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Abstract— Several undrained static triaxial tests were 

performed on soil combinations to study the effect of initial 

conditions, fines content and plasticity on the undrained 

response and liquefaction behaviour of sand and soil mixtures. 

Soils are more liquefiable if they possess less dilation (or 

contraction) and low levels of stress ratios at failure strain levels. 

The results are displayed in the form of stress-strain relations, 

pore pressure developments, stress paths and liquefaction 

susceptibility of different soil mixtures is evaluated. Findings 

show that the stress ratios decrease with the decrease of relative 

densities and increase of consolidation pressures. Non-plastic 

silty sands behave as less dilative than fine sands due to the rise 

of pore pressure ratios with fines content. Stress ratios decrease 

with increase in the plasticity up to 5, and beyond that, increase 

with plasticity indices up to 15. The decrease or increase of stress 

ratios is due to the increase or decrease of pore pressures with 

plasticity indices. 

 

Keywords—low plastic fines, liquefaction, undrained response 

I. INTRODUCTION 

The term soil liquefaction was initially coined by Terzaghi 

and Peck (1948). The subject is much older than that; 

however, Dutch engineers have been engineering against 

liquefaction for centuries in their efforts to protect their 

country from the sea. Koppejan et al. (1948) brought the 

problem of coastal flow slides to the soil mechanics fraternity 

at the 2nd International Conference in Rotterdam. Soil 

liquefaction is defined as the transformation of granular 

material from solid to liquid state as a consequence of 

increased pore water pressure and reduced effective stress 

(Marcuson, 1978). In general, the liquefaction susceptibility 

of soils is determined after conducting laboratory triaxial 

compression tests under static or cyclic loading conditions. 

Triaxial compression tests have more advantage in 

controlling all types of drainage conditions.  

 

Monotonically increasing shear stress has to reach the yield 

shear strength to trigger static liquefaction and strain 

softening (Fourie et al., 2001; Kramer and Seed, 1988; 

Wanatowski and Chu, 2008). Strain-softening subsequently 

follows the initiation of liquefaction until a reduced post-

liquefaction strength is mobilised at large shear strains 

(Terzaghi et al., 1996).  After conducting the laboratory tests, 

Kramer and Seed (1988) demonstrated that there is a marked 

increase in static liquefaction susceptibility with an increase 

in principal effective stress ratios. Lade & Yamamuro (2011) 

explained the mechanism of instability inside the failure 

surface and showed that in most cases, static liquefaction 

occurs in loose silty sands. Sina & Siavash (2014) have 

conducted triaxial tests in Babolsar sand and experienced the 

possible states of liquefaction of soil.  The  investigators 

(Koppejan et al., 1948; Fourie et al., 2001; Bjerrum, 1971; 

Castro, 1969; Hazen, 1918; Muhammad, 2012; Olson, 2001) 

described several cases of liquefaction flow failures.  

 

However, the accuracy of test results is affected by various 

factors like specimen preparation, initial conditions, 

saturation of soil, type of fines, fines content, plasticity, etc. 

Among those, specimen preparation is one of the critical 

factors that influence the test property. It is mandatory to 

choose the method of specimen preparation to represent the 

actual field deposit. Previous studies have shown that 

different specimen preparation methods result in different 

soil fabrics and stress-strain response at small to moderate 

strain levels. Various methods used to reconstitute the soil 

specimens in the triaxial testing are moist tamping, slurry 

deposition, water sedimentation, air pluviation, dry funnel 

deposition, under compaction, etc. 

 
The present study deals with the effect of fine content and 

plasticity on the undrained response and liquefaction 
susceptibility of sand under static loading. Liquefaction 
susceptibility under static load is expressed in terms of stress 
ratios and excess pore pressure ratios. 

II. MATERIALS USED 

To process non-plastic and low plastic soil mixtures for 

the present study, soil materials of fine sand, crushed stone 

dust, kaolinite and natural clay were collected from various 

locations of Kerala state in India. Totally 17 soil 

combinations were made after blending the non-plastic fines 

and clay fractions into the fine sand. The silty sands contain 

up to 40% non-plastic fines and low plastic soil mixtures 

contains 5 - 40% clay fraction by varying the plasticity 

indices of 5, 10 and 15. The details regarding materials and 

their basic properties are explained in Rangaswamy et al. 

(2020).  

III. TRIAXIAL TESTING 

The liquefaction susceptibility of soils can be determined 

after conducting laboratory triaxial compression tests under 

static or cyclic loading conditions. Triaxial compression tests 

have more advantage in controlling all types of drainage 

conditions. The static triaxial tests in undrained conditions 

were carried out to investigate the liquefaction susceptibility 

of non-plastic and low plastic soil mixtures. The stages 

involved in carrying out the triaxial tests, including test 

equipment, are discussed below.  

 

An automated digital type of static triaxial testing facility 

(Mfd. by Heico, India) with a computer display of 

measurements was used to carry out the experiments.  It has 

the features of cell and back pressure control devices, volume 

Electronic copy available at: https://ssrn.com/abstract=4512314



change, LVDT, load cell and pore pressure indicators. All the 

digital instrumentations of measurement units are connected 

to data control and acquisition system. Sophisticated software 

is also provided to monitor the various parameters on the 

computer screen. Several triaxial tests were performed on 

cylindrical specimens of sand, non-plastic and low plastic soil 

combinations. The testing involves the following stages:- 

specimen preparation, saturation, isotropic consolidation and 

shearing under undrained conditions. The cylindrical soil 

specimens were prepared with 50 mm in diameter and 100 

mm in height at 50% relative density. The method of moist 

tamping with the under-compaction procedure suggested by 

Ladd (1978) has been used for specimen preparation. The 

saturation of the specimens has accomplished by following 

the cell and back pressure incremental process until it reaches 

the pore pressure coefficient B of 0.98 or more. More details 

on the soil specimen preparation, saturation and 

consolidation are explained in Akhila et al. (2018).   

 

After consolidating the saturated cylindrical soil specimen 

with required effective pressure, shearing of the soil 

specimen is performed according to the standard testing 

procedure recommended by Bishop and Henkal (1969). The 

strain rate of 0.625 mm/min was maintained throughout the 

test. During shearing of the specimen, continuous records of 

the excess pore water pressure and axial strains were 

obtained. Each experiment was continued until it reaches the 

residual strain level.  

IV. RESULTS AND DISCUSSION 

A. Undrained response of fine sand 

This section begins with a study of the effects of initial 
conditions, i.e., density and consolidation pressure, on the 
undrained static triaxial response of fine sand. Further, it 
discusses the effects of fines content and plasticities on the 
undrained behaviour of fine sand. Liquefaction susceptibility 
of soil combinations has to be addressed qualitatively based 
on the behaviour of soil as either contractive or dilative under 
undrained static triaxial loading.  

In general, liquefaction susceptibility of soil specimens is 

evaluated in terms of static stress ratios and pore pressure 

ratios causing failure strain of 20%. Hence the effect of both 

the relative densities and consolidation pressures on 

liquefaction susceptibility of sand is explored in terms of 

stress and pore pressure ratios at 20% strain, as shown in Fig. 

1. Herein, deviator stresses and excess pore pressures at 20% 

axial failure strain are normalised with the corresponding 

consolidation pressures to obtain the static stress ratios and 

pore pressure ratios respectively. 

 

The results show that the stress ratios decrease with a 

decrease in relative densities and increase in consolidation 

pressures. At low levels of relative densities, Fig. 1(a) 

indicates that the reduction in stress ratios with consolidation 

pressures is less significant; however, it is more predominant 

at higher relative densities. The decrease in stress ratios is due 

to the increase in pore pressures with consolidation pressures 

as shown in Fig. 1(b).  At low consolidation pressures, the 

reduction of stress ratios is very high due to the increase of 

pore pressure ratios with a decrease of relative densities. The 

results illustrate that the soils consolidated at low pressures 

have high static stress ratios and more resistance to 

liquefaction. The dense soil specimens are more resistant to 

liquefaction due to high-stress ratios. Table 1 shows the 

quantitative increase in stress ratios causing liquefaction with 

the decrease of consolidation pressures. The increase in stress 

ratios with the decrease in the pressures from 150 to 50 kPa 

was found to about 37 - 95%. The quantitative increase in 

stress ratios causing liquefaction with relative densities are 

reported in Table 2. The increase in stress ratios with increase 

in the relative densities from 25 to 75% was found to about 

562 - 719%. 
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Fig. 1: Effect of consolidation pressure with the denseness 

of sand  

Table 1: Percentage increase in stress ratios with pressures 

Consolidation 

pressures, 

kPa 

Percentage increase (at 

difference Dr) 
25% 50%  75% 

150 -- -- -- 

100 16.72 5.71 9.34 

50 67.79 37.5 94.6 

 

Table 2: Percentage increase in stress ratios with densities 

Relative 

densities, % 
Percentage increase (at 

different pressures) 
150 100 50 

25 -- -- -- 

50 236 204 175 

75 606 562 719 
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B. Effect of fines  

Several undrained static triaxial tests were performed on 

sand-silt mixtures (with the fines content of 10, 20, 30 and 

40% constituted at different relative densities) to study the 

effect of fines content on the undrained response of fine sand.  
Effect of fines content on liquefaction susceptibility of sand 

is mentioned in terms of stress ratios and pore pressure ratios 

causing 20% strain. The results illustrate that the silty sands 

with high fines content have low static stress ratios and are 

more susceptible to liquefaction. It is observed from Fig. 3(a) 

that, at higher relative densities, decrease in stress ratios with 

fines content is clearly visible; however, the stress ratios of 

silty sands are almost identical at a low relative density of 

25%. It indicates that the effect of fines on liquefaction 

strength of sand at loose condition is virtually insignificant. 

It is evident that the trend of the pore pressure build-up during 

shearing is same in all the silty sands as shown in Fig. 3(b). 

 

The quantitative decrease in stress ratios causing liquefaction 

with the increase in the fines content is shown in table 3. The 

reduction in stress ratios with increase in the fines content 

from 0 to 40% was found to about 34.5 - 50.4% depending 

upon the applied consolidation pressures. At a relative 

density of 75%, the maximum reduction of stress ratio with 

fines content was found to be 55%. However, loose silty 

sands with 25% relative density have almost similar stress 

ratios within a maximum of 5% variation. 
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Fig. 2: Effect of non-plastic fines with consolidation 

pressures on (a) stress ratios and (b) pore pressure ratios at 

20% strain level 
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Fig. 3: Effect of non-plastic fines with the denseness of soils 

on (a) stress ratios and (b) pore pressure ratios at 20% strain 

level 

 

 

Table 3: Percentage decrease in stress ratios at 20% strain 

level with fines content 

Fines 

content 

(%) 

Percentage decrease in stress ratios at a particular 

density of 
Rd=50% Rd=25% Rd=75% 

3=150 

kPa 

3=100 

kPa  

3=50 

kPa 

3=100 

kPa 

3=100 

kPa 

0 -- -- -- -- -- 

10 8.3 11.8 16.4 4 19 

20 20.8 23.9 40.5 1 34 

30 28 38.3 46.4 3 42 

40 34.5 47.4 50.4 5 55 

 

C. Effect of plasticity 

Undrained static triaxial tests were performed on soil 

mixtures possessing plasticity indices of 0, 5, 10 and 15 to 

study the effect of plasticity on the undrained response of fine 

sand.  

 

Effect of plasticity on liquefaction susceptibility of soil 

mixtures with fines content is explored in terms of stress 

ratios and pore pressure ratios causing  20% strain as shown 

in Fig. 4(a) and Fig. 4(b) respectively. Results show that the 

stress ratios decrease with the increase of plasticity index up 

to 5 and beyond that, it increases with plasticity index up to 

15. The decrease or increase of stress ratios is due to the 
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increase or decrease of pore pressures with plasticity indices, 

as shown in Fig. 4(b).  

 

Table 4 shows the quantitative decrease or increase in stress 

ratios at 20% axial strain with the increase of plasticity 

indices. The reduction in stress ratios with an increase in the 

plasticity from 0 to 5 was found to be about 11 - 31% 

depending upon the fines content. Further, the increase in 

stress ratios with an increase in plasticity from 5 to 15 was 

found to be about 3.7 - 50.1 %.  
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Fig. 4: Effect of plasticity on (a) stress ratios and (b) pore 

pressure ratios at 20% strain level 

 

Table 4: Percentage decrease or increase in stress ratios at 

20% strain level with plasticity indices 

PI Percentage decrease or increase in stress 

ratios of soil mixtures with 
FC=10% FC=20% FC=30% FC=40% 

0 -- -- -- -- 

5 -11 -31 -24 -23.1 

10 +3.7 +12.6 +37.8 +27.5 

15 +8.7 +22.8 +39.5 +50.1 

 

V. CONCLUSIONS 

 

i. Stress ratios decrease with the decrease in the relative 

densities and an increase in the consolidation pressures. 

However, the reduction in stress ratios with the increase 

of consolidation pressures or decrease of relative 

densities is less significant at low relative densities and 

high pressures respectively. The decline in stress ratios 

is due to the increase of pore pressures. Soils confined 

at low normal pressures exhibit as more dilative and 

highly resistant to liquefaction. 

ii. The reduction in stress ratios with an increase in the 

fines content from 0 to 40% has found to about 34.5 - 

50.4% by decreasing the application of consolidation 

pressures from 150 to 50 kPa. At a relative density of 

75%, the maximum reduction of stress ratio with fines 

content has found to 55%. However, loose silty sands 

with 25% relative density have stress ratios within a 

maximum of 5% variation. 

iii. Stress ratios decrease with increase in the plasticity up 

to 5 and beyond that, it increases with plasticity indices 

up to 15. The decrease or increase of stress ratios is due 

to the increase or decrease of pore pressures with 

plasticity indices. The reduction in stress ratios with 

increase in the plasticity from 0 to 5 has found to about 

11 - 31% depending upon the fines content. Further, the 

increase in stress ratios with increase in the plasticity 

from 5 to 15 has found to about 8.7 - 50.1 %. 
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Chapter 9

Corrosion behaviour  
of additive manufactured 
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9.1  INTRODUCTION

Additive manufacturing (AM) or 3D printing has become one of the emerg-
ing fields for the manufacture of 3D and complex components [1]. The addi-
tive manufacturing (AM) process involves the deposition of powder metals or 
liquid polymers in layer-by-layer method to obtain the finished object [2,3]. 
This method is most widely used for the production of complex shapes which 
is very difficult to manufacture using conventional manufacturing process.

In additive manufacturing the powder materials or polymer wires are 
melted using laser or electron beam sources and deposited layer by layer as 
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per the 3D design which is fed into the system [4,5]. Hence the main advan-
tage of AM when compared with other traditional manufacturing processes 
are obvious; the foremost advantage is the ability to produce most complex 
components along with very minimal material wastage. The other major 
advantage is less production time for complex shapes compared to conven-
tional process. Because of the abovementioned advantages the AM process 
is widely used for the production of complex aerospace components [6]. In 
the recent past, additive manufacturing (AM) process has improved a lot 
and a variety of alloys can be developed using AM process. However, it is 
necessary to explore the different properties of AM manufactured alloys 
such as mechanical, tribological and corrosion-resistant properties [7,8]. 
Even though there are more studies which help us understand the mechani-
cal properties of AM manufactured metals and alloys, there are very few 
studies which let us know about the corrosion behaviour of alloys devel-
oped using additive manufacturing process.

The additive manufacturing of metals and its alloys is classified into two 
main categories, namely powder bed fusion systems and powder-fed sys-
tems. The powder-fed systems are also known as direct laser deposition 
(DLD) technique. In the DLD method metal powders and heating will be 
supplied to the substrate simultaneously [9–13]. The powder bed fusion sys-
tems are further classified into selective laser melting (SLM), selective laser 
sintering (SLS) and electron beam melting (EBM) [14,15].

Selective laser melting works in a bed in which metal powders are fed 
through the powder dispenser. The high-energy laser is rastered on to the 
powder bed as per the computer-aided design (CAD) so as to produce the 
components layer by layer. Figure 9.1 shows the schematic representation of 
SLM machine setup. Here the powders are fed into the building platform 
using recoater arm and then high-energy laser is used to raster the layer 
for consolidation. After successful consolidation of one layer, this process 
is repeated to form another layer. The approximate thickness of layers is 
80 μm [16]. The entire process was carried out inside the vacuum chamber 
under argon or nitrogen atmosphere so as to avoid oxidation [17]. The alloys 
obtained through SLM techniques exhibit fine and smooth microstructure 
as the result of high cooling rates, which are greater than 6 × 106°C/s. The 
cooling rates also play a vital role in achieving good surface roughness (Ra) 
which is in the range of 9–16 μm in SLM produced alloys [18,19].

The electron beam machining (EBM) process is similar to LM process 
but utilizes electron beam as the source of heating as shown in Figure 9.2. 
The production of electron beams requires very high vacuum up to 10–6 
torr. The vacuum chamber also helps in reduction of oxidation of metals 
and alloys [21]. It is to be noted that in all types of additive manufactur-
ing process, the microstructures of the alloys obtained depend upon the 
different production parameters. Thereby the microstructure of the alloys 
controls the important properties such as mechanical, tribological and cor-
rosion-resistant properties [22,23].
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In powder bed fusion such as SLM, EBM, and SLS the major parameters 
are the intensity of laser or electron beans, laser/electron spot size and speed 
of transverse motion. Other important factors which affect the alloy ther-
mal properties are pattern of scanning, thickness of different layers and the 
temperature of the powder bed. On the other hand, in direct laser deposi-
tion powders of size 50–150 μm are fed into the built substrate along with 
heating through laser source. Also argon gas is passed into the vacuum 

Figure 9.1 � Pictorial representation of selective laser melting (SLM) process [20].

Figure 9.2 � Schematic representation of electron beam machining (EBM) process [24].
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chamber so as to maintain inert atmosphere [25,26]. The important param-
eters which control the microstructure of the DLD alloys are laser energy, 
powder size and the amount of powder injected through the nozzle. The 
raster speed of laser scan and laser spot size also play a vital role in refining 
the microstructure of the DLD alloys [27,28]. Figure 9.3 shows the pictorial 
representation of DLD process. It is also to be noted that SLM technique 
is used to machine stainless steels, titanium-based alloys, aluminium-based 
alloys, whereas the DLD and EBM methods are widely used to machine 
titanium-based alloys and stainless steels [29–32].

9.2 � EFFECT OF DIFFERENT PROCESS PARAMETERS 
ON THE REFINEMENT OF MICROSTRUCTURES 
AND CORROSION-RESISTANT PROPERTIES

As discussed earlier the AM processed alloys possess a different and refined 
microstructure compared to other conventional manufacturing process 
because of the influence of different parameters involved in the AM pro-
cess. In the case of SLM method, the metal powders fed into the powder 
bed undergo intensive heating normally greater than 2,000°C which is then 
followed by very fast-paced solidification process [34]. Due to this heating 
many thermal cycles are involved as the result of heat transfer between pow-
der particles as well as with the surrounding. Due to the high-temperature 
exposure and very fast cooling rate along with the heat transfer, thermal 
cycles result in improved and refined microstructures. But as the result of 

Figure 9.3 � Pictorial representation of direct laser deposition (DLD) process [33].
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this rapid heating and cooling there may be formation of few defects such as 
cracks, surface roughness and porosity [35,36]. Hence these defects might 
play a vital role in determining mechanical, tribological and corrosion resis-
tance properties of AM manufactured alloys.

9.2.1  Porosity of AM Manufactured alloys

There are few studies which explain the effect of laser energy and scanning 
rate on the porosity of alloys developed through AM process. Selective laser 
melting (SLM) method was employed by Shang et al. [37] to study the effect 
of laser scanning rate on the porosity of 316L stainless steel specimens. In 
this study the laser energy was kept constant at 195 W, whereas the scanning 
rate of laser beam is varied in the order between 700 and 1,082 mm/s. The 
results show that porosity is directly proportional to the scanning rate. The 
increase in scanning rate results in improper melting which in turn affects the 
porosity of the alloys. The porosity which occurs in AM manufactured alloys 
may influence the corrosion-resistant properties of the metals and alloys [38]. 
The porosity of the additive manufactured alloys, especially Selective Laser 
Melting method, is classified into two types. One type of porosity can be 
found at the surrounding of improperly melted powders and another type of 
porosity is due to the presence of gases in between powder particles during 
atomization (gas) process, therefore by controlling the machining parameters 
we can reduce the porosity of additive manufactured alloys which in turn can 
reduce the corrosion behaviours of the additive manufactured alloys [39–41]. 
Another more accurate way to study the influence of machining parameters 
on porosity of additive manufactured    of powders, also known as volumetric 
energy density (EV) which is calculated by equation (9.1).

	 =E
e

rdt
V 	 (9.1)

where e is the energy of laser,
r is scanning rate,
d is hatch diameter,
t is thickness of powder layer.

The energy density of laser plays a vital role in controlling the porosity of 
additive manufactured alloys [42,43]. The Ti6Al4V alloys were produced 
with porosity less than 0.1% by Hang et al. at an energy density of 120 J/mm3. 
The laser density of 105 J/mm3 was enough to produce 316L stainless steels 
with porosity of approximately 0.3% using Selective Laser Melting (SLM) 
process [36]. It is also to be noted that laser energy density is not the only  
factor reducing the porosity of additive manufactured alloys. Other param-
eters such as diameter of laser, scanning rate and hatch style are also very 
important in controlling the porosity of the additive manufactured (AM) 
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alloys as shown in Figure 9.4. Hence more studies should be carried out to 
find out the exact relationship between process parameters and porosity.

Porosity is one of the major causes for pitting corrosion in additive manu-
factured components, especially in selective laser melting (SLM) of 316L 
stainless steel in acidic media. The corrosion normally initiates at the loca-
tion of pores [38]. Schaller et al. [46] employed electrochemical corrosion 
analysis to study the corrosion behaviour of 17-4 PH stainless steel manufac-
tured using SLM process. The results showed that the porosity larger than 
50 μm results in pitting corrosion, whereas when the porosity was around 
10 μm there is no pitting corrosion. But when the normality of acids was 
increased and also when highly acidic acids such as sulphuric acid was uti-
lized there is evidence of pitting corrosion in 316L stainless steels [45]. The 
size and shape of the pores also have a significant effect on the pitting cor-
rosion performance; moreover, the pores which are irregular in shape will 
corrode easily due to the accumulation of ions at the edges and the corners. 
However, there are very few studies based on size distribution of pores, and 
hence more studies are required to be carried out to understand the effect of 
porosity, which includes size of the pores and l/d (aspect ratio) of the pores, 
on the corrosion behaviour of additive manufactured components.

9.2.2  Surface roughness of AM processed alloys

The selective laser melting (SLM) manufactured components have very high 
surface roughness (Ra). Wang et al. [47] reported that surface roughness 
(Ra) of the metals and its alloys are in the range of 10–30 μm, which is 

Figure 9.4 � Graphical representation (a) porosity vs laser scanning speed [44] (b) porosity 
vs laser energy density of various SLM manufactured 316L stainless steel [45].
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very much higher than that of surface roughness produced by conventional 
process such as milling. He also found that the energy density of laser (ω) 
plays a very important role in deciding the surface roughness of SLM manu-
factured components. He reported that when the ω value is around 100–160 
J/mm3, the surface roughness is low around 10 μm, but when the ω values is 
reduced to 70 J/mm3, the surface roughness increases up to 15 μm.

The main reasons for high surface roughness in SLM process are the 
evaporation and Marangoni force that exists because of melting of pow-
ders. The expansion of entrapped gases stops the flow of melt and thereby 
increases the melt pool which is highly unstable. This melt pool increases 
the surface roughness (Ra). When the layers of powders are thick, more 
gas expansion takes place. Hence the surface roughness can be reduced 
by decreasing the powder layer thickness [45,48]. However, by decreas-
ing the layer thickness, the overall time for completing the machining 
increases rapidly. The improper melting of powders and formation of 
metal droplets also known as balling effect are the major reason for 
increase in surface roughness [49]. When the power of laser is very low 
the metallic powders are not completely melted and few solid particles 
stick on to the surface of the solidified components. Hence the increase 
in laser power can increase the melt rate and thereby increase wettability 
which in turn reduces the balling phenomenon [50]. Thus surface rough-
ness can be reduced when the energy density of laser is high enough to 
melt the powder particles as shown in Figure 9.5. It is also to be noted 
that if the laser intensity is very high it can also reduce the surface finish 
of the components.

Normally the morphology of the surface is very important for the cor-
rosion resistance properties. The corrosion rate increases with increase in 
surface roughness of the additive manufactured alloys such as copper, Mg 
and Al-based alloys [51,52]. Therefore, improving the surface finish by 
overcoming all defects was the major challenge for 3D printed or additive 
manufactured components. Thus many research works should be carried 
out to study the effects of post-processing surface treatments on additive 
manufactured components.

Figure 9.5 � The relationship between surface roughness and (a) laser scanning speed, (b) 
powder layer thickness [44] and (c) heat input [45].
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9.3 � CORROSION BEHAVIOUR OF ADDITIVE 
MANUFACTURED ALLOYS

In this section various types of alloys manufactured through additive 
manufacturing technique are summarized and their corrosion behaviour is 
explored so as to provide an insight for young researchers who are trying 
to study the corrosion behaviour of additive manufactured alloys. Recent 
developments in additive manufacturing (AM) processes have made it ver-
satile and a wide variety of metal alloys can be now prepared using additive 
manufacturing methods. The common types of alloys are titanium-based 
alloys, iron-based alloys and aluminium-based alloys.

9.3.1  Titanium-based additive manufactured alloys

Titanium-based alloys have very large industrial applications because of 
their properties. But a major disadvantage is their machining cost and a 
very large machining time when machined using conventional manufac-
turing processes. Hence titanium and its alloys are widely considered for 
manufacturing through additive manufacturing (AM) process [53–56]. 
Dehoff et al. [57] reported nearly 50% reduction in production cost for 
the titanium alloy-based engine bracket manufactured using AM process. 
Ti6Al4V alloy was one of the titanium alloys which was widely utilized 
for the production of biomedical, dental and automobile applications. It is 
also reported that Ti6Al4V alloys fabricated using Selective Laser Melting 
(SLM) have very minimal pitting corrosion, approximately around 150 mV, 
in sodium chloride solution. It also exhibits passivation curves which is the 
measure of corrosion resistance [58]. This improvement in corrosion resis-
tance is due to the presence of aʹ-martensite as shown in Figure 9.6. The 
rapid cooling process was the reason for the formation of aʹ-martensite and 
it also possesses β-grains. Normally in SLM manufactured Ti6Al4V alloys 

Figure 9.6 � (a) Potentiodynamic polarization curves (tafel curves) of SLM manufactured 
Ti6Al4V alloy and Grade 5 alloy in NaCl solution (3.5 wt.%) [58]. (b) TEM 
image of SLM manufactured Ti6Al4V alloy [61].
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the β-phase contains more vanadium presence along with oxides; hence, the 
β-phase is more stable compared to the α-phase. The stable β-phase plays a 
vital role in increasing the corrosion resistance of Ti6Al4V alloys [59]. But 
the percentage of β-phase present in additive manufactured Ti6Al4V alloys 
is very less compared to conventional manufacturing process. So it can be 
concluded that the SLM manufactured titanium alloys show very poor cor-
rosion resistance [60].

9.3.2  Aluminium-based AM alloys

The selective laser melting (SLM) technique was broadly utilized for the 
manufacture of various aluminium-based alloys such as Al-Zn, Al-12Si, 
Al-50Si, Al-Cu and Al-10Si-M alloys [62–64]. Among these alloys 
Al-10Si-Mg alloys were widely studied by the researchers [65,66]. It is also 
noted as shown in Figure 9.7a and b. The corrosion potential of Al and Si 
particles differs, that is, Si has higher corrosion potential compared to that 
of Al which has low corrosion potential. This difference in corrosion poten-
tial leads to galvanic corrosion as shown in Figure 9.7c. Hence to overcome 

Figure 9.7 � (a)STEM image of SLM manufactured Al-10Si-Mg alloy, (b) EDS mapping of Al 
and Si [68], (c) SEM image of corroded surface [45].
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this galvanic corrosion the SLM manufactured Al-10Si-Mg alloys are sub-
jected to heat treatment so as to improve the bonding of alloys and also to 
enable the formation of intermetallics, which thereby improve corrosion 
resistance [67]. 

9.3.3 Iron-based AM alloys

Stainless steels (austenitic) such as 316L and 304L will have austenitic phase 
when machined using SLM process, whereas only α-phase is formed if it is 
machined using Direct Laser Deposition (DLD) process [69–71]. The dis-
location in grains also plays an important role in improvement of hardness 
of the alloy steel. It is also to be noted that nanoscale oxide formation has 
influence in deciding the mechanical and corrosion resistance of iron-based 
alloys [72]. Some studies also show that there is not much impact of poros-
ity in corrosion behaviour of 316L stainless steel manufactured using SLM 
process as shown in Figure 9.8. Sander et al. [39] reported the corrosion 
behaviour of SLM-fabricated 316L stainless steel. They fabricated the 316L 
specimens at different scan rates and laser energies. The results exhibit that 
the scan rate and laser energy do not have any effect on corrosion resistance 
of 316L stainless steel, whereas the increase in porosity due to the faster 
scan rate and improper melting resulted in reduction in passivation poten-
tial, and hence increase in corrosion rate of 316L stainless steel samples as 
shown in Figure 9.9. The corrosion analysis of normal 316L SS samples and 

Figure 9.8 � Relationship between Vol % of porosity and corrosion potential (Ecorr), repas-
sivation potential (Er), breakdown potential (Eb) and corrosion current den-
sity (iCorr) of SLM manufactured alloys [74].
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heat-treated SLM manufactured 316L SS was carried out by Hemmasian 
Ettefagh et al. [73] who reported that the heat treatment process has elimi-
nated the residual stress, thereby increasing the corrosion potential. The cor-
rosion behaviour of Laser Powder Bed Fusion (LPBF) manufactured 316L 
samples in 0.1 M HCl solution was studied by Trelewicz et al. [4]. Corrosion 
current density of LPBF manufactured 316L SS samples was much higher 
compared to wrought samples, when studied using potentiodynamic polar-
ization test. The main reason for the decrease in corrosion resistance was the 
microstructure of LPBF manufactured 316L SS.

9.4  SCOPE FOR FUTURE WORKS

•	 The review gives an insight into the corrosion behaviour of AM alloys, 
many research articles are explored and their findings are reported. 
Most of the studies are not systematic and concentrate on one specific 
area and lack in-depth analysis of corrosion phenomena. Hence based 
on the studies, the following gaps have been identified:

•	 Corrosion analysis of additive manufactured alloys was carried out in 
different acidic and brine media and also with various concentration 
and pH levels, and hence it is very difficult to compare studies on one 
alloy with other.

•	 In the same way, corrosion analysis of additive manufactured alloys 
was carried out using different corrosion studies such as weight loss 
method, potentiodynamic polarization method, electrochemical 

Figure 9.9 � Porosity vs corrosion potential (Ecorr) and corrosion current density (iCorr) [39].
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impedance analysis etc.; hence, it is very difficult to compare studies 
on one alloy with other.

•	 The lack of standards for carrying out corrosion test was also one 
of the important factors to be addressed. Many studies compared 
wrought or cast irons with AM counterparts but few studies show 
the difference in properties between cast and AM alloys. Similarly, 
few studies compared only the different types of alloys produced by 
AM process but not discussed the alloys prepared by other methods. 
Hence the conclusions derived from the study may not be conclusive.

•	 There are very few studies on the exposure of AM alloys to nuclear 
radiation and also there are very minimal studies on the effect of gases 
especially hydrogen in AM manufactured alloys. 

•	 Similarly, the corrosion analysis of AM manufactured alloys is limited 
to materials such as titanium alloys, aluminium alloys and iron-based 
alloys. But AM process can be utilized to even wide range of metals 
and their alloys.

•	 The work has a deficiency in parting the variables, i.e., it is very 
tedious to show trends from changes in porosity and also chemical 
factors simultaneously.

9.5 CONCLUSION

An outline of the recent status of some metal matrix alloys manufactured 
employing additive manufacturing was presented with a focus on corre-
lating the relationship between the defects caused due to the microstruc-
ture and their effects on corrosion resistance properties. We can conclude 
that the high temperature evolved during manufacturing using SLM results 
in high dislocation densities and refinement of grain size, which in turn 
improves the tensile strength. Corrosion properties depend on the forma-
tion of alpha and beta phases and their structure compared to that of alloys 
fabricated using conventional methods. In the coming days, many materi-
als can be manufactured using AM process, and hence the optimization 
of various parameters involved such as laser density, raster velocity and 
size of powder particles is very important in reducing the surface rough-
ness, porosity and also to increase the strength of the alloys. However, the 
intrinsic relationship between the microstructural characteristics and the 
corrosion behaviour of the AM-fabricated components should be actively 
focused as well. The qualities of the input powder material and their effects 
on the fabrication process should be the first focus of research. It is critical 
to include the following three major components when describing a powder: 
particle microstructure, particle morphology and particle chemistry [75]. 
The focus of the current research is on the morphological characterization 
of powders and their impact on the characteristics of manufactured parts. 
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The mechanical and anti-corrosive qualities of the final consolidated com-
ponents may be impacted by whether the feedstock powders are argon or 
nitrogen atomized, and whether the construction chambers are in argon 
or nitrogen atmosphere [76]. Figure 9.10 is a pictorial representation of 
AM-produced component powder, microstructure and related corro-
sion behaviour. The relationship between important structural properties 
and corrosion resistance must be established. For instance, typical MnS 
additions formed in wrought 316L SS were exchanged by Mn-Si oxides 
of nano regime in the SLM manufactured components, which reduces 
the vulnerability to pitting [77] and also the microstructural irregulari-
ties in the SLM manufactured components which otherwise lead to diverse 
growth rates (SCC) [78]. For the corrosion testing methodologies, there’s 
an egregious lack of norms for which standardized experimentations are 
enforced, and presently, a wide range of distinct corrosion experimenta-
tion techniques (weight loss method, impedance analysis, potentiodynamic 
polarization) are indeed very difficult to compare. The standardization of 
testing methods and procedures as formulated by some professional bodies 
will be a solution for standardization problems. In general, the defects in 
the SLMed parts (such as pores and MPBs) usually comprise the corrosion 
resistance; therefore, a heat treatment process combining the hot isostatic 
pressing should be carried out to homogenize the composition and refine 
the microstructure, thereby reducing the porosity of the alloys. Thus, fur-
ther exploration in this area is also warranted. Another post-processing 
method involves surface treatment, but surface treatment has lot of chal-
lenges which have to be addressed with the SLM manufactured metals. The 
various other techniques such as alkali-acid heat treatment, sandblasting, 
electrochemical etching and electrochemical deposition can be considered 
according to the properties of the raw material used. Conversely, the porous 

Figure 9.10 � Pictorial representation of relationship between powder, microstructure 
and corrosion properties of AM manufactured alloys.
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materials manufactured using AM process cannot be easily surface modi-
fied compared to solid materials. Therefore, we have very little choice for 
selecting the methods of manufacture. Therefore, additional exploitation in 
this area is also required.
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In the modern era, smart devices play an important role in day-to-day life, and their
widespread applications are getting huge demand globally. Innovation in the field of
the Internet of Things paves new possibilities for future endeavors of mankind.
Printed electronics is a sustainable way for achieving the widespread popularity of
smart devices around the world and this technology is in its nascent stage. In the
current scenario, massive amounts of e-waste generated due to the digital revolution
and its disposal become a greater challenge for sustainability. Printed electronics are
composed in a process of registering thin functional material (ink) layer combina-
tions on a low-cost substrate that will degrade naturally. This article discusses the
possibilities of printed electronics and its ability to hurdle the limitations of
traditional high-cost electronics, based on rigid silicon, and the production of
different devices on flexible substrates. Efficient use of materials, optimized energy
consumption both in production and utilization, reduction in hazardous substances,
and enhanced recyclability are the several benefits associated with printed electronics
technology. The additive manufacturing method is used in printed electronics
technology and the rate of production is much improved as compared with other
processes. The materials used for printed electronics like ink and substrates are
derived from synthetic or natural polymers. The above-stated reasons make printed
electronics a technology for the future digital revolution. Q1This article discusses
various fabrication techniques like Q2lithographic process for the production of printed
electronics and its application in a sustainable manner. Q3

5.1 Introduction
Printed or wearable electronics have good potential to be utilized as eco-friendly and
biodegradable electronics so as to reduce electronic wastes, which is also known as
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e-waste. Electronic wastes are due to the large number of electronic devices, which
are disposed of every day [1, 2]. Another advantage of printed or wearable
electronics is that it can be used in complex surfaces. Wearable devices thus help
in improving the country’s economic growth because of the sudden surge in printed
or stretchable electronic devices. Now due to the advancement of artificial
intelligence, electronic devices with artificial intelligence assistance have a great
impact on the electronics industry. There are many conventional manufacturing
processes to manufacture printed or wearable electronic devices. But due to the
wastage of materials, and in order to avoid secondary operations such as etching and
masking, the additive manufacturing process is most preferred in recent times. The
printing process is also known as the additive method of manufacturing electronic
applications by depositing electronic materials using functional inks along with the
normal printing process [3]. As discussed earlier, this process thus eliminates the
need for etching and masking and thereby involves environmentally friendly cleaner
production compared to that of other traditional methods [4].

Nowadays a lot of sports and fitness equipment utilizes these wearable technol-
ogies in monitoring exercise and detecting the glucose level of diabetics [5]. Also,
recently many printed and wearable devices have been made up of flexible or
stretchable materials, which are used as sensors, that have close contact with human
skin [6, 7].

The printing of electronic devices is classified into two types, one is contact type
and the other is non-contact type. In the contact printing method, the die or pattern
is immersed in a functional ink, and it is transferred onto the substrate by means of
physical transfer. Screen printing, offset printing, flexography, and pad printing are
the few types of contact printing [8].

On the other hand, in the non-contact printing process, the functional ink is
sprayed via a nozzle onto the target substrate. There are two common types of non-
contact printing processes, (i) inkjet printing and (ii) aerosol printing [9]. Normally
the printing process is characterized by three steps or stages:

(i) Selection of materials
(ii) Printing process
(iii) Sintering/drying process

After transferring ink onto the substrate either by contact or non-contact mode, it is
very important to sinter the printed surface so as to achieve the desired properties of
ink and the substrate. Figure 5.1 shows the steps involved in printed electronics
manufacturing. Even though producing flexible electronic devices with required
properties and specification is difficult for mass production, current technology and
materials development has shown a positive trend in both performance and
biodegradable properties. Because of this development, printed or wearable devices
are developed for varying applications such as Radio Frequency Identification
devices (RFID), organic light emitting diodes, thin-film transistors (TFT), photo-
voltaic cells, energy devices such as batteries, and different types of sensor devices
[10–12].
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In this chapter, we provide the basic principle of various printing or fabrication
techniques used for the development of wearable electronics. Further, this chapter
will give clear insight into different materials and substrates employed.

5.2 Different types of flexible and printed electronic materials
In this part, we will explore the different types of materials used in flexible or printed
electronics.

5.2.1 Inks used in printed electronics

In the production of wearable/printed electronics, inks play a vital role in creating
structures or skeleton, which has a particular function. For printing of very complex
electronic parts, different types of inks are used such as insulator/dielectric inks,
semiconductor inks, and conducting inks. An important property of functional inks
is the compatibility with other inks for simultaneous application, and it should be
able to form uniform homogenous layers over the substrate. The inks used for
wearable devices contain solvents, polymers, or resins. The inks can be made up of
either organic or inorganic materials. Sometimes some additives will be added to
improve the properties of the inks and avoid clogging of inks [13, 14].

5.2.1.1 Conducting ink materials
There are different types of conductive inks that are synthesized as nanoparticles.
The nanoparticle inks are then dissolved onto the conductive polymer matrix [15].
Mostly metal nanoparticles are used as conductive ink material. Even though metal
nanoparticle–dispersed inks have better properties, the synthesis of metal nano-
particles is very difficult and requires more time and labor. Moreover, stabilizers are
necessary to prevent agglomeration in functional inks. The sintering process, which
is the post-printing process, requires heating above 100 °C so as to cure macro
particle–dispersed inks, whereas, for nanoparticle-dispersed inks, the sintering
temperature can be less than 100 °C [16]. Silver nanoparticle inks are one type of
conducting inks. The silver nanoparticle–dispersed inks are toxic due to the
evolution of silver ions; hence, the application of nanosilver inks is limited [17].
On the other hand, metal-organic decomposition inks use metal particles as
precursors and evaporable alcohols as solvents. Thus, the agglomeration of nano-
particles is prevented. But due to the evaporation of the solvents, there may be non-

Figure 5.1. The steps involved in printed electronics manufacturing.
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uniformity in the deposited patterns. This non-uniformity will result in a decrease in
conductivity [18]. Nonetheless, this drawback can be overcome by applying or
printing successive layers one over another using the same ink [19].

The most widely used conductive inks are aluminum, copper, gold, and silver
metal-dispersed inks. When talking about properties, silver-based conductive inks
have better conductivity compared to that of copper-based inks. The silver-based
inks have a good ability to resist oxidation. However, with the increase in oxidation,
the conductivity decreases. The oxidation of metal nanoparticle–dispersed inks can
be prevented by coating antioxidants over the nanoparticles or in situ synthesis in an
organic solvent with a protective layer. Whereas the above-said methods are
temporary solutions to control oxidation, new methods such as forming a bio-
metallic core-shell or formation of a thick shell are made up of non-oxidizing
conductive materials [15]. Gold is also one of the important conductive ink
materials, which is eco-friendly and can be cured at very low temperatures.
Whereas gold conductive inks are costly compared to other conductive inks.
Another ink is aluminum-based ink, which can be synthesized using organic
solvents, but aluminum inks are reactive in nature and tend to oxidize very quickly.

Apart from metal-dispersed inks, carbon-based inks such as carbon nanotubes
(CNTs), graphene, and C60 can be altered and modified for applications such as
conductive inks. The CNT’s reinforced metallic conductive inks exhibit better
stability, conductivity, and flexibility. The conductivity of CNT’s reinforced metallic
inks increases with the increase in thickness. The graphene and C60 also exhibit
good light transmittance, flexibility, and conductivity. The light transmittance
decreases when the number of graphene layers increases, whereas the conductivity
increases with an increase in graphene layers [16, 20].

The recent development in conductive inks is the conducting polymers-based inks.
They are very cheap, very light in weight, flexible in nature, and can be used in
aqueous solvents as well as organic solvents. The main disadvantage of conductive
polymer inks is their poor conductivity compared to metal inks, and production of
conductive polymer inks is very difficult due to their processing difficulties, stability,
and lesser solubility compared to metals. The polymer-based conductive inks are
classified into the following types:

(i) Organic metal chelates
(ii) Conjugated polymers
(iii) Polymer electrolytes

The poly(3,4-ethylenedioxythiophene) polystyrene sulfonate is one type of con-
ductive polymer that has good conductivity and decent temperature stability. There
are a few other conductive polymers for the application of functional inks such as
polypyrrole, polyacetylene, and polyacene [21]. Apart from the above materials,
there are conducting ceramics, which are doped to improve conducting properties of
ceramics. For example, aluminum-coated zinc oxide, indium-coated tin oxide (ITO),
and gallium-coated zinc oxide. Among these, the ITO is most widely used for
electronics applications, owing to its enhanced conductivity. But it should be noted
that indium is a rare earth material, and hence, it is very costly [22]. Normally there
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are two types of ITO conductive inks. One type of ink is in situ sol–gel-based inks,
and another type is nanoparticle-dispersed conductive ink. The sol–gel-derived ITO
conductive inks have better conductivity compared to nanoparticle-dispersed ITO
inks.

5.2.1.2 Dielectric ink materials
In printed or wearable electronics, the capacitor and insulator layers are made up of
dielectric materials. In order to be a good insulator, the layers of dielectric materials
should be thick and uniform. However, it is difficult to print dielectric materials as
compared to conductive materials. There are some substrate materials that are
dielectric in nature such as silk, gelatine, cellulose, etc [2]. There are many dielectric
materials based on polymers, with less density, less toughness, and less curing
temperature. The most widely used dielectric polymers are polydimethylsiloxane
(PDMS), polylactic acid (PLA), polymethyl methacrylate (PMMA), and polyvinyl
alcohol [22].

5.2.1.3 Semiconducting ink materials
The semiconducting material is most commonly used as an active layer. There are
many semiconducting materials such as silicon, CNTs, and different derivatives of
graphene owing to their mechanical and semiconducting properties. The multiple
layers of graphene can improve the semiconducting properties of wearable devices.
There are few ceramic materials that can be used as semiconductors. But semi-
conducting ceramic materials are very rare and expensive. They also require high
sintering temperatures for curing the printed layers [23, 24].

In flexible and printed electronic applications, the semiconducting functional inks
can also be prepared by dissolving polymers in specific solvents. Hence, these types
of polymer-based semiconducting inks can be used either as p-type or n-type
materials. Polymers like polyfluorenes are most widely used as semiconducting
polymers. Poly(3-alkyl thiophene) is an example of a p-type semiconducting
material that uses holes for charge transfer, whereas n-type conducting polymers
such as poly(9,9-dioctyl-fluorene-co-bithiophene) (F8T2) uses electrons for charge
transfer [2].

5.2.2 Substrate materials for printed electronics

The substrate forms the base for any printed electronic devices. This substrate can
also act as an insulator. The conventional substrate materials are strong and can
remain rigid for quite a long period. Even though these materials possess good
rigidity, conventional substrates are more brittle; hence, it is very difficult to
machine conventional substrates for flexible or wearable devices. However, the
development of flexible, biodegradable, and light polymer substrates has resulted in
the rapid improvement of wearable devices with a long service life [25]. The substrate
can be made up of natural or synthetic materials. These substrates are highly
flexible, heat resistant, thin, low weight, and low cost [21]. Another important step in
printed electronics is post-treatment, also known as the sintering process.
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This sintering process might damage the surface of the substrate. So, materials with
good thermal resistance should be considered for substrates.

5.2.2.1 Biodegradable polymeric substrates
Nowadays paper-based substrates are replacing conventional printed electronics
because of their flexibility, biodegradability, and low cost [26]. However, the paper
substrates have disadvantages such as porosity, surface roughness, and poor
resistance to moisture. But the properties of paper-based substrates can be improved
by metallic or ceramic coating as per the application [27]. Nano cellulose is another
important contender for substrates because of its heat resistance, better surface
smoothness, transparent nature, and good mechanical properties [21, 28]. Similarly,
starch, silk, and shellac were also considered for the fabrication of substrates. Silk
is a biodegradable material with better properties. Shellac is also a naturally
available resin that can be used for preparing substrates in printed electronics.
These materials have good surface smoothness, and further, these materials are
relatively cheaper [28].

5.2.2.2 Synthetic polymer substrates
Polymer-based substrates are most widely used for printed electronic substrates.
Polyethylene terephthalate (PET), polycarbonate, polyethylene naphthalate (PEN),
and polyimide are the most commonly uses synthetic polymers in flexible electronic
applications [2]. Because of its high flexibility, transparency, and resistance to
solvent, PET is the most preferable and commonly used substrate material in flexible
electronic devices. Polycarbonate substrates have high rigidity, are light in weight,
and possess good mechanical properties. Although PEN has good transparency, it is
very costly [29].

There are a few synthetic biodegradable polymers such as PLA, polyvinyl
alcohol, PDMS, and polyethylene glycol, which can be utilized for the fabrication
of substrates. The PLA is stiff in nature but possesses very poor heat resistance.
Whereas PDMS can be used as substrates in flexible or stretchable electronic
applications owing to their elastic nature. The need for producing flexible devices
increases day by day. The research based on the direct printing of flexible or
wearable electronics on polymer and fabric substrates is getting widespread
acceptance.

5.3 Fabrication methods for printed electronics
Figure 5.2 shows the different types of fabrication methods in developing printed or
wearable electronic devices. It Includes inkjet printing, offset printing, gravure
printing, screen printing, and flexography. These methods are also classified into two
types: contact and non-contact printing processes [8]. The inkjet printing and aerosol
printing are contactless printing processes. There are some methods that involve
both printing and deposition or coating techniques. The basic purpose of this
printing or deposition is to develop multiple layers of structures that can be a
conductive layer, semiconducting structure, or insulating structure for printed
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electronic devices. After the coating or deposition process, the functional inks will
change their phase and orientation. This change in phase and flow rate on the coated
substrate are mainly due to the viscosity of the ink material. It is also to be noted
that the higher the viscosity, the higher the efficiency. The density of the ink is also
important property for developing effective wearable devices. The surface tension is
the property by which the ink can stick to the surface of the substrate. The
evaporation rate and sintering temperature of the ink also play a vital role in the
quality of flexible electronic devices [30]. The most commonly available printed
electronic device is RFID stickers or flexible antennae, where antennas can be
printed. The printing of RFID on flexible or printed substrates is a very efficient
method, since it is a lighter, smaller, and cheaper device compared to conventional
RFID antennas. The high-volume production techniques for printed electronics are
offset printing, gravure method, and flexographic method. These techniques are
utilized for the mass production of solar cells, sensors, etc. The organic or inorganic
conducting materials can be printed using flexography and offset methods. The
organic semiconductors and insulators are coated using the gravure printing
method.

Recently, many new novel printing methods are identified and employed in the
manufacturing of flexible or wearable devices. Devaraj et al developed a method
known as the form-fuse method. In this method, silver nanoparticles are coated on
polymer films by using an aerosol jet with mask and without mask. The entire
process is carried out in a vacuum to develop desired shape and pattern. The
sintering process is carried out to reduce the resistivity of printed materials [31].
Constante et al [32] also developed a new 4D coating method employing a 3D
extrusion process along with melt-electro writing, which proves to be a good
potential method for the development of flexible devices. Table 5.1 shows the
important parameters of different printing methods. The inkjet method is more
suited for high-quality research applications. The screen printing method is most
useful for printing multiple layers, whereas the flexographic and gravure methods

Figure 5.2. The different types of fabrication methods in developing printed or wearable electronic devices.
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are useful for mass production. The output rate of the inkjet printing method is
0.5 m2 s−1, which is much less compared to other methods.

5.3.1 Contact printing of flexible electronics

In contact printing, the functional ink is transferred onto the substrate directly. This
method is also known as roll-to-roll printing or transfer printing. The roll is used to
transfer the ink to the substrate. The major disadvantage of this method is the large
time consumption and high initial cost of the equipment. But the production cost is
low and has good reproducibility, which makes them favorites for mass production
[33, 34].

5.3.1.1 Gravure printing method
Gravure printing is the process in which the design to be printed on the substrate is
first engraved on the printing cylinder, also known as the gravure cylinder. The
doctor blade, which is made of steel, is used to remove the excess ink present in the
printing cylinder before the ink is transferred to the impression cylinder from where
the design is transferred onto the surface of the substrate as shown in figure 5.3. The
printing cylinder is made up of rubber. The printing or gravure cylinder is made up
of steel coated with copper. This process utilizes inks with low viscosity and
possesses good efficiency. This method of printing proved to be more economical
with good-quality printing. The quality of printing can be improved by using
electrostatic forces for transferring ink onto the substrate [9].

It is to be noted that many devices such as antennas, TFTs, pressure sensors,
surface-enhanced Raman scattering (SERS), and electrochemical sensors are
developed using the gravure printing method [35]. Recently a wrinkle-structured
solvent-excluded surface substrate developed for the detection of drugs like cocaine
was fabricated by Maddipatla et al as shown in figure 5.4(A). In this study, the
wrinkle-shaped structures were developed on the thermoplastic polyurethane (TPU)
substrates by varying the proportions and printing silver ink of 150 nm particle size
onto the TPU substrate using the gravure process [36]. Another recent study also
utilizes the gravure printing process for fabricating a novel RFID antenna made up
of paper substrate as shown in figure 5.4(B). In this work, Zhu et al manufactured a

Table 5.1. Parameters of different printing methods.

S.
No. Printing methods

Throughputs m2

s−1
Resolution lines
cm−1

Operating speed m
min−1

1 Gravure printing process 3–60 20–400 100–1000
2 Screen printing process 2–3 50 10–15
3 Offset printing process 3–30 100–200 100–900
4 Flexography printing

process
3–30 60 100–700

5 Inkjet printing process 0.01–0.5 60–250 15–500
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nano-structured paper by employing cellulose nanofibers and UHIF RFID tag, also
known as squiggle, fabricated by depositing silver ink onto the paper substrate [37].
Bariya et al developed electrochemical sensors using PET for the detection of heavy
metals, ions, and metabolites as shown in figure 5.4(C). Here the working and
counter electrode is the carbon electrode, and silver is used as the reference electrode
[38]. Lau et al fabricated CNT-based TFTs through the gravure printing process as
shown in figure 5.4(D). In this work, silver ink is deposited as drain, gate, and source
electrodes on WCNT-coated PET substrates. The nano barium titanate is printed as
insulator layers. This gated TFT exhibits better performance, high flexibility, and
minimal hysteresis [39]. In the process of gravure printing, the gravure cylinder, also

Figure 5.3. The Schematic representation of the Gravure printing process, reprinted from [13] with permission
from MDPI, Copyright (2021).

Figure 5.4. (A) Wrinkle SERS substrate, reprinted from [36] with permission from Elsevier, Copyright (2019).
(B) RFID antenna made up of nano-paper, reprinted from [37] with permission from RSC, Copyright (2014).
(C) PET-based electrochemical sensors for the detection of heavy metals, ions, and metabolites, reprinted from
[38] with permission from ACS, Copyright (2018). (D) High-performance TFT made up of CNTs, reprinted
from [39] with permission from ACS, Copyright (2013).
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known as the printing cylinder, contains patterns that are very expensive, and
further during the process of printing, a small percentage of the inks gets clogged due
to evaporation and dries out in the printing cylinder, thereby reducing the quality of
succeeding printings. The availability of functional ink is very low in the case of both
gravure and flexography printing processes. These two processes are widely adopted
in all graphics and packaging applications because of their ability for mass
production. The major disadvantage or task involved in these two printing processes
is that the development of functional ink, which requires hours of research and
development, incurs more cost. Owing to the above details, the research undertaken
based on the gravure and flexography printing process is very minimal when
compared to that of the inkjet and screen printing process.

5.3.1.2 Screen printing
The screen printing process is also known as push-through method, which uses an
ink of sticky nature. The ink is transferred onto the substrate through a screen,
which may be made up of wire, plastic, and metals. This method can be done using
bare hands or by using fully or semi-automatic systems. The coating machine
consists of the following parts: (i) stencil, (ii) squeegee, and (iii) screen as shown in
figure 5.5. The squeegee is the material that is made up of rubber. The design to be
printed on the substrate is engraved on the screen, and the ink is allowed to pass
through the screen either by means of pushing or squeezing the screen. Thus, the ink
is transferred onto the substrate [40].

In this process, the quality of printing depends on wire diameter, the thickness of
the emulsion, the mesh count of the screen, offset height, and screen deflection angle.
This process has a good output rate at a low cost, and there is very minimal wastage
of materials. The screen printing is very famous for its flexibility. There are many
flexible or wearable electronics such as wearable sensors fabricated using a screen
printing process and exhibiting similar properties to that of conventionally manu-
factured electronic devices. A piezoelectric touch sensor was fabricated using screen
printing by Emamian et al [41]. They fabricated the sensor using polyvinylidene
fluoride–based piezoelectric layer covered at the top and bottom by silver layers.

Figure 5.5. Schematic representation of screen printing Q4, reprinted from [13] with permission from MDPI,
Copyright (2021).
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These layers are coated using a screen printing process on PET and paper substrate
as shown in figure 5.6(A). This PET substrate sensor has an observed sensitivity of
1.2 V N−1, and the paper substrate sensors exhibit 0.3 V N−1 sensitivity. Hence, these
sensors have good potential in applications such as robotics and sensors in
automobiles. A sensor for temperature detection was developed by Turkani et al.
They fabricated Ni-coated polyimide substrate sensors for detecting a wide range of
resistance temperatures starting from −60 °C to 180 °C. This flexible resistance
temperature detector (RTD) exhibits good repeatability and stability at all temper-
atures [42]. Figure 5.6(B) represents the RTD sensors. A flexible and stretchable
sensor was fabricated by Bose et al using the screen printing process. The ink used
for printing is silver ink, and the substrate is made up of TPU. The outcomes of the
above work are that 20% of strain was detected by the wavy configured sensor, and
they also exhibited excellent flexibility compared to conventional sensors. There are
many studies that show that the screen printing process is the most viable and cost
efficient [43–46]. This process can be utilized for the fabrication of flexible, wearable,
and stretchable electronics [47, 48].

5.3.1.3 Offset printing process
This method is also known as the indirect printing method, because the ink is
transferred from the initial or printing cylinder to the intermediate or blanket
cylinder. From the blanket cylinder, the ink is transferred onto the substrate as
shown in figure 5.7. The water roller will apply a small amount of water to the
undesired part of the pattern so as to remove the ink. Surface engineering is an
important aspect of offset printing. The image or desired areas accept the presence of
ink but reject water, whereas undesired or non-image areas repel ink and accept
water. The spreading of ink can be controlled by the surface energy. The ink is
transferred to the paper substrate at pressure. In this process, the multiple layers of
inks are coated simultaneously without an intermediate drying process; hence, this
process is also called a wet-on-wet printing process. The coated inks are dried due to
evaporation, absorption, and polymerization [49, 50].

Figure 5.6. (A) Touch sensor based on polyvinylidene fluoride on PED and paper substrates, reprinted from
[41] with permission from Elsevier, Copyright (2017). (B) Schematic representation of the RTD sensor,
reprinted from [42] with permission from IEEE, Copyright (2019).
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5.3.1.4 Flexography printing process
The flexographic printing process is a kind of roll-to-roll printing process that has
high throughput. Flexographic printing is also known as the rotational printing
process. This method is an indirect contact-based printing method that has the
ability to print ink of varying thicknesses with good resolution. As shown in
figure 5.8, the flexography printing machine consists of the following parts [40]:

(i) Printing cylinder
(ii) Anilox cylinder

Figure 5.7. Schematic representation of the offset printing process, reprinted from [13] with permission from
MDPI, Copyright (2021).

Figure 5.8. Schematic representation of the flexography printing process, reprinted from [13] with permission
from MDPI, Copyright (2021).
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(iii) Impression cylinder
(iv) Ink reservoir
(v) Doctor blade

A cylinder made of steel, which is otherwise called an anilox cylinder is used to
transfer ink from the reservoir. The cylinder is engraved with a design on its surface,
normally the anilox cylinder is made up of ceramics or chromium. Then the ink is
transferred onto the printing cylinder, which is also known as a printing plate. Then
from the printing plate, the ink is transferred to the target substrate. When compared
to screen printing and inkjet printing, the flexographic process has high processing
speed. This method is most widely used in printing graphics and in printing
operations in packaging industries. There are only very few studies in flexible
electronics manufacturing through the flexographic printing process [51, 52]. CNT-
based flexible TFTs were developed by Higuchi et al as shown in figures 5.9(A) and
(B). They deposited nano silver ink, resist ink, and polyimide ink as source, gate and
drain gates electrodes, CNT patterner, and insulator over a thin film made up of
PEN fabricated through a flexographic printing process. The CNTs synthesized
using chemical vapor deposition were coated out of the TFT electrodes. The TFT
developed using flexographic printing has exhibited good stability and mobility. A
paper-based sensor (strain) was developed by Maddipatla et al. They developed
silver ink–coated strain gauges through a flexographic printing process. The strain
gauges are of different lengths. This sensor has the ability to detect even small
displacements of the order of 1 mm with good repeatability [53].

5.3.1.5 Pad printing process
Pad printing is a method in which a 2D pattern or cliche is printed on a 3D substrate or
object, as shown in figure 5.10. This process utilizes an indirect offset printing method,
in which the ink is transferred from the cliché or a stereotype using a silicon pad. This
process is widely used as a replacement for the screen printing process. The products
such as transistor electrodes are manufactured using this printing process [55].

Figure 5.9. (A) TFT sensor based on CNTs fabricated on PEN substrate using flexography process. (B)
Scanning electron microscopy image of CNT film [54], reprinted from [54] with permission from IOP
Publishing, Copyright (2013).
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5.3.2 Non-contact printing methods

The non-contact printing process is one in which the nozzles are utilized to spray the
ink onto the substrate without any contact with the substrate. The advantage of non-
contact printing is that the life of the nozzle is longer because of less contamination,
although the non-contact printing process is slow compared to the roll-to-roll
manufacturing process. However, the efficiency of the non-contact mode is higher
compared to the contact printing process, and it is possible to print computer-aided
design (CAD) models, which is not feasible in the contact printing process. Hence,
contact printing can be used to manufacture prototypes or used for highly demanded
products [56].

5.3.2.1 Inkjet printing process
The inkjet printing process is a type of additive manufacturing process, which
transfers ink onto the substrate based on digital CADs and does not utilize any
physical patterns. Normally, the inkjet printing process uses inks with low viscosities
so that deposition on ink will be easily compared to highly viscous ink. The inkjet
printing process is of two types: (i) drop-on-demand and (ii) continuous printing. A
voltage source is used to maintain a continuous flow of ink on the substrate. The
inkjet printers, which use a thermal source, are very widely used in the packaging
and graphic designing industries. In drop-on-demand inject printing, the inks are
forced toward the substrate based on the digital signal received from the computers
[40, 57]. The droplets can be generated either by means of piezoelectric or thermal
methods, which is shown in figures 5.11(A) and (B). In thermal energy–based inkjet
printers, the inks are enforced out of the printer nozzle by means of vaporization of
ink. The volume of the printer nozzle is compressed or decompressed based on the
digital input from the computers and the inks are dispersed out of the nozzle in
piezoelectric printers. However, the drop-on-demand–based inkjet printing process
was most widely used in flexible or wearable electronic fabrication processes owing

Figure 5.10. Schematic representation of the pad printing process, reprinted from [13] with permission from
MDPI, Copyright (2021).
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to its advantages such as cost efficiency, high resolution, and easy fabrication
without masks [58].

There are various types of flexible or wearable devices that are manufactured
through inkjet printing methods. A paper-based oxygen-sensing and delivery sensor
in bandage form was fabricated using an inkjet printing process by Ochea et al. This
bandage was intended to treat chronic wounds as shown in figure 5.12(A). In this
work, parchment paper was employed as the substrate over which manganese oxide

Figure 5.11. Schematic representation of (A) continuous printing and (B) drop-on-demand printing, reprinted
from [13] with permission from MDPI, Copyright (2021).

Figure 5.12. (A) Represents the bandage made up of flexible paper for sensing and delivery of oxygen in the
treatment of chronic wounds, reprinted from [59] with permission from SPIE, Copyright (2018).
(B) Supercapacitors based on graphene used as electrodes, reprinted from [65] with permission from ACS,
Copyright (2017). (C) Metal–insulator–metal capacitor fabricated using inkjet printing, reprinted from [61]
with permission from Nature, Copyright (2019).

Advances in Flexible and Printed Electronics

5-15



and ruthenium inks are deposited, which has the ability to generate and measure
oxygen in the wounded area. It is also reported that by varying the thickness of the
manganese oxide layer, the oxygen concentration was controlled. The ruthenium
coated on the substrate facilitates contactless measuring of oxygen at the wounded
region owing to the fluorescence nature of ruthenium ink. These smart bandages also
possess good mechanical properties and flexibility compared to that of conventional
bandages but also possess additional properties such as oxygen generation, delivery,
and therapeutics [59].

The wounds are not the same in nature; it varies according to the type of injuries,
location of injuries, and the depth of injuries. Hence, the different concentration of
oxygen generation and different therapeutics is necessary. The fabrication of smart
bandages that should be done using the inkjet printing process is very important to
carry out further research and to customize bandages for mass production. Hence,
the importance of this work is in the treatment of wounds [60].

A graphene based super micro capacitors manufactured using exfoliation of
graphene using electrochemical process for the application of electrodes and
collectors of current and poly(4-styrenesulfonic acid) as ink. The image of the
supercapacitors is shown in figure 5.12(B). A metal–insulator–metal capacitor
fabricated by Mikolajek et al using inkjet printers as shown in figure 5.12(C). The
silver ink is coated as metal electrodes and the PMMA/BST is coated as an insulator
on PET substrate using inkjet printing process. By using this process, thin,
homogeneous, and smooth layers along with better resolution and fewer defects. Q5

This PMMA/BST composite insulator layer shows a better dielectric constant when
compared to that of pure PMMA [61]. A flexible microfluidic sensor was designed
and fabricated by Narakathu et al using inkjet printing. This silver-coated sensor has
the capacity to detect different hazardous chemicals such as cadmium sulfide,
molybdenum disulphate, and mercury sulfide by electrochemical impedance spec-
troscopy [62]. Because of the attractive characteristics of the inkjet printing process,
which includes high resolution and ease of fabrication, a lot of researchers are
attracted to develop devices such as SERS substrate sensors for detecting gases,
antennas, and bandages [63]. In the inkjet printing process, the clogging of nozzles
happens due to the faster rate of evaporation and agglomeration of ink particles,
which in turn reduces the efficiency of inkjet printing. Hence, frequent cleaning of
the nozzle is a big challenge. Also, the nozzle cartridges for one-time use are usually
expensive, owing to the inkjet printing process speed, which is very slow, and the use
of the nozzle increases the production time compared to other contact printing
processes [64].

5.3.2.2 Aerosol printing process
In the aerosol printing process, the ink is atomized so as to reduce the size of the ink
droplets in the range of 1–5 μm in diameter as shown in figure 5.13. The ultrasonic
technique or pneumatic method can be utilized to atomize the ink droplets. This
system is entirely maintained in vacuum condition, and the ink is directed toward the
ceramic nozzle by means of nitrogen gas and transferred onto the substrate under
high pressure. It is possible to print on conformal as well as plane surfaces. However,
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in order to print complex designs, it is necessary to control the beam. Thus, by
varying the size of the nozzle, it is possible to control the beam. It is also to be noted
that the distance between the nozzle and the substrate should be less than 10 mm or
above 1 mm so as to achieve good accuracy because if these boundary conditions are
crossed, then there is a possibility of overspray defects in the pattern printed on the
substrate. The aerosol printing process also does not need any physical pattern,
digital models can be printed using this technique. The following are the advantages
of the aerosol printing process: (i) there is no contamination or clogging of the
nozzle, and (ii) even small sizes such as 10 μm can be fabricated with high resolution
using this process. Conversely, the main shortcoming of the aerosol printing process
is the speed. The machining rate is 12 m min−1, which is slow compared to other
processes. Hence, this process is not considered for mass production [56, 66, 67].

5.4 Conclusions
The advancement of flexible or wearable electronic devices via different additive
manufacturing or printing processes is rising exponentially owing to apparent
reasons such as low cost, fast fabrication, light weight, and need for thin devices.
In this chapter, the importance of flexible or wearable electronics and the processes
to be carried out before and after printing, along with many recently developed
flexible electronic devices utilizing different processes, is explored. It is to be noted
that there are many scientific difficulties that still exist in manufacturing flexible or
wearable electronic devices, which needs to be focused to perform research in a
better way, and in adopting suitable advanced printing methods for the fabrication
of flexible or wearable devices. One such challenge is the wet film thickness from the
screen printing process, which results in more spreading of ink, and the resolution of
the printing will be less if the wet ink is not sintered immediately.

Additionally, the evaporation of solvent present in the ink leads to a reduction in
the quality of the mesh. This is due to the exposure of the printed surface to the
atmosphere for a longer duration during the printing process [68].

Figure 5.13. Schematic representation of (A) pneumatic aerosol printing and (B) ultrasonic aerosol printing,
reprinted from [13] with permission from MDPI, Copyright (2021).
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In addition, the drawbacks like drying of inks, the viscosity of inks, the quantity
of inks, an incorrect volume of anilox roller, and the working speed of the printers
result in a squashed ink look at the exterior edges of the patterns printed using the
flexographic printing process.

Because of many different issues in fabrication processes, there are enormous
inconsistencies in the development of flexible or wearable devices, which leads to
unreliability and unsteady performance. To overcome the above-said drawbacks in
flexible or wearable devices, the improvisation and standardization of various
printing parameters are necessary to develop devices with better reliability, stability,
and repeatability. So as to maintain standards and to improve flexible and wearable
electronics research to the next level, standardization of all parameters that have a
great impact on flexible electronics fabrication is necessary. The parameters include
CAD designs, characterization, printing parameters such as deposition time,
humidity, and temperatures, post-printing processes such as sintering, mechanical
testing, etc. Researchers around the world are working to develop advanced
manufacturing systems to develop the research area of flexible or wearable devices
to the next level. Hence, implementing these new additive printing methods for
flexible or wearable electronic applications would possibly lead to cost-efficient and
reliable production. Thus, it is possible to revolutionize the application of flexible or
wearable devices in many areas such as agriculture, health, automobile, defense, and
food industries.
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Abstract— Thermal management of high-heat-flux dissipation-

rate micro-electro-mechanical systems (MEMS) using micro heat 

pipes is an exciting new field. Desktop computers are cooled using 

heavy metal sinks and fans. Wire sandwiched micro heat pipes are 

analysed computationally; they are a novel type of micro heat pipe 

that uses an array of wires sandwiched between two metallic plates 

to create the flow channels. Work fluid is carried through the 

system by the sharp corners between the wires and plates, which 

serve as liquid arteries. The temperature distribution in the micro 

heat pipes is obtained by solving the numerical model with a finite 

difference approach. By calculating effective thermal conductivity 

values from the temperature profiles, we can compare the heat 

pipe's performance using acetone and water as the working fluid. 

With an effective thermal conductivity of 168.83 kW/m2K, acetone 

shows substantial improvement over water in heat pipes. 

 

Keywords- acetone, effective thermal conductivity, micro heat 

pipe, water 

Nomenclature 

 

 A =  area of cross-section in m2 

 k = thermal conductivity in W/m K 

 L = length of the heat pipe in m 

 Q = heat in W 

 q = heat flow rate in W/m2 

 T = temperature in K 

 ∆T = temperature difference, T-Tamb in K 

 

     Subscripts 

            c        =     cross-section 

      eff     =     effective 

I. INTRODUCTION 

Progress in modern technology is often driven by 

innovations in microelectronics, aims at progress in the ability 

of computing with improvement in speed of processing, and 

reduction in the size of components and devices. The challenges 

in the miniaturization of silicon components and the 

enhancement of their performance have led to the development 

of high-power electronic devices and CPUs with high packing 

densities. This has opened the way for the advancement of 

electronic devices with very high levels of heat generation rates, 

for a variety of industrial applications. As modern electronics 

demands very rigid specifications regarding miniaturization, 

reliability and power-component density, optimal thermal 

management of microelectronics has become a key issue for the 

designer and the engineer in recent times. 

In general, for cooling electronic devices, there are 

many existing conventional methods. Passive air cooling is one 

basic way of cooling electronic devices, where the convective 

currents occur without the support of external power. The 

difference in temperature and subsequent changes in the density 

of the medium causes the flow. Forced air cooling systems are 

used as a common method for cooling in CPUs, where a fan 

will enhance the flow over the heat sinks for effective cooling. 

Liquids like water are used in forced liquid systems which are 

another set of cooling techniques used in electronic cooling. Of 

all the three methods, the second one has a prominent usage in 

electronic cooling due to its simplicity in design and 

manufacturing and cost-effective nature. Though the method is 

common and simple, bulky heat sinks utilize more material for 

manufacturing. The fan also increases the dust deposit over the 

components which in turn forms to be an insulator as the 

thickness of the deposit increases. 

To remove heat from the source with smaller 

dimensions to a remote location, micro heat pipes are the best 

options. The micro heat pipe, as defined by Cotter (1984) has 

‘channels which are so small, that the mean curvature of the 

vapour–liquid interface is comparable in magnitude to the 

reciprocal of the hydraulic radius of the flow channel’ [1].  Even 

though micro heat pipes poses evaporator, adiabatic and 

condenser sections and rely on the thermal phenomenon similar 

to that in conventional heat pipe [2], [3], they are physically 

distinct and compact from the former due to the absence of 

wick. In micro heat pipes, liquid arteries formed by the non-

circular cross sections enables the transfer of working fluid 

from the condenser to evaporator sections. [7]. Micro heat pipes 

and heat spreaders continue to be the optimal solution for heat 

sinks and miniature equipments and devices respectively, 
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owing to their effective heat transport capability with trivial 

temperature gradient in the flow direction (high thermal 

conductance). 

 

The wire-sandwiched micro heat pipe essentially 

consists of an array of channels, developed from sandwiching 

an array of wires within the metal plates. The ease in its 

construction, simple structure and adaptability to many heat-

generating surfaces, made the micro heat pipes with wire bonds, 

a favorable option for cooling electronic devices. Each channel 

in the array acts as an individual micro heat pipe as depicted in 

Fig. 1. It comprises of an evaporator which is externally heated, 

an adiabatic segment devoid of any heat transfer and a 

condenser experiencing convective cooling. The area of cross-

section of the liquid and the vapour change longitudinally from 

the evaporator end to the condenser end is displayed in Fig 1(c). 

 

 The conceptual wire-bonded micro heat pipes were initially 

presented by Wang and Peterson [4] as a one-dimensional 

analytical-steady-state model. The liquid-vapour phase 

interactions were analysed in the model and found the highest 

heat transfer performance. The fabrication easiness, better 

integration capability with electronic devices, and suitability 

for spacecraft applications were major attractions of the new 

model. The experimental validation in the studies proved the 

feasibility of the design and determined the optimum values for 

the design. The combination of aluminium - fluid acetone was 

used in the proposed design. 

 The performance investigation of a wire-bonded micro heat 

pipe array was done by Launay et al. [5]. A copper-water 

system was used to determine the capillary limitations in the 

temperature field and experimentally compare the charged 

micro heat pipes with empty channels.  A numerical model was 

also used for predicting the effects of angle of contact, quantity 

of charge and fluid distribution.  

 To evaluate the efficiency of wire-bonded micro heat pipes, 

Rag and Sobhan [6] created a transient one-dimensional model. 

In order to derive the velocity, pressure, and temperature 

distributions, a fully implicit finite difference approach was 

used to solve the mass, momentum, and energy conservation 

equations. The efficiency of the wire-bonded micro heat pipe 

was determined by computing its effective thermal 

conductivity. Using the working fluid's constant thermo-

physical properties, the equations accounted for longitudinal 

area fluctuations, phase shift, and frictional effects. Rag and 

Sobhan [7] used the same one-dimensional transient model to 

analyse the effects of operational and geometrical variables on 

effective thermal conductivity. Maximum values of effective 

thermal conductivity were achieved by optimising these 

parameters within the usable range. The transient variation of 

thermo-physical parameters was incorporated into a numerical 

model and quantitative measures of thermal conductivity were 

obtained by varying the input heat flux at the evaporator and 

condenser heat transfer coefficient by Rag et al. [8]. More 

realistic operational and performance characteristics were 

obtained when it comes to a wide variety of operational 

parameters.  

 

  In the present analysis, the temperature profiles are 

predicted computationally using an in-house code and 

evaluated the efficacy of a wire-bonded micro heat pipe which 

can be used for replacing the existing heat sink in a desktop 

computer. The already developed transient one-dimensional 

model is modified to accommodate two different working 

fluids, water and acetone, compatible with copper as the 

material of the micro heat pipes [2].  An experiment using 

acetone-aluminum system was used in a previous study [4] for 

validation of results in another study [6], acetone is considered 

as the second fluid for the present analysis.  The dimension 

details of the micro heat pipes were listed in Table 1.  

 

Fig.  1.    Schematic of a wire sandwiched micro heat pipe 

TABLE I.  PHYSICAL PROBLEM DETAILS 

Parameter Value 

Solid Material Copper 

Working Fluids 
Acetone/ 

Water 

Heat Pipe length 125 mm  

Wire radius 0.8 mm  

Wire-pitch 2 mm  

Evaporator length 20 mm 

Adiabatic section length 85 mm 

 

II. FORMULATION 

Line connections are only present at either end of the 

wires wedged between the parallel plates. Any two such wires 
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form a miniature heat pipe, with vapour flowing along the 

middle and liquid moving around the edges of the plate and 

wires. The wire-bonded micro heat pipe can be broken down 

into an evaporator section that takes in heat and releases it to 

the surroundings, an adiabatic section that does not exchange 

heat with anything else, and a condenser section that releases 

heat to the surroundings or the cooling media that is circulating 

around it. The analysis takes into account the fact that the 

vapour and liquid cross-sectional areas will change along the 

length. A one-dimensional numerical model is employed for 

transient analysis since the most significant changes in flow 

characteristics occur along the flow's longitudinal axis. These 

presumptions constitute the basis for the formulation of the 

governing equations: 

1. Vapor and liquid laminar flow. 

2. No-slip liquid and vapour boundary conditions. 

3. Vapor saturation. 

4. Meniscus radius of curvature consistency. 

                                                                                                                                    

For a quasi-steady state, the Laplace Young equation 

can be used to connect the pressure differential between the 

liquid and vapour phases to the meniscus radius at a given axial 

point. Pressure, velocity, and temperature profiles are analysed 

to determine the micro heat pipes' efficiency by solving the 

equations for mass, momentum, and energy in differential form 

for the liquid and vapour phases. As a function of the radius of 

the meniscus, the longitudinal area of the liquid and vapour 

phases are accounted for in their respective governing 

equations. The equation of state establishes a connection 

between the vapour pressure and temperature, which is then 

restated in terms of vapour momentum to ensure convergence. 

The liquid pressure is approximated using the Hagan-

Poisseuille equation, but for more converged results, the 

numbers are re-entered into the liquid momentum equation. 

Although triangle-shaped micro heat pipes [5, 9] use the same 

approach and mathematical formulation, the calculations must 

account for unique area characteristics. Previous papers contain 

the area parameters and the governing equations. 

III. SOLUTION PROCEDURE 

A custom FORTRAN programme is used to 

implement a Finite Difference technique to solve the governing 

equations. The first and second-order derivatives in the finite 

difference formulation were calculated using central 

differences. The thermo-physical qualities that vary with 

temperature are accounted for in the programme. In addition to 

the conventional solution procedure's [6]-[8] phases, a new 

function is introduced to define the working fluid's 

characteristics. Choosing the working fluid allowed the code to 

make use of the fluid's temperature-dependent thermophysical 

features and produce more accurate predictions. The heat 

balance test and the grid independent test of the code were 

conducted and shown in the previous publications extensively 

[6]. 

IV. THE TEMPERATURE PROFILE 

In this analysis for acetone and water as working fluid, 

the input heat flux supplied is taken as 2.4 W/cm2 and the 

coefficient of heat transfer in the condenser is taken as 

650W/m2K, which are reasonable values in electronic devices 

generating heat [6]–[8]. From Fig. 2 it is clear that the 

temperature profiles are as anticipated based on the previous 

literature [6]–[8]. The influence of the evaporator is observed 

in the smooth behaviour of temperature distribution at the 

evaporator-adiabatic junction and that of the condenser is seen 

at the adiabatic-condenser junction. Since the state equation is 

used to approximate vapour pressure, both vapour temperature 

and vapour pressure exhibit a consistent longitudinal 

fluctuation. Micro heat pipe performance is analysed by 

determining the effective thermal conductivity using the vapour 

temperature distributions. 

V. PERFORMANCE EVALUATION 

To evaluate the relative performance of different micro heat 

pipe designs, researchers use effective thermal conductivity [6] 

–[8]. According to Fourier's rule of thermal conduction, it is 

defined as follows: 

L

T
A

Q
k

c

eff
∆

=                             (1) 

Wire-bonded micro heat pipes using acetone as the working 
fluid are shown to have an effective thermal conductivity of 
168.83 kW/mK, while water only has an effective thermal 
conductivity of 127.27 kW/mK. Acetone is showing better 
effective thermal conductivity in the selected heat flux input  and 
heat transfer coefficient of a condenser. 

 

 
Fig.  2.    Temperature profile for 2.4 W/cm2 input heat flux and 650 W/m2K 

condenser heat transfer coefficient 
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VI. CONCLUSIONS 

In order to compare the efficiency of wire-bonded micro heat 

pipes using acetone and water as working fluid and copper as 

material, a computational analysis is carried out. 

Using a fully implicit finite difference approach, the 

mathematical model is solved to obtain the temperature profiles 

for both working fluids. With an effective thermal conductivity 

of 168.83 kW/mK, acetone proves to be a great medium for a 

heat pipe, outperforming even water. 
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Abstract—Navy uses a harmonic filter to extract the propel sounds in ships. Usually, Sonar 
processing uses the harmonic filter to remove unwanted harmonics. The proposed system is 
used for filtering unwanted noise from lower frequency noise using the machine learning 
technique. Some sonar may have higher frequency sounds, which can be difficult to hear. Using 
this sound frequency humans can identify their target by experience. Automate these sounds 
and using a trained neural network, Classify the sounds. Retrieve non-frequency voice and 
avoid harmonics using a neural network.  
 
Index Terms— MFCC, MLP, High pass filter, Discrete cosine transform. 

I. INTRODUCTION 

Currently, there is no specialized machine learning technique for the classification of the frequency of sonar: 
higher frequency and lower frequency. The word "sonar"[1] (short for "sound navigation ranging") refers to a 
technique for using sound waves to locate and measure the size and location of submerged objects. Sonar 
equipment detects sound waves emitted by or reflected from the item and analyses them to determine what 
information is contained.   
The main objective of this topic is to classify the frequency of sound, and then remove the noise in high-
frequency sonar. This problem was very difficult to deal with because the research on sonar classification and 
filtering of sonar is processed by normal techniques, in this work using deep learning method is used to process 
the classification and filtering of sonar sound. The extraction of the needed signal from background noise is one 
of the most serious issues in many application fields. Background noise is random, as is the appearance and 
behavior of signals. Basically in navy use a harmonic filter to remove unwanted noises. It is a time-consuming 
process. In this work, the Classification of sonar sound is done by a Multilayer perceptron algorithm and a high 
pass filter is used to remove the unwanted noises from high-frequency sonar sound.  
Classification of the frequency of sonar and removing noises from sonar sound is helpful to detect the target. 
Sonar is a method that employs sound propagation to navigate, measure distances, communicate with, or detect 
objects on or below the water's surface, such as other boats. classification of sonar sound in normal ways returns 
a time-consuming process, using trained neural network got a better accuracy result of classification. Normally 
harmonic  filter  is  used  for  filtering  unwanted  noise  from  high-frequency  sonar sound, which is also a time- 
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consuming process, high pass filter is better to use for a filtering process.    

II. METHODOLOGY 

The classification of frequency of sonar sound using multi-layer perceptron and filtering of high sonar sound is 
time reducing process. In normal audio, there is a signal and so many noises. first, take input as a wav file with 
noises and get output as filtered audio only without any spurious signal. Humans can identify their target by 
experience utilizing sonar that has a higher frequency that can be challenging to hear.  

A. MFCC  
Mel-frequency cepstrum (MFC)[2], which are employed in sound processing, are representations of a sound's 
short-term power spectrum that are based on a linear cosine transform of a log power spectrum on a nonlinear 
Mel scale of frequency. Several coefficients collectively referred to as Mel-frequency cepstral coefficients make 
up an MFC (MFCCs).  
MFCCs are frequently employed as features in speech recognition systems, including those[3] that can 
automatically identify telephone number pronunciations. Applications for music information retrieval such as 
genre categorization, auditory similarity measurements, etc. are also increasingly using MFCCs. 

 
Fig 1:Mel-frequency Cepstrum 

B. MLP  
The term "Multilayer Perceptron"[4] refers to a fully connected multi-layer neural network (MLP). It contains 
three levels, one of which is buried. It is referred to as a deep ANN if it has more than one hidden layer. A 
common illustration of a feedforward artificial neural network is an MLP. MLP is used for [5]a number of 
applications, including stock analysis, image identification, spam detection, and election voting 11 predictions. 
Basically, add more parameters to the model by adding more hidden layers and neurons per layer. Then permit 
the model to fit intricate functions. 

C. High pass filter 
A high pass filter is a[6] straightforward, efficient EQ curve that removes unwanted low frequencies from any 
audio source. When used properly to fix sloppy signals and tighten up arrangements, they are great. Low pass 
filter: The image is smoothed using this particular style of frequency-domain filter. The low-frequency[7] 
components are preserved while the high-frequency components are attenuated. High pass filter: A high pass 
frequency-domain filter is used to enhance the sharpness of the image.  

III. IMPLEMENTATION 

Filtering of spurious sonar signals consists of the following steps: 
 Padding of given wav file dataset. 
 Feature extraction of audios. 
 Classification of frequency of sonar sounds.  
 Removal of unwanted harmonics from an audio file. 

Sonar sound can be classified by the neural network, in this work, MLP is used for classification purposes. 
First, take all datasets; the dataset contains two folders high-frequency sound and low-frequency sound. The 
dataset contains 250 audios within each folder. categorize and label this dataset into two. 
Padding each audio with respect to a fixed sample rate, so get the dataset containing each audio with the same 
length. In this work, each audio has a size of 5. The dataset is a wav file and Audio padding is necessary for 
classification. Librosa library[8] is used for padding. This is also a pre-processing step of the dataset. For feature 
extraction, the MFCC algorithm is used. In this work, the extracted feature is frequencies by the MFCC 
algorithm.  Find  the  MFCC  value  of  each  audio  file  after  padding.  The  main steps in the MFCC[9] feature  
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Fig 2: High-Level_Architecture 

TABLE I: LIST OF SOUND FREQUENCY 

Labels categories 
0 High-frequency sound 
1 Low-frequency sound 

extraction method are windowing the signal, running the DFT, getting the log of the magnitude, warping the 
frequencies on a Mel scale, and finally running the inverse DCT. 

 

Fig 3: Diagram of MFCC 

Building a proper network architecture is required to acquire a trained model immediately after receiving a clean 
database. Build a model using a multi-layer perceptron algorithm and having  2 hidden layers with 4 neurons. 
To train the built model, the training dataset was split into patches, and the training loop sent each batch through 
an optimizer to train our model, with training accuracy being evaluated for each batch. Then the model is now 
ready to be tested with new audio after completing the training stage. 
After classification, if it is a high-frequency sound remove the noises using a High pass filter. An easy-to-use, 
efficient EQ curve that removes undesired low frequencies from any audio source is a high pass filter. When 
properly applied, they are wonderful for cleaning up errant signals and tightening up arrangements. 

IV. RESULT AND DISCUSSION 

The project was able to build filtering of spurious sonar signals using machine learning techniques, which will 
classify the sonar sounds as high-frequency sounds and low-frequency sounds using multilayer perceptron and 
remove unwanted harmonics using a high pass filter. MLP algorithm used was able to classify the sonar sounds. 
The experimental findings are acquired by training with a number of audios. The sonar sound dataset is used for 
training purposes, which consists of 2 folders high-frequency sound and low-frequency sound and contains 300 
audios within each folder. The classification accuracy is 84%, which is also a good result, it also works properly 
and very well. 
The accuracy is more feasible when optimum iterations are performed. Test an audio file with a trained model, 
which gives output as 0 as High-frequency sound or 1 as Low-frequency sound. Passing a high pass filter to 
remove the unwanted noises from High-frequency sound, which save an audio signal without noises. 
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V. CONCLUSION AND FUTURE SCOPE 

Filtering of spurious sonar signals using machine learning techniques shows a wide range of applications in 
NAVY. The main objective of this project is the classification of the frequency of sonar sounds and the filtering 
of noises from high-frequency sonar sounds. Deep learning is the most powerful science in working with 
pictures by completing feature extractions to categorize what this image includes, according to studies. Related 
work surveys are conducted by reading several papers written by earlier scientists and developers that attempted 
to address the classification of sonars and target detection of sonar, some of which used the Fast Fourier 
transform algorithm and Artificial neural network. Python is utilized to implement this project since it is the 
most popular language for Artificial Intelligence and Deep Learning. The project has some limitations; because 
the availability of frequency of sonar sounds and removal of unwanted harmonics from a lower frequency audio 
file take more time, which is called LOFAR processing. Hence this process is done on high-frequency sonar 
sounds only. Here the best classification algorithm convolutional neural network (CNN) failed to perform the 
expected task because of the limited access to the dataset. Later it was executed well using MLP and it was 
successful. 
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I. Introduction
In medical systems, the analysis of medical image services is significant in many fields like
Magnetic Resonance Imaging (MRI), Radiography, endoscopy, Computed Tomography,
Mammography Images, Ultrasound images, Positron Emission Tomography (PET), etc. Due to the
lack of radiologists, manually analyzing medical images requires a significant amount of effort. Thus
emerges different deep learning models for analyzing medical images. The most significant models
are Convolutional neural networks which belong to the category of supervised deep learning
algorithms. Unsupervised algorithms mainly include Generative Adversarial Networks (GAN) and
Autoencoders.
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Abstract:
Tiled Chip Multicore Processors (TCMP) with packet switching Network-on-Chip (NoC) have become a common
method for on-chip connectivity. The performance of the entire system may suffer if a malicious Hardware Trojan (HT)
is present in the NoC routers as it might negatively disrupt communication between tiles. Detecting Trojans in
complicated multi-processor System on Chips (SoCs) using traditional pre and post silicon validation approaches is a
huge difficulty. In this paper the presence of multiple HTs in the routing unit is modelled and its impact analysis is done
for both synthetic traffic and real benchmarks using gem5 simulator. It can be observed that the presence of multiple
trojans decrease the overall performance of the system.
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I. Introduction
System-on-Chips (SoCs) began containing third party Intellectual Property (IP) blocks to lower the
overall cost of microprocessors used in embedded systems and the Internet of Things. Several chip
manufacturing firms outsource the automated integrated circuit design, production, and testing due
to the high design costs [1]. The logical and operational security of such devices are at danger
because suspicious third parties were involved at different stages of chip manufacture. During the
SoC’s verification and testing process, malicious circuits known as Hardware Trojans (HT)
concealed inside a trustworthy blueprint design may go undetected [2]. HTs may modify the
system’s behaviour in order to launch attacks including data breaches, unauthorised access,
functional defects, and service delays [3]. Because these intermittent HTs are only active for a brief
period of time, HT identification is difficult [4].

Sign in to Continue Reading

Josna Philomina
School of Engineering, CUSAT, Kerala, India

Rekha K James
School of Engineering, CUSAT, Kerala, India

Shirshendu Das
Indian Institute of Technology, Ropar, Punjab, India

Daleesha M Vishwanathan
School of Engineering, CUSAT, Kerala, India

 Contents

https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsu9EvX-hnbJxNKkLmHvAe8VQ7ZYHHtTw5UiozRFePMgYcXOcEj34dvP5jxY7gu0-wlbwxPgzMzAcg9p6eAhDbmZygOrYo5z9T3DhXVphviZUcKRL4Mjo5gsGQiNSnloy__rXypdtNWCMSFBb-dyAX6Ul821SaZ9RFpt_v9GvQaAYPzfMQj6s4E5FoAr_Xnowf9kyJnBVRIRHrdNfvhajARuscTVvc5aN9VaY6CeI2zwP-ttL4_VTmQwJsXXXSRe1C-0CarHgnt8Wq0IwSm-jEAiqUDe0G_4mjfMAZxoQZUph5YVhEMQDyUPuVCRUOs7NoIpln15bhVBA7hCt1FVr4dMqz5RhVoNaSRRutyAyOQu0uYjfg&sai=AMfl-YTB0D_ORUky1OT-Pl-C41Cws4NrssoxacAFuKO0Ze8gVd0dbNkbC-TLLE35mVHo9ny4-9Huns1EQuiv6JgH4w5mF8OLTD2pwV-9Q0FmwzPaXrWE_3L59dtxOPLK_A&sig=Cg0ArKJSzKq7v4EzQ0t3&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://innovate.ieee.org/interested-in-a-subscription-for-your-organization/%3FLT%3DXPLLG_XPL_2020_SUB_Conferences300x250_Sub-NFT
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsu9EvX-hnbJxNKkLmHvAe8VQ7ZYHHtTw5UiozRFePMgYcXOcEj34dvP5jxY7gu0-wlbwxPgzMzAcg9p6eAhDbmZygOrYo5z9T3DhXVphviZUcKRL4Mjo5gsGQiNSnloy__rXypdtNWCMSFBb-dyAX6Ul821SaZ9RFpt_v9GvQaAYPzfMQj6s4E5FoAr_Xnowf9kyJnBVRIRHrdNfvhajARuscTVvc5aN9VaY6CeI2zwP-ttL4_VTmQwJsXXXSRe1C-0CarHgnt8Wq0IwSm-jEAiqUDe0G_4mjfMAZxoQZUph5YVhEMQDyUPuVCRUOs7NoIpln15bhVBA7hCt1FVr4dMqz5RhVoNaSRRutyAyOQu0uYjfg&sai=AMfl-YTB0D_ORUky1OT-Pl-C41Cws4NrssoxacAFuKO0Ze8gVd0dbNkbC-TLLE35mVHo9ny4-9Huns1EQuiv6JgH4w5mF8OLTD2pwV-9Q0FmwzPaXrWE_3L59dtxOPLK_A&sig=Cg0ArKJSzKq7v4EzQ0t3&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://innovate.ieee.org/interested-in-a-subscription-for-your-organization/%3FLT%3DXPLLG_XPL_2020_SUB_Conferences300x250_Sub-NFT
https://ieeexplore.ieee.org/document/6508304/
https://ieeexplore.ieee.org/document/9960056/
https://ieeexplore.ieee.org/author/37089895535
javascript:void()
https://ieeexplore.ieee.org/author/37086876069
https://ieeexplore.ieee.org/author/38558449100
https://ieeexplore.ieee.org/author/37085465521
https://ieeexplore.ieee.org/author/37089895535


2022 12th International Conference on Computer and Knowledge Engineering (ICCKE)

Published: 2022

Show More

IEEE Personal Account

CHANGE
USERNAME/PASSWORD

Purchase Details

PAYMENT OPTIONS

VIEW PURCHASED
DOCUMENTS

Profile Information

COMMUNICATIONS
PREFERENCES

PROFESSION AND
EDUCATION

TECHNICAL INTERESTS

Need Help?

US & CANADA: +1 800
678 4333

WORLDWIDE: +1 732
981 0060

CONTACT & SUPPORT

Follow

   

About IEEE Xplore | Contact Us | Help | Accessibility | Terms of Use | Nondiscrimination Policy | IEEE Ethics Reporting | Sitemap |
IEEE Privacy Policy
A not-for-profit organization, IEEE is the world's largest technical professional organization dedicated to advancing technology for the benefit of
humanity.

© Copyright 2024 IEEE - All rights reserved.

IEEE Account

» Change Username/Password

» Update Address

Purchase Details

» Payment Options

» Order History

» View Purchased Documents

Profile Information

» Communications Preferences

» Profession and Education

javascript:void()
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvrRJytdca8lZ0_O53U2Kxq7jfumHt3RrJexk8lNl7U5vgFe6XLmmnRSTXK_I3mC2tVp4ptEd9l2yjkWVH-iexcKv9UQVKkEGpxmnkrze5mHDTV_sDpJQH3Uv41g9z6SpHFg56tI0U28rejlFY6QikQOViyNlocyxKsOqEg5XAVT1Oif-I6BRbz7ciMXsVU0DFrtrDxuh2U_PK-_zMUv4Ul3t79UCFFG2CGCDAR4tayYc1YT-urxJpFnS2YoODvpk3nzxF5YPnXBtN7LSr2qBALdQ65jCXyoMbOG1c2lAOBv_IC7t3ve9-Ohcr9-I7wUtpgybihgGp25Ed6PUGd7jvaiCM6N3WuLDc88DwsTSUCBy9BHQWQzw&sai=AMfl-YTkJDk6WMwaQxEpHIeO-gsxNx5L9ehqSdHjXENqLnSO7z0J0UoHdsnpTYnGFOOwN4KycB3fS-jda6ShFzHEt52_snHs7dORkxwLlOF11CxoyuZwFcf1pqWXsRkcUA&sig=Cg0ArKJSzFuD3OfBBuqs&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://open.ieee.org/%3Futm_source%3DXplore%26utm_medium%3DXplore_Ads%26utm_campaign%3DCall_For_Papers_2021
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvrRJytdca8lZ0_O53U2Kxq7jfumHt3RrJexk8lNl7U5vgFe6XLmmnRSTXK_I3mC2tVp4ptEd9l2yjkWVH-iexcKv9UQVKkEGpxmnkrze5mHDTV_sDpJQH3Uv41g9z6SpHFg56tI0U28rejlFY6QikQOViyNlocyxKsOqEg5XAVT1Oif-I6BRbz7ciMXsVU0DFrtrDxuh2U_PK-_zMUv4Ul3t79UCFFG2CGCDAR4tayYc1YT-urxJpFnS2YoODvpk3nzxF5YPnXBtN7LSr2qBALdQ65jCXyoMbOG1c2lAOBv_IC7t3ve9-Ohcr9-I7wUtpgybihgGp25Ed6PUGd7jvaiCM6N3WuLDc88DwsTSUCBy9BHQWQzw&sai=AMfl-YTkJDk6WMwaQxEpHIeO-gsxNx5L9ehqSdHjXENqLnSO7z0J0UoHdsnpTYnGFOOwN4KycB3fS-jda6ShFzHEt52_snHs7dORkxwLlOF11CxoyuZwFcf1pqWXsRkcUA&sig=Cg0ArKJSzFuD3OfBBuqs&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://open.ieee.org/%3Futm_source%3DXplore%26utm_medium%3DXplore_Ads%26utm_campaign%3DCall_For_Papers_2021
https://www.ieee.org/profile/changeusrpwd/showChangeUsrPwdPage.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/changeusrpwd/showChangeUsrPwdPage.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/payment/showPaymentHome.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://ieeexplore.ieee.org/articleSale/purchaseHistory.jsp
https://ieeexplore.ieee.org/articleSale/purchaseHistory.jsp
https://www.ieee.org/ieee-privacyportal/app/ibp?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/ieee-privacyportal/app/ibp?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/profedu/getProfEduInformation.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/profedu/getProfEduInformation.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/tips/getTipsInfo.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
tel:+1-800-678-4333
tel:+1-800-678-4333
tel:+1-732-981-0060
tel:+1-732-981-0060
https://ieeexplore.ieee.org/xpl/contact
https://www.facebook.com/IEEEXploreDigitalLibrary/
https://www.facebook.com/IEEEXploreDigitalLibrary/
https://www.instagram.com/ieeexplore_org
https://www.instagram.com/ieeexplore_org
https://www.linkedin.com/showcase/ieee-xplore
https://www.linkedin.com/showcase/ieee-xplore
https://www.youtube.com/ieeexplore
https://www.youtube.com/ieeexplore
https://twitter.com/IEEEXplore?ref_src=twsrc%5Egoogle%7Ctwcamp%5Eserp%7Ctwgr%5Eauthor
https://ieeexplore.ieee.org/Xplorehelp/about-ieee-xplore.html
https://ieeexplore.ieee.org/Xplorehelp/about-ieee-xplore.html
https://ieeexplore.ieee.org/xpl/contact
https://ieeexplore.ieee.org/Xplorehelp/Help_start.html
https://ieeexplore.ieee.org/Xplorehelp/accessibility-statement.html
https://ieeexplore.ieee.org/Xplorehelp/Help_Terms_of_Use.html
http://www.ieee.org/web/aboutus/whatis/policies/p9-26.html
http://www.ieee-ethics-reporting.org/
http://www.ieee-ethics-reporting.org/
https://ieeexplore.ieee.org/Xplorehelp/overview-of-ieee-xplore/ieee-xplore-sitemap
http://www.ieee.org/about/help/security_privacy.html
https://www.ieee.org/profile/changeusrpwd/showChangeUsrPwdPage.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/address/getAddrInfoPage.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/payment/showPaymentHome.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/vieworder/showOrderHistory.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://ieeexplore.ieee.org/articleSale/purchaseHistory.jsp
https://www.ieee.org/ieee-privacyportal/app/ibp?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/profedu/getProfEduInformation.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore


» Technical Interests
Need Help?

» US & Canada: +1 800 678 4333

» Worldwide: +1 732 981 0060

» Contact & Support

       

A not-for-profit organization, IEEE is the world's largest technical professional organization dedicated to advancing technology for the benefit of humanity.
© Copyright 2024 IEEE - All rights reserved. Use of this web site signifies your agreement to the terms and conditions.

About IEEE Xplore Contact Us| Help| Accessibility| Terms of Use| Nondiscrimination Policy| Sitemap| Privacy & Opting Out of Cookies|

https://www.ieee.org/profile/tips/getTipsInfo.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://ieeexplore.ieee.org/xpl/contact
https://ieeexplore.ieee.org/Xplorehelp/about-ieee-xplore.html
https://ieeexplore.ieee.org/Xplorehelp/about-ieee-xplore.html
https://ieeexplore.ieee.org/xpl/contact
https://ieeexplore.ieee.org/Xplorehelp/Help_start.html
https://ieeexplore.ieee.org/Xplorehelp/accessibility-statement.html
https://ieeexplore.ieee.org/Xplorehelp/Help_Terms_of_Use.html
http://www.ieee.org/web/aboutus/whatis/policies/p9-26.html
https://ieeexplore.ieee.org/xpl/sitemap.jsp
http://www.ieee.org/about/help/security_privacy.html


Image Forgery Detection Using Deep
Learning

Litty Koshy  & K. Chithu 

Conference paper First Online: 15 June 2023

153 Accesses

Part of the Lecture Notes in Networks and Systems book
series (LNNS,volume 650)

Abstract

Since cameras are so widely available, taking

pictures has become more and more common. In

order to gain more information, it is frequently

necessary to enhance photographs, which are

crucial in our daily lives as memories or sources of

wealth of information. There are many tools

accessible to enhance the quality of photos;

however, some of them are also widely used to alter

images, leading to the dissemination of false
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information. This makes picture forgeries more

severe and frequent, which is now a major cause of

concern. To identify fake images, many conventional

methods have been developed over time.

Convolutional neural networks (CNNs) have drawn

a lot of interest recently, and they have had an

impact on the area of picture fraud detection as

well. However, the majority of CNN-based picture

forgery detection methods currently used in the

literature are restricted to identifying a certain kind

of fraud (either image splicing or copymove). As a

result, a method that can quickly and precisely

identify any hidden forgeries in a picture is needed.

We present a powerful deep learning-based

approach for detecting picture forgeries in this

study. The RGB format images converted to error

level analysis (ELA) are used to train our model. The

suggested model is compact, and its effectiveness

shows that it outperforms cutting-edge methods in

terms of speed. The experiment's findings are

promising, with a 91.37% total validation accuracy.

Keywords

Error level analysis

Convolutional neural network Image splicing
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Abstract—Malware detection is an indispensable factor in the
security of internet-oriented machines. The number of threats
have been increased day by day. Malware analysis is a process of
performing analysis and a study of the components and behavior
of malware. The use of dynamic analysis will help the system
to classify malware more accurately and to detect any malware
samples. Dynamic analysis is a method in which the malware runs
in a Sandbox environment, and artifacts are collected. The system
uses Cuckoo Sandbox for executing the malware samples in a
controlled environment. The system compares bidirectional long
short-term memory and convolutional neural network models
for machine learning algorithms to detect and classify the
malware samples. Unlike a typical signature-based detection,
where patterns are checked in the source file, a type of static
detection, here, dynamic analysis is used to extract necessary
reports, which are then preprocessed to get features like dynamic
link library (dlls), kernel module names, services used, etc. to
try creating a list of text, which can explain the behaviour of
the executable file. These are tokenized and embedded to obtain
numerical data, which is passed to the models. The accuracy of
trained models is compared, which describes the performance of
the models on the dataset. Thus providing grounds for testing
future models and later building a better detection system based
on it.

Index Terms—malware analysis, cuckoo sandbox, bidirectional
long short-term memory, dynamic analysis

I. INTRODUCTION

Malware is malicious software distributed over a network
that infects, steals, examines, or performs any function an
attacker desires. Nowadays, malware detection is important as
it serves as an essential alert system for the computer’s security
against cyber threats. It is the process of identifying malware
on a host system and determining whether the particular
software is harmful or not. It prevents hackers from gaining
access to the computer, and avoids risking sensitive data,
altering system settings or contents, or propagating through
the network. The best measures against malware are antivirus
monitoring and firewall software. The number of malware has
expanded at an unprecedented rate due to the extensive use of
computer systems and networks. With the expanding usage of
susceptible online systems and various operating systems, a
growing variety of dangers is emerging. As a result, the issue
is to locate and identify risks that can be generalized to avoid
future attacks on computer systems.

According to the Symantec threat report [1], 4818 unique
websites were victims of form jacking code. Every month,

stolen credit card data is sold for up to $2.2 million to cyber
criminals. Similarly, McAfee Labs reported that the DarkSide
ransomware has resulted in a policy issue between the US
and Russia [2]. In 2022, the Trellix company reported that the
cyber attackers used the Log4shell flaw, a software vulnerabil-
ity, and attacked Ukrainian Infrastructure. There were several
campaigns conducted for the cyber threats in the region of
Eurasia against Ukraine and identified HermeticWiper. This
malware steals digital certificates and gains write access to
various low-level data structures on the organizations [3].

In the research carried out, the main contributions of this
paper are as follows:

• We develop a malware detection system using Convo-
lutional Neural Network over two benchmark malware
datasets namely Malware Bazaar and VirusShare.

• We conduct experiments on images using BiLSTMs to
classify malware. and show significant improvement in
the performance of deep learning models.

• We compare our proposed system with the state-of-the-
art approaches and found that a combination of CNN and
BiLSTM achieved better classification results.

The paper is organized as follows. Section II discusses
related work on static and dynamic analysis. Section III covers
the motivation, methodology used including the BiLSTM
architecture. In Section IV, we present our dataset used with
the experimental results obtained. Finally, Section V concludes
the paper, and we mention future work.

II. RELATED WORK

In today’s world, the vulnerabilities of computer systems are
well exploited by cybercriminals. There are several types of
malware detection methods [4–7]. They are (a) static detection
(b) dynamic detection (c) hybrid (d) ML-based detection (e)
DL-based detection and (f) visualization.

In the static malware detection method, a malware file is
examined without running the program. The main advantage
of the static feature extraction method is that it reduces the
feature size by considering the entire binary content, thereby
detecting the invariants before runtime [8]. Dynamic analysis
involves running the malware executable file and analyzing its
behavior to eliminate the infection or prevent it from spreading
to other systems [9].
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Zhang [10] proposes a deep learning architecture that in-
cludes both a CNN layer and an LSTM layer where API
call sequences are used to train the model. The CNN model
consists of filters, LSTM layer, a dropout layer, and lastly
fully connected layer for classification. The proposed model
achieved an accuracy of nearly 100%.

Mishra et al. [11] proposed a BiLSTM based model to
classify malware in a cloud-based system. CNN layer is
the basic block and the model is trained on system call
sequences. An accuracy of 90% was achieved. They also made
a comparison by substituting the BiLSTM for a normal LSTM
layer which resulted in a worse case of detection.

Mcdole et al. [12] records and analyzes the behavior of
malware executables using dynamic analysis. The information
collected during execution is the memory access, API calls,
and network communications.

Usman et al. [13] proposed a novel cyber security tech-
niques on hybrid approach based on dynamic malware analysis
that can identify malicious Internet Protocol addresses before
communication. Huang et al. [14] propose a malware detection
method based on malware visualization and deep learning. The
static visualization images are generated by Cuckoo Sandbox.
It is used to generate dynamic visualization images. Then
form hybrid images that merge the static and dynamic images.
Finally, the model train the hybrid images yielding a test
accuracy of 92.50% for the hybrid approach.

A novel method for detecting malware by deep learning-
based analysis was proposed by Liu et al. [15] on API
calls. They used cuckoo sandbox and Filtering techniques
were employed to extract the API calls sequence of malicious
programs. A comparison on the experimental results with
standard models were done. The proposed LSTM has the best
performance for malware detection, reaching the accuracy of
97.85%.

Wu et al. [16] proposed an architecture with CNN integrated
with attention block used to extract effective features of the
load impact factors. Then prediction is forecasted by the
LSTM combined with BiLSTM layers and found that the
proposed method has better forecasting performance than the
state-of-art approaches. Peng et al. [17] proposed a deep learn-
ing model based on Bi-directional long short-term memory,
sine cosine algorithm, and complete ensemble empirical mode
decomposition with adaptive noise for forecasting and found
that the model obtained higher prediction accuracy than the
existing models.

III. PROPOSED METHOD

The overall method consists of five different modules
namely, input data preprocessing, feature representation, fea-
ture encoding, feature extraction, and classification.

A. Motivation
The motivation of this paper is that the traditional classifica-

tion methods have to be improved as there is various limitation
in static and dynamic methods. Dynamic malware analysis of
new samples is highly time-consuming and requires proper
tuning to achieve good performance with an acceptable result.

Fig. 1. Flow diagram of proposed system

B. Methodology

Digital security is an important aspect of our daily life. This
paper aims to contribute in the direction of classifying malware
as accurately as possible. The proposed system is a malware
classification system that uses BiLSTM and CNN model to
analyse the behavior of malware samples in a controlled
sandbox environment and have the model learn to properly
identify a malware sample from a benign one. This system
being dynamic, can actively classify malware that have not
been classified before unlike current antivirus software. The
samples are first fed into the sandbox and after receiving a
log file containing the executed operations, it is fed into the
models, and the results obtained are compared between the
models. The proposed block diagram and its interconnection
along with the various stages involved are depicted in Fig 1.

The significance of feature selection increases the accuracy
and reduces the redundant features, thereby increasing the
prediction time.

C. Algorithm

The purpose is to parse the report.json files and extract
wanted features into specific files. The input is the location to
the output of dumps. The output is files written to the output
directory which are text files that contain the features. The
detailed step-by-step process is given in Algorithm 1.

D. Cuckoo Sandbox

Basically, a cuckoo sandbox is a Linux Ubuntu host that
in turn contains a nested Windows 7 machine in it [18]. The
open-source tool called Cuckoo Sandbox is used to analyze
malware automatically. This tool works in a controlled and
secure environment. This tool makes an intention to the
malware that it has affected a true host machine, which then
records the malware activity. Finally generates a malware
report on the activities done by the malware on the virtual
machine (VM).

Linux commands or GUI can be used for accessing the
cuckoo sandbox. The malware is submitted to the VM to the
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Algorithm 1 Parser Algorithm
Require: Iterate through each folder (classes) for batch fold-

ers
Ensure: For each file report file in each batch, perform the

following steps to extract the features from JSON files
1: Extract dll from pe imports
2: Extract name from pe sections
3: Extract kernel mod name from modscan data
4: Extract service from svscan data
5: Extract proc name from malfind data
6: Extract process from pslist data
7: Extract mut name from mutscan data
8: Combine these values separated by newline

Require: Write output txt file with features for each malware
sample in a fixed output directory

Windows guest. The malware once submitted runs on the VM.
The malware behavior is recorded and this activity is fed to
the Ubuntu host and a report is generated based on the activity.

E. Bidirectional long short-term memory

Although LSTM is popular and has more advantages, it
could not completely solve the vanishing gradient problem.
This model uses more resources and takes more time to get
trained. They use high memory and bandwidth because of the
layers connected in serial fashion. Thus, LSTMs do not use
the hardware efficiently.

LSTM requires more computation as more parameters are
required. So Bidirectional long short-term memory or BiL-
STM, is used. A Bidirectional Long Short-term Memory [19],
is a model that processes information with two LSTMs in
a forward and backward direction as shown in Fig. 2. The
efficiency of the model is increased by understanding the
context, which allows the model to learn the preceding and
following words. Bidirectional recurrent neural networks are
simply adding up two RNNs where one works forward and
the other in a reverse direction.

Fig. 2. BiLSTM structure

F. Word Embedding

Word embedding is a technique where words of similar
meaning are given the same pattern representation as real-
valued vectors. There are fewer dimensions in this type of
representation. This method is used to train on any natural
language processing task as it is easy to understand.

G. Text Vectorization

The process of converting text into numerical representation
is Text Vectorization.

TF-IDF (Term Frequency–Inverse Document Frequency)
captures the number of occurrences the word is available in
the whole document. The words occurring frequently are given
less weight. This inverse weighting for frequently occurring
words is known as Inverse Document Frequency. This term
gives the relative importance of words in a collection of texts
or sets of documents. TF-IDF calculation is used in Natural
Language Processing problems where the more frequently
occurring words have less weight and words which are not
repeated will have more weight. Let w denote TF-IDF weight
of any feature x, tf(x) denote frequency of feature x, N be
the number of ransomware samples in the document, and IDF
denotes the instances that contain the feature x. The following
steps are used for calculating TF-IDF as shown in Equation 1.

• Define the term frequency values
• Calculate inverse document frequency values (IDF)
• Multiply the above two values. This indicates how often

the words occur in the document

w(x) = tf(x) ∗ log N

IDF (x) + 1
(1)

H. Convolutional Neural Network

Convolutional neural networks have always become the
predominant machine learning algorithm [20] since CNN is
a simple feed-forward network that uses automatic feature
extraction and uses adjacent pixel information to downsample
the image effectively. CNN is a typical neural network in
which at least one layer is a convolutional layer. In CNNs,
with more hidden layers, the gradient vanishes which stops
the learning phase.

IV. EXPERIMENTAL RESULTS

The experiments are conducted using Precision, Recall, F1
measure, and Accuracy as evaluation metrics for the classifi-
cation.

Categorical accuracy: Categorical accuracy measures the
average accuracy rate across all predictions. This is calculated
by comparing the one-hot vectors of truths and predictions
and then taking an average over the vector. In the proposed
system, accuracy is calculated using the metric given below
for both training and validation.

Accuracy(A) =
TP + TN

TP + TN + FP + FN
. (2)

where True Positive (TP - indicates the number of malware
samples correctly identified as malware), True Negative (TN
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- indicates the number of benign samples accurately identified
as legitimate.), False Positive (FP - is the number of benign
samples misclassified as malware), and False Negative (FN -
indicates the number of wrongly classified malware images).

Implementation and Setup: The Linux OS system with
Ubuntu 20.04 is installed on the Virtual Machine. The Cuckoo
Sandbox and Python with windows are installed on a Virtual
Machine. Now both OS can be used without using a separate
boot system.

Dataset: The experiments are performed on two malware
datasets, Malware Bazaar [21] and VirusShare [22]. In this
paper, we used around 5650 executables belonging to 6 classes
including 1471 benign samples. 70% of the dataset is used for
training and the remaining 30% is reserved for testing. 3955
files for training and 1695 files for validation. A Windows
operating system (OS) is installed in the cuckoo sandbox
virtual machine and is used to extract the system calls from
the malware executable samples.

By using the appropriate measures, the performance of the
models is calculated. We conduct the three experiments on the
dataset:

• Experiment-1: Performance of CNN model in detecting
malware executables.

• Experiment-2: Performance of BiLSTM model in de-
tecting malware executables.

• Experiment-3: Performance of CNN-BiLSTM model in
detecting malware executables.

A. Performance of CNN model in detecting malware executa-
bles

CNN model consisting of text vectorization layer, word
embedding, three CONV layers, each followed by a Pooling
layer, Flattening, and finally the fully connected layer.

A convolutional neural network consists of the following
layers:

• Convolutional layers - First layer is the convolution layer
which is presented with training and testing malware
images. A filter is convolved across the width and height
of the input image to extract patterns specific to malware
and benign files. Here the kernel size chosen is a 3×3
filter. The kernel is slided over the input and the product
is computed at all positions. The convolution layer gives
maximum information by reducing the noise in the input
features. Parameters include stride, step filter size, and
filter count, which is the number of filters used.

• Pooling layers - Next is the max pooling layer which
reduces the data processing by taking the maximum value
obtained in the first slide of the kernel. A 2×2 is the
window size or the filter size used for the max pooling
operation. Max pooling takes the maximum value from
each group of neurons from the previous layer. This is
also called the sub-sampling layer as the computation is
performed by downsampling the features, thereby reduc-
ing the processing involved.

• Dense layers - Finally, the fully connected dense layer
is incorporated where every neuron in one layer is con-

Fig. 3. Accuracy and F1 score for three models

nected to every other neuron in the other layer. The
basic principle of CNN is the same as the multilayer
perceptron. The flattened matrix after max pooling passes
through the fully connected layer to classify the images.
The network is trained by the back-propagation method
where the weights and bias are updated and the loss is
calculated. When the loss function is close to zero, the
learning phase terminates.

The model produced an average accuracy of 96.7% as
shown in Fig 3. Since the dataset is a balanced set, we get
approximately the same scores.

B. Performance of BiLSTM model in detecting malware exe-
cutables

BiLSTM model consists of text vectorization layer, input,
embedding layer, two BiLSTM layers with dropout layers,
and finally the dense layer. In the proposed model, the input
to the BiLSTM is an array. By knowing the input, past, and
future states of its local neighbors, BiLSTM can predict the
present input. We have used a Dropout of 0.25 on the BiLSTM
layer. Sigmoid is used as an activation function. Finally, the
image vector representation passes through the dense layer.
The activation function used by all feed-forward layers is Tanh
and the final prediction is achieved using the softmax function.
The model produced an average accuracy of 86.3% as shown
in Fig 3.
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C. Performance of CNN-BiLSTM model in detecting malware
executables

The proposed CNN-BiLSTM consists of text vectorization
layer, an input layer, word embedding layer, two convolution
layers, pooling layers (maxpool), BiLSTM layer, dropout
layer, and finally the dense fully connected layer for classi-
fication. Figure 3 shows that the model produced an average
accuracy of 98.4%.

Fig. 4. Classification accuracy for three models

We considered 597 malware executables from agent, 936
from cycbot, 926 from vobfus, 600 from vundo, 1120 from
zeroaccess malware families for the dynamic analysis, and
1471 benign files with a total of 5650 files belonging to 6
classes, where 3955 files were used for training and 1695 files
for validation phase. Figure 4 shows the evaluation metrics
for the six classes considered for all three models. It is
observed that the average accuracy of 98.5% is obtained for a
combination of CNN with BiLSTM for all families considered.
The proposed model has shown efficient performance for the
classification, which extracts useful features and better feature
representation, resulting in achieving better accuracy.

V. CONCLUSION AND FUTURE SCOPE

In recent times, the amount of malware affecting systems
has become enormous and diverse in nature. Automating the
detection and classification of new malware helps the forefront
of defenders to rest a bit ease. The effectiveness of machine
learning has encouraged peers to find methods to tackle this
problem. The study here uses Dynamic analysis techniques to
extract malware artifacts and process them using BiLSTM and
CNN models and experiments with them to classify across five
malware classes and a benign class. A combination of CNN-
BiLSTM model produced an average accuracy of 98.4%. The
CNN-BiLSTM model performs better than the BiLSTM model
in classification and detection of malwares. There is a gradual
increase in accuracy when compared with the other state of
art methods.

In future work, we intend to include more models and more
malware classes, specifically towards self-attention models to

improve the overall accuracy further. We also intend to provide
a web and android app interface, where one can submit a file,
and get a report summary on the file, detecting any malicious
instructions within the file. This would help the layman have
free, and bleeding-edge access to a malware-detection system,
which does not rely on signatures and similar concepts.
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Abstract—The demand for Robots in Elderly assistance is 

increasing due to the lack of human caregivers. In the context 

of Robot coexisting with the human beings in a home 

environment, for the safe and friendly interaction it is 

essential to endow the sense of touch through Tactile sensor 

systems. This paper proposes a novel scalable approach for 

tactile sensors based on low cost wearable conductive fabric. 

Fabric tactile sensor (FABTAC) is conformable with the 

robot body and can be used as a tactile sensing skin that 

perceives touch and force applied at the contact location. 

FABTAC sensors are developed as an array of touch sensors 

sewed on the cloth substrate with the stainless-steel 

conductive thread. The thermistor sensors are also sewed to 

fabric to perceive the temperature information. The 

FABTAC sensors are integrated on to the custom-made 3D 

printed Robotic hand and the tactile data is processed with a 

novel wearable electronic FLORA microcontroller platform. 

The acquired data can be used to provide a real time tactile 

feedback for performing assistive tasks like grasping objects 

of diverse profiles, avoiding slippage. The FABTAC sensors 

has the advantage of utilizing flexible, light weight sensors 

with good spatial and temporal resolution. Thus, the system 

can potentially aid the automation of daily life activities 

of the Elderly thereby enhancing the quality of their life. 
 

 
Keywords—Tactile sensing, Human Robot Interaction, 

Wearable sensors, Fabric sensors, Tactile feedback 

I. INTRODUCTION  

The number of caregivers is not growing in tandem with the 
growth of the Elderly population. The high expense of elderly 
support is due to the relative scarcity of caregivers for the 
elderly. The enormous expense of providing care for the 
elderly could be significantly reduced by using robots in this 
scenario.  Robots with a tactile sensing skin is required for 
interactions to be both secure and safe. Our human brain 
senses the touch with the somatosensory system containing a 
large network of nerve endings and touch receptors on skin, 
which transmit the tactile information to the brain which in 
turn tells the body how to react to different senses. The tactile 
sensors being the electronic counterpart of biological skin, 
enables the robot to perceive their environment and create a 
reactive behavior in response to human expectations. 

Bioinspired, tactile sensing is important for robots which 
works in close interaction with the human beings as in elderly 
care applications. Tactile sensors can estimate the contact 
parameters like mechanical touch, pressure and temperature 
at the contact area [1]. 
Unlike the visual and auditory senses, human skin is not a 
localized sensory organ which makes the tactile sensing more 
challenging in terms of transduction technology [2]. And the 
sensors should be distributed throughout the body. As touch 
can take many forms-shapes, texture, force, pain, temperature 
it is not one physical property to be sensed which makes the 
sensor design more complex and thereby making it difficult 
to mimic the tactile sensing [3]. 

A. Criteria for Selection of Tactile Sensors  

The Criteria for selection of tactile sensors are reported 
below[3] 
 

a) Spatial resolution  

b) Contact Parameters to be measured 

c) Response profile 

d) Time resolution 

 

B. Transduction Techniques  

Earlier, the research in the field of tactile sensing focused 
towards the transduction technology/sensor design. 

Various tactile sensor systems have been proposed to cover 
the robot body for the grasping and manipulation of fine 
and fragile objects with dexterity. Capacitive tactile sensors 
are based on changes in the distance between the parallel 
plates on mechanical touch thereby changing capacitance. 
This effect can be utilized to detect static touch. They have 
high sensitivity and has a large dynamic range[4]-[7]. 
Piezoelectric tactile sensors works on piezoelectric effect 
where the materials generate an electrical voltage on 
application of external force . This effect can be utilized for 
dynamic touch sensing [9][10]. Optical tactile sensors utilizes 
changes in light intensity to detect external force applied at the 
point of touch as reported in [11][12]. 
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II. RELATED WORK 

The human Interactive Robot RI-MAN [13] embedded with 
tactile sensors has been developed for assistive care 
applications to determine the contact load while carrying a 
dummy human. 320 tactile pressure-sensing elements are 
integrated on the body with each sensor sheet having 8 x 8 
elements placed at the chest and forearms. 

A tactile sensor suit, flexible and soft, that has 192 sensing 
regions has been proposed [14]. The designed robotic suit 
used electrically conductive cloth and string to build the 
sensor outfit. Each sensing region functions as a binary switch. 
The tactile sensing is based on a layered architecture. 

A low-cost simple method has been reported [15] to transform 
a knitted glove to a scalable tactile glove with a sensor array 
of 548 sensors. The glove has a piezoresistive film connected 
to conductive thread electrodes. The glove can be utilised to 
recognise distinguish object and to estimate their weight while 
grasping. 

A fabric-based stretchable tactile sensing skin to measure 
force and temperature parameters has been reported in [16]. 
The sensors were integrated on MEKA M1 Mobile 
Manipulator to make contact on the arms of human being 
which demonstrated the feasibility of the system for Human 
Robot Interactive environment. 

III. PROPOSED ARCHITECTURE 

The Literature reports shows that the large area coverage of 
sensors at high spatial resolution comes at the expense of high 
cost technology requirements. This paper presents a novel 
low-cost approach to tactile sensors for robots based on 
conductive fabric which can sense human touch utilizing the 
capacitance transduction effects.  
The experimental study was conducted towards creating a 
tactile sensing skin to perceive touch, force and temperature 
parameters at the contact area of touch. The work proposed 
here is the multimodal wearable approach to tactile sensing 
so as to utilize this tactile information for dynamic feedback 
control of robotic hand assistance to Elderly people. 
The Hardware Configuration of Wearable FABTAC sensors 
integrated to robotic hand which can be used in grasping 
assitance for Elderly persons is shown in the Fig. 1.  
 The robotic hand can be operated in Grasp mode. For the 
grasp mode operation, dynamic control of hand is  
achieved based on the real time feedback from the 
FABTAC sensors to prevent slippage of objects grasped. 
This paper highlights on the work on the development and 
integration of FABTAC sensors on the custom made 3D 
printed InMoov Robotic Hand. 
 
The wearable FABTAC sensors are developed as an array of 
tactile elements(taxels) with the Conductive Fabric touch 
sensors and Force Senstive Resistor(FSR) placed on the 
fabric substrate in a two layer architecture.  The current 
version of the array consists of 12 taxels each of dimension 
20mm x 20mm with a spatial resolution of 2 mm. The 
capacitive touch sensors detect the static touch in response to 
the human finger based on the predetermined threshold 
level.The FSR placed under the first layer of sensors 
seperated with the spacer estimates the force applied at the 

taxels corresponding to the resistance variation. The 
temperature sensors are sewed to the fabric to perceive the 
temperature of the human finger at the contact area. 
 
The Fabric tactile sensor array consists of strips of woven 
conductive fabric, fabricated of Copper and Nickel-plated 
polyester has been sourced from Adafruit Industries.The 
tactile sensors are sewed to wearable microcontroller 
electronic platform -FLORA controller using stainless steel 
conductive thread which has a fairly low resistivity of 10 
ohms per foot. The array structure can be scaled up for the 
full coverage of  the dorsal and palmar side of hand and the 
fingers of robotic hand.  
 
FSRs placed below the fabric layer allows to detect physical 
pressure applied on its sensing region [Adafruit 
Industries].FSRs  changes its resistive value depending on the 
external pressure applied on it.  The resistance change gives 
the calculation for the amount of force applied when touched. 
 
NTC Thermistors are also sewed to the fabric substrate to 
estimate the temperature of the human finger when touched. 
 The tactile data acquired by FABTAC sensors are given to 
the wearable FLORA microcontroller for further processing 
and Control action. 
 

IV. METHODOLOGY 

The acquired touch sensor data are processed using a FLORA 
microcontroller which is a fabric friendly  wearable electronic 
platform with ATMEGA 32u4 microcontroller having 14 
sewing pads for electrical connections. The FLORA 
microcontroller is configured in slave mode and reduces the 
load of high level processing at the Arduino UNO Master 
controller. This configuration helps for better scalability 
when large area coverage of sensors on the robotic body is 
required.  
The slave FLORA microcontroller transmits the touch data 
wirelessly  using  the module  nRF24L01 connected through 
SPI interface with a data rate of 100 Mbps. The nRF24L01 
module is suitable for low power applications. At the 
receiver side, the tactile data is received using the nRF 
receiver module and fed to an Arduino Uno controller. For 
the Experimental study the touch response has been 
demonstrated using an LED display at the destination side. 
The Robotic hand with the integrated FABTAC sensors can 
be activated by elderly touch and dynamic control of the hand 
can be achieved based on reactive control feedback from the 
sensors in future work. 
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Fig. 1 Hardware Configuration set up of wearable FABTAC sensors for 
Robotic Hand control 

 

V. RESULTS AND DISCUSSION 

The feasibility study of various flexible, light weight, fabric 
tactile sensors that can be incorporated to Robotic hand 
Elderly Assistance System has been conducted in this paper. 

a) Woven Conductive Fabric Touch  Sensor     

The experimental results show the response of Woven 
Conductive Fabric sensor to single finger static touch and a 
plastic pen. The touch detected with the human finger as 
shown in Fig 2 (a) has high sensitivity. The dielectric constant 
increases as a result of the finger's interaction with the 
capacitor's electric field, thereby increasing capacitance. It has 
also been inferred that the touch response can be obtained with 
two fingers simultaneously. The touch response of the plastic 
material with a low dielectric value could not detect the touch 
as depicted in Fig 2(b).  

The Fig. 2(c) demonstrates the capacitive fabric sensors sewed 
on the cloth substrate using the conductive thread. The tactile 
data is fed to the digital pins of the sewing pad of FLORA. A 
simple hand running stitch is used for sewing the sensors and 
the microcontroller so as to allow the current flow through the 
conductive thread. The Fig 2(d) shows the response of touch 
using the neo pixel RGB LED’s which are fabric friendly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           

 

 

                      Fig. 2(a)                                    Fig. 2(b) 

                     Fig. 2(c)                                     Fig. 2(d) 

          Fig. 2(a) Single finger touch on Conductive Fabric sensor (b) 
Touch using plastic pen on Fabric sensor (c) Fabric sensors sewed to FLORA 
controller using stainless steel conductive thread (d) Touch response of sensor 
using neo pixel RGB LED 
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b) Velostat/ Pressure Sensitive sheet  Sensor 

The study of Velostat sensor was conducted to demonstrate a 
dynamic touch like vibration on the surface as shown in Fig. 
3(a). Velostat is carbon impregnated polyethylene film which 
can be vibrated and a change in resistance corresponding to 
vibration was observed. 

c) Thermistor  

The experimental study of interfacing NTC 10K 
thermistor with FLORA was conducted. The thermistor was 
sewed to the cloth substrate and the observations are obtained 
as in Table 1. Observations are made at Room temperature, 
soldering iron and a prolonged contact with single finger. It 
has been observed that the resistance decreases with the 
increase in temperature and a prolonged contact of finger on 
the thermistor recorded values as shown in the table. The 
equivalent temperature T is calculated using Stein Hart 
Equation as in (1) 

                            
�

�
�

�

��
�

�

�
ln 


�

��
�                                    (1) 

T0 is the Room temperature, B is Coefficient of thermistor, 
R0 is Resistance at Room temperature and R is unknown 
resistance calculated. 

d) Force Sensitive Resistor(FSR) Sensor 

The Fig. 3 (b) shows experimental set up of FSR with a 38 
mm square sensing region and the change in resistance when 
force applied at the touch point can be calculated. The 
resistance variation is converted to analog voltage with a base 
resistance of 10K. The figure 5 (a) shows the variation of 
Voltage and Resistance and it can be observed that the 
resistance decreases with the increase in voltage which 
corresponds to increase in force applied on the sensing region. 
The Fig 5(b) shows the Force vs Voltage variation and Fig 5 
(c) demonstrates the change in Force vs Resistance. The 
various types of touch  based on Force in Newtons has been 
indicated. The types of touch observed are Light touch with 
less than 1 N is recorded, Light Squeeze on the sensing square 
region showed up the Force between 2 N and 4 N, Medium 
Touch (5 -9 N) and Big Touch( 10- 66 N).  

 

 

 
 

Fig. 3 (a)Dynamic Touch on Velostat sensor  (b) Experimental set up of FSR 
Interfacing with controller 

                                          
                                                         

                             

                                                                                                    

e) Integration of FABTAC sensors on Robotic Hand 

The hardware consists of custom - made 3D printed robotic 
arm InMoov with 2 DOF controlled using MG996R servos. 
The developed wearable FABTAC sensors are integrated on 
to the robotic hand and the response of robotic hand when 
activated by human touch was demonstrated. The Fig 5(a) 
shows the 3D printed Robotic hand (without tactile sensors) 
and Fig 5(b) Hand with Wearable FABTAC sensors 

   

   TABLE I: TEMPERATURE vs RESISTANCE VARIATION 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

                                                            

 

  Fig 4 (a) 3D Printed InMoov Robotic Hand (b)Robotic Hand with 

wearable FABTAC Sensors 

 

Temperature 

(°C) 

Resistance 

(KΩ) 
 

27.44 8.979 Room 
temperature 27.53 8.94 

28.09 8.72 Soldering 
iron used 28.81 8.45 

29.82 8.09 

31.79 7.44 Prolonged 
Contact with 
single finger 

32.02 7.34 

32.55 7.21 

31.79 7.445 

32.41 7.251 

32.64 7.181 

32.60 7.193 

32.51 7.222 

32.41 7.251 
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Fig 5(a) Voltage vs Resistance Curve (b) Force vs Voltage Curve (c) Force vs 
Resistance and classification of touch based on Force applied at the contact 
area. 

VI. CONCLUSION 

The work presented in this paper demonstrates the 
feasibility study of fabric tactile sensors that can be worn by 
the robots in an environment where human beings and robots 
co-exist. The growing demand of robotic platforms in the field 
of nursing and assistive care emphasize the importance of 
tactile sensors which are cost effective, scalable and 
conformable. The tactile sensors and the wearable controller 
chosen for this work are light weight and flexible thereby 
providing an advantage of smaller size tactile sensing skin 
suitable for robotic platforms. The work can be extended in 

future to provide tactile feedback based on FABTAC sensors 
for dynamic control of the robotic hand in Elderly assistance. 
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The report of the World Health Organization on cancer reveals 

some fearful results and the report says that in 2020, 10 million 

people have succumbed to death worldwide owing to this deadly 

disease and it is the second most common cause of death after 

cardiovascular diseases. The recent report of Freddie Bray et.al' 
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reveals that by 2040 the rate of this discase is expected to be 
increased to 28.4 mnillion. So, there is a pressing need to develop a 
drug which could effectively interact and destroy the affected cell. 

Herein, we are reporting our work on the developement of a 
potential metallodrug based on tetradentate Schiff base. 

We have systematically designed and synthesized four 
Cu(ll) salen compounds (1 to 4) (Figure 1) and characterized 

using various spectroscopic and analytical techniques. The 
binding aflinity of the complexes with CT-DNA was explored by 
UV-visible and fluorescence techniques. The compounds exhibit 
excellent DNA binding and cleavage activities. The binding 
mechanism were probed by molecular docking studies. These 
results display high binding constant values owing to the 
intercalative type of binding. In addition, binding affinity of the 
compounds with protein were also studied via in silico molecular 
docking method using Human Serum Albumin as receptors. Cleavage of DNA strands was investigated by gel electrophoresis. All the tested compounds show high binding constant value with 
both DNA and protein. Preliminary in vitro studies with L929 (a 
mouse fibroblast cell line) and HeLa cells (human cervical cancer 
cell line) indicated the cytotoxic effect of the complexes; however, detailed molecular studies may be required to confirm the mode of 

anti-cancer mechanism. Considering the results and comparing the 
existing reports, we are proposing a promising candidate 
(compound 4) for the development of efficient therapeutic drugs. 
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Figure 1. Synthesized pharmaceuticals drugs (1-4) 
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