is designed using the input param-

eters to obtain the output for the humanoid. A set of training patterns is set for 
the humanoids depending upon the environment and accordingly, the turning angle 
is found. The higher the training patterns, the higher will be the convergence. As 
soon as the humanoid senses an obstacle within its threshold distance, the RA-based 
controller gets activated and based upon the training pattern calculates the turning 
angle. Zhang et al. [10] used the regression-based model in their work. Zhao et al. 
[11] used a similar approach for a mobile robot.
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Fig. 2 Steps for PSO [15] 

2.2 Reactive Approach 

Particle Swarm Optimization 

The technique was introduced by Kennedy and Eberhart [12] in 1995. The swarm 
intelligent technique is an outcome of the collective behaviour of social insect 
colonies and other animal colonies. Here, the particle in the population occupies 
a position and velocity within the space, which they adjust to attain the goal. The 
particles of the swarm memorize the best location identified by it and communicate 
the information regarding the same (Fig. 2). 

The method is used extensively towards the path planning of the humanoid. 
Deepak et al. [13, 14] in their paper worked towards the navigation of mobile robots 
using the PSO approach. They used it to improve upon the fitness function by focusing 
more on the shortest distance approach for robotic navigation. Similar hybrid-based 
work was done. Sahu et al. [15] in their work used the above controller for intelligent 
path navigation. The work was carried out on both the platform and used the distance 
from the obstacle as the governing input parameter to calculate the output. Rossides 
et al. [16] used the above technique for dynamic stability. The work was more focused 
on stability during the path planning. Ajeil et al. [17] used a multi-hybrid technique 
where different techniques were merged towards path optimization of mobile robots 
in difficult terrain. 

Genetic Algorithm 

The GA [18] is a heuristic approach inspired by Charles Darwin’s theory of natural 
evaluation. Being a natural selection approach, the fittest among the individuals are 
identified to help the decision-making. Here, the offspring inherits the characteristics 
of the parents depending upon the fitness of the parent, the offspring will be more fit 
with a larger chance of survival. The process iterates continuously till the best optimal 
result is achieved. Batle et al. [19] in their paper applied GA for the path navigation 
of the mobile robot in complex terrain. They used the matrix-based genetic algorithm 
in both platforms to test for the best optimum path of travel. Tsai et al. [20] used
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the genetic approach towards the path navigation of robots. Davies and Jnifene [21] 
used a similar approach. Rath et al. [22, 23] also used a similar approach. 

3 Implementation of Gravitational Search Algorithm 
(GSA) Towards Path Planning 

The method [24] is a heuristic technique that shares a resemblance with the swarm 
intelligent technique. Li et al. [25] used the above method for path navigation. Das 
et al. [26, 27] used a similar approach towards path navigation objectives. GSA 
being a gravity-based optimization technique is based upon the law of gravity with 
performance evaluated based on the masses. The GSA-based optimization technique 
makes use of the movement of the agent in population size. The mass of any jth 
particle of the population is represented as: 

m j (t) = 
fit j (t) − worst(t) 
best(t) − worst(t) 

(2) 

M j (t) = m j (t)
Σ	Σ	N 

j=1 m j (t) 
, (3) 

where N is the population size, fit j (t) represents the fitness at a particular time 
instant, worst (t) represents the worst fitness function and best (t) is the best fitness 
function. The objective is to minimize the distance of humanoid from the source to 
the destination, so the objective is a minimization problem: 

worst(t) = maxfit j (t), best(t) = minfit j (t) (4) 

The agent’s position from a set of the population can be described as: 

X j (t) =
(
X1 

j (t), ..., Xe 
j (t), ..., Xm 

j (t)
)
, where Xm 

j (t) represents the position of 
the jth agent in m-dimensional space. 

The velocity of the agent is: 

ve 
j (t) = r.ve 

j (t − 1) + ae j (t − 1), (5) 

where r is the random variable in intervals 0 to 1 and ae j is the acceleration of the jth 
particle in e-dimensional space. 

The force acting by the agent in the population is given as: 

Fe 
j (t) = 

N(

i=1, j /=i 

r.Fe 
j, i (t) = G(t) · Mp, j (t)Ma, i (t) 

E j, i (t) + c1
(
Xe 

j (t) − Xe 
i (t)

)
(6)
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where, C1 is a constant, G(t) is gravitational constant, Ma, i (t) and Mp, j (t) is the 
active and passive gravitational mass. The Euclidean distance between any two 
agents: 

E j, i (t) = 

(
I
I
(

q(

e=1

(
Xe 

j (t) − Xe 
i (t)

]
(7) 

The position and velocity are further updated as: Xe 
j (t) = Xe 

j (t − 1) + ve 
j (t) 

The steps for GSA are mentioned below: 

Step 1: Initialize the population. 
Step 2: Evaluate the fitness of the agent. 
Step 3: Update the global best and worst population. 
Step 4: Calculate the mass and acceleration of the agent. 
Step 5: Update the velocity and acceleration. 
Step 6: Iterate from step 2. 
Step 7: End. 

The robot used for our research is a humanoid Nao v4.0 robot, which can mimic the 
human-like behaviour for smooth locomotion. Developed by the Aldebaran group, 
France, the humanoid is an autonomous programmable medium-sized robot. Nao 
has 25 degrees of freedom (DOF) and various sensors fitted for obstacle avoidance. 
The work took 3–4 months to obtain the results (Fig. 3).

The controller is designed using the GSA algorithm and path optimization is 
carried out in the unknown environment. As soon as the humanoid senses an obstacle, 
the controller gets activated. The threshold distance for the humanoid is set as 30 cm. 
During the entire navigation, the robot targets the goal and the controller is designed 
to keep the distance to be minimum and hence achieve the shortest path of travel. 
The arena was chosen as 200 × 250 cm2 and obstacles were located at different 
locations. The red ball indicates the source and the green ball indicates the goal for 
the navigation of the humanoid (Fig. 4).

In comparison with the different methods discussed earlier, it was found from the 
literature survey [1, 28] that the classical approach in itself needs a large training to 
achieve a good result. Moreover, the designed controller is advantageous over the 
PSO-based algorithm [24] as it is capable of avoiding local traps. The work can be 
further extended towards the use of different hybrid techniques with simultaneous 
focus on stability (Table 1).

4 Conclusion 

Based on the different path planning approaches carried out for humanoid navigation, 
the following conclusions are obtained.



918 Vikas et al.

(b)(a) 

(d)(c) 

Fig.3 Humanoid navigation in a real-time environment

1. The majority of researches are carried out using reactive optimization techniques, 
as they are not environmental specific and decisions can be made using the 
controllers themselves without any specific training pattern. 

2. The designed controller was implemented for a single humanoid and the 
experimental and simulation results were found very close to one another. 

3. The percentage error in both the simulation and experimental platforms was very 
less (less than 5%) and is within the acceptable limits.
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(b)(a) 

(d)(c) 

Fig. 4 Humanoid navigation in WEBOT simulation environment

Table 1 Experimental and simulation results for single humanoid navigation 

Number of 
runs 

Experimental Simulation % Error in 
path length 

% Error  in  
timeLength of 

path (cm) 
Time taken 
(s) 

Length of 
path (cm) 

Time taken 
(s) 

1 306.1 38.1 292.1 36.1 4.57 5.25 

2 307.2 38 291.2 35.8 5.20 5.79 

3 304.2 36.90 288.9 35.3 5.03 4.33 

4 306.1 38.21 290.2 36.2 5.19 5.26 

5 306.4 36.8 289.3 34.36 5.58 6.63
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Inverse Kinematic Solution for 6-R 
Industrial Robot Manipulator Using 
Convolution Neural Network 

Hare Shankar Kumhar and Vikas Kukshal 

1 Introduction 

A robot manipulator, also known as an industrial robot, is a continuous system made 
up of several joints driven by actuators. Forward kinematic equations with trigono-
metric terms can be used in robotics to define the location of the end effector in 
Cartesian space [1]. Whereas the inverse kinematics deals with the end effector posi-
tions connected to joint locations, as well as its many configurations [2]. The inverse 
kinematics solution is a transformation between position, orientation, and joint vari-
ables used in robot motion analysis, off-line programming, trajectory planning, and 
other applications [3]. Furthermore, inverse kinematics solutions for a redundant 
robot are infinite. Redundant manipulators (RMs) are widely employed in various 
industries, including industrial and agricultural production, equipment manufacture, 
and surgical operations [4]. As a result, various artificial optimization techniques 
like CNN, particle swarm optimization (PSO), artificial bee colony technique, and 
firefly technique [5] are the best fit for the problem. The solution to forward and 
backward kinematic problem is required every time when a robot’s manipulator is 
employed in industries for a specific purpose (modeling, simulation, control, etc.). 
The tolerances provided while manufacturing or assembly of a robot manipulator are 
rectified through calibration. For a particular robot geometry, calibration is always 
unique and operates similar to a system identification procedure. It entails either fixed 
well-known references in the robot’s workspace or a precise measurement system 
that provides information about the end–effector’s pose [6]. 

A robotic arm with more than two links will need complex trigonometric equa-
tions for the calculation. Hence, the geometric techniques are best suited for finding
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solutions related to robotic arms with fewer degrees of freedom. Numerical and 
geometrical methods are used in iterative techniques in a repeated manner until the 
model achieves the desired output level. These techniques have several advantages, 
including the ability of converging into a single solution which is independent of 
the starting location and the ease with which a high-DOF robotic arm model may 
be implemented [7]. For example, the inverse kinematics problem of planar serial 
revolute manipulators was solved using workspace density derived from Fourier 
transforms and convolution theorems [8]. 

A CNN can be said as a computer programming system that replicates the neuro-
logical structure and function of a human. It commonly utilizes machine learning 
and artificial intelligence. In the current scenario, the neural network is the most 
widely utilized machine learning tool. Its technique trains a neural network to find the 
intrinsic patterns present in the data which is under inquiry by simulating the working 
of a human brain. The operating idea of a neural network involves learning from prior 
data sets, such as the input training data set, and then utilize provided testing data set 
to determine if the system is effective or not [9]. The inverse kinematics problem of a 
robotic manipulator is very complex and cannot be simulated in most mathematical 
models. So, the neural network seems to be a promising alternative because of its 
accuracy and adaptability of changes [10]. 

Many studies are reported related to inverse kinematics problems using CNN 
because of its capacity to learn non-linear algebraic as well as complex trigonometric 
equations. The manipulator is given random joint angles as input within a preset range 
for each joint. The manipulator goes to a location based on the joint space co-ordinate 
when a random joint angle is supplied. The data set is created using this information 
(joint angle and corresponding location). When the training of the network is done 
with the data set, then for any position and orientation of end effector, the required 
angles of joint may be calculated by solving the inverse kinematics equations [11]. 

There is not any research work done in the past literature about inverse kinematic 
solution for PUMA 700 series industrial robot manipulator. Using CNN for inverse 
kinematic solution of this robot makes this research work novel in its kind. This 
present research work is organized in a manner that it contains the analysis for inverse 
kinematics of 6-R robot manipulator. Further, it provides CNN model-based inverse 
kinematics solution and the data set generation. The result obtained is analyzed to 
determine the overall regression values. 

2 Inverse Kinematics Analysis 

The inverse kinematics deals with the situation where the position and orientation 
of the end effector are known, and the corresponding joint angles are required to 
reach that position. For this analysis, Denavit—Hartenberg (D–H) parameters are 
very important. The D–H parameters generally describe various joint variables and 
link parameters. In order to find the D–H parameters, the Eq. (1) needed to be solved 
for required conditions.
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Table 1 The D–H parameters of PUMA 700 series robot manipulator 

Link Link length ai 
[m] 

Angle of link 
twist (αi) [deg] 

Offset of link 
(di) [m]  

Joint angles (ξi) 
[deg] 

Joint angle 
range [deg] 

1 0 −90 0 90 −160 to 160 

2 650 0 0.19 0 −110 to 110 

3 85 +90 0 90 −135 to 135 

4 0 −90 0.6 0 −266 to 266 

5 0 +90 0 0 −100 to 100 

6 0 0 0.125 0 −300 to 300 

i−1 
i T = T (di )Tz(ξi )Tx(ai )Tx(αi ) 

= 

⎡ 

⎢⎢⎣ 

cos ξi − sin ξi 0 ai−1 

sin ξi cos αi−1 cos αi−1 cos ξi − sin αi−1 −di sin αi−1 

sin ξi sin αi−1 cos ξi sin αi−1 cos αi−1 di cos αi−1 

0 0 0 1  

⎤ 

⎥⎥⎦ (1) 

where i−1 
iT represents the homogenous transformation matrix, αi-1 are the angles 

of rotation and ai−1 are the translation from xi−1 axis, di are the translation and 
ξi−1 are the rotation about Zi−1 axis. The following equation expresses the forward 
kinematics of the robot manipulator: 

0 
1T (ξ1)

1 
2T (ξ2)

2 
3T (ξ3)

3 
4T (ξ4)

4 
5T (ξ5)

5 
6T (ξ6) = Tend (2) 

where T end is the configuration of end effector relative to the base frame. 
In the case of inverse kinematic problem, T end is known, and there is the need to 

calculate the joint angles (ξi) [12]. The D–H parameters for the PUMA 700 series 
robot manipulator are mentioned in Table 1. Using these parameters, various joint 
angles can be found for a desired end effector’s position. 

Now using Eq. (1) and the D–H parameters, i−1 
iT can be calculated as follows: 

T01 = 

⎡ 

⎢⎢⎣ 

cos (ξ1) − sin (ξ1) 0 0  
sin (ξ1) cos (ξ1) 0 0  

0 0 1  0  
0 0 0  1  

⎤ 

⎥⎥⎦ (3) 

T12 = 

⎡ 

⎢⎢⎣ 

cos (ξ2) − sin (ξ2) 0 0  
0 0 −1 −0.19 

sin (ξ2) cos(ξ2) 0 0  
0 0 0 1  

⎤ 

⎥⎥⎦ (4)
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T23 = 

⎡ 

⎢⎢⎣ 

cos (ξ3) − sin (ξ3) 0 0.65 
0 0 1  0.6 

− sin (ξ3) − cos (ξ3) 0 0  
0 0 0  1  

⎤ 

⎥⎥⎦ (5) 

T34 = 

⎡ 

⎢⎢⎣ 

cos (ξ4) − sin (ξ4) 0 0.085 
sin (ξ4) cos (ξ4) 0 0  

0 0 1 0  
0 0 0 1  

⎤ 

⎥⎥⎦ (6) 

T45 = 

⎡ 

⎢⎢⎣ 

cos (ξ5) − sin (ξ5) 0 0  
sin (ξ5) cos (ξ5) 0 0  

0 0 1  0  
0 0 0  1  

⎤ 

⎥⎥⎦ (7) 

T56 = 

⎡ 

⎢⎢⎣ 

cos (ξ6) − sin (ξ6) 0 0  
0 0 1  0.125 

− sin (ξ6) − cos (ξ6) 0 0  
0 0 0 1  

⎤ 

⎥⎥⎦ (8) 

The configuration of the end effector for a 6-DOF manipulator with respect to the 
base is given by 

0 
6T = 

⎡ 

⎢⎢⎣ 

r11 r12 r13 px 
r21 r22 r23 py 
r31 r32 r33 pz 
0 0 0  1  

⎤ 

⎥⎥⎦ (9) 

where rij are the different directional rotational elements and px, py, and pz are the 
position vector elements. 

3 Data Set Generation and CNN Model 

The robot manipulator’s starting position was set to origin of the co-ordinate system, 
i.e., all joint angles are zero. Then, different values of all parameters [r11, r12, r13, r21, 
r22, r23, r31, r32, r33, px, py, pz] were calculated using forward kinematics Eq. (9) for  
various joint angles. Using these forward kinematics equations, the required data set 
is generated. These data were utilized for training, validating, and testing the neural 
network. 

After the data set generation, a CNN model is required for the analysis of inverse 
kinematics. CNN is composed of various convolutional layers, pooling layers, and 
hidden layers. It acts like a human brain’s network in terms of processing various
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Fig. 1 Structural representation of convolution neural network 

Fig. 2 Workflow diagram for the process of the neural network 

information, establishment of model, etc. The network consists of a huge number of 
joints called the nodes in connection with each other. A particular output function is 
represented by each node. This function is called the activation function. A weighted 
value of the passing signals through the connection is represented by each connection 
between the nodes. This can be compared as the memory of the network [13]. Figure 1 
is a structural representation of a CNN for the solution of inverse kinematics model. 
The neural network is designed with 12 input and 6 output nodes containing 10 
hidden layers in between them. 

This process is iterative in nature which contains various steps. The workflow of 
this study is shown in Fig. 2. 

4 Results and Discussion 

In this study, the training of the CNN is done using input data set, and after validation 
and testing, various regression plots are analyzed. While verifying the neural network,
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the total error, E, is calculated using the Eq. (10) and minimized for better regression 
value. 

E =
/(

ξ∗
1 − ξ1

)2 + (
ξ∗
2 − ξ2

)2 + (
ξ∗
3 − ξ3

)2 + (
ξ∗
4 − ξ4

)2 + (
ξ∗
5 − ξ5

)2 + (
ξ∗
6 − ξ6

)2 (10) 

where ξ* i are target values and ξi are output values. After the training, validation, 
and testing of the network, the following results for the joint angles ξ1, ξ2, ξ3, ξ4, ξ5, 
and ξ6 are obtained as presented in Figs. 3 and 4. 

The majority of mathematical models are incapable of simulating the difficult 
inverse kinematics problem. Convolution neural network (CNN), on the other hand,

ξ1 (in degrees) ξ2 (in degrees) 

ξ3 (in degrees) ξ4 (in degrees) 

Fig. 3 Regression plots for ξ1, ξ2, ξ3, and ξ4
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ξ5 (in degrees) ξ6 (in degrees) 

Fig. 4 Regression plots for ξ5 and ξ6

uses pairings of input–output data sets to calculate various model parameters. It can 
always be updated to improve the result and enhance accuracy [14]. 

It is observed that during training, the regression values for joint angles ξ1, ξ2, 
ξ3, ξ4, ξ5, and ξ6 are 0.92205, 0.93699, 0.93988, 0.91486, 0.89538, and 0.89277, 
respectively. While during testing, the regression values reduced to 0.89014, 0.8809, 
0.8289, 0.82957, 0.89592, 0.91118, respectively. But when the network is further 
trained with more data, the overall regression values for joint angles reach to 0.92132, 
0.92714, 0.91623, 0.89761, 0.89892, 0.90022, respectively. In the work done by Peng 
et al. similar methodology has been used but the neural network used was ANN for 
ABB IRB 7600-500 robot, and the regression values obtained in that study were in the 
range of 0.85–0.88 [2]. Here, all the regression values are around 0.9 or more, which 
are better than the previous results and are within the acceptable limits. Hence, this 
work is novel for using PUMA 700 series robot model, and its results are improved 
than the previous works. 

5 Conclusion 

The 6-DOF robot manipulator with revolute joints and link length similar to the 
PUMA 700 series industrial robot manipulator is modeled using MATLAB soft-
ware. Because the inverse kinematics equation for this robot manipulator is complex, 
it cannot be simulated using most mathematical models. Therefore, in this paper, 
convolution neural network method is proposed to solve the inverse kinematics model 
of a 6-R industrial robot manipulator. Results of the proposed method are analyzed, 
and the overall regression values are around or more than 0.9, so its accuracy was 
found within the acceptable range, and the computational time is also significantly
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less. This CNN-based inverse kinematics solution model can be a useful tool for 
production engineers to analyze and estimate the robot manipulator’s motion accu-
rately and achieving the goals of Industry 4.0. The future scopes of this work include 
using other neural networks and comparing their results to the proposed method. 
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A Hybrid Algorithm Based Static 
Obstacle Avoidance for a Wheeled Base 

Shifa Sulaiman and A. P. Sudheer 

1 Introduction 

Static obstacle avoidance algorithm helps to move the wheelbase from start location 
to goal location following an optimum path without collision. Conventional path 
planning algorithms consume more time to calculate optimum paths compared to 
hybrid path planning algorithms. Different types of path planning algorithms such as 
bio-inspired algorithms, multifusion-based algorithms, etc. for generating optimized 
paths from start to end location are explained [1]. The path planning algorithm using 
A star algorithm is introduced in [2]. The different variants of A star algorithms such 
as theta star, Lazy theta star, Any angle propagation A star are demonstrated in [3–5]. 
Path planning algorithm using updated version of A star algorithm is carried out [6]. 
The Simultaneous localization and Mapping (SLAM) is also employed for localiza-
tion purposes. A star algorithm employed to determine an optimal path for a vehicle 
parking purpose is explained [7]. A modification of A star algorithm considering large 
curves for the mobile robot path planning process for navigation in industrial floors 
is carried out [8]. Relaxed version of Dijkstra algorithm and A star algorithm is used 
for determining the optimal path in [9]. The proposed approach is compared with 
the traditional method for proving the advantages of proposed algorithm. Dynamic 
version of A star known as D star algorithm used in 3D environment is introduced 
[10] for planning the path. The D star lite algorithm based on node selection strategy 
to avoid the generation of path close to obstacles are discussed [11]. The heuristic 
function and evaluation function are optimized to reduce the computational time. A 
combined method of D star algorithm and the Particle Swarm Optimization (PSO)
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technique is used to generate an optimized path in [12]. D star lite algorithm employed 
for avoiding static obstacles is introduced [13]. An improved variant of D star lite 
algorithm used for obstacle avoidance in a configuration space with multiple robots 
are demonstrated [14]. Each robot is assumed as an obstacle for every other robot in 
this method. Field D star algorithm is explained [15] for a mobile robot to determine 
the optimum path in a grid-based environment. The obstacle avoidance algorithm for 
a non-holonomic mobile platform with manipulators are given [16]. A polynomial-
based approach is employed for creating smooth and continuous path. The final path 
is short and consumes less computational time as compared to conventional grid 
path planning 3D algorithms. Cubic spline-based obstacle avoidance is explained 
in [17]. A cubic spline function is introduced [18] for smoothening the determined 
path avoiding obstacles from start to goal location. A collision avoidance strategy 
for high-speed mobile robots considering the motion dynamic equations are given 
[19]. An objective function is also introduced for calculating the motion towards goal 
location, the velocity of robot and distance to the obstacle in the planned trajectory. 
Path planning in a multi-robot environment in real-time is demonstrated [20–22]. 

PRM [23] is a sampling method used for creating nodes and local paths in the 
configuration space. PRM is employed along with active algorithms for generating 
final paths. The three Dimensional PRM algorithm is described in [24]. The creation 
of nodes in PRM environment is described in [25]. A technique for decreasing the 
number of checks to avoid collision during planning is introduced [26]. The method 
reduces the computational time during planning process. An edgeless PRM technique 
known as Grid Road Map (GRM) is introduced in [27]. The technique is employed 
for planning path in configuration spaces with obstacles. A method for reducing 
the path length generated using PRM algorithm along with an active algorithm is 
illustrated in [28]. 

In this paper, the static obstacle avoidance of a mobile robot for carrying an 
upper body humanoid robot is carried out. Lazy PRM technique along with LPA star 
algorithm are used for generating the path. Lazy PRM creates the nodes whereas 
the LPA star algorithm generates the path through these nodes. An experimental 
evaluation of the proposed approach is also done using the mobile platform. 

Section 2 introduces the different path planning algorithms and the proposed 
hybrid algorithm. The results and discussions regarding the proposed algorithm along 
with the experimental validation is given in Sect. 3. Section 4 depicts the conclusion 
and future works. 

2 Hybrid Path Planning for Avoiding Static Obstacle 

A combination of Lazy PRM and LPA star algorithm is used for finalizing the opti-
mized path. Lazy PRM is an improvised version of PRM algorithm for reducing the 
computational effort while planning the optimized path. LPA star algorithm gener-
ates the final path by connecting the local paths already created using Lazy PRM 
approach.
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2.1 PRM and Lazy PRM Algorithms 

PRM [23] is a type of passive path planning algorithm and is always combined 
with other active algorithms for generating optimum paths. PRM algorithm can be 
employed for generating nodes in the configuration space. The path connecting nodes 
are known as local paths/edges. The PRM algorithm is faster in generating nodes and 
local paths. These local paths or edges can be connected later to form the optimum 
path using LPA star algorithm. The nodes and local paths are created in free space 
only. The obstacle spaces are avoided for generating nodes and local paths. If the 
generated nodes and local paths cannot result in a feasible path, the nodes are updated 
by changing the density to form a new set of local paths. The number of nodes and 
the distance between connected nodes can be varied. K-S PRM strategy is adopted 
in this paper for connecting ‘K’ number of nodes within ‘S’ radius for creating local 
paths. 

In Lazy PRM [26] technique, the starting and ending nodes are examined initially 
and move towards the centre of the path for collision checks. The nodes present 
in the collision areas are removed and replaced to reduce the number of collision 
checks. At first, all the edges are checked with a coarse resolution and later stepwise 
checking is done. The data related to checked nodes and local edges are stored for 
avoiding repeated checking, thereby reducing the computational time. 

2.2 LPA Star Algorithm 

The cost function of LPA star algorithm [29] with heuristic function is given in Eq. (1) 

F '
LPA(s) = G '

LPA(s) + H '
LPA(s) (1) 

G '
LPA(s) is defined as the minimum distance from start node, sstart to current node, 

s. The minimum value of G '
LPA(s) or Rhs (s) is selected as the final cost. Rhs (s) in  

LPA star algorithm is calculated based on the Eq. (2) 

Rhs (s) =
(

0, if s = sstart 
min 

s ∈Pred (s)

(
G '

LPA

(
s ') + C '

LPA

(
s ', s

))
, otherwise

)
(2) 

where C '
LPA

(
s ', s

)
denotes the cost of moving the robot from s to another node s'. If  

values are same for all nodes with respect to their starting distances, then the nodes 
are locally consistent as given in Eq. (3) 

G '
LPA(s) = Rhs(s) (3) 

However, all nodes are not always locally consistent and use H '
LPA(s) value for 

determining the shortest cost. LPA star consists of a priority queue, which consists of
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locally inconsistent nodes. These nodes are updated later to locally consistent nodes. 
The priority of the node in LPA star algorithm is determined based on a key value. 
A 2D key value is used for the order of expansion. K '

1(s) and K
'
2(s) are the two 

corresponding key values as given in Eqs. (4) and (5). 

K '
1(s) = min

(
G '

LPA(s) Rhs(s) + H '
LPA(s)

(
s, sgoal

))
(4) 

K '
2(s) = min

(
G '

LPA(s), Rhs(s)
)

(5) 

The nodes with smallest key values are expanded one by one for determining the 
optimized path from start node to end node. 

2.3 Hybrid Algorithm for Avoiding Static Obstacles 

In this paper, sampling-based and node-based algorithms are combined together 
to form a hybrid algorithm for generating path between start and goal locations by 
avoiding static obstacles. The nodes are formed in the configuration space using Lazy 
PRM strategy. A hybrid algorithm combining Lazy PRM and LPA star algorithm are 
illustrated for avoiding static obstacles. The steps adopted for avoiding the static 
obstacles are shown in Fig. 1.

The nodes are created in the free space based on Lazy PRM technique. The 
local paths are created by connecting the nodes. LPA star algorithm then finds out 
the optimized path based on cost by avoiding collision with static obstacles. If the 
algorithm detects any collision then the nodes are updated by changing the node 
density. 

3 Results and Discussions 

3.1 Path Planning Using Hybrid Algorithm 

The hybrid algorithm developed in this paper is used to plan an optimum path 
between start and goal nodes. The proposed algorithm can be employed for avoiding 
static obstacles. A safety zone of fixed radius is considered around the obstacles 
and the hybrid algorithm is applied. In this section, the experimental validation of 
the proposed hybrid algorithm for avoiding static obstacles using a non-holonomic 
mobile platform is also presented. An environment is created as shown in Fig. 2 
for simulating the mobile platform using the hybrid algorithm. The obstacles are 
represented as black regions whereas the free space is given in white colour.

The nodes in the free space is created using Lazy PRM algorithm as explained in 
Sect. 2. The path connecting the start node and end node is created using LPA



A Hybrid Algorithm Based Static Obstacle Avoidance … 935

Fig. 1 Steps involved in 
hybrid algorithm

star algorithm. The final path created for avoiding static obstacles in the given 
environment is shown in Fig. 3.

The path created is of discrete nature due the discrete local paths and can be 
avoided by applying smoothening step post planning as shown in Fig. 4. A fourth-
degree polynomial can be used for fitting the waypoints.

The parameters and properties of environment considered for creating path 
between start and end node is given in Table 1.

The proposed algorithm is able to generate path with less amount of time as 
compared to algorithm using conventional LPA star algorithm as shown in Fig. 5. 
The time also increases with the number of nodes. The number of nodes are fixed as 
5000. The increase in nodes above 5000 increases the computational time as shown 
in Fig. 5.

The time taken for generating the final path is obtained as 0.261 s with 5000 nodes. 
The length of path determined between the start and end node is calculated as 
5760 mm.
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Fig. 2 Obstacle map

Fig. 3 Path generated 
avoiding static obstacles
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Fig. 4 Path smoothened 
using polynomial function

Table 1 Parameters used for 
simulation 

Sl. No Parameters Value Unit 

1 Dimension of environment map 4.500 × 5000 m 

2 Number of nodes 5000 Nos 

3 Velocity of mobile robot 0.15 m/s 

4 K-parameter 50 Nos 

5 Connection distance 0.02 m

3.2 Experimental Validation of Path Planning Algorithm 
for Avoiding Static Obstacles 

The proposed hybrid algorithm approach simulated in Sect. 3.1 is experimentally 
validated using the same environment. The environment for validating the hybrid 
algorithm is shown in Fig. 6. The obstacles and free space is also shown. The mobile 
platform starts from the initial location and moves towards the goal location avoiding 
the static obstacles in the generated path. The waypoints are already generated in 
simulation using the proposed algorithm.

The mobile platform moves through the pre-known environment. ArUCO markers 
[30] are used for recording the positions of mobile platforms while motion. The 
movement of the mobile platform is tracked using an ArUCO marker as shown in 
Fig. 7.

The variations of positions of mobile platforms are due to slight variations in joint 
motor actuation and jerk motions of mobile platform wheels.
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Fig. 5 Comparison of proposed algorithm with conventional algorithm

Fig. 6 Position of static 
obstacles in the configuration 
space
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Fig. 7 Motion of mobile platform in the free space avoiding obstacles

4 Conclusion and Future Scope 

Lazy PRM, as well as LPA star algorithm, are combined together to generate an opti-
mized path from start node to end node. The hybrid algorithm reduces the complexity 
to a lower degree of computations. The Lazy PRM approach is adopted for reducing 
the computation time for creating nodes and local paths. The Lazy PRM algorithm 
decreases the time for collision checking through the generation of local paths. The 
creation of nodes and interconnection of nodes to form edges using PRM algorithm 
takes very less memory and computational time than using other algorithms. The 
mobile platform is considered as a point mass in this paper. The dimensions can 
be included in future works for avoiding collision with static obstacles. The hybrid 
path planning algorithms are not considering dynamic obstacles in this paper, which 
can also be included in future works. A controller can be designed for the obstacle 
avoidance algorithms in future works. A stable and intelligent controller will also be 
designed and implemented for various applications. 
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Automated Vision Application 
in Industrial Defect Identification 

Peter Oyekola and Aezeden Mohamed 

1 Introduction 

Structural failures is a major cause of loss of life and the second principal cause 
of asset failures in industries, [1, 2]. And the Study of this failures is a necessary 
step in mitigating incidence and possibility of future failures. This process requires 
acquiring knowledge on the failure mechanisms of structures and its breakdown. 

Lots of financial investment goes into study of techniques of managing corrosion to 
control its impact on resources. Major materials used in storage facilities for fluids are 
made of Carbon steel which is highly susceptible to corrosion hence these facilities 
requires effective corrosion management [3] to reduce the rate of occurrence. As seen 
in Yunovich et al. [4] on the direct costs implications of corrosion in the industry, it 
becomes clear that although corrosion cannot be completely avoided, we can however 
reduce the impact of structural failures by being proactive in industrial maintenance 
culture. Studies also shows that the major reasons why this failure occur are due to 
inadequate awareness or attention to the causative factors of corrosion, inadequate 
risk analysis at design stage or before any component change, lack of information 
[5]. 

Steel is an industrially important material that is widely implemented in most 
industrial structures and construction materials due to its inherent properties and 
characteristics. It is the backbone of most structures used in industries such as trans-
port industry (trains, ship’s hull, etc.), oil and gas industry (pipelines, storage tanks,
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pressure vessels, etc.), energy generation (wind turbine, hydrokinetic turbines, etc.), 
silos and storage [6, 7]. 

Despite its huge variety of industrial application, its greatest nemesis is the most 
certain issue of oxidation which initiates the start of corrosive degradation over time 
as well as defects such as cracks, fatigue [8]. For this reason, periodic inspections 
are usually carried out in other to detect the initiation and presence of defects which 
could potentially become fatal if not properly controlled or addressed. 

The vulnerability of material to corrosion is determined partially by forecasts 
based on water chemistry and temperature environment of operation. This makes 
marine structure vulnerable to failure as they are constantly exposed to fluid all 
through their life span [9]. 

The current design aims to leverage the use of an open sources object detection 
technique developed by Google Inc. which is known as Tensor Flow. This algorithm 
has seen recent development and adaptation in self-driving cars, obstacle avoidance, 
automation logic, etc. [10]. Similarly, a model of object detection can be applied in 
identification of surface cracks, corrosion as well as other pre-trained defect generally 
found in practical applications. 

2 Problem Statement 

Metallic structures constitute a large part of industrial materials due to its huge 
range of applications. Inspection of this facilities can be tedious and extremely cost 
intensive in terms of time loss, effort, equipment, etc. Furthermore, human limitations 
like stress, work rate, accessibility issues, and hazardous environment can severely 
affect quality inspection of critical equipment and some proper pipe inspection cannot 
be done. 

Additionally, most company’s policy on safety is ‘Zero Accidents or Incidents’, 
however, it is relatively easy to ignore the consequence of failure due to crack and 
corrosion which can be catastrophic and may leads to loss of man hours, stoppage of 
production and even death for severe cases. This therefore necessitates the need for 
a mobile advanced system that can be easily deployed for use in a more efficient and 
accurate inspection of failures in structural members while minimizing downtime 
for inspections, risk and increasing efficiency at the same time. 

3 Literature Review 

The failure of any equipment or loaded structural member relates to behaviors the like 
of which renders the structure unsuitable in performing its intended design purpose. 
Failure may be initiated by the occurrence of static loads as well as dynamic loading 
conditions such as impacts, fatigue of material as well as wear and tear. Generally, 
ductile materials are more susceptible to failure while the brittle counterpart are
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usually more inclined toward fracture. On some rare scenarios, failure might be both 
ductile and brittle given that some underlying conditions are met such as in low 
temperature application [11]. 

Common failure modes experienced are therefore not limited to fracture due to 
imposed static load and exposure to high temperature application [12]. The propa-
gation of fracture failure usually begins with the initiation of a crack followed by the 
propagation of that crack due to imposed stress on the material. Brittle cracks tend 
to propagate quite rapidly as compared with the ductile cracks which are relatively 
more stable. 

Fatigue failure is also subjected to fluctuation of stresses which occurs in moving 
equipment such as shafts, machine components, most often, the stress leading to this 
failure are well below the yield point stress associated with the material static load. 
This failure generated over a period of time due to stress and strain cycling [13]. 
Almost all material save glass are susceptible to this kind of failure. 

Corrosion is a common destructive and non-reversable occurrence. It manifests 
as an attack on metallic structures which originates at the surface of the metal. 
Most forms of metallic corrosion are usually electrochemical in nature given that it 
involves the transfer of electrons from one point to another in form of oxidation [12]. 
Known factors which cause or activate the initiation of corrosion include temperature, 
material composition as well as velocity of fluid. The various forms of corrosion are 
galvanic, pitting, crevice corrosion, selective leaching, erosion, stress corrosion and 
intergranular corrosion [14]. 

Inspection personnel are trained to recognize specific signs of decline which 
signifies a loss of structural integrity with potential of leading to structural failure. 
Sometimes this may be visually obvious like corrosion or crack along the exte-
rior of structures (surface cracks). Other times, defect such as internal cracks, deck 
delamination, can only be detected using specialized equipment [15]. 

Visual Inspection is the most basic non-destructive testing method owing to the 
high cost of advanced inspection techniques. However, the downsides of this method 
are the dependency one the training of the inspector, visual perception, and state-
of-mind. External factors which also contributes the accuracy of this technique are 
intensity of light, complexity of structure, and accessibility [16]. 

Ultrasonic inspection and Ground Penetrating Radar (GPR) however are used 
for subsurface flaw detection where the former involves the application of high 
frequency acoustic wave [17] while the later works by transmitting high frequency 
electromagnetic pulses from a radar antenna onto the structure [18]. Practical use of 
GPR techniques have successfully been applied in the oil and gas industry for inspec-
tion and localisation of subsea pipes [19], detection of buried hazards in mining sites 
[20], as well as recent application in civil and construction sectors as predominant 
requirement for non-destructive inspection is in high demand [18, 21]. 

More recently, the adaptation of Artificial Intelligence (AI) in inspections as well 
as other robotic applications have seen tremendous applications such as in self-
driving cars. This defines a system which is capable of performing tasks which 
typically require some level of human intelligence as seen in visual perception, 
pattern recognition, etc. It is a broad umbrella which covers areas such as machine
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Fig. 1 Visualization of neural network architecture [24] 

learning and deep learning which is a subset of machine learning which in this case 
refers to hidden layers in a neural network [22]. 

Convolutional Neural Network (CNNs) is a special classification of deep learning 
in neural networks which is based on the application of two-dimensional structure 
of visual imaging or other signals which can be generalized for application with 
other datasets which contains a defined grid-like topology. The success of CNNs in 
its application to image processing are the local connections, pooling, and usage of 
multiple layers as well as the image weights [23]. CDNNs makes use of convolu-
tional layers, fully connected layers, and max pooling layers with less connections 
and parameters thereby making it easier in processing and training images with insub-
stantial loss in performance. This has encouraged its application in image processing 
as well as other complex problems as seen in Yun et al. [24]. For this project the You 
Only Look Once version 4 (YOLOv4) neural network was applied in the detection 
of cracks and corrosion (Fig. 1). 

4 Research Methodology 

In the inspection of structures, there is a similar configuration across all setup which 
involves the illumination of the target through either natural lights or other means, 
this illuminated scene is then captured by the camera to generate a digital image 
governed by the incorporated camera lens which introduces a field of view of the 
areas to capture. This digital image is then sent for processing to generate a final 
description of the inspected surface. It can therefore be seen that the vision systems 
are usually made of two major subsystems which are the real time capturing and the 
processing subsystems [25]. The former is majorly hardware-based and consist of the
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digital camera, source of illumination, etc. while the latter is majorly software-based 
to analyze and gives an indication of surface conditions. 

The software system is based on a machine learning algorithm which is equipped 
on an unmanned robot. This form of inspection can be used in assessing surfaces 
which will be difficult to assess by human operators such as high pressure or radiation 
environments and other areas where a direct unobstructed view of the inspection 
plane cannot be obtained without the use of optical instruments or device such as 
microscopes, telescope, and the more use of digital cameras more recently. The robot 
provides real time analysis of sections to be inspected. The image feedback is then 
analyzed to build up an automated defect classification system based on extracted 
features of the surface captured, training image set as well as the application of 
statistical inference algorithms. 

4.1 Image Classification and Object Detection 

Classification of images is a common application of CNNs as applied in computer 
vision. It is based on the principle of the recognition of some dominant or outstanding 
object in an image several image. With the increase in complexity of classification 
problems, systems with greater performance requirements are continually needed. 
Over time, it is discovered that in other to develop a system with improve accuracy, 
there is a need for deeper and more complicated networks which generally leads to 
an increase in the time required for model training as well as computational cost. 

Building up on the successful implementation of the image classification using 
CNNs, the goal of the detection of objects in an input dataset is to localize as well as 
classify objects in the image. This is made possible by labeling each of the objects 
to be detected using a bounding box to define its exact location as well as the class 
of the object such that the confidence score reflects a true indication of its existence. 

The YOLO model which have recently come to limelight is capable of directly 
prediction the specific locations of the bounding boxes as well as class probabilities 
in a single evaluation. This method is the preferred methodology implemented in the 
detection of cracks and corrosion in this study (Fig. 2). 

Fig. 2 Image classification and object detection
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4.2 YOLOv4 

YOLOv4 is a CNN-based methodology applied in detection of objects via camera 
systems. While this method has seen improved accuracy over time, they have now 
been used in standalone processing management systems which aids in reducing 
human input into a system. However, the accuracy of this model as well as speed of 
detection is heavily dependent on the usage of a Graphics Processing Unit (GPU). 
Most accurate detections systems require a large amount of GPU in training datasets 
of large batch size. However, YOLOv4 is capable of functioning with just one 
conventional GPU. 

In other to develop the model to detect the presence of surface defects such 
as cracks and corrosion on surfaces of industrial structures, the process was initi-
ated by gathering detailed images of defects on different surfaces such as tanks, 
columns, vessel hulls, some of these images were sourced from open source models 
online while others were gotten from site visit to industrial environments such as 
ports and mining companies. Subsequently, all the images were annotated while 
defining the base classes which were ‘cracks’, ‘corrosion’. The key steps in successful 
implementation are;

● Set Google Colab as a Cloud VM with Free GPU
● Installing the required system dependencies for GPU (Cuda 10.1, Cudnn, 

tensorflow-gp==2.3.0rc0, opencv-python==4.1.1.26, lxml, tqdm, absl-py, 
matplotlib, easydict, pillow)

● Cloning and building Darknet by adjusting GPU and OPENCV settings
● Downloading and converting YOLOv4 weights (Previously trained weights)
● Gather custom training and validation datasets for cracks and corrosion (1500 

dataset)
● Configuring custom YOLOv4 Cloud Training
● Train custom YOLOv4 Object Detector
● Validate custom Model with mAP
● Test run YOLOv4 with TensorFlow on images, video and webcam
● Convert TensorFlow model into a TensorFlow Lite tflite model
● Run YOLOv4 with TensorFlow Lite on the robot. 

A total of one thousand five hundred images were gathered for each of the classes. 
These images were used as the training dataset which were resized and properly 
renamed to allow for faster processing. Additionally, the images for cracks and corro-
sion were sequentially arranged such that it alternated between each other (Figs. 3, 
4 and 5).

In order to create custom datasets, for YOLOv4, the files needed are

● Cracks and corrosion datasets
● Custom configuration file (.cfg)
● obj.data and obj.names files (these contains the details of the intended classes to 

be detected which in this case are just cracks and corrosion, i.e., two classes)
● train.txt files which will enable the evaluation of the trained weights.
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Fig. 3 Sample crack dataset

The bounding box information are contained in a text file generated using a data 
annotation tools LabelImg among other options. By using this tool, the object to 
be detected in the input image is bounded by a box as well as the corresponding 
classes which are present in the image. This annotation process was done for all 
the training dataset one at a time. For custom detection purpose, there are platforms 
where already annotated models could be gotten such as open Images v6. However, 
due to the nature of this project, the annotation has to be done manually as shown in 
Fig. 6.

The information containing the coordinate of the bounding boxes from the anno-
tation process above is stored in a.txt file. The file contains the number of classes as 
well as XMin, XMax, YMin, YMax: coordinates of the box, in normalized image 
coordinates. XMin is in [0, 1], where 0 is the leftmost pixel, and 1 is the rightmost 
pixel in the image. Y coordinates go from the top pixel (0) to the bottom pixel 
(1). However, in order to accommodate a more intuitive representation and give the 
maximum flexibility, every.txt annotation is made in the form of ‘name_of_the_class 
left top right bottom’, where each coordinate is denormalized. So, the four different 
values correspond to the actual number of pixels of the related image.
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Fig. 4 Sample corrosion dataset 

Fig. 5 Implemented YOLOv4-Lite algorithm
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Fig. 6 LabelImg interface for annotation of input images

4.3 Model Training and Testing 

In training the detection model, the Single Shot Detection (SSD) model was 
adopted. It is an open source variety of the COCO-weighted models and it conve-
niently balances speed and performance which will come in handy during real time 
inspection. 

Additionally, Google Colab which is also an open source platform offering free 
GPU computing was implemented in training the model. This offered a 16 GB of 
RAM as well as NIVIDIA GPU for model training. In other to further improve 
the system performance, certain parameters to adjust includes the steps, batch size, 
number of iterations, etc. this was edited from the original configuration file using 
the following settings; 

batch = 64 
subdivisions = 16 
Classes = 2(cracks, corrosion) 

The value of the max_batches must not be lower than 6000 this means for classes 
between one and three, the set value will be 6000. However, for a class of 5, this will 
then be 10,000. 

max_batches = (numberofclasses) × 2000 = 6000 
steps = 4800, 5400, i.e.,
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steps = (80% ofmax _batches), (90% ofmax_batches) 

filters = (numberofclasses + 5) × 3 = 21 
width = 416 
height = 416 

The average loss during the initial training process was roughly about 2000 but 
this slowly decreases with increasing number of iterations until it stabilizes as a loss 
of under 0.5 after about 3000 iterations. Also, after every 1000 iterations, the Mean 
Average Precision (MAPs) values are plotted. This showed that between 3000 and 
4000 iterations, the training can be stopped since there is no significant increase in 
accuracy and decrease in loss. 

4.4 Camera Requirements 

The choice of selecting suitable camera for and inspection model requires detailed 
attention to the inspection requirements. Generally, the first requirement is the use 
of a high-quality camera of which due to advancement in technology, cameras 
which meets this specification are now compact enough to be mounted on unmanned 
systems. Also, the robot might be applied in areas with limited or no light access 
hence, this would require a night vision system to enable adequate inspection without 
compromising model effectiveness. 

While there are a variety of cameras to choose from, one of the desirable features 
in selecting a good vision system is the resolution offered by the camera. This deter-
mines the quality of images as well as allows for better precision. Therefore, the 
camera resolution, pixel size, and sensor size are combined factors which can be 
exploited in the requirement for high quality images. In situations whereby the system 
intends to identify defects depicted with limited pixel numbers, the extraction of its 
geometrical properties such as dimensions or orientation might become difficult [26]. 

Additionally, the cameras field of view (fov) is another factor which affects the 
resolution. The minimum camera resolution in each direction which is required in 
this instance can be estimated from the relation below, 

Minimum resolution = Smallest defect pixels number × fov 
Smallest defect size 

Going by this analysis, the use of any 4 or 5 MP camera which comes with a 
resolution of 2046×2046 pixels will offer good resolution with a great picture quality 
which is sufficient enough for the intended application even if future upgrades are 
required. 

The focal length offered by the lens was the determining factor in selecting the lens 
used in the inspection robot. When a lens has its focal length equal to the diagonal 
dimension of the sensor, the perspective generated is usually normal when viewed.
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Fig.7 IR-CUT night vision focal adjustable 5MP fish eye camera 

On the other hand, if the length is shorter than the sensor diagonal length (normal 
focal length), this are referred to a wide-angle lens given that there are capable of 
capturing a wider field of view which can come in handy when trying to inspect 
objects within working distance which represents how far the object to be inspected 
is from the lens. The equation for estimating the required focal length of the lens is 
given as, 

Focal Length = working dist × sensor size 
fov 

Given that the camera module will be installed on a moving robot, the wide-
angle lens with fisheye view of 1750 was selected. In practical inspection, since 
there is no fixed working distance between object and the camera, the estimation of 
the focal length required was based on minimum and maximum values of inspection 
conditions. This yielded a focal length of 12 and 156 mm assuming working distance 
of 550 and 650 mm, respectively. The implementation of the fisheye lens provides 
aerial image within the region of interest (Fig. 7). 

4.5 System Installation 

The final implementation design was entirely based on the requirements imposed by 
the robot’s application. The elements comprising the vision system are the camera, 
lens, on-board computer, waterproof enclosure as well as the pan and tilt mount. 

The camera sits inside the clear waterproof containment box which rests on the 
pan and tilt mount providing a wide range of view about the horizontal and vertical 
axis. As a result, the camera is capable of rotating about a workspace angle of 1450 
about the vertical axis while the range of movement on the horizontal axis is 1800.
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The camera is connected to the raspberry pi 4B board through the use of flex 
cables which offers flexibility of movement with a limitation of affordable distance 
between the camera and the computer. 

For proper optimized detection, the confidence threshold of the model was set at 
25% which means that for a detection bounding box to be displayed, the model must 
be at least 25% confident. This can be varied based on the detection expectation. 

5 Result and Discussion 

In validating the defect identification system, the robot was tested using images which 
were not using in the training process as well as live field testing. The training algo-
rithm was set to perform 10,000 iteration of the complete dataset which is equivalent 
to 1000 iterations for one epoch. 

The resulting accuracy of the model reached 91% average precision which is much 
better when compared to the previous versions trained in the preceding versions 
of YOLO. This makes detecting object which are relatively small improved for 
crack identification. On the other hand, the detection system was more accurate in 
identifying corrosion which do not cover up an entire surface (Fig. 8).

From the figure above, the mean average precision of the model increases with 
corresponding increase in the size of the input image. More so, for detecting defects 
on images of varying sizes, the difference in accuracy of the system is small given that 
the multi-scaled training method implemented ensured that the system could handle 
and predicting with a high precision inputted samples of varying sizes. Furthermore, 
the use of a fisheyes lens of good resolution offers a wide-angle view of 1750 which 
increases the chances of picking out defects on different kinds of surface (Fig. 9).

As seen in the detected samples above, the regions where defects are identified are 
effectively indicated using a bounding box where a confidence score which indicates 
the certainty at which the model effectively identifies the object. The confidence score 
represents a value between 0 and 1 where zero indicates a zero percent recognition 
hence no bounding box is drawn, while a confidence score of 1 is a hundred percent 
certainty which is hardly achievable due to various factors such as the condition of 
light in the inspection region, blurry and partially covered objects, camera resolution, 
reflection of lights. 

For this model, the minimum certainty before a bounding box can be displayed 
was set to 25%. Effectively, for any value below 0.25, a positive identification will 
not be displayed irrespective of whether the object actually exist or not. For future 
reference, this value could be increased or reduced based on the level of precision 
desired. 

The major source of errors encountered was due to improper data annotation and 
arrangements for training. Although there is no defined rule for image annotations, 
a more precise model will require that the annotated objects on the images captured 
the exact item to be identified with little or no interference from other background 
images and noise (Figs. 10 and 11).
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Fig. 8 Training iterations and precision

Some of the errors encountered might be caused by the imbalance in training 
data as well as arrangements as earlier mentioned. Given that the model was being 
trained to recognize two classes (crack and corrosion), this meant that training data 
for both classes were collected. The total training data for cracks were 700 while 
500 images were used to represent the corrosion dataset. By having a balanced class 
representation, there will be room for better class comparison as well as a better 
obtained value for the mean average precision. 

6 Conclusion 

The defect identification system employed in this paper involved the use of machine 
learning algorithm in classifying common defects found in industrial environment. 
This is achieved using an installed adjustable focus wide-angle fish eye lens camera 
mounted in front of the robot and controlled on a mounted pan a and tilt mount. 
The camera receives live video streams of its inspection plane which is sent to 
the on-board computer for processing to identify the possible defects in real time.
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Fig. 9 Sample detection results

Fig. 10 Missed details (yellow)

The video feedback is then analyzed to build up an automated defect classification 
system based on extracted features of the surface captured, training image set as well 
as the application of statistical inference algorithms. This is further enhanced using 
Graphical Processing Unit on the computer for a faster processing rate. The trained 
model is based on open sourced images of defects available online as well as from 
site visits and the confidence threshold of the model was set at 25% for optimized 
detection.
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Fig. 11 Annotation error (red box is the ideal bounding box)
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Space Robotics: A Comprehensive Study 
of Major Challenges and Proposed 
Solutions 

Abhishek Shrivastava and Vijay Kumar Dalla 

1 Introduction 

Outer space has a harsh environment, high temperature, and radiation so human 
access is very difficult. To assist human research activity in space for developing a 
space module and planetary surface research, robots are contributing to the research 
of solar system [1]. Space servicing is an important task to be performed in the area of 
space science. Many countries have started research in the vast area of space science 
[2]. Ideas to do research in the field of space robotics started in 1980. The design of 
robot structure was started initially; this report was first published in NASA in 1983. 
It was thought earlier to construct space station using autonomous free-flying robots, 
but at last this task was completed by human extravehicular activities (EVA) with 
the utility of shuttle remote manipulator system (SRMS) and Canadarm-2 [3]. The 
main achievement in space robotics was the development of orbital free-flying space 
robot for performing the important task of repairing, refueling propellants, orbiting 
and rescuing the satellite [4]. However, servicing unmanned non-cooperative space 
satellite in space orbit such as tumbling satellite with unidentified properties by 
redundant robots is facing many scientific issues. Moreover, autonomous control 
of non-cooperative satellite is uphill task for future research work. Space robotics 
is enhancing its applications in the field of lunar research to mitigate space debris 
hazard concerned for an astronaut in ISS. Space debris can be mitigated by re-orbiting 
the robot by removing the satellite from the orbit before the damage. Sanguino [5] 
studied that the first space robot traveled on the extraterrestrial body was Lunokhod 
(1970), which was remotely operated from earth surface and traveled approximately 
10.5 km on the surface of the moon. Furthermore, Woffinden and Geller [6] studied
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that rendezvous docking is necessary for space missions performed through navi-
gation. In the past, docking operation was performed by manned spacecraft but 
later on, National Space Development Agency of Japan (NASDA) and European 
Space Agency (ESA) started working on unmanned spacecraft to supply materials to 
International Space Station (ISS). Space robots perform docking, refueling, rescuing 
operations in space. The maintenance of the space station is also performed by a 
robot. Later, the National Aeronautics and Space Administration (NASA) realized the 
importance of space robotics in on-orbit servicing after 1980 [7]. Mainly, the on-orbit 
space manipulator is equipped with group of three key components, the operation 
satellite, an (n-DOF) space robot fixed to the operation satellite, and the objective 
space manipulator to be serviced through on-orbit servicing by space robot. Jung 
et al. [8] suggested that impedance control strategy is required for force and position 
control of space manipulator. Mainly, the impedance control strategy is implemented 
by electric driven robots based on the torque control system of the hydraulic actuator 
[9]. However, it is difficult to perform obstacle avoidance through hydraulic drive 
unit so second order dynamic compliance system is suggested by Zhao et al. [10] for  
hydraulic drive unit with better impedance control of walking legged robot. Later, 
Uyama and Narumi [11] proposed that the hybrid impedance control scheme can be 
utilized to detumble a non-cooperative satellite. Many researchers studied that space 
debris removal and on-orbit servicing require a high level of autonomy so obstacle 
avoidance is the main criterion to be studied to support on-orbit servicing in the 
near future. In advance, a collision-free trajectory planning of space manipulators is 
required for obstacle avoidance. Qian et al. [12] also suggested that obstacle avoid-
ance can also be performed by the technique of the trajectory planning method. In the 
trajectory planning method collision path avoidance algorithm is utilized to provide 
low-level control to a robot path avoiding any collision within the workspace of a 
space robot [13]. 

2 Background of Existing Space Robotic Manipulators 

On 1981, the shuttle remote manipulator system (SRMS) was tried on the second 
mission of the space. SRMS also known as (Canadarm-2) which has served for 
more than 15 years. It is an automated arm which consists of shoulder, elbow, and 
wrist joints having six degrees of freedom. SRMS had the drawback of not having 
fault-tolerant joint control system which lacked redundancy in joint, but later on 
differentially gear train mechanism consisting of non-linear power equation reduced 
joint control system equation into linear state equation [14]. Figure 1 shows the 
manipulator arm performing space station construction STS-61B on a space mission.

On April 26, 1993, the spacelab mission D-2 [15] was successfully tested on 
shuttle Columbia. This experiment was successful in the field of earth observation 
and telecommunication etc. Moreover, the European Retrievable Carrier (EURECA) 
was landed successfully on July 1st 1993 at space center named Kennedy in Florida 
to perform advanced orbital research and to enhance flight operation chances for
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Fig. 1 a Demonstration of space station construction STS-61B on a space mission. b ROTEX of 
DLR [14]

ESA astronaut. Later on, the engineering test satellite (ETS-7) was developed by 
NASDA in view to experiment rendezvous docking (RVD) operation in orbit of 
space to give logical support to the space station [16, 17]. Table 1 shows technical 
details of engineering test satellite developed since recent past. It is highlighted that 
Canadarm-2 is also utilized for collision avoidance in space robot. JEMRS have more 
mass (7000 kg) compared to other engineering satellites shown in Table 1 (Fig. 2). 

Table 1 Technical details of engineering test satellites 

S. No. Satellite name Length 
(m) 

Mass 
(kg) 

Wrist joint Elbow 
joint 

Shoulder joint 

1 CANADARM 
[15] 

15.2 410 Pitch/yaw/roll Pitch Pitch/yaw 

2 CANADARM-2 
[3] 

17.6 1641 Pitch/yaw/roll Pitch Pitch/yaw/roll 

3 ERA [16] 11.3 630 Pitch/yaw/roll Pitch Pitch/yaw 

4 JEMRMS [17] 9.9 7000 Pitch/yaw/roll Pitch Pitch/yaw
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Fig. 2 Variation of joint 
angle with time for joint 
position trajectory [18] 

3 Major Challenges and Proposed Solutions 

3.1 On-Orbit Servicing 

During on-orbit servicing, space manipulator needs to perform docking, refueling, 
rescuing operations in space. The maintenance of the space station is performed by a 
robot. Many researchers are exploring influential ways to motivate the development 
of advanced on-orbit servicing technology for capturing the target satellite. The 
capturing process during on-orbit servicing requires 4 phases: (1) The first phase 
is observation and planning in which analysis of motion and physical properties of 
target satellite is performed. (2) The second phase is controlling robotic arm motion 
to move toward the grasping object. (3) The third phase is real capturing phase or 
physical interception phase, in which manipulator capture the target satellite with 
required force control. (4) The fourth phase is post capturing phase in which target 
satellite is stabilized along with on-orbit servicing system. 

In space missions, manipulator berthing and autonomous docking is performed 
with a flexible and cooperative target. However, in practical issue, an unestablished 
or non-cooperative targets need to be managed that requires high level of advance 
technology. Shan et al. [18] suggested to hold the uncooperative target fixture by 
fixing the nozzle cone of GEO satellites. However, for handling tumbling motion, 
the chaser arm must be in straight line motion against moving target. For this, residual 
relative velocities need to be diminished. This needs automatic control to allocate 
angular momentum of the fixed target after a successful capture in space orbit [19]. 
After successful on-orbit servicing operation performed by space satellite, a multiple 
servicing satellites were proposed for the visual inspection and active debris removal 
in space station. For this, Garg and Sharma [20] solved multiple objective opti-
mization problem by using particle swarm optimization technique. However, heat 
transfer problems arise during on-orbit servicing due to heat dissipation in compo-
nent of spacecraft. To fix this problem, Guo et al. [21] modeled flexible thermal 
control system (F-TCS) with a heat collection bus, heat dissipation bus, inter-platform
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service interfaces, and connection brunches. In F-TCS heat generated by a spacecraft 
is transferred to cold plates though 3-way valve having PID controller, which auto-
matically adjusts fluid flow rate passing the radiator bus to form appropriate cooling 
temperature for the heat collection bus. 

During on-orbit servicing task, the servicing satellites need to follow desired 
trajectory while approaching the target satellite. While performing on-orbit servicing 
operation, the system’s linear and angular momentum should be conserved in absence 
of external force. However, angular momentum equations are not represented in inte-
grated form, which states that they are non-holonomic. Later, researchers developed 
solutions for robot path planning by using non-holonomic property in space manipu-
lator [22–24]. Moreover, Zhengcang et al. [25] proposed fixed-attitude-restricted 
(FAR) motion controller to allow manipulator arm motion without any reaction 
moments to its base of spacecraft. Zhan et al. [26] proposed novel control scheme 
for space robot to detumble a non-cooperative target with collision avoidance in 
dynamic or static situation. Joints acceleration control limits and dynamic unrelia-
bility of space robot and cooperative target is considered with use of trajectory tracing 
control scheme. However, full inertial parameters were lacking in this control scheme, 
which caused dynamic disturbances in robot. Meng et al. [27] utilized eddy current 
for contactless detumbling a non-cooperative target satellite. To verify efficacy of 
this control scheme, finite element simulations are carried out to calculate the effect 
of electromagnetic force on a non-cooperative target. For capturing tumbling target, 
combined system, i.e., static and dynamic system must be stabilized to provide safety 
during on-orbit servicing. To solve this issue, Luo et al. [28] proposed detumbling 
and stabilization strategy based on angular momentum transfer by considering joint 
velocity limits. 

3.2 Impedance Control 

Impedance control is a technique for dynamic control relating force and pose of space 
manipulator. The proportional integral derivative (PID) controller [29] controls the 
end-effectors tip position of space robot. Mostly, the impedance control strategy 
was performed by electric driven robots based on the torque control system of the 
hydraulic actuator. On the other hand, hydraulic drive unit was proposed to control 
legged robot motion during walking of space robot. Servo valve is electrically oper-
ated valve which controls the hydraulic fluid transmitted to actuator. Force sensor 
controls both forces/torques applied to base of robot, whereas position sensor controls 
the position of joints. Accumulators are used to hold multiple objects. 

DLR developed a gripper by using the concept of “artificial muscle” which leads 
to powerful, and high dynamic actuators [30, 31]. This is more superior to those pneu-
matic and hydraulic technologies and further it is developed in the form of completely 
programmable spring with desirable impedance control. Uyama and Narumi [32] 
proposed hybrid impedance control scheme for detumbling single serial link manip-
ulator. Pathak et al. [33] suggested that impedance control at the end-effector of
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robot can be achieved by passive degree of freedom in the controller. For multiple 
co-operative space manipulator Dalla and Pathak [34] developed impedance control 
scheme by pulling flexible wire. However, during such capturing operation some 
internal torques and forces are originated in the object. 

3.3 Obstacle Avoidance 

Space debris removal and on-orbit servicing require a high level of autonomy so 
obstacle avoidance is the main criterion to be studied to support on-orbit servicing 
in the near future. In advance, a collision-free trajectory planning of space manip-
ulators is required for obstacle avoidance. Moreover, obstacle avoidance can also 
be performed by the technique of the trajectory planning method. In the trajectory 
planning method collision path avoidance algorithm was used to provide low-level 
control to a robot path avoiding any collision within the workspace of a space robot. 
Later, Zhao et al. [10] studied obstacle avoidance of hexapod robot for detecting 
tasks. 

Alternatively, Zong et al. [35] proposed mixed integer predictive control (MIPC) 
technique having joint angle torques, joint angle ranges, and joint velocity to avoid 
obstacle avoidance. Later, Bao and Zelinka [36] suggested obstacle avoidance also 
can be performed by migrating algorithm with sensors attached to it, in which trajec-
tory intermediate points are used to find target position of any required task. Space 
robots working in a dynamic environment requires collision-free trajectory planning, 
so dynamic control algorithm (DW4DO) was proposed to avoid obstacle avoidance 
[37, 38]. Wang et al. [39] studied the use of nonlinear prediction model (NMPC) 
for redundant space robot to approach detumbling target in intricate space environ-
ment. In case of low-speed autonomous vehicle (AV), Chen et al. [40] suggested 
control algorithm using barrier function to provide safety to the spacecraft. Many 
researchers suggested that hyper redundant snake like serial manipulator has high 
utilization in medical robotics, and rescue operation is space. However, due to large 
redundant joints motion planning is challenging. For providing mobility in task plan-
ning, Menon et al. [41] proposed an algorithm derived from calculus of variation for 
motion planning of hyper redundant robot. In this control scheme, motion at each 
joint is calculated in such way that all links deviates any obstacle present in the space 
environment. During obstacle avoidance, it is recommended that spacecraft should 
follow optimal path and should not stuck in local minimum. However, by using artifi-
cial potential field algorithm spacecraft cannot avoid obstacle in the vicinity of target 
due to high velocity constraints in local minimum. To solve this issue, Roshtami et al. 
[42] developed improved artificial potential field algorithm to solve local minimum 
problem during obstacle avoidance. In that case obstacle is both static and dynamic, 
Q learning and artificial neural network is the scheme to provide autonomous control 
of spacecraft. Later, Kim and Khosla [43] improved artificial potential field algorithm 
by using harmonic potential function to reduce the significance of local minima in 
cluttered environment. In this scheme, arbitrary shaped obstacle can be represented
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Table 2 List of collision-free trajectory planning techniques for space manipulator placed on 
outsized orbital structure 

S. No. References Trajectory control method 

1 Kamegawa et al. [44] Reflexive control of space robot through proximity sensors 

2 Parra et al. [45] Based on configuration control approach 

3 Fan and  Liu [46] Based on two-stage iterative algorithm 

Table 3 List of collision-free trajectory planning techniques for space manipulator placed on 
undersized orbital structure 

S. No. References Trajectory control method 

1 Yao et al. [47] Based on artificial potential field method 

2 Rosmann et al. [48] Based on nonlinear optimization technique 

3 Rybus [49] Based on rapidly-exploring random trees technique 

4 Khadem et al. [50] Based on nonlinear model predictive control 

having potential over the surface. However, computational cost was more due to 
involvement of each joint in collision avoidance. For this, researchers suggested to 
use ring around obstacle, so that wrist of robot is inside the ring instead of its all 
joints. 

However, trajectory control method shown in Table 2 proved to have high compu-
tational cost, to compensate this drawback later, collision-free trajectory planning 
techniques for space robot placed on undersized satellites are proposed as shown in 
Table 3. 

Robotic assistance to astronauts will have vital role in space activities. Project 
work having human–robot collaboration requires an instinctive design between user 
and machine interface [51–54]. This kind of man–machine collaboration will improve 
the safety of such system. Since 1980s major work took place in automation for 
helping the human decision-making using pilot assistant and reducing the workload. 

4 Conclusion and Discussion 

It has been shown that planetary robotic system, on-orbit servicing, impedance 
control, and obstacle avoidance are of increasing interest in the field of space robotics. 
As a result, many enabling techniques for space robotics have been developed by 
the researchers across the world in the past four decades. These development works 
reported in 55 publications have been reviewed with an emphasis on the key areas of 
engineering test satellites, obstacle avoidance, on-orbit servicing, impedance control, 
and space exploration mission. In addition, obstacle avoidance (i) collision-free 
trajectory planning technique for space manipulator placed on outsized orbital struc-
ture, (ii) collision-free trajectory planning technique for space manipulator placed
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on undersized orbital structure. From the literature survey, technical details of engi-
neering test satellites are discussed. The most challenging aspect of a space mission 
is performing servicing of non-cooperative satellites with completely autonomous 
control, detumbling of non-cooperative satellites via impedance control, and dynamic 
control of autonomous moving targets with lowest rendezvous attitude. This paper 
provides a comprehensive study of the key challenges and projected solutions for 
obstacle avoidance, on-orbit servicing, and impedance control for fully autonomous 
space missions in the near future in order to inspire and assist in the advancement 
of research development in space technology. At last, after reviewing 55 research 
articles future research trends in space robotics are found which is listed below: 

(i) In near future servicing of non-cooperative satellite with fully autonomous 
control is required to be explored. 

(ii) Further work is required to be done in detumbling non-cooperative satellites 
through impedance control in near future. 

(iii) Research scope in space astronomy and solar system planets. 
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Enhancement of Magnetic Flux Density 
Using a Novel Electromagnets 
Configurations in Belt-Type 
Magnetorheological Finishing Setup 

Prince Oliver Horo, Prabhat Kumar, Saurabh Singh Rathore, 
and Dilshad Ahmad Khan 

1 Introduction 

With the growth of contemporary technologies, the goal in the modern era is to 
enhance the accuracy and precision of products at the nano-scale level in order to 
perform a certain desired function. 

For the industries such as medical science, space science, automobile, defense, 
electronics, etc. surface finishing plays an essential function in extending the 
component’s service life. 

Because of their least controlled, labor-intensive, and time-consuming character-
istics, final finishing operations in manufacturing are sometimes a matter of great 
concern [1]. Ultrafine finishing of complex geometry, internal grooves, and free-form 
surfaces with the aid of conventional process is a challenging task to implement. 
Despite the various applications of conventional processes like grinding, lapping, 
honing, and polishing, these are incapable of producing surfaces with close toler-
ances because of uncontrolled cutting forces and thermal stresses induced during the 
interaction of the workpiece and tool.
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To run over the problems associated with the conventional processes magnetic 
field-assisted finishing processes were developed by the Center for Optics Machining 
(COM), Rochester USA. 

The Rochester (USA) based Center for Optics Machining (COM), developed 
magnetic field-assisted finishing process to overcome the issues associated with 
traditional processes [2]. 

Magnetorheological finishing (MRF) process relies on Magnetorheological (MR) 
fluid which consists of the abrasive particle along with carrier medium. The magnetic 
field causes the MR fluid particles to stiffen; in other words, the MRF process uses a 
flexible fluid whose bonding strength is determined by a magnetic field that can be 
regulated externally. 

Kordonski and Golini [3] observed that removal rate is a well-defined function of 
fluid viscosity, finding that a viscosity change of 1% results in a change in material 
removal as roughly 1.5% in their experimental investigation. 

In their other study, Kordonski and Golini [4] performed an experimental study 
on a wide range of optical surface shapes, including aspheres, and discovered that 
the MRF process can significantly reduce surface error with an 81% correction rate, 
meeting customer specification. Kim et al. [5] proposed a surface finishing method 
for a 3-dimensional silicon microchannel structure. Soek and Kim [6] presented an 
MR fluid-based machining process for shaping curved surfaces. Cheng et al. [7] 
developed a wheel-shaped tool having two-axis that supports a dual magnetic field 
for the surface finishing of optical aspheric components based on the MRF technique. 
Sidpara and Jain [8] studied the effect of process parameters on the forces acting on 
the workpiece surface during the MRF process. The magnetorheological fluid-based 
honing process, proposed by Singh et al. [9], is a newly developed design for the 
interior surface finishing of ferromagnetic cylindrical workpieces. 

Grover and Singh [10] focused on improving the design of the Magnetorheological 
Fluid-based honing process by replacing the magnetic flat end surface tool with the 
curved permanent magnet tool. In this paper, a novel belt and pulley type MRF 
setup has been designed to overcome the complication of limited spot finishing by 
increasing the workspace, also a novel configuration of set of three electromagnets 
has been disclosed which can satisfactorily generate uniform magnetic flux density 
in the base plate as well is in the MR fluid. 

2 Construction Details of a Belt-Type Magnetorheological 
Finishing Setup 

Figure 1 depicts the schematic of the belt-type magnetorheological finishing setup. 
A single electromagnet having 3500 turns and 100 mm in length with an axially 
passing core of 25 mm diameter and 110 mm length is designed to generate the 
magnetic flux density. A ferromagnetic soft material (AISI 1010) is elected as the 
core material. An iron base plate, over which the belt is moved, rests on the top of
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Fig. 1 Belt type finishing setup with single electromagnet 

the core. A fixture is provided in the setup that can slide vertically and can also rotate 
on its own vertical axis. 

The dispenser attached at one end of the pulley dispenses the MR fluid over the 
running belt. The MR fluid when comes in acquaintances with the applied magnetic 
field changes its rheological properties, later on losing the acquaintances with the 
magnetic field the MR fluid regains its original state. The MRP fluid is then transferred 
into a conical container where it is continuously stirred to avoid the sedimentation 
of CIPs and abrasives and it dispensed again with the help of a pump. The DC power 
supply is used to generate and control the magnetic field strength. Electromagnet is 
housed in housing to cool the electromagnet against the temperature rising. 

3 Result and Discussion 

In the first stage of simulation, a mild steel workpiece of 30 mm length, 50 mm width, 
and 10 mm thickness has been elected for the simulation. Simulation results of the 
magnetic flux distribution are shown in Fig. 2. The results show that the magnetic 
flux density is higher at the base plate around the central region and reduces as the 
distance increases from the center.



972 P. O. Horo et al.

Fig. 2 Magnetic flux density distribution with single electromagnet 

Although the magnetic flux density is good at the middle region of the base plate 
sufficient for the finishing but problem with this design is that the span of the finishing 
the workpiece is reduced. The objective is to increase the workspace of the setup so 
that a large area of the workpiece can be finished in a single run. These simulation 
results with single electromagnet show an assuring result but do not comply with 
the objective. Also, if the size of the electromagnet is increased, the number of turns 
of the electromagnet will also increase which will result in an enormous amount of 
heat generated inside the electromagnet. 

In first stage of simulation, the setup has been designed with a single electro-
magnet to achieve a uniform magnetic flux density at the whole base plate. Simula-
tion results show that the higher magnetic flux density is in the middle of the plate 
only and decreases away from the middle region. Again, it is also associated with the 
problem of working space and its heftiness, as mentioned earlier. To overcome the 
above-mentioned problem, the whole setup is redesigned with a set of three vertical 
electromagnets. The basic idea is to increase the workspace and to reduce the size 
of the electromagnet to run over the issue of overheating. 

To validate the new design of multiple electromagnets, in the second stage of 
simulation, magnetic simulation has been performed on the set of three vertical 
electromagnets. Each electromagnet has 2000 number of turns, 100 mm of length, 
and a core diameter of 25 mm. the electromagnets are placed close to each other at a 
center-to-center distance of 110 mm. The result of the magnetic simulation (Fig. 3)
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Fig. 3 Magnetic flux density distribution with three electromagnets 

shows that the magnetic flux density in the base plate is higher around the outer 
surface of the core connected to it and decreases in radial direction. The same results 
are achieved when the electromagnets are placed close to each other in that case the 
magnetic flux lines emerging from one electromagnet conflict with the magnetic flux 
lines of the other electromagnet. Due to these interactions of the magnetic flux lines, 
the magnetic flux density decreases away from the central region (around the core). 
So, strength of the magnetic flux density varies along the length of the base plate. 

To overcome the problems related with the above-mentioned stages, a new 
configuration of the electromagnet has been evaluated by performing the magnetic 
simulations. In this configuration of the electromagnets, instead of placing all the 
electromagnets vertically, the middle one among the three is placed horizontally. 

Figure 4 depicts the magnetic simulation with one horizontally places electro-
magnet. The result shows an enhancement in the magnetic flux density of the core 
as well as of the base plate. Taking a reference from left-hand side to the right-hand 
side, the polarity of the two vertical electromagnets is opposite to each other and 
the magnetic polarity of middle electromagnet is shown in the figure (Fig. 4). The 
magnetic field line emerging from the north pole of the left-hand side magnet forms a 
loop with the south pole of the right-hand side electromagnet. Similarly, the magnetic 
field lines emerging from the north pole of the right-hand side electromagnet form 
a loop with the south pole of the left-hand side electromagnet, thus forming an aura 
of magnetic field lines which fully covers the set of electromagnets. However, the 
magnetic flux density in the MRP fluid is lower in the workpiece surface. The much 
better results of the magnetic simulations have been achieved if the polarity of the 
midst electromagnet is reversed from the previous case as shown in Fig. 5. The result 
reveals that an enhanced magnetic flux density is achieved in each of the core as
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well as in the base plate. The magnetic flux density distribution in the base plate is 
sufficiently higher and uniform in greater span of the base plate. Also, the magnetic 
flux density distribution is higher and uniform throughout the MRP fluid layer. 

Based on the result of above-shown simulation, a novel belt-type MRF setup 
will be fabricated with the set of three electromagnets, with one placed horizontally

Fig. 4 Magnetic flux density distribution with middle electromagnet in horizontal position 

Fig. 5 Magnetic flux density distribution with middle electromagnet in horizontal position, a 
modified configuration of electromagnets 
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among them. Further, pilot experiment shall be performed to analyze the process 
capabilities of the proposed setup. 

4 Conclusion 

The series of magnetic simulations have been performed to analyze the performance 
of the different configurations of the electromagnets in the belt-type magnetorhe-
ological finishing setup. Simulation results show that a single electromagnet gives 
promising results but at the cost of increased size of the electromagnets which leads 
to the phenomenon of overheating. Set of three vertical electromagnets do not indi-
cate a satisfactory result as each of the electromagnets perform individually and the 
magnetic flux lines of one electromagnet conflict with the magnetic flux lines of other 
electromagnets. The simulation results show that a higher magnetic flux density is 
achieved with a set of three electromagnets keeping one electromagnet in horizontal 
position in between two vertical electromagnets with the magnetic poles in opposite 
order. The horizontally placed electromagnet is kept in such a way that the magnetic 
poles of the horizontal electromagnet are of same nature as that of the top poles of the 
vertical electromagnets. The study based on the magnetic simulation has confirmed 
the use of a set of three electromagnets, with one electromagnet placed horizontally 
results in the increment of the magnetic flux density in the base plate which complies 
with the objective of the finishing large size flat and externally curved surfaces with 
enhanced and uniform magnetic flux density. 
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Experimental Investigation to Enhance 
the Performance of Freezer with Phase 
Change Material 
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1 Introduction 

Air conditioners, refrigerators and freezers are the most power consuming devices 
because of their continuous operation. In this condition, enhancing the efficiency 
of the refrigerator is a significant issue about energy saving and global warming. 
To increase the efficiency of the refrigerators a lot of techniques are introduced but 
out of all these latent heat storage using phase change material (PCM) is a novel 
method [1, 2]. PCM is an element which can discharge or store a huge amount of 
heat energy by transforming its phase and it is also known as latent heat thermal 
energy storage (LHTES) material [3], so by incorporation of PCM in freezer or 
refrigerator enhances device performance [4] and also reduce the power consump-
tion by maintain constant temperature in the device during its compressor off mode 
position. LHTES system is best efficient technique to store thermal energy [5] and 
it is used in a variety of applications which includes metal processing, heating and 
cooling of space, storage and processing of food, thermal energy storage, space-
craft thermal systems, etc. The working principle of latent and sensible heat storage 
system [6] is shown in Fig. 1. Phase transformation temperature of the PCM place 
a key role to get the best results. Amongst the PCMs studied, Glycol solution is the 
potential substances for this purpose [7] because it is having high storage capacity 
of latent heat, non-corrosiveness, odourless, low-viscosity, low volatility and hygro-
scopic liquid. The solubility and reactivity of glycol solution provides the basis for 
many applications. Hence, we used ethylene glycol as PCM for this investigation. In 
conventional freezer or refrigerator, refrigerant absorbs the heat from the evaporator 
cabinet throughout compressor ON mode position. When the compressor is off, the 
cabinet temperature increases due to heat released by the food. If PCM is placed
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Fig. 1 Principle of latent 
and sensible heat storage 
system

around the evaporator, it will absorb the majority of heat by transforming from solid 
phase to liquid phase during OFF mode of the compressor. Until the melting process 
completes, the temperature is steady. The heat stored during this process is named as 
latent heat and it is shown in Fig. 1 [6]. Because of this process, we can maintain the 
desired temperature in the cabin for a specific time interval during the compressor 
off mode. When this liquid phased PCM is physically contacted with the evaporator 
coil, the refrigerant inside the coil can extract stored heat from PCM by conduction 
heat transfer process during ON time of compressor. Figure 2 [8] shows the working 
of PCM in a freezer. In the present work we fabricated a commercial freezer and 
we used ethylene glycol as PCM to enhance the performance of the freezer. The 
experiment was done with and without PCM at different load conditions and these 
values are compared with each other. The performance of the freezer is enhanced up 
to 80% due to this method and power consumption is also decreased. 

1.1 Material Required for the Fabrication of Freezer 

The outer tank of the freezer is made up of stainless steel (SS) sheet of 24 gauge 
thickness. This sheet is made into five sheets of each having 480 mm × 480 mm of 
dimension. These sheets are joined together by tig welding to form an outer tank. 
The evaporator body is kept inside the master tank. The PCM is made contact with 
the evaporator coil and the master tank. The master tank is in square cross section 
made with galvanized iron (GI) with 360 mm × 360 mm dimension. The evaporator 
body contains copper tubes for refrigerant flow around the evaporator of 10 mm 
diameter. GI sheet is used to make an evaporator tank with side 305 mm × 360 mm 
dimension. Cover plates are provided for both master and outer tanks. The master 
tank cover plate is made with a GI sheet of area 400 mm × 400 mm. The outer tank 
cover plate is made with an SS sheet of area 480 mm × 480 mm. The refrigerant
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Fig. 2 Working of PCM in a freezer

used for this investigation is R-134a. Table 1 shows the technical specifications for 
the components of the freezer.

2 Experiment Setup 

The commercial freezer was developed with required materials as shown in Fig. 3. 
Four thermocouples are arranged, to find the temperature of the refrigerant at the 
outlet and inlet of the condenser and compressor. These thermocouples are calibrated 
by the procedure defined in Merlone et al. [9]. A pressure gauge (500 psi) is coupled 
across the condenser outlet and capillary tube inlet to measure the condenser outlet 
pressure. Capillary tube outlet is connected to the inlet of the evaporator. Another 
pressure gauge of 250 psi connected across capillary tube outlet and evaporator 
inlet to measure pressure drop in expansion device also known as evaporator inlet 
measure. Finally, the phase change material (Glycol Solution) is arranged in the form 
of packets at four sides around the evaporator in contact with the evaporator coil as 
shown in Fig. 4. The leak tests are performed before pumping the refrigerant into the 
tubes.
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Table 1 Technical specification of the freezer 

Name of the components Units 

Evaporator 

Type of evaporator Plate type evaporator 

Cabinet volume 33 L 

Length of cabinet 305 mm 

Breadth of cabinet 305 mm 

Height of cabinet 360 mm 

Heat transfer mode Free convection 

Evaporator material Galvanized sheet of 0.5 mm thickness 

Evaporator coil material Copper of 10 mm diameter 

Condenser 

Type of condenser Forced convection air cooled condenser 

Length and height of condenser 204 mm × 204 mm 

Material of the tube Copper of 10 mm diameter 

Material of the fin Aluminium 

Compressor 

Type of compressor and model Hermetic reciprocating compressor, MA42LPJG 
Energy efficiency ratio, EER–3.8 Btu/Wh 

Power rating 96 W 

Expansion device 

Capillary tube 1.5 mm diameter 

Pressure gauges 

Condenser outlet pressure gauge capacity 500 psi 

Evaporator inlet pressure gauge capacity 250 psi

3 Result and Discussion 

The freezer is switched ON and runs the freezer for one hour without inserting PCM 
packets and raising the thermal load inside the evaporator cabin. The values are noted 
at every 15 min interval as shown in Table 2. We can observe that at every interval 
the evaporator inlet and condenser outlet pressures are increased due to increase in 
thermal load. The outlet and inlet temperatures of compressor and condenser are 
raised with increase in pressure. Enthalpy values are shown in Table 3, which are 
taken from P-h chart of refrigerant R-134a.

The COP of the freezer can be calculated by using Eq. (1) [10] and the COP of 
the freezer at different load conditions with and without PCM are shown in Table 6. 

Coefficient of performance, COP = Refrigeration effect 

Workdone by compressor 
= h1 − h4 

h2 − h1 (1)
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Fig. 3 Experimental setup of commercial freezer 

Fig. 4 Arrangement of 
PCM around the evaporator

Table 2 Experimental values without PCM 

Time Load Inlet 
pressure of 
the 
evaporator 

Outlet 
pressure of 
the 
condenser 

Inlet 
temperature 
of the 
compressor 

Outlet 
temperature 
of the 
compressor 

Inlet 
temperature 
of the 
condenser 

Outlet 
temperature 
of the 
condenser 

Min kg P1 bar P3 bar T1 °C T2 °C T3 °C T4 °C 

0–15 1 0.29 8 22.4 68.5 58.4 31.7 

15–30 2 0.29 8.5 27.7 70.8 60.8 33.5 

30–45 3 0.49 9.2 23.2 74.5 63.1 36.8 

45–60 4 0.58 10.9 24.4 78 68.7 36.9 

60–75 5 0.58 14.8 17.8 79.6 69.6 35.7
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Table 3 Enthalpy values 
without PCM 

Compressor inlet 
enthalpy (h1) kJ/kg 

Compressor outlet 
enthalpy (h2) kJ/kg 

Condenser outlet 
enthalpy (h4) kJ/kg 

422 452 244 

426 454 246 

422 456 251 

423 458 251 

417 453 249

Again the experiment is conducted by inserting PCM packets around the evapo-
rator and allows running for 2–3 h until the glycol solution (PCM) freezes. The values 
are noted at every 15 min interval as shown in Table 4. Enthalpy values are shown 
in Table 5, which are taken from P-h chart of refrigerant R-134a. The comparison of 
COP for two different conditions is shown in Table 6. 

From the comparison graph as shown in Fig. 5 simply we can say that by using 
PCM in the cooling devices the COP increases and it is dependent on load conditions.

The Percentage of COP improved by using PCM 

COPwith PCM − COPwithout PCM 

COPwithout PCM 
× 100% (2)

Table 4 Experimental values with phase change material 

Time Load Inlet 
pressure of 
the 
evaporator 

Outlet 
pressure of 
the 
condenser 

Inlet 
temperature 
of the 
compressor 

Outlet 
temperature 
of the 
compressor 

Inlet 
temperature 
of the 
condenser 

Outlet 
temperature 
of the 
condenser 

Min kg P1 bar P3 bar T1 °C T2 °C T3 °C T4 °C 

0–15 1 0.3 10.3 26.5 65.1 56.5 10.3 

15–30 2 0.4 12.7 28.9 70.5 61.8 12.7 

30–45 3 0.6 12.5 29.6 73.6 63.6 12.5 

45–60 4 0.8 14.7 29.6 75.3 66.4 14.7 

60–75 5 0.9 16.7 31.1 79.2 70.2 16.7 

Table 5 Enthalpy values 
with PCM 

Compressor inlet 
enthalpy (h1) kJ/kg 

Compressor outlet 
enthalpy (h2) kJ/kg 

Condenser outlet 
enthalpy (h4) kJ/kg 

425 444 240 

427 446 245 

428 450 246 

427 448 247 

428 449 246
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Table 6 COP comparison of 
freezer without PCM and 
with PCM 

Load (kg) COP without PCM COP with PCM 

1 5.9 9.74 

2 6.63 9.58 

3 5 8.07 

4 4.97 8.56 

5 4.7 8.71

Fig. 5 COP Comparison of freezer without PCM and with PCM

By using Eq. (2) we can calculate the percentage of COP improved for PCM and 
there is 40–80% increase in COP with PCM around the evaporator, the COP value 
depends upon the thermal load in the evaporator. 

4 Conclusion 

Experimental investigation to enhance the performance of the commercial freezer 
with using ethylene glycol as a phase change material was done. In this experimental 
study, it has been observed that the COP of a freezer increases from 40 to 80% with 
PCM at various thermal load conditions. The COP of the freezer without PCM varies 
from 4 to 6, but the COP of the freezer with PCM varies from 8 to 10. By using PCM 
in the cooling devices we can reduce power consumption and increase the COP. The 
heat transfer rate also increases in the evaporator cabinet due to the use of PCM 
around the evaporator.
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Impact of IDMA Scheme on Power Line 
Communication 

Raj Gaurang Tiwari, Pratibha, Sandeep Dubey, and Ambuj Kumar Agarwal 

1 Introduction 

Electronic communication is the reliable transmission of this currency over an unre-
liable physical medium. Digital data is to be transmitted through a high-volume, 
high-bit-rate channel. Several applications are in operation at high speed and a hard 
and fast affiliation is commonly most well-liked. If utilities can provide communi-
cation across power lines to customers, it might be a huge leap in communications. 
Each house would be connected at any time, with services available. 

The use of the Internet has increased exponentially during the past several years. 
This category of network connectivity across the power line might turn utilities 
into communication service providers and open up a new, rapidly expanding sector. 
Network communications, in contrast to power-connected applications, need very 
high-bit-rates and, in rare situations, long reaction times (such as video and TV). 
While this makes designing a communication system more difficult, academics have 
focused on it relentlessly in recent years. Many commercially available devices 
employ bit rates between 10 and 100 kb/s for low-demand activities like meter 
reading, however, there are still others under testing that claim a bit rate of one Mb/s 
[1–19].
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Consequently, since the power line was firstly intended to be used for power 
distribution rather than communication, more complex communication methods are 
necessary. Power line communication has become a highly sought-after transmission 
medium because of its ease of installation and international accessibility. Multiple 
access strategies are facilitated by a variety of transmission line systems [2]. Increased 
bit rates are the key emphasis of today’s research, which is necessary to handle 
high-speed network applications. 

1.1 Historical Overview of Power Line Communication (PLC) 

The history of power transmission cables in an electronic communication was 
discussed by Dostert [3]. Before the popularity of radio, broadcasting had a long 
history. 1864 was the first evidence of electrically induced action and response across 
long distances, described by medical practitioner M. Loomis in the US. In the 1880s, 
Hertz carried out experiments to support Maxwell’s hypothesis [4]. Ripple carrier 
signaling (RCS) was used in the 1930s on medium and low voltage distribution 
lines (10–20 kV). According to Dostert, Siemens and AEG in Potsdam were the first 
to employ RCS systems in Germany [6]. H. Armstrong, the inventor of frequency 
modulation (FM) radio, patented the technology in 1933 [7]. FM reduces noise from 
electrical equipment and the surrounding environment in an RN audio transmission. 
To transmit radio programs through power lines, PLT was often utilized. 

A “typical twenty-five-volt battery” powered the first portable transistor radio 
released by Regency in 1954 [8]. Sony’s first transistor radio was debuted in 1960, 
and t was pocket-sized and ran on a little battery [9]. 

Internet-related ideas about using energy distribution systems and home networks 
for broadband communications began to emerge in the 1990s. Line channel features, 
modulation methods, and communication protocols have seen a substantial increase 
in investment over time [10–13]. 

In this paper, we have thrown the light on power line communication (PLC), so 
that we can communicate utilizing the presently existing power lines. This paper also 
describes an “Interleave-Division Multiple Access (IDMA)” system that can alleviate 
various difficulties caused by both frequency selective fading and impulsive noise. 

The remaining part of this paper is organized as follows: Sect. 2 describes the 
interleave-division multiple access (IDMA). Section 3 portrays the use the use of 
IDMA technique with the PLC. Section 4 summarizes simulation results. Section 5 
describes the performance of Power Line Communication with Different Interleavers. 
Section 6 wraps up the paper.
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2 Interleave-Division Multiple Access (IDMA) Scheme 

Mainly for prime spectral potency, enhanced performance and reduced receiver diffi-
culties the interleaver mainly based multiple access strategy has been investigated. 
This technology uses interleaving to divide signals from different users and is termed 
interleave-division multiple access (IDMA) [14, 15]. 

2.1 Transmitter and Receiver for IDMA 

Figure 1 demonstrates the transmitter system for various access ways with K concur-
rent users. dk is the supplied data. The dk of user-k is encoded supported by a low-rate 
code C, which results in a coded sequence termed ck ≡ [ck(1), …, ck(j), …, ck(J)]T. 
The ck components are coded bits. Associate interleaver k permutes this ck to generate 
xk ≡ [xk (1), …, xk(j), …, xk(J)]T. The CDMA forum refers to the components as 
“chips”. 

“Interleave-division multiple access (IDMA)” is named after the interleavers that 
identify these users (IDMA). The interleaver’s k should change based on the user, 
according to IDMA. 

e(xk( j )) ≡ log
(
p(y|xk( j ) = +1) 
p(y|xk( j ) = −1)

)
, ∀k, j (1)

Fig. 1 IDMA transmitter and (iterative) receiver architectures with K concurrent users [19] 
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“LLRs are denoted by subscripts eESE(xk(j)) and eDEC(xk(j)),, depending on whether 
they are formed by ESE or DECs. The ESE’s received channel output is y in (1). For 
the DECs, y in (1) is the deinterleaved ESE outputs”. To handle the LLRs generated 
by ESE and DECs [16, 17], a global turbo-type repeated approach is used. 

2.2 The Basic ESE Function 

With no memory and chip matching filtering, the received signal from K users is 
recorded as follows: 

r ( j) = 
k∑

k=1 

hk xk( j ) + n( j ), j = 1, 2, . . . ,  J (2) 

where 

hk: “channel coefficient for user-k” 

{n(j)}: “Samples of an AWGN process having variance σ 2 = N0/2”. 
The receiver identifies the channel coefficients {hk} a priori. A single sample 

r(j) will be applied at a time because to the usage of random interleavers {π k}. 
Equation (2) can be written as 

r( j) = hk xk( j ) + ξk( j) (3) 

ξk( j ) ≡ r ( j ) − hk xk( j ) =
∑
k ′ �=k 

hk ′xk ′( j ) + n( j ) (4) 

ξk( j ): “Distortion containing interference and noise in r(j) with relation to user-k”. 
The central limit theorem identifies ξk( j ) as a Gaussian variable and r(j) as a  

conditional Gaussian probability density function. 

p(r ( j )|xk( j ) = ±1) = 1 √
2πVarξk( j ) 

exp

(
(r ( j ) − (±hk + E(ξk( j ))))2 

2Var(ξk( j ))

)
(5) 

this E(·) and Var(·) are mean and variance functions.
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2.3 Algorithm for Chip-By-Chip Diagnosis in a Individual 
Path Channel 

(a) Evaluation of Interference Mean and Variance 

E(r ( j )) =
∑
k 

hk E(xk( j )) (6) 

Var(r( j )) =
∑
k 

|hk |2 Var
(
xk( j) + σ 2

)
(7) 

E(ξk( j )) = E(r ( j ) − hk E(xk)( j )) (8) 

Var(ξk( j )) = Var(r ( j )) − |hk |2 Var(xk( j )) (9) 

(b) LLR Creation 

eESE(xk( j )) = 2hk . 
r ( j ) − E(ξk( j )) 

Var(ξk( j )) 
(10) 

3 IDMA  with  PLC  

PLC is receiving a lot of attention currently days, therefore during this section a 
trial has been created to use IDMA technique with the PLC [18]. Owing to its 
inherent properties IDMA is potential candidate for transmission techniques. In this 
simulation, IDMA with PLC and an AWGN channel was compared against IDMA 
with an AWGN channel. 

Random interleaver has been used in this situation. The IDMA scheme is also 
tested in each AWGN and Power Line channel scenario to see how it performs. 
At the receiver side, the information length is 512 bits, and the spreading length 
is sixteen (for 10 iterations). BPSK and QPSK modulation techniques were chosen 
since these modulation schemes are widely used in wireless channels at this time. 
A single cell environment and a single transmitter-one receiver configuration were 
assumed for all simulations in MATLAB-7.9. Also, all users are believed to have the 
same amount of storage space.
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4 Simulation Results of PLC with IDMA Scheme 

Plots 1, 2, 3 and 4 shows the performance of the IDMA scheme with power 
line channel yet as IDMA system in AWGN Channel atmosphere. Simulation is 
performed with power line channel and with AWGN atmosphere additionally with 
none forward error correction coding. Here 512 bits data length and therefore the 
spreading length for every user has been taken are sixteen, whereas for iterative 
decoding at the receiver, the opted iteration count is ten in all told the simulations 
delineated here. Purpose of using power line channel is to reduce Eb/No and BER 
≤ 10–4. 

In Plot 1 bit error rate performance of PLC with IDMA system has been shown, 
512 bits data length is to be taken and therefore the value of EbNo is fifteen dB, the 
result has been found with a completely different range of users like 8, 16, 32, 64. 

Moreover, to judge the performance of PLC with IDMA, it is been compared 
with ancient IDMA system in AWGN channel atmosphere as IDMA system has 
already been tested in AWGN channel atmosphere and comparing projected system 
therewith performance of line communication system with IDMA scheme will be 
analyzed. In Plot 2 EbNo has 2 completely different values like 5 and 10 dB. Here 
within the results performance of PLC with IDMA is incredibly near to the original 
IDMA scheme.
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n=64 

"          "  ,n=32,15dB,512 

Plot 1 Results of PLC IDMA at different numbers of users in same environment conditions
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Plot 2 Comparison of PLC with AWGN at the different EbNo 
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Plot 3 Performance of PLC with increased user count

In Plot 3, curve between a range of synchronic users and bit error rate has been 
drawn. 

In Plot 4, ½ rate convolution coding is employed with IDMA scheme. Compar-
ison has been created with uncoded IDMA with power line channel and AWGN 
atmosphere each, having twenty users.
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Plot 4 Simulation of IDMA with PLC and simulation of IDMA (with AWGN with coding and 
without coding)

5 Performance of Power Line Communication 
with Different Interleavers 

5.1 With Uncoded Random Interleaver 

To achieve BER < = 10.4, the primary goal is to reduce the Eb/No ratio. The bit 
error rate of the PLC using the IDMA method is shown in Plot 5. 
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Plot 5 Behavior of uncoded IDMA systems with 20 no of users
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Plot 6 Plot of Number of users versus bit error rate having different data length 

Plot 6 shows bit error rate performance estimated with regard to user count, 
information length has conjointly varied from 216 to 2048. Bit error rate is nearly 
constant even with the variation in user count. During this case data length used is 
512 bits which is same for all users, variety of iterations chosen are ten. No coding 
is employed and information length for each user is equal that’s 512 bits. Utilizing 
QPSK modulation BER performance of the system improved. Thus from the result 
it is clear that utilizing QPSK, taking little EbNo sensible results can be found. 

5.2 With Uncoded Tree-Based Interleaver 

Plots 7 and 8 analyze the results of power line communication using an IDMA system 
using a tree-based interleaver. 

In Plot 8 simulation results of PLC with IDMA system having tree-based inter-
leaver here with totally different user count like n = 8, 16, 32 different information 
lengths like 256 bits, 512 bits, 1024 bits, and 2048 bits block size taken here is 20 
and Eb/No is 10 dB. In Plot 8 performance of system delineated above has been 
analyzed using BPSK and QPSK modulation.
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Plot 7 Simulation of PLC with uncoded IDMA with tree base interleaver 
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6 Conclusion 

In this paper, we have discussed about power line communication (PLC), so that we 
can communicate utilizing the presently existing power lines. PLC can be integrated 
with coding and used with IDMA system using many modulation techniques and 
many interleavers to generate different communication strategies for PLC.
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To understand the effect of utilizing IDMA in power line communication, IDMA 
system has been discussed with its transmitter and receiver. This system is simulated 
in MATLAB-7.8 and results had been studied how this impairment can affect the 
communication system. Performance is found to be extremely similar to the orig-
inal IDMA. We have also thrown the light on different types of interleavers. Since 
interleavers like tree-based interleaver and prime number interleavers have many 
advantages, less computational complexity, band width and memory requirement, 
improve the system performance. Therefore an effort has been made to use efficient 
interleavers and evaluate Bit error rate performance of this system; results are very 
close to performance of IDMA system. 
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